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Clinal differentiation during invasion: Senecio inaequiderf{dsteraceae)
along altitudinal gradients in Europe

Arnaud Monty ; Grégory Mahy

Laboratory of Ecology, Gembloux Agricultural Uniséy, Passage des Déportés, 2, 5030 Gembloux,Belgi

Abstract: The dynamics of plant population differentiationynize integral in predicting aspects of introduced
species invasion. In the present study, we tesked hypothesis that European populations Seinecio
inaequidengAsteraceae), an invasive species with South Africagins, differentiated during migration from
two independent introduction sites into divergehituglinal and climatic zones. We carried out 2 rgeaf
common garden experiments with eight populatiomapdad from Belgian and ten populations from French
altitudinal transects. The Belgian transect folldveetemperature and precipitation gradient. A tewadpee and
summer drought gradient characterized the Frermiséct. We evaluated differentiation and clinalatan in
plants germinated from field-collected seed usimg following traits: days to germination, days lmwiering,
height at maturity, final plant height and abovegrd bio-mass. Results showed tBatnaequidenpopulations
differentiated in growth traits during invasion. fing the 1st year of sampling, the results indidatéinal
variation for growth traits along both the Belgiuand French altitudinal transects. Data from the 2ear of
study demonstrated that with increasing altitudeea@uction in three growth traits, including pldrgight at
maturity, final plant height and aboveground biosjasas detected along the French transect, bubmget
along the Belgian one. Phenological traits did ewthibit a clear clinal variation along altitudingnsects.
The possible evolutionary causes for the obseriféetentiation are discussed.
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Introduction

Biological invasions, despite the harmful effectsmodiversity and economics (Pimentel et al. 2088)ve as
an outstanding opportunity to address fundameniaktipns regarding evolution in response to enwir@mtal
modification (Callaway and Maron 2006; Lee 2002k&@at al. 2001). When invasive species introductad
distribution history is well documented, invasigmevide a rare chance to evaluate evolutionary gham a
human time scale. Historical data provide informatthat was not intended for evolutionary studlag, is
valuable metadata available to address more com@mpaquestions regarding environmental and eahatiy
change (Sax et al. 2007).

The processes inherent in alien species establisghamel migration, leading to an increase in abucdacan be
divided into three distinct phases: establishmeatyralization and expansion (Kolar and Lodge 2(&xkai et
al. 2001; Sexton et al. 2002). At each phase, ¢eolary processes may occur that are responsisl¢hto
success of the invasive taxon. A number of commgltitudies reported phenotypic/genetic divergemteden
native and invasive populations (reviewed in Boskdd al. 2005). Dietz and Edwards (2006) argue tha
important selective regimes can also occur follgvthe early stages of colonization, when an explamnt
encounters different habitat conditions. The notiveaspecies may experience increased competitimm the
native flora (D'Antonio 1993), variable interact®owith biotic factors (Siemann and Rogers 20013adection
imposed by specific abiotic conditions (Mihulka aRgsek 2001). If ecological abiotic factors varythé
invasion fronts, changes in life history traits asgected, either due to plasticity or adaptatioden selective
pressures.

Climate is one of the most important abiotic fastor regard to species distribution. Expansiorhefihtroduced
species range will depend on how well exotic specpe with geographic heterogeneity in climate rfdgue

et al. 2008). Spread over broad climatic gradiestexpected to involve clinal adaptive differeritat of
populations (Cox 2004, Montague et al. 2008) bexammmny climatic factors vary geographically in a
continuous manner (Endler 1977). Large-scale itial clines, interpreted as evolutionary adaptat@mclimate
heterogeneity, has indeed been observed for diffdife history traits in an increasing number ofroduced
species (Etterson et al. 2007; Gilchrist et al.£208uey et al. 2000; Kollmann and Banuelos 2004dreand
Rice 2007; Montague et al. 2008; Weber and Schri@i8l. In contrast, analogous altitudinal life higto
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variation has been studied much less frequentipvasive species (but see Parker et al. 2003 faexample
with a plant species). Overall, altitudinal trencBn be expected to mirror latitudinal trends int tidth
increasing altitude or latitude, the reproductiveason gets shorter, and climate becomes harsheceHe
examination of differentiation patterns along alfinal gradients is very complementary to our récen
knowledge on latitudinal variation in invasive sggscand will foster our understanding of adaptation
introduced ranges.

For the majority of exotic plant species, the etiohary interpretation of life history trait variah across the
invasion range may be difficult. The species intittbn history and subsequent patterns of dispensad time
are largely unavailable. This is particularly tfoe plant species with horticultural interest, widong-distance
seed exchange, anthropogenic gene flow and multipieduction events take place (Ellstrand and &emibeck
2006). However, in Europe, the African ragw&enecio inaequidenSC. (Asteraceae) is a highly invasive
species with a well-documented invasion history.aA®sult of wool importation from South Africa thg the
late 19th century, recorded independent introdacsites chronicle the species migration routeka$ extended
over a range of climatic zones in Europe, but is¢rithution remains disjunct, suggesting that spedispersal
was primarily spontaneous, although helped by re@amrailways (Ernst 1998). The species is notreskiely
propagated for ornamental purposes, reducing slkeofianthropogenic gene flow among regions. Assgiexies
is now present over broad altitudinal and climatgimes, regional adaptations can be expected.ufiltpie
introduction history ofS. inaequidensnakes it an ideal model to study rapid differeigiatin response to
climatic variation in its introduced range.

In the present study, we tested the hypothesispityailations of5. inaequidendifferentiated towards divergent
altitudinal and climatic zones during invasion frawo independent introduction sites. Field obseovet and
common garden experiments using 18 populatior$s. aiaequidenfom two altitudinal transects were carried
out to address the following question: along the twansects, could an altitudinal cline in phenglagd growth
traits be identified?

Methods
Study species and invasion history

S. inaequidenss a herbaceous perennial shrub native to SoutitaA&ind Lesotho, distributed mainly on river
edges and in stony meadows (Ernst 1998). It waisle@lly introduced to Europe in the late ninethezarly
twentieth centuries, where only tetraploids arertal. In its native range, the species occursvasb-existing
cytotypes (Lafuma et al. 2003). The precise orgfithe introduced tetraploid populations in theiveatange is
unclear, but the high mountain regions of Lesothd Bree State areas are the most likely regionsq@wf et

al. 2008; Lafuma et al. 2003). Several introducti@ccurred in Europe during the nineteenth-earigntieth
century, and well-documented historical data amviged for two of them. In Belgium, herbarium reder
document the first occurrence near the wool faetonf Verviers in 1892, near Liege (Verloove F.spaal
communication). The species was later recordediénsame wool-processing area in 1922 (Mosseray)1936
After 40 years restricted to this site, it statedpread rapidly. It reached Gent, Namur and @hair{Belgium)

in the 1970s (Lebeau et al. 1978) and Amsterdane (Nétherlands) in 1985 (Ernst 1998). In southeanée,
the species was initially collected in 1936 in theol-processing center of Mazamet (Guillerm et1890;
Senay 1944). It was only after 1950 that the spgebiegan its expansion. By the 1970s, the species wa
considered an agricultural weed in southwestermd&awell within the first introduction region (Jevand
Vilmorin 1975). In the early 1980s, the speciexhea the Mediterranean coast from Mazamet (Guilletral.
1990). A decade later, even though the species maisly distributed along roads and railways, it was
considered a threat to natural habitats (Michez519®ther primary introduction sites were recordad
European wool centers: Bremen and Hanover in Geynfohbier 1977), Edinburgh in Scotland (Lousley
1961) and Verona in Italy (Pignatti 1982).

The first records of the species, inferred as duadion events, were all tied to the wool indusényd for several
decades, specimens were only documented in theityiaif wool-processing centers (e.g., Ernst 1998jsley
1961). Therefore, these historical and herbariuta daongly suggested seeds were introduced wittshieep
wool trade and that the colonization events, éngBelgium and France, were independent. The ptedesence
of the species in geographic areas between SouBwgium and Southern France strengthen this irgéaifion
(personal observation).

S. inaequidensxtends to 1 m tall with numerous stems bearintpyetapitulae. Individuals can produce up to
1,500 capitulae over a flowering period, each céyih bearing roughly 100 achenes (hereafter redetveas
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"seeds") (Lopez-Garcia and Maillet 2005). Sexuapraduction initiates in late spring (May-June),
approximately 2 months after germination, and cams through late autumn (November-December). The
species is considered self-incompatible, but samiéviduals were observed exhibiting partial seltifiy in
France (Lopez-Garcia and Maillet 2005). Entomoplsipollination with generalist pollinators is masmmon.

Seed populations

Two transects were defined along altitudinal gratiein France and Belgium (Fig. 1). Each transect
corresponded to a colonization event from an intotidn site. Transects were 150 km (Belgium) an@ R&
(France) long. They were divided into four (Belgjuand five (France) topographic and climatic zoned
numbered consecutively from sea level to high ¢iemaBelgium: (1) Coastal Oceanic (altitudinaleefnce: 0
m), (2) Oceanic (50 m), (3) Sub-oceanic (200 m) daA¥ Sub-oceanic (400 m); France: (1) Coastal
Mediterranean (altitudinal reference: 0 m), (2) Stibditerranean (200 m), (3) Sub-oceanic (400 m),LEw-
elevation mountain (800 m) and (5) Mid-elevationumtin (1,600 m). Zone Number 3, in both countreas
the initial introduction zone for each colonizatiewent. In each zone, two populations were seleatesiimilar
altitudes (Table 1) and were spaced at least 5 partaThe 18 selected populations included at léasx
individuals and were all located along roadsidesamfy and/or gravel soils. In November 2005 and&Geeds
were collected on two to three capitulae from mdomly selected individuals per population. Basedarge
population size, sampled individuals were assunmdmbe the same in 2005 and 2006. Seeds wenedsad
4°C and sorted using a dissecting microscope:ahdargest seeds without anomaly per parent indalidvere
preserved for the experiment as within-capitulumalility in seed mass has been shown for the sgddilonty

et al. 2008). The ten seeds per parent individusdlgcted in 2006 were collectively weighed tortearest 0.1
mg.

In November 2006, in situ measurements were peddrin the 18 populations: the ten largest plants pe
population were recorded, and their height was oreas The largest individuals were considered austef
randomly selected ones in order to discard theceffef the demographic stage of the populationh ilie
assumption that old plants (representative ofdhgévity of the species) were present in all pajria.

Common garden experiments

In spring 2006 and 2007, a randomized block comgemaen experiment was established on an openifield
Gembloux (Belgium, altitude: 160 m) with the seedfiected in 2005 and 2006, respectively. Eachheften
blocks consisted of two rows of nine pots. To prnaboveground competition, rows were placed 8Gapart
and pots in the rows separated by 50 cm. The congaaien was surrounded by two additional rows ¢§,io
prevent edge effects. On 17 (block 1-5) and 18cfp10) March 2006 and on 17 April

2007, the ten sorted seeds per parent individued wellectively sown in pots containing 2.51 of@af.5 1 of
compost and 0.5 1 of hydro-granulates. Pots wega tovered with a protective light-permeable canwats
early May. Seedlings were counted every 2-3 dape. first emerged seedling in each pot was markeld avi
short rod for measurement. Other seedlings wer@vetdhafter counting. In 2006 and 2007, each oflid@
sampled parent plants (10/population) was thusessmted by ten seeds for germination study, theorigy
descendant. Germination was considered completé5oklay 2006 and on 1 June 2007 when no additional
seedlings had emerged for 10 days. Measurementsasaducted until mid-December 2006 and late Nowemb
2007. During summer drought in 2006, plants werterea periodically. All data were recorded blockddgck
and included the following: time to germinati¢ah) since sowing, time to flowerinff) since germination and
height at maturity (cm), defined as the heighthaf plant at first flowering (based on daily obséiosgs). At the
end of each experiment, plants were harvestedoaingrlevel, final height (cm) was recorded and algoound
biomass(g) was measured after oven drying for 48 h at 60°@alFplant height was measured for half the
blocks (90 individuals) in 2006. Above-ground bicasavas measured for half the blocks (90 individulatgh
years.
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Fig. 1: Sample population locations of Senecio inaequide@s(Asteraceae) from a Belgian and b French
transects. Numbers correspond to transect altitadizones, and symbols correspond to populationsenOp
symbols represent populations from the first intrctibn sites
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Table 1: Characteristics of Senecio inaequidens DC (Asteaag@opulations along the Belgian and the French
transects, and corresponding climatic stations

Transect Transect Seed population

Climatic station

zone - -
Population Location
Altitude Latitude Longitude Altitude Latitude Longitude AnnT AnnP
(m) N E (m) N E (°C) (mm)
Belgium B1 A Ekeren 5 51°16' 4°23' 12 51°12" 4°28' 96 776
B Berendrecht 4 51°22" 4°17'
B2 A Paal 35 51°03" 5°11' 55 51°10" 5°28' 9 799
B Hulst 22 51°04' 5°09'
B3 A Venders 195 50°36' 5°53' 186 50°39" 5°27' 7.4 1,127
B Goé 220 50°36' 5°57'
B4 A Malmédy 320 50°25' 6°00' 564 50°28' 6°11' 57 1,326
B Kaiserbaracki480 50°20' 6°05'
France F1 A Narbonne 5 43°11' 3°02' 5 43°11' 3°01' 16.1 598
B Narbonne- 2 43°10" 3°11
Plage
F2 A Rieux- 95 43°16' 2°37" 80 43°16' 2°31' 15 670
Minervois
B Caunes- 175 43°19'" 2°32
Minervois
F3 A Castaunouze 370 43°29" 2°23' 683 43°28' 2°21' 12.7 992
B Moulin de 330 43°29" 2°22' 232 43°33" 2°17
I'Oulne
F4 A Nohedes 785 42°37" 2°19' 1,000 42°38'" 2°17 10.3 888
B Taurynia 760 42°35"  2°25'
F5 A La Llagone 1,695 42°32' 2°08' 1,600 42°31" 2°07' 6.3 708
B Egat 1,635 42°30" 2°01'

AnnTandAnnPare annual mean temperature and annual cumulatédiraespectively

@ Two climatic stations were considered for Frerrehgect third zone. Data used in the analysis\age values of both stations
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Climatic data

Along each transect, a climatic station per zons seected nearest the two populations per zomenaparable
elevation (Table 1). Available data included moytilean temperature and rainfall over the perioddZ2U05
for the French transect and over the last 25 yiearghe Belgian study site. The average valueswvof stations
were used for the French third zone (F3) to beesgmtative of the populations. In order to redheenumber of
variables and control for autocorrelation, printipamponent analyses (PCA) were performed on timeatic
data. First PCA axes will therefore be referredaw "PCA 1 CLIMATE." Climatic interpretation of the
altitudinal gradients was made using Pearson'selation coefficients between climatic data and gpgal
components scores (Supplementary Table S1).

Data analysis

Evidence of clinal altitudinal differentiation wéessted by calculating Pearson's correlation caeffis between
the mean population values for each of the meastra@ts and the altitude of seed populations. Ttp he
visualization, corresponding linear regressionsewsarformed in Fig. 2. Individual plant values wearéirectly
analyzed through the population mean because thdil$ within populations were not independent samgh
order to take into account maternal carry-overa$felue to differences in seed provisioning amasufations,
in 2007, we used seed mass as a covariate in atborelnalysis. In addition, we assessed whethpulptions
were significantly different among altitudinal zenfr the same traits employing mixed-model ANO\28(@6)
and ANCOVA (2007). Populations (random) were nestétlin altitudinal zones (fixed), which were nesta
the factor region (fixed), i.e., Belgium and Franthe factor block was random. Altitudinal pattefrseed mass
variation was tested by calculating Pearson's taiioa coefficient between seed mass and populatigiade.

Fig. 2: Senecio inaequidens populations in the common gaed@eriments in 2006 and 2004:b height at
maturity, ¢, d final height and e, f above-grounohiiess against altitude of source populations Balga, c, €) and French (b, d, f) transects.
Symbols represent population trait means, withdstesh errors. Solid lines represent significant @sgions (P < 0.05) along the transects.
Open symbols represent populations from the fitsbduction site (Verviers in Belgium and MazanreErance)
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As plant traits tended to be correlated (Suppleargritable S2), in order to assess the global difféation of
plants in relation to climate, a PCA was perforntadthe plant traits data for each transect and gaci
separately. The scores of the four resulting fR&A axes (referred to as "PCA 1 PLANT TRAIT") were
regressed against the corresponding PCA 1 CLIMAddEes (Fig. 3).

In situ measurements were analyzed by calculateayd®n's correlation coefficients (and correspandiimear
regressions) between mean population height angdfdilation altitude and (2) mean population heighthe
common garden.

Analyses of variance and covariance were perforaséuy the general linear model (GLM) in Minitab teedre
version 14.20 (Minitab Inc. 2000). Correlations lgses and PCA were made using Statistica softwarsion
6.1 (Statsoft Inc., 2004). Aboveground biomass @atee log-transformed to reach the assumptionsatiscal
analyses.

Results
Climatic description of the transects

Climatic data for increases in elevation along fnench transect showed annual mean temperatureaec
gradually from 16.1 to 6.3°C. Annual precipitatimse from sea level (598 mm) to the initial introtion zone
(992 mm) and then fell at higher elevations. Ingd@h, annual mean temperature decreased gradualty f
9.6°C at sea level to 5.7°C at the highest altitiaded annual precipitation increased from 726 ®26,mm
(Table 1). The first two PCA axes generated from mionthly climatic variables were informative. Irakce,
the first axis explained 62.5% of the variance aas described as a temperature and summer-droxght a
(Supplementary Table S1). In Belgium, the firstsagixplained 95.5% of the variance and was posytivel
correlated to all the monthly temperatures and tegjg correlated to all monthly precipitation ldse No
significant correlation was found for the secon@éaslong both the French and Belgium transects fitst axis
was strongly and negatively correlated to altitBeance:r = -0.959, P< 0.001, Belgiumr = -0.963,P <
0.001), while the second axis revealed a lack ofetation (Francer = 0.266,P = 0.457, Belgiumr = 0.091,P

= 0.831). This indicated that the French altituditr@nsects followed a temperature and summer-drought
gradient, with the warmest and most summer-dry g@tdower altitudes. The Belgian transect folloveath a
decrease in temperature and an increase in ralafadls with increasing elevation. Most traits edated with
altitude were also correlated with each transegdttha corresponding first PCA axis (Table 2).

Population differentiation in the common gardens

Germination occurred in every pot in the experirabgardens, and all selected plants survived aodnid.
ANOVA (2006) and ANCOVA (2007) (Table 3) revealetyrdficant differences between the two regions
(Belgium and France) for the aboveground plant laissnand final height in 2006. Within each transtéwre
were significant differences between altitudinahe® in height at maturity and aboveground biomas200D6
and final plant height in 2006 and 2007. Populaianthin altitudinal zones differed only for time t
germination in 2007. Seed mass in the 2007 ANCO¥@la@ned a significant part of the variability ime to
germination and final plant height.

In 2006 and 2007, populations from the French granshowed significant correlations with altitude three
traits in the common garden: height at maturityafiheight and aboveground biomass. All trait valdecreased
with increasing elevation of the source populati(fig. 2). A similar trend was found for time t@Wering in
2006 that was not statistically confirmed in 200<br the Belgian populations, final plant height and
aboveground biomass also showed a significant deerwith altitude in 2006.

Those trends were not confirmed in 2007 as no figmit correlations were found between traits aodutation
altitude for Belgian populations. Both years, ctatien signs were however similar: growth traitcased
with increasing altitude of the source populatirable 2).

Despite a marginally significant correlation of demass and altitude along the French transect)(590,P =
0.072) and a significant influence on plant heigh2007 ANCOVA, including seed mass as a covaiiatie
correlation analysis in 2007 did not change theoue of the analysis. Height at maturity, finaldigiand
above-ground biomass were still significantly ctated with altitude when seed mass was used agaiate P
= 0.024,P = 0.004,P = 0.011, respectively).
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From the PCA performed on plant traits, only thetfaxis was kept for further consideration. Indgsamn, PCA

1 PLANT TRAIT explained 57.3 and 38.9% of the vade, respectively, in 2006 and 2007. In France, the
explained variance was 69.0% in 2006 and 63.4%0ii72 Correlations of plant traits with PCA 1 PLANT
TRAIT axes are presented in Supplementary Table Fifure 3 allows visualization of the global plant
differentiation in relation to climate.

Fig. 3: Population scores for PCA 1 of climate and plasmits for (a) Belgian and (b) French transects in 2 yeansed.i
represent regressions for each year. Trianglesdattéd lines: 2006. Circles and plain lines: 20B@gressions were significant for the
French transect in 2006 ¢ 0.780, P = 0.001) and 2007 £r0.704, P = 0.002)
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Table 2: Pearson's coefficient of correlation between popafatrait means in the common gardens 2006 and
2007, and altitude of source population along bm#msect and corresponding PCA 1 CLIMATE axes

Trait Belgium France
2006 2007 2006 2007
Altitude PCA 1l Altitude PCA 1 Altitude PCA 1 Altitude PCA 1l
Time t0-0.590 Ns 0.709 * -0.123 Ns 0.255 Ns0.476 Ns -0.592 Ns 0.570 Ns 0.470 Ns
germination
Time to flowering -0.537 Ns 0.441 N:¢-0.289 Ns 0.284 Ns-0.654 * 0.718 * -0.401 Ns 0.340 Ns
Height at maturity-0.155 Ns 0.125 Ns-0.147 Ns 0.151 N¢-0.726 * 0.827 ** -0.670 0.731 *
Final height -0.940 ** 0919 ** -0.390 Ns 0.435 Ns-0.890 ** 0.872 * -0.870 * 0.868 **
Aboveground -0.712 * 0.643 Ns-0.514 Ns 0.406 Ns-0.695 * 0.647 * -0.868 ** (0.809 **
biomass
Bold values are significant correlations
Nsnot significant
* 0.01<P< 0.05, ** 0.00%P< 0.01
Table 3: Results of nested ANOVA (2006) and ANCOVA (20@ariete: seed mass) for traits measured in the
common gardens
Trait Source of variation 2006 (ANOVA) 2007 (ANCOVA)
df F P df F P
Time to germination Seed mass - - - 1 5.505 0.020
Region 1 2.131 0.188 1 4.390 0.074
Altitudinal zone (region) 7 2.434 0.107 7 0.705 0.670
Population (altitudinal zone) 9 0.836 0.584 9 2.304 0.019
Block Error 9153 1.567 0.130 9153 2.758 0.005
Time to flowering Seed mass - 1 0.072 0.789
Region 1 4.248 0.078 1 3.865 0.090
Altitudinal zone (region) 7 0.910 0.539 7 0.826 0.590
Population (altitudinal zone) 9 1.161 0.324 9 1.847 0.064
Block Error 9153 0.722 0.689 9153 1.831 0.067
Height at maturity Seed mass - - - 1 1.223 0.270
Region 1 1.524 0.257 1 0.548 0.483
Altitudinal zone (region) 7 4.345 0.023 7 2.325 0.119
Population (altitudinal zone) 9 0.908 0.520 9 0.999 0.444
Block Error 9153 1.588 0.123 9153 0.724 0.687
Final height Seed mass - - - 1 6.988 0.009
Region 1 6.827 0.035 1 0.699 0.431
Altitudinal zone (region) 7 7.795 0.003 7 5.111 0.014
Population (altitudinal zone) 9 0.672 0.731 9 1.626 0.112
Block Error 4 68 1.820 0.135 9153 3.266 0.001
Aboveground Seed mass - - - 1 0.000 0.985
biomass
Region 1 56.030 <0.001 1 3.973 0.086
Altitudinal zone (region) 7 4.624 0.019 7 1.984 0.167
Population (altitudinal zone) 9 0.355 0.952 9 1.331 0.237
Block Error 468 1.319 0.272 468 1.078 0.374

Populations (random) were nested within altitudiraies (fixed), which were nested in the factoiaedfixed), i.e., Belgium and France.
Block was a random factor. P-values in bold araifigant



Published in: Oecologia (2009), vol.159, iss.2 39%-315
Status: Postprint (Author’s version)

Phenotypic variation in the field

Mean population heights recorded in situ were $icgnitly correlated to altitude (Fig. 4) along tReench
transecti( = -0.651,P = 0.042), but not along the Belgian transect ¢0.265,P = 0.527). Similarly, there was a
significant correlation between population meangheiin the field and in the common garden for Fhenc
populations (= 0.704,P = 0.023), but not for the Belgian ones=¢0.0591,P = 0.889).

Fig. 4: In situ variation of plant height with altitude far Belgian and b French transects. Symbols repttesen
population means, with standard errors. The linpresents the significant regression along the Fretnansect
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Discussion

In this study, we addressed whether populationthefinvasive specieS. inaequidensliverged during range
expansion along altitudinal gradients, ca. 1 cenafter introduction, using field measurements anchmon
garden experiments. We evaluated life-history aréiy measuring characteristics of germination, édong
phenology and growth. We used two independent écadiffering in their altitudinal range and refgebthe
experiments over 2 years with independent seeatesur

Clinal variation in the common garden experiments

Our most noteworthy result was a significant clirduction in plant height (height at maturity dimél height)
and aboveground biomass associated with increadiitgde in plants from the French transect. Thiglg area
exhibited the greatest altitudinal range. Thesaltesvere consistently observed over 2 years ofrmomgarden
experiments and parallel the variation observedvild populations. A similar significant reductiorf &inal
height and biomass with increasing altitude was alsserved for Belgian populations, the study avih a
lower range of altitudinal variation. However, sigrant results were only observed for the 1st yefastudy.
Altitudinal trends were globally less clear alorfte tBelgian than along the French transect. Thetehor
experimental period in the 2nd year of the expenitmaay therefore be a reason for the lack of sicamit
differentiation in growth traits along this transec

Phenological traits, particularly time to floweringre also considered important life-history traltkely to
influence invasive plant success (Griffith and Vdat2006). Among invasive plants, genetically baskuhl
variation for flowering time has been reported gldarge latitudinal gradients (e.g., Kollmann andnBelos
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2004; Montague et al. 2008; Weber and Schmid 1998yvever, we did not detect such differentiation %o
inaequidensalong altitudinal transects. Height at maturity dyrally decreased with increasing elevation in
France, but time to flowering did not exhibit catent patterns of differentiation over the 2 yeafrstudy and
among the transects. B inaequidenghis may be due to increased phenotypic plastfaitythis trait than for
growth traits. Selection pressure on flowering timay also be lower than on growth traits and stamaturity.
This could be counteracted by gene flow, whichxigeeted to be higher at the geographical scalaupktudy
(100 km) rather than over latitudinal ranges (1,R01).

Regressing principal component scores of plantstragainst climate (Fig. 3) showed that globallianp
altitudinal differentiation was related to climatariation along the French transect. Climatic riptetations
revealed that the French transect followed a teatpsx and summer-drought gradient.

Non-adaptive mechanisms leading to clinal variation

Clines are typically interpreted as the productlaifal adaptation across an ecological gradient. él@m
alternative, non-exclusive hypotheses cannot béuéed on the basis of common garden experimentse€l|
can originate from demographic processes, notably hy-product of colonization routes and repeé&tedder
events (Endler 1977) that are likely to occur iwvaisive species. Genetic drift associated with regoea
bottlenecks may result in significant differencemoag populations and reduced genetic variation iwith
populations (Barrett and Husband 1990; Parker.e2G03). In our case, however, because source giiqms
were in the middle of colonization routes, gendtiét should have led to opposite effects in the telonization
directions. We detected an increased frequencwrgkl individuals towards low altitudes versus raeréased
frequency of smaller individuals towards higheitadtes, an improbable scenario under complete gedsft.
Another possibility is the introduction of pre-atkegh genotypes from climatically similar regionstbé native
range (climate matching, e.g., propagules from édrigiititude in the native range are introduced aliyeinto
higher altitude localities in the introduced rang®)aron et al. 2004; Montague et al. 2008). Consetjy,
divergence in introduced regions would reflect pritivergence of source populations in the nativegea
Historical records o5. inaequidensange expansion make this explanation unlikelytigaarly in regards to
the transects explored in this study, where thecispemigration progression has been well documebted
botanists (e.g., Ernst 1998; Guillerm et al. 1988)et and Vilmorin 1975; Lebeau et al. 1978). lthb@gions,
the species was first restricted to local sitestbduction (vicinity of wool factories) and stad to spread to
new localities in the 1970s. Hence, the expansioth® species was initiated following the end of tain
known source of introduction, notably wool impoitat In addition, differences in altitudinal rangé the
tetraploidS. inaequidenbetween native and introduced ranges make it uglikat coincidental introduction is
the cause for the observed clinal trait variatibafuma and Maurice (2007) reported that invasiteafsoid
populations ofS. inaequideng Europe probably originated from South Africamgthimountain regions, while
invasive populations in Europe cover a range froea devel to mountain altitudes. Nevertheless,
phylogeographic analysis including native and idtreed populations coupled with estimates of genetic
diversity along altitudinal transects would be riegd to elucidate the role of immigration historydéor genetic
drift in geographical differentiation of life-higtptraits (e.g., Kliber and Eckert 2005; Maron et2904).

Because our seed source was from field collectiengironmental maternal effects could have contebuo
among-progeny variation in the common garden (Roacth Wulff 1987). Such effects could result from
different seed provisioning among populations beeaof variation in the maternal growth environmél.
overcome this limitation, levels of differentiatiomtraits should be further assessed using sesusrgted under
controlled conditions to ascertain genetic origiHewever, different lines of evidence make it ualik that
maternal effects play an important role in the obsgé patterns of divergence. Height differentiatedong both
transects was low in juvenile stages and more distde in mature individuals (data not shown). Tih@icated
low maternal effect contributions as these are gdlyemarked during primal growth (Roach and WUl§i87).
Moreover, controlling for seed mass in ANCOVA anafrelation analyses between seed traits and adtitud
showed negligible changes in the results. Diffeesnbetween altitudinal zones, as well as clinalatians,
existed exclusive of the influence of seed massvéver, we cannot exclude maternal effect becauselapbtive
transgenerational plasticity that improves progédityess in maternal environments and may not ingolv
differential provisioning (Galloway 2005).

Adaptive mechanisms leading to clinal variation
With our current knowledge of the species histarsignificant role of evolutionary process due étestion

along colonization routes may be the most parsimenhypothesis to explain the observed altitudatiak in
growth traits along the French transect. Correspnod between the performance of populations iffi¢ie and
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common gardens would be expected if geographiatiani in life-history traits had a genetic componafie
detected a similar trend of decreasing height Wwither altitude both in the field and in the comngardens.
Variation in life-history traits among introducedpulations ofS. inaequidenslosely matched specific
theoretical expectations for selection on growtitdracross an altitudinal gradient and also cpmeded to a
climatic gradient. Small size is expected to rdfladaptation to harsher conditions and to shortewing
seasons, and is a common feature of alpine ecotypeative species (e.g., Blanckenhorn 1997; Claweal.
1941; Galen et al. 1991; Korner 1999). Along elmratal gradients, native herbaceous species wensdfto
show a decrease in plant size and growth rate (ldegrdind Karlsson 1998; von Arx et al. 2006). Thasgtiels
clinal variation in size that has been observedifferent invasive species, including both plantsi &nimals,
along latitudinal gradients that may represent Isimglimatic variation (e.g., Huey et al. 2000; Kohnn and
Banuelos 2004; Weber and Schmid 19985 linaequidenghe pattern of covariation between growth traitd an
elevation was stronger in France than in Belgiutimétic analysis indicated the French transect wasnly
along a temperature and summer-drought gradienhaddhe broadest temperature ranges. The Belgiagect
covered a smaller range of altitude and temperatetection pressures might therefore be lower utitese
conditions. If the correlation analysis along theri€h transect is performed after removing the highest
populations (results not shown), although the di/eattern remains similar (smaller plants at highkitudes),
altitudinal trends in most traits (but final heiglare no longer statistically significant. Altitumdil limitation in
Belgium might therefore be a reason for the lackighificance in the results.

If adaptation occurred, different processes ofctela may have shaped the observed differgmtia among
populations. Individuals dispersed from their natrange may have already contained all the gewatiation
that was later expressed among populations imtheduced localities. In that case, natural sedectiould have
filtered among the available genotypes and favdhede best suited to the new environments. Thigirigd
process would not have required the formation ofv rgenotypes and evolutionary processes other than
differential mortality after introduction (Sakai at. 2001). Bossdorf et al. (2008) advocated sucboging'
process to explain trait differences between natimd introduced populations &. inaequidensn Central
Europe, as they observed that invasive populatiweie less genetically variable than natives in mroon
garden experiment. However, the authors only irefudow altitude European populations, which did not
encompass the full range of genetic variation iomgh traits reported in the current study. In addit for the
traits showing an altitudinal cline, we did notefgttevidence for a reduction of within-populatioaitt variation
along the study transects: the coefficients ofatamn were not correlated to altitude (data notwsko This
would have been an indicator of selection of a sub$ introduced genotypes. Alternatively, as theces is
known to be largely self-incompatible (Lopez-Gararad Maillet 2005), sexual reproduction may hawuited

in the origin of novel genotypes in the introducadge for natural selection to favor or cull frolne thon-native
populations. Lafuma and Maurice (2007) providedlemte that th&. inaequidenpopulation of Mazamet (site
of introduction, French transect) may have beemded by a mixture of several South African popoladi as
they exhibited a higher number of compatible cressempared to South African populations. Some asatho
have suggested that gene recombination in thedunted range between populations previously isolatetie
native range may be an important force for rapioliion in invasive species (Lee 2002; Sakai e2@01). The
differential mortality and reproduction of genotgpeesulting from sexual reproduction, dictated by
environmental conditions, could lead to the obsaregnal variation. A similar evolutionary scenaneas
proposed by Weber and Schmid (1998) to explainuditial differentiation in size of Europedbolidago
altissimaandSolidago gigantea.

Conclusions

Selection of adapted genotypes during migratiomfeocolonist source seems the most likely explandtr the
observed clinal patterns in growth traits farinaequidenddowever, different evolutionary processes invoked
are not mutually exclusive, and the immigrationtdmg of invaders is often complex. In additionjgtnot yet
clear how much the observed differences among ptpok for growth traits may affect fithess. A
comprehensive evaluation of divergence patternsade difficult by the use of only one common gardigs. If
genetically based differentiation can be linkealt@ude and temperature/summer-drought conditicetsprocal
transplants would be a more viable test of the thdagignificance of the observed clinal variatitvacey 1988;
Rice and Mack 1991). For this reason, additionadists are needed to fully understand the evolutiohasis of
the clinal trend observed in our study. Neverttelesr study contributes to the growing body ofdewice
regarding the potential for rapid differentiatiohinvasive species populations as they dispersseugiir their
non-native range. The documentation of phenotypitgenotypic variation of exotic plants within theivasive
range is vital to understand the evolutionary ptdtif these species. In the case of successfaldiers such as
S. inaequidensadaptive differentiation, if confirmed by furthetudies, may be an important factor that
promotes establishment and subsequent invasions.
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