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Réesumeé

Le pr oc es s uestfohdamantalarent mstrit dans une dynamique temporelle

et peut étre décrit comme un phénoméne durant lequel une espéce franchit

différentes barrieres. Une espéce doit en premier lieu franchir une «barriére

géographique » pour étre introduite dans un nouveau territoire. Une fois introduite,

| 6esp ce doit survivre aux nouvelles conditions
se reproduire, afin de former des populations viables. Elle passe alors la darriére

environnementale » et peut étre considérée comme naturalisée. Enfin, elle doit encore

franchir la « barriére de la dispersioné et se r ®pandre dans | denviro
considérée comme une espéce invasive. En outre, sur un continent, une espéce peut

étre a différents stades de franchissement de ces barrieres en fonction de la région

considérée. On peut ainsi trouver, en fonction des zones géographiques, des

populations non dnaturalisées qui ne parviennent pas a se maintenir sans apport de

propagules, des populations naturalisées, mais qui ne sont pas invasives, et des

popul ations invasives. Cette wvariation g®ograph

variation des conditions environnemental es ° | ©

L6i nvasambnodei €6~ f e Ambrdsia artenusifalia Ln) oonstitee uife

excellente opportunit® doéo®tudier cet aspect de
| 6hi storique ddinvasion et l a r®partition act uece
mettent en ®vidence des wvariati onwsvasignreBngr aphi q ue
Europe de | dOQuest par exempl e, il existe des r
vall ®e du Rh!ne, en France) et des r®gions 0%

naturalisée ou invasive, plus au nord (comme leNord de la France, la Belgique ¢ les

PaysBas).

Dans ce travail de th se, nous avons test® | dh
d A. artemisiifolia était limitée vers le Nor d , du fait ddun <cl i mat | oc
ddune comp®tition intersp®ci f indrel eet dbjectifp i mport

général, quatre questions ont été posées. 1) Le climat local et/ou la compétition

interspécifique causent-ils une variation des performances des individus dans

di ff®rentes zones &¢@&@ I[Edaope A &BiAvndnddesdzmodaes i o n
actuellement envahies, le climat permet-il a de nouvelles populations introduites dans

un habitatagricoled e s e mai nteni r?;dQuelel s dastcrlobit mgortan
variabilité morphologique desgrainesdans | 6i nvasi on de zpehes ~ cli
4) Quelle est | 6i mportance de | 6effet de pri ori
sein ddune commZnaut® rud®r al e



Nos recherches ont abouti aux conclusions suivantes: ni le climat local, ni la

compétition interspécifigue ne semblent empécher la naturalisation et la future

progression de | desp ce au nord de | daire actuelle
habitats rud®raux ou agricoles. En situation agric
actuelle, | 6 esp ce es tformerades popudationd edont la production de

descendants est importante. En moyenne au cours de notre expérimentation, chaque

plant a produit un nombre de descendants égal a 273 + 18.4 (moyenne + erreur

standard). Dans les habitats rudéraux, des populations existent déja en Belgique et

dans le sud des PaysBas, et sont capables de produire une grande quantité de

graines: en moyenne, les plants mesurés portaient 222 + 32.0 graines. Les

performances des individus de ces populations son t ddaill eurs similaires 7 C
individus au centre du foyer ddinvasion. Aucune | in
nord de | 6aire doéinvasion actuelle nféa ®t ® mise en
coh®r ent avec | es o0bs e mettant encdoute ledstatatutnone s aut eur

naturaliséé de | 6esp ce en Bel gi que, et il lustre | 6aspe
Ldi mportance de |l a temporalit® dans | a colonisatio

critique. Lorsque la plante se développe quelques semanes avant le reste de la

communaut ®, ell e b®n®ficie ddune augmentation de pe|]
qgue doastéracées sidérales sont capablesd 6attei ndre dans | a m°me sit.
Dans notre exp®rience, | 6ef fse nériechree 35 i1.64r i t ® i ndui sai
fois plus ®l ev®e, et un nléfbig mus ichdortamtf Pan r e scences 57
aill eurs, |l a grande variabilit® de | 6esp ce joue pr
succ s de | dinvasion. Ai n s i augnheate lg gammedde vari abilit®

conditions environnementales 0% | desp ce peut se do

Nos observations | aissent pr®sager un potentiel dodi
actuelle. Dans cette situation incertaine, il nous apparait important de mettre en place
un syst me de d®tection pr®coce de | 6ambroisi e, afi
cela, avant que | dinvasion ne soit aussi probl ®&mat i
sensibilisation du secteur public et agricole devraient étre envisagées en Beldgque, afin
que de nouvelles occurrences de la plante ne passent pas inapercues et que la

propagation de | desp ce puisse °tre endigu®e.



Abstract

The invasion process is classically described from a temporal point of view, where a
species overcomes a defined number of barriers. First, a species has to get through the
geographical barrier, i.e., be introduced in the new area. Once introduced, the species
has to survive new environmental conditions and reproduce successfully. When the

environmental barrier is overcome, i.e. when the species is able to reproduce and its
populations are self-sufficient, it is considered as naturalized. To finally be considered
as invasive, the species has to overcome the dispersal barrier and sgad across
landscapes. Within a given continent, a species could have overcome a variable
number of barriers depending on the considered area. At a given moment, depending

on the geographical area, one can observe non-naturalized populations, naturalized

populations that are not invasive, and invasive populations. This geographical variation

may be the result of an environmental variation across the continent.

The common ragweed (Ambrosia artemisiifolia L.) invasion in Western Europe is a
good opportunity to study this aspect of invasion biology. The invasion history and the
species distribution are well documented, and highlight a geographical variation of the
invasion dynamics. This is particularly clar in Western Europe, where there is a
contrast between the highly invaded zone of the Rhéne valley in France, and more
northern areas such as the North of France, Belgium, and the Netherlands.

In this work, we tested the hypothesis that the current invasion area is limited
northwards, because of an unfavorable local climate or a too strong interspecific
competition. In order to answer this general objective, four different questions were
asked: 1) Is the climate and/or the interspecific competition causing a variation in plant
performances across Western Europe?; 2) In an agricultural context north to the
current invaded range, is the local climate allowing the establishment and the
reproduction of newly introduced populations?; 3) What is the role of seed
morphological variability in the invasion of areas with rigorous climatic conditions?;
and 4) What is the role of the priority effect in the species establishment within a

ruderal community?

No clear limit to the colonization of areas beyond the current i nvaded range was
found in this study. The local climate and the interspecific competition did not appear
to limit the naturalization or spread of the species north to the current invaded range,
be it in agricultural or ruderal situations. Results showed that once introduced in an
agricultural habitat outside the current invaded range, the species was able to
establish selfsustaining populations. On average, each plant produced a number of

descendants equal to 273 = 18.4 (mean * standard error). In ruderal habitats,



populations already exist in Belgium and in Southern Netherlands, and are able to
produce a high quantity of seeds: on average, the measured plants carried 222+ 32.0
seeds. The measured plant performances were similar to those measured within the
invaded area. The findings of this work are consistent with those of other authors that
guestioned-nather adniozned 6 speci es status in Bel gi um,
temporally dynamic invasions are. The results showed the importance of the timing in
the colonization of disturbed habitats. When the species started its development a few
weeks before the rest of the community, its performance gain was higher than that of
other ruderal Asteraceae species: its above ground biomass was 30.5 + 1.94 times
higher, and the number of flower heads 570 + 160 times more important. The high
variability of the species observed all along this work is probably playing an important
role in the invasion success. The high morphological variability of the seeds seems to
widen the range of environmental conditions the species is able to colonize.

This study suggests a great invasion potential north to the current invaded area in
Western Europe. In this uncertain situation, it appears critical to create an early
detection system of the species in Belgium. Early detection may allow the eradication
of the species before the invasion becomes as problematic as in France. Awareness
campaigns should be encouraged in Belgium in order to avoid that new occurrences
of the species remain unnoticed.









Remerciements

Cette parti e, phsidevaleugscientifiqu,a yoatild méme le mérite de

vous accueillir sur un ton plus chaleureux que le reste du document.

Laréalisatbn de <cette th se de eduegréce aladonfinéeaa ®t ® po s S
| 6ai de, et au soutien que oearoyésolmbBoulmitedess per son

remercier tres chaleureusementd'avoir rendu possible cette grande aventure.

Cette thése est le frui t déun travail do®qui peMessieursi ti ® il
Arnaud Monty et Grégory Mahy. Sans votre guidance et votre soutien durant ces
dernieresannéesc e tr avai |l pui@teeuédalmd. t | amai s

Arnaud, tu es le premier a avoir eu confiance enmoi et en mes capacités.Pour mon
travail des, tihbagdopasded®si t ambasaadeurdedenol 6 AX
Biodiversité et Paysageau Col or ado. Cet trtapsforem@ et®r j ent é e mdaer a
toujours reconnaissant. Tu md aensuite proposé de participer a une aventure
beaucoup plus ambitieuse oaaoceptéjlepemseavaireudar et t e pas
chance de bénéficier d d u n Sui vi soesxtenrmapgel Aur ¢ des toujours ro
rapi dement disponible | orsqueenjetmarciecaliusnéshes oi n de
enseigné tant de connaissances, une rigueur nouvelle, et t u  mdb@né golt aux

théories scientifiques, aux hypothéses bien formulées, ai n s i bdéadmertume des
bonnes Pale Ales Merci aussi pour ton enthousiasme lors de nos nombreuses

escapades aux quat.re coins de | 8Europe
Grégory,t u es | e premier " méavoir donn® go %t " I
probabl ement gr®©ce °~ | a passion qui tdani me | or

Tu es aussile facteurbo t i q u e g ufrancimlaprechiare barriere a la réalisation

de ce doctorat. En 2012, aussi incroyabl e que
bourgadet r ®pi dante ddani mation qudest cette char ma
trouver | es mot s pyceaster 4 ans demplosToraencadrement a t@s

encouragements tout au long du franchissement des autres barrieres ont signifié

énormément pour moi. Si je me suis senti établi avant les 25 ans fatidiques dans le

paysage ({sensulRighadsen et al. 2000), cbest gr ©ce ° toi . Je
également pour les véritables pélerinages initiatiques (appelé parfois vulgairement

missions scientifiqueg a Peyresqget ailleurs. Il sera toujours un peu plus facile pour moi

de sortir & nouveau de ma zone de confort (sensuMahy 2012), surtout en compagnie

du véritable leaders pi r i t uel des membres de | 6Axe.

Une autre barriere au processus de thése estla barriere administrative. Tant de

rapports, de formulaires, de demandes de bourses, de validations online et offline, de



reglements et formulaires introuvables sur MyUl g . Je dois avouer mé°tre s
reposé sur les conseils de mon collegue de bureau, mon frére a i n ®n ad dams le
processus de thése, Sylvain Boisson. Sylvain, tu edevenu un ami proche. Sousta
carapace de grincheux se cache ung r a n d , Wujours prét a aider son prochain.
Merci pour toutes ces heuresdefourred ont nous avions grandement besoi

aient été intra ou extra doctorales.

Je souhaite remercier tous ceux qui ont consacré di temps a suer avec moi lors de

mes expériences, que ce soit dans legrand labo, ou dans le jardin expérimental. Je

pense & mes collegues Cynthia Thomas et Sébastien Ligot, mais également a Francois

Ortmans, Annie Bouchelard, Julien Colignon, Pablo Aguilar € Laura Maebe. Un merci

particulier sbé6adresse ~ Briversité dAx-Mdiseilleeen coa |, m®mor ant d
tut el |l e au psuetoute sahaideleisd&ngeeur lors des récoltes de données

Je souhaite remercier trés chaleureusement Bruno Chausl pour ses conseils tout au
long de ma thése, pour son accueil au sein de son unité de recherche & Dijon lors de
ma mission scientifique, pour son appui technique, et pour son apport scientifique
dans le deuxieme article.

Merci aux membres de mon comité de these, pour |l e temps qetdil s mdont C (
pour leurs remarques leur avis, et leur intérét. Merci a Adeline Fayolle et Sonia
VanderhoevenUn r emer ci ement particulier sdédadresse ~ Bern;

|l a parcell e agr irGlsé |lejardinexpérimantplu el | e j dai

Je tiens a remercierHeinz Miiller-Schéarer de nous avoir intégrés dans le réseau COST
SMARTER. Je tiens également a remercier les autres participants du réseau, qui ont
permis un riche échanged 6 i d ®e s

Je remercie Philippe Lgeune ainsi que les personnes précitées ayant accepté de faire
partie de mon Jury de thése de doctorat,pour | e temps qudils ont consacr @
et | 6®valuation de ce document

Je tiens a remercier les chefsqui ont gouverné | & Adxdeu n e ma idarantdmes f er
années en son sein, Grégory Mahy, Jan Bogaert et Marc Dufréne. Je remercie
également tous mes autres collegues du GP pour leur agréable compagnie, mais
également leurs avis et leur aide.Merci a Mélanie Harzé (la matriarche du GP), aarie
André, Nastasia Merceron, Aurélie Hick, Carline Pitz, Jessica Delangre, Emilie Pécheur,
Fanny Boeraeve, Soizig Le Stradic, Catherine Montfort, William Coos, JeaRrancois
Bastin, Maxime Séleck, Robin Gailly, Thales de HaullevilleJulien Piqueray, Roel

Uyttenbroeck, Florent Bachelart, et les autres.

Mes pensées vont également a ma famille que je ne remercierai jamais assez.Mes
deux parents qui méont toute ma vie pouss® vers | de



| 6 as pi r poureréciter noes tables de multiplication. Ma ma n , tu mdas donn®
passion pour la |l ecture lorsque |jO®tda s tout
connaissance Tu m dseencouragé toute ma vie a aller plus loin, a ne jamais baisser les

br as, et t u® ngbuadsa uecnusneei gvnoi e ndest tropSdifficil
j 6ai parcouru tout ce cheomnteligenae,jtopugnatiéhtari , cdest
patience et ton travail. Papgt u es | 6 H®phapustos de Verl aine, I

sorti de sa forge deux fils admiratifs devant les qualités de leur pére. E tente
d®s esp®r ®me nt tordalsanpeparimagifere a concevoir et a créer. Merci de
mbéavoir inculqu® ta rigueur, t. dente trESMElS du d®t
également les remerciements des habitants de Gembloux, qui te sont reconnaissants
pour les palissadespollen-proof. INP Doudou, je te remercie également, tu occupes
une place prépondérante dans ma vie. Merci pour cette fraternité si joyeuse et
enrichissante. Toncourage et ta patience ne cesserontjamais de me laisser admiratif.
Tu es le éritable Nérévarine des temps modernes,me r ¢ i tdufurg la pour moi,
du moins | orsque | e bon peuple belge tden | aiss

Merci également a ma merveilleuse compagne, pour cette inondation de bonheur

quotidienne. Merci pour ton soutien dans les moments difficiles, merci pour ton

oreille, pour ta patience, pour nos rires, et pour tout lereste. J e nd ai jamai s ®t ®
heureux Qtésd”™ tes ¢

Je remercie également mes bras droits (et gauches) Gaétan et Vincent, qui
mdaccompagnent sans rel ©che dans | es m®andres
Notre amitié signifie beaucoup pour moi. Je remercie également mes autres amis

fideéles, qui participent a mon équilibre. Je pense notamment a Shalva, Jenet Jon,

Rousse, $non et Justine, Lorenzo, Glennet Bienne.

Je remercie finalement le FRIAd'avoir financé ces quatre années de these de doctorat.

Je remercie | 8Axe bi odvoivpeses charge taus lesfraisygsiage pour
nd®t ai ecgodvertyp Eas ma bourse FRIA. Merci au COSTSMARTR pour le

financement de ma mission scientifique. Me r ¢ iUniversité @ Liege pourl doct r o des

bourses de participation aux colloques scientifiques.






Structure du travall

Chapitre 1. Contexte de la Recherche 19
Les espéces invasives 21
LeprddSaddza RQAY Ol AA2Y 22
Une histoire de barriéres 22
[ Sa FI OGSdzNE LR2dz@0 yi 22dzSNJ dzy Nb £ S 2RI ya 1 N
Le climatiocal 24
La pression de propagules 24
[ S&4 NBflFiAz2ya RS O2YLISUGAGA2Yya +dz aSAY2RS 1 0O2VYY
[ § LRGSY(AShpecky O 8AF RQdzy S 26
[ QAY Dl aA0At A0S RSa KIoAGlGa 26
Le temps de résidence 27
'YS GENRFGAZ2Y AL GAFES Rdz a1 ddzi R27t QSaL)ksOSs
[ QSljdzAf AGNBE Sy 062NRdzNBE RQI ANB 29
[ QAY @l aA2y RS tQFYONRBAAAS Sy 9dzNBOLIS RS f G
LINPLI2Z& RS fQFIANB RQAYRAISYI 30
Les caractéristiques de la plante, et ses vecteurs de dispersion 31
Les habitats envahis 33
[ QS G RQAY @I aAzy Sy 9 dzNP LIS 34
'y STTF2NI RS NBOKSNDKS t t QSOKStf S 36dz2NRLISSYY
[ QA Y @I & A 2 yundReSprebsidn dizNdrtidfes 37
La barriere géographique 39
La barriere environnementale 39
La barriere reproductive 41
La barriere de la dispersion 41
Obijectif ggnéral de la thése 42
Stratégie scientifique 42
Articulation des chapitres 43

Etuden’ly [ QF YONBRAAAS t FSdzAfttSa RQFMN¥2AaS 0! YON
SttS RSa OFNAIFGAZ2YyE RS LISNF 2 NMdiofiénSa t GNF SN
9dzNR LIS RS t QhdzS4ai 43

Etuden [ RAAGNAOdzGAZ2Y R @letdddilibrdaundraNi SYA&AA T2
RS IS t SYSyd SygrKAS Sy 9dzNRPLIS 4SS f QhdzSal
Etude n°3 Les effets de la variation des traits de la graine sur les performance

RS& L IFyiddzZ Sa RW! YONRPAALF | NISYAGAABREIAL [ @
Etudend [ QAY Tt dzSyO0S RS f QSTFSO RS LINA2NRGS adzN
atemA AAATF2f Al [ ® LI NI NFLILIRNI t RQI dzi#85a ! aid SN




Chapitre 2: La variation dedJSNF 2 NI yOS& RS f QlF YONRAAAS t TFSdzA
R QI NlyAmbrast artemisiifolial..) & travers les différents niveaux
RQAY @l aArzy Sy 9daNRPLIS RS f QhdzS3ai 51

Abstract 53
Introduction 53
Material and methods 55
Study system 55
Population seldwn 56
Data collection 58
Statistical analysis 60
Results 60
Discussion 62
References 66
Chapitre3:[ S (G Said RQSI dzA f A AnmbiBsiaRuEEmitiifolialR A & G NA 6 dzil A 2y R
dz y2NR RS fQFANS | O0dzSttSYSyiG Syed KAS Sy 9 dzNE
Abstract 71
Introduction 71
Material and methods 73
Study spcies 73
Study site 74
Experimental design 74
Plant performance monitoring 76
Climatic data a4
Statistical amlysis 78
Results 78
Plant performance variation 78
Local climatic data 79
Discussion 80
References 83

Chapitre 4 Les effets de la variation des traits de la graine sur la

LISNF 2 NI yOS Rrfodosidditdmisilioial. S& RQ 85
Abstract 87
Introduction 87
Materials and methods 89

Study species 89
Seed collection 90
Seed measurements 91
Growth chanber experiment 91
Data analyses 93
Results 94

The structure of seed variation 94




Variation in seedling performance 95

The influences of seed traits on seedling performance 96
Discussion 97
The structure of seed variation 98
The influences cfeed traits on seedling performance 99
The influence of the temperature treatment 99
References 101

Chapitre 5:[ QAY Tt dzSy 0S RS f QSTFFS( ARMBosiaINA 2 NA (S & d
artemisiifolia] @ LJ NJ NI LILI2 NI t RQl dzi NBa 11851 SNI OSSa

Abstract 107
Introduction 107
Material and methods 109
Studied species 109
Greenhouse experiment 110
Plant performance measurements 111
Statistical analysis 111
Results 112
Discussion 114
References 118
Chapitre 6: Discussion et conclusions 121
[ yFEOdzNFEAalFdA2y yQSad LI & fAYMPESS LI NJ f
La compétition interspéddue : une confrontation évitée 126
[ QF Y 6 NiB thatldleSomplexe 129
Un modéele variable 129
Unmodé§ t I Reyl YAIldzS RQAYINRRdzOG A 2131 LI NI A Odz
Un modele dangereux 131
Un futur incertain 132
[ Sa4 LISNELISOIAPSE RQS(GdzRS 133
Quelles options pour la gesticéh 135
Littérature citée 139

Appendix 149







Chapitre 1

Contexte de la Recherche






LES ESPECES INVASIVES

Ldugmentation de la population humaine mondiale a profondément altéré
I6 envi r on bes altératibns causées sont nombreuses, et comprennent les

changements ddoccupation du sol, | 6 ®mi ssi

de la biodiversité (Vitousek 1994a, Vitouseket al. 1997, IPCC 2001, Baillieet al. 2004,
Stocker et al. 2013). P | u sn tiérd des écosystémes terrestres émergés ont été
transformés au cours des siécles(Vitousek et al. 1997), et l e taux

on

de

ddextinc

espéces animales et végétals est de 100 a 1000 fois plus élevé qudavant

s®dent ar i sHamnmeo(llawtah eand IMAy 1995). La biodiversité joue un rble
prépondérant dans le fonctionnement des écosystémes, et leur résilience face aux

variations environnementales, ainsi que dans les servicesqu 6i | s pr oéresguent

humains (Walker et al. 1999, Lavorel and Garnier 2002, Diazt al. 2006). Ces altérations
peuvent donc avoir de larges conséquences écologiques et sociétales (Chapin et al.
2000, Diazet al. 2006). La diminution de la biodiversité est causée par plusieurs grands
phénoménes:le changement d&édoccupation du sdek,
activités de chasse et de péche, ainsi que par les invasions biologiques (Vitousek
1994b, Vitousek et al. 1997, Baillieet al. 2004).

Les invasions biologiques sont causéespar le grand nombre de transports d éspéces

a

vers des territoires ou elles étaient historiquement absentes. Cestransportsd 6 e s® c e

ont commenc® avede | 6@meigehtear e, l orsqu
especes etles a déplacéesavec lui. Ensuite, brs des oolonisations européennes, les
transports a trés longues distances se sont multipliés. Plus récemment, site a
| 8 ®me r guecoroneercedinternational, | € nombre ddesp ces
volontairement transportées a grandement augmenté (Cronk and Fuller 1995)
Certaines de ces espéces exotiquesont devenues envahissantes(Parkeret al. 1999).

e

a

a u X

pol

0 homr

acciden

Ces espécesexotiques et envahissanes,qu e | 6 on n o m(Rehardsoneta.i v es

2000), peuvent occasionner de multiples problemes. Premierement, leur
développement disproportionné peut provoquer une déstabilisation de la structure et
du fonctionnement des écosystemes envahis (Cronk and Fuller 1995) Ensuite, b
développement de ces espéeces se faisant au détriment des espécesndigénes, les

invasions causent souent une baisse de la biodiversité (Cronk and Fuller 1995) La

réduction des services prodigués par | 6 ®cosyst me peut entrainer

économique, par exemple endiminuant | a production douQayeys:t

al. 2006). Les invasions peuventaussi propager des maladies en jouant un réle de

vecteur (Daszak1999) LA hybri dati on a vsespadospossbersc e s

de certaines invasions, pouvant causer une <«pollution » du matériel génétique des
especes indigenes concernées, et mener dans certais cas a la disparition de ces

especes (Whitney and Gabler 2008) Certaines espéecesinvasives peuvent méme avoir

-21-
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un impact direct sur la santé humaine, par exemple la berce du Caucase leracleum

mantegazzianum Sommier & Levier) dont la séve photo-sensibilisante est capable de

causer des brdlures importantes (Tiley et al. 2016). Les invasions biologiques peuvent

également avoir un impact économique conséquent. La gestion des zones envahies

entrane des co¥%ts suppl ®mentaires pour l es gestionnai
machines et les salaires des ouvriers chargs d 6 ®r adi quer | 6esp ce dans une
envahie (Pimentel et al. 2000). Les impacts sur la santé humaine ont également un

co(t, comprenant par exemple, les frais pharmaceutiques et les arréts de travail pour

cause de maladie(Bullock et al. 2012).

LE PROCESSUS GNVASION

Une histoire de barriére s

Toutes les espécesintroduites dans un nouveau milieu ne deviennent pas invasives
Pour qudune esp ce emwahissantegane una rmwelle regioa, il lui
faut étre capable de survivre, de se développer, de se reproduire, et de se répandre
dans | 8 e nvdemaméreelispeopottionnée par rapport aux espéeces indigénes
(Richardson et al. 2000). Pour rendre compte de ce processus, une approche
schématique a été développée a la fin du siécle passé(Figure 1 ; Richardson et al.
2000). Cette approche, qui a été largement reprise par la communauté scientifique
(Johnstone 1986, Colautti and Macssa 2004, Blackburret al. 2011, Richardson and

PyGek ,2Gk2)hase sur | a not iRichardsopetd. a000).i re ~ | 6i nvasi
La premiére barriére est géographique. Elle est franchie p ar | dinter m®di air e de
| d Ho mme , | or sque | 0 e upe nougelleerégipn. Ce®rprsport @Bt v er s

étre réalisé intentionnellement (Reichard and White 2001) ou accidentellement (Mack
et al. 2000, Pimentel et al. 2005). La seconde barriére est constituée par les nouvelles
conditions environnementales du milieu. L&spéce dans son nouvel environnement
doit faire face a des conditions biotiques (maladies, prédateurs, compétition avec les
autres espéeces..) et abiotiques (climat, conditions édaphiques...) différentes de celle de
son mil i eu do o rtte lpairitree dépasséee If ®é sp cee est dite accl i ma
une phase de naturalisation peut commencer. La troisiéme barriére est la capacité a se

reproduire.Bi en qudune esp ce parvienne 7 survivre dans s
f aut e n c oréussissgaipiioduird des descendants viables. Unefoisgque | 6esp ce
parvient a produire des graines,ou par vient 7 se mul tiilfaiti er dféune aut

encore que cette production soit suffisante pour compenser les mortalités. Une espéce
dont la production de descendants est insuffisante que pour permettre le maintie n de
ses populations sans un apport de propagules, est décrite comme fugace (Richardson
et al. 2000). Ce n 0 e wrsquegldue s p = a«apable det se reproduire suffisamment

que pour assurer le maintien de ses populations sans une aide anthropique que
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| desp ce est d®cr i(Rieghardsanetrale2009,aBlackbuenktials 20K,
Ri char dson anToutéfois@epkrioded h2 ur al i sation se prolong
gue | desp ce soit capalbrégae edfid,| Sespi spepaenvi eanl
disperser sur des distances suffisamment grande pour créer de nouvelles populations,

|l a phase doexpa(Rshamsoneta. 200@®.hoe sque | desp ce exo
devient finalement envahissante, c d easdti re que | 6esp ce se 7T ®pand
anor mal ement i mport ant elle@halos décrileecomme invasiva e me n t

(Richardsonet al. 2000).

GEOGRAPHIE
ENVIRONNEMENT

)]
)L

') DISPERSION

A
I‘

') REPRODUCTION
7

Statut du taxon

< exotique >
< fugace > < NatUralis € m——
<—invasife—p

Figure 1: Les stades dRéprésentatisni des darriere s (demi-cylindres gris) a travers

lesquelles doit passer une espéce exotique pour devenir invasive . En fonction du nombre de barriéres

dépassées (flecches de couleur) ,| e st at ut de | fiechesmoirese. Entrd chargeearriére se

déroule une nouvelle phase de I(réctanglestBeuso.nSchéma adapté de Ri chardson & PyGek
(2006) .

Dans la suite du document, nous entendrons par ai r e d 6 i n terteoritbivecoti i 0 n
une plante ou une p r capéegtiahspeortéal Gial lee acteieyp c e
humaines, en franchissant une barriere géographique importante (Richardson et al.

2000). Nous entendrons par 16 a idrde n v le teiritoire ol une espéce introduite a

franchi toutes les barrieres décrites ala Figure 1, c 6 easdti re |l e territoire ou
sdest naturali s®e et se r ®pandRichardsodetlalor s des ¢
2000).

Le franchissement des différentes barrieres représentées a laFigure 1 est une vue
conceptuelle du pr oc e s s u.sComing itontvmdele samématique, cette vue

comporte ses | imites, gldbdle na domprénane pagitouSlea e Vvi si on
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mécanismes influencant | e cour s dodune i fParasmmencertrinso!l ogi que.
auteurs préferent des modeles ou la nature des habitats envahis (Dietz et al. 2006) ou

|l es facteurs fna(cRild harnds olnd i annvdsontiPrgp@sektés. 2 0 1 2 )
Toutefois, ce schémaest trés utile pour représenter simplement les différentes étapes

du pr oces s u,set lesFactauvsapsuvamtnempécher une espece de devenir

invasive.
Lesfacteurs pouvantjouerunrdledans la r ®ussite dbéune invasion
Le franchissemerides di f f ®r ent es barri r essinfldencépar ocessus do&in

divers mécanismes et facteurs dont les rdles sont plus ou moins importants selon
| 6 ®t ape, et selofNSimbepToéfcanddDd®R®ehardson and Py

Le climat local

Le cli mat |l ocal d®si gne | 6 e n sa@imfelvent &re s conditions
mesurées dans une région géographique délimitée a la surface du globe. Ces

conditions climatiques sont distinctes de celles des régions avoisinantes, ainsi quedu

climat général de la zone ou se situela région considérée (Geiger 1965)

Pour que I dinvasion déun nouvel envirodamanement soilt
gamme de conditions climatiques du nouvel environnement soit incluse dans la niche

climati que (@Ri clhBersdps ocne a n dMéme wiGdek phéhdmerizy

d 0 a d a p boattpassibtes, le climat local va tres fortement influencer la réussite ou

| 6 ®cdcheecl a naturali s@Riiomarddes olnd efsEnPeff@edes 2 01 2

conditions <c¢limatigues d®favorables dans | a zone d
survie,ledévd oppement ou encore | a reprdauttieti on ddune esp
al. 2010).

La pression de propagule

La pression de propagulesestunfacteurt r s i mportant dans | e processus
En fonction des espéces considérées, wne propagule peut-étre un organe de
di spersion, un fragment do6indi vi sSimbareff i ndi vi du, ou
2009). La pression de propagules désigne le nombre de propagules introduite s au

cours du temps en un endroit donné (Simberloff 2009).

Comme beaucoup d 6 aut pression tlea propagulessinfluenceele t e

franchissement de différentes barrieres ~ | 6 i nSingberlofb2009; Richardson &

Py Ge k .2 0L1&i) mgméec tle ceqtte pression de propagules est bien sir le

franchissement de la barriere géographique. Mais cet import constant de propagules

peut ®gal ement faciliter | 6accl i niaraka ridon et la nat
Lodge 2006, Simberloff 2009) L 6 i mmatéridl génétque a travers les propagules

réduit les effets déléteres de la dérive génétique (Simberloff 2009). De tels effets
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déléteres se produisent par exemple au sein de populations isolées, dont la variabilité

génétique est trop faible (Drake & Lodge 2006), ou apres| i ntroducti on dd&un
nombr e d& dansduin nauwkau territoire (Kliber & Eckert 2005). Par contre ce

flux g®n®ti que c on s ttiamdans [espapulatibns deifaible effectifd adapt a

en «diluant » les effets de la sélection naturelle(Holt et al. 2004).

L or s g pdpulatien se trouve dans un habitat dont les conditions sont en dehors

de sa niche environnementale (Hutchinson 1957), la population est menacée

d 6 e x t i, gardes mootalité s excédent le nombre de naissances(Pulliam 1988, Holt et

al. 2004). Dans une telle situation, ka pression de propagules peut permettre a la

population de survivre, grace a un f 1l ux r ®g ul 9 quir congppénsentesi gr ant
mortalités (Holt et al. 2004).

Pour une espéce autoincompatible, ¢ & eadite pour laquelle | 6 aut of ®c ondati on
impossible, les populations ayant une faible densitée d i ndspeiudent souf frir do©d
corrélation positive entre le succes reproducteur et la densité en individus (effet Allee ;

McCarthy, 1997; Holtet al., 2004). Lapression de propagules, vi a | 6appsprt de mi
peut augmente r la densit® de | a population et r ®dui i
(Holt et al. 2004).

Les relations de compétitionsau seindel a communaut ® ddéaccueil

La compétiton entre |l es individus do6éune m°me esp ce (
ouentr e individus doéesp ces dif f ®mRigkkefsé&billet c o mp®t it
2005) est définiecommet out e wutili sation ou d®f ense ddune I
réduisant la disponibilité de cette ressource pour les autres individus. Un ensemble

ddindi vidus do&un givemhétseerepmduisentaans upn teiritoire donné
représente une population,etune communaut ® est | 6association d
coexistant dans un méme milieu (Ricklefs and Miller 2005)

Les relations de campétition jouent un r6le important dans la structure des
communaut ®s ®c ol ogs agéteensnent quelless espedes | pewent

coexister (Brown et al. 1996). Aprés q wide perturbation ait détruit une partie de la

végétation, des espéces pionniéres peuvent recoloniser le milieu. Ensuite, ces especes

sont progressivement rempl ac®es par dbéautres e
mais plus compétitives.Cet t e s®quence s apfGrime 19/, Rickiefs success
and Miller 2005). Par ailleurs, &s premieres espéces a coloniser le milieu peuvent

b®n®f i ci er d6éun avant,agap pceoln®p ®td e(ffdimgtet akpeo r g raind r i
2001, Korner et al. 2008). Cet avantage peut mener a une communauté dont la

structure et la composition sont différentes par rapport a une situation ou toutes les

especes ® seraient établies en méme temps (Young et al. 2001, Kérner et al. 2008,

Simberloff 2009). Par la modification des relations de compétition, cet effet fagconne la
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communauté de deux manieres: | 6 e s privaneen premier doit faire face a moins

de compétition que les espéces arrivant plus tard, et ensuite,c o mme | esp ce a eu plus

de temps pour se développer, elle exerceraune compétition plus forte sur les autres
especes(Koérner et al. 2008, Symons and Arnott 2014)

La sensibilit® doéune communaut ® ° | i nvasi on doune

| desp ce invasi ve consi d®r ®e, des traits des e
communauté, et des traits de la communauté en elle-méme (Sakaiet al. 2001). En
général, les communautés plus riches en espéceset en groupes fonctionnels sont
attendues comme ayant une meilleure résistance aux invasions biologiques (Elton
1958, Tilman 1997, Lavorelet al. 1999, Sakaiet al. 2001). Toutefois, ce modéle a été

sp

critiqué par différents auteurs (Lavoreletal. 19 9 9 , Levine andetR6Antoni o 199¢

r®si stance doéune communaut® aux invasions sembl e
des especes et des groupes fonctionnels préents.

Le potentiel invasif d6une esp ce

Certaines espécespeuvent étre prédisposées a devenir invasives dans certains milieux.
Mal gr® diverses ®t udes sur l e sujet, il est di f
conférant systématiqguement une capacitéd 6 i nvasi on (Alpartreteal. 2080p ~ c e

®g

fi

Radford and Cousens 2000, .[FEert@Gme& caraaédstigles char dson 200

comme avoir une gr ande ai r e oud dne rdidpergidd nraptde semblent
cependant corrélées au potentiel invasif (Bazzaz 1986, Williamson and Fitter 1996,
Dukes and Mooney 1999). Certaines espéces arrivent a moduler leur phénotype en
réponse a des stimuli environnementaux de maniére & maintenir leurs performances
dans des environnements stressants, ou a les augmenter dans des conditions
favorables (Sultan 2000, Valladareset al. 2007, Monty et al. 2013). Cette plasticité
phénotypique rend possible la survie de ces espéces dans une plus large gamme
ddenvi ensSuleam2001, Richardset al. 2006) et est souvent observée chez les
especes invasives(Ghalambor et al. 2007). De méme, certaines formes de vie, ou
groupes fonctionnels ne ménent pas directement un caractére invasif mais offrent la
capacit® do°tr edamslcartains écosystemes fAlpertnet al. 2000). Par
exemple, les especes herbacées de type C3 semblent particulierement adaptées a
envabhir les grandes prairies au centre du continent nord-américain (Smith and Knapp
1999).

Lédinvasibilit® des habitats

Il est plus facile de déterminer quelles sont les caractéristigues qui diminuent la

résistance dd u n habitat aux i nv des itraite sespamsatdes dudi dent i fi er
caract re i nva qAlpert etl 8.u2000). La $ithgrateree met en évidence

plusieurs facteurs qui rendent les habitats plus propices aux invasions,comme de

faibles niveaux de compétition au seindel a communaut ® dbéaccueil, des

- 26 -

r ®



perturbations altérés, ou de grandes quantités de ressources disponibles(Alpert et al.

2000). Par exempl e, | e s (Fyssk apcePrachd1893,Stohigreset all 6 e a u
1998, Tickneret al. 2001) sont en général des habitats plus susceptibles de subir des
invasions biologiques.

Les perturbations de la v®g®t ati on peuvent af
| hébitat (Smith and Knapp 1999, Alpert et al. 2000). En effet, les perturbations

changent les relations de compétition et peuvent ainsi faire fluctuer les quantités de

ressources disponibles(Davis et al. 2000). Toutefois, une variation dans le régme des
perturbations peut avoir des cons®quences diff
(Alpert et al. 2000). Bien souvent, ne augmentation de cette fréquence augmente

|l 6invasibilit® de | 6habitat, mai s des ®tudes on
des perturbations peut avoir le méme effet (Smith and Knapp 1999) Déautre part,
différents types de perturbation (passage du feu, péturage...) peuvent avoir des

conséquences difféerentes.Dd antav al.iil®9) concl uent quUu@demva®mn®i ali t @
de | 6habitat augmente | orsque | e r®gime des pe
naturellement cours.

Le temps de résidence

Le temps de r-B¢iirdenlce ,t empstdepui s | equel | 6esp
territoire considéré, e st souvent corr® ® © | ddi mportance de
invasi ve, ai nsi quad” sca( Rd ecrhsairtd® oau asiédd PydGe k c @

temps de r®sidence est ®gal ement corr® ® au st
comme fugaces ont souvent un temps de résidence significativement plus faible que

les espéces naturalisées ou invasives.

L6i mportance du temps de r®sidence peut °tre e
pression de propagules, et la phase de latence( Ri char dson anEdeffety Gek 200E€
plus| & e s gst poésente depuis longtemps dans un territoire donné, plus la « banque
de propagulesé qubel | e a pauprioci mpastante t(Regnaneketsat. 2005),

pl us l es chances qudune propagule ait atteint
(Lockwood et al. 2005, Warren et al. 2013), et plus | desp ce a eu di
sdadapter aux nouvell es ¢Bakerdld6s,iKovark19% vi r onne men
Une variation spatiale du st atut de | desp ce

Sil 8on consid re un territoire subissant wune i n\

une variation spatiale du assemtdu territale. Nduéesp ce p
pouvons par exemple décrire une zone ou les populations sont trés nombreuses et
invasives, autourde celle-ci,des zonesque | desp ce vouelepeuttee col oni se
naturalisée sans étre invasive eten périphérie de cette zone envahie, des occurrences

fugaces de esbaboss gonsidérée cgmmie introduite, mais non-naturalisée
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(Figure 2). Il peut donc exister sur un territoire donné, pour une seule espéce
considérée, une variation du nombre de barriéres franchies. Cette variation spatiale
peut avoir comme origine un changement dans les différents facteurs constituants les
barrieres. Pour b barriére environnementale par exemple, les conditions édaphiques

ou climatigues peuvent varier au sein ddun territoire. De
peuvent freiner | dinvasion ne seront pas | es m°mes
limitée dans certains habitats par la salinité du sol et dans ddautres, par de

températures défavorables.
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Figure 2 : lllustration de la dimension sp ati al e du proce&msunstempséi nvasi on.
donné, il peut exister une variation du statut déune esp ce easur sein doun ter

| e gq uespéceledi introduite .

Nous décrivons ici une situation théoriqueoul a v ari ati on spatiale du statut

est homog ne et progressive depuis |l e foyer dodoinvasi
pas encore présente. Dans laréalité,lav ar i ati on spatiale du statut de | ¢
compl exe. Bi en souvent, l e front dédi nvasi on des e
identifier pr®ci s®ment pui sqpadtoul. Panéxemple,iice pas ~ | a
a été montré que Senecio inaequidas D C. sdest r®pandu depuis | a Bel
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| 6Al 1l emagne | e slhumiges lthénires tellesuguet las mweoroutes et les

voies de chemin de fer (Radkowitsch 1997, Heger and Jurgen Boéhmer 2005)Dans un

t el cas, | 6aire envahi e erelipsec maisraeusepstructdre donc p a ¢
ramifiée. La pression de propagules peut également compliquer ce schéma. Cette

pressiéant g@®®r al ement pas homog ne partout

d iéivasion, le nombre de barriéres franchies (Figure 1) en un endroit donné peut

d®pendr e de | & ipmgiorde arapagulesglatdt ua de la distance au

f oyer d@liockwoadédt al.r2005, Simberloff 2009) La pression de propagules

peut dédaill eurs permettre | ddanstdesaahesparfoison dobéune
fot ® oi gn®es du f(Bulloek and Clarker200@, Simbkenoff 2009, Lachmuth
etal. 2010 D6aufrneseurs tels que |l e mogbabeenmdisper s

ddhabitats dfavodriafbfl®rse, n cantlsropighies aoa tsimpldmen® ¢e
hasard, peuvent également amener plus de variabilité que le schéma décrit ala Figure
2.

L6®quilibre en bordure dbdaire

La distribution des espéces indigenes est en | arge pawddlevenichebexpr essi
®col ogi que d%ertan adétals2009)cEn bordure de |a zone occupée par

une esp ce, | extension de | daire est i mit®e ¢
empéchent la survie de nouvelles populations (Hutchinson 1957). L6 ai r e occup®e
comprend alors tous les habitats favorables a portée de dispersion, et demeure stable

a long terme (Stanton-Geddes et al. 2012), méme si la position exacte de la bordure

dédaire peut fluctuer | ®g Tar vamakilitét tempoeellesdes! 6i nf | uer
conditions environnementales (Sexton and et al. 2009). Cette situation est décrite

comme | 6®qui |l i br ¢Stapton-Ghduleset al.2@l2)d dai r e

Dans cette situation, toute population se fondant e n dehor s de ncl 6aire e
condamnée a disparaitre, car les conditions environnementales empéchent le taux de

natalité de compenser les mortalités (Pulliam 1988, Holt et al. 2004). Une population

dans un tel cas de figure peut néanmoins sunivre durant un temps indéterminé si des

immigrants viennent compenser la différence entre le taux de natalité et de mortalité.

Dans ce cas, la population est appelée une population puits, et |l es popul ati on:
viennent les immigrants sont appeléesles populations sources (Pulliam 1988).

Il est possible detestersiune esp ce donn®e a atteint un ®qui

ou si au contraire, | a di st r i budeiesi en edtensioh.Peus gela, onpeut

estimer le taux de croissance fini de populations (i) au sein de | daire oc
| 6esp ce et en dehors de | daire, fStanton-e x e mp | e
Geddeset al. 2012). LeT peut °tr e cpEopulations@ondoa a stoppk des

flux migratoire s, comme | e rapport du nombre déindividu
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nombre dodéindi vi d(SHhlyadHonen2602)Dram®&e lie cas dbéun ®quilib
en bordur el dedsati reupl ®rieur 7 [ Bunit® au sein de | 08a
| 6ext ®rieur . Dams. llddadaxe oxvaegm®Pet pasi tdespbeck est
supérieur aun dans les deux cas(Stanton-Geddeset al. 2012).

Toutes |l es esp ces (uiddgeénksesontlimittésalmmnsi n Vexiteas i @
de leur aire de distribution, le long de gradients environnementaux (Sexton and et al.
2009, Alexander and Edwards 2010, Hargreavegt al. 2014). De plus en plus doé®t ud:

relatent des cas 0% des esp ces invasives ont attei.
aire do(Sexwraanda al. 2009, Alexander and Edwards 201Q) Toutefois, la
mesure explicite du 1 au-del ~ d eenvahi@ garruee espéce dans le but de

déterminer si son ai r e ddi nvasi on est en extension ou non,
effectuée a notre connaissance.

LOGNVASION DE LOAMBROISIEEEN EUROPE DE IO QEST

Le modétlde edtt | dambuioli lse € dAmrdnosiocartemsiifolia L.;

Asteraceae).Cet t e pl ant e a nord-anélicaine dsd devenug iinmasive

durant ces derniéres décenniesdans di verses rr®gions du monde, i ncl
(voir la partie suivant: «xL 6 ®t at deé Eunope)s la Ghine, le Japon, la Corée du

Sud, Il 6Afrique du Sud-Z®lIl dihdestr dldiAe,gehtai neguvieé | e€hi
Bahamas, I i | e d o HEusmgeanrandoMediterranean Plane PraBecti@ns i |

Organization (EPPO) 2013, Esdt al. 2015).

Aproposdeldaire doéindi g®nat

La plant e eaoerd-amdridaine, ioy sa mlistribution couvre le sud du Canada,
ainsigue | e cestrdesrBats-@rni 4.0 Qu el g ueusstdestapts-bniset ~ | 6
au nord du Mexique sont également référencées (Bassett and Crompton 1975, Esskt

al. 2015). Ldaire dodindig®nat historique de Il a plante n
précision puisque sa distribution a grandement augmenté lors de la colonisation de

| 6 A m® (Esstptale2015).

Dans son aire ddorigine, | 6 egapds tymes deglimatdd onc rencontr
suivants, selon la classification de Képpen: continental, chinois, aride, montagnard

océanique et méditerranéen (Peelet al. 2006). Toutefois,| 6 e s p =~ ctde mipuxasous i

le climat continental (Bassett and Gompton 1975). La croissance de | 06esp ce
étre optimale dans les climats tempérés ou les sommes de températures durant la

saison de végétation sont suffisamment hautes (Esslet al. 2009, Cunzeet al. 2013). Au

sein déun article sur |l a distrQurzeietal.2013)de | 6esp ce ¢

affirment gue | desp ce a besoin ddéune somme de tem
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pour achever son cycl e. Les donn®es soutenant c
été publiées.

Leshabitatsque col oni se | 8esp ce dans s opertudésr e doi ndi
comme les bords de route, les terres en friche (MacKay and Kotanen 2008) les terres

agricoles (Mutch et al. 2003), et les habitats rudéraux urbains (Ziska 2002) Elle peut

aussi étre parfois observée dans des conmunautés plus naturelles, telles que les

prairies (Bullock et al. 2012).

Les caractéristiques de la plante, et ses vecteurs de dispersion

Cette plante, monoique et annuelle (Bassett and Crompton 1975) mesure en général

entre 30 et 100 cm en hauteur (Lambinon et al. 2004). Ses feuilles caractéristiques sont

profondément découpées (Figure 3). Les graines germent au début du printemps et

|l es plantes grarfdins sdeentl 6j®@sRguadv'anita que | es i nfl
produites, d@odt " novembr e. La plante produit deux
inflorescences mées sont les premiéres a apparaitre(ao(t), sous forme de capitules, le

long de racémes (Figure 3). Les flaurs femelles arrivent plus tard (septembre), et se

trouvent en grappe ~ | 0aisselle dedgigueduil |l es, |
Le pollen est dispersé par le vent, mais la dispersion primaire des graines est

barochore (Bassett and Crompton 1975) c-8-dire qud e let assurée par la simple

gravité. La dispersion secondaire est principalementassuée par les activitéshumaines.
letransport 7 courte disst@npardel USkeeprsebiatsr
documentée comme se dispersant rapidement et efficacement le long des axes de

transport (Chawel et al. 2006, Esslket al. 2009), tels que les routes et les rails de chemin

de fer. Les graines sont également dispersées par les machines de fauchélilakovic et

al. 2014a), ainsi que par les engins agricolesd 3 un c¢champ (Chaweletalutr e

2006). Le transport de sol, terre de remblais, graviers, et matériaux de construction

joue égalementunréledans | a di s per gBulock etéle2012)d e tsapspoct e

a longue distance est assuré par la contamination des semencesddautres esp ces
utilis®es dans | agri eneint i e e (& iafmdu detat i ® n a g o
commerce de mélanges de graines pour animaux (Chauvel et al. 2006, Bullock et al.

2012).
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Figure 3:1 | l ustrations du ph®notype de | Géaudtgramee ~ di ff ®rent s
de tailles et de formes variées ; B: plantules au stade d e deux cotylédon s, quelques jours

apres la germination (début avril) ; C: plantule &gée de 3 semaines ; D : jeunes plants sur

un bord de route (fin ao(t) ; E : plant adulte en fin de saison de végétation (fin

novembre) ; F: un raceme exhibant les capitules de fleurs méle s, en vue contre -plongée ;

G : les deux inflorescences, les fleurs males disposées sur un racéme, et les fleurs femelles

di spos®es ~ | 8insertiopH:dure fevel des cowr s| aadeage(La Dr?
envahie par | 6:4vilipmQrtenan sPhot os

En conditions favorables, la production de graines est abondante. Une étude, menée

dans diverses populations invasives deFrance,a montr ® quden moyenne chaqu
plante produisait plus de 2500 graines (Fumanalet al., 2007). Un mécanisme complexe

ddinduction de | d& ddodremance per metr mersquine banque de
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peut persister pl us (Baskim and Baskin 4980, denpsdnded al.n ® e s

1997). Cette banque de grainesjoueunrdlet r s i mportant dans
(Fumanal et al., 2008; Gioriaet al., 2012). En une seule année de fructification, une
banque de graines importante peut étre formée, assurantl a pr ®s ence de
l 6habitat p o ur (Delabays et aly 2088; Famanaket &., 2008). Grace a
cette banque de graines, | 6 e s ps bereultérieunes ar
la production de graines (Fumanal et al., 2008; Guillemin et al., 2011). En effet, k&
germination des graines semble favorisée lors desépisodes de perturbation (Fumanal
et al., 2008), ce qui pourrait permettre une rapide recolonisation des milieux perturbés
gui aurait été précédemment colonisésparlé es p  c e .

Le pollen émis en abondance est fortement allergisant : quelques grains de pollen par
m tre cube do asipourdéaencher une rédctiors alergique (Jager 2000)
Ces réactions comprennent des rhumes, rhinites, conjonctivites, trachéites, toux, de
|uiticaire,d ee ¢t D®ma, et | dapparition dao a sct(bahiet
a.1999b, Dedah ROAT). A cause des propriétés allergisantes de son pollen, la
pl ante est responsabl e ickdans &s regnsiofl alle les
présente en forte densité (Kazincziet al. 2008, Smith et al. 2013, Essket al. 2015).

Les habitats envahis

L6ambr oi s iegpececlonisarioeedes milieux rudéraux, mmme les bords de
route, les voies de chemin de fer, les rives de ours d d e a u l es tetles
zones de tr av audventica des sultures dedpuinieenps (Bassett and
Crompton 1975, Martin et al. 2008). Sa banque de graines est parfaitement adaptée a

c

ai

e

t

ns

ces milieux, pui squdell e per met : | 6esp ce

une perturbation (Brandeset al., 2007; Fumanalet al., 2008). Dans les milieuxou les
perturbation s de la végétation sont moins fréquentes, des espéces plus compétitives

S uUcC

vV aog

de

sontsouventc apabl es det sébhexsé¢ al dleadndbsmice edi sparai t d

la végétation lors des stades plus avancés de lasuccession et la germination de
nouvelles graines d 8 a mb r est alorseinhibée (Fenesi et al. 2014). Lor s qu
perturbation de | a v®g®tation a |ieu, I
est alors stimulée (Bazzaz, 1979 Brandeset al., 2007; Fumanalet al., 2008). Dans les
milieux agricoles,| 6 e s gnframedd i mp o r basses de ;endement(Kazincziet al.
2008). Les cultures les plus touchées sont celles de tournesol, de soja, et de mais
(Chollet et al. 1998, Kazincziet al. 2008). Sa forme de vie thérophyte, c-ddirs t

survivant a la mauvaise saison sous forme de grainesgest adaptée a un régime de

dune
a

ger min

perturbation régulier. Lesp ce tire part.i du | abour, qui ®
enseveli ou déterre les graines (Gioria et al. 2012). Le tournesol appartient aussi a la

famille des Asteraceae,ce qui rend difficle | e tr ai t ement chi mi qgue de | ¢
ces cultures (Chollet et al. 1998). Léi nvasion est particuli remen
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ces cultures (Kazincziet al. 2008, Ozaslanet al. 2016), ou la plante peut étre observée

en tres grandes densités(Fumanalet al. 2008b).

LOo®t at ddédinvasion e

n

Europe

En Europe,l 6 aire de dliddsgagndae soo abondaace ont grandement

augmenté depuis la fin du XX° siécle (Chauvelet al. 2006, Brandes and Nitzsche 2007)

En Eur opé¢ ade sle@rBanightoon dedNations unies2008)1 6i nvaseé on touch

principalement les plaines de Pannonie en Hongrie, ainsi que la Croatie et la Serbie

(Kazincziet al. 2008). En Europedu Sud, un foyer important se trouve dans la région

des plaines du Pq en lItalie (Esslet al. 2015). Dans le cadre de ce travail, nous nous

intéresserons particulierement au foy e r

de | 6 Eur opmuvadtedant @ Oue st , se t

centre et le sud de la France, en particulierdans la vallée du Rhéne (Chauvel et al.

2006).

Nous entendrons

Luxembourg, la Belgique, les PaysB a s ,

p ales p&ys suivgnts: ladFgancé, deOu e s t
et | 6Al 1l emagne. Bien que fai s

| Eur oPee site 4 W s e (Osgandsation ldes Qdidhs unies 2008) la Suisse
le Liechtensteinet | & A u tne semit pas considérés dans ce travail car ces pays sont

plusprochesdes autres f oFigare4). ddi nvasi on (

7] 1000 - 2000

= I 4 Indice pollinique
. : 5
. 4 , , o 4‘ (grains de pollen/m?/an)
7 1 "l 0-20

A X B 20-50
t Pty f | 50 - 100

) 7n ' | 100 - 200

4 200 - 500

‘ 1 500 - 1000

S C ol

I 5000 - 10 000

w" 8| I 2000 - 5000

/

N
0 500 km
[ —]

Figure 4: Carte repr®sentant

la densit® de pollUlaen do6éambroisie

carte est réalisée sur base de relevés polliniques de 368 stations réparties en Europe,

extrapolés sur 200 k m. Les donn®es sontan Aesosllerges Network | 6 Eur op e

database (https://fean.polleninfo.eu/Ean/

ddapr

s

| e s Skipth etra®@EL3)d e

). La carte est adaptée de Smith et al. (2013)
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Gr©ce " sa production de pollen abondante, il
assez précisedel 0 es@n cBur o pe sdrdasé de @levwespolliniques mesurés

de maniére spatialement homogéne (Figure 4 ; Skjgth et al. 2010; Smith et al. 2013;

European Aeroallergen Network 2013). De plus, de par ses impacts sur la santé

humaine, un effort de recensement particulier a été mené par les chercheurs, et des

cartes de 1l a pr®sence de Uné 8yatkege dege dorméen t di spor
ddoccurrence e $igurepr Balboek ettalRg2®12; Essletal. 2009; Skjgthet

al. 2013; Chawel et al. 2006; Brandes & Nitzsche 2007; Csontoset al. 2010).

60° N=t

50° N

40° N=

Figure 5: Carte de la pr ® s e n Anebrosidartemisiifolia L. en Europe ; s ur base do6une
synth se des donn®es ddoccurrences fBollackreiats par di f
2012 ; maille de dimension 50 x 50 km, colorée en gris). Les points noirs indiquent les

zones fortement coloni s®es 0% b ecaregstees (Déclaenp etas ddal | er
al. 2009). La carte est issue de Esslet al. (2015), et adaptée des données de Bullock et al.

(2012).

Bien que | 86esp ce soit pr ®sekgure5)dared | cde ndemhr e
nécessairement nvasive partout. En dehors des régions précédemment citées ou

| esp ce est d®c (Chaueletalo200beKazinczietals2008,eEsslet al.

2015), des populations considérées commenon-naturalisées,  c-&dire rie parvenant

pas a produire suffisamment de graines pour assurer la survie de la population a long

terme, peuvent exister. Grace a unepression de propagules importante (Brandes and

Nitzsche 2006, Chauvel et al. 2006, Bullock et al. 2012) assuée par les activités

humaines, des populations non-naturalisées peuvent subsisterca et la au cours du

temps.

Plus précisément en France, lal i mi t e nord de d-&d,ioides ddi nvasi
populations sont invasives) a atteint labourgogne (Chauvel and Cadet 2011) Plus au
nord, l a pr®sence de | 0es(fust2eld) &s Belgique saucoup pl
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pr ®s e n cespecd est dédite depuis 1883 (Martin et al. 2008), et bien que de

nouvelles occurrences del 6 e s p emt eapperg@ds frequemment, elle est décrite

comme une espéce norn-naturalisée (Lambinon et al. 2004, Verloove 2006) les fruits

ndarrivant que rarement ° maturi te&gréaegaud es popul atio
apport fréequentde graines, ou par | a germination tr s ®tal ®e dan:
graines introduit . La situation est similaire aux PaysBas (de Weger et al. 2009), ou de

nombreuses introductions sont documentées. En Allemagne,| 6 esp ce est d®crite
comme naturalisée dans la partie sud du pays, maisnon-naturalisée dans le nord

(Brandes and Nitzsche 2007) Encore plus auno r d , | 6esp ce est presque abse
seulement quelques rares occurrences éphémeres renseignées en Scandiravie (Dahl et

al. 1999b, Bullock et al. 2012). La Figure 5 montre également que la présence de

| 6esp ce est observ®e dans presque-Bas,eite | a Franc
| 6 Al'l emagne.
Lorsque cette thése a été inititkeen 2012, | 6esp aneno®-nauraliséed ®cr i te com

dans les régions au nord de la Bourgogne, comme en Belgique et aux PaysBas,

malgré une forte pression de propagules (Chauvel et al. 2006, de Weger et al. 2009,

Bullock et al. 2012). De par la nature dynamique des invasions biologiques (Richardson

and Py Gedettezifudti@n)n 6 e st-° tpreart d®j © plEmparaefeacet ual i t ®.

travail de these, des experts ontd 6 a i |guestionn& le statut non-naturalisé de

| 6esp ce en Belgique, pbbabgmeaemant omotdes®®cparrence
| 0 e s (Verloawe 2016) Par exemple, dans la derniere mise a jour duManuel des

plantes invasives de Belgique lttp://alienplantsbelgium.be/ ), Verloove (2016) indique

gue | 0esp ce réceenmént raturali€éé lbcalement. Il indique également
qubdell e se naturalisera probabl emeBelgigtkans | es autr e
dans un futur proche. Néanmoins, 6 aut eur solud i gnet Wtueaeste | Gesp ce

ambigu en Belgique, car dans beaucoup de cas, sa présence est liée a un vecteur

ddi ntroduct iebquelesa v i Bxpexdddar,la question divergent (Verloove

2016). Dans | 8 ®t at actuel d es cile ade mandluses & ac e s il est
naturalisation de | 6esp ce est possible en Bel gi que

manque d 6 a i Idé puhlicaons apportant des éléments de réponses rigoureux a ce

sujet.
Unef fort de recheuropéerme ~ | 6®chel l e
Lespremiéres études portantsur | 6i nvasi on de | 6ambr ai sie en Europ

la fin du siécle passé (Chollet et al. 1998). Depuis, de nombreuses informations sont

disponibles dans la littérature sur la biologiede| 6 esp ce et sudaislolnedrnsv,asi on.
plusieurs auteurs ont déja proposé des articles synthétisant les connaissances sur la

plante (Kazincziet al. 2008, Esskt al. 2015).
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En 2013, | 6 a c(Bustainable SrdragemMENR of Ambrosia artemisiifolia in

Europdde | dorgani sati on COBT(Eurogeanucooperatioa im8aenca | e

and technology) a été lancée. Cette action via la mise en réseau de scientifiquesyise la

gestion efficacede | dambr oi si e en Europe. Cette action s

Ce travail de theseg intégré au réseau COST SMARTERgjoint donc un effort global de
recherche a | 8 ®c hel | e . @@nmd Hedicoupo ge erecherches ont déja été
effectuées sur la plante, ce travail adopte une logique de recherche fondamentale, en
visant la mise en lumiére de mécanismes précis qui pourraient jouer un réle dans la
limitation, ou | 0 ensidn,el ea il Bienwa@si on en Europe de | 6Ouest.

L I8VASION DE LO BROPE: UNE EXPRESSION DESARRIERES

la situation doi nvas ipesenteadre SE wrompee oes2 |l H@wes tce f
populations naturalisées et invasives,etd e s z ones estdéclitd amme nane
naturalisée dans la littérature. Sur base de la carte pollinique présentée a laFigure 4, et
des données disponibles dans la littérature (Lambinon et al. 2004, Genton et al. 2005,
Chauvel et al. 2006, Verloove 2006, Fumanalet al. 2008b, Martin et al. 2008, de Weger
et al. 2009, Bullock et al. 2012), nous avons défini plusieurs zones (Figure 6), sur base

de | eur ni veau doinvasion

i) Des zones ou les populations sont invasives et treés abondantes (densité de pollen

> 500 grains/m¥/an). Issgit des zones |l es plus touch®es p
de |1 8Ouest. Dans ces zones, l es popul ations s«
denouvelles popul ations s(G@tomet &.i2605, Eumianalr ®gul i ~ r ¢
et al. 2008b).

i) Une zone ou les populations sont invasives (densité de pollen > 100
grains/m3/an) . Dans cette région, les populations sont établies depuis plus de 60
ans, mais ont une répartition plus éparse (Genton et al. 2005, Chauvelet al. 2006,
Chauvel and Cadet 2011)

iii) Une zone ou les populations ne sont pas naturalisées (densité de pollen < 100

grains/m3/an) . Dans cette r ®gi on, | 6esp ce- est rar
naturalisée dans la littérature (Lambinon et al. 2004, Verloove 2006, Martin et al.

2008).

Cette facon de représenterla si tuation doéinvasi anméjae® Eur ope
utilisée dans la littérature comme proxy du nombre de populations naturalisées (Smith
et al. 2013, Esskt al. 2015).

- 37 -



2 ear®N, 8 A I ki .

I:I Zone ou les populations sont non-naturalisées %
(pollen index <100 grains/m?/an)

| =3 Zone d’'invasion, ou les populations sont invasives

t-4 (pollen index >100 grains/m®/an)

. Zones ol les populations sont trés abondantes et invasives
(pollen index =500 grains/m3/an)

LA X

Figure 6:E at de | dAmbrosimsriemisifolthd L. en Eur ope danéésd Ouest. Les
sont i s sHurepean deroallergen Network (2013) . La carte est adaptée de Smith et
al. (2013)ddapr s | e s Skipth rete®@&3)d e

Dans la zone ou les populations ne sont pas naturalisées (Figure 6), bien que la

pr®sence de | desp ce soi (Martmenhah 2088), dtequudiusn el ongt e mp s
pression de propagules non négligeable soit documentée (Brandes and Nitzsche 2006,

Chauvel et al. 2006, Bullock et al. 2012), | 6esp ce nse natumlisdr nie pas

devenir invasive Comment expliquer cette limitation de la naturalisation des

populations ? Comme discuté auparavant, malgré des phénoménes possibles
ddadaptation | ocal e, toutes | es esp ces sont I i mi t «
propagation le long de gradients environnementaux (Alexander and Edwards 2010)

De plus, méme si toutes les barrieres - | 6i nvasion eentdam®@s ®| daiame hi
ddi nvasi on pr lespfacteunsecontposaht les alifférentes barrieres peuvent

varier spatialement, et compromettre la dispersion, la reproduction, la naturalisation,

ou m° me | a espéceavidel de dled | a benvahe.r e de | 6aire
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La barriére géographique

Ldinvasion de | dambroi si e e sptessibrode prepavelest f aci | it
c 0 eadti r e gudi | apporx irégulier den nouvell es graines da
ddi nt r o(@randds iarmdMitzsche 2006, Chauvekt al. 2006, Bullock et al. 2012,

Milakovic et al. 2014a) Quel | e es't | 6 gnedsigni de eropdgeles® leat t e
r®ponse se trouve dans | es rtédhanainesnEneffetnt re | 08 e ¢

lors de la récolte de cultures infestées par la plante, des grainesd 6 a mbrsonits i e

également récoltées, contaminant les semences de diverses especes de production

(tournesol, mais, luzerne, etc.; Chauvel et al. 2006; Kazincziet al. 2008). Lesgraines se

coincent aussi dans les machines agricoles qui peuvent alors les disperser plus tard

dans dbdautres mi | i eux ou ddautr esemencas t ur es .
contaminéesest ddai | | eur s | 6origine o9dkes Ipdesyn agesddmg
| 6 agr ieunopéénner (Ehauvel et al. 2006, Kazincziet al. 2008). Ces semences

contaminées peuvent aussi étre commercialisées sous forme de mélanges de graines

pour oiseaux, et participer * | 6i ntroduction de | desp ce dans
autres milieux anthropisés (Dahl et al. 1999b, Bohren 2006, Brandes and Nitzsche

2006). En plus de cette dispersion a traversls s emences, |l a propagation
est possible par |l i nter m®di aire des pnhneus de
encore par le transport de terre de remblai. Cette dispersion semble facilitée par de

petites excroissances Figure 3) qui permettent aux graines de se fixer dans des amas

de terre, ou de se concer dans des pneusou d d@utres aspérités. Sans mesures de

précaut i on sp®ci fique, |l i nvasion se propage donc
ddun champ -~ | autr e, ou ddédune zone de travau:
également mis en lumiére la capacité de certaines graines a flotter (Fumanal et al.

2007Db), per mettant | a propagation de | 6esp ce | e |

La barriére environnementale

La barriere environnementale est composée de facteurs abiotiques et biotiques
(Richardson et al. 2000). L 8 a mb rdsposeide plusieurs caractéristiques facilitant le
franchissement de cette barriére. Premierement, elleestc apabl e ddenvahir une
gamme doéhabitats efumahaetal@008by Blla peut®esdévelopper
sur des sols assez pauvresmméme avec une forte teneur en sel, et résiste trés bien a la
sécheresse (DiTomaso 2000) Cette grande amplitude écologigque de | 6esp ce est
documentée (Fumanal et al. 2008b), et constitue une caractéristiqgue qui peut faciliter

|l a col oni s atauxeondition$ Bnaiforinémentades variables.

Parmi les facteurs abiotiques, le climat apparait comme la composante la plus
susceptible ddi nf |l uencer |l e d®&aebolppesnmearhbldce du terri
considéré dans ce travail, comprenant le centre et le nord de la France, la Belgique,

| odest de | 8Al |l emagne, et |l es Pays basqui seceorrespon
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caractérise par des hivers doux et pluvieux, et des étés frais et relativement humids,
avec un maximum de précipitation durant la saison froide. Lestempératures annuelles
sont comprises entre 8 et 16°C, et la somme des précipitations annuelles dépasse
rarement le metre (Viers and Vigneau 2001)

Une grande sensibilit® dé&sdelées mrdives ddtrusant leg e | est connu
plantules au début du printemps (Leiblein-Wild et al. 2014), et les gelées précoces

déautomne mettant un terme ~ |l a saison de v®g®tatio
produire des graines viables (Martin et al. 2008, Ziskaet al. 2011). D 6 afacteurse s

comme la photopériode et la température au printemps influencent fortement la

ph®nol ogi e (@een dt a.€1998, Carzeet al. 2013). Ldesp ce est doailleu
limitée aux territoires ou elle peut produire des graines avant que le gel ne tue les

individus (Chapman et al. 2014). Ces facteurs pourraient donc exercer une action

Il imitante sur |l e d®vel oppement de | 6esp ce au nord

A propos des facteurs biotiques constituant la barriére environnementale, | 6 es p ¢ e

pourrait étre limitée par la présenc e de pr ®dat eur § détrusant sdsbher bi vor e
parties aériennes, ou encore par une compétition interspécifique trop importante.

N®anmoi ns, | 6 daréspésikerte aaxpdpodts iafligés a ses parties aériennes,

que ce soit par la fauche (Simard and Benoit 2011, Milakovic et al. 2014b), ou par la

si mul aherbigonie (Gad et al. 2013). Dans son aire ddindgroduction, I
semble pas avoir de réels ennemis naturels (Miiller-Schéarer et al. 2014), et certains

auteurs soutiennenle sudhypotdre sledagqbe oi si e est part
expliqu® par | e f ai tdeces®&menisenatisets Eemy Relea®ec hap p ®

hypothesis ;Williamson 1996; Colautti et al. 2004; Genton et al. 2005; Esslet al. 2015).

Néanmoins,| 6 an2n0®e3 a vu | 6introduction Qpliraclla pr ®dat eur de
communaLe Sage ( Chr ys ome léiétdeaue aggenyde contdld effkcace r ®v ® |

de | dambr oi (Suoet ak2011 MullemSehéreret al. 2014). Tout ef oi s, | 8®t ude
de | dinfluencesude |l aetliimmsacti en de | daire dobéinvasio
rentre pas dans le cadre de ce travail de these. Au sujet de la compétition

interspécifique, &t ant donn® | e comportement rud®ral de | 6ambr
compétition est assez faible (Bazzaz 1974, Grime 1977, Gentiliet al. 2015). La

comp®tition intersp®cifique, en inpomragcti on ou non
doncl i mi ter | 6esp ce dans | es habcompéttion. pr ®s ent ant de
D6autres facteurs peuvent emp°cher l a natwuralisati

contraintes génétiques. Des flux de génes mahkdaptatifs peuvent affaiblir des
populations (Alexander and Edwards 2010) et empécher leur survie a long terme.
Toutefois dans lnebroisiq settechgpothége est improbable, car une grande

variabilité génétique au sein des populations (Genton et al. 2005), ainsi gudun
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important brassage génétique (Chun et al. 2010), o n t ®t ® document ®s dans
déintroduction.

La barriere reproductive

Le franchissement de la barriére reproductivee st | 6 ®t ape ¢l ® dne | a natu
espece invasive(Figure 1 ; Richardson et al. 2000). Plusieurs facteurs comprenant le

climat, le temps de résidence, la pression de propagules e t l es traits de |8
considérée (Ri char dson &, inBugrBaentken 8eB pr@pprtions différentes le

franchissement de cdte barriére.

Comme discuté auparavant, le climat peut limiter la production de graines de

| ambrwviiasi & a phot op®riode et | a dsagelées ddoccurr
automnales (Martin et al. 2008, Ziskaet al. 2011). Néanmoins, en situation favorable,

| 6esp ce est capabl e s quantités deo grainesr (leumathad et gl.r and e
2007a), qui peuvent entrer en dormance secondaire et former une banque de graines

persistante (Fumanalet al. 2008a). Laprésenced e | desp ce peut donc pers
région donnée, méme lorsque plusieurs années au climat défavorable se succédentsi
certaines ann®es | e climat permet. °~ | a banque d

L 6 a mb r st ausotineompatible (Friedman and Barrett 2008) et peut donc subir un
ef fet A l-akdzecune rédéctiom tde sa capacité reproductive due a une faible
densi tdi@dugd @lleen 1931, Drake and Lodge 2006) Néanmoins, la production
abondante de pollen pouvant étre transporté sur de longue s distances rend cette
hypothése peu probable © | 6 ®c hel | @iethle20125 Eur op e

La barriére de ladispersion

La derniere barriere av an t | i nvasi on pr teppopuatomstsontd i t e, |l or
naturalisées et capables de produire de grandes quantités de descendants est la
barriere de la dispersion (Figure 1). La dispersion efficace des graines peut étre

probl ®mati que pour |l es esp ces ~ dispersion bar

Toutefois, nous avons déja discuté de laforte pression de propagules dont bénéficie
I 6 i n v(Brandes and Nitzscle 2006, Chauvelet al. 2006, Bullock et al. 2012). Cette
pression de propagules a comme vecteur de nombreuses activités humaines.
Ld nv as i espécedestdohcddirectement dépendante de la dispersion des graines
par | 6homme, et u naivitds dans dertaines oégionsl @ourraitedenc a

ralentir ou limiter | i nvasi on.
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OBJECTIF GENERADE LA THESE

La situation d 61 nv as i cene no bEsuerrovp®  doalévd pluSiaurs guestions.
Comment expliquer | e patr on obdeivé rPvAalso rosn pressiom de
propagules existe presque partout en Europe, pourquoi les populations ne semblent -
elles pas se naturaliser? Cette situation va-t-elle se mai nt enir -teele | 6esp ce va

®gal ement devenir invasive a®Eshcequdidle ¢ Diastre dés nva
freins © 1 a nat udandcete ache?@Quels dkes jduéntlesgimatetla
compétition interspécifique dans cette limitaton 7Au vu des dommages que | 8esp

cause a la santé humaine et aux rendements des cultures dans le zones envahies, il

est déautant plus cruci al de tenter de r®pondre 7 C
Dans ce travail de thesenous al | ons ypothese généralet seivantel: deb
facteurs environnementaux limitent la naturalisation de | 6 a mbraai snioee de de | 6air

actuellement envahieen Eur ope .derdld deOfactesrs abiotigues dans la
barriere environnementale a été approché par le climat local (Chapitre 2, Chapitre 3 et
Chapitre 4), et le rble de la composante biotique a travers la compétition
interspécifique (Chapitre 2, Chapitre 3 et Chapitre 5).

STRATEGIE SCIENTIFIQH

Afin de tester cette hypothése générale, quatre questions ont été posées dans les
différentes études composant ce travail de thése.

D6une puxrpitemieresl questions ont été posées a lédhelle de | 6 Europe de
| 6Ouest

1) Estce que le climat local et/ou la compétition interspécifique causent une
variation des performances des individus mesurées dans différentes zones de
| dai re doenkEturr mgplec tdi@gChapite 2)e s t

2) Estce qudau nord de | 0 a,ledimat@lacdl peeriet dedme nt envahi e
nouvelles populations introduites dans un habit
Croissance sup®rieur Tirbfl l6wenni cte®, d deutn eq uced NMmpe®t g & ri aoi
interspécifique d 6 une culture printani re ?sur ce t aux

(Chapitre 4).

D6autre part, d e uont étéuppgéessa umeuéetelte i pus Lduite,
puisqudelles se focalisent suwsiondes m®cani smes plus
3) Quelle est | 6i mportance de | a vsantlesxzduses,i t ® des gr ai

et quelles en sont les mnséquencessur le développement de la plantule ? Est
ce que la température lors de la croissance de la plantule influence cette

relation ? (Chapitre 4).
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4) Estce que | 6ambroisie est capable de tirer ur
priorit® que ddsaudérales sle la famille dpshAsteraceae?
(Chapitre 5).

ARTICULATION DESCHAPITRES

Ldarti c wlchapitrese v a d 8 8 o p ®r du franghistement des différentes

barrieres du processusd 6 i n v &igure@)nDa(ns | e foyer dlavae asi on fr
du Rhéne), les populations ont franchi toutes lesbarriecres du processus d&i nv
(Genton et al. 2005, Richad s on and PyAGekno2@O06d)e | daire doéinva
sait pas queles barrieres ont été franchies par les populations. Les quatre études

menées dans le cadre de ce travail de thése ont donc étudié le franchissement de

barriéres particulieres par des populations issues de différentes zones.

- - \ \
? AR T PR
- ———-L. - 1y

Populations belges — — R

<3

GEOGRAPHIE
Climat local
Compeétition intersp.
|
ENVIRONNEMENT | |
|
DISPERSION

| REPRODUCTION |

Figure 7. Sch®ma adapt® du pr ddesdus uddadpiresavsaidas®.o p ®r er
autour du franchissement des différent  es barriére s.

Dans la section suivante, les objectifs et la méthodologie de chaque étude sont

brievement décrits, et les barrieres ainsi que les populations considérées sont

explicitement misesen ®vi dence dans | e sch®(igureddu process
Dans | a suite du document, chaque ®tude fera 1|28
Euden°l:L6ambroisie " feuilles ddarmoise (Ambr osi

présente-t-elle des variations de performance s a travers les différents niveaux

ddinvasion en E@rope de | 60Quest
Comme nousprétistBpvosshaut, i exi ste eszoiesir ope de
contrast®es par | eFigure 8h Afin deadéterdider shla @mpétdion  (
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interspécifique et/ou le climat local sont responsables du patron observé, nous avons
comparé les performances qu 6 e x pr i mai e n tdand difffrentes Zones.iEd u s
effet, nous pourrions expl sgne&ductibneespaformanaes ddi nvasi on

des individus en réponse au dimat ou a la compétition était observéeau nor d de | 6aire
d6i nv &Lette @tnde revient donc ~ tester | dhypoth se qubune | i mi-t
naturalisation awe nodrek pde el Exiirsd esique gedd | e me nt envah

limitation est causée par une diminution des performances des individus dans cette

zone.

Cette étude a donc comparé les performances de populations ayant a priori franchi un

nombre de barriéres différent. En effet, les populations francaises décrites comme

naturalisées et invasives(Figure 6), doivent avoir dépassé k barriére environnementale,

composée entre autres d e | i nfluence du cli mat |l ocal et de
interspécifique, la barriére reproductive et la barriére de la dispersion (

Figure 1). Lespopulations belges, quant a elles, ont dépassé un nombre de barriéres

i nd®t er mi n®, gui est probablement fonction de | dann
les premiers gelsempéchent la plante de produire ses graines (Martin et al. 2008, Ziska

et al. 2011). De plus,comme b esp ce est rensei gn®e comme formant d
fugaces en Belgique et aux PaysBas (Brandes and Nitzsche 2007, Martinet al. 2008,

de Weger et al. 2009), les composantes ce la barriere environnementale opposent sans

dout e un frein N | 6 ®t abl i s sseanbrgttermglsans sur vi e des
intervention de | 0i¥s (eemeRichardsohet al.2@08)dac i besp ce

dans cette région.

Etude 1

A
- - \ \
_ S AN VAN
Populations belges @ @

<3

GEOGRAPHIE
Climat local
Compeétition intersp.
1
ENVIRONNEMENT | |
1
DISPERSION

| RepropbucTioN |

Figure 8 : La premiere étude compare des populations ayant a priori dépassé un nombre
différent de barrieresal di nvasi on. P re® cni si @mpeonsh@rorplementf | séra
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évalué par deux de ses composantes , que sont le climat local et la compétition
interspécifique.

Pour réaliser cette étude, des mesures de performance ont été effectuées dans des

zones document ®es comme ayant d€muvddtaldes dbi nv
2006; Martin et al., 2008; Skjgthet al., 2010, 2013; Smithet al., 2013 ; Figure 6). Dans

chacune des 3 zones considéréesau moins 3 populations ont été échantillonnées.

Dans chacune de ces populations, ¢s performances de 25 individus ont été évaluées,

sur base de traits liés a la croissance (biomasse aérienne), a la reproduction (nombre

de graines, proportion de graines avortées, allocation des ressources a la

reproduction), et & la résistance au stress (Suwce foliaire spécifique, ou SLA. Des

paramétres décrivant le climat local durant la saison de végétation ont été récoltés

(Météo France 2014) et la compétition a la fois inter - et intraspécifique a été mesurée.

Ces parametres ont été mis en lien avec leperformances mesuréessur les individus.

Euden°2:La di stribution doAmbr ekeieméqulibré ami si i f ol i
nord de | 6aire actuell ement?envahie en Europe

Comme discuté antérieurement, la plupart des espéces indigenes ou invasivessont

limitées a un moment donné dans leur distribution le l ong ddun gradi e
environnemental. Ce moment se caractéri®e par | 6®mer gence ddédun ®qui l
doairexdic@®esqgtue de nouvelles popul ations ne peu
de | 6aire de distribution consi d®r ®e.

Benque | a pr®sence de | dambroisie soit documer
jusquden S(Dahireddl. 1999%] Esslet al. 2015), | 6esp ce ne semble

naturaliser au nord de la Bourgogne. Nous avonsdonc t est ® | 6hypoth se dou
en bordure ddaire pour | @uastn ben dntrosldisant des Europe
populations en Belgique, et en étudiant leur taux de croissance fini ).

Les populations ont été introduites dans un jardin expérimental & Gembloux, sur une

terre agricol e, © 250 km au nord de | 86aire act
nous placer dans un contexte de culture de tour
Europe apparait directement liée a cette culture (Chollet et al. 1998, Kazincziet al.

2008, Pinkeet al. 2013, Ozaslanet al. 2016). La production de tournesol pourrait étre

un des facteur s c o ninvasiob, etales®tudaswisamttacomprendred e | &
comment ki® sendévelappe dans cet habitat font défaut (Pinke et al. 2013,

Ozaslanet al. 2016).

Dans les champs de tournesol, la densité des plants peut ne pas étre homogéne
partout. Par exemple, en bordure de parcelle la densité en burnesol peut diminuer a
cause doun e {Sbsadskiedtenl. 20075 De plug, en bordure de parcelle
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di ff®rentes mauvaises herbes peuvent °tre observ®es
de | a parcell e, et peuvent jouer un rtle de popul at
parcelle ou des parcellesaux alentours (Blumenthal and Jordan 2001, Sosnoskieet al.

2007).

Bien que diverses bonnes pratiques agricoles permettent de limiter leur invasion
(Synthese disponible sur Infloweb 2016) les champs de tournesols sont des habitats
dont | dinvasibil i(Algre al.@@0, &ehaczkyetoat. 20@6nInfleweb
2016). En ef fraeant impbrtan® dea plants de tournesols (Cetiom 2013), la
faible diversité fonctionnelle et spécifique (Van Ruijvenet al. 2003), la grande quantité
de ressources disponibles(Alpert et al. 2000, Daviset al. 2000) et les faibles niveaux de
stress environnementaux (Alpert et al. 2000), sont autant de facteurs qui augmentent
|l 6invasibilit® de cet habitat.

Dans cette expérience, nous avons donc testé | hpothésequeld ai re de di stri bution d
| ambr oi si e aquilbieenatboeidntr eun daire Enplustleer ope de | 60u
ce test d, ;hduy gvons ¢herché@ a obtenir des données quantitatives sur le

développement de | deslpdicef leMence doéune comp®tition en tou
contexte de culture de tournesol.

Le jardin était constitué de 64 placettes. Si x pl ant ul eont été Pplantddsr oi si e

dans chacune de ces placettes Ces plantules étaient issues de 8 poplations

fran-aises. Comme | 6esp ce est particuli rement prc
tournesol en France, nousavons voulu nous placer dans ce contexte, et avons cultivé

des tournesols dans la moitié des placettes constituant par la notre facteur de

compétition. Nous avons laissé les plants produire leurs graines etld ann®e sui vant e,

nous avons replanté des tournesolsdansl es m° mes pl acettes que | dann®e p
Au moi st ,d6aol apparition dbeesde flescendants a ai® | e s |, l e nom
compté et la banque de graines formée a été évaluée. Ces mesures ont servi a évaluer

la capacité des populations & dépasser & barriere environnementale et la barriére

reproductive, sous | e climatuelbeleg @, 0 ummpétiian Fgure 6 i nf |

9).
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Figure 9: La deuxieme étude propose d e considérer dans quelle mesure des individus
planté s dans une situation agricole en Belgique sont capable s de dépasser la barriere
environnemental e et la barriére reproductive .

Etude n°3 : Les effets de la variation des traits de la graine sur|  es
performance s des plantules d Ambrosia artemisiifolia L.

Lespremiers jours de vie ddune plantule consti
développement de la plante, surtout en conditions rigoureuses. En ef fet, cbest
moment ou la plante passe du stade ou elle est le moins vulnérable aux conditions
environnementales: la graine, au stade ou elle | eét le plus: la plantule (Simons and

Johnston 2000, Vangeet al. 2004). Un stress environnemental imposé a la plantule

peut avoir des conséquences importantes sur le développement de la plante adulte

(Gross 1984, Wulff 1986) LO®tude des f aes peefarmasceside fal uen- ant
plantule est donc particulierement intéressante afin de comprendre le développement

déune .plEtrdttee d daut ant plus dans | (Skdlovaetaldbesp ce:c
2012, Fenesiet al. 2014), dont le succes dépend de leur capacité a se développer

rapidement aprés une perturbation (Grime 1977, Stanton et al. 2000). Les facteurs

pouvant influencer ces performances au jeune stade comprennent les conditions
environnementales (Hotchkiss et al. 2008), dont la température, ainsi que les

caractéristiques de la graine (Harper et al. 1970, Dolan 1984, Stanton 1984, Wulff

1986). De plus, certains traits de la graine peuvent augmenter la survie de la plantule

dans les environnements défavorables. Dans de tels environnements, les plantules

issues de graines ayant plus de réservespourraient avoir de meilleures chances de

survie.

Afin de mieux compr endr ee labaménedimatiqued(EBige ce d®p a
10), nous avons étudié ks performances d e pl antul es ddambroi sie

- 47 -



germination, dans deux conditions de températures contrastées, et en prenant en
compte | 6i mpact de Lette étide & 6té réabséelea chgnbraside e .
culture, de maniére a pouvoir imposer précisément ces températures. Les
températures des chambres de cultures ont été choisies de maniére a correspondre
aux températures printaniéres observées dans le sud de la Fance, et a celles observées

en Belgique.

Neuf cents graines provenant de 9 populations francaises, belges, et néerlandaises ont

été mises en culture, aprés avoir été caractériséesmorphologiguement . Lors de la

croissance des plantules, divers traits relafs aux performances ont été mesurés. Ces

traits relatifs aux performances ont ® ® mis en r el
des populations, et les traits mesurés sur la graine.

Etude 3
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Figure 10 : La troisieme étude considére le dépassement d e la barriére climatique par des
populations frangaises, belges et néerlandaises, sous des régimes de température s
contrasté es.

Buden°4:L6i nfluence de | deffet de priorit® sur la per
artemisiifolia L. epAstéracéeamderalest =~ doéautr

Une espéce peut assurer son établissement en se développant plus tot ou plus

rapidementque | es autres esp ces de |l a communaut ®. Lor s
produit, b®®®%iua eflet del Priorité, qui permet a la plantule de se

d®vel opper en | dabsenceddappdbmp®@ert iuor, coOmMp®hsti bea
grande aux especesqui se développeront plus tard. Cet effet peut avoir de grandes

conséquences sur la composition et la structure de la communauté.

Dans les commurautés rudérales ou la végétation est cycliquement perturbée, le réle
de | deffet de priorit® peul(Grinfetld7& Hpdgeetal.cul i " r ement i
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1996, Symons and Arnott 2014) En effet, des espéces capables de recoloniser
rapidement | e milieu peuvent b®n®f i ci er doéun avant
dominer ainsila végétation (Korner et al. 2008, Symons and Arnott 2014)

lbambr oi si e e selativement sensibleaa la eompétition ( L e s k @tvai e k

2012, dont | di nvasi on e mitieuxfperturbés (franmanal et al. RO7b,a u X

Esslet al. 2015). La banque de graines que forme | 6esp
rapi dement | 8habitat, pui sque | aeagresrumé nati on
perturbation de la végétation (DiTommaso 2004, Fenesiet al. 2014). 1 sdagi't don

ddune edoptcéeée succ s deeplodsienrv assuiro nl Opeofufrertaidie rpr i

Dans cette étude, nous avons donc étudé c o mment | dambroi si e ®tait ce
parti de | Dedafretr agp@opri 0r idtd@ u t Poersefarg pousc es r ud ®r
avons commencé par sélectionner les 7 autres espéces compétitrices Cette sélection

sdest effectu®e s udes dsgeses comniunes des miieexmudéraux e

de Belgique. Af i n dbéavoir une base deavansuniguement son si mi
considéré des especesrudérales, annuelles ou bisannuelles,appartenant a la méme

famille que | dambr oi s,ieeayafitAuset pRénalogi® similpire (la floraison
sdeffectuant du espéce aétédplarté® seule dars armguot,glacé dans

une serre chauffée. Trois semaines apres, les plantules deg autres espécesont été

ajoutées de maniere a avoir les 8 espéces dans chaque pot. Aprés deux mois,

| dexp®rience a ®t ® stopp®e, et | a bi omasse
d 0 i edcdnaesr de chaque individu ont été mesurés. Ces mesures ont permis de

quantifier le gain donné par la priorité a chacune des especes, et parla, de mieux
comprendre | a st r dadceRegla compdtiton Hadsaen mitieox nsdéraux

(Figure 11).
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Figure 11 : La quatriéme étude sd i nt ®r dranshisserment de la barriere constitué e par
la compétition interspécifique dans les milieux rudéraux belges.

- B0 -



Chapitre 2

La variation des performancesdel 6 ambr oi si e

feui |l |l es MAmbsiaragensidolial L.)a
travers | es diff®rents niveau
de | 6 OQuest

Ortmans William, Mahy Grégory, Chauvel Brunoet Monty Arnaud

Arti cl e pHRoolal MogphotbgynDsstriliution, Fundional Ecology of Plant®(2016)

Unp | a nrbroisié en fleur, sur le bord de la Sadne






ABSTRACT

The occurrence of an invasive plant across a continent is generally not homogeneous;
typically, some areas are highly invaded whereas others show moderate or low
invasion levels. This situation might be a snapshot of an ongoing spread, but it could
also remain stable under the pressure of factors that constrain the invasion. Among
those factors, plant performance variation among invasion levels can explain an
invasion slowdown. However, few studies have investigated the large scale variation of
invasive plant performance in the field. Ambrosia artemisiifolia L. in Western Europe
represents a good opportunity to address this issue, with areas of high, moderate and
low invasion levels being documented across a ca. 1000 km transect. In this study, we
compared in situ plant performance-related traits in 12 populations from areas of
contrasting invasion levels. We alsotested whether performance-related traits were
influenced by the intra-and inter-specific competition, by the local climatic conditions
or by latitude (a proxy for growing season length). Overall, we did not find differences
in performance-related traits across invasion levels, and intra-and inter-specific
competition had lo w effects on plant performance. This study highlights the fact that
A. artemisiifolia individuals express similar performance across invasion levels, even
beyond what can be considered the present invasion front. Further research has to
expand this study northwards, and assess other factors that could constrain the
invasion in order to highlight if the species invasion northward is constrained or if it
has the potential to invade new areas.

Keywords: Invasion status; casual population; northward expansion;invasion front; life
history traits

INTRODUCTION

The occurrence of an invasive plant in a range where it has been introduced can vary
greatly (Hengeveld and Haeck, 1982; Lawton, 1993)and this is true at the landscape
(Bradley and Mustard, 2006) regional (Guillerm et al, 1990; Miuller, 2004) and
continent (Welk, 2004) levels. The reasons for the variations in patterns can be
multiple, including the dynamic of introduction and the invasion pathways; the human

actions to control the spread; and the spatial variation in environmental conditions.

Typically, at the continent level, such variations are common, with areas of i) high
invasion levels characterized by high population occurrences (Orivel et al., 2009) and
often situated in the relative vicinity of the initial introductions (see e.g. Allard 1943); ii)
moderate invasion levels, such as at invasion fronts and/or in areas of recent
colonization (Eckert et al., 2008; Lawton, 1993) and iii) low invasion levels, where
populations are scarce and often considered casual or recently naturalized. This
situation might present a snapshot of an ongoing process of invasion, i.e., an
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inexorable colonization of the whole continent. In this case, the pattern of population
dispersion across the continent would mainly be explained by the dynamic of
introduction and the invasion pathways (Guillerm et al., 1990; Lachmuth et al., 2010;
Monty and Mahy, 2010). However, this situation could persist over time if it can be
explained by environmental conditions and/or demographic processes that constrain
invasion (Arim et al., 2006). This latter case corresponds to what is generally observed
in native plant species that have reached their distribution equilibrium (Villellas et al.,
2013), which is governed by different ecological and evolutionary processes (reviewed
in Sexton et al. 2009). In the case of invasive species, the invaded range expansion
could be limited by genetic constrains that impediment local adaptation, dispersal
limitations to suitable sites, or a too harsh environment to allow survival beyond the
species range (Alexander and Elwards, 2010; Arimet al., 2006; Hargreaveset al., 2014;
Sexton et al., 2009; Thouvenot et al., 2013). The limiting action of one or several of
these processes couldbe indicated by a plant performance reduction at the edge of
the species range for example in response to biotic (e.g., inter-or intra-specific
competition) or abiotic (e.g., too short growing season length, limiting precipitation or
temperature) factors. However, this hypothesis has not been explicitly tested for
invasive species to date.

The variation in the in situ performance of invasive plant populations can help to
understand the constraints on the spread dynamic and therefore anticipate the future
of the invasion process. For example, the performance of Verbascum thapsusL.
populations were studied on a large scale by Alba and Hufbauer (2012), and they
found that the main competitive interaction that limited V. thapsus depended on
regional precipitation, which paved the way for additional studies on the species
invasion (Seipel et al., 2014). Other large-scale studies have allowed to disentangle the
factors influencing the invasion process (see e.g.Jakobs et al. 2004; Erfmeier &
Bruelheide 2004). However, few data are available about largescale performance

variation for most plant inva ders.

Ambrosia artemisiifolia L. (Asteraceae) is described as one of the most damaging
invasive plants in Europe because of the impacts of its pollen on human health
(Kazincziet al., 2008; Laaidiet al., 2003; Smithet al., 2013), and anticipating the future
of its invasion is therefore crucial. The current spatial invasion pattern has been
derived from pollen maps (Skjgth et al., 2013; Smithet al., 2013) and validated by field
observations (Bullock et al., 2010; Fumanalet al., 2008; Martin et al., 2008, Verloove,
2006). The pattern clearly shows multiple foci of very high invasion levels as well as
areas that are almost free of the species, and between these two extremes, areas of
moderate invasion levels are found. This situation has been observed foryears and
does not seem to change rapidly. Although some authors showed that A. artemisiifolia

invasion could be limited by climatic factors (Allard, 1945; Chapmanet al., 2014; Deen
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et al,, 1998; Leiblein and Ldsch, 2011)it is currently unclear whether this species will
continue its progress, or whether the species'area of distribution is in equilibrium .

In this study, we aim to test whether a performance variation of A. artemisiifolia plants
across invasion levels is responsible for an invasion slowdow in Western Europe. To
do so, we first defined three invasion level based on atmospheric pollen concentration.

Then, we compared growth and reproductive plant performance in areas of different

invasion levels, i.e., the highly invaded region of RhéneAlpes; two areas of moderate
invasion: one in the north and one in the south of the region of Rhéne -Alpes; and
Belgium and the south of The Netherlands, where the species is rare and no invasion
has been documented (de Weger et al., 2009; Martin et al., 2008). In addition, we

tested if the plant performance was influenced by the intra-and inter-specific
competition, by the local climatic conditions or by latitude (a pr oxy for growing season

length).

M ATERIAL AND METHODS

Study system

A. artemisiifolia is an annual plant that is native to North America and that was
introduced in Europe in the 19" century, most likely in seed lots (Chauvelet al., 2006).
It invades both spring crops and open disturbed habitats such as wastelands,
roadsides and riverbanks (Bassett and Crompton, 1975a; Chauvelet al., 2006;
Thibaudon et al., 2004). Separate from its economic impact on crop yields, this wind-
pollinated plant is causing a health crisis because its pollen is a strong allergen that
causes hay fever, rhinitis aad asthma (Thibaudon et al., 2004).

There are three main regions in Europe that are highly invaded: the southeast of
France (the Rhone Valley) in western Europe, the Po region in northern Italy and the
Carpathian Basin in Eastern EuropgCsontoset al., 2010; Kazincziet al., 2008; Mandrioli

et al., 1998; Smithet al., 2013). In France, the colonization occurred through multiple

introductions throughout the country (Chauvel et al., 2006; Genton et al., 2005). The
species is highly problematic in the Rhone Valley (Thibaudon et al., 2004) and has
recently expanded into both the Provence-Alpes-Céte-d 8 Azur and Bur
(Chauvel and Cadet, 2011) North of Burgundy, the species becomes much rarer, but
casual populations are described (Just, 2014) Farther north in Belgium, although the

presence of the species has been recorded since 1883 (Martin et al., 2008), it is

repeatedly described as casual and nonnaturalized (Lambinon et al., 2004; Verloove,
2006). The situation is similar in the Netherlands (de Weger et al. 2009). In Germany,
the species is described as well established in the southern regions but as remaining
casual in the north (Brandes and Nitzsche, 2007) Farther north in Scandinavia,
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occurrences of the species were found, but the species does not seem presently
naturalized (Dahl et al. 1999).

Population selection

Atmospheric concentrations of Ambrosia spp. pollen are monitored across Europe by a
network of sites using volumetric spore traps (European Aeroallergen Network, 2013;
Smith et al., 2013). Since A. artemisiifolia is the only species of its genus occurring in
high density populations in Western Europe (Chauvel et al., 2006), the contribution of
the other species of the genus can be considered negligible. Under normal weather
conditions, pollen concentrations are highly dependent on the number of A.
artemisiifolia plants within a distance of about 30 km (Fumanalet al., 2007a; Skjgthet
al., 2010). The pollen density database allows the creation of a pollen density map
(Skjgth et al., 2013; Smithet al., 2013), that can be used as a spatial assessment of the
density of A. artemisiifolia populations (Skjgth et al., 2010, 2013; Smithet al., 2013).
The annual amount of pollen measured within an area can thus be considered as a
good estimate of its invasion level (Skjgth et al., 2010).

Based on this pollen density map and the relevant literature on the species invasion in
Western Europe (Bullock et al., 2010; Chauvelet al., 2006; de Weger et al., 2009;
Fumanal et al., 2008; Genton et al., 2005; Lambinon et al., 2004; Martin et al., 2008;
Verloove, 2006), we considered three contrasted invasion levels:

1) High invasion level, where the pollen index is above 500 pollen grains.ms.year'l. This
level corresponds to the most highly invaded area in Western Europe:the Rhéne-Alpes
region (Fig. 1). In this area, the species has been well established for more than 120
years, and new populations are regularly found (Fumanal et al., 2008; Genton et al.,
2005);

I) Moderate invasion level, where the pollen index ranges from 100 to 500 pollen
grains.m'3.y'l. This level is found north and south of the species invaded range: the
Burgundy region (northern border; Fig. 1) and the Languedoc-Roussillon region
(southern border; Fig. 1) where populations have been established for about 60 years

(Chauvel and Cadet, 2011)with a lower occurrence;

Ill) Low invasion level, where the pollen index is under 20 pollen grains.m3.y'1. This
level corresponds to the area beyond the species current invaded area (Fig.1). In the
context of this work, this area is represented by the Belgium and The Netherlands
(southern part). In these regions, the species is rare and described as nomaturalized

in the literature (Lambinon et al., 2004; Martin et al., 2008; Verloove, 2006)

For each invasion level, we considered three populations that were growing in ruderal

habitats such as riverbanks, shorelines, pebble beds and roadsides. The populations
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contained at least 50 individuals growing on a given site and were at least 40
kilometers apart. We only selected unmanaged populations, i.e., without traces of
mowing or herbicide application on the growing plants, to avoid bias in trait
measurements. The locations, invasion levels, annuaprecipitation and annual mean
temperatures in the vicinities of the 12 sampled populations (Meteo Belgique 2014;
Meteo France 2014) are presented in Table 1.

Fis

United

Fig. 1. Locations of the 12 sampled populations of Ambrosia artemisiifolia  in Western
Europe. The symbol shapes indicate the invasion levels of the area: discs ( , ) correspond

to low invasion levels, triangles ( p ) to moderate levels, and crosses (+) to high levels.
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Table 1. Location of the 12 sampled populations of Ambrosia arte misiifolia , with their
invasion level, annual precipitation, mean temperature, pollen density index, and the
average nearest -neighbors distance.

Pollen Average

Annual density nearest-

Annual mean index neighbors

Invasion Latitude Longitude precipitation temperature (grains.m ” distance
Code Country level (N) (E) (mm) (°C) % year™) (cm)
A Belgium Low 51.235 4.436 659 10.4 <20 93
B Netherlands Low 51.120 5.840 716 10.1 <20 18
C Belgium Low 50.923 3.214 801 10.3 <20 108
D France Moderate 47.770 2.375 767 11.0 100 - 500 416
E France Moderate 47.441 5.195 1023 10.2 100 - 500 41
F France Moderate 47.006 4.847 975 10.6 100 - 500 20
G France High 46.297 4.833 962 115 > 500 53
H France High 45.964 5.257 1243 11.2 > 500 27
| France High 45.470 4.247 788 111 > 500 137
J France Moderate 44.748 4.918 972 13.6 100 - 500 41
K France Moderate 44.439 4.680 972 13.6 100 - 500 81
L France Moderate 44.090 4.736 694 14.0 100 - 500 21

Data collection

Two measurement campaigns were performed in the 12 populations. The first one
took place in August 2013 in order to evaluate the growth and ecophysiological traits

of 20 individuals per population. The second campaign took place in November 2013,
when seeds had reached maturity, in order to measure the reproductive traits of 25
different individu als. Particular attention was paid to monitoring plant maturity in

order to know when to launch the second campaign in the different regions to ensure

the collection of mature seeds before they dispersed.

Plant selection was made along transects. We laid the longest possible transect in the
population and divided it into 20 (first campaign) or 25 (second campaign) equal
segments. At each segment start, we selected the nearest plant for measurements.

During the first campaign, the 20 plants per population were cut at ground level. Three
fully developed leaves without damage were randomly picked from each plant to
measure the specific leaf area (SLA). The leaves were scanned, then ovairied for 2
days at 80°C, and finally weighed to the nearest 10* g (using XA105 Mettler Toledo®,
Viroflay, France). SLA is an important trait regulating and controlling plant functions
such as carbon assimilation and carbon allocation (Poorter and Nagel, 2000; Poorter,
1999; Wison et al., 1999) SLA is known to be impacted by soil nutrient content,
irradiance, and water availability (Meziane and Shipley, 1999; SancheZfs6mez et al.,
2013; Yousfi et al., 2015). For example, low irradiance can induce in the resource
allocating strategy to enhance light interception for photosynthesis. This could be
primarily achieved by increasing SLA (Poorter and Nagel, 2000) Poorter (1999)
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indicated that SLA may be one of the key traits determining the maintenance of a
speci esd gr owdwhlevelsat irradiance.digea measurements were taken
using ImageJ (National Institutes of Health, USA). The rest of the plants were also
oven-dried for 2 days at 80°C and weighed to the nearest 10 g to determine their
above ground biomass (AGB) as a poxy for growth. To evaluate the impact of the
competition exerted by the local flora on SLA and AGB, we estimated the percentage
of the vegetation cover to the nearest five percent around each plant in a 1x2 m
quadrat. The quadrat was positioned in order to have the considered plant at the
guadrat center. We calculated the mean vegetation height based on the height
measurement at 6 randomly chosen points and then calculated inter-specific
competition index as the vegetation cover multiplied by the mean veg etation height.
High population density, through intra -specific competition, may also have a negative
impact on performance (Creed et al., 1996). To take into account this possible
influence on SLA and AGB, the distances to the three nearest neighbors were
measured for each considered plant, and the mean of the 3 values was used as the
average nearestneighbors distance.

In the second campaign, the 25 plants per population were also cut at ground level
and oven-dried for two days at 80°C. To assess the seé number, i.e., the number of
seeds per plant, dried plants were lightly hand crushed to detach the seeds. The
resulting material was spread on a sieve with a 1 mm mesh width. The seeds were
separated from the vegetative material by blowing air through the sieve at increasing
speed, and then the seeds were weighted to the nearest 10° g, and counted using a
Contador (Pfeuffer®, Kitzingen, Germany). On a subset of 30 seeds from each plant,
we performed a pressure resistance test following Guillemin and Chauwel (2011) in
order to estimate the empty seed proportion. The biomass of the plants was also
measured following the same method as that used for the first campaign in order to
calculate the reproductive effort, as the ratio of the seeds biomass to the sum of the
seed and above ground biomasses.

To take climate variation into account across the sampled range, we collected monthly
temperature means and monthly rainfall during the actual growing season (from

March to November 2013) from the weather station th at was closest to each
population (Meteo Belgique 2014; Meteo France 2014 Table 1). The influence of the
latitude was also tested because it can have an impact on performance through the
length of the growing season, and this impact might not be detected using only local

climatic data (Kollmann and Bafiuelos, 2004)
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Statistical analysis

To explore the effect of invasion level, population, inter-specific competition index,
and average nearestneighbors distance on AGB and SLA, we used a mixed model
analysis of covariance (ANCOVA). We included invasion level as a fixed effect, inter
specific competition index, and average nearestneighbors distance as covariates, and
population nested within invasion level as a random effect. To explore the effect of
invasion level and population on seed number, empty seed proportion, and
reproductive effort, we used a mixed model analysis of variance (ANOVA). We intuded
invasion level as a fixed effect, and population nested within invasion level as a
random effect. The AGB, SLA, and seed number were logransformed, and the empty
seed proportion was arcsine-square root transformed to improve homoscedasticity.

In contrast to inter -specific competition index or average nearestneighbors distance,
climatic data were related to the entire population and therefore could not be
included as a covariate. We therefore performed a principal component analysis (PCA)
to summarize all local climatic data, and we stored the first axis in a new variable
(PCAclim, which explained 53% of the variance). For each performanceelated trait, we
calculated the mean for each population. We made linear regressions between
PCAclim and the population means of each performance-related trait. Then, we
conducted another PCA that summarized the mean performance-related traits, and we
also stored the scores in a new variable (PCAperf, which explained 46% of the
variance). We made a linear regressin between PCAperf and PCAclim to test whether
overall performance was correlated to local climatic data. Finally, we performed a last
linear regression between PCAperf and latitude to test if the overall performance was
correlated to this variable. All statistical analyses were conducted using the statistical
software Minitab® ver. 16.2.2 (Minitab Inc., State College, PA, USA).

RESULTS

We found high variability in all of the performance -related traits (Fig. 2). AGB averaged
2.44 +3.89 10" g (mean = SE),SLA averaged 29.2 + 6.00 10 mmz.mg'l, seed number
averaged 227 + 18.4, reproductive effort averaged 28.6 + 8.19 10" %, and empty seed
proportion averaged 7.79 + 6.85 10" %.
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Fig. 2. Means and standard errors of inter -specific competition index (a), av erage nearest -

neighbors distance (b), and performance -related traits (c -g) of Ambrosia artemisiifolia

among populations and invasion levels. Low = area of low invasion level; Moderate = area
of moderate invasion level; High = area of high invasion level.

The ANCOVA showed that AGB was not significantly different among invasion levels
(R, 9= 0.00; P = 0.998), although it differed significantly among populations (Fg 220 =
5.41; P < 0.001). The same result occurred with SLA: there were no significant
differences among invasion levels (g 9= 2.06; P = 0.184) but significant differences
among populations (Fg, 220 = 20.56; P < 0.001). Interspecific competition index did not
impact AGB (R 220 = 0.34; P = 0.560), but it positively impacted SLA (k 220 = 45.50; P <
0.001). Average nearestneighbors distance did not impact AGB (Fy, 250 = 0.27; P =
0.601) neither, but it negatively impacted SLA (R, 20 = 4.88; P = 0.028). The mean
Average nearestneighbors distance of each population is given in Table 1. The
ANOVA showed similar results; we did not find any differences between invasion levels
for seed number (F, ¢ = 0.270; P = 0.768), reproductive effort (;, ¢ = 0.800; P = 0.481),
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or empty seed proportion (,, ¢ = 2.18; P = 0.169). The differences betwea populations
remained highly significant for all performance -related traits: seed number, R 0 =
9.33 (P < 0.001); reproductive effort, kb 20 = 6.35 (P < 0.001); and empty seed
proportion, Fg 220=6.06 (P < 0.001).

The results of the regressions baween PCAclim and each performancerelated trait
showed no significant correlations: AGB, R? =13.4% (P = 0.242); SLA, R? =4.3% (P =
0.523); seed number, R2 =3.9% (P = 0.537); reproductive effort, R2 =4.7% (P = 0.497);
and empty seed proportion, R2 =23.9% (P = 0.107). The same result occurred when we
summarized the performance-related traits using the PCA: the regression between
PCAperf and PCAclim did not show a significant correlation (R? = 7.4%; P = 0.392).
Finally, the regression between PCAperf and latiude was also not significant (R2 =
5.1%; P = 0.480).

DiscussIiON

In Western Europe, the invasion of A. artemisiifolia is well described, with multiple foci
of very high invasion levels, moderate invasion levels, and low invasion levels in areas
that are almost free of the species but where the presence of rare populations are
documented (Martin et al., 2008). In this study, we attempted to determine whether
this pattern, which does not appear to change rapidly, could be explained by declining
plant performance in areas of lower invasion levels. In contrast to many studies that
investigate the varying performance of a speciesin ex situ conditions, e.g., in common
gardens, we chose to perform an in situ survey that allowed us to study phenotypic
variation under real conditions. The results showed that the performance-related traits
were similarly high across all investigated areas (Fig. 2) and that there were no
significant differences across invasion levels; the hypothesis of a plant performance
variation across invasion levels responsible for an invasion slowdown in Western
Europe is thus rejected.

The reproductive performance of the species in the area of low invasion level tends to
guestion its casual status north of France. According to Richardson et al. (2000), the
casual status apply to introduced taxa that can reproduce occasionally, but do not
form self-replacing populations, and that rely on repeated introduction for their

persistence. Naturalized taxa, however, involve alien plants that reproduce
consistently, sustain populations over many life cycles without direct intervention by
humans, and do not necessarily invade natural, seminatural or human-made
ecosystems (Richardsonet al., 2000). Despite that we did not study the populations
dynamic; we found that the species can produce lots of viable seeds in the area of low
invasion level. The populations sampled in this area are most likely able to survive
from year to year without an anthropogenic intake of seeds. A. artemisiifolia thus

appears to be naturalized rather than casual in this area.
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A single growing season was investigated in this study. In the case of an annual
species that produces a large number of long-lasting seeds, a single year of successful
fructification can stock the soil seed bank and thus ensure the establishment of the

species for a number of years. This is typically the case withA. artemisiifolia (Bassett
and Crompton, 1975b). It is thus relevant to consider a single growing season with

successful seed production, since thatseason is sufficient to establish the population

for many years.

We tested the influence of local climate and latitude on the performance -related traits,
and we found no significant correlation between local climatic data and performance-
related traits, neither individually nor summarized together; overall performance also
did not appear to be related to latitude. These results suggest that phenotypic
variation in A. artemisiifolia does not clearly respond to a climatic or latitudinal pattern

in the geographical range we examined. This observation contrasts with the latitudinal
and environmental trends that have been found in situ for other invasive species
(Kollmann and Bafuelos, 204; Monty and Mahy, 2009; Parkeret al., 2003; Weber and
Schmid, 1998) The reason for this absence of response might be a lack of climate
induced genetic structuring in the invaded range we considered. Indeed, the invasion
of A. artemisiifolia in Western Europe has been facilitated by multiple sources of
introduction that have resulted in very high genetic diversity in its populations (Genton
et al. 2005). In addition, evidence of active gene flow and population admixture has
been documented (Chun et al., 2010).

We found considerable variability in all of the measured performance-related traits
(Fig. 2; coefficients of variation: SLA = 31.5; AGB = 244; seed number = 140; empty
seed proportion = 152; reproductive effort = 49.7). This high variability could reflect
the ability of the species to thrive in various environmental conditions (Willis and
Hulme, 2004), which suggests strong phenotypic plasticity, e.g., in response to soll
conditions, and which is consistent with other studies on the species (Brandes and
Nitzsche, 2006; Fumanalket al., 2007b; Leiblein and Ldsch, 2011)However, it is possible
that a decrease in performance-related traits has not been detected, given this high
variability of the measured traits, and the relatively small number of sampled
populations. This plasticity could also explain the lack of clear differentiation in

response to climate.

The speciesis known to be particularly sensitive to competition ( L e s k etval e k
2012). The results showed that average nearestneighbors distance decreased SLA,
which means that intra-specific competition increased SLA. The interspecific
competition also increased SLA. This influence ofintra-and inter-specific competition
translates a change in resource use strategies and thus suggests anenvironmental
stress for the plants. The competition decreased the irradiance received by A.
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artemisiifolia leaves, which led to an increase of leaf area by biomass unit to
compensate (Poorter and Nagel, 2000). The population D is a good example: it had
almost not suffered any intra-or inter-specific competition because it occurred on a
pebble beach, and had the smallest SLA because full irradiance was available for each
plant. Despite this stress due to intra-and inter-specific competition highlighted by
SLA, the plants showed an unaltered performancerelated trait, AGB, across the study
regions. Thi s demonstrates the speciesd ability to cope
conditions and stresses without decreasing performance-related traits. The impact of
intra-and inter-specific competition was only assessed during the first field campaign,
SO it was not possible to assess its impacts on the other performancerelated traits.
Further research on these impactswould allow to better explore this strategy. In the
area of high invasion level, one can expect populations to show a higher plant density
on average than in the other areas (Brussard, 1984) This higher plant density could
have had an adverse effect on dant performance, and thus led to an underestimation
of the plant performance in high invasion level. This underestimation, in turn, could
have concealed aperformance reduction in the area of low invasion level. Since the
AGB was left unaltered by the intra-specific competition, population density probably
did not have significantly impacted plant performance, and this hypothesis is therefore
held invalid.

The different levels of invasion in Western Europe were not explained by the variation
in performance-related traits. Thus, one may wonder why the species does not seem
to rapidly spread to and colonize northern areas.

The hypothesis tested in this work focused on the plant performance and did not take
into account processes occurring at other scales, eg., population dynamic. Although
the seed production was assessed, seed germination and seedling survival, for
instance, may differently affect recruitment dynamic in field populations. Other
processes than reduced performance in low invasion area could exylain the observed

invasion pattern in Western Europe.

First, the residence time, the time from the first record in the wild until now, is known

to be an important determinant of the geographical range sizes of alien plants species
(Williamson et al., 2009). One can hypothesize that the populations in the area of low
invasion level, due to their much smaller residence time, had less time to recruit as
much individuals and establish as much populations as in the areas of higher invasion
levels. However,this hypothesis is unlikely since the first occurrence of the species in
the area of low invasion level has been recorded in the late 19" century (Martin et al.,
2008), like in the other levels (Chauvelet al., 2006).

Genetic constrains on adaptive evolution during range expansion, e.g., low genetic

variation, maladaptive gene flow, or genetic correlation, could also explain an invasion
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slowdown (Alexander and Edwards, 2010; Colauttiet al., 2010). However, a veryhigh
genetic diversity has been documented in Western Europe for A. artemisiifolia (Genton
et al. 2005) and to date, no evidence of genetic constrains limiting the range
expansion of A. artemisiifolia has been highlighted.

Another possible explanation might be a lack of effective dispersal to suitable sites in
areas of low invasion levels. For example,the spread of the species by agricultural
machinery might be hampered by the absence of sunflower fields north of Burgundy,
because sunflowers are known to be one of the most invaded field crops in France
(Genton et al., 2005). If this lack of dispersal is actually the main factor that limits its
invasion, the species would therefore be in a lag phase and could show an invasive
behavior in the future. Invasion might also accelerate under the pressure of different
processes and human activities, such as global warming that allows seed production in
news areas, changes in agricultural practices (herbicide withdrawal), the displacement
of embankments that are already contaminated with A. artemisiifolia seeds, etc.

This work showed that the invasion slowdown, if it exists, is not caused by reduced
plant performance. In the area of low invasion level, the species was as performant as
in the areas of higher invasion levels. This result suggests an invasin potential in
Belgium and southern Netherlands if there is no obstacle to the dispersal, germination,
and plant survival. Further research that extends this study to the northern countries
would be interesting to conduct. In addition, the investigation o f the other process
that could limit the invasion would help to forecast the future invaded range. In this
uncertain situation, early detection and structured monitoring of population
establishment should be encouraged in order to avoid future problems rel ated to A.
artemisiifolia invasion north of its current distribution in Western Europe.
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ABSTRACT

Native and invasive species distributions are expected to be limited at some point.
When this limit arises, the species is in range edge equilibrium, and the populations
occurring beyond the edge have a growth rate reduced below replacement. Range
edge equilibrium has never beenspecifically tested for an invasive species. In Western
Europe, the invasive weed Ambrosia artemisiifolia L. has spread in most parts of
southern and central France, and can be found in very high densities in sunflower
fields. Despite the rare occurrence beyond the edge, it is currently unknown whether
the range has reached a limit. Information about how the species thrives with
sunflower competition is also lacking. This work addressed two questions: i) Has
distribution of A. artemisiifolia in Western Europe reached a range edge equilibrium
situation?; i) How is A. artemisiifolia performance influenced by sunflower
competition? Experimental plots were established in an agricultural field north to the
current invaded range, in Belgium. In the plots, we planted A. artemisiifolia seedlings
with or without the competition of sunflowers plants. The following year, the
popul ati onds growt h rat e anThe spexiesdestdblshed
populations with a high growth rate and significant seed bank, rendering invalid the
first hypothesis. The sunflower competition did not have a significant impact on the
popul ati onds phe rrésolts suggest ea. great potential for invasion in
northern countries. Awareness actions should be considered in Western Europe, north
of the current invaded range.

Keywords: Range limit, range expansion, colonization, sunflower, biological invasion,
agricultural habitat

INTRODUCTION

wer e

The distribution of a native species is essentially the expression ofthe speci es

ecological niche in space (Sexton et al. 2009). At the range edge of a given species,
further expansion of the range is limited by biotic or abiotic factors that impede new

popul ati ons?®d sur vi v@ultchinson y1857)d Degpite esome dniner
fluctuations due to temporal variability at the range edge (Sexton et al. 2009), the
long-term distribution of most native species is stable, and the situation is described

as being in range edge equilibrium (Stanton-geddes et al. 2012).

Biological invasions consist of the spread of alien species in a new range, where they
historically have not been present (Mack 1981). At first, this new range is expanding
with the species colonizing new habitats (Alexander & Edwards 2010; Williamsonet al.
2009; Monty & Mahy 2009). But, all species are limited at some point along

environmental gradients in their introduced range, just as they are in the native range
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(Alexander & Edwards 2010) Due to the damage that invasive species can cause, it is

important to predict if their range might expand. Speci esd r ang-&nowni mi t s

for native species (Stanton-geddes et al. 2012; Hargreaveset al. 2014), and there is
increasing evidence of range limits for alien species (Sexton et al. 2009; Alexander &
Edwards 2010). However, & it is best presently known, no studies have explicitly tested
range edge equilibrium for invasive species. This test would allow determining if the
invasion range might expand further.

The population growth rate is the rate at which the number of individuals in a
population changes in a given time period. It informs on whether the number of
individuals is increasing, stable or decreasing, and how fast it is changing.
Conventionally, the factor by which population size increases per year is the finite
growth rate, and is given the symbol _. It is calculated as N.;/N; (Sibly & Hone 2002),
where N is the number of individuals, and t a given year. The measurement of the _
beyond the range edge can test the hypothesis of range edge equilibrium (Hargreaves
et al. 2014; Holt 2003; Griffith & Watson 2006; Stanton-geddes et al. 2012). Finding
that _ is reduced below replacement (_ < 1) would indicate that the species
distribution is stable, and thereby highlight range edge equilibrium. Occurrences of a
population beyond the edge do not automatically disprove range edge equilibrium.
For example, casual populations may persist over the years despite unsuitable
environmental conditions that limit their reproduction. The maintenance of the
populations over longer periods can nevertheless be permitted by an anthropic influx
of seeds that compensate for the reproduction issue (Richardsonet al. 2000).

In Europe, the invasive weedAmbrosia artemisiifolia L. (Common ragweed, Asteraceae)
is causing a health crisis because of its allergenic pollen(Smith et al. 2013; Kazincziet
al. 2008). In Western Europe, its invasive range is well describedChauvel et al., 2006;
Genton et al., 2005;Heckel, 1906; Ortmanset al., 2016a; Skjgth et al., 2013; Smithet al.,
2013), and pollen density maps coupled with the relevant literature allow the
approximate mapping of the current invasive range (Fig. 1; Skjgthet al., 2013; Smithet
al., 2013). North to the current invaded range, populations surviving for years are
described, but these populations do not appear to become invasive (Brandes &
Nitzsche 2007; Martin et al. 2008; Verloove 2006) Furthermore, A. artemisiifolia is still
considered a casual non-naturalized species in these areas(Lambinon et al. 2004,
Verloove 2006; Martin et al. 2008). Different authors have highlighted climatic factors
that could limit the species development further north. For example, the first frost
occurrence that may kill the plant before the seed ripening is earlier in Northern
countries (Chapman et al. 2014). In addition, the species phenology is known to be
influenced by the photoperiod, that can delay the development of the species, and
thus keep it from producing seeds before the first frosts (Deen et al. 1998, Chapmanet

al. 2014). Therefore, questions about whether the invasion will indeed stabilize arise.
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Furthermore, given the current health crisis that A. artemisiifolia is creating (Kazincziet
al. 2008; Smith et al. 2013; Laaidiet al. 2003), there is an urgent need to determine if
the invaded range will expand or not.

The speciesd invasion appears to HGholletektosel y

al. 1998; Pinke et al. 2013; Genton et al. 2005; Fumanal et al. 2008b; Ozaslanet al.
2016). Sunflower production could be one of the factors behind the successof the
invasion, and studies aiming to understand how A. artemisiifolia thrives in agricultural
habitat are therefore needed (Pinke et al. 2013; Ozaslanet al. 2016). In sunflower fields,
the competition inflicted on the weed species is not expected to be homogeneous all
over the field. For example, in field margins, the sunflower densities could be reduced
due to an edge effect (Sosnoskieet al. 2007). Furthermore, field margins are known to
harbor more weeds and pest species than the rest of the field, and can serve as a
source population for ongoing immigrations of weeds into the adjacent fields
(Sosnoskieet al. 2007; Blumenthal & Jordan 2001). In order to assess how this varying
sunflower competition can impact A. artemisiifolia, this factor was explicitly tested in
the experiment.

Specifically, the work presented here addressed the following questions: 1) Has the
distribution of A. artemisiifolia in Western Europe reached a range edge equilibrium
situation? 2) How is A. artemisiifolia performance influenced by sunflower

competition? To answer these questions, an experimental garden was established 250
km north of the current Western European invaded range, in Gembloux, Belgium
where the species is still described as a nonnaturalized species in the literature. The
experimental design followed a context of sunflower production. A. artemisiifolia
plants from eight different populations from France were left to grow and reproduce,

with or without sunflower competition. To take into account the variation induced by
the origin of the population, this factor was explicitly introduced into the analysis
After two growing seasons, and before the second seed rain, population finite growth

rates were assessed, and the soil seed bank was quantified.

M ATERIAL AND METHODS

Study species

A. artemisiifolia is an annual plant that was introduced from North Ameri ca to Europe
more than a century ago (Heckel, 1906) The species is currently invading numerous
European countries (Chauvelet al. 2006; Kazincziet al. 2008; Smith et al. 2013). The
invasion is mostly favored by human activities and mostly grows along roads,
riverbanks, wastelands and cultivated fields (Bonnot 1967; Miller 2004). Becausethe
sunflower and A. artemisiifolia are both from the Asteraceae family, the chemical
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control of the species is ineffective (Chollet et al. 1999), and high densities of the plant
can often be observed in sunflower fields (Pinke et al. 2013; Genton et al. 2005;
Fumanalet al. 2008b).

The speciescan show considerable phenotypic variation, both in terms of plant size
(Leiblein-Wild & Tackenberg, 2014; Ortmans 2016a) and seed traits (Fumanalet al.,
2007b; Ortmans 2016b). A single plant can produce from 300 to 6 000 seeds on
average, and this number can reach 14 000 when the conditions are favorable (Bsset
and Crompton, 1975). In addition, the species lifecycle is characterized by a longterm
persisting seedbank (Bassett & Crompton 1975; Fumanalet al. 2008a) that appears to
play a major role in the invasion process (Guillemin & Chauvel 2011; Baskin &Baskin
1980). This isespecially problematic in cultivated fields, where the seeds are buried or
recovered when the ground is plowed (Bassett & Crompton 1975; Fumanal et al.
2008a; Guillemin & Chauvel 2011; Gioriaet al. 2012).

Study site

The experimental garden was established approximatively 250 km north of the current
invasion range, in Gembloux, Belgium (50.565°N latitude, 4.703°E longitude).In
Belgium, the climate is oceanic, which generally features cool summers and cool
winters, with a relatively narrow annual temperature range and few extremes of
temperature (Royal Meteorological Institute of Belgium 2015). At the study site, the
annual temperature (calculated between 1998 and 2012) averages 11.0 + 0.121°C, and
the annual precipitation averages 882 + 29.3 mm (Royal Meteorological Institute of
Belgium 2015). The garden was established in an open ground agricultural field. The
soil is mainly loamy, with a share of sand and a small part of clay, fairly rich and
favorably drained. To mimic the agricultural conditions, a plowing followed by tillage
was performed.

Experimental design

The seeds were collected in the nearest invaded area from Belgium, in France. The

seed collection occurred in the autumn 2011 in 8 populations (Figure 1). The harvest

was carried out on 20 to 40 plants by population, and the collected seeds were pooled

bypopul ati on. Popul ations® habitat was either ruder a
or agricultural (crop field, farmland fallow). Collected seeds were stored at a cold (5°C)

and dry temperature.
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Fig 1: Location of the A. artemisiifolia sampled popu lations in France. The cross symbols

indicate popul aThe capitldlettdrsoirdiaatei the rppopulation 1D. The plain
triangle is the common garden location. The gray surface with a dashed outline is the area
where A. artemisiifolia  pollen density is above 50 pollen grains.m -3.year-1, and is
considered as the current invaded range (adapted from the pollen map in (Smith et al.
2013) from (Skjgth et al. 2013)).

Within the experimental garden, we established 64 plots of 1.4 x 1.4 m (1.96 m?2), and
we spaced each plot 30 cm away from one another to avoid inter-plot competition.
Each plot was randomly assigned to one of the 8 populations.

Prior the start of the experiment, circa 150 seeds per population were stratified for 6
weeks at 5°C on a wet substate. Then the seeds were sown in plastic trays containing
a thin layer of moisturized soil from the experimental garden. Trays were put in a
greenhouse to induce germination. On the 1% of May 2013, we selected seedlings at
the same development stage (i.e., with only cotyledons). Within each experimental
plot, 6 selected seedlings of the same population were planted. Height plots were
randomly assigned to each of the 8 populations, for a total of 64 plots disposed
following a completely randomized design. We paid attention to plant each plant at
least 35 cm from one another, and at least 40 cm away from a border, to avoid future
seeds falling off the plot during the fruiting season.
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In order to best mimic agricultural conditions , we followed the agricultural technical
itinerary available on the website of the French Technical Institute for oilseeds, protein
crops, and hemp and their chains (Cetiom 2013).This itinerary allowed complying with
the density and spacing of sunflower rows used in French agriculture (i.e., a density of
6 sunflowers by square meter and a spacing of 50 cm between rows). Thus we planted
12 sunflowers on 3 equidistant rows spaced by 50 cm in each plot, with the center row
aligned to the middle of the plot. We performed a second sowing in the following
month, to replace the dead sunflowers. Every two weeks, new weeds other than
ragweed seedlings were pulled up by hand to imitate the low competition normally
occurring in sunflower crops. To answer the question of how A. artemisiifolia thrives
under sunflower competition, half the plots were left uncultivated with sunflower (4
random plots per population), but received the same weeding treatment than the
others plots.

Above each pl ot , a wood fremeobdapparatlilngmeas h o0 f alblré rc
(Plantex® Protectmax, Du Pont de Nemours, Puteaux, France) was installed, which

allowed water to flow but limited pollen dispersion. The aim was to reduce cross

fertilization among pop ulations, and the hazard that the pollen can cause to the

nearby inhabitants. To avoid the environmental conditions being unnecessarily

disrupted, the fabric was only fixed on the first flower appearance, on the 31* of July

2013, until the 1* of November 2013. We also installed a fence in the ground that

delimitated each plot, consisting of a 2mm mesh of 30 cm height, with the bottom of

10 cm buried in the soil. This fence allowed the water to flow but prevented the

dropped seed from being carried away by runoff water.

In the second growing year, on the 3" of March 2014, we mimicked tilage by
scratching the soil surface with a rake. On A. artemisiifolias eed|l i ngs 6 emergence, on
the 27" of March 2014, we sowed once again sunflowers following the same protocol.
The sowing occurred on the same plots as the previous year, to perpetuate the

sunflower competition.
Plant performance monitoring

In order to obtain a non -destructive measurement of the plant perfo rmance at the end
of the first year, we measured the height and diameter of all the A. artemisiifolia plants

on the 1 of October 2013. Then, we calculated a mean biovolume by plot as:
T P ©
0Q¢veaegaQ* — O
Q q

Where k is the number of plants within the plot, and D and H, respectively, the

diameter and height. Biovolume is a non-destructive measurement that is highly
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correlated to the biomass (Sarmiento et al. 2012), and is therefore a useful
measurement to take for the comparison of pop ulation growth performance.

We let the plants produce and drop seeds. Since the species has barochoric dispersal,
we assumed that the large majority of the seeds felled within the plot. When the plants
were dead, and the seeds released, we cut the stems at the ground surface and
removed them. All the offspring were left on the plot.

The second year, on the f' of August 2014, we counted the number of seedlings in
each plot by a subsampling method. The subsamples consisted of three randomly
placed frames of 290 cm? within the plot. The total number of offspring by plot was

then assessed. We also calculated_ (i.e., the population finite growth rate of each plot)

by dividing the assessed number of offspring in August 2014 by the number of
parents that produced seeds in October 2013.

On the same date, the stems of all plants were cut at the ground surface and were
paper bagged by plot. The paper bags were dried for 4 days at 80°C then weighted to
the nearest 1g (Optiss BC5000V1, Tefal, Sarcelles, France) to determine the offspring
biomass. The biomass of A. artemisiifolia is closely related to the quantity of pollen
and seeds produced by the plant (Fumanal et al. 2007a), andis thus a proxy of the
reproductive performance.

Finally,to evaluate how a single seedrain can contribute to the p opulation growth, we
made an evaluation of the soil seed bank. Twenty carrots of 2 cm diameter and 10 cm
depth were sampled randomly at the surface of each plot. The carrots were plastic
bagged, moistened, and then stratified for 6 weeks at 5°C. After the stratification, the
soil in the bags was spread in a thin layer within 15.1 x 20.2 cm aluminum trays and
the seeds were allowed to germinate in a heated greenhouse. The temperature was
always above 15°C, and we applied a photoperiod of 18 hours per day/6 hours per
night. The germinations were recorded then snatched weekly. We also calculated the
proportion of the seed rain that did not germinate and thus contributed to the soil
seed bank It is calculated as the soil seed bank divided by the sum of the soil seed
bank and the assessed number of offspring. This proportion is approximate, since it
ignores the seeds that died before the soil seed bank sampling and the offspring that
died before the assessment of their number. However, it provides an important clue
about the soil seed bank dynamic.

Climatic data

In order to compare the weather that occurred during the two growing years the
regional climate, annual mean temperature and precipitation data since 1998 were
acquired on the website of the Royal Meteorological Institute of Belgium (2015). The
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weather station which recorded the data is located in Uccle, Belgium, and is
representative of the regional climate occurring at the study site.

Statistical analysis

The variations of the plant performances were analyzed with descriptive statistics
(mean, standard error of the mean, minimum, and maximum). To explore the effect of
the population and competition on plant performance, we used a mixed model
analysis of variance (ANOVA). We included the ompetition as a fixed effect, and
population as a random effect. The interaction between population and competition
was included in the model. No variable transformation improved the homoscedasticity
of the data. All statistical analyses were performed with Minitab® ver. 16.2.2 (Minitab
Inc., State College, PA, USA).

RESULTS

Plant performance variation

The plant performance were very variable among plots, but the species achieved big
dimension the first growing season, and produced a high number of offspri ng (Table
1).

Table 1. Mean, standard error of the mean, minimum and maximum of the plant
performance measurements.

Variable Mean SE mean Minimum Maximum
Biovolume (m3) 1.09 0.0592 0.232 2.36
Offspring number 1635 111 431 4789
Offspring biomass (g) 656 27.7 253 1289
Residual SSB (seeds.®) 306 50.7 0 2069
SSB contribution (%) 18.9 2.30 0 65.5
T 346 31.1 63.2 1446

The results of the two-way ANOVAs performed to test the influence of the
competition and the popul at i ogivenamTallelReThepl ant s8é perfo
competition exerted by the sunflowers had a significant influence on the biovolume ( F
= 17.1; P = 0.004), but did not have a significant impact on the variables measured
during the second growing year (i.e., offspring number (F = 1.90; P = 0.211) and
biomass (F = 1.14; P = 0.322), residual soil seed bank F = 0.09; P = 0.778), soil seed
bank contribution (F = 3.04; P = 0.125) and _ (F = 3.74; P = 0.094)). The populations
varied in terms of residual soil seed bank F = 12.2; P = 0.002), soil seed bank
contribution (F = 26.0; P < 0.001), and_ (F= 4.30; P = 0.037). The interaction between
population and the competition was never significant. The offspring biomass was not
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influenced by the studied factors (Table 2). To represent the vaiation among
population of the measured trait for which significant variation was found, histograms

were drawn (Fig. 2).

Table 2. Results of the ANOVA performed to test the influence of the population and the
competition on t he [Bblavaltes are gigeificdntor manc e .

Source of Offspring Offspring Residual SSB
variation Biovolume  number biomass SSB contribution 1
df F P F P F P F P F P F P

Population 7 293 0.090 3.73 0.052 1.86 0.215 12.2 0.002 26.0 <0.001 4.30 0.037
Competition 1 17.1 0.004 1.90 0.211 1.14 0.322 0.09 0.778 3.04 0.125 3.74 0.094
Pop.*Comp. 7 0.96 0.471 0.98 0.460 1.07 0.397 0.31 0.948 0.14 0.994 0.49 0.835
Error 48
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Fig. 2: Means and standard errors of biovolume (a) Residual soil seed bank (b) Seed rain
contribution to the soilAnmbresadrtemisifolla (L.ejperimenthl t he T of
populations. The histograms represent every measured trait for which significant

differences have been observed among population, or competition treatment, using the

ANOVA.

Local climatic data

The regional climatic data showed that the two considered years were different from
the average temperature and precipitation that occurred over the last 15 years (Figure
2). The 2013 growing year was colder (10.1 °C) than the mean temperature between
1998 and 2012 (11.0 + 0.121°C). Conversely, 2014 as warmer (11.9°C) than the
average. Both years were drier (816 mm and 784 mm, respectively) than the average
(882 £ 29.3 mm).
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Figure 2. Diagram of the annual precipitation and mean temperature, used to
contextualize the weather conditions experienced in 2013 and 2014, over the last 15
years. The annual precipitations are represented by the gray bars (left vertical axis) and
the mean annual temperatures by the square symbols on the black line (right vertical
axis). The dashes separate the two years fromt he years shown for comparison.

DISCUSSION

This experiment showed that A. artemisiifolia is able to develop populations with very
high finite growth rates in Belgian agricultural conditions. The hypothesis of
equilibrium at the edge of the current invasion range is thus rejected.

The processes that can limit the range expansion of an invasie species can be multiple
(e.g., genetic constraints that impede local adaptation, too harsh environmental
conditions that limit population growth, or dispersal limitations to suitable sites
(Alexander & Edwards, 2010; Arimet al., 2006; Hargreaveset al., 2014; Monty & Mahy,
2009; Monty et al.,, 2013; Ortmans et al., 2016a; Sexton et al., 2009)). This study
highlighted the presence of suitable habitats that remain uninvaded north of the
current invaded range. When introduced in one such habitat, we found that the
species is able to grow and reproduce. Given this result, one can wonder why the
species is not as present in Belgian agriculture as it is in FrenchDispersal limitations
could be one of the main explanations of a delay in the colonization north of the
current invaded range. In France, sunflower production becomes scarce above the
latitude of 48° N (AGRESTE 2010) . Sineggricultural machinery is known to spread A.
artemisiifolia seeds (Bohren 2006), and A. artemisiifolia populations harbored in
sunflower crops can act as a source for further invasion (Déchamp et al. 2008; Chollet
et al. 1998), the lack of sunflower crops in the north could constitute the dispersal
limitation. However, in France, the development of early flowering hybrids allows

sunflower cultivation increasingly northwards (Jouffret et al. 2011; Cetiom 2013). In

-80-



addition, global warming might allow sunflower cultivation further north in the future,
which will probably have consequences on the invasion.

The sunflower competition impacted significantly the biovolume of the parent plant,
but this factor did not have an impact the following year: the offspring biomass, the
soil seed bank, and the lambda were left unaltered. This observation suggests that,
despite a sensibility to interspecificc o mp et i t i o net &l. 2@ 2)khe suGfewer
appears to be a poor competitor against A. artemisiifolia. Given the poor effect of the
sunflower competition, the facilitation effect of field margin situations is probably of
minor importance.

We observed significant variation among population for the residual soil seed bank,
the seed rain contribution to the soil seed bank, and the T (Table 2; Fig. 2). This could
be a clue of a population differentiation in France. However no difference was found
for the biovolume or the offspring number (Table 2). Furthermore, a gene flow and a
population admixture have been documented among French populations. This
remarks combined with finding of other studies (see e.g. Ortmanset al. 2016a; Genton
et al. 2005), render this hypothesis improbable.

We found that 19% of the seed production contributed to the soil seed bank. This
means that the year after a seed rain, the number of seeds that are stocked in the soil
seed bank equal a fourth of the number of visible offspring. In unmanaged
populations with high seed production, one can imagine the important soil seed bank
that can be formed in several years. In our garden, the seed bank size was variable
across the plots, probably because of the spatial heterogeneity of the seed rain
(Rabinowitz & Rapp 1980). While created in a single seed rain, the seed bank was
relatively important with 306 (+ 51) viable seeds by square meter on average. In
comparison, Fumanal et al. (2008a) showed that the soil seed bank of unmanaged
populations within the French invaded range can vary from 536 to 4477 seeds.m’
depending on populations. The seed bank created in our garden was smaller, although
in a comparable range. These observations reinforce the idea of an invasion potential
north of France. In order to prevent the creation of an important seed bank and ensure
the population anchorage for years, management actions aiming at the depletion of
the seed bank have to be carried out as soon as possible after the establishment of a
new population. The early detection of such a population thus appears of major

importance.

To the best of our knowledge, there is no available data about finite growth rates of A.
artemisiifolia invasive populations. It is therefore difficult to evaluate if the finite
growth rate we measured in our garden is uncommonly high, or not. Nevertheless, the
density of the offspring reached 1020 + 70 plants by square meter. This number is
about ten times higher than the density of plants that Fumanal et al. (2008a) had
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recorded in invasive population occurring in agricultural habitats of France. Since this
density was formed in a single year from a maximum of 6 plants by plot, the finite
growth rate of our population thus appear quite importan t.

The regional climatic data have shown that the considered years, although relatively
similar, were slightly outside the range of temperatures and precipitations that the

region normally undergoes. While regrettable from the perspective of having

representative conditions of the local climate, this special year of 2013 highlights that

even in drier and colder conditions, the species is still able to successfully establish
populations north of its current range. This is very interesting because colder
conditions are expected to limit the species distribution area (Allard 1943; Chapman et
al. 2014). In 2014,the warmer temperatures likely favored the offspring growth. Since

growing conditions were different between 2013 and 2014 due to the larger number

of growing plants, it is difficult to assess the gain from the warmer temperatures.

Although not negligible, the 0.9°C positive difference with the 15-year average is
relatively low, especially in the context of global warming that is expected to lead to a

larger temperature increase (Stockeret al. 2013).

This work showed that when introduced in an agricultural habitat of Belgium, A.
artemisiifolia was able to establish population with an important finite growth rate.

Despite the current rarity of the species in the agricultural fields of Belgium, the
growth of the species does not appear to be limited in this h abitat. Because of the
links between the speciesd invasion and
be exercised if this production extends northwards. North to the current invaded

range, awareness actions in the agricultural sector should be rdased to avoid the
repeated occurrence of the species in the fields remaining unnoticed, and to allow
contr ol measures to be initiated in the
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ABSTRACT

Seedling performance can determine the survival of a juvenile plant and impact adult
plant performance. Understanding the factors that may impact seedling performance
is thus critical, especially for annuals, opportunists or invasive plant species. Seedlig
performance can vary among mothers or populations in response to environmental
conditions or under the influence of seed traits. However, very few studies have
investigated seed traits variations and their consequences on seedling performance.
Specificaly, the following questions have been addressed by this work: 1) How the
seed traits of the invasive Ambrosia artemisiifolia L. vary among mothers and
populations, as well as along the latitude; 2) How do seed traits influence seedling
performance; 3) Is the influence on seedlings temperature dependent. With seeds from
nine Western Europe ruderal populations, seed traits that can influence seedling
development were measured. The seeds were sown into growth chambers with
warmer or colder temperature treatments. During seedling growth, performance-
related traits were measured. A high variability in seed traits was highlighted. Variation
was determined by the mother identity and population, but not latitude. Together, the
temperature, population and the identit y of the mother had an effect on seedling
performance. Seed traits had a relative impact on seedling performance, but this did
not appear to be temperature dependent. Seedling performance exhibited a strong
plastic response to the temperature, was shaped by the identity of the mother and the
population, and was influenced by a number of seed traits.

Keywords: achene variability; competitive ability; cotyledon area; phenotypic plasticity;

seed color; seed mass;

INTRODUCTION

The juvenile stage representstte most vul ner abl e per(Bimahs
and Johnston, 2000; Vangeet al.,, 2004). During this time, seedling performance is
crucial and can have an impact on later life stages, and therefore affect the overall
fithess of the parents (Gross,1984; Renata D Wulff, 1986) The successful development
of a seedling increases the chances for effective establishment of opportunist species
or plant invaders in new areas (Fenesiet al., 2014; Skalovéet al., 2012). It is therefore
very important to understand what the factors are that can influence seedling
performance. Variation in such performance may result from genetic variation (Biere,
1991), have a plastic origin in response to environmental conditions (Hotchkiss et al.,
2008), or be caused by seed trait variation (Dolan, 1984; Harperet al., 1970; Monty et
al., 2013; Roach and Wulff, 1987; Stanton, 1984)

- 87 -

pl a



Seed traits are known to vary considerably within various species, even among

populations or individuals (Harper et al., 1970; Lopezet al., 2008; Roach and Waulff,

1987; Simons and Johnston, 2000; Stanton, 1984; Susko and Love®oust, 2000). This

phenotypic variation often comes about from environmental constraints. For example,

evidence has been found of clinal variations in seed traits as a cmsequence of local

climatic conditions (Moles et al., 2007; Monty and Mahy, 2009) When the resources

become limiting, a variation may appear because of trade-offs in resource allocation

between seed size and seed number(Smith and Fretwell, 1974; Venable,1992). This

di fferenti al resource ahkdgahgénstseakegwn as the 0b

A large intraspecific variation in seed traits can also be an adaptive response of the

plant to environmental conditions, e.g. to habitat characteristics (Tautenhahn et al.,

2008), to the competition intensity (Kleunen et al, 2001) or to predation

(Moegenburg, 1996). Selection can also directly promote seed variation in order to

enhance the ability of a plant to survive in a wider range of environmental conditions

(Fenrer and Thompson, 2005) The production of a 6ranged6 of seed
evolutionary strategy that can minimize risk and increase the probabilities of

reproducing in an unpredictable environment (Venable and Brown, 1988) This is

particularly true for annual ruderal plant species that colonize disturbed habitats

(Harper, 1977)

The consequences of seed trait variation on seedling performance may depend on
environmental conditions experienced by the progeny, with performance differences
between large and small seeds being greatest under adverse conditions and lower in
more favourable environments (Dolan, 1984; Gross and Smith, 1991; Gross, 1984;
Monty et al., 2013; R D Wulff, 1986; Renata D Wulff, 1986)These differences would be
explained by a gronger advantage of seed resources in aiding seedling development
in adverse conditions versus favourable conditions where the seedlings are less

stressed.

The study of seed traits variation is especially important in the case of plant invasion.
The seedis often the dispersal vector of invasive plant (Cainet al., 2000), and is then to
the invasion process. Seed trait variation could be a major feature explaining invasive
plant success, as it not only can enhance colonization at both local and regional sales,
but also facilitate the exploitation of spatial and temporal heterogeneous
environments ( Mand 8k and Py Gethl, 20230Willis and Mdnmet 2p04) A
better understanding of how plant invaders colonize and establish in new areas is
therefore critical to prevent further invasion. However, to date, just a few studies have
examined the influence of seed variation and its consequences for plant invaders
(S6ber and Ramula, 2013; Susko and LovetDoust, 2000).
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Ambrosia artemisiifolia L. invasion n Europe is an especially interesting case study, as
invasion success is known to be linked to seed characteristics(Fenesiet al., 2014;
Fumanal et al., 2008; Guillemin and Chauvel, 2011) On top of being highly variable
(Fumanal et al., 2007a; Gebben, 185), the seeds are able to survive for many years in
the soil (Bassett and Crompton, 1975),allowing the creation of a long -lasting soil seed
bank. This soil seed bank ensures the establishment of the species for years beyond
once a single successful seedproduction has occurred in the area (Fumanal et al.,
2008). Furthermore, the species produces allergenic pollen known to be causing a
health crisis in Europe, making the understanding of the mechanisms involved in
invasion success highly valuable for managment (Kazincziet al., 2008; Laaidiet al.,
2003; Smithet al., 2013)

Both studying how seed variation is structured as well as gaining insight into its
consequences on seedling performance are essential to better comprehend the critical
factors influencing seedling development in the early stage of its life, and the
subsequent successful establishment of the species. Specifically, the work presented
here addressed the following questions: 1) How is the seed variation structured among
mothers and populations and are there geographic patterns? 2) How do seed traits
influence seedling performance? 3) Is the influence of seed traits on seedling
performance dependent on environmental conditions (i.e. the temperature)?

M ATERIALS AND METHODS

Study species

A. artemisiifolia (common ragweed, Asteraceae) is an annual plant that was introduced
from North America to Europe more than a century ago (Heckel, 1906) The achenes of
A. artemisiifolia have a central terminal beak surrounded by a ring of tiny spines (Fig.
1), probably having a dispersal role through soils and human transport (Bassett and
Crompton, 1975). The species substantially spread in numerous European countries
(Chauvelet al., 2006; Kazincziet al., 2008; Smithet al., 2013; Solomonet al., 2007). It is
both a weed colonizing spring crops and a ruderal plant invading open disturbed
habitats, such as wastelands, roadsides or riverbankgBassett and Crompton, 1975)
For convenience, the entire dispersal unit of A. artemisiifolia will be referred to as a
seed.
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Figure 1. Standard image of a seed of Ambrosia artemisiifolia  taken to measure seed
functional area and seed coat lightness. The red-dashed ellipse represents an example of
the largest ellipse that could be drawn inside the seed for functional area measurement.
Scale bar =1 mm.

Seed collection

Seeds of A. artemisiifolia were collected from nine populations in the Netherlands,
Belgium and France (Table 1). Populations were sampled in ruderal habitats (along
roadsides, riverbanks or wastelands) during the autumn of 2013. In each population, all
seeds of ten randomly chosen mature individuals (i.e. mother plant) having at least 30
seeds were collected and stored in separate paper bags.Pending the start of the
experiment, the seeds were stored for six months at 4°C.

Table 1. Provenances of the sampled populations of ~ Ambrosia artemisiifolia

Latitude (°N) Longitude (°E) City Country Code
51.23493 4.43645 Merksem Belgium A
51.12004 5.84034 Echt Netherlands B

50.9229 3.2137 Izegem Belgium C
47.00574 4.84703 Beaune France D
46.29726 4.83344 Mé&con France E
45.96413 5.25703 Chaétillon-la-Palud France F
44.74784 4.91819 Ramiere France G
44.43927 4.6799 Donzere France H
44.09044 4.73589 Montfaucon France I

For each harvested mother plant, the total humber of seeds was counted using a
Contador (Pfeuffer®, Kitzingen, Germany). Ten seeds from a mother plant were
randomly selected. Seeds without an embryo were excluded by testing their resistance
to light hand pressure on the seed surface (Fumanal Chauvel, Sabatieret al., 2007;
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Guillemin and Chauvel, 2011) Each excluded seed was replaced by another randomly
chosen seed. In total, 900 seeds were selected.

Seed measurements

In order to best characterize seed variation structure, three seed traits were chosen
that are known to have different origins and varying physiological implications in the
development of the future seedling.

Seed mass may be considered a proxy of the reserves that the mother had provided to
the embryo, and it is often used to account for seed variation (Simons and Johnston,
2000; Vangeet al., 2004). For example, seed mass variation can be directly connected
to germination kinetics (Harper et al., 1970; Schutteet al., 2008), but may also have an
impact on seedling performance (Baskin and Baskin, 2001; Dolan, 1984; Harpeet al.,
1970; Monty et al., 2013; Roach and Wulff, 1987; Stanton, 1984)Mass of each seed
was measured to the nearest 10* g (XA105 DualRange, Mettler Toledo®, Viroflay,
France)

The seed functional area corresponds to the area of the biggest ellipse inscribed in the
seed picture. The aim is to have a measurement of the space available for the embryo
without outgrowths that commonly encompassed in seed mass measurements. Seed
functional area was determined with ImageJ (National institute of Health, Bethesda,
Maryland, USA) from pictures of each seed taken using an SLR camera (Lens EF 50mm
/1.8, Canon®, Tokyo, Japan) mounted on a tripod with a white background (Fig. 1).
Each picture had a resolution of 1936 x 1288 pixels (2.49 megapixels).

Seed coat lightness has been documented to be linked to seed dormancy, with darker
or more coloured seeds having a thicker seed coat and a greater dormancy than

lighter seeds (Durdn and Retamal, 1989; Khanret al., 1997; Powell, 1989; Wyatt, 1977)
The seed coat exerts its germinationrestrictive action most of the time by being

impermeable to water and/or oxygen, by its mechanical resistance to radicle
protrusion, or by the presence of phenolic compounds with antioxidant properties that

play a protective role against degradation processes (Debeaujon et al., 2000). Seed
coat lightness was measured in the same ellipse drawn for the seed functional area. It
was recorded in shades of grey, on a scale from 0 (darkest black) ta255 (purest white).
It is calculated as the mean sum of red, blue, and green values of each pixel included

in the ellipse.
Growth chamber experiment

Each seed was sown in an individual pot on a substrate saturated with water. The
substrate was housed in 20% universal potting soil (Terofor, La plaine Chassart,
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Wagnelée, Belgium) and 80% river sand (Dololux, Echt, Netherlands) with a total of 25
ml of substrate. The pots with the seeds were stratified over the course of 3 weeks at
4°C and in darkness.

After stratification, the pots were placed in two contrasted temperature treatments in
controlled growth chambers (Fitotron® SGC 120, Weiss Technik UK, Loughborough,
United Kingdom). Five seeds of each mother plant were placed in a chamber. The
experiment lasted from February 24" 2014to0 April 22 "l 2014. One chamber had colder
conditions, 15°C day / 10°C night cycle, and the other had warmer conditions, 25°C
day / 20 °C night cycle. Both chambers were set up to have a photoperiod of 16 hours
day / 8 hours night with a luminosity of 450 pE during the day. A relative humidity of
70% was imposed to avoid a rapid desiccation of the watered pots. After four weeks of
life, each seedling received 3.15 16° L of a balanced NPK fertilizer (65-5, Substral®,
Ecully, Francé through irrigation water to avoid nutrient stress.

During the experiment, traits that translate different components of overall
performance were measured. Firstly, time to germination was assessed. The ability of
seeds to quickly germinate when the appropriate environmental conditions were met
may facilitate the establishment of invasive plants (Rice and Dyer, 2001) This was
considered especially relevant for A. artemisiifolia as it has an opportunist behaviour
(Bazzaz, 1974) The germinations were recorded daily and a seed was considered
germinated when a radicle was visible. The time to germination was measured as the
number of days from the start of the experiment in a growth chamber to germination

of each seed.

Secondly, foliage cover was measured exactly fourteen days after seed germination.

This was thought to be a proxy of early competitive ability that would correspond to a

plantds capacity to quickly impose competition to o
germination kinetics, these values would be related to the intrinsic development speed

of the seedling. The measurements came from standard pictures of the seedlings.

Photographic material and picture quality were the same as that used for seed

characteristics. The pictures were taken from the top of the seedling in order to view

the entirety of the foliage on a black background. Then, the foliage cover (cm?) was

measured using the thresholder function of ImageJ that separated the green colour

from the background (Fig. 2).
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Figure 2. lllustration of the method of measurement for seedling foliage cover of
Ambrosia artemisiifolia . (A) The standard picture taken on a black background. (B) The
corresponding output from ImageJ with the thresholder function used to sepa rate foliage
cover from the black background. The resulting red area is the surface measured by
ImageJ and corresponds to foliage cover measurement. Scale bar =1 cm.

Finally, the above ground dry biomass was measured as a proxy for overall seedling
performance. It is a solid predictor of pollen and seed production (as demonstrated by

Fumanal, Chauvel, and Bretagnolle, 2007)The plants were cut and dried for 48 hours
at 65°C at the end of the experiment, then weighed to the nearest 10649.

Data analyses

The seed traits and seedling response variations were analyzed with descriptive
statistics (mean, standard error of the mean, minimum, and maximum). The Pearson
correlation between each seed trait was calculated. To analyze the influence of the
population, t he identity of the mother plant, and the intra -mother variability on seed
traits, a two-ways nested analysis of variance (ANOVA) was performed for each trait
using population as a random factor and the mother plant as a random factor nested
in population. To test if there was a geographical pattern of variation of the seed traits,
the Pearson correlation between each seed trait was calculated with latitude. It was
also tested whether seed trait variation was correlated to the number of seeds that the
mother plant produced by calculating the Pearson correlation between each seed trait

on the number of seeds.

To analyze the influence of the population, the identity of the mother plant, and the
temperature on seedling responses, a threeway ANOVA was performed for each of

the three seedling responses, using population as a random factor, the identity of the
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mother plant as a random factor nested in population, and the temperature as a fixed
factor. The interaction of the population and mother identity factors with the
temperature were added to the model to evaluate whether the population and the
mother had the same response to the temperature treatment. Four mothers were
observed to cause a rank deficiency because of a lack of germination in one of the
temperature conditions. To eliminate this problem, the four mothers were removed
from this analysis. To investigae the influence of seed traits on seedling responses, a
linear regression of each seed trait on each seedling response was performed. The
regressions were conducted separately for each temperature treatment to allow
comparison.

In order to test the influ ence of the temperature treatment on the relationship
between seed traits and seedling responses, an analysis of covariance (ANCOVA) was
performed for each seed trait influence on every seedling response with the
considered seed trait as a covariate and the temperature treatment as a fixed factor.

Prior to conducting the ANOVAs and ANCOVAs, the seed mass, time to germination,
foliage cover, and above ground biomass were square root transformed and the seed
functional area was logarithm transformed to improv e homoscedasticity. The Pearson
correlations, nested ANOVA, and descriptive statistics were performed with Minitab®
ver. 16.2.2 (Minitab Inc., State CollegePennsylvaniag USA). The ANCOVAs, histograms,
two-ways ANOVAs, and linear regressions were performd with R ver. 2.15.0 (R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

The structure of seed variation

Seed mass varied from 2.1 16° to 12.7 10 g with an average of 5.50 10* + 0.05 10%
g (mean £ SE). Seed functional area varied from2.09 to 7.06 mm with an average of
3.77 + 2.85 10” mm. Seed coat lightness values varied from 61 to 192 with an average
of 124 + 0.744.

Seed mass was significantly correlated to the functional area ¢ = 0.829, P less than
0.001) and seed coat lightness ¢ = 60.114, P = 0.001), but there was no correlation
between functional area and seed coat lightness = 0.032, P = 0.345).

The results of the fully-nested ANOVA showed significant variations with all seed traits
among populations and mothers (Table 2). The identity of the mother plant explained
more than 34% of the variance of each seed trait variation. Population also explained

more than 35% of the total seed functional area and seed coat lightness variance, but
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only 16% of the seed mass total variance.The intra-mother variability also accounted
for a large portion of the variance with more than 24% of the total.

Table 2. Results of the fully -nested analysis of variance performed to disentangle the
influence of population, the identity of the mother plan t, and the intra -mother variability

on seed trait variation with the proportion of the variance explained by each factor.

Proportion of

Source of variation df F P variance explained
Seed mass

Populations 8 4.46 <0.001 16.52

Mother within populat ions 81 12.06 <0.001 43.84

Intra-mother (error) 810 39.64
Seed functional area

Populations 8 9.57 <0.001 35.86

Mother within populations 81 16.89 <0.001 39.36

Intra-mother (error) 810 24.78
Seed coat lightness

Populations 8 11.87 <0.001 40.37

Mother within populations 81 14.86 <0.001 34.63

Intra-mother (error) 810 25.00

Note: Significant P-values are in bold.

The Pearson correlation calculated to test if the seed traits varied with latitude did not
elicit any significance (seed massP = 0.085; seed functional area:P = 0.086; seed coat
lightness: P = 0.224). In contrast, the Pearson correlation calculated to st if the seed
traits varied with the number of seeds that the mother produced exhibited a

significantly negative impact of seed number on seed mass { = §0.258,P = 0.014), and
seed functional area (¢ = 80.293,P = 0.005), but not seed coat lightness (r = 80.506, P
= 0.597).

Variation in seedling performance

Mean, standard error of the mean, minimum, maximum, and the standard deviation of
the time to germination, foliage cover and above ground biomass are listed in Table 3.
Of the 900 seeds, 780 were germnated (86.7%), with 418 seeds germinating in warmer

conditions (92.9%) and 362 seeds germinating in colder conditions (84.49%).

-05.-



Table 3. Mean standard error (SE) of the mean, minimum, and maximum of the seedling
response according to temperature treatment

Both temperature treatments

Mean SE mean Minimum Maximum
Time to germination (days) 11.7 0.376 2 54
Foliage cover (cm?) 4.35 0.102 0.108 11.8
Above ground biomass (g) 0.129 2.87E503 3.20E003 0.351
Warmer conditions
Mean SE mean Minimum Maximum
Time to germination (days) 4.70 0.197 2 42
Foliage cover (cm?) 6.55 9.40E502 0.624 11.8
Above ground biomass (g) 0.187 2.72603 1.88E502 0.351
Colder conditions
Mean SE mean Minimum Maximum
Time to germination (days) 19.8 0.519 3 54
Foliage cover (cm?) 1.74 4.04E002 0.108 491
Above ground biomass (g) 6.08E302 2.12E603 3.20803 0.188

The results of the three-ways ANOVAs performed to investigate the influence of
population and the identity of the mother and the interaction with temperature
treatment on seedling responses are shown in Table 4. Significant differences were
found among populations and mothers for the time to germination and foliage cover.
The temperature treatment had an impact on all traits, and this impact varied among
populations. While there was no significant above ground biomass differences among
populations and mothers, a significant interaction with temperature was highlighted.

Table 4. Results of the three -ways ANOVAs performed to test the influence of the
population, identity of mother plant, temperature treatment, and the interactions with
seedling respon ses.

Time to . Above ground

germination Foliage cover biomass

Source of variation df F P F P F P
Population 8 5.80 0.002 3.82 0.016 1.40 0.309
Mother (Population) 77 251 <0.001 2.94 <0.001 1.36 0.088
Temperature 1 492 <0.001 323 <0.001 451 <0.001
Temperature*Population 8 3.49 0.002 6.42 <0.001 4.44 <0.001
Temperature*Mother (Population) 77 1.05 0.361 1.03 0.406 1.37 0.025

Error 575

Note: Significant P-values are in bold.

The influences of seed traits on seedling performance

Linear regressions performed between seed traits and seedling responses showed that
the time to germination decreased with the seed functional area in col der conditions

(Fig. 3B,P = 0.007). Foliage cover was positively influenced by seed functional area
(Fig. 3E,P less than 0.001) and seed mass (Fig. 3DR less than 0.001), but seed coat
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lightness appeared to have a negative impact in warmer conditions (Fg. 3F,P less than
0.001). Above ground biomass was influenced by seed mass (Fig. 3@ less than 0.001)
and seed functional area (Fig. 3H,P less than 0.001).
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Figure 3. Relationship between seed traits (x -axis) and seedling responses (y -axis) of
Ambrosia artemisiifolia , according to temperature treatment. Measurements performed

on seedlings in warmer conditions are shown with black dots. Measurements performed

on seedlings in colder conditions are shown with grey triangles. Significant regression
lines are displayed in the respective colours. Coefficients of determinations are given for
significant regressions in the respective colours at the top right of each graph.

The influence of temperature treatment on the relationship between seed traits and
seedling response was tested using ANCOVAs in order to highlight if the seed traits
have a stronger impact in colder conditions than in warmer ones. The test was only
significant for the influence of seed coat lightness on foliage cover (Fy 763 = 8.49, P =
0.004, Fig. 3F), not being significant for the other relationships P-values ranged from
0.157 to 0.885).

DiscussION

This study sought to understand how seed variation is structured, as well as its
consequences on seedling performance. Such knowledge $ essential to better grasp
the critical factors that influence seedling development in the early stage of life and,

thus, the successful establishment of a species.
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The structure of seed variation

A high variation range in the three measured traits was found: a sixfold variation for
seed mass and a threefold variation for both seed coat lightness and seed functional
area. A large range of variation of seed traits had already been observed for other
plant species (Michaels et al., 1988; Pitelka et al., 1983; Thompson, 1984) and is
consistent with other studies on this particular species (Washitani and Nishiyama,
1992; Fumanal, Chauvel, Sabatieet al., 2007). Sako et al. (2001) examined a large
selection of seed traits of the congeneric species, Ambrosia trifida L., including seed
area and colour, and also found high variability among seeds but did not test their
influence on seedling performance. As is best presently known, no study has looked
into the range of variation of either seed functional area o r seed coat lightness in A.
artemisiifolia. This variability of seed traits may have been favoured by selection in
shifting environments (Fenner and Thompson, 2005; Pitelkaet al., 1983; Thompson,
1984). As for the European invasive species)mpatiens glandulifera (Willis and Hulme,
2004), the success ofA. artemisiifolia in colonizing heterogeneous environments could
be partially explained by such seed variability (Fumanal, Chauvel, Sabatieet al., 2007).
The diversification of phenotypes with the goal of increasing fitness in variable
conditions is a bet-hedging strategy (Slatkin, 1974)and is commonly observed in the
case of biological invasions (Hotchkiss et al., 2008; Tayehet al., 2015).

Michaels et al. (1988) observed that in 39 species, intramother variability was often
the larger contributor to total variance. In fact, Fumanal et al. (2007) found that intra -
mother variability was the most important component of total seed mass variance in A.
artemisiifolia. In comparison, the results here suggest hat seed traits were strongly
dependent on population and identity of the mother plant, which together explained
more than 60% of total variance in traits. These influences lasted till the point of
seedling development and also impacted time to germination and foliage cover. The
strong effects of population and the mother could be made sense of by the very high
genetic diversity within populations and mother plants, by genetic differentiation
among populations, or by a plastic response to local environmental conditions. High
genetic diversity of French populations has been described by Genton, Shykoff, and
Giraud (2005 as a resultof multiple sources of introduction in France. In the present
work, it was observed that there were significant interactions of the population with
the temperature treatment for all seedling responses. This could also be a clue to
population differentiation in response to environmental conditions in the original
locations. However, significant effect of latitude was not seen on seed traits,
supporting the idea that variation originated from factors other than climate. The
differences among populations could then emanate from other environmental factors,
such as edaphic differences, for example.n addition, evidence of active gene flow and

population admixture has been documented (Chun et al., 2010), which tends to
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disprove the hypothesis of population differentiation at the geographic scale this
study was based on. These observations are corroborated by previous studies on the
same populations (Ortmans et al., submitted).

A significant negative correlation between seed number and seed size wa observed.
This trade-off suggests a strategy of energy allocation from the parent to the offspring

(Smith and Fretwell, 1974) that depends on parent size and of the pool size of
resources available for seed production (Venable and Burquez, 1990) The fad that
seed size was dependent on the number of seeds produced by the parent is another
explanation for the strong impact of the mother plant on seed traits. As well, this could

be a clue that there was a resource limitation in certain original locations influencing

parent size or seed production (Smith and Fretwell, 1974; Venable, 1992)
The influences of seed traits on seedling performance

The seed mass did not impact the time to germination, but did indeed affect foliage
cover and above ground biomass. Heavier seeds also had faster foliage development
and produced a larger final biomass. Seed mass variation is known to frequently
influence germination kinetics (Harper et al., 1970; Roach and Wulff, 1987) Seed
functional area had an effect on all seedling responses- seeds with a larger functional
area germinated earlier in colder conditions, had quicker foliage development and
produced a higher final biomass than seeds with a smaller functional area. These
observations suggest that the place available for the embryo in the seed and the
resources included have strong consequences for further development of the plant.

It is interesting that there was a very minimal effect of seed traits on time to
germination as a relationship between seed size and time to germination has been
found for the congeneric species, A. trifida (Schutte, Regnier, and Harrison 2008.

It was seen that seed functional area had approximately the same effect that seed
mass, with a slightly supplementary impact, exerted on time to germination. This is
probably a consequence of the strong correlation between these two traits that was
highlighted with the Pearson correlation test (r=0.829, p<0.001).

In contrast to the other seed traits, seed coat lightness had a very negligible effect on
the seedlings. This may refute a previously reported germinative-restrictive influence

of seed coat on seedling performance (Debeaujon et al., 2000).
The influence of the temperature treatment

Temperature treatment had a very strong impact on all seedling responses, denoting
an important phenotypic plasticity of the species (Sultan, 2000) this plasticity already
having been highlighted by several authors (Paquin and Aarssen, 2004; Qinet al.,
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2012). The temperature selected for the colder condition had a negative effect on
plant development, possibly a signal that establishment could slow down in count ries
with colder spring temperatures. However, these aspects cannot be studied without
taking into account other climatic factors, such as the photoperiod and the first frost

occurrence known to limit the species (Baskin and Baskin, 1980; Chapmaret al., 2014;
Deen et al,, 1998), as well asfield observations (Leiblein-Wild et al., 2014; Ortmans et
al., submitted).

Surprisingly, an effect of the temperature on the relationship between seed traits and
seedling response was barely detected. This could indicaé that: 1) the seed reserve is
not especially beneficial to the seedling in stressful conditions; 2) despite the strong
impact of temperature treatment, the colder condition was not harsh enough to
induce stress; 3) apart from temperature, the controlled conditions were too
favourable versus those outdoors for truly marked physiological stress.

In this study, very high variability in seed traits and seedling performance was

observed that could be one of the Ambrosia artemisiifolia L.s peci esd characteristic
explaining invasion success, especially in variable environments(Willis and Hulme,

2004). A large part of the variation in seed traits and seedling performance was

attributable to the population of origin and to the identity of th e mother plant. These

factors even had an impact on seedling responses to temperature treatment. In

contrast, seed trait variation was not influenced by latitude of the original location,

though this excludes the role of climate in seed trait expression. Seed mass and seed

functional area appeared to be correlated and to have strong consequences for

seedling performance.
Acknowledgements

The authors thank Florian Moreira for his help during data collection. This study was

funded by the Fonds de la Rechercre dans | 61l ndustrie etThedans | 6Agri cu
work was also supported by the Fonds de la Recherche Scientifique- FNRS (grant

number 1.5061.12).

- 100 -



REFERENCES

Baskin, C.C., Baskin, J.M., 2001. Seeds: ecology, Fenrer, M., Thompson, K., 2005. The Ecology of

biogeography, and evolution of dormancy and

germination, American Journal of Botany.
Academic press, New York, USA.
doi:10.2307/2656711

Baskin, J., Baskin, C., 1088 Ecophysiology of

secondary dormancy in seeds of Ambrosia
artemisiifolia. Ecology 61, 47$480.

Bassett, 1.J., Crompton, C.W., 1975. The biology of
Canadian weeds. Can. J. Plant Sci. 55, 486876.
doi:10.4141/cjps75-072

Bazzaz, F.A., 1974. Ecophysiology ofAmbrosia
artemisiifolia: a successful dominant. Ecology 55,
1126119.

Biere, A., 1991. Parental effects inLychnis flos
cuculi. I: Seed size, germination and seedling
perofrmance in a controlled environment. Evol.
Biol. 3, 44B465. doi:10.1046/.1420
9101.1991.4030447.x

Cain, M.L., Milligan, B.G., Strand, A.E., 2000. Long
distance seed dispersal in plant populations. Am.
J. Bot. 87, 12191227.

Seeds, Annals of Botany. Cambridge University
Press, Cambridge, United Kingdom.
doi:10.1093/aob/mcj016

Fumanal, B., Chauvel, B., Bretagnolle, F., 2007a.
Estimation of pollen and seed production of
common ragweed in France.Ann. Agric. Environ.
Med. 14, 2335236.
doi:10.1016/j.neurol.2011.08.009

Fumanal, B., Chauvel, B., Sabatier, A., Bretagnolle, F.,
2007b. Variability and cryptic heteromorphism of
Ambrosia artemisiifolia seeds: What
consequences for its invasion in France? Ann.
Bot. 100, 305313. doi:10.1093/aob/mcm108

Fumanal, B., Gaudot, I., Bretagnolle, F., 2008. Seed
bank dynamics in the invasive plant, Ambrosia
artemisiifolia L. Seed Sci. Res. 18, 1@114.
doi:10.1017/S0960258508974316

Gebben, A.l., 1965. The ecology of common
ragweed, Ambrosia artemisiifolia L., in
Southeastern  Michigan. Ph.D. dissertation,

University of Michigan, Ann Arbor, Michigan,

Chapman, D.S., Haynes, T., Beal, S., Essl, F., Bullock, USA.

J.M., 2014. Phenology predicts the native and
invasive range limits of common ragweed. Glob.
Chang. Biol. 20, 193202. doi:10.1111/gcb.12380

Chauvel, B., Dessaint, F., Cardindlegrand, C.,
Bretagnolle, F., 2006.The historical spread of
Ambrosia artemisiifolia L. in France from
herbarium records. Biogeography 33, 6659673.
doi:10.1111/j.1365-2699.2005.01401.x

Chun, Y.J., Fumanal, B., Laitung, B., Bretagnolle, F.,
2010. Gene flow and population admixture as the
primary post-invasion processes in common
ragweed (Ambrosia artemisiifolia) populations in

France. New Phytol. 185, 11061107.
doi:10.1111/j.1469-8137.2009.03129.x

Debeaujon, |I., LéonKloosterziel, K.M., Koornneef,
M., 2000. Influence of the testa on seed
dormancy, germination, and longevity in
Arabidopsis. Plant Physiol. 122, 408414.

d0i:10.1104/pp.122.2.403

Deen, W., Hunt, T., Swanton, J., 1998. Influence of
temperature , photoperiod , and irradiance on
the phenological development of common
ragweed (Ambrosia artemisiifolia). Weed Sci. 46,
5550560.

Dolan, R.W., 1984. The effect of seed size and
maternal source on individual size in a
population of Ludwigia leptocarpa (Onagraceae).
Am. J. Bot. 71, 13081307.

Duréan, J.M., Retamal, N., 1989. Coat Structure and
Regulation of Dormancy in Sinapis arvensisL.
Sedds. Plant Physiol. 135, 218222.
doi:10.1016/S0176:1617(89)801804

Fenesi, a., Albert, AJ., Ruprecht, E., 2014. Fine
tuned ability to predict future competitive
environment in Ambrosia artemisiifolia seeds.
Weed Res. 54, 5869. doi:10.1111/wre.12048

Genton, B.J., Shykoff, J.A., Giraud, T., 2005. High
genetic diversity in French invasive populations
of common ragweed, Ambrosia artemisiifolia, as
a result of multiple sources of introduction. Mol.
Ecol. 14, 42794285. doi:10.1111/j.1365
294X.2005.02750.x

Gross, K.L., 1984. Effects of seed size and growth
form on seedling establishment of six
monocarpic perennial plants. Ecology 72, 369.
doi:10.2307/2260053

Gross, K.L., Smith, A.D.,, 1991. Seed mass and
emergence time effects on performance of
Panicum  dichotomiflorum  Michx.  across
environments. Oecologia 87, 27M278.

Guillemin, J.P., Chauvel, B., 2011. Effects of the seed
weight and burial depth on the seed behavior of
common ragweed (Ambrosia artemisiifolia).
Weed Biol. Manag. 11, 21'8223.

Harper, J.L., 1977. Population biology of plants.
Academic Press, London, United Kingdom.

Harper, J.L., Lovell, P.H., Moore, K.G., 1970. The
shapes and sizes of seeds. Annu. Rev. Ecol. Syst.
1, 3273356.
doi:10.1146/annurev.es.01.110170.001551

Heckel, M.E., 1906S u rAmbro8ia artemisisefolial.
et sa naturalisation en France Bull. la Société Bot.
Fr.53, 6005620.
doi:10.1080/00378941.1906.10831212

Hotchkiss, E.E., DiTommaso, A., Brainard, D.C.,
Mohler, C.L., 2008.Survival and performance of
the invasive vine vincetoxicum rossicum
(Apocynaceae) from seeds of different embryo
number under two light envi ronments. Am. J.
Bot. 95, 4470453. doi:10.3732/ajb.95.4.447

-101-



Kazinczi, G., Béres, I., Novak, R., Bir6, K., Pathy, Z.,
2008. Common ragweed (Ambrosia
artemisiifolia): a review with special regards to
the results in Hungary. |I. Taxonomy, origin and
distribution, morphology, life cycle and
reproduction strategy. Herbologia 9, 55891.

Khan, M., Cavers, P.B., Kane, M., Thompson, K.,
1997. Role of the pigmented seed coat of proso
millet (Panicum miliaceum L.) in imbibition,
germination and seed persistence. Seed St Res.
7, 21626. doi:10.1017/S0960258500003329

Kleunen, M. Van, Fischer, M., Schmid, B., 2001.
Effects of intraspecific competition on size
variation and reproductive allocation in a clonal
plant. Oikos 94, 515524. doi:10.1034/j.1600
0706.2001.940313.x

Laaidi, M., Thibaudon, M., Besancenot, J.P., 2003.
Two statistical approaches to forecasting the
start and duration of the pollen season of
Ambrosia in the area of Lyon (France). Int. J.
Biometeorol. 48, 65373. doi:10.1007/s00484003-
0182-2

Leiblein-Wild, M.C., Kaviani, R., Tackenberg, O.,
2014. Germination and seedling frost tolerance
differ between the native and invasive range in
common ragweed. Oecologia 174, 73%750.
doi:10.1007/s00442013-2813-6

Lépez, M.G., Wulff, A.F., Poggio, L., Xifreda, C.C.,
2008. South  African fireweed  Senecio
madagascariensis (Asteraceae) in Argentina:
relevance of chromosome studies to its
systematics. Bot. J. Linn. Soc. 158, 68820.

Mand 8§k, B., Py Gek, P.,
quality, nitrate concentration and presence of
bracteoles on germination of different fruit types
in the heterocarpous Atriplex sagittata. Ecology
89, 1499158. doi:10.1046/j.1365
2745.2001.00537.x

Michaels, H.J., Benner, B., Hartgerink, A.P., Lee, T.D.,
Rice, S., Willson, M.F., Bertin, R.l., 1988eed size
variation: magnitude, distribution, and ecological
correlates. Evol. Ecol. 2, 153166.
doi:10.1007/BF02067274

Moegenburg, S.M., 1996. Sabal palmetto seed size:
causes of variation, choices of predators, and
consequences for seedlings. Oecologia D6, 53%
543. doi:10.1007/BF00329713

Moles, A.T., Ackerly, D.D., Tweddle, J.C., Dickie, J.B.,

Smith, R., Leishman, M.R., Mayfield, M.M., Pitman,
A., Wood, J.T., Westoby, M., 2007. Global patterns
in seed size. Glob. Ecol. Biogeogr. 16, 108116.
doi:10.1111/j.1466-822X.2006.00259.x

Monty, A., Bizoux, J.P., Escarré, J., Mahy, G., 2013.
Rapid plant invasion in distinct climates involves
different sources of phenotypic variation. PLoS
One 8, e55627.
doi:10.1371/journal.pone.0055627

Monty, A., Mahy, G., 2009. Cial differentiation
during invasion: Senecio inaequidens along
altitudinal gradients in Europe. Oecologia 159,
3050315. doi:(doi: 10.1007/s00442008-1228-2)

2 0 dpi110.1017/809602865508@8297 45

Paquin, V., Aarssen, L.W., 2004. Allometric gender
allocation in Ambrosia artemisiifolia (Asteraceae)
has adaptive plasticity. Am. J. Bot. 91, 439438.
doi:10.3732/ajb.91.3.430

Pitelka, L.F., Thayer, M.E., Hansen, S.B., 1983.
Variation in achene weight in Aster acuminatus.

Can. J. Bot.

Powell, A.A., 1989. The importance of genetically
determined seed coat characteristics to seed
quality in grain legumes. Ann. Bot. 63, 169175.

Qin, Z., Mao, D.J., Quan, G.M., Zhang, J., Xie, J.F.,
DiTommaso, A., 2012. Physiological and
morphological responses of invasive Ambrosia
artemisiifolia  (common ragweed) to different
irradiances. Botany 90, 12841294.
doi:10.1139/b2012-096

Rice, K.J., Dyer, A.R., 2001. Seed aging, delayed
germination and reduced competitive ability in
Bromus tectorum Plant Ecol. 155, 233243.

Roach, D.A., Wulff, R.D., 1987. Maternal eftgs in
plants. Annu. Rev. Ecol. Syst. 18, 2@235.
doi:(doi:10.1146/annurev.es.18.110187.001233)

Sako, Y., Regnier, E.E., Daoust, T., Fujimura, K., Kent
Harrison, S., McDonald, M.B., 2001. Computer
image analysis and classification of giant
ragweed seeds. Weed Sci. 49, 738745.
doi:10.1614/0043
1745(2001)049[0738:CIAACO]2.0.CO;2

Schutte, B.J., Regnier, E.E., Harrison, S.K., 200Be
association between seed size and seed longevity
among maternal families in Ambrosia trifida L.
populations. Seed Sci. Res. 8, 2015211.

of l'ight

Simons, A.M., Johnston, M.O., 2000. Variation in
seed traits of Lobelia inflata (Campanulaceae):
Sources and fithess consequences. Am. J. Bot. 87,
1245132. doi:10.2307/2656690

Skg§lov§g, H.,
traits, plasticity and local differentiation as
strategies of invasive species of Impatiens in
central Europe. Ann. Bot. 110, 14281438.
doi:10.1093/aob/mcr316

Sl atkin, M.,
Nature 250, 7043705.

Smith, C.C., Fretwell, S.D., 1974. The optimal balance
between size and number of offspring. Am. Nat.
108, 4993506. doi:10.1086/282929

Smith, M., Cecchi, L., Skjgth, C.A., Karrer,
gi koparija, B., 2013.
to environmental health in Europe. Environ. Int.
61, 1153126. doi:10.1016/j.envint.2013.08.005

Sober, V., Ramula, S., 2013. Seed number and
environmental conditions do not explain seed
size variability for the invasive herb Lupinus
polyphyllus. Plant Ecol. 214, 883892.
doi:10.1007/s11258-013-0216-8

Solomon, S., Qin, D., Manning, M., Marquis, M.,
Averyt, K., Tignor, M.M.B., LeRoy Miller, H., 2007.
Climate change 2007: the physical science basis.
Contribution of working group | to the fourth
assessment. Report of the Intergovernmental
Parel on Climate Change. Cambridge University
Press, Cambridge, United Kingdom.

1974. Hedgi ng

G.,

-102 -

Ha v,I12012. Serdiigy, V.

Common

PyGek, P.

oneds

evol uf

ragweed:



Stanton, M. L., 1984.
effect of seed size on components of seedling
and adult fitness. Ecology 65, 11091112.

Sultan, S.E., 2000. Phenotypic plastity for plant
development, function and life history. Trends
Plant Sci. 5, 538542. doi:10.1016/s1360
1385(00)01797%0

Susko, D.J., LovetDoust, L., 2000. Patterns of seed
mass variation and their effects on seedling traits
in Alliaria petiolata (Brassicaeae). Am. J. Bot. 87,
56066.

Tautenhahn, S., Heilmeier, H., Go, L., Klotz, S., Wirth,

C., 2008. On the biogeography of seed mass in
Germany - distribution  patterns  and

environmental correlates. Europe 31, 450468.
doi:10.1111/j.2008.0906 7590.05439.x

Tayeh A., Hufbauer, R.A., Estoup, A., Ravigné, V.,

Frachon, L., Facon, B., 2013Biological invasion
and biological control select for different life
histories. Nat. Commun. 6, 7268.
doi:10.1038/ncomms8268

Thompson, J.N., 1984. Variation among individual
seed masses in Lomatium grayi (Umbelliferae)
under controlled conditions: magnitude and
partitioning of the variance. Ecology.

Vange, V., Heuch, ., Vandvik, V., 2004. Do seed
mass and family affect germination and juvenile
performance in Knautia arvensi® A study using
failure-time methods. Acta Oecologica 25, 169
178. doi:10.1016/j.actao.2004.01.002

Venable, D.L., 1992. Siz&@umber trade-offs and the
variation of seed size with plant resource status.
Am. Nat. 140, 28©304. doi:10.1086/285413

S e e dvenabéer D.h.tBrowm J.B.n 1988i [Tk selectivé

interactions of dispersal, dormancy, and seed size
as adaptations for reducing risk in variable
environments. Am. Nat. 131, 36®384.
doi:10.1086/284795

Venable, D.L., Burquez, A.M., 1990. Quantitative
genetics of size, shage, life-history, and fruit
characteristics of the seed heteromorphic
composite Heterosperma pinnatum Il.
Correlation structure. Evolution (N. Y). 44, 1748
1763.

Washitani, I., Nishiyama, S., 1992. Effects of seed
size and seedling emergence time on the fithess
components of Ambrosia trifida and A.
artemisiaefolia var. elatior in competition with
grass perennials. Plant Species Biol. 7, X19.
doi:10.1111/j.1442-1984.1992.tb00238.x

Willis, S.G., Hulme, P.E.,
severity and variation in the reproductive traits of
Impatiens glandulifera. Funct. Ecol. 18, 883898.
doi:10.1111/j.0269-8463.2004.00907.x

Waulff, R.D., 1986. Seed size variation irDesmodium
paniculatum. 1l. Effects on seedling growth and
physiological performance. Ecology 74, 99114.

Wulff, R.D., 1986. Seed size variation irDesmodium
paniculatum. 1ll. Effects on reproductive yield and
competitive  ability. Ecology 74, 1150121.
doi:10.2307/2260352

Whyatt, J.E.,1977. Seed coat and water absorption
properties of seed of near-isogenic snap bean
lines differing in seed coat color. Am. Soc. Hortic.
Sci.

- 103 -

2004. Environmental

s h






Chapitre 5

Lion f | u e neffet deghreoritd &ur la performance
d Ambrosia artemisiifolla L. par rapport
Astéracees rudérales

Ortmans William, Mahy Grégory et Monty Arnaud

Article en préparationpour s oumi Weed Researdbans 0

L 8 a mb r opricsité, 3 jauns aprés la transplantation des autres espéces






ABSTRACT

In plant communities, species that start their development earlier than the others can
be advantaged, which can have an important impact on the community. This priority
effect can be of great importance in ruderal habitats where disturbances are frequent.
Ambrosia artemisiifolia L. is an invasive plant causing a health crisis in Europe due to
its allergenic pollen. This annual plant is highly impacted by competition, and is often
found in ruderal habitats. To test whether A. artemisiifolia is able to benefit more from
the priority effect than other species, we evaluate the impact of an earlier
development on the performance of 8 weeds. In addition to A. artemisiifolia, 7 annual
and ruderal species from the Asteraceae family were selected First, seedlings of each
species were planted alone in pots placed in a greenhouse. Three weeks later, the
seedlings of the 7 other species were added. After two months, the aboveground
biomass and the number of flower heads of each plant was measured. The results
showed that A. artemisiifolia benefited more from the priority than the other species,
up to multiplied its number of flower heads by 600 and its aboveground biomass by
30. Furthermore, A. artemisiifolia had the biggest negative impact on the species that
arrived afterward. These results highlight the greater advantage that A. artemisiifolia is
able to take when growing before its competitors.

Keywords: Arrival time; common ragweed; succession; earlier development;
interspecific competition

INTRODUCTION

Interspecific competitive relationships play a major role in the structure and
composition of ecological communities (Brown et al. 1996). After the cold season or a
vegetation disturbance, earlier development of a species gives it a competitive
advantage (Korner et al. 2008; Young et al. 2001). This situation can lead to a different
community structure than would be if all the spe cies began growth simultaneously
(Korner et al. 2008; Simberloff 2009; Young et al. 2001). This advantage given by the
temporal priority is the priority effect (Hodge et al. 1996; Younget al. 2001). This effect
shapes the community development in two ways. First, the species will face less
competition than later arriving species (Koérner et al. 2008; Symons & Arnott 2014).
Second, the species will exert a stronger competition on the other species, and thus,
reduce their establishment (Koérner et al. 2008).

Some factors can modulate the strength of the priority effect. The difference in arrival
time among species, due to e. g., variation in the germination time or dispersal time
(Symons & Arnott 2014), is the first determinant of the priority effect signi ficance

(Kérner et al. 2008). The characteristics of the species that compose the community,
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e.g., the competitive ability, the fecundity, and the growth rate are also of importance
(Young et al. 2001). The environmental conditions may also play a role, wih early
arriving species having a stronger advantage in productive environment than in
resource-limited situations, because the resources preemption is easier(Kardol et al.
2013).

Ruderal habitats are characterized by severe disturbance regimes, where pdial or
total destruction of the plant biomass arises from herbivores, pathogens, human
activities (trampling, mowing, plowing, etc.), or environmental events (strong wind,
frost, desiccation, soil erosion, fire, etc.). These habitats do not normally exHbit
important stresses to plant development (Grime 1977) In general, disturbances are
attended to increase the resource availability (White and Pickett, 1985, but see Sher
and Hyatt, 1999). Because priority effect depends on the resource availability(Kardol et
al. 2013), with un-used resources favoring the first arriving species(Davis et al. 2000),
the impacts of the priority effect on the community assembly could potentially be

strong in ruderal habitats and an important process among ruderal and weedy species.

In ruderal habitats, a selection for species with a phenology adapted to exploit the
temporarily favorable conditions may occur (Grime 1977) These species are described
as ruderal plants, and often share several features. For example, they ofterhave a
short life cycle, being annual, biennial, or short-lived perennial (Grime 1977) They also
share the capacity to exploit environment intermittently favorable condition, by being
able to show rapid plant growth, through high rates of dry matter produ ction (Baker
1965; Grime 1977) This feature allows the rapid completion of the life cycle, and
maximizes seed production (Grime 1977) Another feature of many ruderals, especially
weeds of arable fields, is the ability of buried seed to survive for long period in the soail,
and germinate rapidly when disturbance exposes the seed and when environmental
conditions are favorable (Baskin & Baskin 1980; Thompsoret al. 1997; Grime 1977)

In plant communities, the Asteraceae family is often very well represented because it is
one of the largest family worldwide (Weber 1997), and a large number of ruderal
belong to this group (Daehler 1998; Weber 1997) In this study, we aimed to compare
the benefit that 8 ruderal weeds from the Asteraceae family are able to take from the
priority effect. The species were selected among the species commonly occurring in
the ruderal habitats of Belgium. Among those species, we included A. artemisiifolia,
because it is an emerging invasive weed in Belgium that is causing a health cisis in
Europe due to its allergenic pollen. Furthermore, the species is able to create a
persistent soil seed bank in invaded areas (Fumanal et al. 2008a). Because the
disturbance seems to induce the germination of A. artemisiifolia seeds (Fumanal et al.

2008a), this seed bank ensures a rapid colonization of the habitat after perturbation. In
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addition, we aimed to analyze how the prioritized species impacted the subsequent
community development.

M ATERIAL AND METHODS

Studied species

In order to be able to compare the priority effect that each species was able to benefit
from, we needed the same comparison basis. The selected species were thus all from
the Asteraceae family, corresponded to the therophytes category of the Raunkiaer life-
form categorizing system (Raunkiaer 1934) and were all weeds occurring in ruderal
habitats or in field margins in Belgium. To select the species according to this
comparison basis, we listed the species growing in the surrounding of Gembloux,
Belgium, that were corresponding to this description. From this list, we selected the 7
following species that were well represented in our survey.

Crepis capillaris(L.) Wallr. is a very variable species. Its height can vary from 5 to 60 cm
and the flowering perio d is spread from June to October. Erigeron canadensid.. has a
height that varies from 15 to 90 cm, and its flowering is spread from June to October.
Native to North America, the species has spread over almost all the continents.
Glebionis segetum(L.) Four. has a height that varies from 30 to 60 cm, and it flowers
from June to September. Lapsana communisL. has a height that varies from 20 to 100
cm, and it flowers from June to September. Matricaria discoideaDC. is an exotic weed
native to North America and Northeast Asia which has become a cosmopolitan weed
of temperate regions. The plant height can vary from 5 to 30 cm and flowers between
June and November. Senecio vulgarisL. is a highly variable plant, which height varies
from 5 to 50 cm. It can produ ce flowers all the year. Sonchus aspelL.) Hill is an annual
or biennial widespread species that became sub cosmopolitan. The plant varies from
20 to 60 cm but can reach 200 cm. All these species can be commonly found in ruderal
habitat of Belgium, such as arable land, wasteland, roadsides, and railway ballasts
(Lambinon et al. 2004).

In addition to these species, we included A. artemisiifolia (common ragweed) that is an
emerging invasive weed in Belgium that also correspond to our comparison basis
(Asteraceae family, therophytes life form, and is a ruderal weed (Bassett & Crompton
1975)). The plant was introduced from North America to Europe more than a century
ago (Heckel, 1906), and hasspread in numerous European countries (Ortmans et al.
2016a; Chauvelet al. 2006). It is currently responsible of health crisis because of the
highly allergenic pollen it produces (Jager 2000) In the Atlantic eco-biogeographical
area, the plant height is usually ranging from 30 to 100 cm, and is flowering between
august to November (Lambinon et al. 2004). The invasion success appears to be
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closely linked to seed features (Ortmans et al. 2016b; Fumanal et al. 2007b). Once
introduced in a new area, the species is able to create a long lasting soil seed bank if
allowed to produce seeds (Ortmans et al., submitted; Thompson et al., 1997). This soil
seed bank ensures the persistence of the species in the area for sesral years, even if
the plants are destroyed after disturbance (Fumanalet al. 2008a).

Greenhouse experiment

The seeds of A. artemisiifolia were sampled during November 2013, in four
populations located in Belgium and France (Merksem, latitude: 51.2349°N, longitude:
4.4365°E; Spoy, 47.4415°N, 5.1948°E; Macon, 46.2973°N, 4.8334°E; Ramiere, 44.7478°N,
4.9182°E). The seeds were stored at 5°C, and moved to a wet substrate for the last 6
weeks of storage, to ensure their stratification. The seeds of G. segetum were
purchased in a seed producer (Ecosem, Corroyle-Grand, Belgium) on the 14" of
December 2014, and stored at room temperature for 3 months. The seeds of the other
species were gathered during the autumn 2014 in Gembloux (50.565°N; 4.703°E)
Belgium, along roadsides, field margins, wastelands, and fallows. The seeds were
stored at room temperature. For each species, the seeds from different location were
pooled by species.

First, 25 seedlings of each species were individually planted in 25 separated pot (25
pots for each species, totaling 200 pots). Three weeks later, 7 other seedlings (one per
species) were planted in the pots in order to have 1 seedling from 8 different species
in each pot, with one seedling 3 weeks older than the others. To carry out this scheme,
we planted the seedlings following two cohorts, temporally separated by three weeks.
The first cohort (C1) consisted in the prioritized individuals, planted alone in circular
pots of 14.8 cm diameter, filled with 10cm of the same substrate used for the
germination. The second cohort (C2) corresponds to the rest of the community,
planted 3 weeks after the C1, in the same pots. The experiment was performed in
Gembloux, Belgium, in a greenhouse. The greenhouse was automatically heated up to
20°C and lighted following a 16 hours ON/8 hours OFF cycle to promote seedling
growth.

To have a sufficient number of seedlings for the different cohorts, we seeded a large
number of seeds of each species in separated 54 x 39 cm rectangular receptacles, on
the 4™ of March 2015 (first cohort) and on the 25™ of March 2015 (second cohort). The
seeds were sewed on a water saturated substrate, made 0f34% universal potting soil
(Terofor, La plaine Chassart, Wagnelée, Belgium) and6% river sand (Dololux, Echt,
Netherlands).

The first cohort was transplanted on the 13" of March 2015, with each seedling placed

alone in a pot. The 25 seedlings of each species constituting the C1 were selected in
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order to have the least age variation among the transplanted seedlings (the maximum

age difference was 8 days) The C2 seedlings were transplanted onthe 3rd of April

2015. The seedlings plantation followed a circle pattern of 9cm diameter, with every
seedling at equal distance of two others. The species disposition along the circle was
random. On the 17" of April 2015, we performed a replacement of the dead seedlings

belonging to the second cohort. Following this date, the dead seedlings were not

replaced. The pots were watered every day, and randomized within the greenhouse
every two weeks. A pesticide (0.05g/l of acetamiprid, Multisect KB, Scotts benelux
bvba/sprl, Sint-Niklaas, Belgium) was applied on all the plants on the 28" of April

2015. The experiment ended on the 18" of May 2015, when the first plants were

starting to die.

Plant performance measurements

At the end of the experiment, the number of flower heads of each plant was counted.

Then, the plants were cut at ground level, and bagged in separated paper bag. The
bags were dried 48h at 80°C, then weighted at the nearest 10° g (Kern eg 420-3nm,
Balingen, Germany) to measure the aboveground biomass.

To assess the benefit from the priority, we calculated a number of flower head gain
and an above ground biomass gain for each C1 plants.The calculationis:

Oh'®E ——=—— @

Where @ is the performance of a C1 plant (0 < i O 25) and ® is the mean
performance of the C2 plants of the same species (0<sO 7 5) .

Statistical analysis

To test if the priority affected the number of flower heads and the aboveground
biomass of each species,analyses of variance (ANOVA) were performed separately for
each species. We included the cohort (C1, C2) as a fixed factor.

To explore the effect of the species identity on the number of flower heads gain, and
the aboveground biomass gain, we performed ANOVAs. We included species in
priority as a fixed factor. Then we perfor med

see which species had a significantly different gain for each performance.

To show the impact of the C1 plant on the C2 community, scatterplot were drawn
representing the influence of the mean performance gain of all the C1 plant of a given
species (xaxis) on the mean performance of the C2 community (the other species

constituti ng the subsequent cohort; y-axis).
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All statistical analyses were performed with Minitab® ver. 16.2.2 (Minitab Inc., State

College, Pennsylvania, USA). Scatterplots were drawn using R ver. 2.15.0 (R Foundation

for Statistical Computing, Vienna, Austria).

RESULTS

The descriptive statistics summarizing the performance reached by the different

species are given in Table 1, according to their cohort. Except forE. canadensighat did

not produced flower heads, all species had significantly increased their performance

when prioritized (all p-values < 0.001).

Table 1: Presentation of the sum, mean, and standard error of the mean (SE) of the

number of flower heads, and the mean and standard error of the mean of the

aboveground biomass reached by the species, accord

ing to their cohort. The C1 relates to

the prioritized plants and C2 to the subsequently arrived community. N is the number of

seedlings on which the mean performances were calculated.

Flower heads Biomass
Species Cohort N Sum Mean SEMean Mean SEMean
A. artemisiifolia  C1 25 181 7.24 2.03 3.10 0.19
Cc2 158 2 0.01 0.01 0.10 0.01
C. capillaris C1 23 606 26.35 7.39 3.12 0.36
Cc2 160 45 0.28 0.13 0.17 0.02
E. canadensis C1l 15 0.00 0.00 0.75 0.12
Cc2 168 0.00 0.00 0.06 0.01
G. segetum C1 25 464 18.56 1.27 5.87 0.29
Cc2 158 151 0.96 0.10 0.25 0.02
L. communis C1 24 1860 77.50 12.50 3.33 0.33
Cc2 159 206 1.30 0.25 0.17 0.01
M. discoidea C1 25 882 35.28 3.27 2.78 0.21
Cc2 158 343 2.17 0.22 0.13 0.01
S. vulgaris C1 24 2523 105.13 8.12 5.38 0.35
c2 159 1397 8.79 1.20 0.24 0.02
S. asper C1 22 503 22.86 1.84 4.47 0.33
c2 161 153 0.95 0.17 0.17 0.02

The relative gain given by the priority to the different species is illustrated at Figure 1.

Tukey®6s

mul tiple

comparisons

test

highlighted

gain: the first group stands for A. artemisiifolia that had a significantly greater gain of
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57096+16037 %, and the second group was formed by all the other species, ranging

from O to 9268+ 2629%. The biomass gain highlighted lighter differences among

species. The biggest gain was still observed forA. artemisiifolia that reached 3054+194

%. The Tukeyds multiple comparSiaspethareactedt showed
2609 £ 198% was not significantly different from the gain of A. artemisiifolia (Figure 1),

but the gain of the other species were lower from the gain of A. artemisifolia. E

canadensishad the lowest gain that reached 1076+183%.
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Figure 1: Histograms showing the gain from the priority effect for each species. A. Flower
heads gain (%); B. Aboveground biomass gain (%). The letters in the center of the

rectanglesrefer t o t he grouping of the Tukeyds multiple compsze

The scatterplots (Fig. 2) represent the influence of the gain from the priority of a
species (xaxis) on the corresponding performance of the rest of the community in the
same pot (y-axis). The peformance of the other species in the pot are averaged for the
number of flower heads (Figure 2A) and summed for the aboveground biomass
(Figure 2B).

The first scatterplot (Figure 2A) shows thatA. artemisiifolia, which has the biggest gain,
was among the species that had the biggest impact on the other species. S. asperwas
the species that had the biggest impact and M. discoidea the least. The second
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scatterplot (Figure 2B) shows thatA. artemisiifolia, which had also the biggest biomass
gain, was also me of the species that impacted the other species the most. Once
again, S. aspemwas the species that had the biggest impact and M. discoideathe least.
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Figure 2: Scatterplot representing the impact of the gain from the priority on the
performance of the other species. A. Impact of the flower heads gain of the prioritized
species (x-axis) on the mean number of flower heads of the other species (y  -axis); B.
Impact of the aboveground biomass gain of the prioritized species (x -axis) on the

aboveground biomas s of the rest of the community (y -axis).

DiscuUssION

The priority effect can have a particularly high importance for ruderal species, because
the long-term presence of those species is intrinsically linked to their ability to
recolonize the area after disturbance (Grime 1977) R-selected species are adaptedto
rapidly recover after disturbance, and often express feature allowing a fast
development: a short life span, a high seed production, a rapid relative growth rate,

and a short life cycle (Grime 1977) Small difference in their recovering speed can have
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a large impact on the community, through the priority effect. The results
demonstrated that A. artemisiifolia was able to take a bigger advantage from the
priority effect than the other species. Furthermore, this performance gain strongly
reduced the performance of the other species present in the pots.

It has already been documented that the species is able to quickly colonize recently
disturbed habitat thanks to its soil seed bank (Fumanal et al. 2008a), but this study
highlight how important the temporali ty of its development is. In priority, the species
increased its production of male flowers, which is concerning because of the allergies
that its pollen may cause, but also its aboveground biomass. Since this performance-
related trait is directly correlated to the seed production (Fumanal et al. 2007a), this
benefit from the priority can potentially have long lasting effect, by contribution to the
long-lasting soil seed bank. The seeds ofA. artemisiifolia, in top of being highly
variable (Ortmans et al. 2016b) which could allow the colonization of large range of
habitats (Willis & Hulme 2004), has complex dormancy mechanisms(Thompson et al.
1997; Willemsen 1972) Even ifA. artemisiifolia is replaced by perennial plants species
during later succession dages (Bazzaz 1979; Brandes & Nitzsche 2007; Fumanadt al.
2008b), dormant seed can quickly germinate after a disturbance of the vegetation
cover, allowing the successful colonization of early successional habitats (Brandes &
Nitzsche 2007; Fumanal et al. 2008b). The priority effect, through a better seed
production and a larger seed bank, may thus have a long-lasting effect, by promoting
the future recolonization of the area in the future. Such long term effect of the priority
are not unusual, and have ateady been shown for other species (Collinge & Ray 2009;
Grman & Suding 2010; Kdrneret al. 2008).

Depending on the species considered, the gain of development in priority, assessed
through the aboveground biomass gain, differently reduced the performance of the
other species that represented the competition in the pots. Although A. artemisiifolia
was not the species that reduced the performance of the rest of the community the

most, it nevertheless had a strong impact. This suggests that when A. artemisiifolia
successfully avoid the competition in its early stage, e.g., by an earlier germination, it
could subsequently be able to prevent the other species from growing normally.

S. aspelis the species that had the biggest impact on the community when priori tized.
Its performance gain from the priority was also one of the highest. This may be
explained by the species higher growth rate witnessed during the experiment, and its
leaves arrangement in rosette, which could have disturbed the other species. Although
that G. segetumhad a much smaller aboveground biomass gain, its impact on the
community was nearly the same than A. artemisiifolia. That could be explained by the
fact that G. segetumproduced more biomass than A. artemisiifolia when prioritized,
impacting more the other species of the community than A. artemisiifolia even if both
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species had the same gain of performance in priority. E. canadensids the species that
benefited the least from the priority. Furthermore, the plant did not produce flowers in
any cohort. In priority, the species had the lowest aboveground biomass. These
observations could be explained by a slower growth rate compared to the other
species. The survival of the species may not be dependent on a fast development,
reducing the impact of the priority effect. The species strategies may bet on a good
competitive ability, ensuring the species place in later successional stagesM. discoidea
is the species that had the least impact on the community when prioritized. That could
also be explained by the mean aboveground biomass of the species in the initial
cohort: besides E. canadensisthe species had the lowest above ground biomass in the
priority cohort. That could also be a sign of a slower development compared to the
other studied species, and of another strategy of survival than a pure Rselected
strategy (Grime 1977)

The selection of the species was made in order to have the same comparison basis.
However, the species varied in their phenology. For example,A. artemisiifolia normally

start the flower heads production later in the summer than the other species, and S.
vulgaris is able to produce flower almost thorough the year (Lambinon et al. 2004).

But, except for E. canadensisall the species were able to produce flower heads in the

allotted time, making the choice of the species still relevant. Furthermore, the

experimental design simulates the situation that occurs in spring, when the vegetation

restarts to grow after the winter.

This work brings new elements to the understanding of how A. artemisiifolia thrives
with its competitors. A. artemisiifolia is able to survive in various plant communities,
thanks to its high phenotypic plasticity and its wide ecological tolerance (Leiblein-Wild
& Tackenberg 2014; Ortmanset al. 2016a; Fumanalet al. 2008b). However, the species
is highly impacted by competition, and appears to be dependent of disturbances that
reduce the competition level of later successional vegetation to successfully colonize
the habitat (Bazzaz 1979; Brandes &Nitzsche 2007; Fumanaletal.2 0 0 8 b ; Letskov Gek
al. 2012). Moreover, Fenesiet al. (2014) showed that A. artemisiifolia can delay its seed
germination and reduce the germination fraction in the presence of competitors,
highlighting a competition avoidan ce strategy. Our results point in the same direction.
The greater benefit from the priority could have been selected in order to complete
with the competition avoidance strategy. With a bigger advantage from the priority,
the species enable the quick colonization of the habitat after disturbance, and its
establishment. The priority effect, could thus play an important role in the species

establishment, and may even influence the invasion success in itself.

Since this study used transplanted plants to control the arrival time and the fine
understanding of plant -to-plant competition relationship, the germination dynamics
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of the different species was not taken into account. Further research should take into
account the germination dynamic among species in naturae, within a real ruderal
community after disturbance. Extending also the study period to several years could
allow the understanding of how native vegetation is able to suppress A. artemisiifolia,

depending on arrival time.

This work demonstrated the importance of maintaining native vegetation in invaded
areas, since the growth of A. artemisiifolia without competition decuples its
reproductive performance. This also gives important clues regarding the management
of the species in invaded areas: the avoidance of unnecessary disturbances is the first
thing, but the artificial vegetation restoration of accidentally or necessary disturbed
habitat can also have good results as showed in other studies(Gentili et al. 2015; Perry
et al. 2009). Furthermore, this dudy highlight the importance of the timing of the
restoration, that have to be performed as soon as the as the disturbance had
happened, because it has a significant influence onA. artemisiifolia performance.
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Chapitre 6

Discussion et conclusions






Durant les différentes études décrites dansles chapitres précédents nous avons testé

| dhypot h se qu eactlefied@tairlimitéa v@rs le Nads i oma we dimad 6

local défavorable ou d @ine compétition interspécifique trop importante. Nos résultats

nous m nent 7 rejeter cette hyatodidatiosdans pui squ o :
leszonesau nord de | daire doéinvasion actuelle nb6a ¢

que ce soit dans les habitats rudéraux ou agricoles.

Classiquement, b future distribution d éspeces invasivese s t pr®dite ° | 6ai de
mod®l i sati on mat h®mati que qui s 0 a p Pprédise sur de
enregistr®s dans | 6ai (GaliendeHal. p0d0). Ce® madélisators | d e s p  cC €
sont i nd®ni abl ement int ®ressantes pour beaucc
(Jarnevich and Stohlgren 2009, Gallienet al. 2010), par exemple dans le catexte de

| i nfluence du r®chauffement cl i fhgmansgande s ur I a

Graham 2006, Jarnevich and Stohlgren 2009) M° me S i " | 6heur e act u
modélisations sont de plus en plus puissantes, et prennent en compte de plus en plus

de parametres écologiques (Beaumont et al. 2009, Albright et al. 2010, Gallienet al.

2010), la qualité de leur pouvoir prédictif est limité e p u i s gsuné pduJerd prendre

en compte | 0®col ogi e(Austin B80p7). D¢ mus, dee mdddlisatiops c e

ne permettent pas la compréhension des mécanismes impliqués dans le succés de

| 6 i anv2assile cadre de cette thése de doctorat, nousavons choisi de suivre une

approche expérimentale, permettant d 8 ®t udi er | desp ce en dehors de
exsi tu), et ddobserver | fowac o gy plusimwesdadtars f ac e
environnementaux. Bien que ces manipulations soient souvent plus difficiles a mettre

en 1 uellespermettent d 6 e f f e c testsalrd h g/ e wstdhd asuaoeirépétabilité

des mesuresetd 6 o b tuenrei Mme i | | eur e compr ®hlehss pnceale | 6®cC

Dans lessections suivantes, nousanalyserons lesréles joués par les différents facteurs
que nous avons étudiés s ur |l e comportement dden |tdierspr cdes

concl usi ons s u asibreet sgrdes pistes de redherchesdutures.

LA NATURALISATION N GEST PAS LIMITEE PAREECLIMAT LOCAL

Beaucoup do®tudes ont d®j - mis en ®vidence un
di stribution does pindigenes,(Sexion anel letl ab 2009s Stan®m t

Geddes et al. 2012) ou invasives (Pattison and Mack 2009, Sexton andet al. 2009,

Alexander and Edwards 2010) Par exemple, Willis & Hulme (2002) ont montré que

| 6ai r e ddémpatigna glandutiferadRoyle était limitée par le climat local en

Angleterre, principalement a cause de somme de températures trop faible durant la

saison de végétation. Beerling et al. (1994) montrent un réle limitant du climat local

pour | 6 i nhallogia japonicadHoutt., dans les régions ou les précipitations

estivales sont trop faibles, ou dans les situations ou les vents printaniers sont tellement

vi ol ent s qu fegféudles de®plantuléss e n t
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Dans ce travail nous avons testé sile climat local limitait | 6 i nv a s Belgiquegar | a

| & a mb rCette Emite peut agir a differentsmomentsau cours de |l a vie d6éune pl
Considérons un lot de graines dispersé accidentellement dans un habitat favorable,

sans compétition. En premier liey, le climat peut influencer la survie de la graine.

Toutefois, différents auteursont montr ® que |l es graimnads ddambroisie
survivre de nombreuses années dans le sol (Fumanal et al. 2008a, Guillemin and

Chauvel 2011) L 6 hy p ot hle cimat mput Bmiter la survie des graines en Europe

de | 60Ouest est donc i mprobable.

Le climat local peut également affecter leur germination. Pourqu dune graine ger me, i
faut que les conditions environnementales soient favorables et que la dormance soit

levée (Shresthaet al. 1999, Fenesiet al. 2014). Dans les régions méditerranéennespar

exemple, les températures hivernales sont trop élevées pour permettre la bonne

stratification des grainesd 6 a mb r($hresthaet al. 1999). Dans le jardin expérimental

(Chapitre 3), nous avons montré que le climat permettait une bonne stratification des

graines, ai nsi qudune l evR® ex p@roirearamd e eme s haprmkamd u
controlée (Chapitre 4) a montré que dans les conditions de température

correspondant a un printemps belge, les germinations se produisaient plus

tardivement et étaient moins importante s que dans les conditions correspondant a un

climat plus chaud (84.4% contre 92.9%) Bien que ces derniéres dbservations puissent

°tre un signal déun eff et | i md pticdaniéres,dlet condi tions
peuprobablequ d el | es” sluifriitseerntl 6i nvasi on en Bel gique.

Une fois les graines germées, le climat doit permettre aux plantules de survivre et de
grandir | us qu obans leschantires daailtules (@apitre 4), les plantules
se développaient moins rapidement dans la chambre aux conditions de températures
plus froides. Toutefois, la difféerence de mortalité entre les deux traitements imposés
était faible et non significative (données non montrées ; F gos=0.5, P=0.478). Dans le
jardin expérimental (Chapitre 3), nous avons remarqué que le nombre de plantules
présentes dans lesplacettes a diminué au cours de la saison de végtation (données
non montrées). Toutefois, cette diminution était probablement due a la trés grande
compétition intra spécifique que subissaent les plantules (la densité moyenne en aalt

était égale a 1019 plantules /m2).

Une fois le stade adulte atteint, le climat doit permettre aux plantes de produire des

graines matures.Di f f ®r ent s auteurs ont d®crit que | dinvasi
limtéeaunor d de |cdrEespremigres gelées automnales détruisent les plantes

avant que | es gr ai matsrité.n(aatin etralt 2008,tChapramét al.l e u r

2014). Cette situation peut étre observée si le développement de la plante est ralenti

du fait de conditions climatiques défavorables durant la période de végétation. En

Europe Centrale par exemple, des températures moyennes mensuelles trop basses
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durant | 6 ®t ® e3cdmmedlé @us lindtanndes facte®s abiotiques pour

I 6 i n v(Bsslet al.2009). Dans les régions méditerranéennes, ¢ développement de

Gesp ce esttromi f@i pbaAersder ®c (Chapmhaadétal.®01d). dur ant |
Dans notre ®tude des perf or fBaspnaneelgigdeecet énd ambr oi s
France (Qapitre 2), ous avons observ® que | es plants ddan
des populations belges avaient des performances comparables a elles des

populations francaises. Ces performances étaient autant liées a la croissancdiomasse
a®rienne) qud” la reproduction (allocation de |
des graines).De plus, dans le jardin expérimental (Gapitre3) , | es i ndi vidus ddal
que nous avions introduits ont produit de grandes quantités de graines (données non

montrées), et de descendants (la moyenne dul par pétaiaégad a 346, et la

banque de graines formée était co mpar abl e ° celle que |1 don peu
populations invasives de France: 306 graines/m2).

Au vu de ces résultats et de cesr e mar que s, nous pouvons conclur
improbable que le climat joue un réle limitantdans | a natur ali sation et | ©
| 6esp ce e@Ge rBdtatgst que®r ent avec |l es ®tudes r®al.
auteurs surDandsambewri saret.i cl e de Eslgtalt(®I3 e sur | 0
proposentunecartedu monde repr ®sentant | a distribution
base de sa répartition actuelle (Figure 12). Sur cette carte, on peut observer que le

climat de | 8Europe de | d8Ouest est Fijued2aby abl e au

ce qui est en accord avec nos observationsDans | eur r appBullockesur | 6desp
al. (2012) présentent la température comme étant le facteur abiotique le plus

susceptible de | imiter | dinvasion de | desp ce.
de température de la plupart des régio n s de | 6Eur ope sont si mil
rencontr ®es dans | drad mce @réd mak Ige®nlad& i, n was iqaurn de ¢
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Figure 12 : (a) Répartition actuelle d Ambrosia artemisiifolia L . et (b) projection du
modeledela di stri buti on potentielle de | 6espFigue sur base de s:
adaptée de Esslet al. (2015).

LA COMPETITION INTERSPEIFIQUE : UNE CONFRONTATION EVITEE

Comme discut® danbal 6anoheoddcEtuirom,e de | d83Ouest noa,
contenir de prédateurs pouvant empécher la naturalisation de |aénbroisie (Genton

2005, Miiller-Schéreret al. 2014). La compétition interspécifique est donc le principal

facteur biotique pouvant I imiter | a natwuralisation
réle de ce facteur dans la limitation de la distribution des espéces estldun des pl us

étudiés (MacArthur 1972, Anderson et al. 2002, Peterson 2003, Theoharides and Dukes

2007, Pattison and Mack 2009, Sexton andet al. 2009). Ma | gr ® q uexdluteureui s s e

pl ante i nvasi wagté, tiniter ses pedfoormameeset | i mi ter | daire doéinva
en combinaison avec do6aut r @MacArthar 4972 Andgsore nvi r onnement
et al. 2002, Peterson 2003) ce seul facteur peut rarement completement exclure une

pl ante i nvasi ({lLevingebal 2004 Fheoharideoaind Dukes 2007)
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Puisque 6 a mb r o i s iadventice tles aultuess de printemps (Bazzaz 1974, Bassett

and Crompton 1975), dans quel | e me s ur e-ellel dfeenge pa lae s t
compétition interspécifique au sein de cet habitat ? Dans le Chapitre 3, nous avons

montré que ce type de compétition avait significativement réduit | 8 e s @gceupéepar

Il es plants dodancelanodiasviaei,t npaaiss egquisigmificaticesr a®quenc e
biomasse, le nombre de descendants, et la banque de graines formée. Cette

contribution constante a la génération suivante, bien que la morphologie d es plants
déambroisie ait ®t® <ipa laprésenceade fomnmsuolesautigneé nf | uenc @
lagrande t ol ®r an c espd®e, mét ergévidence undr@e dd |1 plasticité

phénotypique et dénonce la pauvre capacité des tournesols a concurrencer

| & a mb rCesirésultas pourraient laisser penser que les habitats agricoles pourraient

°tre facil ement envahi s lepdesign dxgerdnmarital deicette e . Cepen
®tude ndavait pas comme objectif de tester | di
tester si l e climat bel ge permettait ~ | dambroi
déobserver |l es e f f edustourdesol surala dyramgu® tdé teis o n

populations. Dans des conditions réelles de culture, diverses bonnes pratiques

r®dui sent tr s fortement l i nvasibilit® de cet
cultures dans |l a rotation, l a r ®al des,aettle on ddun
désherbage mécanique tel que le binage (consulter le site Infloweb (www.infloweb.fr/)

ou c el Wbsendteire He8 Ambroisies (http://www.ambroisie.info/ ) pour plus

déi nf osgnant i loems bonnes prat i. jucunesde ces techmigpes | 6 a mbr o
ndété utlisteedans notre exp®rience, af ipnncipdlede ne pas n
léfude. IO i nt er pr ® tésultais aoit dahe &re mationalisée. 1 serait ddéai l
i nt ®r essant de pr®voir une autre ®tude testant
surl a dynami gue des p o pen koaditions nésllesdiéd gestibnrdesi s i e
adventices.

Dans les milieux rudéraux, ele profite des perturbations de la végétation pour

sdinstaller, et |lsdrispue adss emdr, t Urdleastpi cre | ai s s €
de végétation plus avancés( Baz zaz 19 7 4t al. 2082s Geatili & alk2015).
Pui sque | 6esp ce est document ®e comme ®tant 1inc

compétition interspécifique trop importants, ce facteur pourrait donc jouer un role

limitant dans son établissement dans les habitats naturels.Estce que la flore indigéne

oppose une r®sistance au d®vel oppeme?bDansde | desp
le Chapitre 2, il a été observé que cette compétition avait un impact significatif sur la

surface foliaire spécifique, sans altérer la biomasse aérienne(Chapitre 2). Ceci montre

quel desp ce das suppartarpdasbconditions environnementales stressantes

sans pour autant diminuer ses performances. Rappelons néanmoins que les niveaux de
comp®tition test®s sont ceux r eiadeshpossi®es autour
que nous soyons passés a c6té de situations ou la compétition interspécifique est trop

importante pour permettre le développement de la plante. Toutefois, cette expérience
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montre que dans | es habitats rud®r enukuropede | 6esp ce est
| Guest, les niveaux de compétition interspécifique ne parviennent pas a limiter les
performances des individus.Nous ndavons pas mis en ®vidence doint ¢
paramétres climatiquesd e | a z o0 n et lad dbropétitian idane la variation des
performances, ce qui suggere que lacomp®t i ti on en Belgique nbéoppose p
r ®si stanceChapird2.i | | eur s

Comment | 6 e seffe assurer psenu tléveloppement, malgré une grande

sensibilité a la compétition ? La réponse peut étre ure str at ®gi e doé®vitement de
compétition. Dans le Chapitre 5, nous avons montr® que | 6ambroisie ®t:
tirer un bénéfice beaucoup plus important d 0 effet de prioritt que dbdautres esp ces
rudérales de la méme famille. De plus, lorsque plantée en priorité, | 6 ambr oi si e ®t ai t

| 6une des esp ces ayant Il e pl planteg(€Chapitre b)mp a ct n®gatif
Nildi mportance de | a temporalit® du d®vel oppement d e
reste de la communauté, ni le gain de per f or mance que | desp ce pouvait

développement précoce, n dvaient déja été montrés. Si la vitesse de germination des
graines aprées perturbation rend possible le développement de la plante avant le reste

de | a communaut ®, | 6 & inle rivenires idsft rpaotu®@ griae td Gb&Wwni® e me n't d
compétition . La banque de graines peut ddailleurs permett
r®apparaitre dans | dhabitat | orsqudune perturbation
Ces résultatsd ®mont rent | dessayprode tinditer des pedudbations de la

végétation dans les zones envahies(Gentili et al. 2015, Observatoire des Ambroisies

2016). Toutefois, il faut garderal 6 espr i t gue cette exp®rience a ®t®
conditions semi-controlées (au sein de pots placés en serre), et sur base ddune
transplantation des individus. Ces choix méthodologiques nécessaires a la mise en

l umi "re de | 0ef f eétre atdiciepemendfavorisé® Goamtb (phedtse e

est résistante a la sécheresse, et réagibien a des températures plus élevées Fumanal

et al. 2008b; Esslet al. 2015). Dans des conditions naturelles aux températures moins

favorables, les espéeces indigénes seraient peutttre plus compétitrices e t | 6ef fet de
priorit® pourrait °tre gomm® par l a germination ®t
pourraient étre élucidésl or s d 0 ® expénimentatibns @mplémentaires.

Ces remarques s u r une ®ventuelle strat®gie doé®vitement d
| 6 a mb sontitasitef@s cohérentes avec b nature rudéraled e | 0 €Bazzaz A4,

MacDonald 2009, Gentili et al. 2015), et avec lesrécentes®t udes men®es par ddautre
auteurs. En effet,Fenesiet al. 2014)ont ®gal ement montr ® une strat®gi e
del a comp®titi on erpmésance ldé eomeiiticneinterspécifique, la

germination des graines était retardée, et la fraction des graines qui germait était

également réduite. De telles stratégies ont déja été montréespour ddautres esp ces
invasives des milieux rudéraux. Par exemple, [@xalis pescaprae L. est une espéece
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invasive supportant trés mal la compétition, qui dépend des perturbations pour
s 0 i n set qui $eeretrouve principalement dans les habitats rudéraux (Sala et al.
2007). Dans leur étude sur Senecio inaequidensDC, Cano et al. (2007) ont démontré
| i mportance de ahsal 6t®¢ mpd i = Is & tp@ntetdDars eles |
communautés végétales méditerranéennes, tous les habitats peuvent étre envahis par

la plante si une perturbation a lieu juste avant son introduction. Par contre, la réussite

de | d0®t akbelni slsBeanbesnetnc e de p derla saisobdurant aquellel ®p e n d

| iriroduction a lieu. Durant le printemps, la compétition de la végétation réduit trop

fortement la survie des individus,t andi s quden automne, | &i
possible (Cano et al. 2007).

Malgré les différences de niveaux de compétition interspécifique rencontrées dans les
chapitres 3 et 4, ainsi que les différencesde conditions climatiques rencontrées dansle
chapitre 2, | 6esp ce est p a r es egerformmancés refativénent e ni r

constantes. Ce résultat pourrait &tre un effet de la plasticité phénotypique : gréce a la

nvasi

S

plasticité de se s traits physi ol ogi gu e sce murraitnéber phol ogi q

parvenue a maintenir ses performances constantes a travers les différentes conditions

environnement al es r e nJiackofial-t@des voir Riahardscenal. d d u n

2006).Co mme mo nt r @regpespéces invdsiaes, la plasticité phénotypique peut

jouer un rlle tr s i mport a®uitan 208ln Richdrdsetad.ucc s de
2006, Genget al. 2007, Poulinet al. 2007, Monty et al. 2013). Toutefois, cette question

nda pas ®t ® sp®cifiquement adr eet de® étudesa n s e ¢
supplémentaires sont donc nécessaires avant de se prononcer sur le réle de la

plasticité phénotypigue dans | e succ s de | dinvasion de 6 a ml
En conclusion, méme si un niveau de compétition interspécifique imp ortant peut

l'imiter | 0@t abnl®imes d neastuoisie (Bazzad £974) ude stratégie
do®vitement de | a cdodn®pvRtti ditiatoonebn effet, lephabitatse t

envahis par | 6esp ce (1l es cultures pnti ntani r e
souvent de faibles niveaux de comp®tition. Ce

suffisant pour opposer un freinofdldenhbaraki

actuellement envahie.
L AMBROISIE ; UN MODELE COMPLEXE
Un modeéle variable

Lédambroi si e edentla variabilitéeasd@ja étéaapportée dans la littérature,

tant au niveau de sa génétique (Gentonetal. 2005, qudau niveau sssu ph®not)

individus (Leiblein-Wild and Tackenberg 2014) ou de ses graines (Fumanal et al.
2007b).
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Dans notre étude, cette variabilité nous est également apparue a plusieurs niveaux.

Dans le chapitre 4, la morphologie ainsi que la vitesse de germination des graines se

sont révélées étre trés variables. La variabilit® sdest aussi expri m®e
des plants. Par exemple, dans le hapitre 2, la taille des individus portant des graines

dans les milieux rudéraux variait entre 6 et 156 cm. Dans | 6 habi t atauxagri col e
conditions homogenes du chapitre 3, nous avons vu que la taille des plants

d 6 a mb racunesdate précise (1 aout 2013)ete n | & a b T@MpAiteon , dagiait

entre 35 et 115 cm.

La production de graines variablesp e u t permettre |l a survie de | desp c.
large gamme de conditions environnementales (Fenner and Thompson 2005) Cette
caract®ristique joue probabl ement un r*l e dans | e

N

stratégie de minimisation des risques pet-hedging strategy ; Venable & Brown 1988;

Philippi 1993). Cette strat®gie mise swirunérmeilduei t qubune esrg
valeur sélective en diversifiant les phénotypes produits (par exemple, produire des

petites et des gr osses gngaementus phérmptypg € moygnmo dui s ant
(dans notre exemple, des graines de taille moyenne; Philippi 1993). Elle augmente

donc sa probabilité de préadaptation a un environnement dont les conditions sont

variables ou imprédictibles (Venable and Brown 1988) Cultures de printemps, bords

de route, berges d e c o ur shallds eda chemins de fer: la variabilité des

conditions environnementales des habitats que | 6 e s p  chel ee sd 6 ecnavpaah i r ndest
pas commune a toutes les espéces invasives, et cela est peut étre di a cette grande

variabilité phénotypique.

La variation phénotypique est souvent structurée par les conditions environnementales

(Venable 1992, Tautenhahnet al. 2008), qudell es sso(Kodnmahn aadb i ot i qu e

Bafiuelos 2004, Moleset al. 2007, Monty and Mahy 2009) ou biotiques (Brown et al.

1996, Ricklefs and Miller 2005, Sexton andet al. 2009). Toutefois, dans nos études

successives] a variation ph®not ypicogélée aldlatitudefreaup ce nd®t ai t
climat local, ni aux niveaux de compétition observés (Chapitre 2). Par ailleurs, le traits

de | a graine ndavaient quodéun i mpact mod®r ® sur | e d
néavons donc pas pu met prnapaue structutamia varisionl es f act eur s

ph®notypique de | desp ce. Cette variahbiltéi on vient pro
g®n®ti que, typique " Il i nvasi on de | 6esp ce bas ®e
ddi nt r o(Gentort ét aln2005, Chun et al. 2010). Toutefois, cette variabilité de

| 6esp ce ndodsuatnspdse wWmimpiewme des invasions v®g®tal es.

montré de fortes variations phénotypique s chez des espéces invasives(Sutan 2001,
Niinemets et al. 2003, Monty 2009, Davidsonet al. 2011).
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Mal gr® | 6i mportance do6®tudier | desp ce du f ai
engendre, sa trés grande variabilité peut gommer I6i nf |l uence de aertains
rendred i f f imelgdnee dé pat@n (Leiblein-Wild and Tackenberg 2014)

Un modele aladynamiqgue d 6i nt roduction particuli re

Nombre ddauteur ss’sel as odnytn aimmitqRuree sds6® nt r oducti on
chez | 6 a@entoncet ab. 2085, Brandes and Nitzsche 2006, Chauveét al. 2006,
Chauvel and Cadet 2011, Gladieuxet al. 2011). Ldi nvasi on bm@ass®hdeci e doéune
propagules trés importante, assurée par diverses activités humaines (voir la partie
eLdéinvasion de | 6ambr os),gui propagant [ESwrainggsatred e | d OQues
longue distance. De ce fait, des auteurs ont mis en évidence différentes source

ddintroduction menant N une grande diversit® g
(Genton et al. 2005), ainsi qudun gr an(€hubet & 2EL@),gréantg ®n ®t i g U €
de nouvelles combinaisons g®n®t i Ghenset ghar rappo

2010, Hodgins and Rieseberg 2011) Cet état de fait peut mener a de fausses
interprétations : deux populations proches géographiquement ne sont pas forcément

prochesg ® n ®t i que ment , p u iésegasueede pagents teDanignNésp keau t

propagatonde | 6esp ce | e |l ong ddédune structure |in®a
de route peut étre le fait d e I a di spersion naturell e de | ©
ddintroductions successives par | es activit®s a

coincées dans despneus depuis des centaines de kilométres et subitement libérées).
De la méme maniére, une population présente en un endroit donné depuis des
di zaines dféann®es peut stnsuRkhamsonetal 2000) suGe et ®t al

| 6inverse wune population fugace qui ne se mai
constante de nouvelles propagules (par exempl e,
traitant des | ots de graines de tournesol cont
popul ati ons et de cel |l e dréfleXiod étone predéenocenaccaix i ge donc

Un modele dangereux

Au vu de la dangerosité de son pollen, des précautions particuliéres doivent étre
observées lors de la manipulation de la plante et doivent étre prévues lors du design
exp®ri mental. Ces pr®cautions comprennent | e po

(masque, gants, combinaison...) mais également des mesures sanitaires comme la

construction de structure pol |l en p r o ouf autour
| 6a®r ation/ nettoyage r®gulier ddune serre |l ors
certaines études plus couteuses et plus pénibles a réaliserp o u r | 6exp®ri ment at

Certaines études deviennent méme impossibles a mener en toute sécurité, par

exemple dans des situations trop confinées telesqu dun | aboratoire ou wune
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de culture. Le bon d®roul ement de | 6®tude peut ®gal
que suscite la plante : vandalisme, interdiction de cultiver la plante, etc.

Nous pouvons donc observerqu el ques r ®ti cences ~ | a recommandati o
en tant gue meal lanaure ddib§ricnatijee.des invasions biologiques
(Arim et al. 200 6, Ri chardson,ilasbd IPy Géhkhi 201l A2) ®ressant do ®t

chaquecasd 8 i nv,atgliffdrci | e dd&en t i.Deenrs dlees cgaRen e lli@a@®mbr oi si
ces remarques sont partc ul i " r ement vraies. La variabilit® que
est fascinante etbi en que compl exe, l a dynamique doéintroduct

des habitats est tout a fait intéressante. Cependant, ces traits rendent difficiles le test

ddhypot h nmemencetde patio® t h®or i ques sur base desquel s | ©
pourrait °tre compar ®e ° Dd plasudardangerostés g c e s i nvasi Ve
manipulation rend clairement son choix en tant que mod | e do6®t udem di scutabl e

tous cas pour certaines expériences. Ce choix doit donc se faire en connaissance de
cause, et en ad®quation avec | 6objectif poursuivi

UN FUTUR INCERTAIN

Dans ce travail, nousavons tenté de mettre en évidence des facteurs qui pourraient

i miter | 66atemrsiddm nd amsiedlord, eteeh padituliee vers &

Belgique. L e s r®sul t at s auaurd effettlimitanh dui ajrma® local sur le

d®vel oppementdaté&s doree mnsidécées Chapitre 2) . De pl us, | 6esp ce
apparait tout a fait capable de se reproduire sansi nt er venti ondamdé& | 6 ho mme

zone ou elle était précédemment décrite comme non-naturalisée (Figure 6). Ces

résultats vont dans le méme sensqueless observations dodoexperts r®alis®es
tel que Verloove (2016). Ce travail per met donc doéobjectiver | es
dans |l a |itt®rature grise, et dcapfafbil remeard aggwairledesp

le maintien de ses populations sans un gport anthropique de propagules en Belgique
(Chapitre 2). L6 esp ce a donc ter min® (sesnauRiphardssneet de natur al i s

al. 2000), et son statut devrait donc étre mis a jour dans les flores et autres documents

officiels.
Ces r®sultats d®noncent un potenti el dédinvasi on da
actuelleme n t envahie. En effet, une fois introduite da

capable de produire un grand nombre de graines (Chapitre 2) et de descendants
(Chapitre 3).Comment expl i quer qu e séirdmtsrplisée dans laq u i apparait
zone considérée (Bdgique, sud des PaysBas,ouestde | 6 Al | emagne) , ne devient

invasive comme dans les régions plus ausud d ans H 0 ianv d&igurecbh? La

r®ponse pourrait r ®si der dans une i mitation de I
ddi nv dasdisparsionestpri nci pal ement effectu®e par | 6homme
dans | 8 ainmfancase.iEn effat$es graines sont colportées par les machines

agricoles, par des semences ou &s graines pour oiseaux contaminées, etc. (Bohren
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2006, Brandes and Nitzsche 2006, 2007, Chauvekt al. 2006). Des différences de

pratiques agricoles, de réglementation, ou de gestion des espaces naturels en

Bel gi que pourraient °tre |l a cause de cette | i mi
rencontre en Belgique ne sont pas les mémes que dans le centre de la France. Par

exemple, la culture du tournesol, q u i est l a plus envahti e par I
beaucoup plus rare au nord de la Bourgogne (AGRESTE Mi ni st re de | dagric
2010). La diminution des habitats favopeuabl es au
également limiter sa dispersion (Pulliam 2000, Cunzeet al. 2013).

Quelle influence pouvons-nous attendre du changement climatique dans le futur de
I 6 i nwvaCefteoquestion a été régulierement posée ces dernieres années par
différents auteurs (consulter par exemple Bullock et al. 2012; Chapman et al. 2014;
Cunzeet al. 2013; Petitpierre et al. 2012). Leurs études modélisant la distribution future

de | 6ambroisie sous | &6i nf |,prédsenequeldlas étésiplasn g e ment c
chauds et les gelées automnales plus tardives va t permettre | dextensior
envahie vers leNord. D6un point de vue <climatique, ces mo

territoires pouvant °tre envahis pauddelladesp ce e
Scandinavie. Al 8i nver se, l es teouditdei rledsailres dpli msy aa o
deviendront trop chauds et trop secsen ®t ® pour permettre | a survi
revue de la littérature synthétisant ces remarques est disponible dansEsslet al. 2015).
Nos résultats sont cohérents avec ces observations. En2014, lors de la deuxiéme
saison de végétation dans le jardin expérimental, une année exceptionnellement

chaude a été observée et ces conditions de température anor mal es ndont p e

empéché une croissance importante d e | 6 gGhapitre &). Dans un avenir sous
| 6influence du changement climatique, il est d
ddinvasion ser &ord avori s®e vers | e

LES FERSPECTIVE®E&TUDE

Nous | davons :d®jé"i nivi)atsri @dvu idte | 6 ambr o,ietsfaite =~ f eui |
encore,| dobj et doéun ef f or t Bidnequerneus &ans disbueé dé lmpor t ant .
pertinence du choi x de | desp ce cC 0o mme mod | e
différents axes de recherches aux ambitions variées pourraient encore étre

judicieusement développés.

Nous avons montr® dans ce travail gue dans <cert

processus d&éinvasion ®tait pl us baxigresque® en t er me

gudil ®tait docume hhder@iirdéeessant de eompaiertiad@gnamiduel r e .
de populations disposées s u r un gradient Il at i t u dafinnda | en Eur
d®t er mi ner jusqudo’ | desp c Oe tellsstétudex deul& | | e ment

dynamique des popul ations au sedénerdcoeurslad ai re ddi
sein déautres ®q u i SEHARTER.uNéanmmE al seraiC Pebiéfre
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intéressant de combiner ces études avec une transplantation réciproque comprenant

des sites installés dans des zones norenvahies plus nordiques, tellesqu d au Danemar k.

Nous pourrions ainsi tenter de déterminer quelle(s) variable(s) climatique limite (nt)

| 6esp ce (spdtade(s) da sor téveloppement. En effet, bien que quelques

études ont déja abordé le sujet (Chapmanet al. 2014, LeibleinWild et al. 2014), i | ndest

pas encore bien établi a quelle température la plante arréte son développement, ou

meurt. Nous pourrions également imaginer ® c hanger des graines avec d o
scientifiques, a f i ®t Wdi er s des grai nesdovAdnemtagh@&Euroaupe de
encore du Canada, sont plus a méme a envahir les régions plus nordiques que des

graines provenantdu f oy er (fahgalsvasi on

Dans le dapitre 4, no u s avons montr® que | 6esp ce produi sai
morphologie trés variable. Nous avons également observé que les plus grosses graines
germaient plus tét en conditions froides, et donnaient des plantules qui se
développaient plus rapidement que les graines plus petites. Un effet de priorité

pourrait donc sdappligqguer de lansidledeTamgrainedkti f f ®r ent e en
des conditions de température. Lohypoth se ddune interaction entre
environnement al et | deffet de priorit® nda encore |
pourrait étre une piste de recherche intéressante chez | ambroi si e. Une

exp®ri mentation pourrait par exempl e pl acer des g
di ff®rentes au sein donpenueéecenreyisiien la vitesRe deud ®r al e
germinati on, ai nsi gue | e gain pdelztaillede par | deff et
la graine.

Les conditions de levée de la dormance ont été étudiées par de nombreux auteurs

(Willemsen 1972, Baskin and Baskin 1980, Fumanadt al. 2006, Guillemin and Chauvel

2011, Fenesiet al. 2014), probablement dans le but de comprendre pourquoi la

banque de graines est si persistante, mais également pour faciliter les

expérimentatonssur | a pl ante. ToutsonNtétude Jadmwasqgeez peu do®t ude
de la banque de graines dans la nature (sauf par exempleFumanal et al. 2008a) et on

ne sait pas quelles sont exactement les conditions de levée de la dormance, ns 6 i |

existe des zones ou le climat local ne permet pas une bonne stratification. Des

réponses a ces questions pourraient facilement étre obtenues lors de manipulations en

chambres contrélées.

Le patron dodinvasi on Quésspourrait®treeerpligiéuparoynee de | 0

limitation del a di spersion dans | es popul &igure6)ns au nord de
Une étude comparative de la dynamique de di sper si on des genai nes ddambro
fonction du type doéhabiEBuatopenvdaehil, 8 BEesnt HKrpaanrc ee x eenmp |
Hongrie), et en Belgique pourrait mettre en lumiére des différences de pratiques

agricoles ou de gestion des espaces natures, limitant la dispersion en Belgique. Une
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telle étude pourrait étre mise en place en sollicitant la participation de scientifiques de

ces régions, par exemple des membres du réseau COSTSMARTERII pourrait étre
envisageabl e dod®t abl i gui consistgrait ent um anorlitaging @e mmu n ,
populations « gérées» (en champs ou en bordure de route).

Dans cetravail, nousavonso bser v® une forte plasticit® de | a
en réponse au climat et a la compétition. La plasticité phénotypique chez les espéces

invasivesa f ai t | 6obj et de HKSultan 2001y Richatdset al.2008)er c hes
Geng et al. 2007, PalacicLépez and Gianoli 2011, Monty et al. 2013), et des auteurs

ont décrit que la plasticité phénotypique pouvait jouer un rtle diff ®re
en fonction de | ¢Réckaplsa el. 2606, n"Ghaladhi®r e al. 2007).

Mal gr® | e grand int®r°t que suscite | g®tude de
notre connaissance testé ses effets dans le @ s de | 6ambroi si e. Les
expérimentaux que nous avons choisis dans le cadre de nos différentes expériences

ndont mal heur petnisd MeRttudepa P r ®c i sTutetbis, il seait aspect .
trés intéressant de mettre en place une expérience avec uncontrble rigoureux des

niveaux de comp®tition, efsur fa stchi@geende la plantee ndr e da
face a ses compétiteurs. Une telle expérience ne demanderait pas beaucoup de

matériel, et pourrait étre facilement mise en place, par exemple dans de larges pots

disposés en extérieur.

QUELLES OPTIONS POUR LA GBTION ?

Notre travaiillexistm@amut rneorgudde | 6aire w@ancfortuel | ement
potenti el EhoiBreY agsiqare., | 6esp ce est ° | dheure ac
grand public . Vu | e potenti el d O iilmapparaitiimportand déen s not r e

réaliser un effort de sensibilisation, afin dd®viter qudune augment at
de | desp ce ne apalens, et guendaspneesures @e gestion efficaces
puissent étre prises a temps.

En fonction de | 0®t at, différénites mesigds somt a gprécomsert er r i t oi I
Lorsqudun territoire est fortement envahi, | ©

impossible, et les mesures de contrdle sont trés couteuses. A | &érse, lors des

premi res introductions dodoune esp ce exotique i
est souvent faisable si le territoire considéré est de taille raisonnable (Myers et al.

2000). Dans | e cas de | dinvasion depreksbmadebr oi si e
propagulest r *s i mportantetotaedd | 6@®sadceaiimpoessible.

un systeme de détection précoce permettant de détruire de nouvelles populations

dansdeszones d®finies 0% | desp, estenvinafealdet pas encor e

Concernant les populations d 8 a mb r eaomnges depuis des années en Belgique
(situées a Hermalle-sous-Argenteau, Merksem, et Izegem; Chapitre 2; Tiébré & Mahy
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2007; Verloove 2016), il serait sans doutet e mps db6entreprendre des actions

éradication. Ces populations grandissent sur des bords de route, ou en bordure de

canal, et sont fauchées par les ouvriers communaux indifferemment du reste de la

végétation. Co mme | & o ndifférents auteursg(Simard and Benoit 2011, Milakovic

etal. 2014a,2014b) | dambr oi si e supporte tr <etbdien un
permet méme de produire et de disperser plus de graines. Il est donc improbable que

le probleme se résolve de lui-méme. Diverses stratégies de lutte pourraient étre

envisagées au sein de ces populationsqui ne couvrent pas de grandes surfaces (e plus

grand transect que | 6on peut tracer 580 sein
metres) et ne comportent que quel ques cent a.illrsarast padt éxenmpld,i vi dus
possible de facilement affaiblir ces populations avec un régime de fauche fréquent

durant la période de floraison (suivre par exemple la méthode décrite dans Milakovic

et al. 2014b). Par la suite, ensemencer la zone avec des espéces rudérales
compétitrices pourrait drastiquement diminuer les performancesd e | 6 egcenpmec e

montré dans le chapitre 5 o u par d 6 a u t(GentiB et alu 20&5) 1Sis les
perturbations de | a v®g®tati on canpétittice @&v/i t ®e s,
resseméer api dement en cas de perturbatiosse il es
du milieu. En fonction des moyens disponibles, une ou plusieurs campagnes
ddarrachage geuvent aonstjiukeradetbens compléments aux autres

méthodes. De bons conseilsde gestion a destination du grand public sont par ailleurs
disponiblessurlesi t e de | 8 o ambeoisiesahttm/Mwweamdraisse.info/ ).

L6 i n v ane itooche pas encore les cultures de Belgique, peut-étre grace a des
pratiques agricoles différentes, résultant d 6 u n e  d i darfs ®sespacesecultivées.ll
pourrait étre pertinent de mettre en place des mesures de détection spécifique dans le

r ®gi me

oY% qu
t poss

systeme agricole. Lorsgaoadvuekl e popul ation dbdbambroisie serai
®radi cation de | a popul ati on sbOenisans lei vr ait et C
confinement/la destruction du foyer pourraient étre mises en place, par exemple un

nettoyage précautionneux des engins agricoles, | uflisation de cultures moins a risque

dans |l a rotation, et | a r®alisatioterlesiieun d®chaumage
d e Olsdivatoire des Ambraoisies et Infloweb).

Ces mesures deprévention pourraient permettre de garder souscontrt | e | 6i nvasi on de

| dambr oi si e PaumuneBespkcg ayani @e.tels impacts sur la santé humaine
(Thibaudon et al. 2004, Martin et al. 2008),et dont | @s®gidiffitiie dwafditideo n
sa banque de graines, il apparait crucial d6i nt er venir tant qli o6 | es

malgré notre connaissance du probleéme et de ses effets sur la santé humaine, nous ne

t enco

parvenons pas ~ agir efficacement contre | dinvasion

dans la méme situation que nos voisins, a subir année aprés année des vagues de

pollen allergisant,qu 8 aucune mesure ne parvient efficacement
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The occurrence of an invasive plant across a continent is generally not homogeneous; typically, some
areas are highly invaded whereas others show moderate or low invasion levels. This situation might be
a snapshot of an ongoing spread, but it could also remain stable under the pressure of factors that con-
strain the invasion. Among those factors, plant performance variation among invasion levels can explain
an invasion slowdown. However, few studies have investigated the large-scale variation of invasive plant
performance in the field. Ambrosia artemisiifolia L. in Western Europe represents a good opportunity to
address this issue, with areas of high, moderate and low invasion levels being documented across a
ca. 1000 km transect. In this study, we compared in situ plant performance-related traits in 12 popula-
tions from areas of contrasting invasion levels. We also tested whether performance-related traits were
influenced by the intra-and inter-specific competition, by the local climatic conditions or by latitude (a
proxy for growing season length). Overall, we did not find differences in performance-related traits across
invasion levels, and intra-and inter-specific competition had low effects on plant performance. This study
highlights the fact that A. artemisiifolia individuals express similar performance across invasion levels,
even beyond what can be considered the present invasion front. Further research has to expand this study
northwards, and assess other factors that could constrain the invasion in order to highlight if the species
invasion northward is constrained or if it has the potential to invade new areas.

© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

levels, such as at invasion fronts and/or in areas of recent colo-
nization (Eckert et al., 2008; Lawton, 1993); and iii) low invasion

The occurrence of an invasive plant in a range where it has
been introduced can vary greatly (Hengeveld and Haeck, 1982;
Lawton, 1993), and this is true at the landscape (Bradley and
Mustard, 2006), regional (Guillerm et al., 1990; Miiller, 2004) and
continent (Welk, 2004) levels. The reasons for the variations in pat-
terns can be multiple, including the dynamic of introduction and
the invasion pathways; the human actions to control the spread;
and the spatial variation in environmental conditions. Typically, at
the continent level, such variations are common, with areas of i)
high invasion levels characterized by high population occurrences
(Orivel et al., 2009) and often situated in the relative vicinity of the
initial introductions (see e.g. Allard, 1943); ii) moderate invasion
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levels, where populations are scarce and often considered casual
or recently naturalized. This situation might present a snapshot of
an ongoing process of invasion, i.e., an inexorable colonization of
the whole continent. In this case, the pattern of population dis-
persion across the continent would mainly be explained by the
dynamicofintroduction and the invasion pathways (Guillerm et al.,
1990; Lachmuth et al., 2010; Monty and Mahy, 2010). However,
this situation could persist over time if it can be explained by envi-
ronmental conditions and/or demographic processes that constrain
invasion (Arim et al., 2006). This latter case corresponds to what
is generally observed in native plant species that have reached
their distribution equilibrium (Villellas et al., 2013), which is gov-
erned by different ecological and evolutionary processes (reviewed
in Sexton et al., 2009). In the case of invasive species, the invaded
range expansion could be limited by genetic constrains that imped-
iment local adaptation, dispersal limitations to suitable sites, or a
too harsh environment to allow survival beyond the species range
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Seedling performance can determine the survival of a juvenile plant and impact adult plant performance.
Understanding the factors that may impact seedling performance is thus critical, especially for annuals,
opportunists or invasive plant species. Seedling performance can vary among mothers or populations in
response to environmental conditions or under the influence of seed traits. However, very few studies
have investigated seed traits variations and their consequences on seedling performance. Specifically, the
following questions have been addressed by this work: 1) How the seed traits of the invasive Ambrosia
artemisiifolia L. vary among mothers and populations, as well as along the latitude; 2) How do seed traits
influence seedling performance; 3) Is the influence on seedlings temperature dependent. With seeds
from nine Western Europe ruderal populations, seed traits that can influence seedling development were
measured. The seeds were sown into growth chambers with warmer or colder temperature treatments.
During seedling growth, performance-related traits were measured. A high variability in seed traits was
highlighted. Variation was determined by the mother identity and population, but not latitude. Together,
the temperature, population and the identity of the mother had an effect on seedling performance. Seed
traits had a relative impact on seedling performance, but this did not appear to be temperature
dependent. Seedling performance exhibited a strong plastic response to the temperature, was shaped by

the identity of the mother and the population, and was influenced by a number of seed traits.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

The juvenile stage represents the most vulnerable period in a
plant's life cycle (Simons and Johnston, 2000; Vange et al., 2004).
During this time, seedling performance is crucial and can have an
impact on later life stages, and therefore affect the overall fitness of
the parents (Gross, 1984; Renata D Wulff, 1986). The successful
development of a seedling increases the chances for effective
establishment of opportunist species or plant invaders in new areas
(Fenesi et al., 2014; Skalova et al., 2012). It is therefore very
important to understand what the factors are that can influence
seedling performance. Variation in such performance may result
from genetic variation (Biere, 1991), have a plastic origin in
response to environmental conditions (Hotchkiss et al., 2008), or be
caused by seed trait variation (Dolan, 1984; Harper et al., 1970;
Monty et al., 2013; Roach and Wulff, 1987; Stanton, 1984).
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Seed traits, e.g., seed mass, seed size, seed colour, are known to
vary considerably within various species, even among populations
or individuals (Harper et al., 1970; Lopez et al., 2008; Roach and
Waulff, 1987; Simons and Johnston, 2000; Stanton, 1984; Susko
and Lovett-Doust, 2000). This phenotypic variation often comes
about from environmental constraints. For example, evidence has
been found of clinal variations in seed traits as a consequence of
local climatic conditions (Moles et al., 2007; Monty and Mahy,
2009). When the resources become limiting, a variation may
appear because of trade-offs in resource allocation between seed
size and seed number (Smith and Fretwell, 1974; Venable, 1992).
This differential resource allocation is known as the “bet-hedging”
strategy.

A large intraspecific variation in seed traits can also be an
adaptive response of the plant to environmental conditions, e.g. to
habitat characteristics (Tautenhahn et al., 2008), to the competition
intensity (Kleunen et al., 2001), or to predation (Moegenburg,
1996). Selection can also directly promote seed variation in order
to enhance the ability of a plant to survive in a wider range of
environmental conditions (Fenner and Thompson, 2005). The



