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Reésume

Ecosystémes essentiels aux sociétés humaines, les zones humides sont aujourd’hui
particulierement menacées par les changements globaux. Les invasions biologiques sont un facteur
majeur d’altération de ces écosystémes. Certaines espéces végétales exotiques modifient de maniére
majeure la structure, le fonctionnement et la dynamique des zones humides. C’est le cas de
Solidago canadensis (L., 1753), une astéracée rhizomateuse originaire d’Amérique du Nord et
introduite en Europe comme plante d’ornement au XVIIléme siécle. Sa présence modifie les
écosystemes envahis a plusieurs niveaux. S. canadensis est susceptible d’affecter directement la
végétation native, mais aussi la composition chimique du sol, 1’activité microbienne, les insectes
pollinisateurs et leurs prédateurs. Aujourd’hui, les mécanismes par lesquels S. canadensis affecte la
végétation native in situ demeurent encore mal connus. En particulier, il reste a définir comment ses
capacités a préempter différents types de ressources, et ses effets directs et indirects sur le réseau
d’interactions plantes-pollinisateurs impactent les communautés végétales in natura.

L’objectif de ma these est d’identifier (i) les mécanismes par lesquels S. canadensis impacte la
végétation native, (ii) quels sont les groupes fonctionnels natifs les plus sensibles a chacun de ces
mécanismes et (iii) quelles sont les conséquences a 1’échelle des communautés végétales natives.
Pour cela, nous avons réalisé un travail conséquent de récolte de données afin de caractériser 1’état
de différents compartiment de 1’écosystéme (sol, végétation et pollinisateurs) a différents stades de
I’invasion et périodes de 1’année. Puis, nous avons analysé les effets directs et indirects de la densité
de S. canadensis sur ces compartiments, indépendamment des autres caractéristiques du systeme.

Nos résultats soulignent tout d’abord 1’importance de la standardisation des protocoles
d’échantillonnage des réseaux plantes-pollinisateurs, en particulier I’harmonisation de la description
des conditions d’échantillonnage, des ressources florales et des interactions non capturées, qui
peuvent induire des biais majeurs dans I’interprétation des données. Concernant les impacts de S.
canadensis, nous avons mis en évidence des effets négatifs sur la diversité et la production de
biomasse des communautés végétales natives. Trois mécanismes participent a ces effets : la
compétition pour la lumiere, la compétition pour les nutriments du sol et la perturbation des
interactions mycorhiziennes via la production de composés allélopathiques. Nous avons également
mis en évidence des impacts de S. canadensis sur les préférences des insectes pollinisateurs via la
modification de la structure de la végétation et ’attractivité de ses fleurs. Ces effets sur les
pollinisateurs ont des conséquences concretes pour les plantes natives car ils diminuent a la fois le
nombre visites et la quantité de pollen conspécifique recu. Ces travaux mettent en lumiere des
différences majeures de réponse de différents groupes fonctionnels de plantes a 1’invasion par S.
canadensis.

Un des points forts de cette thése réside dans 1’analyse de la réponse de la végétation native au
processus d’invasion a I’échelle de la communauté, mais aussi pour différents groupes fonctionnels
au sein de cette communauté. Cela nous a permis, tout en gardant une vision d’ensemble, de
caractériser la complexité des mécanismes d’interaction a 1’ceuvre lors de cette invasion. Une
meilleure compréhension de la complexité des interactions entre especes invasives et natives,
qu’elles soient directes ou indirectes, qu’elles varient entre groupes fonctionnels ou entre
compartiments trophiques, est une étape essentielle pour la prédiction de la dynamique des
écosystemes envahis et la I’identification des sites les plus vulnérables face a cette menace.






Abstract

Wetlands are essential ecosystems for human societies, but they are now particularly
threatened by global changes. Biological invasions are a major factor of alteration of these
ecosystems. Some exotic plant species are able to modify the structure, the functioning and the
dynamics of wetlands. This is the case of Solidago canadensis (L., 1753), a rhizomatous asteraceae
native to North America and introduced in Europe as an ornamental plant in the 18th century. Its
presence modifies invaded ecosystems on several levels. S. canadensis is likely to directly affect
native vegetation, but also the chemical composition of the soil, microbial activity, pollinating
insects and their predators. Today, the mechanisms by which S. canadensis affects native vegetation
in situ remain poorly understood. In particular, it remains to be defined how its ability to preempt
different types of resources, and its direct and indirect effects on the network of plant-pollinator
interactions impact plant communities in natura.

The objective of my thesis is to identify (i) the mechanisms by which S. canadensis impacts
native vegetation, (ii) which native functional groups are most sensitive to each of these
mechanisms, and (iii) what are the consequences at the scale of native plant communities. To do so,
we have collected a large amount of data in order to characterize the state of different ecosystem
compartments (soil, vegetation and pollinators) at different stages of the invasion and periods of the
year. Then, we analyzed the direct and indirect effects of S. canadensis density on these
compartments, independently of other system characteristics.

Our results first highlight the importance of standardizing sampling protocols for plant-
pollinator networks, in particular harmonizing the description of sampling conditions, floral
resources and uncaptured interactions, which can induce major biases in data interpretation.
Concerning the impacts of S. canadensis, we have highlighted negative effects on the diversity and
biomass production of native plant communities. Three mechanisms are involved in these effects:
competition for light, competition for soil nutrients and disruption of mycorrhizal interactions
through the production of allelopathic compounds. We also demonstrated impacts of S. canadensis
on pollinators preferences through the attractiveness of its flowers and changes in the vegetation
structure. These effects on pollinators have concrete consequences for native plants as they decrease
both the number of visits and the proportion of conspecific pollen received. This work highlights
major differences in the response of different functional groups of plants to the invasion by S.
canadensis.

One of the strengths of this thesis is the analysis of the response of native vegetation to the
invasion process at the community level, but also for different functional groups within the
community. This allowed us to characterize the complexity of the interaction mechanisms at work
during this invasion, while keeping a comprehensive view. A better understanding of the complexity
of interactions between invasive and native species, whether direct or indirect, and whether they
vary between functional groups or between trophic compartments, is an essential step in predicting
the dynamics of invaded ecosystems and in identifying the sites most vulnerable to this threat.
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Avant-propos

Ma these s’inscrit dans le projet BioDiversa InvasiBES — Understanding and managing the
Impacts of INVASIve alien species on Biodiversity and Ecosystem Services — financé par le
programme européen BioDiversa et le Belmont Forum et porté par sept partenaires internationnaux.
Ce projet vise a mieux comprendre et anticiper 1’impact des especes exotiques envahissantes sur la
biodiversité et les services écosystémiques et a fournir des outils pour leur gestion. Il est organisé
autour de cing groupes de travail [Figure 0.1] qui avaient pour objectifs (i) de concevoir, des
scenarios d'intervention axés sur la prévention, le controle et I'éradication des EEE en Europe et aux
Etats-Unis, par le biais d'un processus participatif réunissant 1'expertise de scientifiques et de parties
prenantes (WP 1); (ii) d’adapter les protocoles d'évaluation d'impact actuels afin de prendre en
compte les effets néfastes et bénéfiques des EEE sur la biodiversité et les services écosystémiques
(WP 2); (iii) d’évaluer et de cartographier les impacts des especes invasives sur la biodiversité et les
services écosystémiques en Europe (échelle continentale, WP 3) et aux Etats-Unis (échelle
nationale, WP 4), en utilisant ces méthodes; et (iv) d’améliorer la connaissances des impacts
d’espéces invasives cibles sur la biodiversité et les services écosystémiques a 1’échelle locale (WP

5). Ma these a été conduite dans le cadre de la partie habitat terrestre de ce dernier groupe de travail.

WP 1 : Planification et évaluation WP 2 : Evaluation WP 3-5 : Evaluer et cartographier les impacts d'espéces invasives

participatives de scénarios des impacts +/- sous différentes conditions de climat et de gestion
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Figure 0.1: Représentation graphique du projet InvasiBES et des différents groupes de travail le
composant, leurs objets d’étude, I’échelle spatiale et le type d’habitats étudiés.
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1.1 Crise de la biodiversité et changement global

1.1.1 Contexte général

Partout sur Terre, les écosystéemes et la biodiversité qu’ils abritent sont menacés par des
modifications de leur structure et de leur fonctionnement d’une rapidité sans précédent dans
I’histoire de I’humanité. Le déclin observé de la biodiversité s’accélere et a déja atteint une rapidité
telle qu’elle est considérée comme une sixiéme extinction de masse (Barnosky et al. 2011; Ceballos
et al. 2017; Bongaarts 2019). D’apreés les estimations de I’IPBES' (équivalent du GIEC® pour la
biodiversité), le taux actuel d’extinction des espéces ne cesse de croitre et est déja plusieurs dizaines
a centaines de fois supérieur a sa valeur moyenne pendant les 10 derniers millions d’années. Une
espéce animale et végétale sur quatre est susceptible de s’éteindre dans les prochaines décennies,
I’abondance des espéces natives des biomes terrestres majeurs a diminué d’au moins 20% depuis le
début du XXeme siecle et cette diminution s’accompagne d’une homogénéisation des communautés

biologiques a travers le monde (Bongaarts 2019).

L’érosion rapide de la biodiversité est due aux activités humaines (Bongaarts 2019). Le
fonctionnement de nos sociétés (en termes de démographie, d’économie, de technologie, de
systemes de gouvernance, de régulation de nos activités, et de conflits) est a la source de nos
impacts directs et indirects sur I’environnement. Le terme de changement global regroupe les cing
grands types d’impacts des sociétés humaines sur I’environnement (Figure 1.1): la modification de
I’usage des sols (Tamisier and Grillas 1994; Light and Marchetti 2007), I’exploitation direct des
especes, le changement climatique (Midgley et al. 2002; Colossi Brustolin et al. 2019), la pollution
de I’air, de ’eau et des sols (Cafiedo-Argiielles et al. 2013) et les espéces invasives (Clavero et al.
2009; Hermoso et al. 2011; Doherty et al. 2016). Ces changements globaux ont un impact majeur
sur la distribution des espéces, leur phénologie et leurs interactions, et modifient déja la dynamique
des populations, la structure des communautés et le fonctionnement des écosystemes (Parmesan and

Yohe 2003; Cardinale et al. 2006; Hainzelin 2019).

La perte de biodiversité et 1’altération du fonctionnement, voire la disparition d’écosystemes

entiers doit nous alerter. D’abord parce qu’ils possedent une valeur intrinséque, mais aussi parce

1 Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
2 Groupe d'experts intergouvernemental sur 1'évolution du climat
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qu’ils sont nécessaires au maintien et au développement des sociétés humaines (Ghilarov 2000;

Diaz et al. 2018).

EXEMPLES DE DECLIN DANS LA NATURE

SURFACE ET ETAT DES ECOSYSTEMES
Les écosystémes naturels ont vu leur
47%

CAUSES

surface diminuer de 47 pour cent en
moyenne par rapport aux premiers stades

CAUSES INDIRECTES

estimés.
Démographie ' RISQUE D’EXTINCTION DES ESPECES
et \ Approximativement 25% des espéces sont

25% ™ déja menacées d’extinction dans la
plupart des groupes animaux et végétaux

étudiés.

culture

Economie v
et e " I = | \ COMMUNAUTES ECOLOGIQUES

L'intégrité biotique — I'abondance ddes
23% © espéces naturellement présentes — a
décliné de 23 pour cent en moyenne dans

technologie

Valeurs et comportements

Institutions -‘ y F les communautés terrestres.”
et [ BIOMASSE ET ABONDANCE DES
gouvernance i ESPECES
82% La biomasse globﬂale des mamiféres
Conflits | K sauvages a chuté de 82 pour cent.* Les
! . : indicateurs d'abondance des vertébrés
et déclinent rapidement depuis 1970.

épidémies I Changement d'usage des sols
I Exploitation directe
B Changement climatique

LA NATURE POUR LES COMMUNAUTES
AUTOCHTONES ET LOCALES

Pollution 72 pour cent des indicateurs dévelopés par
I Especes invasives 72% B les populations autochtones et locales
I Autres montrent une déterioration continue des

eéléments de la nature qui sont importants
pour eux.

* Depuis la prehistoire

Figure 1.1 : Exemples de déclins mondiaux de la nature, en particulier de la biodiversité, qui ont
été et sont causés par des facteurs de changement directs et indirects. Les bandes de couleur
représentent l'impact mondial relatif des facteurs directs sur (de haut en bas) la nature terrestre,
d'eau douce et marine, tel qu'estimé a partir d'un examen systématique mondial des études publiées
depuis 2005. Les cercles illustrent I'ampleur des impacts négatifs de I'homme sur une sélection
variée d'aspects de la nature a différentes échelles de temps, sur la base d'une synthése mondiale
d'indicateurs. Figure traduite du rapport pour les décideurs de I’IPBES (Bongaarts 2019).

1.1.2 Cas spécifique des zones humides en France

Les zones humides figurent parmi les écosystémes les plus menacés a 1’échelle de la planéte
(Bongaarts 2019). Leur surface mondiale a été réduite de 87% au cours des trois derniers siécles
(Secrétariat de la Convention de Ramsar). Cette dynamique a été particulierement forte en France

ou cette surface a été réduite de 50% entre 1960 et 1990 (Secrétariat de la Convention de Ramsar).

En France, les zones humides sont définies par le code de I’environnement comme des

espaces possédant des sols habituellement inondés ou gorgés d'eau de facon permanente ou
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temporaire, et/ou dont la végétation, est caractérisée par des especes hygrophiles ou des corteges
caractéristiques des zones humides [Arrété du 24 juin 2008]. Elles correspondent entre autres a des
habitats de type tourbiere, marais, marécage, pré salé ou prairie humide, qui présentent une haute
valeur intrinseque et qui abritent une grande diversité d’especes animales et végétales (Denny 1994;
Pascual et al. 2017; Secrétariat de la Convention de Ramsar). Ces écosystémes contribuent aussi de
facon importante a nos sociétés. Parmi les services fournis, on peut citer (sans étre exhaustif), (i)
des fonctions de régulation comme la régulation des crues, la purification de 1’eau et le stockage de
carbone atmosphérique, (ii) des fonctions d’approvisionnement, comme le relargage en été d’eau
purifiée, la production de fourrage et de tourbe, (iii) des fonctions culturelles, liées aux activitées de
loisir, de bien-étre et artistiques, et enfin (iv) des fonctions de support, comme le maintien de la
biodiversité, les zones humides étant un lieu de reproduction et/ou d’alimentation pour de
nombreuses especes (Clarkson et al. 2013; Mitsch et al. 2015; Secrétariat de la Convention de

Ramsar).

Ces services rendus sont d’autant plus importants pour le bon fonctionnement de nos sociétés
dans un contexte de changement global. Typiquement, le stockage de carbone et la formation de
zones de fraicheur permettent d'atténuer les effets du réchauffement climatique. Une autre fonction
majeure des zones humides est leur action sur la régulation du régime hydrique en aval. Elles
absorbent I’eau “en trop” lors d’évenements de pluie intense ou de fonte rapide de la neige et la
relachent plus tard dans 1’année (Secrétariat de la Convention de Ramsar). Cette capacité de
stockage diminue la fréquence et I’intensité des épisodes d’inondation et de sécheresse qui sont de
plus en plus fréquents du fait du changement climatique (Strzepek et al. 2010; Quintero et al. 2018).
La production de fourrage tard dans la saison, et de zones de paturage plus fraiches pour le bétail
sont aussi des facteurs de résilience de 1’agriculture (Secrétariat de la Convention de Ramsar). Ces
fonctions sont des atouts importants pour faire face aux défis des prochaines décennies en termes de
limitation du changement climatique et d’adaptation a ses conséquences. Apres une grande perte de
surface des zones humides au cours des derniers siecles, les zones humides de France sont
aujourd’hui protégées. Sur les derniéres décennies, leur surface tend méme a augmenter, mais leur
fonctionnement — et donc les services qu’elles fournissent — restent précaires et sont toujours plus
menacés par les invasions biologiques (Zedler and Kercher 2004; Osipova et al. 2017). A I’échelle
du globe, les zones humides représentent seulement 4 a 6% de la surface (Mitsch 1994), mais 24%
des plantes les plus invasives sont des especes de zones humides (Zedler and Kercher 2004).

Comprendre comment les espéces invasives impactnt les zones humides, les especes qui y vivent,
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leur fonctionnement et leur contribution aux sociétés humaines est donc un enjeu d’actualité.
Cependant, les invasions biologiques sont relativement peu étudiées dans les zones humides. C’est
pourquoi je me suis intéressée au cas des especes invasives dans les zones humides.

1.2 Coexistence des especes et perturbations des communautés

Boxe 1 : Définitions générales

Population : Ensemble d’individus appartenant a la méme espece qui partagent une méme
zone géographique et ont une forte probabilité d’interagir (Hastings 1997).

Communauté : Ensemble d’étres vivants présents dans une méme zone géographique
(McCann and Gellner 2020).

Ecosystéme : Ensemble dynamique d’étre vivants, de leur environnement abiotique et de
leurs interactions dans une zone géographique données (Blew 1996).

Fonctionnement des écosystémes : Ensemble de processus, c'est-a-dire de flux d’énergie ou
de matiére dépendent de facteurs biotiques ou abiotiques, qui soutiennent un écosystéme (Diaz and
Cabido 2001). Par exemple, la production de matiére primaire ou secondaire, la décomposition ou
le ruissellement (Jax 2010; Reiss et al. 2019).

Traits fonctionnels : caractéristiques morphologiques, physiologiques, comportementales ou
phénologiques des organismes, mesurées sur des individus. Ces traits déterminent les impacts des
organismes sur le fonctionnement des écosystémes et leur réponse aux conditions
environnementales (Petchey and Gaston 2006; Violle et al. 2007).

Les invasions biologiques peuvent perturber les écosystéemes parce que les especes
envahissantes interagissent avec les especes natives et peuvent avoir un impact sur la dynamique de
leurs populations, voire entrainer leur extinction locale (Hawkins et al. 2015). Pour mieux
comprendre les impacts des especes invasives sur les communautés déja sur place et comment elles
affectent les mécanismes qui régissent 1’assemblage et la dynamique des communautés, 1’écologie

des communautés, la théorie de la coexistence, et I’écologie fonctionnelle sont des outils de choix.

L’écologie des communautés a pour objectif de comprendre les lois qui déterminent quelles
espéces coexistent et interagissent pour composer une communauté a un endroit donné, et comment
cette composition évolue dans le temps. Pour que plusieurs especes coexistent sur du long terme, il
faut qu’elles puissent survivre aux conditions locales (i) d’environnement abiotique (climat,
pedologie, etc), et (ii) d’interactions biotiques (compétition, prédation, facilitation). L’ensemble des
conditions abiotiques et biotiques dans lesquelles une espece pourrait persister indéfiniment

constitue ce que 1’on appelle sa niche écologique. Deux espéces ne peuvent cohabiter que s'il existe
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une intersection entre leurs niches, et que cette intersection correspond a une localisation

géographique accessible par ces deux especes.

Lorsque deux especes se trouvent simultanément au méme endroit, chacune peut avoir un
impact sur la population de 1’autre. Le signe de cet impact (positif ou négatif) et son intensité
peuvent varier en fonction de 1’identité des especes, mais aussi du contexte biotique et abiotique
dans lequel elles se trouvent. Par exemple, une espéce peut fournir un environnement protecteur a
I’autre (facilitation), ou au contraire restreindre son acces a une ressource (compétition) (Callaway

et al. 2002). Le signe de I’effet pour chaque espéce défini le type d’interaction (Figure 1.2).

L'espéce 2 est un:

Prédateur ? Mutualiste

Amansaliste Commensaliste
~ .
z \
B (' 0) N ;?‘
| S __:;_' <
_\“{ f
Compétiteur - Proie

£ s Ty
e, o =
L’interaction est négative L’interaction est bénéfique
pour I'espéce 1 pour l'espéce 1

Figure 1.2 : Présentation des types d'interaction ou les symboles entre parentheses indiquent I'effet
de ’interaction sur chaque espece. Le premier symbole indique l'effet de l'interaction sur l'espéece
1, le second indique l'effet de l'interaction sur l'espéce 2. Un "+" indique qu'une espéece donnée
bénéficie de l'interaction, tandis qu'un "-" indique que I'espece est lésée et un "0" indique que
lI'interaction n'a aucun effet sur une espéce. Ainsi, par exemple, (+ -) indique une interaction dont
I'espece 1 bénéficie et l'espece 2 subit un préjudice (c'est-a-dire la prédation). Figure traduite
d’apres I’article de Godsoe et al. (2017).

A TI’échelle d’une communauté, la capacité de deux especes a co-exister dépend de la nature et
de l’intensité de leurs interactions directs (Chesson 2000), mais aussi du réseau d’interactions

indirects dans lequel elles sont intégrées (Gallien et al, en annexe). En effet, une espece qui
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n’interagit pas directment avec une autre peut quand méme impactr la dynamique de sa population
indirectment via une ou plusieurs autres especes. C’est typiquement ce que I’on observe dans les
réseaux trophiques (contrdle top-down ou bottom-up), mais aussi a I’intérieur de chaque niveau

trophique (Hunter and Price 1992).

Le type d’interaction entre deux especes est fortement associé a leurs caractéristiques
morphologiques, physiologiques, comportementales et phénologiques. Pour comprendre les
mécanismes qui sous-tendent les assemblages d’especes, il est donc important de s'intéresser aux
traits dits “fonctionnels” des individus qui composent les communautés. Un trait fonctionnel est une
caractéristique mesurable qui impact la croissance, la survie et la reproduction des individus, ainsi
que leurs interactions (Petchey and Gaston 2006; Violle et al. 2007). De méme, si on s’intéresse au
fonctionnement d’un écosystéme, ou a sa résilience face a une perturbation, il est nécessaire
d’étudier non seulement sa diversité taxonomique, mais aussi sa diversité fonctionnelle (e.g.,
diversité de taille des especes, ou de formes de vie), c’est ce que 1’on appelle I’écologie

fonctionnelle.

A 1’échelle des especes végétales, on peut définir quatre grands types de traits fonctionnels
(Petchey and Gaston 2006; Violle et al. 2007, Figure 1.3) : des traits morphologiques (taille, forme,
couleur, organisation des différents organes), des traits physiologiques (composition chimique des
organes), des traits phénologiques (longévité, date de floraison, etc) et des traits liés a leurs
interactions avec d’autres groupes trophiques (capacité a héberger des bactéries du genre
Rhizobium, a attirer des Hyménopteres pollinisateurs, etc.). En fonction des milieux, des espéeces et
des interactions étudiées, une grande variété de traits peut étre utilisée. Certains traits sont liés par
des relations allométriques (i.e., des contraintes physiques ou physiologiques qui empéchent deux
traits de varier indépendamment (Weiner 2004)) ou parce qu’ils participent a une méme “stratégie”
(i.e., ensemble de mécanismes permettant a une espece de maximiser sa valeur sélective dans un
environnement donné). Par exemple, chez les plantes on distingue souvent les espéces a stratégie r
vs. K (MacArthur and Wilson 1967). Les plantes typiques de stratégie r produisent un grand nombre
de graines de petites tailles, qui se dispersent plus loin mais ont un taux de germination et de survie
des propagules faible, alors que les espéces K produisent peu de graines, mais investissent plus de
ressources dans chacune d’elles, permettant ainsi un meilleur taux de germination et de survie des
plantules. Ces stratégies sont liées a la place des especes qui les composent dans la dynamique des

écosystemes: les especes r représentent des especes pionnieres, capables de coloniser un
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environnement rapidement suite a une perturbation, alors que les especes K représentent des
espeéces compétitrices qui en l'absence de perturbations, finissent par dominer la communauté

(Glenn-Lewin et al. 1992).

Fonctions Traits fonctionnels

Pollinisation Traits des fleurs (forme, couleur, odeur...)
Fécondité Masse des graines

Dispersion 6 Hauteur reproductive

Recrutement ' Phénologie reproductive

Interception de la lumiére Hauteur végétative

Compétitivité

Traits des feuilles (e.g., longueur,
surface, surface spécifique, teneur en
matiére séche, durée de vie, teneur en
azote, reflectance...)

Acquisition de ressources
Croissance
Désomposition de la litiére

Absarption (nutriments, eau) Traits racinaires (e.g., densité, diameétre,
Flux de carbon (exsudation) longueur, aire spécifique, colonisation
Compétition souteraine par champignons mycorrhiziens...)

Figure 1.3 : Exemple de relation entre fonction et marqueurs fonctionnels (traits).

A D’échelle d’une communauté, on peut résumer I’information fonctionnelle de toutes les
especes (i) par les moyennes des traits pondérées par 1’abondance des especes (on parle alors de
« Community weighted mean » ou CWM) et leurs variances (« Community weighted variance » ou
CWYV), et (ii) par la diversité fonctionnelle de 1’ensemble des traits des especes (c’est a dire a la
répartition des especes dans I’espace des traits). Caractériser ainsi une communauté permet de
mieux comprendre son fonctionnement et les contraintes qu’elle subit: les conditions
environnementales agissent comme un filtre, déterminent les traits des espéces capables d’y
survivre (traits de réponse), et le fonctionnement des écosystemes dépend des valeurs de certains
traits (traits d’effet) (Lavorel and Garnier 2002). Lorsqu'un facteur biotique ou abiotique de
I’écosysteme change, cela peut entrainer une perturbation de 1’équilibre dans lequel se trouve la
communauté (Odum et al. 1979). Certaines espéces vont bénéficier de ce changement et devenir
plus abondantes, alors que d’autres vont voir leur population diminuer, voir disparaitre, changeant
ainsi la structure de la communauté. La facon dont une perturbation affecte une espece dépend de

ses traits, et la composition de la communauté aprés la perturbation refléte cette réponse
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différenciée entre les espéces (Lavorel and Garnier 2002, Figure 1.4). Les espéces qui bénéficient
du changement (ou sont moins affectées que les autres) seront plus abondantes que dans la
communauté initiale, alors que les espéces sur lesquelles la perturbation a un effet négatif seront
moins abondantes, voire disparaitront de la communauté. Traquer les différences en termes de
composition fonctionnelle de la communauté avant et aprés la perturbation permet d’identifier les
caractéristiques communes aux especes les plus affectées par cette perturbation, et dans certains cas,
d’en déduire la nature de la perturbation et les mécanismes qui la sous-tendent. Les invasions
biologiques sont une forme de perturbation des écosystéemes faisant intervenir simultanément ou
successivement plusieurs mécanismes (compétition direct, mais aussi modification de la structure et
de processus au sein des écosystemes) (Theoharides and Dukes 2007). L’écologie fonctionnelle est
donc un outil puissant pour comprendre quels mécanismes sont a l'ceuvre pendant les différents

stades d’une invasion (Shea and Chesson 2002).

Diversité et
structure de la

(_‘ﬁ—’ communauté
Traits de

Changements réponse
environnementaux =
et biotiques (f Py N)
\ .
Traits
\_ d’effet )
Fonctionnement
des
écosystémes

Figure 1.4 : Cadre conceptuel des effets des changements environnementaux sur la structure

des communautés végétales (ou biodiversité) et le fonctionnement des écosystémes par le biais de

1.3 Invasions biologiques

1.3.1 Définition

Boxe 2 : Définitions en écologie des invasions

10
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Propagules : Structure de dispersion et de reproduction, sexuée ou asexuée produite par une
plante, un champignon ou un micro-organisme (Chuang and Ko 1981). Par exemple des graines,
bulbes, rhizomes, ou spores.

Espéce exotique : Espéce, sous-espéce ou un taxon de rang inférieur, introduit hors de son
aire de répartition naturelle, passée ou présente du fait d’activités humaines (Richardson et al.
2000).

Espeéce naturalisée : Espece exotique rencontrant des conditions favorables a son
implantation durable dans le temps et sur le territoire d’accueil. Elle ne rencontre pas de difficultés
a se reproduire et ses populations se maintiennent a long terme sans apport de propagules ou
intervention humaine (Richardson et al. 2000).

Espéce envahissante : Espéce qui se reproduit rapidement sur un territoire ou elle devient
hyper-dominante. Ce phénomene est souvent lié aux activités humaines et peut s’appliquer a une
espece native ou exotique.

Espéce invasive : Espéce naturalisée produisant une descendance abondante capables de
s’établir loin de la population mére sur des surfaces considérables (Richardson et al. 2000).

Allélopathie : production par un organisme de composés biochimiques capables d’influencer
la germination, la croissance, la survie ou la reproduction d’autres organismes (Einhellig 1996).

On appelle invasion biologique 1’accroissement durable de la répartition d’une espéce hors de
son aire de répartition naturelle. C'est-a-dire la formation — dans des zones inaccessibles a cette
espece sans intervention humaine — de populations produisant une descendance abondante et
susceptible de s’étendre a une grande distance de leurs parents. Ces populations peuvent alors étre a
’origine de perturbations du ou des écosystémes envahis (Williamson and Fitter 1996; Richardson
et al. 2000; Blackburn et al. 2011). Une invasion biologique advient lorsqu’une espéece acquiert un
avantage compétitif qui lui permet de se propager rapidement, en dehors de son aire de répartition,

et d’y devenir dominante (Valéry et al. 2008).

La répartition des especes est naturellement dynamique: le phénomeéne de dispersion
d’espéces sur de longues distances a toujours existé et fait partie des processus a 1’origine de la
biodiversité actuelle (Queiroz 2005; Nathan 2006; Lindo 2020). Cependant, en absence d’activités
humaines, les évenements de dispersion sur de longues distances sont rares (Nathan 2006). La
fréquence de ces évenements a fortement augmenté avec les premieres migrations humaines, puis
I’ouverture de routes de commerce entre continents, et cette tendance s’est amplifiée dans les
derniéres décennies avec 1’augmentation des flux de personnes et de marchandises liés a la

monde continue d’augmenter sans donner de signe de saturation (Seebens et al. 2017), et on
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s’attend a ce que ce phénomeéne s’accélére dans le futur, avec une augmentation de 36% entre 2005

et 2050 (Seebens et al. 2021).
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Figure 1.5 : Evolution prévue du nombre d'espéces exotiques sur différents continents pour
sept groupes taxonomiques jusqu'en 2050. Les points représentent les moyennes d'un maximum de
100 exécutions du modele, tandis que la gamme complete de toutes les trajectoires prédites est
indiquée par les zones ombrées. Pour tenir compte de la variation spatiale de l'intensité de
I'échantillonnage entre les continents, les trajectoires sont corrigées afin d'obtenir la méme valeur
du nombre d'especes exotiques en 2000 que celle indiquée dans des publications récentes pour les

plantes vasculaires, les oiseaux et les poissons. Cela n'a pas été possible pour les mammifeéres et les

Les invasions biologiques interagissent avec les autres composantes du changement global.
Le changement d’usage des sols perturbe les écosystemes naturels ou semi-naturels, peut augmenter
la quantité de nutriments disponibles (e.g., minéralisation rapide de la litiere lors de 1’ouverture
d’une forét), et affaiblit les communautés natives. Il en résulte une diminution de la compétition
pour les ressources dans les zones perturbées, ce qui facilite 1’établissement d’espéces invasives de
type pionniéres (stratégie r). De plus, les infrastructures comme les routes ou voies ferrées sont des
vecteurs facilitant la dispersion des especes invasives (Benedetti and Morelli 2017). Le changement
climatique est susceptible de favoriser les espéces exotiques par rapport aux natives car elles sont

pré-sélectionnées pour se déplacer plus vite et donc adaptent plus facilement leur aire de répartition

12



Chapitre 1 — Introduction

a I'évolution du climat (Dainese et al. 2017). On s’attend aussi a ce que le changement climatique
augmente les surfaces propices a la naturalisation des espéeces ornementales présentes en Europe qui
se sont déja échappées des jardins pour devenir envahissantes sur d’autres continents de 64% a

102% (Dullinger et al. 2017). Invasions biotiques et climat peuvent aussi interagir, généralement en

1.3.2 Différentes phases d’une invasion

On décrit souvent une invasion suivant quatre phases (Theoharides and Dukes 2007, Figure
1.6) : le transport d’individus dans une nouvelle aire géographique (espéce exotique introduite), la
colonisation de cette aire par les individus (espece occasionnelle), 1’établissement de populations
viables prés du point d’introduction (espéce naturalisée), et enfin la dispersion de I’espéce loin de
son point d’introduction (espéce invasive). L’espéce introduite peut avoir un impact sur son
écosysteme d’accueil des son arrivée, mais la plupart des impacts ne sont pas détectables avant que

sa population ait atteint une certaine densité (Theoharides and Dukes 2007).

Figure 1.6 : Schéma représentant les étapes d’une invasion biologique. Adaptation de la figure
originale de J. Thévenot (Qu’est-ce qu’une espece exotique envahissante (invasive
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asiatique en Europe via des potteries, algues voyageant dans les cales des bateaux) (Lefeuvre 2013).
Ce transport s’effectue généralement sous la forme de vie la plus résistante des especes (e.g.,
graines, propagules seches, ceufs, larves), car la phase de transport peut étre longue et les conditions
peuvent ne pas étre adaptées a tous les stades du cycle de vie de 1’espece (Lefeuvre 2013). Certains
traits sont particuliérement favorables au transport des espéces sur de longues distances. Par
exemple, les especes ayant des graines pourvues de crochets leur permettant de s'accrocher aux
tissus ou aux poils des animaux domestiques (ectozoochorie) sont plus susceptibles d’étre
transportées. Les especes ayant des cycles de dormance longs sont elles plus susceptibles de
survivre au voyage. Alternativement, les especes ayant des caractéristiques les rendant attractives
pour les activités humaines (e.g., croissance rapide, fleurs voyantes) sont aussi plus souvent

transportées et maintenues pendant le voyage dans des conditions propices a leur survie.

Une fois les individus parvenus dans une nouvelle aire géographique, il leur faut coloniser le
nouvel endroit, donc survivre et se développer dans ce nouvel environnement dont les
caractéristiques abiotiques peuvent différer de celles de leur aire d’origine. L’espéce introduite est
alors occasionnelle. Le succes de cette étape est déterminé par 1’adéquation entre les
caractéristiques du milieu d'arrivée et celles de 1’espéce fraichement arrivée. Plus les conditions
dans la nouvelle zone géographique correspondent a la niche de 1’espece exotique, plus ses chances
de survie sont élevées (Sakai et al. 2001). La pression de propagules (nombre d’individus introduits,
Lockwood, 2005) joue aussi un role important: la probabilité qu’une population autonome parvient
a s’installer augmente avec le nombre d’individus arrivant sur le nouveau territoire, et la fréquence
des ces arrivées (Theoharides and Dukes 2007). L’homme peut étre impliqué dans cette étape, en
prenant activement soin d’especes introduites comme les animaux de compagnie ou plantes
ornementales de jardin. Il peut aussi involontairement aider ces especes a survivre en créant des
espaces qui leur sont plus favorables (ilots de chaleur en ville) ou en créant des perturbations dans
les écosystemes naturels (travaux), qui en supprimant temporairement les espéces natives, créent
ainsi une fenétre d'opportunité pour l'installation de nouvelles especes (suppression de la
compétition) (Kim and Underwood 2015). Certains traits, comme la tolérance d’une large gammes
de conditions climatiques dans I’aire native, une grande plasticité phénotypique et/ou variabilité
génétique, des graines capables de germer sans pré-traitement et une croissance rapide peuvent
aider les espéces a s’adapter aux nouvelles conditions rencontrées dans leur aire d’accueil

(Goodwin et al. 1999; Sakai et al. 2001).
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On considére qu’une espéce exotique est naturalisée quand elle est capable de former des
populations indépendantes des arrivées de propagules. Pour cela, les individus doivent surmonter
les barrieres biotiques et abiotiques a leur survie et a leur reproduction (Richardson et al. 2000). Par
exemple, réussir a s’intégrer aux réseaux de pollinisation suppose que des pollinisateurs locaux
compatibles existent, et qu’ils s’adaptent a 1’utilisation de cette nouvelle ressource. On observe
généralement une phase de latence entre I’arrivée d’une espece et cette phase de naturalisation. La
phase de latence dépend (i) de la rapidité avec laquelle I’espece introduite est capable de recruter
des mutualistes parmi les especes natives (une espece avec des fleurs semblables a celles d’une
espéce native peut étre visitée plus vite qu’une espéce avec des fleurs complétement inconnues dans
'écosystéme d’accueil) et (ii) de la durée du cycle de vie de I’espéce introduite (plus ce cycle est
court, plus la sélection de génotypes adaptés est rapide) (van Kleunen et al. 2018). D’autres traits,
liés a une forte compétitivité, la production de composés allélopathiques (“novel weapon”) ou a une
niche différente de celle des espéces natives (niche vacante) peuvent favoriser la naturalisation des
espeéces exotiques en leur permettant d'échapper a la compétition avec les espéces natives
(Rejmanek and Richardson 1996; Dietz and Edwards 2006). L’absence des ennemis (e.g.,
phytophages, pathogénes du sol) auxquels elles sont confrontées dans leur aire native peut aussi
permettre aux especes exotiques de changer 1’allocation de leurs ressources, par exemple en

investissant plus dans la reproduction (“enemy release”) (Keane and Crawley 2002).

Enfin, on considere I’espéce comme invasive quand les populations établies preés du point
d’introduction parviennent a disperser sur de longues distances pour former d’autres populations
viables. La vitesse de dispersion dépend (i) des traits de dispersion de 1’espece considérée (les
especes avec une stratégie r sont généralement de meilleurs disperseurs), (ii) du type de propagule
(graines ou reproduction végétative), (iv) de la perméabilité du milieu (e.g., des axes de
déplacement humains peuvent accélérer la dispersion, mais de grandes zones artificialisées peuvent
représenter une barriere a la dispersion), et, (v) de la présence de zones favorables pour I’espece
introduite (i.e., ou elle est capable de s’établir) (Theoharides and Dukes 2007). A nouveau, on
observe généralement une phase de latence entre la naturalisation d’une espece et le moment ou elle
est capable de disperser sur de longues distances. Cette phase est due au temps nécessaire pour que
les nouvelles populations produisent des propagules en quantités suffisantes pour disperser jusqu’a
des milieux favorables et fonder a leur tour de nouvelles populations (Richardson et al. 2000; van

Kleunen et al. 2018).
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1.3.3 Les impacts des invasions

Lorsqu’elles parviennent a s’implanter dans un nouvel écosystéme, les espéces invasives
peuvent interagir avec certaines espéces natives et modifier la dynamique des populations natives.
Dans le cadre de I'UICN, ces impacts sont classifiés a 1’aide du standard EICAT (Hawkins et al.
2015). Ce standard permet de déterminer 1’importance des aspects négatifs de chaque espece
exotique sur les populations d’especes natives a partir d’une revue standardisée de la littérature,
lorsque les données sont disponibles. Cette classification permet de prioriser les mesures de gestion
en fonction de 1’ampleur des impacts sur les espéces natives a 1’échelle européenne. Il comprend
cing catégories (Figure 1.7) : peu préoccupant (aucun effet détecté), léger (diminution du fitness
d’au moins une espéce, mais sans impact documenté sur son abondance locale), modéré (diminution
avérée de I’abondance locale d’au moins une espece), grave (extinction locale d’au moins une
espece, mais réversible par la suppression de 1’espece invasive) et majeur (extinction locale
irréversible d’une espéce native). Les espéces invasives sont responsables d’une part importante des

extinctions déja observées. Parmi les 170 especes animales éteintes pour lesquelles les causes de

principale pour 20% des extinctions.

Dans certains cas, les especes invasives peuvent aussi avoir un impact positif sur certaines
especes natives. Par exemple, elles peuvent remplacer des espéces natives fonctionnellement
similaires ayant disparu. Elles peuvent alors rétablir des fonctions de 1’écosystéme, et fournir un

abri ou une ressource a certaines espéces natives en difficulté, permettant ainsi d’améliorer 1’état de
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Figure 1.7 : Illustration des scénarios EICAT et EICAT+. Schéma conceptuel des cinqg scénarios
semi-quantitatifs utilisés dans EICAT et EICAT+ pour évaluer les impacts négatifs (a gauche) et
positifs (a droite) causés par un taxon exotique focal (ici, une espéce d'arbuste) sur des taxons
indigénes d'intérét (une espece d'herbe et une espece d'oiseau). Les fleches noires indiquent
I'introduction et I'établissement du taxon exotique dans un écosysteme récepteur. La fleche bleue
indique le rétablissement ou la prévention de l'extinction d'un taxon indigene a cause d'un taxon
exotique. Les figures rouges ombragées indiquent les endroits non occupés par le taxon indigéne
(par exemple, en raison d'extinctions locales). Figure traduite de Vimercati et al. (en annexe).

Certaines especes végétales invasives sont décrites comme des “especes ingénieures”, c'est-a-
dire qu’elles sont capables de modifier un écosystéme naturel en modifiant sa nature, son état, son
fonctionnement ou ses trajectoires d’évolution (successions) sur des surfaces importantes (Wells et
al. 1986). Elles peuvent modifier directment des composantes du fonctionnement des écosystémes
comme la production primaire, les cycles du carbone et de 1’azote, la décomposition ou le régime

naturel des feux (Mack et al. 2000; Vila et al. 2011). Ces modifications du fonctionnement des
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écosystemes ont des répercussions directs sur la contribution de ces écosystemes aux sociétés
humaines. Elles peuvent se traduire par trois types de conséquences économiques: (i) le manque a
gagner lié a la réduction du rendement des cultures, des élevages, de la péche, de la foresterie ou du
tourisme, (ii) le cofit de la lutte contre les espéces invasives et (iii) le cofit lié aux impacts sur la
santé humaine (Pimentel et al. 2005). En Europe, les cofits liés aux especes invasives s'accroissent
exponentiellement et atteignent un total de 116.24 milliards d’euros pour la période 1960 - 2020,
dont 96.6 sur la période 2013 - 2020 (Haubrock et al. 2021). La gestion des espéces invasives est
donc une problématique importante a I’échelle du globe dans 1’objectif de minimiser ces cofits

(Osipova et al. 2017), ce qui implique de comprendre leurs mécanismes d’impact.

18



Mecanismes potentiels d'impact sur
la végétation native

Communauté biotique envahie
® competition pour des ressources e
@ competition pour de I'espace insectes insecets
© competition pour la reproduction pollinisateurs ' phytophages
© allelopathie _ i
. SN vegetation native
Effect on life cycle steps ‘H\\
negative effect oD ry 0 T - -
unclear effect : cycle de vie d'une espece native
photosynthése production
0000 Po"'ggazog ——> degraines
Abiotic environment f N <\ ®@000 _ .
" :
5 _ s i ermination
climat — prélévement SV g RS
' . hivernale
d'eau du sol floraison
®000 Y 1 1e) 'I'.CJ'*:Z}0 { l
perturbations reproduction “h
végétative SHEEG o8
plantules
° prélévement /SN ee00 ®@00@
ik (] de nutriments ' v
. sol -
s & du sol & x
croissance
L X Yol
i 000
J ' o) c#o )
l.- plante invasive
micro-organismes
du sol

Figure 1.8 : Schéma présentant des exemples d’impacts directs et indirects d’une plante invasive sur les individus des espéces natives au long de leur
cycle de vie.
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1.3.4 Les mécanismes qui sous-tendent ces impacts

Lorsque les espéces allochtones atteignent de fortes densités, elles peuvent modifier leur
environnement biotique et abiotique, et donc altérer les processus écosystémiques et la biodiversité
locale. Les plantes envahissantes en particulier sont connues pour modifier des processus clés tels
que la production primaire et les cycles de la matiere (Vila et al. 2011), ainsi que la composition des
communautés d’especes natives et leurs réseaux d’interactions (Bartomeus et al. 2008). En
modifiant leur écosysteme d’accueil, elles modifient les conditions pour les autres especes, agissent
comme un filtre et peuvent éliminer les especes qui ne peuvent pas s’adapter aux nouvelles

contraintes induites par I’invasion.

Une grande diversité de mécanismes peuvent sous-tendre les impacts des plantes invasives sur
la végétation native (Figure 1.8). Elles peuvent entre autres (i) s’accaparer certaines ressources de
I’environnement, rendant leur accés plus difficile aux especes natives (compétition), (ii) produire
des composés allélopathiques capables de restreindre le taux de germination ou la croissance
d’especes natives (allélopathie), (iii) modifier la composition et 1’abondance de groupes mutualistes
ou antagonistes (e.g., pollinisateurs, champignons mycorhiziens, pathogénes du sol, herbivores...),
ou encore (iv) perturber leur réseau d’interactions avec les groupes mutualistes. Chacun de ces
mécanismes peut étre décomposé en plusieurs sous-mécanismes. Par exemple, I’impact d’une
espece invasive sur le réseau de pollinisation peut étre dii a un effet direct via ses fleurs ou son
impact sur la structure de la végétation, ou a un effet indirect, via la modification de la communauté
d’insectes et de fleurs en présence. La présence de fleurs invasives et leur attractivité peuvent
détourner les pollinisateurs des fleurs natives, mais peut aussi attirer d’autres insectes qui iront
visiter des especes natives (Recart et al. 2013; Vanbergen et al. 2018). La partie végétative de
I’espece invasive peut aussi changer la structure de la végétation et affecter le comportement de
recherche de nourriture des pollinisateurs, par exemple en modifiant la densité de prédateurs
(Romero et al. 2011; Dudek et al. 2016), ou modifier la communauté de plantes natives, donc les

ressources florales disponibles (Vanbergen et al. 2018).

Ces mécanismes peuvent étre testés en expériences controlées, mais cela n’implique pas
nécessairement qu’ils sont réellement a I'ceuvre dans la nature ot d’autres facteurs limitants peuvent
jouer. Par exemple, I’activité des composés allélopathiques produits par 1’espece invasive peut

dépendre de la composition de la communauté des micro-organismes du sol (Inderjit 2005).

20



Chapitre 1 — Introduction

L’écologie fonctionnelle permet, en étudiant 1’évolution de la répartition des traits des espéces
natives au cours de l’invasion, de détecter les traits qui permettent a certaines especes de se
maintenir en présence de 1’espece invasive, et ceux qui au contraires rendent les espéces plus
vulnérables a I’invasion. L’identification de ces traits peut permettre (i) d’inférer les mécanismes
d’impacts a I’oeuvre (e.g., si seule les especes le plus grandes se maintiennent suite a 1’invasion, on
peut en déduire que la compétition pour la lumiére est un mécanisme important d’impact de
I’espece invasive sur la communauté native) et (ii) de comprendre quelles stratégies permettent aux

especes natives de subsister en dépit de ces mécanismes.

1.3.5 Les stratégies de résistance des especes natives

Lorsqu’une contrainte correspondant a la réduction de 1’accés a une ressource leur est
appliquée (e.g., stress hydrique), les especes peuvent y résister via trois stratégies (Gilbert and
Medina 2016) (Table 1.1). Ces stratégies correspondent a différentes formes de gestion de la
raréfaction de la ressource correspondant a la contrainte. Certaines espéces peuvent maximiser leur
capacité a accéder et a s’accaparer la ressource, c'est-a-dire qu’elles sont compétitrices dans 1’acces
a cette ressource et sont capables d’y accéder, en quantités suffisantes jusqu’a un certain niveau de
contrainte (évitement). D’autres n’ont pas cette capacité, mais sont adaptés a des conditions dans
lesquelles la ressource est limitante et sont donc capables de compléter leur cycle jusqu’a un certain
niveau de contrainte (tolérance). Enfin, certaines espéces peuvent compléter leur cycle rapidement
sur une période qui correspond a un minimum de la contrainte sur la ressource (échappement).
Chacune de ces stratégies correspond, pour chaque contrainte considérée, a des traits fonctionnels
correspondant a 1’acces ou I’utilisation de la ressource correspondant a la contrainte, ou a la

phénologie des espéces.

Cette grille de lecture a été développée dans le cadre de 1’étude de la résistance des plantes au
stress hydrique, mais nous pensons qu’elle est généralisable a d’autres contraintes et peut apporter
un éclairage nouveau sur la réponse de la végétation native a une invasion. En particulier, il nous
semble indispensable de considérer ces différentes stratégies et les traits fonctionnels
correspondants pour inférer les mécanismes auxquels les especes natives sont sensibles : En
fonction du péle d’espéces présents dans la communauté avant l’invasion, les stratégies de
résistance possibles pour ces espéces varient (e.g., si toutes les espéces natives sont plus petites que

I’espece invasive, la stratégie d’évitement de la compétition pour la lumiére ne peut pas étre
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sélectionnée). Une méme contrainte peut donc sélectionner des stratégies différentes en fonction de

la communauté initiale et donc avoir un effet différent sur les CWM et CWV de la communauté.

Table 1.1 : Présentation des trois stratégies de résistance a une contrainte portant sur I’acces a une
ressource.

mécanisme général permettant aux exemple de mécanisme (cas de la

stratégie . .. - ] . .
especes de résister a la contrainte compétition pour la lumiere)
, . capacité accrue a accéder a ou a especes plus hautes que la strate dans
evitement s’accaparer la ressource correspondante laquelle la compétition a lieu
capacité a compléter son cycle avec une espéces adaptées (ou pouvant
tolérance quantité faible de la ressource s’adapter) a une environnement peu

correspondante lumineu

capacité a compléter son cycle hors des R )

, . .___especes avec un cycle de vie court en

échappement périodes pendant lesquelles la contrainte , .
) début de saison

est maximale

1.4 Problématique de la these

1.4.1 Objectif de la thése

L’invasion d’écosystemes par des especes exotiques envahissantes est 1’une des composantes
du changement global ayant un impact important sur les écosystémes et leur fonctionnement
(Vitousek et al. 1997; PySek et al. 2012), et elle est une problématique majeure a 1’échelle du globe
(Osipova et al. 2017). Cependant, les mécanismes par lesquels des plantes exotiques parviennent a
s’insérer dans les réseaux pré-existants et parfois a prendre la place des especes natives dominantes
sont encore mal connus (Bascompte and Jordano 2007; Gallien and Carboni 2017). De méme, les
mécanismes déterminant leurs impacts sur 1’écosystéme, son fonctionnement et les services qu’il
produit restent mal compris. Cette connaissance est pourtant une étape fondamentale dans une
démarche de gestion visant a limiter leur propagation et les conséquences de l’invasion sur les

écosystéemes envahis.

Dans ce contexte, 1’objectif ce ma thése est de mieux comprendre les mécanismes d’impacts
d’une plante invasive sur la végétation native en posant trois questions principales: (i) Quels sont
les mécanismes d’impact directs et indirects de plantes invasives sur la végétation native ? (ii)
Quels sont les groupes fonctionnels les plus affectés par ces mécanismes ? Et (iii) quelles sont leurs

conséquences globales pour les communautés végétales natives? Je me suis intéressée a quatre
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mécanismes en particulier : I’augmentation de la compétition pour deux ressources, la lumiere et les
nutriments du sol (via la préemption de ces ressources par 1’espece invasive); et la modification des
interactions avec deux groupes mutualistes, les champignons mycorhiziennes arbusculaires (via des
composés allélopathiques), et les insectes pollinisateurs (via une modification de leur

comportement).

La compréhension des mécanismes par lesquels des plantes invasives impactnt le
fonctionnement des écosystémes et la biodiversité reste superficielle pour quatre raisons principales.
(i) La majorité des études passées se sont concentrées sur seulement certains impacts des especes
envahissantes comme la production primaire, le stockage de carbone ou la diversité végétale. Or, les
especes invasives peuvent avoir de nombreux impacts qui interagissent entre eux et doivent donc
étre étudiés comme un ensemble (Levine et al. 2003). Par exemple, la compétition pour les
ressources de sol entre especes natives peut étre liée par la production par 1’espece invasive de
composés allélopathiques affectant la communauté de champignons mycorhiziens (Aerts 2003). La
limitation de 1’accés des espéces natives aux nutriments qui en résulte peut, par effet de cascade,
diminuer leur croissance et leur capacité a résister a d’autres stress comme la compétition pour la
lumiere ou leur investissement dans la reproduction sexuée (Sugiyama and Bazzaz 1998). (ii) Les
impacts des plantes envahissantes sur la biodiversité native sont principalement étudiés a travers des
indices synthétiques représentant la richesse ou la diversité des espéces natives a un seul niveau
trophique (Gallien and Carboni 2017). Or, selon leurs caractéristiques, les plantes envahissantes
peuvent faciliter ou exclure certaines espéces natives a différents niveaux trophiques (Simao et al.
2010; Hejda et al. 2017). Par exemple, en modifiant les réseaux de pollinisation dont dépendent les
plantes natives. Les indices synthétiques ne permettent pas de retracer les mécanismes par lesquels
les plantes envahissantes peuvent altérer la diversité des especes natives. (iii) La dynamique
temporelle des impacts des plantes envahissantes, au cours de 1’invasion et dans une méme saison
de végétation, est rarement prise en compte. Or ces impacts sont susceptibles de varier fortement au
cours du temps, avec par exemple des effets en cascade plus long a apparaitre que les effets directs
ou des effets seuil (White et al. 2006; Hobbs et al. 2009). Au cours de I’invasion, la densité de
I’espéce invasive augmente progressivement et ses impacts peuvent étre densité-dépendants. Par
exemple, une espece invasive mellifére fleurissant tard dans la saison pourra avoir un effet positif
sur la communauté de pollinisateurs a faible densité, tant qu’elle n’affecte pas la végétation native,
car elle augmente la ressource totale disponible. A plus forte densité, elle peut entrer en compétition

avec la végétation native et diminuer sa production de ressources floricoles. Elle aura alors un effet
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négatif sur la communauté de pollinisateurs avant sa floraison en réduisant la ressource disponible,
mais cet effet pourra étre compensé par ses propres fleurs pendant sa floraison. Enfin, (iv) une
difficulté additionnelle dans la compréhension des impacts des espéeces invasives sur les réseaux
plantes - pollinisateurs natifs est 1’absence de protocole standard d’échantillonnage de ces réseaux.
Lors de chaque étude, des choix sont faits en fonction des hypothéses testées, des particularités du
terrain et des moyens a disposition. Par exemple, les variables météorologiques relevées, le calcul
de la ressource florale disponible, et 1’inclusion des interactions non capturées pourraient avoir un
impact déterminant sur les données récoltées. Ces choix résultent dans des différences de protocoles
susceptibles d’affecter la qualité et la représentativité des observations et donc les résultats issus de
leur analyse. Les effets de ces choix sur les données récoltées et la qualité des modeles dans
lesquels ils sont utilisés n’ont pas encore été testés. Comparer des études entre elles ou les agréger
lorsque les protocoles ne sont pas identiques est donc difficile. Pourtant, pouvoir capitaliser sur les
observations réalisées dans le cadre d’études antérieures (e.g., pour comparer des réseaux de zones
envahies a des réseaux antérieurs a 1’invasion) est un enjeu majeur, d’autant plus qu' échantillonner

ces réseaux sur le terrain est une tache longue et cofiteuse.

Dans cette these, je propose une approche intégrative et mécaniste, basée sur I’écologie des
communautés et 1’écologie fonctionnelle, pour étudier les impacts d’une espece invasive spécialiste
des zones humides, Solidago canadensis (L., 1753), sur la végétation native de prairies humides en
contexte alpin. Nous avons sélectionné des mécanismes d’impact potentiel de S. canadensis sur la
végétation native, directs (e.g., compétition) et indirects (e.g., via d’autres groupes trophiques), en
nous basant sur la littérature existante. Nous avons ensuite mis en place un plan d’échantillonnage
permettant de tester si ces mécanismes sont a l'cuvre in natura en échantillonnant plusieurs
composantes de 1'écosysteme: le sol, la végétation native et les réseaux de pollinisation. Enfin, nous
avons utilisé des méthodes statistiques innovantes en écologie, tels que les modéles d'équation
structurels (SEM?®) et des algorithmes d'arbre de régression boosté (BRT?), pour déterminer
I’importance de ces mécanismes, de leurs interactions et différents choix de protocoles, tout en

limitant les biais d’observation.

3 Structural equation models
4  Boosted regression tree
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1.4.2 Présentation de I’espéce modele et de ses impacts potentiels

S. canadensis est une hémicryptophyte rhizomateuse de la famille des Astéracées originaire de
grandes plaines d’ Amérique du Nord et naturalisée dans de nombreux pays d’Europe (Werner et al.
1980; Weber 1998; Weber 2000; PySek et al. 2009, Figure 1.9). En Europe, on la trouve
principalement dans les prairies humides, mais aussi dans les ripisylves, en bordure de voie ferrée et
dans les zones perturbées. S. canadensis apprécie les milieux ouverts, mais on la trouve aussi en
bordures de foréts. Elle apprécie les milieux riches en azote et humides mais ne supporte pas les
sols engorgés plus de quatre a huit mois par an (Weber 2000). Elle peut former des populations avec
une densité de plus de 300 tiges/m? sur des hectares. Ses tiges sont annuelles et peuvent atteindre
2m de haut, entre avril et juillet grace a une croissance rapide. Son systéme de rhizomes et de
racines est dense et produit des composés allélopathiques, mais n’atteint pas plus de 20cm de
profondeur. S. canadensis peut produire jusqu’a 4600 fleurs par tige, produisant jusqu’a 385 kg/ha
de nectar et 90 kg.ha de pollen (Strzatkowska 2005). Cependant, elle est auto-incompatible et le
taux de germination (3%; données mesurées par L. Gallien, communication personnelle), comme le
taux survie des plantules en conditions naturelles (0.008%) est trés faible, notamment car elles ont

besoin d’un sol dégagé (Fryxell 1957).
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Figure 1.9 : Présentation de [’espece invasive étudiée: S. canadensis sur la base des informations fournies dans la littérature

(Werner et al. 1980; Weber 1998; Weber 2000).
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S. canadensis a été importée en Europe comme espece ornementale aux alentours de 1735
(Weber 1998). Les premieres populations naturalisées ont été rapportées en 1964 en Europe de 1'Est.
Depuis son aire de répartition s’étend vers 1’Ouest (Weber 1998; Weber 2001). En France, cette
espece continue a étre vendue comme plante ornementale en jardinerie et a étre utilisée par les villes
et dans les jardins botaniques, ce qui favorise sa propagation (Dawson et al. 2008; van Kleunen et

al. 2018).

C’est un modele d’étude particulierement intéressant pour répondre a nos questions de
recherche car ses impacts touchent différentes composantes des écosystémes. Sa présence affecte a
la fois les plantes natives (une fois implantée c’est une forte compétitrice (Werner et al. 1980)), la
communauté mycorhizienne (via sa production de composés allélopathiques (Abhilasha et al.
2008)), la communauté de pollinisateurs (Fenesi et al. 2015), et le réseau de pollinisation (forte

production de nectar en fin de saison de végétation (Weber 2000)).

S. canadensis est capable de réduire la population de certaines espéces de plantes natives
(parfois jusqu’a I’ exclusion), modifiant de ce fait la composition de la communauté native (parfois
en s’imposant comme unique espece dominante avec un couvert pouvant atteindre 100% (Weber
2000; Dong et al. 2015a; Wang et al. 2019), avec des répercussions sur la qualité fourragere des
prairies et la dynamique de succession écologique (Gusev 2015; Fenesi et al. 2015). S. canadensis
peut aussi s’hybrider avec l'espéce native S. virgaurea, menacant I’intégrité génétique de cette

espece (Skokanova et al. 2020).

Les fleurs de S. canadensis sont une source importante de pollen et de nectar, disponible tard
dans la saison, c'est-a-dire, apres le pic de floraison des especes natives (Weber 2000). Cette
ressource peut étre clé pour permettre a certains insectes pollinisateurs de constituer des stocks
suffisants pour permettre aux larves (ou a la colonie dans le cas de Apis mellifera, L. 1758) de
passer I’hiver (Stefanic et al. 2003). Dans ce cas, S. canadensis peut remplacer fonctionnellement
des especes natives comme le lierre (Hedera helix, L. 1753), autrefois abondant dans les haies et les
sous-bois et fleurissant aussi jusqu’aux premieres gelées (POINTEREAU and COULON 2006;
Vezza et al. 2006; Timberlake et al. 2021). Cependant, le bénéfice du solidage en termes de
ressources tardives peut étre contrebalancé par ses effets négatifs sur la végétation native qui
produira alors moins de fleurs, diminuant les ressources florales disponibles, en particulier avant la

floraison de S. canadensis (Moron et al. 2009; Fenesi et al. 2015; Jachula et al. 2022).
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S. canadensis affecte la composition chimique, la communauté de micro-organismes et
I’activité microbienne du sol. Les sites envahis par S. canadensis tendent a présenter des
concentrations fortes en carbone organique et en ammonium (NH4-), et un pH plus élevé que les
sites non envabhis, alors que la concentration en nitrates (NO3-) et en phosphore y est moindre
(Zhang et al. 2009). Cela pourrait indiquer une diminution de I’activité des bactéries nitrophiles ou
une augmentation de ’activité des bactéries fixatrices d’azote, et se traduire par une diminution de
la ressource en azote exploitable par les especes natives (Stein and Klotz 2016). La biomasse
microbienne, sa diversité fonctionnelle, la respiration, et la décomposition de la litiére sont plus

élevés dans les zones envahies, créant des conditions plus favorables au développement de S.

I’abondance des champignons mycorhiziens dans sa rhizosphere a son avantage en sélectionnant les

espéces qui lui sont favorables (Yuan et al. 2014; Zubek et al. 2016; Rezacova et al. 2021).

Du fait de ces impacts importants sur différents groupes trophiques des écosystémes natifs, S.
canadensis est considéré comme 1’une des espéces invasives les plus importantes en Europe (Weber
1998; Scharfy et al. 2009; PySek et al. 2012). Cependant, elle ne figure pas (encore) dans la liste
noire européenne des especes invasives les plus préoccupantes définie en juillet 2016, ce qui
permettrait d'interdire son importation, achat, utilisation, vente ou libération dans 1’environnement
(17 nouvelles espéces inscrites sur la liste des exotiques envahissantes préoccupantes pour 1’Union

européenne).

Dans 1’objectif de limiter ces impacts, les populations de S. canadensis peuvent étre
maitrisées efficacement par une fauche bisannuelle (apreés le début de 1I’élongation des tiges et avant
la maturation des graines) ou par paturage (consommation des pousses au printemps et piétinement)
qui limitent la capacité des individus a stocker des ressources pour s’étendre par rhizomes et a
compléter leur cycle de reproduction sexuée (Szymura et al. 2022; Rim et al. 2022; Centre de
ressources especes exotiques envahissantes). L’effet de la fauche peut étre amélioré par 1’apport de
foins frais issus de prairies non envahies (apport de graines d’espéces natives et privation de
lumiére des graines de S. canadensis), mais [’utilisation d’herbicides dans un contexte de

restauration des prairies envahies n’améliore pas le résultat (Szymura et al. 2022). L'inondation en
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hiver et le maintien en eau de zones humides au printemps permettent de retarder son

et rend S. canadensis plus vulnérable aux pathogenes et parasites (Najberek and Solarz 2021).
L’arrachage manuel des tiges avec leurs rhizomes est aussi utilisé, mais cette technique nécessite
une intervention précoce et donc une surveillance intensive des sites. Dans tous les cas, la méthode
de gestion doit étre adaptée au contexte et aux objectifs poursuivis sur le site. Dans les espaces
protégés semi-naturels, la méthode choisie (ou la non intervention) résulte toujours d’un compromis
entre la préservation a court terme des especes natives sensibles a une gestion intrusive et le
controle de la dynamique de la population de S. canadensis qui sur le long terme peut exclure ces
especes. Il est donc important de comprendre les mécanismes qui sous-tendent les impacts de S.
canadensis, et d’identifier les groupes d’espéces qui y sont les plus sensibles. Cette étape est
indispensable pour prédire dans quelles circonstances (e.g., type de milieu, caractéristiques de la
communauté native) l'installation de S. canadensis représente une réelle menace pour 1’écosystéme,
d’autant plus que sa présence peut s’avérer favorable aux activités apicoles et touristiques locales.
En effet, S. canadensis est considérée comme une plante mellifére de grand intérét pour la survie
des ruches, et dont le miel est trés demandé en dehors de sa zone native du fait d’hypothétiques
qualités nutritionnelles (Lenda et al. 2020). Elle reste aussi une plante prisée des jardiniers de par
ses qualités ornementales, sa résistance et son entretien facile. Paradoxalement, S. canadensis est
aussi un facteur d’attraction touristique dans certaines zones envahies, comme notre terrain

d’étude !

Plusieurs mécanismes sont suspectés de jouer un role important dans I’impact de S.
canadensis sur les especes natives. Certains lui permettent d’affecter directment leur germination,
leur développement végétatif et leur reproduction via 1’accaparement de certaines ressources et la
production de composés allélopathiques. D’autres seraient liés a son impact sur la composition et
I’activité d’autres groupes taxonomiques en interaction avec la végétation native comme les
champignons mycorhiziens, les pathogenes du sol, ainsi que les insectes herbivores ou

pollinisateurs.

S. canadensis est considérée comme une espece tres compétitive, capable de par sa taille et sa
croissance rapide d’accaparer des ressources telles que la lumiere, les nutriments, 1’eau et 1’espace

(Werner et al. 1980; Dong et al. 2015b), entralnant une compétition accrue pour ces ressources dans
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les zones envahies. De plus, elle produit de nombreux composés allélopathiques susceptibles
d’affecter directment le taux de germination et le développement végétatif des espéces natives
(Abhilasha et al. 2008; Mozdzen et al. 2020). S. canadensis est aussi capable, de par I’abondance de
ses fleurs et les quantités importantes de pollen et de nectar qu’elle produit, d’attirer une large
gamme de pollinisateurs se nourrissant habituellement sur les espéces natives, créant ainsi une
compétition avec les fleurs natives présentes a proximité de ces inflorescences (Weber 2000).
L’importante production de pollen pourrait aussi avoir un effet négatif sur le succes reproducteur
des fleurs natives partageant les mémes pollinisateurs via un phénoméne de compétition pollinique
(obstruction du pistil des fleurs natives par les tubes polliniques issus de la germination des grains

de pollen de S. canadensis) (Morales and Traveset 2009).

L’attractivité des fleurs de S. canadensis peut aussi, indirectment, avoir un effet facilitateur ou
détrimental sur la pollinisation des fleurs natives en augmentant le nombre d’insectes prospectant
dans les zones envahies, ou en impactant, positivement ou négativement, les communautés de
pollinisateurs sauvages (Moron et al. 2009; Fenesi et al. 2015; Jachuta et al. 2022). S. canadensis
peut modifier la composition et I’activité de la communauté microbienne du sol et des champignons
mycorhiziens arbusculaires a son avantage en modifiant les caractéristiques chimiques du sol et en
produisant des métabolites secondaires (Zhang et al. 2007; Abhilasha et al. 2008; Yuan et al. 2014).
La modification de la composition et des communautés de microorganismes et de champignons

mycorhiziens peut a son tour affecter la végétation native (Zhang et al. 2007; Zubek et al. 2016).

Si les impacts de S. canadensis sur le sol, la végétation native et les insectes pollinisateurs
sont bien évalués sur le terrain, les mécanismes qui les sous-tendent sont le plus souvent étudiés en
conditions controlées lors d'expérimentations, et sur des especes cibles, avec des résultats parfois
contradictoires (Sun et al. 2013). Le r6le joué par ces mécanismes lors d’une invasion réelle a
I’échelle de la communauté reste a déterminer. Clarifier les réels impacts de S. canadensis sur le
fonctionnement et la biodiversité locale suivant sa prédominance représente un enjeu d’actualité,et
d’autant plus important que la présence de cette plante peut s’avérer positive pour certains acteurs

(e.g., apiculteurs, acteurs du tourisme, jardineries).

1.4.3 Hypotheses de travail

Pour étudier les mécanismes qui sous-tendent les impacts de S. canadensis sur la végétation

native, nous avons considéré un gradient de densité de S. canadensis dans des prairies humides
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envahies. Nous avons fait I’hypothése que la végétation est initialement homogéne dans les prairies

similaire depuis leur ouverture, (ii) les conditions édaphiques au sein d’une prairie varient peu et
(iii) on n’observe pas de lien entre la densité de S. canadensis et ces conditions a 1’échelle du site
(plus de détails dans le Chapitre 2). La population de S. canadensis s’installe suite a une
perturbation et se développe progressivement en augmentant la taille du patch et sa densité (Weber
2000; Bal et al. 2011). Les différentes densités représentent donc différentes phases du processus
d’invasion et tendent vers 1’état d’équilibre représenté par les zones avec une forte densité de S.
canadensis. Au cours de ce processus d’invasion, il est probable que le solidage modifie
progressivement les caractéristiques de 1'écosysteme (composition et chimie du sol, humidité,
luminosité, comportement des insectes mutualistes et herbivores...) et donc la végétation native.
Les espéces les moins adaptées a ces nouvelles conditions sont filtrées et seules les espéces les plus
résistantes aux contraintes imposées par S. canadensis persistent. Comme vu précédemment, leur
capacité de résistance a ces contraintes dépend de leurs traits, qui leur permettent de mettre en
ceuvre différentes stratégies de résistance. L’étude de I’évolution de la répartition de la communauté
végétale native dans I’espace des traits le long des gradients de densité de S. canadensis va nous

permettre d’identifier les mécanismes a l'ceuvre aux différents stades de 1’invasion.

1.4.4 Structure de la these

Le second chapitre présente en détail la zone d’étude et les protocoles réalisés sur le terrain
pour suivre 1’évolution de la composition du sol, de la végétation et des réseaux de pollinisation le
long des gradients de S. canadensis et les données obtenues. L’ensemble des analyses réalisées au
cours de ma thése sont basés sur ces données. Les résultats de ces analyses sont organisés en trois
chapitres (Chap 3-5) présentés en anglais, correspondant a trois articles scientifiques

(respectivement publié, soumis et en préparation).

Plus précisément, le Chapitre 2 présente I’impact de différents choix méthodologiques, lors de

1’échantillonnage des réseaux de pollinisation sur la fiabilité des réseaux obtenus.

Le Chapitre 4 vise a détecter les impacts de S. canadensis sur la communauté végétale et les

grands mécanismes qui sous-tendent ces impacts. L’effet de S. canadensis sur 1’accés des espéces
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natives a la lumiere, aux nutriments du sol, a la pollinisation et aux champignons mycorhiziens

arbusculaires y est testé.

Le Chapitre 5 étudie plus précisément les mécanismes par lesquels S. canadensis impact le
succes reproducteur des espéces de plantes natives, a travers la modification du comportement des

insectes pollinisateurs.

Enfin, les principaux résultats sont synthétisés, discutés et mis en perspective dans le Chapitre
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Figure 1.10 : Représentation schématique de I’organisation du manuscrit.
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Chapitre 2 : Presentation du travail de
terrain et des données obtenues

“No aphorism is more frequently repeated in connection with field trials, than that we
must ask Nature few questions, or, ideally, one question, at a time. The writer is
convinced that this view is wholly mistaken. Nature, he suggests, will best respond to a
logical and carefully thought out questionnaire; indeed, if we ask her a single question,

she will often refuse to answer until some other topic has been discussed.”

—Sir Ronald Fisher (1926)
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Chapitre 2 — Présentation du travail de terrain et des données obtenues

2.1 Objectifs

L’objectif du terrain mené en 2019 était de récolter des données permettant de mener a bien le
projet de these, c'est-a-dire de comprendre (i) Quels sont les mécanismes d’impact directs et
indirects de S. canadensis sur la végétation native ? (ii) Quels sont les groupes fonctionnels les plus
affectés par ces mécanismes ? Et (iii) quels sont leurs impacts sur la communauté végétale native ?
Pour ce faire, nous avions besoin de données décrivant précisément les variations de la communauté
végétale. Nous avions aussi besoin de caractériser les compartiments de 1’écosysteme avec lesquels

S. canadensis et la communauté végétale interagissent fortement : le sol et les pollinisateurs.

Certaines données issues de ces protocoles n’ont pas été utilisées dans le cadre de ma these,
du fait de contraintes techniques (données Westphal), de données de qualité insuffisante (données de
dépendance a la pollinisation), ou de manque de temps pour les analyser. L’ensemble des protocoles
est cependant présenté dans ce chapitre, de facon a représenter le travail effectué, les contraintes

rencontrées sur le terrain et les possibilités qu’offrent les données récoltées pour des travaux futurs.

2.2 Zone d’étude

Tous les relevés ont été réalisés dans deux aires protégées situées en Haute-Savoie, au sud du
lac d’Annecy: la réserve naturelle du Bout du Lac et la zone naturelle d’intérét écologique,
faunistique et floristique du Marais de Giez. Ces zones sont gérées par le conservatoire d’espaces
naturels de Haute-Savoie ASTER. Nous les avons choisies car I’invasion par S. canadensis y est
1983 sur la prairie centrale P1 suite a la réouverture du milieu par broyage sans exportation. Du fait
de l'absence temporaire de concurrence et de I’apport d’azote dans le milieu lié a la décomposition
de la litiére et du broyat, S. canadensis a rapidement formé des peuplements presque purs. En 1997,
le broyage estival sans exportation est réitéré sur une base annuelle jusqu’en 2010 : une végétation
de type prairie a molinie est restaurée, méme si S. canadensis reste présent. Depuis 2010, cette
prairie est gérée en fauche annuelle tardive (aofit) avec export, et la population de S. canadensis est
de nouveau en expansion. Dans le reste de la réserve, on suspecte les fouilles de sangliers d’avoir
favorisé la germination et l'implantation de S. canadensis. A 1’échelle de la réserve, ces populations
opportunistes voient leur densité augmenter, méme s' il semblerait que la fauche parvienne a ralentir
leur expansion. Cela fait de ces aires protégées un terrain parfait pour étudier 1’évolution des

impacts de S. canadensis sur la végétation native a différents stades d’invasion. En effet, S.
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canadensis s’installe suite a une perturbation indépendante des conditions abiotiques et de la
composition de la végétation. On peut donc considérer que sa densité représente bien le stade
d’invasion atteint, et non l'invasibilité de la zone. De plus, son évolution ralentie par la pratique de
la fauche permet de diminuer le décalage observé entre les effets de la densité de S. canadensis et
ses impacts sur la végétation native (un temps de latence dans la réponse a la densité de S.

canadensis moins important).

Nous avons sélectionné dans ces deux zones protégées cing prairies qui présentent chacune un
gradient de densité de S. canadensis important (0 a 80-170 tiges/m?, Figure 2.1). Les communautés
végétales de ces prairies sont comparables (prairies a molinie et bas marais alcalins). Elles sont
fauchées avec export de facon annuelle ou bisannuelle, et toutes avaient été fauchées 1’année

précédant notre campagne de terrain.
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Figure 2.1 : Répartition spatiale des prairies et placettes sur la zone d’étude.

2.3 Protocoles réalisés sur le terrain

Entre mai et aolit 2019, nous avons mis en place 4 protocoles principaux sur chaque placette.
Ces protocoles visaient a caractériser (i) le sol ainsi que la biomasse aérienne et souterraine, (ii) la
communauté végétale, (iii) la communauté de pollinisateurs et (iv) le réseau de pollinisation. Deux
protocoles complémentaires visaient a définir la densité de S. canadensis et la hauteur de la
végétation. L’organisation spatiale de ces protocoles est présentée en Figure 2.2, les protocoles

détaillés et les fiches de terrain utilisées sont présentées en annexe.
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Interactions

plantes-insectes

Transectes de 10*2m,
10 minutes de prospection

insectes en contact avec
les fleurs

12 a 13 visites

2 720 visites de
transectes

Insectes prospectant
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= Westphal

= 3 coupelles (bleue,
jaune et blanche)

* 2 passage (avant et
pendant floraison de S.
canadensis)

* 80m?

: Placette (100m?)
‘ Transecte (10m)

Westphal (3
coupelles)

0 Quadrat végeétation
(1m?)

p Quadrat biomasse
(0.25m?)

Quadrat solidage

(0.25m?)

Composition de la

communauté végétale

* Point-contacts
= 16 tiges/m?
* 1 passage

* 80m?

i

* Echantillonnage de
biomasse et de sol

= 1 passage en 2019
> 20m?

= 1 passage en 2020

Analyse des échantillons

trie des insectes (morpho-espéces)

* |jdentification des apidae, diptera et coleoptera
* [C] et[N]sol et biomasse

humidité, pH, MO & fractions du sol

2.3.1 Estimation de la densité de S. canadensis

Nous avons estimé la densité de S. canadensis sur les placettes via deux métriques
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Figure 2.2 : Résumé des protocoles réalisés et de leur agencement sur chaque placette.

différentes. La premiére correspond au nombre de touches de S. canadensis dans les quadrats de
végétation (section 1.3.3). Elle permet d’avoir une vision précise de la biomasse de S. canadensis au
moment du relevé, mais ces quadrats étaient en dehors des placettes. Nous avons utilisé cette
métrique dans 1’analyse basée sur les données des quadrats végétation du Chapitre 4, mais préféré

une métrique plus proche spatialement pour les analyses portants sur les réseaux de pollinisation
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(Chapitres 3 & 5). Cette seconde métrique correspond a la moyenne du nombre de tiges de S.
canadensis comptées dans les quadrats biomasse, avant le protocole biomasse et sol (début juillet)

et les quadrats solidage, au centre des placettes apres les derniers transects pollinisation (mi-aofit).

2.3.2 Caractérisation du sol et de la biomasse

Nous avons réalisé un premier protocole début juillet 2019 sur 8 quadrats de 0.25m? définis
a la périphérie de chaque placette. Il consistait a récolter la biomasse aérienne et a prélever une
carotte de sol a 15 cm de profondeur. La biomasse aérienne, comme le sol, ont été regroupés par
placette et pesés. Nous avons ensuite prélevé et séparé un échantillon de biomasse aérienne en
biomasse fraiche (verte) et biomasse seche (jaune). Un échantillon de sol a aussi été tamisé pour
séparer le sol de la biomasse souterraine. Les quatre types d’échantillons (sol, biomasse souterraine,
biomasse aérienne fraiche et biomasse aérienne seéche) ont ensuite été séchés puis broyés et analysés
au CHN pour déterminer leur concentration en azote et en carbone. Cet échantillonnage a été
complété en 2020 par de nouveaux échantillons de sol qui ont permis de déterminer 1’humidité, le

pH et la structure du sol de chaque placette.

Nous avons aussi relevé la hauteur moyenne de la végétation en huit points le long de
chaque transect. Nous avons réalisé ce protocole deux fois dans la saison (le 24/06 et le 12/08), ce
qui permet d’estimer 1’évolution de la biomasse aérienne entre le relevé par points contact et la fin

de la fauche annuelle.
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Table 2.1 : Résumé des analyses effectuées sur les échantillons de sol (LECA = Laboratoire
d’ECologie Alpine, LANO = Laboratoire Agronomique NOrmand, MCG = Marie Charlotte
Grange, CA = Cindy Arnoldi, LB = Lionel Bernard)

Caractéristiques du sol Mesuré par Méthode et matériel utilisé
pH MCG (LECA) NF ISO 10390
humidité MCG (LECA) comparaison masse fraiche et
seche
matiere organique LANO NF ISO 14235
C et N total MCG, CA & LB (LECA) CHN analyser

2.3.3 Caractérisation de la communauté végétale
Du 06/06 au 18/06, nous avons réalisé des points-contact sur 4 quadrats de 1m?2 définis en
dehors de chaque placette de facon a ne pas impactr les relevés du réseau de pollinisation mais
suffisamment proches et dans une végétation similaire a celle de la placette de facon a étre
représentatifs de la placette. Nous avons relevé le nombre de touches par espéce (identification sur
place) en 16 points contacts au sein de chaque quadrat. La répétition du protocole en fin de saison

avait été envisagée, mais n’a pas pu étre réalisée.

Des relevés de Braun-Blanquet complémentaires a 1’échelle des placettes étaient
initialement prévus. Cependant, nous n’avons pas pu les réaliser car les especes dominantes (carex

et graminées) n’étaient pas suffisamment distinguables les unes des autres.

2.3.4 Sensibilité du succes reproducteur des espéces natives dominantes a visite
d’insectes pollinisateurs

Nous avions prévu un protocole visant a caractériser la dépendance du succeés reproducteur
de quatre especes natives dominantes (Lythrum salicaria, Lysimachia vulgaris, Lotus corniculatus
et Vicia cracca) a la visite de leurs fleurs par des insectes. Ce protocole consistait a encapuchonner
certaines inflorescences et a en marquer d’autres avant le début de leur floraison. Les insectes ne
pouvaient ainsi pas visiter les inflorescences encapuchonnées et la comparaison du nombre, du
poids et du taux de germination des graines obtenues nous aurait permis — en complément d’une
expérience de compétition qui a dii étre abandonnée du fait de la crise sanitaire — de compléter le
paramétrage d’un modele mécanistique d’évolution de la communauté suite a ’invasion par S.
canadensis. La mise en place de ce protocole sur le terrain s’est avérée plus compliquée que prévu

et nous avons dii I'abandonner. En particulier, il était difficile de trouver des inflorescences au stade
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voulu sur les placettes, certains sachets ont disparu avant d’étre relevés et certains insectes se sont

montrés capables de visiter les fleurs a travers les sachets (Figure 2.3).

Figure 2.3 : Abeille domestique butinant des fleurs de S. canadensis a travers le dispositif censé
éviter la pollinisation.

2.3.5 Caractérisation de la communauté de pollinisateurs prospectant

Nous avons piégé les insectes prospectant sur les placettes en utilisant le protocole

UV (jaune, blanche et bleue) et remplies d’eau savonneuse au centre de la placette, a hauteur de
végétation (Figure 2.4). Nous avons installé les coupelles avant le lever du jour et avons relevé les
insectes piégés a la tombée de la nuit pour éviter les risques liés a la prédation par les oiseaux ou au
renversement des coupelles par les sangliers. Ce dispositif permet de piéger 70 a 95% des espéces
détectées sur une placette lorsqu’il est appliqué en combinaison avec un filet faucheur, et permet de
détecter les especes ayant une distance de fuite trop importante pour étre capturées au filet sur les
transects. La présence des coupelles de couleur pouvant biaiser le comportement des insectes sur les
placettes, nous n’avons pas fait de relevés d’interactions de pollinisation lorsque ce dispositif était
en place. Les données issues de ce protocole n’ont finalement pas été utilisées dans ce travail de

thése par manque de temps, mais les insectes sont triés et préts a étre identifiés.
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Figure 2.4 : Vue artistique de la mise en place du protocole Westphal.

2.3.6 Caractérisation du réseau de pollinisation

Nous avons caractérisé le réseau de pollinisation le long de chaque transect 12 a 13 fois, de
mi-mai a mi-aofit. Ce protocole consiste a parcourir un transects de 10m de long (i) en dénombrant
les inflorescences de chaque espéce en fleurs, puis (ii) en capturant les interactions observées
pendant une durée de prospection de 10 minutes (le minuteur était arrété le temps de capturer
I’insecte et de le mettre en flacon). Ce protocole permet une double standardisation de la surface
échantillonnée et de la durée d’observation. Pour éviter des biais liés a des variations d’activité des
insectes au cours de la journée, trois observateurs parcouraient simultanément les transects d’une
méme placette tandis qu'un scribe notait les interactions observées, c’est a dire, le numéro du flacon
de I’insecte et I’espece sur laquelle il avait été capturé. Il était impossible d’attraper tous les insectes
observés. Nous avons donc reporté les interactions observées mais impossibles a attraper ainsi que
les interactions impliquant des abeilles domestiques, en reportant I’identification la plus précise
possible de I’insecte. Au pic d’activité, la durée de prospection a pu étre diminuée a 5 minutes
lorsque le nombre d’insectes capturés aprés ces 5 minutes était supérieur a 20 pour pouvoir
prospecter 1’ensemble des placettes dans un intervalle de temps raisonnable. Les observations
effectuées sur ces “demi” transects étaient ensuite dupliquées pour avoir des données correspondant
a des transects complets dans les analyses. Les individus capturés étaient stockés pour la journée
dans des glacieres de terrain puis transférés au congélateur pendant minimum deux heures afin de

les tuer avant de les transférer dans des flacons d’alcool pour les conserver. Les flacons ont été triés
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en fonction du groupe d'insectes et certains groupes ont été envoyés a des experts pour
identification des individus a I’espece. Martin Riha a identifié les apidae, dont une partie a été
vérifiée par David Genoux. Axel Ssymank a identifié une partie des syrphes et Phil Witters le reste
des dipteres. Gérard Collomb a identifié une partie des coléopteres. Le reste des insectes capturés a

été trié par morpho-espece.

Un échantillon d’insectes de chaque espeéce a ensuite été épinglé pour réaliser des mesures
de traits fonctionnels liés aux capacités de vol. Ces mesures sont en attente suite aux contraintes

liées a la crise sanitaire.

Nous avons attribué a chaque espéce de fleurs rencontrée sur les transects une “surface
équivalent solidage” correspondant a 1’inverse du nombre d’inflorescences nécessaire pour obtenir
un groupe de fleurs visuellement comparable a une inflorescence de S. canadensis. Cette métrique

nous a permis de comparer I’abondance des fleurs entre espéces et entre transects.

2.4 Données obtenues

Les données obtenues ont été rentrées dans une base de données dont la structure est
présentée en annexe. Une partie des données d’analyse de sol réalisées en 2020 (pH, humidité et
MO) et de caractérisation des inflorescences des especes de fleurs doivent encore étre ajoutées a

cette base de données.

2.4.1 Répartition de la densité de S. canadensis
La densité de S. canadensis sur les placettes étudiées varie entre 0 et 170 tiges/m? et entre 0

et 60 touches/m2. Les patches les plus denses présents dans notre zone d’étude sont donc nettement

mais correspondent visuellement a des densités importantes (Figure 2.5).
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Figure 2.5 : Placettes P6D3 et P6D4 correspondant respectivement a des densitées moyennes de 63
et 107 tiges de S. canadensis par m2.

Les deux méthodes utilisées pour mesurer la densité de S. canadensis donnent des résultats
légerement différents lorsqu’on compare leurs valeurs agrégées a 1’échelle de la placette (Figure
2.6). Ces différences peuvent s'expliquer par la localisation différente des relevés (a I’intérieur ou a
I’extérieur de la placette), et (ii) par les variations phénologiques entre placettes. Le nombre de tiges
est une variable stable dans 1’année, alors que le nombre de touches augmente au cours de la saison.
Certaines prairies étant plus humides que d’autres, le développement de la végétation y est plus
tardif et le nombre de touches de S. canadensis relevées sur ces prairies est donc inférieur a celui
récolté sur une placette moins humide avec la méme densité de tiges de S. canadensis a la méme
période. Les prairies P3 et P6 étaient initialement destinées a étre traitées comme une seule prairie,
car présentées comme tres semblables par le gestionnaire mais présentant des densités tres
différentes de S. canadensis. Cependant, nous les avons finalement séparées dans les analyses car la

prairie P3 était largement plus humide que la prairie P6.
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Figure 2.6 : Répartition des placettes le long du gradient de S. canadensis dans les différentes
prairies.
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2.4.2 Caractéristiques du sol

L’humidité (hum) était le facteur structurant de la composition du sol. Elle variait de 23% a
82% en fonction des placettes et était corrélée a plus de 84% avec la proportion de matiére
organique (MO), la concentration en carbone totale ([C]) et la concentration en azote totale ([N]) du
sol (Figure 2.7.a). Dans un contexte de zone humide, on peut faire 1’hypotheése que ce sont les
variations d’humidité qui conditionnent la composition du sol via un controle sur ’activité de
décomposition et non I’inverse. La structure du sol prélevé sur les placettes était tres variable : la
matiére organique représentait 8% a 69% du sol, I’argile 12% a 49%, le limon 46% a 76% et le
sable 1% a 26%. Le facteur principal de variation était donc la concentration en MO. Finalement, le
pH des sols était comparable pour toutes les placettes (entre 7.2 et 7.7). Du fait de la forte
corrélation des autres variables édaphiques, nous n’avons utilisé que I’humidité et la concentration

en azote totale dans les analyses.

Les différentes prairies montraient des différences importantes en termes d’humidité
(Figure 2.7.b). Les prairies de la réserve du bout du lac (P1, P2, P3 et P6), étaient relativement plus
séches, en particulier la P1 ou le niveau d’eau est volontairement gardé bas du fait de la présence
proche d’un camping. Au sein des prairies, I’humidité des placettes variait aussi, mais de facon

beaucoup moins importante.
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Figure 2.7 : Corrélation entre les variables du sol (a), et répartition des placettes des différentes
prairies le long du gradient d’humidité (b).

La densité de tiges de S. canadensis n’était fortement corrélée a aucune des variables

édaphiques testées. De plus, les densités maximales de S. canadensis étaient observées aux deux
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extrémités du spectre d’humidité (Figure 2.8). Cela confirme notre hypothése que les gammes de
conditions édaphiques présentes sur les prairies sélectionnées ne sont pas limitantes pour
l'installation et la prolifération de S. canadensis. La densité observée est donc bien représentative du
stade du temps depuis l'installation du premier individu, et non du caractére plus ou moins favorable

de la placette a la croissance de sa population.
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Figure 2.8 : Variation de la densité de tiges de S. canadensis observée en fonction de I’humidité.

2.4.3 Biomasse
La production de biomasse aérienne sur les placettes variait entre 0.7 et 1.9 kg de poids
frais par m2. Apres séchage, cette biomasse se composait de 0.4 a 0.9kg/m? de biomasse verte seéche
et 0.05 a 0.5kg/m? de biomasse jaune seche. La biomasse du sol récoltée par les huit prélevements
variait entre 0.1 a 0.6kg frais correspondant a 0.02 a 0.14kg de poids sec. Ces variables étaient

corrélées a moins de 20% avec la densité de tiges de S. canadensis.

2.4.4 Végétation native
Au total, nous avons observé 145 especes et 42 morpho-espéces de plantes. 94 especes et
42 morpho-especes ont été relevées dans les quadrats végétation et 93 especes ont été observées en
fleurs sur les transects. Le nombre important d’espéces non identifiées est dii a des contraintes
temporelles: les quadrats devaient tous étre relevés dans un intervalle de temps court pour que les

données puissent étre comparées entre quadrats. Nous avions fixé la période de relevé en amont de
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la saison de terrain sur la base de la disponibilité de botanistes et d’une estimation du stade de
développement de la végétation. Cependant, le printemps 2019 a été particulierement froid et
humide, ce qui a retardé le développement de la végétation. De ce fait, certaines especes (en
particulier les Carex sp.) n’étaient pas assez développées pour étre identifiées a 1’espéce au moment
du relevé. Parmi les espéces identifiées, 42 ont été observées dans les quadrats végétation en fleurs
sur les transects. Cette différence est attendue, car (i) les especes de graminoides, abondantes dans
ces prairies n’étaient pas comptabilisées sur les transects et (ii) la méthode des points contact n’a
pas vocation a détecter les espéces rares, mais a estimer la biomasse relative des especes les plus

abondantes.

Dans les quadrats, la végétation était dominée par quatre especes : S. canadensis, Juncus
subnodulosus, Festuca ovina, Molinia caerulea, et deux morpho-espéces de Carex sp. (Figure
2.9.a). S. canadensis représentait 14% des touches et chacune des autres espéces ou morpho-especes
dominantes entre 5% et 6%, soit au total 42% des touches. Dans les transects, la communauté
florale était largement dominée par S. canadensis (46% de la surface florale, agrégée sur toute la
saison) et un groupe de gaillets a fleurs blanches présents en mélange (comprenant Galium palustre
et Galium uliginosum) qui représentaient 12% de la surface florale (agrégée sur toute la saison)

(Figure 2.9.b).
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Figure 2.9 : Abondance des espéces ou morpho-espéces végétales les plus communes dans les
quadrats végétation (a, espéces avec plus de 100 touches) et sur les transects pollinisateurs (b,
espéces avec une surface florale de plus de 100 équivalent inflorescence de S. canadensis).

2.4.5 Réseau plantes-pollinisateurs
Nous avons observé un total de 16 315 interactions, dont 4 381 avant, et 11 934 pendant la
floraison de S. canadensis (Figure 2.10). Sur toutes les interactions observées, nous avons réussi a

capturer 3 914 insectes pour identification, et pu identifier 7 778 abeilles domestiques. Nous avons
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observé des visites sur 69 des 93 espeéces de fleurs présentes. Plus du tiers des visites (6216) ont été
observées sur les fleurs de S. canadensis, alors qu’il n’était en fleurs que sur les trois a quatre
dernieres semaines de la saison de terrain (en fonction des prairies). Cela confirme la forte
attractivité des fleurs de S. canadensis pour les insectes natifs. Cependant, la majorité des
interactions avec S. canadensis étaient le fait des abeilles domestiques. On peut alors faire

I'hypothese que les individus visitant S. canadensis appartiennent a des especes généralistes

opportunistes.
a) Avant la floraison de S. canadensis b) Pendant la floraison de S. canadensis
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=] Lamiacées
Aplacées
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Figure 2.10 : Représentation du réseau plantes — pollinisateurs observé avant (a) et pendant (b) la
floraison de S. canadensis.

Il convient de préciser que la précision taxonomique des observations n’est pas homogene :
seuls les syrphes et les apidae ont été systématiquement attrapés et identifiés a 1’espece. Pour plus

de la moitié des interactions relevées, le pollinisateur n’est identifié qu’a I’ordre. Or les
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caractéristiques physiques et comportementales varient beaucoup a I’intérieur de chaque ordre.
Trois niveaux de résolution taxonomique homogeénes sont alors possibles : (1) étudier grossierement
toutes les interactions a 1’échelle de 1’ordre, (2) étudier en détail les deux groupes identifiés a
I’espece (apidae et syrphidae), (3) adopter une stratégie intermeédiaire en créant des morpho-groupes
basée sur des traits fonctionnels comme la taille des individus et le type de piéces buccales, mais il
n’est alors pas possible de prendre en compte les interactions non attrapées. Une quatriéme option
consiste a considérer toutes les observations au niveau taxonomique le plus précis possible. C’est

celle que nous avons choisie pour calculer une des métriques utilisées dans le Chapitre 5.

2.5 Un travail d’équipe

Tout ce travail n’aurait pas pu étre réalisé sans un grand nombre de personnes qui m’ont
prété leur aide. Laure Galien (CR LECA), Frangois Munoz (MC LiPhy), Marco Moretti, Sandra
Lavorel (DR LECA) et Amélie Saillard (ITA LECA) ont participé a la conception du plan
d’échantillonnage. Rémy Périn (ASTER) nous a aidé a choisir les prairies grace a sa connaissance
du terrain. Laure Galien, Frangois Munoz, Sylvain Varona-y-Varona (Stagiaire M2), Marie-Pascale
Colace (ITA LECA), Maélle Cario (Stagiaire césure), Camille Grange (Stagiaire M1), Julien
Renaud (ITA LECA), Maya Gueguen (ITA LECA) et Estelle Mesquida (Stagiaire 1.2) ont prété leur
aide, et souvent leur expertise botanique sur le terrain. Cindy Arnoldi (ITA LECA) et Lionel
Bernard (ITA LECA) se sont chargés des analyses au CHN. Enfin, Aline Janeau (Stagiaire L.3) et

Enora Defrance (Stagiaire L3) ont participé au tri et a I’épinglage des insectes.
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Conception des protocoles
d’echantillonnage des interactions plantes-
pollinisateurs — I’importance de relever les
conditions temporelles et metéorologiques,
les ressources florales, et les captures ratées
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Résumeé

Les interactions entre plantes et pollinisateurs sont des éléments clés du fonctionnement des
écosystemes et sont donc de plus en plus étudiées. Parmi toutes les approches utilisées pour estimer
ces interactions, la capture de pollinisateurs en contact avec les organes reproducteurs des fleurs le
long de transects est une méthode largement utilisée et reconnue. Cependant, les choix spécifiques
d'échantillonnage peuvent fortement influencer les observations des visites d'insectes et biaiser les
interprétations écologiques; et il n'existe pas de protocole standardisé. L’intensité de
I'échantillonnage (nombre et longueur des transects) est un élément important de ces choix, mais ce

n’est pas le seul.

Dans ce chapitre, nous avons étudié 1'influence de trois autres facettes des choix de protocoles
qui se présentent couramment lors de la conception de transects de pollinisation : (i) I'influence des
conditions d'échantillonnage qui peuvent interagir avec les variables écologiques d'intérét ou biaiser
les observations, (ii) la mesure de la ressource florale disponible, et (iii) la gestion des insectes
observés mais non capturés. Nous avons quantifié 1'importance de ces trois choix de protocole en

utilisant les données récoltées lors de 720 transects plantes-pollinisateurs dans des zones protégées.

Nos résultats démontrent la nécessité (i) de couvrir une large gamme de conditions
temporelles et météorologiques pour chaque site, et (ii) de répéter I'évaluation de l'attractivité des
parcelles pour les pollinisateurs (une covariable majeure, généralement simplement dérivée des
enquétes ponctuelles sur la végétation). En outre, nous démontrons que (iii) les captures d'insectes
ratées ne doivent pas étre écartées mais bien incorporées dans les analyses, sous peine de biaiser les
analyses. Dans l'ensemble, cette recherche identifie trois choix clés dans la conception des transects

et souligne leur influence sur notre compréhension des interactions plantes-pollinisateurs.
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ABSTRACT

Plant-pollinator interactions are key components of ecosystem functioning and are therefore
increasingly studied. Of all the approaches used to estimate these interactions, the capture of
pollinators along transects is a widely used and recognized method. However, specific choices
of sampling design can strongly influence observations of insect visits and bias ecological
interpretations. Yet, there is no agreement on the best transect design. Sampling intensity
(number and length of transects) is an important element of these choices, but not the only
one. Here we investigate the influence of three other facets of protocol choices that commonly
arise when designing pollination transects: (i) the influence of sampling conditions that may
interact with ecological variables of interest or bias observations, (ii) the measurement of floral
availability frequency, and (iii) the management of insects observed but not captured. We
quantified the importance of these three protocol choices using a large dataset of 720 plant-
pollinator transects in protected wet meadows in France. Our results demonstrate the need to
(i) cover a wide range of temporal and meteorological conditions for each site, and (ii) repeat
the assessment of plot attractiveness for pollinators (a major covariate, usually simply derived
from one-off vegetation surveys). In addition, we show that (iii) for analyses of visitation density
among insect groups, failed insect captures should not be discarded but incorporated into the
analyses. Overall, this research identifies three key choices in transect design and highlights
their influence in our understanding of plant-pollinator interactions.

KEYWORDS
Meteorological conditions;
patch attractiveness; failed
captures; pollination; insect
sampling; flower visitation;
transect; phenology

Introduction For each approach, the sampling design can

Pollination is a key component of ecosystem function-
ing as it influences vegetation diversity and dynamics
(Benadi et al. 2013; Lundgren et al. 2016) and is crucial
for agricultural activities (Aizen et al. 2009; Reilly et al.
2020). It is highly sensitive to global changes because
climate variations can induce phenological mis-
matches between plants and pollinators (Hegland
et al. 2009), and land use modifications or biotic inva-
sions can affect the availability of floral ressources,
pollinator communities, and pollinator behaviour
(Morales and Traveset 2009). It is therefore crucial to
understand the mechanisms underlying plant-
pollinator interactions and their response to global
changes. Doing so requires sampling and analysing
pollination in a variety of environmental contexts.
Two types of methods have been proposed to estimate
pollinator visits to flowers (i.e. transects and fixed
observation points), and transects of direct observa-
tions have been shown to provide the most cost-
effective information on pollination networks
(Gibson et al. 2011).

strongly influence observations of plant-pollinator
interactions. Sampling intensity (e.g. number and
length of transects) for example, is typically reported
in pollination networks studies (Hegland et al. 2010;
Chacoff et al. 2012; Jéssica C.F.Falcio et al. 2016).
However, a number of environmental factors can
also influence observations, and neglecting them may
generate biases that alter ecological interpretations.
The date and time of each sampling event (as indica-
tors of plant phenology and insect behaviour) as well
as meteorological conditions are known to have a huge
impact on the abundance and identity of observed
visits (Bergman et al. 1996; CaraDonna et al. 2017;
Goodwin et al. 2021). Some insects are more active
at certain times of the day (e.g. Syrphidae are mostly
observed in the morning or late in the day) and at
certain times of the year (e.g. Coleoptera are active
earlier in the year than Lepidoptera) (Duchenne et al.
2020). Variation in meteorological conditions affects
some insect taxa more than others (e.g. Diptera are less
tolerant to windy conditions than Hymenoptera). In

CONTACT Marie Charlotte Grange @ mariegrange.p@gmail.com @ Laboratoire d'Ecologie Alpine, Bat. Biologie D 2233 rue de la Piscine 38400 Saint

Martin d'Héres FRANCE
Supplemental data for this article can be accessed here

© 2021 Société botanique de France

Published online 29 Aug 2021


http://orcid.org/0000-0003-1900-0126
http://orcid.org/0000-0001-8776-4705
http://orcid.org/0000-0002-5845-3198
http://orcid.org/0000-0001-5991-4657
http://orcid.org/0000-0002-1045-2997
http://orcid.org/0000-0003-4882-1580
https://doi.org/10.1080/23818107.2021.1964596
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/23818107.2021.1964596&domain=pdf&date_stamp=2021-09-11

addition, patch attractiveness, typically estimated by
the area occupied by open flowers, has been shown to
be an important predictor of pollination activity
(Wood et al. 2015; Templ et al. 2019), but how fre-
quently this factor should be recorded within the sea-
son remains unevaluated (e.g. during each transect vs.
once per season). Another common concern in the
field is how to handle observed visits when the insect
has escaped and can only be identified at the order
level. This is particularly important when the study
involves several groups of insects with diftferent escape
strategies (e.g. falling down, flying away quickly, bury-
ing themselves into the flower).

In practice, time and cost constraints determine
protocol choices. These constraints typically impact
the effort invested in repeating the sampling at
different hours and days, but also under various
meteorological conditions, estimating the attrac-
tiveness of plots by frequent measurements of
flower area (counting flowers can sometimes take
longer than running a transect), or tracking failed
insect captures. However, typical research questions
generally aim to identify the ecological variables
that  determine plant-pollinator interactions,
regardless of specific protocol choices. Yet, there
has been no assessment of the statistical noise or
bias that may result from these sometimes-
overlooked choices, and how they may propagate
into ecological interpretations.

Here we investigate the influence of protocol
choices using a large dataset from an intensive survey
of insect visits in wet meadows within two protected
areas in the French Alps. We addressed three key
questions that commonly arise when designing polli-
nation transects: (1) To what extent can the timing
and meteorological conditions of sampling events blur
the effects of the ecological drivers of interest? (2) How
frequently should flower resources be recorded in each
transect (once per season vs. before each transect
observation)? (3) Is it important to keep track of visits
when the insect escapes and is not identified?

Materials & methods
Study system

We surveyed the composition of plants and insects
along a gradient of Solidago canadensis L. density in
two protected areas of the French Alps (Figure S1).
Solidago canadensis (Asteraceae) was introduced in
Europe from North America as an ornamental species,
was first observed as naturalized during the 1900s, and
has become one of the most invasive plants in
European and Asian wetlands (Weber 1998; Moron
et al. 2009). Solidago canadensis can affect both: (i)
native vegetation (in terms of composition, phenol-
ogy, and resource allocation) and (ii) insect behaviour
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(it attracts insects through a high pollen and nectar
production during flowering). We thus expected
a negative effect of S. canadensis on insect visits before
and during its flowering period through a reduction in
native floral resources (or at least their visibility), and
an attraction of insects to this resource at the expense
of native flora pollination. We selected six wet mea-
dows with a homogeneous management regime and
vegetation type. Each of them presented a broad var-
iation in S. canadensis density (0-117 stems per m?)
defined as our focal ecological gradient of interest. We
laid two to four 100 m* plots per meadow (depending
on the meadow size) along this invasion gradient
(Figure S1).

Transect design and sampling

We visited each plot 12-13 times from mid-May to mid-
August, and three observers simultaneously recorded
insects visits to flowers across three parallel 10 m x 2 m
transects. We sampled only when meteorological condi-
tions were favourable (temperature above 15°C, wind
below 13 km/h, and cloud coverage below 70%).
Observers walked the transects in a 10-minute round
trip and captured all insects in contact with the stamens
of entomophilous species (timekeeping was interrupted
during insect captures; building on the two methods
presented by Gibson et al. 2011). We captured all insects,
regardless of taxonomic groups, as there is growing
evidence that pollination is performed by other taxa
than just Apidae and Syrphidae (Ssymank et al. 2008;
Orford et al. 2015). We made an exception by counting
without capturing western honeybees (Apis mellifera),
which were easily recognized and too abundant to be all
captured in some plots. All insects we observed but failed
to capture were described by their taxonomic group
(western honeybee, wild Hymenoptera, Diptera,
Coleoptera, Hemiptera, Orthoptera, or Lepidoptera) or
recorded as “other” if the identification was not possible.
We kept track of which plant species were visited by
each captured or recorded insect.

Before each sampling event on a transect, we esti-
mated the attractiveness of the transect via the area
occupied by open inflorescences. We counted the
number of open inflorescences for each plant species
and multiplied it by a visual estimate of its area (Table
S1). We then obtained an estimate of the total area of
native flowers and the area of invader flowers. We also
recorded the time (hour, corrected for variations
in day length and centred on 12:00) and day (day) of
the sampling event to account for differences in spe-
cies phenology and behaviour across time
(CaraDonna et al. 2017). Finally, we measured
meteorological conditions: temperature, wind speed
(wind), and cloud cover (cloud). All these variables
were correlated at less than 48%.
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Statistical analyses

We examined the relative contribution of ecological
drivers of interest, and sampling conditions (meteor-
ological conditions, sampling day and hour), when
explaining pollination activity. In this study, we esti-
mated pollination activity by the number of insect
visits per unit of native flowers area (called visitation
density).

We expected that different taxonomic groups
would respond differently to S. canadensis density.
Therefore, we performed all analyses on the entire
dataset (all observations) but also on eight subsets of
that dataset. Each subset corresponded to either (i)
visits provided by one of the insect groups that were
the most abundant in our study area (honeybees, wild
Hymenoptera, Diptera, Coleoptera, and Hemiptera),
or (ii) visits received by one of the three dominant
entomophilous native plant families (native
Asteraceae, Apiaceae, and Lamiaceae). We analysed
these measures of visitation density independently at
two time periods: (i) before S. canadensis flowering,
when the invader mostly impacts visitation density
through competition with native plants that can
impact plant community composition, flower produc-
tion, and visibility (Fenesi et al. 2015), and (ii) during
S. canadensis flowering, when the invader additionally
provides insects with important floral resources that
can lead to changes in insect community composition
and behaviour (Sun et al. 2013).

We expected visitation density to be determined by
three ecological drivers of interest and the correspond-
ing variables of interest: (1) the invasion gradient
decomposed into the density of S. canadensis (invader
density) and the area occupied by its flowers (invader
flowers area), (2) the availability of native floral
resources (native flowers area), and (3) the local spe-
cificities of each meadow in terms of soil, and sur-
rounding landscape configuration (meadow ID). In
this regard, meadow ID is treated as a fixed effect
and not a random effect in this model. In addition,
visitation density could be influenced by other ecolo-
gical factors linked to sampling conditions, which may
blur the effect of the drivers of interest: (4) within-day
(hour) and day-to-day (day) phenological variations
for plants and insects, and (5) meteorological condi-
tions during observation (temperature, wind, cloud).

Phenology and meteorology

To quantify the relative importance of phenology and
meteorological conditions versus ecological drivers of
interest on visitation density, we used boosted regres-
sion trees algorithms (BRT; Elith et al. 2008). A BRT is
a recognized form of machine learning technique that
assembles (via boosting) multiple small regression
trees into a powerful predictive model and has the
advantage of allowing for flexible response shapes

and interactions among many predictors without los-
ing too many degrees of freedom due to internal
regularization. Models were built to predict pollinator
visitation density from nine explanatory variables
including four ecological drivers of interest: invader
density, invader flowers area, native flowers area, mea-
dow ID, and five sampling condition
variables: day, hour, temperature, wind and cloud.
We performed a BRT for nine measures of visitation
density (all visits, visits per insect type, and per plant
family) before and during S. canadensis flowering. The
results of these 18 models are the “reference regres-
sions” for all subsequent analyses, as they correspond
to the most accurate analysis possible with our dataset.
For each of these models, we estimated their global
goodness-of-fit (model R?) and the relative contribu-
tion of each variable (hereafter contribution).

Frequency of flowers area measurement

To test whether the frequency of floral area measure-
ment affected the accuracy of the analyses, we artifi-
cially deteriorated our dataset by redefining the native
flowers area of each plot as its value measured at mid-
period (respectively late June and early August). We
obtained a novel dataset that corresponds to the one
we would have had if we had measured flower area
only once per period.

We expected the number of visits received per
flower area to be highly sensitive to the patch attrac-
tiveness (estimated by native flowers area). However,
quantifying this area at each sampling event is time
consuming, and doing so only once per period short-
ens the protocols considerably. The response variable,
visitation density was also modified as it is measured
per unit of native flowers area. We then performed the
18 regressions on this new dataset and compared the
R” and the contribution of the ecological drivers of
interest obtained with those of the reference
regressions.

Influence of observed but non-captured visits

The number of insects observed but escaped varies
among observers and may be related to visitation
density because the more insects in the observed
area, the more difficult it is to catch them all. To
quantify this potential bias on the results, we excluded
the uncaptured visits from our dataset and performed
the 18 regressions on this new dataset. We then com-
pared the model R* and the contribution of the eco-
logical drivers of interest obtained with those of the
reference regressions.

All statistical analyses were performed in R v.3.6.3
(R Core Team 2020) with the packages gbm to run the
models and dismo to determine the number of trees to
include in the models (Brandon Greenwell et al. 2020;
Hijmans et al. 2020).
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Figure 1. Representation of the relative number of insects captured per plant family before (A) and during (B) invader flowering.
Insect species are grouped by taxonomic order (and separating honeybees), and plant species by family (with an extra group for
the invasive species). The size of the boxes represents the number of visits either given by each pollinator roup, or received by

each plant family.

Results

Overall, we recorded 11,132 insect visits to the 69 native
plant species flowering during our study and 6,214 visits
to the invader (S. canadensis), distributed across 720
transects (60 transects visited 10-13 times each). Apart
from visits to the invader (not included in the analyses),
most insect visits (79%) were to three native plant families:
Apiaceae (29%), Lamiaceae (28%), and Asteraceae other
than S. canadensis (23%). Each plant family attracted
different types of insects: Lamiaceae were mostly visited
by honeybees (80% of visits on Lamiaceae). Apiaceae were
mostly visited by Coleoptera (35% of visits on Apiaceae),
wild Hymenoptera (25%), and Diptera (17%), and native
Asteraceae were visited equally by all insect groups. Each
insect group showed specific preferences: honeybees (28%
of all visits) mainly visited Lamiaceae (81% of honeybee
visits), Coleoptera (17% of all visits) primarily visited
Apiaceae (59% of Coleoptera visits), while Diptera (25%
of all visits) and wild Hymenoptera (22% of all visits)
more evenly visited the different plant families (Figure 1).

Phenology and meteorology

The goodness of fit (R%) of the 18 models ranged from
39% to 81%, except for visits of Diptera before invader
flowering (16%; Figure 2A). The ecological variables of

interest contributed more to the model (53-91%) than
sampling day, hour and meteorological variables during
invader flowering, but we found the opposite before
invader flowering for Lamiaceae and insect groups
other than Diptera (Figure 2B, D). The contribution of
variables was similar across taxonomic groups and per-
iods when considering all visits or visits per insect group
but varied greatly between plant families within and
between periods (Figure 2B, D). Native flowers area
was the variable that best explained visitation density
in all models (19-46% of the explained variance), except
for Lamiaceae, Hemiptera, and honeybees before inva-
der flowering, and plant families during invader flower-
ing. Meadow ID was the strongest predictor of visits per
plant family during invader flowering (42-67% contri-
bution) and contributed up to 27% in other models.
Invader density contributed substantially in models for
native Asteraceae (24-32%; the invader group) but only
up to 13% in other models. Invader flowers area con-
tributed less than 15% in all models.

Day and hour of sampling largely contributed to most
models (17-41%), except for native Asteraceae and
Lamiaceae  during invader flowering (3-0%).
Temperature had a moderate contribution to most mod-
els (8-16%; except for Diptera before invader flowering
and plant family models). Wind and cloud contributed
less than 8% in all models (Table S2). However, these
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Figure 2. Model performance and variable contribution for the 18 reference models. Model performance is quantified by its
proportion of variance explained: R? (A & C), and variable relative contribution distinguishes between the ecological variables of
interest (B & D, green gradient) vs. the variables linked to protocol choices (B & D, brown gradient).
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Figure 4. Impact of ignoring observed but non-captured visits on model performance (R%; A-C), and on the accumulated
contribution of the ecological variables of interest (D-F). The results are presented before and during invader flowering for all
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three weather variables all together contributed signifi-
cantly to most models (14-25%, except for Diptera
before invader flowering and plant family models).

Frequency of floral area measurement

The frequency with which flowers area was measured
only marginally affected the models in terms of overall
performance: reducing this frequency from once per
visit to once per flowering period led to a maximum
5% decrease in R?, except when considering all groups
before invader flowering (24% decrease in R?) (Figure 3).
However, the total contribution of the ecological vari-
ables of interest (native flowers area, invader flowers
area, invader density, and meadow ID) was largely
reduced before invader flowering (5-32% decrease) and
during invader flowering (0-11% decrease).

Influence of observed but non-captured visits

Including observed but uncaptured visits in the
analysis had only marginal effects when consider-
ing all species together or honeybees (Figure 4A,
D). However, in the insect order-specific analyses,
considering all visits - compared to just captured
ones - strongly influenced model performance.
These effects varied across groups, but considering
all visits generally decreased model fit before inva-
der flowering and increased it during invader flow-
ering (5-24%; Figure 4B). Plant family-specific
analyses showed that accounting for all visits

only marginally influenced both model perfor-
mance (less than 3% decrease in R?) and contribu-
tion of ecological variables of interest, except when
considering Apiaceae (12% decrease in contribu-
tion before invader flowering and 25% increase
during invader flowering; Figure 4C, F).

Discussion

Our results show that, in general, visitation density
was strongly influenced by the ecological variables
of interest (primarily native and invader flowers
areas), as well as by phenology, and meteorological
variables. The contribution of these different vari-
ables was consistent among insect groups but var-
ied greatly among plant groups. We also showed
that, depending on the taxonomic group of inter-
est, the models could be greatly improved using
high-quality measures of patch attractiveness (i.e.
high frequency of floral area measurement) and
including escaped insects in the dataset.

Phenology and meteorology need to be accounted
for in protocols

With the complete dataset (all captured and uncap-
tured interactions, flower area measured at each sam-
pling event), pollinator visitation density was well
predicted by all predictors both before and during
invader flowering. The ecological variables of interest,
especially the native flowers area in the transect,
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explained most of insect visitation density. This vari-
able is a component of the patch attractiveness
(Conner and Rush 1996; Lazaro and Totland 2010)
and is thus expected to influence insect visits (Templ
et al. 2019). Apart from the ecological variables of
interest, sampling conditions in terms of phenology
(both day and hour) and meteorological conditions
(especially temperature) also strongly influenced visi-
tation density before and during invader flowering as
found by Heye and Forchhammer (2008) regarding
high-artic arthropods and Goodwin et al. (2021)
regarding Australian Alpine flower visitors.

Results differed across insect groups and plant
families. Visitation density was better explained for
smaller taxonomic units (i.e. a single insect order or
plant family), than when considering all visits, except
for Diptera. This result supports the hypothesis that
insect foraging behavior is generally more similar
within than across orders (Romero et al. 2011). In
addition, the relative contribution of phenological
and meteorological variables remained high but dif-
fered widely among taxonomic groups. Compared to
the global models, the contribution of sampling time
and meteorological variables increased for most
insect orders but decreased for most plant families
(except for Lamiaceae before invader flowering). This
result may be explained by the strong influence of
sampling time and meteorological conditions on
insect foraging behaviours (relative to plants), and
the wide range of pollinators interacting with
a given plant family. This result highlights the fact
that both sampling time (hour and day) and meteor-
ological conditions (especially temperature) can be
important to consider when designing the transect
protocol (Goodwin et al. 2021). This is even more
important as different insect groups and species
within those groups may respond differently to the
sampling time and meteorological conditions (Vicens
and Bosch 2000; Giiler and DiKmen 2013). To do so,
transects should be repeated several times during the
sampling season, at different times of the day, with
a wide range of meteorological conditions (under
conditions suitable for insects to fly). We found
only marginal effects of wind and cloud, but this
may be due to the relatively moderate range of con-
ditions encountered during sampling (e.g. up to 70%
cloud cover, and 13 km/h wind).

Floral areas should be frequently assessed

Estimating the amount of floral resources per plant
family prior to a sampling event is crucial because it
provides information on both the density of insect
visits per flower unit and the attractiveness of the site
for prospecting pollinators. However, this is a tedious
task, and it is therefore relevant to ask whether redu-
cing the number of assessments of this resource

affects the quality of this information. Here we
showed that reducing the number of floral surveys
from once per sampling event to once per sampling
period can affect both the performance of the models
(up to 24% reduction in R®> when considering all
groups before the invader flowering), and the relative
contribution of the ecological variables of interest (up
to 32% reduction). We observed that the contribu-
tion of these ecological predictors decreases (largest
effect for native Asteraceae and Lamiaceae before
invader flowering), while the goodness of fit of the
model remains unchanged (except when considering
all groups). This suggests that the influence of sam-
pling conditions can increase and bias our under-
standing of visitation density drivers, especially
when these variables are not described with sufficient
precision. The attractiveness of specific flower types
is known to be influenced by surrounding floral
resources (Morales and Traveset 2009) which vary
greatly over time (mostly before invader flowering).
This result draws attention to the importance of
floral surveys, and especially their frequency during
the sampling period.

Non-captured visits mostly influence analyses at
insect order level

It is impossible to achieve a 100% score when captur-
ing insects on flowers. Many insects have escape
strategies that make them difficult to capture: they
drop like stones, fly away, sink into the flower, etc.
But the question of whether ignoring these uncap-
tured visits strongly biases the results has remained
largely unexplored. Here we show, in the context of
our case study, that ignoring uncaptured visits has
a very moderate effect when considering either the
full set of species, or the plant family level analysis.
However, when analysing visitation density for spe-
cific insect orders, uncaptured insects can influence
model performance up to 20% (positively or nega-
tively, depending on the insect group and period).
This result is consistent with the fact that escape
strategies can be shared by species belonging to the
same insect order. Reassuringly, for all visits, the
influence of uncaptured visits remains marginal.
This result should be applied to other case studies
with caution, as inevitably the proportion of failed
captures will differ across: (i) observers depending on
their ability to anticipate the escape strategies, and
(ii) studies depending on the insect species pools,
abundance and escape strategies.

Conclusion

When studying the impact of protocols on pollination
networks characterization, most studies focus on sam-
pling intensity and transect design. Our results



highlight the need to (i) cover wide ranges of temporal
and meteorological conditions for each site, and (ii)
repeat the assessment of patch attractiveness to polli-
nators (a major covariate, usually derived from once-
off vegetation surveys). In addition, we show that (iii)
for analyses of visitation density across insect groups,
failed insect captures should not be overlooked. We
hope that this research, on three key choices and how
they can influence our understanding of plant-
pollinator interactions, will pave the way for further
investigations of how protocol choices influence our
understanding of ecological processes, in other eco-
systems and sampling approaches.
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Résume

Les invasions biologiques constituent 1'une des plus grandes menaces pour la biodiversité et le
fonctionnement des écosystemes. Cependant, les contraintes imposées par les envahisseurs aux
organismes natifs (e.g., la concurrence accrue pour les ressources, la perturbation des interactions
mutualistes) et la réponse associée de ces organismes, restent mal comprises. Les espéces natives
peuvent survivre a une invasion grace a de multiples stratégies de résistance (évitement, tolérance
ou échappement), mais l'importance relative de chaque stratégie et la facon dont elles varient selon
les groupes fonctionnels ont été peu explorées. Pourtant, ces informations sont essentielles pour

comprendre et prévoir les conséquences écologiques des invasions.

Dans cette étude, nous avons examiné les stratégies de résistance des forbes et des
graminoides indigénes face a l'invasion de S. canadensis - 1'une des plantes les plus invasives les
plus présentes dans les prairies humides eurasiennes. Tout d'abord, nous avons caractérisé les
impacts généraux de la densité des envahisseurs sur la productivité et la diversité des plantes
indigénes. Puis, nous avons étudié les contraintes spécifiques liées a l'invasion (compétition pour la
lumiere, les nutriments et les champignons mycorhiziens), et les stratégies de résistance associées

des espéces indigenes.

Nos résultats montrent que S. canadensis a différents impacts négatifs sur la productivité et
la diversité de la végétation native - selon les groupes fonctionnels - en raison d’une compétition
accrue pour la lumiere, les nutriments du sol et les interactions mycorhiziennes. Les especes natives
résistent a ces contraintes par une variété de stratégies non exclusives. La concurrence accrue pour
la lumiere est partiellement (i) évitée (hautes forbes et graminoides) ou (ii) tolérée (petites
graminoides résistantes a 'ombre). Les effets (iii) des composés allélopathiques, ainsi que (iv) la
compétition accrue pour les nutriments sont évités par certaines forbes (fort taux d'infection
mycorhizienne). Enfin, certains graminoides et forbes (v) semblent échapper a toutes les contraintes

en terminant leur cycle tot dans la saison.

Nos résultats soulignent la diversité des stratégies (évitement, tolérance, échappement) par
lesquelles différents groupes fonctionnels peuvent répondre aux contraintes imposées par l'invasion.

Ils suggerent que pour améliorer la compréhension des mécanismes sous-jacents a l'invasion, la
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réponse de la communauté native devrait étre décomposée en stratégies spécifiques aux groupes

fonctionnels.
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Abstract Biological invasions are one of the great-
est threats to biodiversity and ecosystem functioning.
However, the constraints imposed by the invaders
on native organisms and their associated response,
remain poorly understood. Native species can survive
invasion through multiple resistance strategies (avoid-
ance, tolerance, or escape), but the relative impor-
tance of each strategy and how they vary among func-
tional groups have been little explored. In this study,
we examined the resistance strategies of native forbs
and graminoids facing invasion by Solidago canaden-
sis. First, we characterized the general impacts of
invader density on native plant biomass production
and diversity. Then, we investigated specific con-
straints linked to the invasion (competition for light,
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nutrients and mycorrhizal fungi), and the associated
resistance strategies of native species. S. canaden-
sis had different negative impacts on native vegeta-
tion biomass production and diversity—depending
on functional groups—due to increased competition
for light, nutrients, and mycorrhizal interactions.
The increased competition for light was partially (1)
avoided (tall forbs and graminoids) or (2) tolerated
(small, shade-resistant graminoids). The effects of (3)
allelopathic compounds and (4) increased competi-
tion for nutrients were avoided by some forbs (high
mycorrhizal infection rates). Finally, some forbs and
graminoids (5) escaped all constraints by complet-
ing their cycle early in the season. Our results high-
light the diversity of non-exclusive strategies (avoid-
ance, tolerance, escape) by which different functional
groups can respond to invasion-induced constraints.
They suggest that to improve understanding of the
mechanisms underlying invasion, the native commu-
nity responses should be decomposed into strategies
specific to functional groups.

Keywords Plant invasions - Resistance strategies -
Competition - Allelopathy - Mycorrhiza - Functional
traits - Diversity indices - Community weighted mean

Introduction

Invasive plants are known to alter native plant com-
munities and their functions in an ecosystem through
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a variety of mechanisms (Vila et al. 2011; PySek et al.
2012; Castro-Diez et al. 2016). They are often strong
competitors for resources (Gioria and Osborne 2014),
can affect biogeochemical cycles (Zhang et al. 2019),
arthropod and mycorrhizal communities (Litt et al.
2014; Yuan et al. 2014; Davis et al. 2018), and the
interactions of these groups with the native vegetation
(Albrecht et al. 2014). Through these mechanisms,
they may jeopardize the functioning of the entire eco-
system (Gordon 1998; Vila et al. 2011).

The constraints exerted by an invader alter
resource availability (e.g., light, water, soil nutrients,
pollinators, mycorrhizal fungi) and filter native plants
depending on their ability to resist these constraints
(Stotz et al. 2019). Such filtering modifies the com-
position, structure and functioning of the community.
These changes can be described by summary indices

s

of taxonomic and functional diversity, and biomass
production. Community-level metrics provide broad
measures of changes. However, they do not help to
identify the mechanisms underlying the changes, nor
to understand why some native species are more resil-
ient to invader constraints than others (Gallien and
Carboni 2017).

Native plant species can employ three possible
strategies to resist invasion: avoidance, tolerance,
and escape (Fig. 1) (Levitt 2015; Yildirim and Kaya
2017). Little is known about the relative importance
of the three strategies to allow persistence in the face
of invasion, although these strategies are well known
regarding other stresses such as drought (Bodner
et al. 2015; Volaire 2018). The avoidance strategy
refers to native species with sufficiently good abili-
ties to acquire the resources they need regardless of

S. canadensis
= tall and fast growing species

‘ = dense rhizome network
N\ = allelopathic compounds

= showy flowers

p-
\\"" Impact the native community via

_Increased competition for soil

Perturbation’of mycorrhizal

. Increased competition for light — . nutrients I_e interactions
& m——— < P " N\
&> — Optimization of light 6‘& » Optimization of nutrients 6‘&
uptakes: species able to » uptakes: species able to )
compete for light with compete for soil nufrients or
o ' S canadensis to collect them further away
2 2 tal species 2 high Leaf nitrogen
@ = high mycorrhizal rate
S < = - » _ & &
3 & — High photosynthetic & — Low nutrient &
O A0 activity under shade : A0 requirements: species able o'
5 'species able to develop in to cope with low soil nutrient
k] low-light environments availability (conservative
o = Small species with o  Strategy) .
= low LA é,‘bQ = low leaf nitrogen &Q
3 lowLVMA & > low LMA ‘0'1
° v
@c?Q ——=» Early / short growing season: species able to complete their cycle before S. canadensis develops

= early end of flowering

Avoidance: avoiding the negative effects of the stressors through a high ability to reach the resource
Tolerance: tolerating the stress through a niche corresponding to the low availability of the resource
Es cape: escaping the stressors through a quick development when the stress is lower

Fig. 1 Three ecological strategies allowing native species to
persist under S. canadensis invasion. We consider three major
constraints entailed by the presence of S. canadensis: compe-
tition for light, competition for nutrients, and perturbation of
mycorrhizal interactions, and three possible resistance strate-
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gies: avoidance, tolerance, and escape strategies (definition
in the bottom panel). For each constraint and each resistance
strategy, we present our working hypotheses regarding the
expected functional characteristics of native species. LA: leaf
area. LMA: leaf mass per area
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the invader presence (e.g., being tall if the constraint
is on light interception, Craine and Dybzinski 2013).
The folerance strategy refers to species requiring lim-
ited amounts of resources to complete their life cycle
(e.g., shade tolerant species, Valladares and Niinem-
ets 2008). Finally, the escape strategy refers to spe-
cies completing their critical developmental stages
before the invader starts its annual development (tem-
poral niche differentiation, Huang et al. 2019). Escape
may alter the temporal pattern of floral resources for
pollinators (Moron et al. 2018), while avoidance or
tolerance can alter biogeochemical cycles and the
likelihood of establishment of other invasive spe-
cies (Cavieres 2021). In addition, within the same
community, different strategies may be deployed by
different species in response to the same constraint.
To better understand the long-term consequences of
invasion on biodiversity and ecosystem functioning,
we need to identify and quantify the relative impor-
tance of different native species strategies.

Changes in the functional traits of native vegeta-
tion can reveal the constraints they experience dur-
ing invasion and the strategies by which some of the
native plants resist these constraints. For each inva-
sion constraint, only the native species that are able
to cope with the constraint—by avoiding, tolerating
or escaping it—will remain in the community (filter-
ing effects). This will leave a signature in the func-
tional trait space of native species specific to both the
constraint and the selected resistance strategi(es). For
instance, tall species may avoid competition for light,
S0 an increase in native plant height after invasion
may reveal a selection for species with a light compe-
tition avoidance strategy. By filtering out native plant
species unable to resist invasion-induced constraints,
invasive plants can alter the community weighted
mean (CWM) of functional traits, as well as decrease
or increase their variance (CWYV) (via filtering toward
one strategy or selecting for different strategies (Sodhi
et al. 2019)). Traits’ CWM and their comparison to
the invader’s traits are commonly used and can detect
trait displacement in the invaded community, but they
still fail to detect the existence of different strategies
within the community. Therefore, traits’ CWM and
CWY should be used together to detect the diversity
of strategies that permit some of the native plants to
resist the new constraints brought by the invader.

The lack of studies considering the variations
of species responses across functional groups also

prevents a better understanding of the impact of
invasive plants on native vegetation. The vegeta-
tion is often considered as a homogeneous assem-
blage of species, whereas different functional groups
(e.g., forbs, graminoids and N-fixers; (Blondel 2003;
Miinkemiiller et al. 2014)) have different development
and foraging strategies. For instance, graminoids are
more wind pollinated and resistant to herbivory than
forbs, and forbs and graminoids have different acqui-
sition systems for some minerals (Marschner 1995).
They thus experience different constraints and can
respond differently to a biological invasion (Fenesi
et al. 2015a, b). Studying the different responses of
native functional groups to invasion, in particular
regarding resistance strategies, should provide a bet-
ter understanding of their responses and of the conse-
quences on the ecosystem.

In this study, we characterized the impacts of Soli-
dago canadensis (L., 1753) on native plant communi-
ties and the mechanisms underlying these impacts in
recently colonized (less than 50 years old) French wet
meadows encompassing a broad invasion gradient. S.
canadensis is one of the most invasive plants in Euro-
pean and Asian wet meadows (Weber 1998; Morales
and Traveset 2009). In experimental conditions, it
is able to alter the native plant community through
(1) competition (Fenesi et al. 2015a, b), (2) changes
in soil nutrients (Zhang et al. 2009; Scharfy et al.
2010), and (3) production of allelopathic compounds
that affect native species interactions with arbuscular
mycorrhizal fungi (AMF) (Yuan et al. 2013; Zubek
et al. 2016). However, because these experiments
were conducted only on a few native species or in
experimental conditions, it remains unknown whether
and how these mechanisms occur at the community
scale in natura, and how they affect the composition
and functions of species-rich native communities.

In order to better understand of the mechanisms
involved in S. canadensis invasions, we investigated
how the invasion gradient (which is, in our sys-
tem, directly related to the time since S. canadensis
became established in the plot) affected the entire
native plant community and two main constitu-
tive functional groups (forbs and graminoids). We
identified and compiled, for most of the species pre-
sent in our study area, six functional traits linked to
three mechanisms suspected to be at work during S.
canadensis invasion: competition for light, compe-
tition for nutrients and disturbance of mycorrhizal
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interactions. We expected the distribution of trait val-
ues in the native community to vary depending on the
constraints exerted by the invader and the resistance
strategies of native plants (Fig. 1).

To test these hypotheses, we used a two steps
framework: First, we analyzed the overall impact of
S. canadensis on the taxonomic and functional diver-
sity of the native communities. Next, we investigated
the mechanisms that might lead to these impacts by
jointly analyzing the response of the five traits (in
terms of CWM and CWYV) to S. canadensis density
with structural equation models (SEM) (Fig. 2).

Materials and methods
Study system

Solidago canadensis (L., 1753) is a rhizomatous
Asteraceae from North America, introduced to
Europe as an ornamental species during the eight-
eenth century and now naturalized in many countries
(PysSek et al. 2009). Since then, it has become one
of the most invasive plants in European and Asian
wetlands, where it forms dense, monospecific stands
(Weber 1998; de Groot et al. 2007; Moron et al.
2018). S. canadensis affects native plant communi-
ties, not only through direct competition for light,
space, and soil resources (Werner et al. 1980; Gor-
don 1998), but also indirectly through modification
of biogeochemical cycles and soil characteristics such
as water and nutrient availability (Vila et al. 2011).

S. canadensis density
( linear effect ]

( quadratic effect )

Soil
( Nitrogen content

( Humidity )

Fig.2 A priori structure of the structural equation models.
Arrows represent directed links (causal relationships), and
lines connecting traits represent undirected links (residual cor-
relations) included in the model to account for allometric con-
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In addition, S. canadensis produces allelopathic
compounds impacting associations with mycorrhizal
fungi (Zhang et al. 2007).

We selected six wet meadows with similar veg-
etation types (belonging to EUNIS categories E3.41;
E3.51 and D4.13, depending on the meadow) and
management (late mowing with organic matter
removal), in two protected areas of the French Alps.
All meadows are geographically and environmen-
tally close to each other so they can be considered as
pseudo-replicates, and they show a broad gradient of
S. canadensis density (0-170 stems of S. canaden-
sis per m?, representing 0 to 99% vegetation cover).
In each meadow, we selected four 100 m? plots rep-
resentative of the S. canadensis density gradient,
except for two meadows where we could only place
two plots due to spatial constraints (see map and plots
individual density in Supporting information).

The advantage of this study system is that the
density gradient of S. canadensis likely represents
the time since its establishment—not the invasibil-
ity of the different areas. Indeed, native species were
homogeneously distributed in the meadows prior to
invasion and the distribution of S. canadensis is inde-
pendent of local edaphic conditions (no significant
effect of humidity, nitrogen content, pH, organic mat-
ter or granulometry in a mixed-effect model, results
not shown). If S. canadensis has established in mead-
ows regardless of the resistance of native vegetation
and soil conditions, then its density can be assumed to
reflect the time since establishment, or invasion stage.
The corollary to this assumption is that the variations

Graminoids CWV

( Height }\
( A N ‘
( LMA ) /|

( Leaf nitrogen ] /

[ Floweringend  }-

( Mycorrhizae ]

straints and the relationship between the linear and quadratic
component of S. canadensis density. When an arrow points
from a variable to a compartment, the variable is an explana-
tory variable for all variables in the compartment
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in native vegetation along S. canadensis gradients are
indeed the result from invasion-induced constraints
(e.g., increased competition for light).

All fieldwork was conducted during two consecu-
tive weeks of Jun 2019. During this year, the mean
annual temperature of the sites was 11.7 °C (mean
of the coldest month: 1.4 °C; mean of the warmest
month: 22.3 °C), and the mean annual precipitation
was 1157.9 mm (Climatologie de 1’année 2019 a
Annecy-Meythet—Infoclimat).

Sampling design
Soil characteristics

In each plot, we extracted and pooled 15 soil cores
(using a 15 cm deep, 5 cm wide auger). We then
measured five soil characteristics: pH, humidity at
the date of sampling (hereafter humidity), organic
matter, total C, and total N (see details in Supporting
information). pH did not vary significantly between
plots (7.19-7.69), and organic matter content as well
as total C were strongly correlated with humidity
(Pearson’s r of 0.87 and 0.89). Therefore, we consid-
ered only soil humidity and N content in subsequent
analyses. All soil samples were extracted within two
days to be representative of the differences between
plots during the vegetative period, even if they do not
inform on winter water regime.

Vegetation surveys

We characterized the plant communities using a
point-intercept sampling method (Jonasson 1988) in
four 1 m? quadrats per plot, hence for a total of 80
quadrats. All quadrats were visited within two weeks,
starting with the meadows where the vegetation
development seemed most advanced. In each quad-
rat, we placed 16 vertical pins on a grid and recorded
the number of contacts of each species (multiple con-
tacts per species per pin being recorded). Because
the meadows are mown annually at the end of the
summer, the total number of contacts (excluding S.
canadensis contacts) represents both the yearly bio-
mass production, and the abundance of the native
plant community during the year (Brathen and Hag-
berg 2004). For S. canadensis, the number of contacts
is directly linked to the number of stems, and we used
this metric to quantify its density.

We classified each species as either grami-
noid (Poaceae, Juncaceae and Cyperaceae) or forb,
because these functional groups have different
developmental and foraging strategies and may thus
respond differently to invasion (Miinkemiiller et al.
2014). For example, we expected forbs to be more
affected than graminoids by allelopathic perturba-
tion of AMF interactions, as they are generally more
dependent on AMF for nutrient acquisition (Wilson
and Hartnett 1998). Some N-fixing species were also
present, but too scarce to be taken into account in the
analyses as a group in itself.

Data analysis
Compiling native plant traits

For each plant taxon, we reported vegetative height
(Height (cm)), leaf area (LA (cm?)), leaf mass per
area (LMA (g/cm)), leaf nitrogen per leaf area (LNA
(mmol/m?)), end of the flowering season (flowering
date (day)) and rate of root colonization by arbuscu-
lar mycorrhizal fungi (AMF rate (%)). All traits were
available for at least 75% of the biomass production
of each functional group in each quadrat (Pakeman
and Quested 2007), and were less than 30% corre-
lated with each other (except graminoid Height and
LA, see Supporting information). The five traits were
extracted from freely available databases such as
TRY (Kattge et al. 2020), LEDA (Knevel et al. 2003),
BiolFlor (Kiihn et al. 2004), and Ecoflora (Fitter and
Peat 1994). Since plant functional traits can be plas-
tic, using mean trait values from databases prevents
us from identifying resistance strategies operating via
trait variation within species (e.g., individuals grow-
ing taller when S. canadensis is present). Neverthe-
less, given the high interspecific trait variability in
our study system (Figure S2), we could still detect
filtering processes operating at the species level
(e.g., decreasing abundance of short species with S.
canadensis density). We propose that native species
can resist the constraints induced by S. canadensis
invasion via three main resistance strategies: avoid,
tolerate, escape, and that each strategy should leave
a distinct functional trait signal (Fig. 1). For example,
increased competition for light and soil nutrients due
to S. canadensis could select species with an avoid-
ance strategy, i.e., species highly competitive for these
resources (tall species and species with high LNA),
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and/or species with a tolerance strategy, i.e., spe-
cies with low requirements for these resources (low
shade-tolerant species, species with low LNA adapted
to poor soils). Allelopathic compounds released by
S. canadensis could select for species having strong
interactions with AMF (high infection rate), as these
species are able to compete with S. canadensis for
AMF interactions, and could suffer minimal damage
if some are lost (avoidance strategy). Alternatively,
the allelopathic compounds could select species that
do not rely on interactions with AMF (tolerance strat-
egy). Finally, S. canadensis invasion could select for
species able to escape these constraints by completing
their cycle before it starts developing (small species
flowering early).

Taxonomic and functional diversity

For each quadrat, we calculated two taxonomic and
three functional diversity indices based on the traits
presented above: (1) taxonomic richness (Richness),
(2) taxonomic equitability of abundances (exponen-
tial of the Shannon index, hereafter called Evenness,
Hill 1973; Jost et al. 2010), (3) functional richness
(FRich), (4) functional evenness (FEve), (5) func-
tional divergence (FDiv) (Mason et al. 2005). FRich,
FEve, and FDiv indicate, respectively, the size of the
community’s functional space, the equitability of
biomass repartition, and the eccentricity of biomass
repartition in that space (at the center or periphery of
the space). We calculated these indices for the entire
plant community, and separately for forbs and grami-
noids. Because invasion by S. canadensis induces
new constraints—due to its high competitiveness and
allelopathic compounds production—we expected
it to lead to a decrease in biomass production, taxo-
nomic diversity, functional richness, and functional
evenness, but also to an increase in functional diver-
gence (selection of species resisting to different con-
straints and/or with different resistance strategies).

We also calculated the community weighted mean
(CWM) and community weighted variance (CWV) of
the five functional traits selected for forbs and grami-
noids separately, as we expected the two functional
groups to respond differently to S. canadensis density.
We hypothesized that these CWM and CWV would
vary according to the resistance strategy of the focal
functional group (Fig. 1).

@ Springer

Statistical analyses

All variables were standardized prior to analyses
to avoid size effects and to make it possible to com-
pare the estimated parameters within and between
analyses.

First, we assessed the impact of S. canadensis
density on native plant communities in terms of bio-
mass production and diversity (Richness, Evenness,
FRich, FEve, FDiv). We designed mixed-effect linear
models to analyze the response of each of these vari-
ables to S. canadensis density (with both linear and
quadratic effects), soil humidity and nitrogen content.
We included the meadow identity (hereafter called
meadow ID) as a random effect to account for differ-
ences among sites. We built the models considering
the entire native communities, as well as for native
forb and graminoid assemblages separately. We
assessed model performance using marginal and con-
ditional R? goodness-of-fit.

Second, we used structural equation models
(SEMs) to disentangle the direct and indirect mecha-
nisms (through plant-soil interactions) through which
S. canadensis impacts native forbs and graminoids.
We built four SEMs, corresponding to two sum-
mary statistics of trait distribution (CWM and CWV)
applied to the two native species functional groups
(forbs and graminoids). In each SEM, S. canadensis
density (linear and quadratic effects) could directly
affect soil characteristics and plant traits distribu-
tion. Soil characteristics could directly affect each
trait, and soil humidity could directly affect soil nitro-
gen content. To account for allometric constraints in
plants (Weiner 2004; Lefcheck 2016), correlations
between plant traits were integrated into the SEMs
(except for Mycorrhiza). We used the hypothesized
linkages between plant-soil compartments to design
the structure of our initial SEMs (Fig. 2), which we
simplified and improved following a three-step proce-
dure. We (1) ran our initial model, and improved it by
(2) iteratively adding links when independence claims
were not supported by the test of directed separation
(p value<0.05), and (3) iteratively removing links
that were not significant (p value >0.05) (Grace et al.
2015). To confirm that S. canadensis impacted soil
characteristics and not the reverse, we constructed
another set of models where we reversed the direc-
tion of the links between S. canadensis and the soil
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compartment. The BIC, AIC, and Fisher’s C-value
confirmed our hypothesis for all models.

All statistical analyses were conducted in R v.3.6.3
(R Core Team 2020) with the packages TR8 (Bocci
2020), Ime4 (Bates et al. 2021), ImerTest (Kuznet-
sova et al. 2020), MuMIn (Bartori 2020) and piece-
wiseSEM (Lefcheck 2016).

Results

We recorded a total of 102 plant species and 24 taxa
identified to a higher taxonomic level (Supporting
information), with an average of 14 species and 129
contacts per quadrat. 41% of contacts represented
forbs species and 59% represented graminoid species.

Impacts of S. canadensis native plant biomass
production and diversity

The density of Solidago canadensis had distinct
effects on graminoids and forbs. The increase in
invader density was correlated to a decrease in grami-
noid Richness (linear effect) and Biomass production
(quadratic, unimodal effect), whereas for forbs it was
associated to a decrease in the taxonomic and func-
tional evenness, and to an increase in the functional
divergence (linear effects). Indices calculated on the
whole community varied in the same direction, but
were significant only for Biomass production, Even-
ness, and FDiv. We observed a negative effect of soil
humidity and a positive effect of soil nitrogen on:
Richness (community and functional group levels),
Evenness (community and functional group levels),
FRich (community and graminoids), and Biomass
production (forbs). In addition, the random effect on
meadow ID explained a large part of the observed
variations (up to 68%). The coefficients and their
p values as well as the marginal and conditional R?
of all mixed-effect models are presented in Table 1,
and the response curves of models with a significant
effect of S. canadensis are presented in Supplemen-
tary information.

S. canadensis impacts on native trait distribution
The four structural equation models (SEMs) had sta-

tistically robust structure (Fisher’s C p value >0.45).
They revealed no significant relationship between S.

canadensis density and soil variables (humidity and
N content), and humidity had a positive effect on soil
nitrogen content.

The effects of soil characteristics and S. canaden-
sis density on native plant characteristics (in terms
of trait mean or variance) varied between forbs and
graminoids (Figs. 3, 4). It can be noted that all sig-
nificant S. canadensis density effects were linear (no
hump-shaped relationship detected).

Within the native forbs, S. canadensis directly
selected for tall species, species with high LNA
and species with high AMF infection rates. It also
selected indirectly for species with high LA, high
LMA and early end of flowering (via allometric con-
straints with plant heights, LNA and AMF infection
rates) (Fig. 3a). We found no impact of S. canadensis
on the variance of forb traits (Fig. 3b). Regarding the
effects of soil characteristics, we found that N-richer
soils favored smaller species, species with low AMF
infection rates and species with an early end of flow-
ering. Soil humidity favored tall species, species with
low LMA and species with intermediate LNA, while
counter-selecting species with intermediate AMF
infection rate (Fig. 3).

In the graminoid, high densities of S. canaden-
sis was directly correlated to a decrease in species
of medium height (positive effect on the variance
of plant heights in graminoids), and/or medium LA
(positive effect on CWYV). Invader density was also
indirectly linked to a decrease in species with an
intermediate end of flowering, and extreme values
of mycorrhizal infection (via allometric constraints
with plant heights) (Fig. 4b). We found no impact of
S. canadensis on the mean values of graminoid traits
(Fig. 4a). Regarding the effects of the soil charac-
teristics, we found that richer soils (high N content)
favored species with low LMA and AMF infec-
tion rate. Soil humidity favored tall species, species
with high LMA, species with intermediate LNA and
selected against species with intermediate end of
flowering (Fig. 4).

Discussion
We found an overall negative impact of Solidago
canadensis on native vegetation biomass production

and diversity, but the magnitude of these impacts
depended on functional groups (native forbs vs.
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Table 1 Parameter estimates of the mixed effect models of the impact of S. canadensis (linear and quadratic effects) and soil
resources on the diversity indices for the whole community, as well as for forbs and of graminoids taken apart

Response Explanatory variables Marginal R?> Conditional R?
variable - - —
Intercept Invader Invader Soil humid-  Soil nitrogen
density density? ity
Whole com-  Productivity  0.20 —0.11%%* 0.03 0.71
munity Richness 0.01 —1.27%%% 0.79%%* 0.45 0.70
Evenness 0.16 —0.15%%* —1.60%** 1.05%%* 0.46 0.71
FRich —-0.03 —0.73* 0.48* 0.14 0.33
FEve -0.01 0.00 0.03
FDiv —-0.06 0.44 % 0.41%* 0.25 0.48
Forbs Productivity  0.05 —069* 067** 0.12 0.36
Richness —-0.02 —0.99%%* 0.60%* 0.33 0.53
Evenness -0.02  —0.37%%* —0.93%%* 0.47* 0.33 0.49
FRich —0.06 0.00 0.23
FEve 0.00 —0.22% —0.32%% 0.13 0.13
FDiv 0.00 0.39%%* 0.15 0.15
Graminoids ~ Productivity ~ 0.21 —0.11%* 0.04 0.65
Richness 0.04 —0.21% —1.51%%* 0.84%%* 0.42 0.69
Evenness 0.04 — 1.41%%% 0.96%#* 0.34 0.61
FRich -0.02 —061* 0.54* 0.09 0.21
FEve 0.00 0.00 0.01
FDiv 0.00 0.00 0.01

Values in bold indicate significant effects (*p value <0.05; **p value <0.01; ***p value <0.001). Model performance is reported
with both marginal R? (proportion of variance explained by fixed factors) and conditional R? (proportion of variance explained by

fixed and random factors)

graminoids). For example, S. canadensis reduced
the richness and biomass production of grami-
noids, but not those of forbs. A high density of S.
canadensis tended to select only forb species avoid-
ing the new constraints (competition for light, nutri-
ents and perturbation of mycorrhizal interaction)
through their high ability to reach the resources
with low LMA and AMF infection rate. In contrast,
it selected graminoid species that either avoid (com-
petition for light), tolerate (competition for light), or
escape (rapid early season growth) the constraints
due to S. canadensis preemption of light. Finally,
soil conditions are important determinants of native
community structure and composition in the sam-
pled wet meadows (Maltby and Barker 2009), but
are independent from S. canadensis density. Thus,
we observed no indirect effect of S. canadensis on
native plants through changes in soil humidity or
nitrogen due to the invasion. This also supports
our hypothesis that S. canadensis randomly estab-
lished within the meadows, independently of local
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variations in edaphic conditions and native plant
communities.

Impacts of S. canadensis on native species biomass
production and diversity: different responses between
functional groups

Invasion by S. canadensis negatively impacted both
forbs and graminoids in terms of biomass produc-
tion, taxonomic or functional diversity, but the met-
rics of diversity that were affected differed between
the two functional groups. These results support
the idea that the two functional groups respond
differently to abiotic and biotic constraints (Bow-
man et al. 1995; Freschet et al. 2018; Raevel et al.
2018) and reveal that one invader can affect differ-
ent functional groups of plants via different mecha-
nisms. Importantly, at the community level, we only
detected part of the S. canadensis effects detected
at the functional group level: loss of Biomass pro-
duction, loss of Evenness and gain in FDiv. This
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Fig. 3 Structural equation models representing the impact of
S. canadensis density on trait means (CWM, model 1) and var-
iances (CWV, model 2) of forb species. Black solid and dashed
arrows represent significant positive and negative directed
impacts (p value<0.05), respectively. Black lines represent
significant positive undirected relationships (p value <0.05).
The coefficients associated with each significant link are indi-

demonstrates that differences in response to inva-
sion between functional groups, in terms of taxo-
nomic and functional diversity, can blur signals at
the community level and lead to an underestima-
tion of the impacts of invasions (Miinkemdiller et al.
2014).

For forb species, we showed that as S. canaden-
sis density increased, the biomass production of
forbs was less evenly distributed across species and
traits (reduced taxonomic and functional evenness),
and species with intermediate traits became less
abundant compared to those at the periphery of the
community’s functional space (increased FDiv).
This may create vacant niches at the center of forbs
functional space that could increase the probability
of other exotic species invasion (Moles et al. 2008).
In contrast, for graminoid species, an increase in S.
canadensis density entailed decreasing richness and
biomass production, but we did not detect any signal
on functional diversity.

Mycorrhizae 0.27

cated beside the corresponding arrows and lines, and the val-
ues beside the response variables are their associated marginal
R2. The structure of the initial model (i.e., before variable and
link selection) is shown on Fig. 2. Some links were removed
(when not significant) and others added (to support independ-
ence claims) to the initial models following the model building
procedure described in "Materials and methods"

Impacts of S. canadensis on native plant traits:
resistance strategies differ depending on functional
groups and constraints

Competition for light

Solidago canadensis is a tall species (up to 2 m),
with an abundant foliage all along the stem and close
stems. High densities of S. canadensis can thus gen-
erate a strong competition to native species requiring
direct light. We detected this constraint for both forbs
and graminoids: we observed taller native species
at higher invader density. Tall forbs and graminoids
are able to intercept light with their upper parts and
are thus less affected by the shade of S. canadensis,
which corresponds to an avoidance strategy. Inter-
estingly, in parallel, short graminoids were also
increasingly prevalent along the invasion gradient.
This could be due to their naturally good capacity
to tolerate shade, since short species are often under
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Fig. 4 Structural equation models representing the impact
of S. canadensis density on trait means (CWM, model 1) and
variances (CWYV, model 2) of graminoid species. Black solid
and dashed arrows represent significant positive and nega-
tive directed impacts (p value<0.05), respectively. Black
lines represent significant positive undirected relationships (p
value < 0.05). The coefficients associated with each significant

the canopy of native species as well, correspond-
ing to a tolerance strategy. In addition, short grami-
noids could benefit from the fact that they also tend
to flower earlier than tall species (due to allometric
constraints; Supplementary materials) and may thus
be able to complete their cycle before S. canadensis
outgrows them (stem elongation starting in late April
and reaching final size late July), corresponding to an
escape strategy. S. canadensis also indirectly selects
forb species with an early end of flowering that might
be able to escape competition for light, soil nutrients
and mycorrhizal interactions.

Competition for soil nutrients and mycorrhizal
interactions

S. canadensis is known to be a fast-growing species,
building a dense network of rhizomes and small
roots with a high mycorrhizal infection rate that
allows efficient nutrient uptake (Werner et al. 1980;
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link are indicated next to the corresponding arrows and lines,
and the values beside the response variables are their associ-
ated marginal R%. The structure of the initial model (i.e., before
variable and link selection) is shown on Fig. 2. Some links
were removed (when not significant) and others added (to sup-
port independence claims) to the initial models following the
model building procedure described in Materials and Methods

Yang et al. 2014; Dong et al. 2021). It is also known
to produce allelopathic compounds in the soil that
inhibit the growth of other plants and their interac-
tions with mycorrhizae (Zhang et al. 2007; Zubek
et al. 2016). We detected this constraint only for
forbs: S. canadensis selected forbs with high AMF
infection rate (direct effect) and high leaf nitrogen
content per leaf area (LNA, indirect effect via AMF
infection rate). These species are able to (1) avoid
competition for local soil nutrients by reaching
resources outside the rhizosphere of S. canadensis
(high LNA, Cunningham et al. 1999), and possibly
(2) avoid part of the allelopathic perturbations of
AMF interactions as they easily form interactions
and may lose part of them without being too much
affected. The fact that graminoids were not affected
by the increased competition for nutrients and the
perturbation of mycorrhizal interactions may be due
to the fact that they have nutrients uptake strategy is
different from that of forbs (different root systems)
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and they already have low mycorrhizal interactions
(Figure S2).

Conclusions on the different strategies

Overall, our results indicate that, in our study sys-
tem, the impacts of S. canadensis on graminoids are
primarily due to competition for light, while forbs
are also affected by competition for soil nutrients
and alteration of mycorrhizal interactions. Further-
more, the positive impact of S. canadensis density on
forbs functional divergence suggests that the selec-
tion for height and AMF interactions does not apply
to the same species: different species may be selected
for their ability to resist to different constraints. S.
canadensis being a forb, it has a below- and above-
ground structure more similar to native forbs than to
native graminoids. Because competition arises when
different species have similar ways to access the same
resource, S. canadensis compete more with native
forbs and this may explain why we found evidence of
three different constraints of invasion on forbs but just
of one of them on graminoids. Interestingly, we found
no indirect effect of S. canadensis on native vegeta-
tion through the soil compartment, as S. canadensis
did not affect soil humidity and nitrogen content, sup-
porting the results found by Scharfy et al. (2010) on
similar wet meadows (but Zhang et al. (2009) found
effects of S. canadensis on soil properties under a
subtropical monsoon climate).

Limits and perspectives

In invasion studies, it is often difficult to disentangle
the causes from the consequences of invasion (Gal-
lien and Carboni 2017): do the traits of native spe-
cies in invaded communities reveal the cause of their
invasion (i.e., the driver of their “invasibility”) or
their response to the invader (i.e., a sign of the fil-
tering imposed by the invader)? To avoid this pitfall
and isolate only native species responses to invasion
by S. canadensis, we selected the meadows of this
study to be as homogeneous as possible in terms of
management history, edaphic conditions, and vegeta-
tion. In addition, each meadow contained a gradient
of invader density independent from any gradient of
edaphic conditions. Therefore, we can assume that
prior to the invasion, there was no difference within
the prospected meadows—in terms of community

taxonomic and functional structures—that would
explain the current repartition of S. canadensis. In
other words, the differences we currently observe
along this gradient are likely the result of the effects
of the invader, and the density of S. canadensis a
function of its stage of invasion (not of community
invasibility). It should be noted that we probably
underestimated or missed some of these differences
because we were not able to detect plastic responses.
Studying trait responses at the species level would be
the next step to improve our understanding of inva-
sion impacts.

Another difficulty when studying the impact of
invasions on native vegetation is its dynamic nature.
During invasion, the density of the invader increases
over time, but native vegetation responses may take
years to appear (Rusterholz et al. 2017). At a given
density of the invader, some native species may show
(1) colonization credit (i.e., natives that were locally
excluded by dominant native species before inva-
sion can now colonize sites where S. canadensis has
replaced these dominant natives), or (2) extinction
debt (i.e., populations that are currently present in
the patch, but will disappear because their population
growth rate is less than one) (Jackson and Sax 2010;
Bagaria et al. 2015; Rumpf et al. 2019). In this study,
S. canadensis patches were small enough (<300 m?)
for the native vegetation to recolonize the patch
through a high propagule pressure, potentially lead-
ing to lower colonization credits and higher extinction
debts compared to large invaded areas. Extinction
debt was also promoted by the fact that most spe-
cies in our study site are perennials: individuals can
survive for years even if propagules fail to establish.
These dynamic effects are generally difficult to elimi-
nate, but the fact that colonization credits are limited,
while extinction debts are likely present, tends to
make our results more conservative about the mag-
nitude of S. canadensis effects (i.e., we might have
missed some mechanisms that are not yet detectable
due to the extinction debt).

Finally, in this study, we focused on mechanisms
and traits linked to the vegetative development of
native plant species. However, S. canadensis may
impact native species through other mechanisms.
For example, it could reduce native plant reproduc-
tion success through (1) competition for pollinators,
(2) pollen competition, or (3) allelopathic compounds
limiting natives germination and growth (Abhilasha
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et al. 2008; Yuan et al. 2013; Sun et al. 2013). In par-
ticular, S. canadensis is known to produce abundant,
high-quality pollen and nectar at the end of the flow-
ering season, and thus to act as an important resource
for honeybees and some wild pollinators (Stefanic
et al. 2003; Fenesi et al. 2015a, b; Grange et al. 2021).
Dense patches of S. canadensis could therefore dis-
turb native pollination networks and fruit sets (1) pos-
itively by attracting more generalist pollinators from
the landscape pool (concentration effect; Ghazoul
2006), and/or (2) negatively by increasing inter-
specific competition for pollinators (dilution effect;
Campbell and Hanula 2007; Morales and Trave-
set 2009). Further investigation of the S. canaden-
sis influences on native plant-pollinator interactions
seems thus as an important next step toward a more
comprehensive understanding of invasion impacts
through cascading effects.

Conclusions

Our study showed that the invader S. canadensis has
a complex effect on native vegetation. Its impacts
vary between and within functional groups: forbs and
graminoids responded to different constraints and we
detected different strategies for resisting the same
constraint within graminoids. Our results show that
the native forbs that survive invasion use an avoid-
ance strategy to respond to the increased competition
for light, soil nutrients and AMF interactions (i.e.
they avoid the stress by having good abilities to reach
the resources), whereas graminoids use all types
of resistance strategies (avoidance, tolerance and
escape) to respond to the increased competition for
light. Considering traits linked to different constraints
and strategies for different functional groups seems
thus essential to understand the complexity of the
native vegetation response to invasion. Applying such
an approach in future studies may ultimately help us
understand why the same invasive species can have
opposing impacts on native communities of different
compositions.
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Chapitre 5 : Invasive Solidago canadensis

mainly modifies pollinator’s behavior and

native plants reproductive success through
its vegetative density

Les modifications du comportement des
pollinisateurs et du succes reproductif des
plantes natives par S. canadensis sont
principalement duies a sa densiteé végétative
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Résume

Les invasions biologiques constituent 1'une des plus grandes menaces pour la biodiversité et le
fonctionnement des écosystémes. L'impact des plantes envahissantes sur le succés de la
reproduction des plantes natives est complexe et notre compréhension des mécanismes qui le sous-
tendent reste limitée. De nombreuses plantes invasives ont été introduites a des fins ornementales, et
présentent souvent de grandes quantités de fleurs voyantes qui peuvent détourner les insectes des
fleurs natives, ou au contraire les attirer, ce qui peut favoriser la visitation des fleurs natives. Les
plantes invasives ont également un impact majeur sur les communautés végétales natives, modifiant
ainsi les ressources florales disponibles pour les insectes avec des conséquences potentielles sur leur
comportement de recherche de nourriture. Enfin, les plantes invasives peuvent altérer la structure de
la végétation ou la disponibilité de micro-habitats avec des conséquences majeures sur la
composition et le comportement des communautés d'insectes. La compréhension et la connaissance
de I'importance de ces mécanismes est cruciale pour prédire les impacts des plantes invasives sur les
communautés végétales natives, car ils peuvent affecter lle succeés reproducteur des especes
indigenes. Cependant, l'importance relative de chacun de ces mécanismes n'a pas encore été

explorée car la plupart des études se concentrent sur l'effet floral des plantes envahissantes.

Dans cette étude, nous avons testé les impacts de l'invasion de Solidago canadensis sur la
préférence des insectes pour trois porphotypes de fleurs différents et la répercussion de ces
préférences sur le succés potentiel de reproduction des fleurs natives. Nous avons utilisé des
modeles d'équations structurelles (SEM) pour déméler trois mécanismes d'impacts de S.
canadensis : (i) par la modification des ressources florales natives disponibles ; (ii) par la
modification de la composition de la communauté d'insectes prospectant sur le patch ; et (iii) par la
modification directe du comportement des insectes au sein des patchs. Nous avons également

distingué 1'effet des densités végétatives et florales de S. canadensis.

Nos résultats montrent que la plus grande partie des impacts du S. canadensis sont liés a la
modification de la structure de la végétation, mais que ces effets se produisent principalement
pendant sa floraison. Globalement, les fleurs semblables a celles de S. canadensis ont été favorisées

par sa présence alors que les autres ont été affectées négativement.
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Abstract

Biological invasions are one of the greatest threats to biodiversity and ecosystem functioning.
The impact of invasive plants on native plant reproduction success are complexe and our
understanding of the mechanisms underlying it remain scarce. Because many invasive plants were
introduced for ornamental purposes, they often have large quantities of showy flowers that can
distract insects from native flowers or, conversely, attract insects that will visit the co-flowered
native species. Invasive plants also have a major impact on native plant communities, altering the
floral resources available to insects with potential consequences for their foraging behavior. Finally,
invasive plants can alter vegetation structure or microhabitat availability with major consequences
for insect community composition and behavior. Understanding the importance of these
mechanisms is crucial to predicting the impacts of invasive plants on native communities because
they can affect the fitness of native species. However, the relative importance of each of these
mechanisms has not yet been explored because most studies focus on the floral effect of invasive
plants.

In this study, we tested the impacts of Solidago canadensis invasion on insect preference for
three different flower morphotypes and the impact of these preferences on the reproductive patterns
of native flowers. We used structural equation models (SEMs) to disentangle three mechanisms of
S. canadensis impacts: (i) the modification of the native floral poll; (ii) the modification of the
composition of the insect community foraging on the patch; and (iii) the direct modification of
insect behavior within the patches. We also distinguished the effects of vegetative and floral
densities of S. canadensis.

Our results show that most of the impacts of S. canadensis occur through changes in
vegetation structure, but that these effects occur primarily during its flowering. Overall, flowers
similar to S. canadensis were favored by its presence and the others were negatively affected.

Key words: plant invasion, pollination, heterospecific pollen, flower morphotype, competition, facilitation
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Introduction

Invasive plant species (IPS) are currently one
of the most important threats to native
_____________ 2019). They can

jeopardize the functioing of invaded ecosystems
and the services they provide, generating high

particular, IPS are known to alter the native
ecosystems by modifying the vegetation
structure, nutrients cycles and even ecological

predators or mutualists of the native vegetation
such as the above ground and below ground
insect community, mycorrhizal community as
well as their

The impacts of invasions on native
vegetation are mainly studied through the prism

impact native species populations through other
critical components of vegetation dynamics
such as mutualistic interactions. Many
flowering plants rely on insect-mediated
pollination to produce their seeds. 80% of alien
species with spontaneous populations in the
wild in Europe have been introduced for
ornamental or horticultural purposes
been chosen for their ability to produce large
amounts of visible flowers, making them highly

particularly good competitors regarding
pollination. Invaders with showy flowers can
affect the local pool of pollinators and their
behavior by (i) increasing the number of insect
individuals and species prospecting on the site
(thus enlarging the pollination network and
increasing its density), and by (ii) modifying
pollinators ~ foraging  behavior  (network
rewiring). The effect on insect behavior can be
direct (competition, signal modifying insect
preferences for different flower morphotypes) or

indirect (modification of the patch floral
composition and native plant nectar production,
i.e., the resources available for pollinators and
thus their foraging choices). Invaders can act as
facilitators, attracting new insects to the patch
increasing the probability for co-occurrent (rare)
plant species to be visited [“magnet species”,

more (facilitation) or less (competition)
conspecific pollen, but also more (competition)
or less (facilitation) heterospecific pollen. A
higher proportion of heterospecific pollen (in
particular that of the invasive species) can lead
to pollen competition, preventing fertilization

Invasive plants also indirectly affect native
pollinators by (i) modifying the native plant
community composition, and (ii) altering the
vegetation spatial structure (influencing flower
detection by insects). Via competition for
resources, invaders can alter native vegetation
composition, abundance and resource allocation,
leading to changes in the native floral resources
available for pollinators, in terms of flower,
pollen and nectar abundances, and nutritional

to detect these resources can also be altered by
the invader vegetative parts as it alters the
vegetation structure (e.g., some native flowers
may be hidden from the pollinators by the
invader due to its size and density). These
modifications can affect pollination networks
across patches because insects are attracted or
not to a patch depending on the flower resources
they perceive in it. They can also modify insect
behavior within the patch according to the
vegetation structure and the floral resources they
perceive 1983;___Traveset __and
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resulting modifications in native species
pollination can impact plant population
dynamics as much as direct competition for

Although there are a number of studies on
the impact of invasive species on native plant
reproduction, they tend to consider only a
reduced number of native species, and to omit
indirect pollinator effects. They also provide
contrasting results, depending on the identity of
the invader and the native species, even if meta-
analyses found that most often, invasive species
have a negative impact on native plant

suggest that the diversity of results obtained for
one invasive species may be due to the
similarity of the floral traits of the focal and
invasive species. For example, we could expect
species with flowers similar to those of the
invasive to benefit from this similarity if the
invader provides insects with abundant
resources, leading insects to look for similar
floral traits. This is why we studied the impact
of an invader on the pollination of the whole
native community, and decomposed how these
impacts affect native plants depending on their
flower morphotypes.

We identified two main challenges for
studying invader’s impacts on native vegetation
reproduction at the community scale. The first
challenge is to identify reliable enough metrics
to estimate the reproduction success of plants,
solely based on data from visitation networks. It
is (often) not possible to follow the seed
production (even less their germination or
survival rate) of all species during the whole
growing season, and analyzing only the number
of visits received by native flowers does not
permit to conclude about an impact on their
second challenge is to disentangle the different
direct and indirect mechanisms underlying the
effects of the invasive plant on native flower

pollination: Do invader’s effects result from the
modification of the insect community
composition and abundance (“magnet effect”);
from the invader’s flowers modifying the
behavior of insects on the patch (e.g. generalist
species switching from native species to the
invader or specializing in flowers similar to
those of the invasive specie); from a
modification of the vegetation structure (e.g.,
increased predation making insects stay in the
canopy) or from a modification of the native
floral composition (influencing the composition
and behavior of the insects on the patch)?

Here, we propose a two steps method to
investigate the impact of an IPS on native plants
reproductive success at the community scale.
The first step quantifies the impacts of the
invader on metrics measuring plant pollination
success: flower production (FP), visitation rate
(VR) and an estimate of the proportion of
conspecific pollen received (hereafter “received
fidelity”, RF), for different flower morphotypes
(grouped according to their similarity to the
invader’s flowers). The second step will be to
investigate the mechanisms (directly through
insect composition or indirectly through floral
composition) by which the invader affects insect
preferences for different flower morphotypes.
We applied this approach to the survey of
pollination networks along a gradient of
Solidago canadensis (L.,1753) during a whole
flowering season.

Solidago canadensis (L., 1753) is a
rhizomatous Asteraceae from North America
introduced to Europe as an ornamental species
from the 17th or 18th century. It is one of the
most invasive plants in European and Asian
where it forms dense patches, up to two meter
high, produces allelopathic compounds and
large amounts of flowers with high quantities of
pollen and nectar, from mid-July to early fall. S.
canadensis can affect both: (I) native vegetation
(in terms of composition, phenology, and

insect composition and behavior (modifying the
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vegetation structure and attracting insects thanks
to high pollen and nectar production during its

native vegetation composition, investment in
flower production and pollen and nectar
nutritional quality through competition and
allelopathy. These modifications can alter the
plot attractivity for insects, as well as their
behavior (foraging choices) within the plot. S.
canadensis showy flowers are also expected, to
(i) increase the attractivity of the plot (“magnet

two mechanisms may vary depending on the
trait similarity between the native flowers and S.
canadensis flowers (flowers similar to S.
canadensis’s ones may benefit more from the
pollinators attracted on the patch by the invader,
but they will also be more directly in
competition with the invader’s flowers) and
depending on the insect group (based on their
ability to  distinguish different flower
morphotypes, their specialization and attraction
for yellow symmetric flowers). Finally, S.
canadensis is also expected to modify the
structure of the vegetation, altering native plant-
pollinator interactions, directly (hiding native
flowers) or indirectly (changing predation
patterns).

Here, we investigate S. canadensis impact on
native plant reproduction to address two central
questions: (Q1) What are the impacts of S.
canadensis on three indicators of native plant
reproductive  success components (flower
production, visitation rate and a novel metric
estimating the proportion of conspecific pollen
received: received fidelity)? (Q2) What are the
mechanisms underlying these impacts (direct or
indirect alterations of insects foraging
behavior)?

Materials & Methods

1 Fieldwork
1.1 Study site

We surveyed the composition of plant and
insect assemblages along a gradient of S.
canadensis density in two protected areas of the
French Alps (Figure S1). We selected six wet
meadows with a homogeneous management
regime and vegetation type. Each meadow
presented a broad variation in S. canadensis
density (0-117 stems per m2). We laid two to
four 100m2 plots per meadow (depending on
meadow area) along the invasion gradient
(Figure S1), and three 10m x 2m transects per
plot.

1.2 Transect design and sampling

We visited each plot 12-13 times from mid-
May to mid-August (when the meadows were
mown), when meteorological conditions were
favorable (temperature above 15°C, wind below
13km/h, and cloud coverage below 70%). We
visited the plots of the same meadow within one
half-day session (varying sampling order across
sessions), and we visited the three transects of a
plot simultaneously.

For each sampling event, three observers
simultaneously recorded insect visits to flowers
across three parallel 10m x 2m transects. They
walked along the transects for a 10 minute
round trip and captured all insects in contact
with the stamens of entomophilous species
(timekeeping was interrupted during insect
captured all insects, regardless of taxonomic
group, as there is growing evidence that
pollination is performed by other taxa than

honeybees (Apis mellifera) that were easily
recognized and too abundant in some plots to be
all captured. All insects we observed but failed
to capture were ascribed to a taxonomic group
(wild Hymenoptera, Diptera, Coleoptera,
Hemiptera, or Lepidoptera), or recorded as
“other” if identification was not possible. We
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kept track of which plant species was visited by
each captured or recorded insect. We also
recorded the time and date of the sampling event
and the meteorological conditions: temperature,
wind speed (wind), and cloud cover (cloud).

Before each sampling event on a transect, we
counted the number of open inflorescences for
each plant species and assigned them to a flower
morphotype: yellow & symmetric i.e., similar to
S. canadensis, not yellow & symmetric, or not
yellow & not symmetric. Seven species had
yellow & asymmetric flowers (Annexe), but
there were too few occurrences of these species
to include a category for them in our models.

We also estimated the number of S.
canadensis shoots per square meter based on
twelve 50cm x 50cm quadrats on each plot and
used this metric to characterize S. canadensis
density. To  further account for the
developmental stage (and thus biomass) of S.
canadensis, we delineated three periods
corresponding to characteristic growth stages
during our sampling season: (1) the growing
phase when its height is inferior or equal to the
native vegetation (mid-May to end of June), (2)
the vegetative dominance phase when it
accumulates vegetative biomass and reaches its
maximum height (from June to the first
flowering event of S. canadensis on the
meadow), and (3) the flowering phase (from the
first flowering event until mowing in mid-
August). By considering the whole flowering
season (i.e., not only during the flowering of the
invasive), we could disentangle direct (via
competition and vegetation structure) and
indirect (inter-annual flower effects) impacts of
S. canadensis vegetative density. Because S.
canadensis flowers impact plant reproductive
success and thus population dynamics, we might
observe an effect of S. canadensis vegetative
density representing a long-term influence of S.
canadensis flowers density and not a direct real
effect of S. canadensis vegetative density (e.g.,
modification of the floral community through
competition). In an extreme case, one could
imagine that S. canadensis flowers attract all

insects to them, leaving none to pollinate native
flowers. In that case, the production of native
seeds during S. canadensis flowering would be
nil and native populations would decline.
However, because the number of native
individuals is homogeneous throughout the year,
and the density of S. canadensis flowers is
highly correlated to the density of S. canadensis,
during its flowering pick, this decline would be
correlated to S. canadensis vegetative density
instead of floral density. Alternatively, S.
canadensis shoot density might have a direct
real impact on pollination through competition
for resources (increased competition leading to
decreased number of individuals or investment
in reproduction) and modification of the
vegetation structure (affecting insect foraging
behavior and ability to find lower or
intermediate flowers). We expected entangled
effects operating at different periods during the
growing season: (i) Before and during its
flowering, S. canadensis can have negative
effects on insect visits on native plants through a
reduction in native flower production, diversity
and/or visibility (due to its vegetative density).
(i) During its flowering, it can divert insects
from visiting native species or, conversely, have
a magnet effect at the site level, facilitating the
pollination of some native species by increasing
the number of insects prospecting the site (due
to its flower density).

2 Statistical analyses

In order to investigate S. canadensis impact
on native plant pollinationreproduction success
(Q1) and the mechanisms underlying these
impacts (Q2), we constructed two types of
models: (M1) plant-viewpoint models, and (M2)
insect-viewpoint models, which are
conceptually similar, but differ in terms of
response variables and input data. We
investigated: (i) whether some native species
were more impacted than others (depending on
their flower morphotypes), and (ii) whether the
drivers of insect preferences and consequences
on plant reproduction varied during the
developmental stages of S. canadensis growth
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(e.g., size and flowering). We thus derived M1
and M2 models per flower morphotypes and
periods.

All models included four types of variables:
invader pressure variables, context variables
(time, meteorology, and native floral context),
and different response variables. We measured
the context variables for each transect visit and
included them in all models. The response
variables, for the plant-viewpoint model, were
metrics of plant reproductive success, and were
calculated per flowering species for each
transect visit for selected species. Each of these
species were flowering on at least two plots
with different densities of S. canadensis within
the same meadow. For the insect-viewpoint
models, the response variables represented
observed and expected behavior of insects, and
were thus calculated for each transect visit.

The two model types were declined for all
combinations of period (growing, dominance,
flowering) and insect groups. The plant-
viewpoint models (M1) were further declined
per flower morphotype, while the three different
morphotypes were included as variables in the
insect viewpoint models (M2). We obtained a
total of 72 models, 54 for the plant-viewpoint
(3 periods * 6 insect groups * 3 morphotypes)
and 18 for the insect viewpoint (3 periods * 6
insect groups).

We expected the annual impacts of S.
canadensis to depend on its developmental
stage: low impact on pollination while growing
(low biomass), medium impact at the end of the
growing phase (high biomass affecting the
structure of the vegetation but no flowers) and
high while flowering (maximum biomass and
flowers). On the contrary, we expected inter-
annual impacts (i.e., when population dynamics
are affected) to be consistent across periods (if
S. canadensis reduce the number of individuals,
the number of flowers observed will decrease
with S. canadensis density, no matter the
period). We also expected the flower trait
similarity of the native plant species to those of
S. canadensis to impact the way they will be

affected by S. canadensis flowers density.
Similar (yellow & symmetric) flowers could
benefit more from the “magnet effect” of S.
canadensis flowers, or be more directly in
competition with S. canadensis flowers. Finally,
we expected the different groups of pollinators
to show different responses to S. canadensis
density because they adapt their foraging
strategies depending on their ability to perceive
certain types of resources in different contexts
(vegetation  structure, abundance of S.
canadensis and native species flowers).

2.1 Explanatory context variables

The invader pressure per sitesion context was
defined by the vegetative and floral density of S.
canadensis, estimated by the number of shoots
per square meter and the number of
inflorescences per 10m-transect, respectively.

The local context was assessed for each
transect visit and included three elements. First,
the temporal context, which was defined as the
date and hour of the sampling (corrected for
variations in day length and centered on 12:00),
to account for differences in species phenology

which was defined by temperature, wind speed
(measured with an anemometer) and cloud
coverage (estimated in % of sky cover above the
site), because these variables are known to
Third, the native floral context was defined by
the flower species richness, and the total flower
surface on the transect (Table S1). These two
variables accounted for the global attractiveness
of native flowers on the transect, and were
calculated without S. canadensis flowers. In the
insect-viewpoint models, we also included the
proportion of the flower surface corresponding
to each morphotype, because insects tend to
forrage on the patches with the more diverse
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2.2 Response variables in plant-viewpoint
models

We designed the plant-viewpoint models to
investigate whether S. canadensis affected
native plant reproduction success (Q1). Plant
reproduction success is the amount of offspring
produced per individual, and S. canadensis may
influence it by modifying either the investment
in seed production, and/or pollination efficiency
(i.e. the amount of conspecific pollen received
which results from the total amount of pollen
received and the proportion of conspecific
pollen it contains). Even though seed production
and amount of conspecific pollen received are
difficult quantities to measure for each native
plant, we propose to estimate them with the
following indices (measured for each transect
visit): (i) flower production, (ii) flower
visitation rate, and (iii) flower received fidelity.

(i) Flower production (FP) is expected to be
an indicator of seed production (ref), and was
measured as the number of floral units of the
focal plant species. (ii) Flower’s visitation rate
(VR) is expected to be an indicator of the total
amount of pollen received (Santiago-Hernandez
et al. 2019), and was measured as the number of
visits received per floral unit. (iii) Flower
received fidelity (RF) was defined as the mean
insect fidelity to the focal plant (i.e., the
proportion of the insect species interaction that
corresponds to the focal plant) weighted by the
number of the insect species interactions with
this plant, and is expected to be an indicator of
the proportion of conspecific pollen received,
and was defined as the mean insect fidelity to
the focal plant (i.e., the proportion of the insect
species interaction that corresponds to the focal
plant) weighted by the number of the insect
species interactions with this plant. The fidelity
observed during one transect visit (10min) could
mis-represent the true insect fidelity for the
focal plant specie due to too few observations.
To overcome this problem, we defined a
potential value by combining all observations
into a meta-network and calculating the
probability of each insect species to interact

with each flower species. For each transect visit,
we then estimated — given the transect visit
floral composition and the meta-network — the
local probability of each insect species to forage
on each flower species as: the expected
probability for the insect to visit the flower
divided by its expected probability to visit (any
flower) of the transect. Finally, we defined for
each flower species its received fidelity as the
mean of insects' probability to interact with its
flowers, weighted by the number of observed
interactions between the insect and flower
species. RF ranges from 0 to 1 and represents
the probability of an insect visiting the flower
species to previously visit another flower of the
same species (and thus to carry conspecific
pollen).

We expected FP to decrease with the density
of S. canadensis due to S. canadensis
competitive impact on the native species
[Grange et al. 2020]. We also expected it to
increase or decrease due to an inter-annual
effect of S. canadensis flowers (competition vs
facilitation) on VR and RF. Here, we had two
contrasting hypotheses: as S. canadensis
produces large patches of colorful and odorant
flowers, it may attract more insects to forage on
the plot and increase the visitation rate of less
dense or attractive (from afar) flowers.
However, this facilitating effect could occur
only during S. canadensis flowering, and the
attractivity of S. canadensis flowers may
conversely lead pollinators to concentrate on
this resource and ignore native flowers or
decrease their RF.

These three indices should vary considerably
between species because some plants tended to
be more abundant or to produce more flowers
than others, and some flowers were more
attractive than others. To enable the comparison
of multiple species within the same model, we
re-scaled all indices for each plant species to
obtain values varying between 0 (the lowest
value observed for this species) and 1 (the
highest value observed for this species).
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2.3 Response variables in insect-viewpoint
models

The insect-viewpoint models aim at
investigating whether the invader effects on the
components of native plant reproduction success
we studied is due to direct and/or indirect
(mediated by flower composition and/or insects
attracted to the plot) alterations of insect
preferences toward three flower morphotypes:
yellow & symmetric (analogous to the invader
morphotype), not-yellow & symmetric, not-
yellow & not-symmetric (Q2). S. canadensis
can affect pollinator behavior on the transects
through three mechanisms: (i) by changing the
floral resources available (e.g., an insect will act
as a generalist if the available flowers are
equally attractive to i.e., it will visit each flower
species according to their abundance), (ii) by
changing the community of insects attracted to
the plot (e.g., attracting species specialized in
yellow and symmetric flowers), and/or (iii) by
changing the behavior of the pollinators on the
plot (e.g., S. canadensis flowers may compete
with yellow symmetric flowers but not with
other morphotypes, reducing insect preference
for yellow symmetric flowers and increasing
their preference for other morphotypes when
considering only natives).

To disentangle these mechanisms, we
propose three novel indices (estimated for each
transect * visit) to capture three facets of insect
preferences  for the  different flower
morphotypes (M): (i) pref.fl_M, (ii) pref.in_M,
and (iii) pref.obs_M. (i) Pref.fl_M represents the
potential attractiveness of each morphotype in
the floral patch (independently from the insect
identity). We calculated it as the expected
preference of insects for each morphotype given
the observed local floral composition and the
metanetwork. (ii) pref.in_M represents the
potential preference of insects attracted to the
plot for the different flower morphotypes. We
calculated it as the expected preference of
insects for each morphotype given the observed
set of insects prospecting on the transect visit
and the meta—network. (iii) Finally, pref.obs_M

integrates the attractiveness of the flowers
present on the transect, the a priori preferences
of the insects prospecting on the transect and the
local variations of their behavior. We defined it
as the observed preference of insects for the
different morphotypes (detailed calculatin of
indices in appendix)

By modifying the floral pool, S. canadensis
vegetative density could influence pref.fl_M (i)
by selecting species of this morphotype with
more attractive  flowers (e.g., through
allometry), or (ii) by creating a floral context in
which this morphotype is more attractive to
insects (e.g., this morphotype is dominant). If
insects were attracted to the plot by S.
canadensis flowers, they are expected to also
prefer native flowers of the same morphotype
(ie. yellow symmetric), leading to an increase in

prefin_M for the yellow - symmetric
morphotype with S. canadensis floral density,
and to a respective decrease for other

morphotypes. We had two opposite hypotheses
concerning the effect of S. canadensis on
pref.obs_M: we expected S. canadensis flowers
to compete for pollinator visits more strongly
with yellow & symmetric native flowers, thus
decreasing pref.obs_M, but we also considered
the possibility that due to the high quality and
abundance of pollen and nectar provided by S.
canadensis flowers, insects would label similar
flowers as good resources, increasing their
preference for yellow & symmetric flowers.
Finally, we also hypothesized that the vegetative
density of S. canadensis could alter insect
foraging behavior and ability to perceive certain
flowers, leading to changes in pref.obs_M.

To disentangle the mechanisms underlying
the effects of S. canadensis on insect
preferences (pref.obs_M), we used structural
equation models (SEM,

interesting when considering multiple response
variables, intermediate variables (potential
indirect effects) and context variables affecting
these intermediate variables. Using these
models, we were able to disentangle direct and
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Figure 1: A priori structure of plant-viewpoint structural equation models. Arrows represent directed
links (causal relationships). When an arrow points from a variable to a compartment (large colored
box), the variable is an explanatory variable for all variables in the compartment. Conversely, when
an arrow points from a compartment to a variable, all variables of the compartment are explanatory

variables to the pointed variable.

indirect impacts of S. canadensis on each of our
response variables through different pathways,
i.e., through different mechanisms. The models
included separate paths from S. canadensis
vegetative or floral density to pref.obs_M in
three categories (Figure 2). The paths passing by
native vegetation composition of pref.fl_M
corresponded to S. canadensis indirect impacts
through the modification of the native
vegetation. Paths passing by pref.in_ M
corresponded to S. canadensis indirect impacts
through the modification of the insect
community composition. Finally, paths going
directly from S. canadensis to pref.obs_M

corresponded to S. canadensis direct impact on
insects behavior.

2.4 SEM structure and stepwise selection

For each of the 72 SEM models (54 plant-
and 18 insect-viewpoint models), we followed
the same procedure. First, we defined the model
initial structure (i.e. links between variables)
following our ecological hypotheses (see
annexes and figures), and identified a list of
“permited” links corresponding to secondary
hypotheses that could be added to the model
during model selection. Permited links
corresponded to links that make sense
biologically, but that we did not expect to be the
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Figure 2: A priori structure of insect-viewpoint structural equation models. Arrows represent directed
links (causal relationships). When an arrow points from a variable to a compartment, the variable is an
explanatory variable for all variables in the compartment. Conversely, when an arrow points from a
compartment to a variable, all variables of the compartment are explanatory variables to the pointed
variable. Green arrows represent the paths by which S. canadensis can impact insect preferences via
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modification of the composition of the insects attracted to prospect on the transect. Finally, purple
arrows represent the paths of direct impacts (S. canadensis impact insect behavior ithin the patch).
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main drivers of plant reproduction success or
insect preferences in the context of our study..
The a priori and authorized links, as well as the
hypotheses behind each of these links are
described in Annexe.

Second, we ran our initial models, and we
simplified and improved them following a two-
step procedure. We (i) iteratively added
interactions between variables when
independence claims were not supported by the
test of directed separation (p-value <0.05). If the
interaction was part of the a priori or authorized
links, it was added as a link, else, it was added
as a correlation. Next, we (ii) iteratively
removed links and correlations that were not
We repeated these two steps until the model was
stabilized.

2.5 Estimation of S. canadensis direct and
indirect impacts

The effects of S. canadensis on a response
variable (Q1- plant reproductive success or Q2-
insect preferences) can be direct and/or indirect
(i.e. through a path including mediating
variables). S. canadensis effect though one path
is calculated as the product of all estimates on
this path, and its total effect on a response
variable as the sum of the paths linking S.
canadensis to this wvariable. For models
including both S. canadensis vegetative and
flower density, we calculated their effects
separately. For insect-viewpoint models, we also
separated the paths in three categories: direct
effects of S. canadensis, paths mediated by
insect composition and paths mediated by floral
context but not insect composition,
corresponding to the three hypothesized types of
S. canadensis impact mechanisms.

Results
We recorded a total of 91 plant species, 256
insect species and 117 non identified

morphotypes. We observed 9 679 interactions,
respectively 1610, 967 and 7102 during the
growing, pre-blooming and flowering phases of
S. canadensis [meta-network visualization in
Annex x]. 32% of the interactions were from

honeybees, 19% from wild hymenoptera, 22%
from diptera, 19% from coleoptera and 9% from
hemiptera. All models structures were valid (p-
value of the Fisher C test > 0.05) and the portion
of the variables of interest explained by the
models ranged from 2% to 100% for FP, 3% to
28% for VR, 53% to 86% for RF, 54% to 99%
for pref.obs_YS, 55% et 58% for pref.obs_nYS
and 38% to 61% for pref.obs_nYnS.

1 Plants point of view

We found that native plants with flowers
similar to S. canadensis flowers (yellow and
symmetric) were more abundant (FP), received
more visites (VR) and fidelity (RF) during S.
canadensis  flowering, while the other
morphotypes were less abundant and received
less fidelity (non yellow asymmetric flowers) or
were less visited (non yellow symmetric
flowers) during the same period (Figure 4).
Even though these effects were detected only
during the flowering phase of S. canadensis,
they were mainly driven by its vegetative
density rather than by its flower density.
Results by insect group tend to follow the same
pattern, but with high variability between
groups (Annexe).

2 Insect point of view

Similarly to what we found in the plant-
viewpoint models, insect preference for flowers
similar to S. canadensis increased with S.
canadensis vegetative density. This effect occurs
only during S. canadensis flowering, when the
biomass of S. canadensis on invaded plots is the
highest (it flowers when its vegetative growth
ends). It is driven by the direct effect of S.
canadensis vegetative density on insect behavior
(ie. insects locally prefer flowers that are yellow
and symmetric) (Figure 5). S. canadensis
vegetative density also increased insect
preference for not yellow & symmetric flowers,
but through the flower community composition.
We also found that S. canadensis flower density
had a direct impact on insect behavior by
decreasing their preference for native flowers
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Figure 3: Results of plant viewpoint models. Each point represents the total impact of S. canadensis
vegetative (1,2,3a) or floral (3b) density on the flower production (FP), visitation rate (VR) and received
fidelity (RF) of the different native flower morphotypes during the growing (1), pre-flowering (2) and
flowering (3a,3b) phases of S. canadensis. For clarity, we presented only the results for all insects together.
Results by insect group are presented in Annexe.
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Figure 4: Results of insect viewpoint models. Each point represents the total impact of S. canadensis
vegetative (1,2,3) or floral (4) density on insect preferences for the different native flower morphotypes
during the growing (1), pre-flowering (2) and flowering (3,4) phases of S. canadensis. Black dots correspond
to the total effect effect of S. canadensis that can be decomposed into three different mechanisms: impact
through the modification of flower composition (green dots), impact through the modification of the insect
prospecting on the plot (blue dots) and direct impact on insects local behavior (red points). For clarity, we
presented only the results for all insects together. Results by insect group are presented in Annexe.
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Figure 5: Summary of the results. In the first row, flower size represent the insects a priori preference for
them in presence of S. canadensis (compared with patches with no S. canadensis, M1), and the arrows
represent the realized preference of the insects (compared with patches with no S. canadensis, M1). In the
lower panels, flowers number represent their abundance and their color intensity represent their attractivity
(compared with patches with no S. canadensis, M2). Points represent the amount of pollen received and
colored ones correspond to the proportion of conspecific pollen (compared with patches with no S.

canadensis, M2).

that are similar to S. canadensis, while other
morphotypes are not significantly affected.

Discussion

In this paper, we propose an original
framework to study the impacts of an invasive
plant with attractive flowers on native plant-
pollinator interactions and how they vary over
the growing season. It enabled us to estimate (i)
the invader impacts on native plant reproduction
success, and (ii) the direct and indirects
mechanisms underlying them, at the whole
community scale, and using metrics based on
observed plant-insect networks.

Q1 - S. canadensis impacts on the
reproductive success of native species
depends on how close their flowers are to S.
canadensis ones and varies during the season

We found that S. canadensis invasion
potentially increases the reproductive success of
native plants with flowers similar to those of S.
canadensis: they produce more flowers (FP),
these flowers are more visited (VR) and are
more likely to be visited by insects carrying
pollen from the same species (RF). Conversely,
S. canadensis invasion decreases the
reproductive success of native plants with
flowers dissimilar to those of S. canadensis. The
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magnitude of this impact increases with this
dissimilarity: not yellow & symmetric flowers
only experience a slight decrease in visitation
rate (VR), while not yellow & asymmetric
flowers experience a decrease in their flower
abundance (FP, directly linked to their ability to
produce seeds), and in the proportion of
conspecific pollen they receive (RF, directly
linked with pollen competition).

According to our models, S. canadensis
affects plants reproductive success during its
flowering period only. Surprisingly, the driver of
these impacts is not S. canadensis flower
density but its vegetative density. This result is
robust: (i) during S. canadensis flowering, S.
canadensis vegetative density and floral density
are correlated to only 56% and (ii) our models
are robust to the model a priori structure (no
impact of flower abundance appeared when we
tested to remove the vegetative density of the
model). Furthermore, we can say it is not the
result of an inter-annual effect of flower
abundance because we observe no effect on FP
before S. canadensis flowering. If S. canadensis
flower density impact on native plants
reproductive success at year N was strong
enough to affect their population size (i.e. to
have an inter-annual impact), we would detect
this impact on flower production at year N+1,
before S. canadensis flowering. Indeed, FP is
directly linked to population size and S.
canadensis blooming occurs late in the season
i.e. after the flowering peak of most native
species. This result has two implications: (i) SC
effect on VR and RF is due to the modification
of the vegetation structure (only one species
present the same architecture in the meadow we
studied: Erigeron annuus, an other invasive
species from north America) and (ii) at the
moment S. canadensis impacts are not strong
enough to generate detectable inter-annual
effect: we found no signal indicating an impact
on native vegetation dynamics. This last point
has to be carefully considered because our study
sites are not favorable for the detection of inter-
annual effects. The fact that we can’t detect
them does not mean they do not exist. Indeed, a

difficulty of studying impacts of invasions on
native communities in natura is their own spatial

meadows we studied, S. canadensis forms
relatively small patches (<300m?), making it
easy for native plants to maintain a high
propagule  pressure through  source-sink
dynamics, even if the reproductive success of
individuals within the patch is low (colonization
credit). Moreover, the vegetation of these
meadows is mostly composed of perennial
species able to reproduce locally via vegetative
processes, leading to a potentially important lag
time between when impacts of S. canadensis
begin to occur and when their consequences on

native  populations  become  detectable
(extinction debt).
During its flowering, S. canadensis

vegetative density had a positive impact on
species flower production for yellow &
symmetric flowers, and a negative one for not
yellow & not symmetric flowers. S. canadensis
could impact FP through two mechanisms: by
affecting the population size and by modifying
individuals investment in sexual reproduction.
Both mechanisms rely on direct competition for
resources and space, but how native plants are
affected by this competition highly depends on
because we observed no effect on FP before S.
canadensis flowering, we can exclude the
hypothesis of S. canadensis impact on
population size. The observed variations of FP
are thus due to individuals investment in
reproduction. Species directly affected by S.
canadensis competition see their population and
their ability to invest in reproduction decrease
(species with not yellow and asymmetric), while
other species might show a positive response to
S. canadensis density because they experience a
competition release if their population growth is
limited by species highly affected by S.
canadensis induced competition. Species with
yellow & symmetric flowers may be less
affected by S. canadensis induced competition
than the rest of the community and benefit from
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the diminution of other species' populations.
Conversely, not yellow & asymmetric flowers
might correspond to the species most affected
by this competition.

Regarding visitation rates and received
fidelity, S. canadensis vegetative density had a
positive impact on species with similar to S.
canadensis flowers, and a negative or neutral
one for dissimilar flowers. These indices may be
influenced by both FP and insect preferences,
that are driven by flower composition,
vegetation structure, identity of insects attracted
to the patch and their foraging behavior within
the patch.

Q2 - Variations in insect foraging behavior
are driven by the direct effects of S.
canadensis flowers density and the
modification of the vegetation structure by S.
canadensis vegetative density on insect
preferences for the different native flower
morphotypes.

Our results suggest that S. canadensis and
species with similar flowers (yellow &
symmetric) are directly in competition for
pollinators. The observed preference of insects
for S flowers decrease with the abundance of S.
canadensis flowers, while we observed no
variation idue to the attractiveness of these
flowers or to the a priori preferences of insects
prospecting on the transects. We also found that
S. canadensis vegetative density increased insect
preference for yellow & symmetric flowers.
This effect occurs during S. canadensis
flowering, i.e., when its shoots are fully grown,
suggesting a threshold effect linked to S.
canadensis height, through some ability to
modify the vegetation 3D structure or to hide
some flowers from pollinators. This might be
due to an effect of the vegetation structure on
tradeoffs between insects prospecting strategies.
For example, S. canadensis tends to favor insect
making it more dangerous for pollinators to visit
flowers within the vegetation patch (lower
flowers). The vegetation structure could also
affect insects' ability to detect certain types of

results on the impacts of S. canadensis on two
yellow & symmetric flowers pollination and
reproductive success. They found that the
proximity of S. canadensis flowers limited
insects visitation to Ixeris chinensis while
increasing insect visitation to Sonchus arvensis
but decreased the probability for insects to visit
their flowers twice in a row (this metric
correspond to our received fidelity metric). In
the case of I chinensis, S. canadensis
competitive effect was predominant, while in
the case of S. arvensis, the facilitative effect was
predominant (it acted as a magnet species). This
suggests that, according to our results, both
competition and facilitation occurs for yellow &
symmetric flowers, and that while we found that
facilitation was the predominant mechanism at
the community scale, this can vary depending
on the considered species. In the case of Sun et
al (2013) study, this difference may be linked to
the spatial location of the flowers: I. chinensis
(0.18m) is way lower than S. canadensis
(0.18m), while S. arvensis has a similar height
(0.94m).

To a lesser extent, S. canadensis affected
native flowers composition in a way that made
not yellow & symmetric flowers more attractive
than other morphotypes, leading to a slight
increase of insect preference for these flowers.
This might be due to the selection of more
attractive species within not yellow &
symmetric ~ flowers  through  allometric
species with the most attractive not yellow &
symmetric flowers also appear to be, within our
meadows, the less affected by S. canadensis
competition among the species with not yellow
& symmetric flowers. Alternatively, S.
canadensis could affect the composition of the
floral community, in terms of morphotypes, via
its competitive abilities. Some insects tend to
optimize their foraging by identifying abundant
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morphotype in the community could thus
motivate insects to visit this morphotype more
often.

Like in plant point of view models, S.
canadensis affects insect preferences for the
different flower morphotypes only during its
flowering period. However, these impacts were
driven by both S. canadensis flower and
vegetative density, while only the vegetative
density impacts appear to be repercuted in plant
point of view models. This suggests that the
impact of S. canadensis vegetative (not floral)
density drove the impacts on the flower point of
view metrics, even though the impact of S.
canadensis flower density on insect preferences
was more important than that of its vegetative
density in the insect point of view models. This
might be explained by the impact of flower
production — which can not be impacted by S.
canadensis flower density — on visitation rate
and received fidelity. Some insects tend to focus
their foraging activity on the most abundant
flowers, all the most as they have to learn how

flower species mechanically increases with its
abundance: because the probability of an insect
to visit this species is linearly linked to the
proportion of the flowers it represents. There
might also be a sampling bias toward the most
abundant species (23 out of the 91 recorded) in
the plant point of view models because this
approach required species that were present at
different densities of S. canadensis. These
species are the ones that are able to maintain a
population under high densities of S.
canadensis, and they may also correspond to the
flowers able to compete with S. canadensis (in
attracting pollinators. Interestingly, we found no
impact of S. canadensis on insects' preference
for not yellow & asymmetric flowers. The
impact of S. canadensis vegetative density on
the fidelity received by this morphotype
highlighted in plant point of view models could
be the result of this morphotype flower
abundance only. Consistently, we found no

effect on visitation rate that was independent of
flower production.

Limits and perspectives

We can formulate four main limits to our
results: (i) Because of fieldwork constraints, we
had to stop our observations in mid-August,
failing to reach the peak of S. canadensis
blooming in some meadows. However, this
point was (almost) met in 4 out of 6 meadows,
and the native vegetation blooming peak was
already terminated for almost all native flowers
(Annexe). The impact of S. canadensis on native
plants reproduction success after our fieldwork
session is thus probably marginal compared to
the impacts we quantified. (ii) We categorized
flower species in three morphotypes, using their
color in the human visible spectrum and
symmetry. However, other flower traits may be
equally important for insects to identify and
recognize a flower type (e.g., inflorescence
structure, flower fragrance, size, UV colors,
pollen and nectar nutritional compound). The
variations of these traits within our morphotypes
could blur the impacts of S. canadensis. Using
more precise morphotypes would probably
enable us to detect more impacts of S.
canadensis on insect preferences, but this could
not be done for plant point of view models due
to the limited number of species meeting the
requirement in terms of spatial distribution to
enter the analyses (23 out of 91). (iii) When
considering insect groups (Annexe), results
varied a lot, indicating that S. canadensis
impacts may vary locally depending on the
composition of the insect community. The final
impact on plants' reproductive success also
depends on the ability of the visiting insects to
transfer pollen from one flower to the other. An
easy way to detect the big differences of pollen
carrying capacity of insect species in this type of
survey would be to standardize the quantity of
alcohol in insect vials and classify the species
according to the turbidity of the liquid that
should be linked to the amount of free pollen
present on their body. Weighting our VR and RF
indices by this ability to transport free pollen
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would probably significantly improve the
accuracy of our predictions on plants'
reproductive  success.  Still, taking into

consideration the received fidelity already
significantly improved our analyses compared
to studies usually only considering visitation
rates. (iv) Our results on RF and meta-network
based insect preferences and flower
attractiveness rely on the assumption that insect
behavior is constant throughout the year.
However, insect communities vary a lot in terms
of composition and needs depending on the

these indices (RF, pref.fl. M and pref.in_M)
would be to estimate a priori insect preferences
and flower attractiveness based not on the meta-
network but on sub-meta-networks
corresponding to the different periods studied.
This would require more observations, but could
be achieved for studies repeated over years.

Conclusion

Overall, we found that the major effect of S.
canadensis on native plants reproductive success
was due to its vegetative density and only
occured at the end of the growing season, i.e.,
when S. canadensis has reached its final size
and begins to bloom. Most of the impacts were
on flowers similar to S. canadensis ones (Figure
6). At high vegetative densities of S. canadensis,
they were more abundant and benefited from S.
canadensis (i) attracting insects that were more
specialized in yellow & symmetric flowers, and
(i) increasing their preference for this
morphotype, resulting in an (iii) increased
visitation rate and (iv) received fidelity.
Conversely, S. canadensis vegetative density
increased the attractiveness of not yellow &
symmetric flowers and decreased the abundance
of not yellow & asymmetric flowers. Counter-
intuitively, this resulted in not yellow &
symmetric flowers being less visited, while not
yellow & asymmetric flowers were visited the
same, but with a lower received fidelity. We also
found that S. canadensis flowers are in
competition with yellow symmetric native

flowers for pollinators, but this had no impact
on flowers' visitation rate nor receive fidelity.

Invasion impacts are mediated by complex
mechanisms with negative impacts on some
species but also positive impacts on others
(here, yellow & symmetric flowers) (Vimercati
et al, 2022, see annexe Chapter 1), which should
not be overlooked. However, the observed
beneficial effects can (i) be detrimental in the
long run for the whole community dynamic (e.g.
selection of a small group of species and loss of
all others), and (ii) be allowed by the small size
of the S. canadensis patches in this study (e.g.
source sink dynamics and border effects) and
may be lost if S. canadensis patch area increase

a tipping point where the positive impact we
observed would turn into a negative one because
of the lack of pollinators, leading to an
important shift in the vegetation by filtering out
all insect pollinated species (cascading effect)
understand these dynamics, impacts of global
changes on communities dynamics should (i) be
studied along gradients, i.e., not only comparing
perturbed vs non perturbed sites, (ii) consider as
many different trophic groups as possible, and
(iii) consider variations in species behavior and
their repercussions on the population dynamic
of the species they interact with.

Our results also call for a better
understanding of vegetation structure on insect
foraging behavior. Such research is difficult to
perform in nature, as insects adapt their foraging
behavior based not only on vegetation structure,

but also on the local resources, weather,
previous experiences and landscape
characteristics  (Bartareau___1996; _Peat__and

semi-controlled experiments can be used to test
the preference of insects for different resource
types in different strata of the vegetation
depending on the vegetation height and
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Dans cette these, j’ai cherché a identifier (i) les mécanismes d’impact, directs et indirects de
I’espece invasive S. canadensis sur la végétation native, (ii) les groupes fonctionnels les plus
sensibles a chacun de ces mécanismes et (iii) les conséquences globales pour les communautés
végétales natives. Pour ce faire, nous avons mené une campagne d’échantillonnage ambitieuse
(Chap 2), qui nous a permis de tester I’importance de différentes pratiques d’échantillonnage des
réseaux de pollinisation sur la qualité des données obtenues (Chap 3). Puis, nous avons utilisé ces
données pour étudier I’influence de S. canadensis sur la végétation native a travers trois contraintes
majeurs liées a sa présence (Chap 4) : l'augmentation de la compétition pour la lumiere, les
nutriments du sol et les interactions avec les champignons mycorhiziens arbusculaires. Enfin, nous
nous sommes concentrés sur les impactes de S. canadensis sur le succeés de reproduction de la

végétation native via la modification des préférences des insectes pollinisateurs (Chap 5).

Les résultats obtenus ont permis de mettre en lumiére la diversité des mécanismes par lesquels
S. canadensis impacte la végétation native (Figure 6.1). Nous avons notamment pu mettre en avant
la complexité de ces mécanismes, dont la nature et I’intensité varient au cours de la saison de

végétation et entre groupes fonctionnels natifs.
6.1 Synthese transversale des impacts observés de S. canadensis sur la végétation native

6.1.1 Une large diversité des mécanismes d’impact de S. canadensis

Nous avons identifié trois mécanismes de compétition directe (pour la lumiére, les ressources
du sol et les mycorhizes) et deux mécanismes indirects (via la perturbation des interactions avec un
groupe mutualiste) par lesquels S. canadensis diminue les populations des especes de plantes
natives ou les exclut. Ces mécanismes réduisent la disponibilité et/ou I’acces des especes natives a
des ressources importantes pour leur fitness: la lumiére et les nutriments du sol, nécessaires au
développement des individus, mais aussi le transfert de pollen dont dépendent les espéeces
entomogames pour assurer leur reproduction. Ils étaient liés a trois caractéristiques de S.
canadensis: (i) la densité des populations formées qui modifient la structure de la végétation, (i) la
densité de son systeme racinaire produisant des composeés allélopathiques, et (iii) 1’attractivité de

ses fleurs.
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Figure 6.1 : Vision globale des impacts de S. canadensis mis en évidence dans la thése et des mécanismes sous-jacents. Les fléches pleines
correspondent aux liens mis en évidence dans le cadre de la thése et les fleches en pointillés a des liens plausibles mais non testés. Les mécanismes en
gris correspondent a des mécanismes intermédiaires inférés dans le cadre de la thése mais non testés directement. Les symboles sous les mécanismes

correspondent aux groupes fonctionnels affectés et a leur réponse.
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Figure 6.2 : Traits des espéces présentes sur les prairies étudiées. Les espéces les plus abondantes
dans les quadrats végétation et en fleurs sur les transectes sont en couleur. les tirets rouges
représentent la valeur des traits pour S. canadensis.

S. canadensis est une espece de grande taille comparée a la végétation native (Figure 6.2).
Son feuillage est réparti de facon dense et est présent tout le long de sa tige jusqu’a son
inflorescence. De plus, du fait de I’importance de la reproduction végétative de chaque clone et de
la structure de ses rhizomes, ses tiges peuvent former des patches trés denses (une tige tous les 5-10
cm) (Werner et al. 1980; Weber 2000). Ces caractéristiques permettent a S. canadensis d'intercepter
une grande quantité de lumiere et donc d’en réduire directement 1’acces pour les autres espéeces, des
que I’élongation de ses tiges est assez avancée pour atteindre la canopée locale (entre avril et juin
dans les prairies étudiées) [Chap 4]. La densité des patches de S. canadensis a aussi un effet
important sur la structure 3D de la végétation, car sa morphologie differe nettement de celle des
especes natives (tiges longues, denses, non branchées et feuillées sur toute leur longueur). Mes
travaux ont montrés que cette modification de structure de végétation affecte la stratégie de

prospection des insectes pollinisateurs, et en particulier leur préférence pour les fleurs jaunes &
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symmeétriges [Chap 5]. Les mécanismes exacts derriere ce dernier effet restent a déterminer. La
structure et la densité de la végétation pourraient impacter les insectes dans (i) leur perception de
certains types de fleurs (e.g. les fleurs jaunes pourraient former un contrast plus important avec une
végétation plus sombre et donc étre plus facilement percues par les pollnisateurs), (ii) leur capacité
a se déplacer a I’intérieur du patch (e.g. fleurs jaunes & symmeétriques situées plus haut dans la
végétation et donc plus accessible (Figure 6.3)), ou encore (iii) leur perception du risque de
prédation (e.g. il est plus risqué de prospecter dans les strates basses, (Dudek et al. 2016; Bauer et
al. 2021)).
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Figure 6.3 : Moyenne pondérée par I’abondance florale des espéces en fleur sur les placettes par
visite pendant la floraison de S. canadensis. Les traits pointillés représentent la valeur des traits
pour S. canadensis.

La densité du systeme rhizomateux et racinaire de S. canadensis dans les 20 premiers
centimetres de sol lui permet de préempter les ressources du sol, notamment les nutriments (Werner
et al. 1980; Yu and He 2021). Les racines de S. canadensis liberent des composés allélopathiques
qui modifient la composition des champignons mycorhiziens arbusculaires et leur affinité pour les
especes natives. La capacité des especes natives a échapper a la rhizosphére de S. canadensis pour

se procurer des nutriments hors de la zone de compétition accrue par son réseau racinaire dense est
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Enfin, les fleurs de S. canadensis sont abondantes et produisent de grandes quantités de pollen
et de nectar (Weber 2000). Ces caractéristiques leur permettent d’attirer des insectes pollinisateurs

qui en son absence iraient visiter les fleurs d’especes natives [Chap 5].

Contrairement aux précédentes études, nous n’avons trouvé aucun effet de la densité de S.

étudiées en fauche avec exportation: les feuilles et tiges de solidages n’étant pas laissées sur place,
elles n’integrent pas la litiere. Cependant, S. canadensis est aussi connu pour produire des
métabolites secondaires qui affectent les micro-organismes et donc la composition chimique des
sols (Liao et al. 2011; Zhang et al. 2016; Zhang et al. 2019; Liu et al. 2021). L’absence d’effet du
solidage sur les sols de notre zone d’étude pourrait s’expliquer par le fait que la production et
I’activité des composés secondaires peut dépendre de facteurs locaux tels que I’humidité, la
température (Einhellig 1996; Chaves Lobon et al. 2002), ou la composition initiale de la
communauté microbienne (Meiners et al. 2017). Ces métabolites secondaires pourraient aussi tout
simplement étre lessivés du fait des mouvements d’eau dans les prairies humides et ne pas
s’accumuler en quantités suffisantes pour avoir un effet déterminant sur 1’activité du sol (Tongma et

al. 1999).

Les travaux réalisés dans le cadre de ma these ont permis d’améliorer la connaissance et la
compréhension des mécanismes d’impact de S. canadensis en milieu naturel. La capacité de S.
canadensis a agir comme un compétiteur envers les autres especes végétales, entravant notamment
leur germination et leur croissance, est largement connue (Abhilasha et al. 2008; Yuan et al. 2013;
Fenesi, Geréd, et al. 2015). Cependant, les mécanismes exacts et les ressources impliquées
n’avaient jamais été testées (a ma connaissance) en conditions naturelles et a 1’échelle de la
communauté. De méme, la production de composés allélopathiques par S. canadensis est bien
documentée, et leurs effets, via la modification de la communauté de champignons mycorhiziens et
de leurs interactions ont été testés sur des plantes cibles (Zhang et al. 2007; Zubek et al. 2016;
Rezacova et al. 2021). Cependant, aucun indice permettant de tester la modification de ces
interactions en conditions naturelles et sur ’ensemble de la communauté végétale n’avait été
proposé. Les impacts de S. canadensis sur la composition du sol ont été bien décrits, mais varient
d’une étude a I’autre, ce qui suggere qu’une part importante de la réponse est liée aux conditions

initiales du milieu envahi et a sa dynamique naturelle de perturbations (Hawkes and Keitt 2015),
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mais nous ne les avons pas retrouvés sur nos prairies. Enfin, la modification de la composition et de
I’abondance des communautés de pollinisateurs ainsi que de leurs interactions avec les fleurs
natives par S. canadensis avait déja été documentée, mais sans étre liée aux impacts de ces
modifications sur le succés reproducteur des espéeces natives en conditions réelles (Moron et al.

2009; Sun et al. 2013; Fenesi, Vagasi, et al. 2015).

6.1.2 Des groupes fonctionnels qui répondent différemment a I’invasion par le solidage

Toutes les espéces natives ne sont pas affectées de la méme facon par le solidage. Leur
sensibilité a différentes pressions de compétition dépend de leurs traits, et peut étre mise en lumiere
grace a ’utilisation de groupes fonctionnels (forbes ou graminoides, fleurs jaunes & symmetriques

VvS. pas jaunes & asymmeétriques).

Parmi les mécanismes testés, les graminoides ne sont sensibles qu’a la compétition pour la
lumiere, dont certaines especes parviennent a minimiser 1’impact via I’une des trois stratégies de
résistance. Certaines especes évitent cette compétition (especes grandes, “a égalité” avec S.
canadensis), d’autres la tolérent (especes petites avec des feuilles petites et 1égéres adaptées a des
environnements peu lumineux), et un troisieme groupe y échappe (especes finissent leur cycle tot,
avant que S. canadensis ne restreigne leur acces a la lumiere). Cette compétition pour la lumiére a
trois types d’impacts pour les graminoides : elle diminue la richesse spécifique, modifie la

répartition des espéeces dans 1’espace des traits, et diminue la productivité des sites envabhis.

A P’inverse, les forbes sont sensibles aux trois types de compétition testés: pour la lumiere,
pour les nutriments du sol et pour les interactions avec les champignons mycorhiziens. Seules les
especes capables d’éviter la compétition avec S. canadensis - c'est-a-dire étant au moins aussi
compétitives que S. canadensis pour les ressources testées (grande taille et interactions fortes et
abondantes avec les champignons mycorhiziens arbusculaires) - parviennent a résister a de fortes
densités de S. canadensis. Leur richesse spécifique et leur productivité n’est pas affectée par la
densité de S. canadensis, mais la régularité de leur répartition en termes taxonomique et
fonctionnelle diminue. Cela signifie que les espéces les plus petites ou avec moins de mycorhizes
sont en train de disparaitre, mais que les especes plus grandes avec beaucoup de mycorhizes
profitent de la disparition des premieres et sont donc plutdt favorisées dans I’environnement

modifié par S. canadensis.
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Au sein des forbes, on peut encore séparer les espéces en fonction du morphotype de leurs
fleurs, qui détermine l'impact de S. canadensis sur leur succes reproducteur. Les especes a fleurs
jaunes et symmeétriques, comme celles de S. canadensis, voient leur production de fleurs, ainsi que
leur taux de visites et la qualité de ces visites augmenter avec la densité de S. canadensis. Elles
recoivent donc plus de pollen homospécifique et sont a méme de produire plus de graines. A
I’inverse, les especes a fleurs trés diférentes de celles du solidage (non jaunes & asymmeétriques)
produisent moins de fleurs et recoivent une proportion plus importante de pollen heterospécifique.
Elles sont donc en mesure de produire moins de graines qu’en 1'absence de S. canadensis et plus
susceptibles de subir de la compétition pollinique. Les différences entre les morphotypes de fleurs
observées peuvent aussi se lire a la lumiere des traits végétatifs des especes qui les composent
(Figure 6.3). Dans les placettes a forte densité de S. canadensis, les fleurs jaunes & symétriques
correspondent a des especes plus hautes, donc peu contraintes par S. canadensis dans leur acces a la
lumiére. A I’inverse, les fleurs non jaunes & non symétriques correspondent a des espéces plus
petites et ayant moins d’interactions mycorhiziennes mais une forte concentration d’azote foliaire,
donc des besoins élevés en azote. Ces especes sont donc plus contraintes dans leur acces a la
lumiere et aux nutriments du sol par S. canadensis, ce qui explique un investissement moins

important dans la production de fleurs.

Nous avons détecté des mécanismes d’impact de S. canadensis sur le succes reproducteur des
especes natives. Cependant, nous n’avons pas détecté d’impact sur la dynamique des populations
natives étudiées. Si la densité de S. canadensis avait un impact sur le succes reproducteur des
especes natives assez important pour modifier la dynamique de leur population, on observerait une
modification de 1’abondance des individus, et donc du nombre d’inflorescences produites par
transect. Cette modification serait alors détectable dés la période “pre-flowering” (juillet), car les
pics de floraison des espéces natives ont presque tous lieu avant la floraison de S. canadensis
(Figure 6.4). Cela ne veut pas nécessairement dire que le succes reproducteur des especes natives
n’est pas vraiment impacté par S. canadensis. En effet, les populations des espéces natives a
I’intérieur des patches envahis ne sont pas isolées du reste de la prairie : les patches les plus
importants n’excedent pas un rayon de 20m, ce qui est une distance relativement courte en termes
de dispersion par graines (Nathan 2006). La pluie de graines provenant des zones non envahies
affecte donc aussi la dynamique des populations des especes natives a I’intérieur des patches et peut
leur permettre de garder un taux de recrutement constant méme si la production de graines diminue

a l’intérieur du patch. L'absence d’impact observable sur la dynamique des populations natives
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pourrait aussi s’expliquer par leur phénologie plus précoce que celle de S. canadensis. Les effets de
S. canadensis sur la visitation des fleurs natives ne sont détectables que pendant sa floraison. Or, le
pic de floraison — et donc de reproduction — des especes natives a lieu avant cette floraison (Figure
6.4). La part de la production de graine par les espéces natives affectées par 1’invasion est donc
potentiellement négligeable dans la dynamique de leur population. Cette hypothese est d’autant plus
crédible que les prairies étudiées sont fauchées mi-aofit pour éviter la dispersion des graines de S.
canadensis. Les graines issues d’interactions réalisées pendant la floraison de S. canadensis ont
donc peu de chances d’arriver a maturité et de se disperser avant la fauche et sont alors exportées
hors des prairies avec le reste de la fauche. Leur composition ne peut donc pas affecter la

dynamique des populations natives.
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Figure 6.4 : Visualisation de la phénologie de floraison des espéces natives sélectionnées pour les
modeéles point de vue plantes. Le nombre d 'inflorescences est agrégé sur 1’ensemble des prairies
par numéro de visite. Les lignes pleines représentent des espéeces natives et la ligne pointillée rouge
représente S. canadensis.

I’importance des effets des plantes invasives sur la diversité spécifique en fonction du groupe
fonctionnel considéré. Nos résultats illustrent pour la premiére fois cette conclusion dans le cas de
S. canadensis. Ils confirment 1’importance d’utiliser divers groupes fonctionnels (en fonction du
type d'interaction considéré, comme la compétition ou la pollinisation) pour quantifier la capacité

des espéces natives a persister au long du processus d’invasion.
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6.1.3 Des impacts du solidage concentrés en fin de saison de végétation

Nous avons montré que S. canadensis affecte significativement le succes reproducteur des
plantes et la préférence des insectes natifs uniquement durant sa floraison (Chapitre 5). Les
mécanismes d'impact sont liés a (i) la compétition entre les fleurs de S. canadensis et les fleurs
natives jaunes & symétriques et (ii) a la modification de la structure de la végétation par les tiges de
S. canadensis. L’impact des fleurs ne peut bien siir pas étre effectif avant la période de floraison,
mais le fait que I’impact de la densité végétative de S. canadensis ne soit détecté que pendant sa
floraison mérite d’étre discuté. En effet, le début de la floraison marque la fin de la croissance
végétative de S. canadensis, et donc le moment ou il atteint sa taille maximale. Il est alors logique
que 1’effet le plus important de la densité végétative de S. canadensis sur le succes reproducteur des
especes natives correspond a cette période. Cependant, S. canadensis atteint déja une hauteur au
moins comparable a celle de la végétation native pendant la période “pré-floraison” (juillet), et on
s'attendrait a ce que les effets observés pendant la floraison se retrouvent, méme partiellement,
pendant cette période. De plus, nous avons montré que la part des variations du nombre
d’interactions totales recensées expliquée par la densité végétative de S. canadensis est similaire
avant et pendant sa floraison (Chapitre 3), ce qui tend a confirmer cette attente. Cependant, cette
interprétation est a nuancer pour deux raisons. (i) Lorsque I’on s’intéresse au nombre d'interactions
par groupe taxonomique (Lamiaceae, Apiaceae et Asteraceae) on ne retrouve |’effet densité
végétative de S. canadensis que pour les Asteraceae, et il reste inférieur a celui pendant la floraison
de S. canadensis (Chapitre 3), ce qui correspond mieux avec les résultats du Chapitre 5. (ii) Bien
que les deux analyses soient basées sur les mémes données, elles les exploitent différemment : les
variables étudiées et les échelles auxquelles elles sont calculées varient entre les deux analyses. Le
nombre d’interactions regues par une famille de fleurs est bien le résultat du produit de la quantité
de fleurs produites et de leur taux de visitation. Cependant, (i) les morphotypes considérés dans le
Chapitre 5 ne correspondent pas aux familles du Chapitre 3, et (ii) le nombre d’interactions est
calculé a I’échelle de la famille (Ch. 3) alors que la quantité de fleurs produites et leur taux de visite
sont calculés a 1’échelle de 1’espece (Ch. 5). De plus, aucune variable du Chapitre 3 ne correspond a
notre mesure de fidélité recue (Ch. 5), ni a la préférence des insectes pour les différents

morphotypes, ce qui limite la comparaison des résultats entre ces deux chapitres.

Il est plus difficile de tester les variations temporelles des effets de S. canadensis sur la

végétation via les mécanismes de compétition pour la lumiere, les nutriments et les interactions
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mycorhiziennes. L’étude de la répartition des traits fonctionnels le long des gradients de S.
canadensis permet de détecter les contraintes a 1'ceuvre en se basant sur le fait que ces contraintes
impactent la dynamique des populations natives et donc la structure de la communauté végétale. La
dynamique des populations végétales n’étant perceptible qu’a 1’échelle de I’année, cette méthode ne
permet pas de détecter des variations de ces contraintes au cours de 1’année. On peut tout de méme
avancer que les prairies étudiées sont fauchées, ce qui empéche S. canadensis d’impacter 1’acces a
la lumiére des autres especes au début de la saison de végétation puisque 1’élongation de ses tiges
ne commence qu’en avril. De plus, 'existence d’une stratégie d’échappement chez les graminoides
comme chez les forbes va dans le sens de l'existence d’une période pendant laquelle les contraintes

induites par I’invasion sont moins fortes.
6.2 Limites et perspectives

6.2.1 Diversité et dynamiques spatio-temporelles des espéces natives

Les populations de S. canadensis présentes dans nos prairies forment des patches visuellement
denses (jusqu’a 170 tiges/m?), mais cette densité reste relative si on la compare a celles observées
dans d’autres zones envahies non gérées, par exemple suite a une déprise agricole, qui peuvent
atteindre les 300 tiges/m? (Weber 2000). Cela signifie que le gradient que nous avons étudié est
incomplet: la densité de S. canadensis peut encore augmenter. Les impacts des mécanismes
identifiés dans cette thése sont donc susceptibles de s’intensifier, et d’autres mécanismes pourraient

apparaitre a des densités plus élevées (e.g., des modifications de la composition chimique du sol).

De plus, dans les prairies étudiées, S. canadensis est présent sous forme de patches, comme on
peut 1’observer dans son aire de répartition originelle (Werner et al. 1980), et non sous forme de
“prairies” avec un couvert de plus de 90% sur plusieurs hectares comme on peut I’observer, en
répartition en patches peut avoir un impact important sur la dynamique des populations des especes
natives. Les especes natives étant présentes autour des patches envahis (rayon maximal des patches
de 20 m), elles peuvent exercer une forte pression de propagules a I’intérieur de ces patches. La
densité et la dynamique des especes natives ne dépendent donc pas uniquement des conditions a
I’intérieur du patch. En effet, méme si les individus a 1’intérieur du patch ne sont pas en mesure de
se reproduire, les propagules arrivant dans le patch peuvent ralentir I’effondrement des populations

(Bagaria et al. 2015; Rumpf et al. 2019). On appelle ce phénomene crédit de colonisation (Tilman
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1982). Si a terme, les populations des especes concernées vont diminuer, cette dynamique sera

d’autant plus rapide que le patche de S. canadensis est grand.

Une autre caractéristique de notre site est 1’abondance d’espéces pérennes et a reproduction
végétative importante. Les espéces pérennes peuvent subsister dans le patch méme si les conditions
ne leur sont plus favorables. Ces especes disposent d’avantages importants pour résister a
I’augmentation de la compétition induite par S. canadensis. Les especes pérennes peuvent subsister
dans le patch méme si les conditions ne leur sont plus favorables: une diminution de la population
ne sera observable que quand les individus commenceront a mourir, potentiellement plusieurs
années apres avoir atteint le point ou les nouveaux individus ne peuvent plus se développer. Les
especes ayant une reproduction végétative importante sont a méme d’augmenter leur population,
méme si les conditions pour la germination de leurs graines et les premiers stades de croissance ne
sont plus réunies (e.g., compétition trop forte, composés allélopathiques trop concentrés). Les

nouveaux clones profitent des ressources de la plante mere pour passer ces premiers stades délicats.
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Une population clonale peut ainsi se maintenir, méme si de nouveaux individus ne peuvent pas
s’installer. On appelle ce phénomene la dette d’extinction: une espece est toujours présente dans le
patch, mais les nouveaux individus ne peuvent pas s’y développer et la population finira par
diminuer, mais cette diminution ne sera détectable qu’avec un décalage (temps de latence) (Bagaria

et al. 2015; Rumpf et al. 2019).
6.2.2 Variabilité intra-spécifique, plasticité phénologique et traits fonctionnels

Le Chapitre 5 de ma thése repose sur I’utilisation de traits fonctionnels issus de bases de
données (Fitter and Peat 1994; Knevel et al. 2003; Kiihn et al. 2004; Kattge et al. 2020; Androsace
Functional traits database). L’utilisation de ces traits nous a permis d’analyser d’un point de vue
fonctionnel les réponses de la végétation native a 1’invasion par S. canadensis. 1l aurait été
intéressant de mesurer les traits utilisés pour chacune des 116 especes ou morpho-espéce de plantes
recensées sur chaque placette pour suivre leur évolution le long du gradient de S.canadensis (Albert
et al. 2011). Malheureusement ces mesures de variabilité intra-spécifiques n’étaient pas faisables
dans le cadre de ma thése (nombre d’individus a mesurer trop important (Hulshof and Swenson

2010).

Notre approche a I’échelle des especes présente cependant des limites qu’il convient
d’expliciter, car les traits d’une espece végétale présentent une grande diversité intra-spécifique
entre individus et entre populations (Cordlandwehr et al. 2013). Cette diversité est liée a la diversité
génétique intra- et inter-population et a la plasticité phénotypique des individus, c'est-a-dire, leur
capacité a adapter leur développement, leur morphologie et 1’allocation de leurs ressources en
fonction de leur environnement immédiat (Weiner 2004). Les traits utilisés n’ayant pas été mesurés
dans notre zone d’étude, on peut s’attendre a ce que leur valeur réelle soit différente de celle
présente dans les bases de données. De plus, la présence de S. canadensis a aussi un impact
important sur les contraintes locales. On peut donc s’attendre a ce que les individus de certaines
especes s’adaptent a ces conditions (e.g., se développent plus en hauteur ou développent des feuilles
plus grandes pour accéder a un maximum de lumiere), entrainant des variations potentiellement
importantes de valeur des traits le long du gradient de S. canadensis. L’adaptation des espéces a la
présence de S. canadensis, que ce soit par la sélection d’individus portant certains traits ou par
plasticité phénologique, fait partie de la réponse de la végétation a un changement environnemental
(ici, ’invasion) et devrait dans 1’idéal étre prise en compte (Albert et al. 2011; Lei et al. 2014;

Gilbert and Medina 2016). En utilisant des traits issus de bases de données, nous avons
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probablement sous-estimé les impacts de S. canadensis et peut-étre manqué certains mécanismes. Il
faut toutefois nuancer cette limite car les especes de notre zone d’étude présentent des variations
importantes inter-spécifiques des traits utilisés [Figure 6.2]. Si la variabilité intra-spécifique, qu'elle
soit liée a une pression de sélection ou a la plasticité phénologique peut étre importante, elle reste en
moyenne inférieur a la variabilité inter-spécifique: Potentilla erecta sera toujours plus petite que
Ranunculus acris. De plus, a mesure que la densité de S. canadensis augmente, 1’adaptation par la
variation intra-spécifique se révele probablement insuffisante pour la plupart des especes (Auld et
al. 2010).

Une autre limite a 'utilisation des traits issus de bases de données est leur disponibilité.
Pour pouvoir utiliser un trait pour décrire la communauté, il doit étre disponible pour plus de 80%
de la biomasse de la communauté (Pakeman and Quested 2007). Dans le Chapitre 4, nous avons
voulu tester un maximum de mécanismes dans les mémes modeéles, car ces mécanismes, et leurs
impacts, ne sont pas indépendants les uns des autres. Par exemple, la compétition pour les
nutriments du sol ne peut pas étre considérée indépendamment de la compétition pour les
interactions mycorhiziennes car ces derniéres peuvent constituer une stratégie pour éviter la
compétition pour les nutriments en allant le chercher hors de la rhizosphere de S. canadensis.
Cependant, nous avons été limités dans le choix des mécanismes a tester par la disponibilité des
traits. Par exemple, 1’effet allélopathique des composés secondaires relachés dans le sol par S.
canadensis sur la germination et le développement végétatif des especes natives et les pathogéenes
du sol sont potentiellement une dimension importante de ses effets sur la végétation native
(Abhilasha et al. 2008; S. Zhang et al. 2009; Mozdzen et al. 2020). Aucun trait disponible ne
renseigne la sensibilité des espéces natives a ces composés et nous n’avons donc pas pu prendre en

compte ces mécanismes dans nos analyses.

6.2.3 Utilisation de données issues d’observations de terrain

Utiliser des données issus d’observation sur le terrain, plutot que d’expériences d’invasion en
conditions controlées permet de détecter les mécanismes qui ont réellement court en conditions
naturelles. Cependant, cette méthode présente des défis importants (i) en termes de choix des
variables a relever (difficultés logistiques) et (ii) en termes de traitement des facteurs
environnementaux dans les analyses (difficultés méthodologiques). De plus, elle ne peut se passer
des approches expérimentales qui permettent (iii) en amont, d’identifier des mécanismes cibles et

(iv) en aval, d’affiner la compréhension des mécanismes détectés in natura.
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Dans le Chapitre 3, nous avons mis en évidence I’importance des choix méthodologiques, et
de la qualité des données environnementales relevées sur le terrain. Ces choix impactent
directement les résultats des analyses dans les quels les données récoltées sont utilisées, et les
hypotheses qui peuvent étre testées. Ces limites s’appliquent aussi a nos données. Nous avons mené
une campagne de terrain ambitieuse, qui nous a permis d’obtenir des données sur 1’évolution de la
composition du sol, la végétation native et le réseau de pollinisation le long d’un gradient
d’invasion par S. canadensis. Les protocoles et le plan d’échantillonnage ont été préparés avec soin
avant la session de terrain. Cependant, certaines données récoltées n’ont pas été utilisées, alors que
d’autres auraient pu étre récoltées facilement et améliorer de facon significative notre
compréhension du systeme. Par exemple, les insectes récoltés a 1’aide du protocole Westphal (dans
le but de représenter les communautés d’insectes prospectant sur les placettes) ont été triés, mais
n’ont pas été déterminés (problémes logistiques du fait du context sanitaire), et les données issues
de ce protocole n’ont donc pas pu étre utilisées. A I’inverse, la caractérisation des réseaux de
pollinisation aurait pu étre améliorée en stockant les insectes dans des flacons d’alcool pré-remplis
de facon homogeéne. La concentration de pollen dans les flacons aurait pu étre estimée visuellement
en plusieurs catégories (e.g. quantité de pollen porté faible, moyenne, élevée) et directement liée a

la capacité de pollinisation des insectes.

L’approche observationnelle comporte par essence des limites liées au nombre de facteurs
extérieurs a ceux testés qui peuvent influencer la végétation (e.g., I’histoire des parcelles, de leur
gestion et des perturbations). Ces facteurs peuvent entrainer des biais ou de mauvaises
interprétations si ils ne sont pas pris en compte, en particulier si ils sont corrélés a une ou plusieurs
variables d’intérét. On peut classer ces facteurs en deux groupes : (i) ceux qui peuvent étre
caractérisés par des variables mesurées sur le terrain ou sont disponibles dans la littérature ou des
bases de données (e.g., variables pédoclimatiques), et (ii) ceux dont la caractérisation est impossible
car les données ne sont ni mesurables ni disponibles dans la littérature (e.g., historique des
perturbations, ou communauté de pollinisateurs). La premiére catégorie de facteurs et leurs
interactions avec les autres variables du modele peuvent étre prises en compte grace a 1’utilisation
de modeles appropriés comme les modeles d’équations structurelles (SEM). La deuxieme catégorie
de facteurs ne peut pas étre inclue de facon explicite dans les modeles, mais certains d’entre eux
peuvent néanmoins étre inclus sous forme d’effets aléatoires (dans des modeles mixtes) lorsqu'ils

sont liés a la localisation des placettes dans des prairies différentes.
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La plupart de nos hypotheses sont issues d’articles rapportant les résultats d’expérimentations
en conditions controlées. La quantité de données pouvant étre récoltées lors d’une saison de terrain
étant limitée pour des raisons techniques, financiéres et temporelles, il est important de savoir quels
mécanismes sont susceptibles d’étre a l'cuvre pour utiliser les ressources disponibles de facon
optimale. Inversement, lorsque 1’analyse des données de terrain révele que des mécanismes pas
encore décrits dans la littérature (e.g., 'impact de S. canadensis sur le comportement des
pollinisateurs via la structure de la végétation) ont un impact important, il est nécessaire de les
explorer plus en détail en conditions expérimentales pour mieux les comprendre. Par exemple, la
structure de la végétation a-t-elle un effet sur la visibilité des fleurs ou sur le comportement de
recherche de nourriture des pollinisateurs ? Ces effets varient-ils linéairement en fonction de la

densité, de la hauteur et de la verticalité des structures végétales ?

6.2.4 Autres conséquences de I’invasion par S. canadensis

Dans ce travail de thése, nous nous sommes concentrés sur les impacts de S. canadensis sur la
végétation native. Dans cette optique, nous avons aussi intégré certaines réponses d’autres
compartiment de 1’écosysteme - comme le sol ou les pollinisateurs -, mais ces compartiments, et
d’autres - comme la litiere (Zhang et al. 2016; Ye et al. 2019), les micro-organismes du sol (S.
Zhang et al. 2009; Liao et al. 2011; Kriizselyi et al. 2021), les herbivores (Kim and Underwood
2015) et leurs prédateurs (Dudek et al. 2016; Bauer et al. 2021) - mériteraient d’étre étudiés de
facon plus approfondie. Cela permettrait de proposer une vision plus globale et intégrative des
impacts de S. canadensis sur I’écosystéeme et de détecter les effets en cascade probables dans le
réseau trophique. Cette meilleure compréhension des processus et des conséquences de ’invasion a
I’échelle de 1’écosysteme pourrait améliorer notre capacité a (i) adapter les mesures de gestions
pour la protection des écosystemes et (ii) a prédire les impacts de ces invasions en termes de
contributions de ces écosystemes aux sociétés humaines. Un tel projet est difficile (mais pas
impossible) a mettre en place, et pourrait dans un premier temps se baser sur une approche de
simulation des réseaux d’interaction (e.g., compétition, pollinisation) en fonction des traits

fonctionnels des espéces dominantes.
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6.3 Le solidage, une espéce a classer sur liste noire en France et en Europe

6.3.1 Risques liés a la propagation de S. canadensis en France

Dans les prairies étudiées, les effets négatifs vérifiés du solidage sont restraints a la
diminution de la diversité des graminées et des forbes, de la biomasse des graminées, et de la
production de fleurs non junes & asymétriques et de facon générale du succes reproducteur des
especes a fleurs non jaunes ou asymétriques (Chap 4 et 5). On observe méme un effet potentiel
positif sur le succés reproducteur des espéeces jaunes & symmétriques (Chap 5). Cependant, nous
n’avons pas testé I’impact de S. canadensis sur la composition de la communauté végétale en
termes d’espéces rares, menacées ou d’intérét communautaire. Ces especes peuvent étre remplacées
par des espéces moins sensibles au cours de l’invasion et cette menace devrait étre testée
directement pour compléter la liste des impactes de S. canadensis sur la végétation native. De plus,
il est important de prendre en compte, avant de généraliser les résultats de cette these, que ces
prairies sont gérées (par la fauche) de facon a éviter la prolifération de S. canadensis et a minimiser
ses impacts. Les populations de S. canadensis y sont maintenues a des densités sur des surfaces
relativement réduites et dispersées au sein de chaque prairie. Cette disposition permet son
intégration au paysage comme une composante supplémentaire de la mosaique d’habitats disponible
pour les espéces natives et limite donc ses impacts. En 1'absence de cette gestion, S. canadensis
serait probablement capable d’envahir I’ensemble des prairies de facon homogéne et a des densités
plus élevées. Ses impacts négatifs sur les espéces natives pourraient alors étre nettement plus
importants et atteindre un point de basculement vers des populations dominant la végétation sur des
surfaces de plusieurs hectares et modifiant la succession “naturelle” des écosystémes locaux (Gusev
2015; Fenesi, Vagasi, et al. 2015; Mikeladze and Bolkvadze 2021). Un tel scénario représente un
risque important pour la biodiversité en France, ou S. canadensis est toujours vendu en jardineries,
exposé dans les jardins botaniques, et utilisé par les communes dans 1’espace public, ce qui
augmente la pression de propagules de S. canadensis dans le milieux naturels et participe a la
création de nouvelles populations (Dawson et al. 2008; van Kleunen et al. 2018). Ce risque est
d’autant plus important que d’autres composantes du changement global sont aussi susceptibles de
favoriser la propagation et le développement de populations de S. canadensis dans de nouvelles

zones et habitats (Yu et al. 2016; Cao et al. 2018).
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6.3.2 Vers la production d’indicateurs de risques et de préconisations de gestion

La liste des plantes invasives considérées comme problématiques en Europe par le ISSG'
comporte 213 especes (Global Invasive Species Database (2022)). Parmi ces espéeces, seulement 36

sont réglementées a 1’échelle de I’Europe, et S. canadensis, pourtant présent dans toute 1’Europe et

leur commerce, utilisation par des entités publiques et relachage dans la nature. Cette mesure
devrait s’accompagner d’une campagne d’information et de sensibilisation du grand public et des
acteurs concernés (e.g., apiculteurs, communes, jardineries et jardins botaniques), afin de changer
leur vision de S. canadensis et de les inclure dans la lutte contre cette espece invasive. Des
alternatives peuvent &tre proposées a ces acteurs comme I’utilisation d’espéces locales
[https://www.ofb.gouv.fr/utiliser-des-vegetaux-sauvages-et-locaux] pour fleurir les villes et ouvrir

de nouveaux débouchés aux jardineries, ou la plantation de haies diversifiées dont les espéces a

populations installées servent donc de réservoire de propagules et lui permettent d’étendre son aire
de répartition sans intervention humaine. Il est donc nécessaire, en parallele, de donner aux
gestionnaires d’aires naturelles les outils pour (i) gérer de fagon optimale les populations de S.
canadensis existantes, et (ii) réagir de facon optimale lors de I’apparition de nouvelles populations.
Déterminer le risque d'implantation de S. canadensis et ses effets potentiels sur le site concerné,
dans l’idéal, avant I’implantation de S. canadensis sur le site est un défi majeur pour les
gestionnaires. En effet, ils doivent concilier la lutte contre les especes invasives avec d’autres
objectifs (e.g., apiculture et tourisme), et leurs moyens d’action sont limités (temps disponible et
financement des actions). Ils ont donc besoin de prioriser (i) les zones a surveiller pour détecter et
éradiquer le plus tot possible les individus isolés de S. canadensis, (ii) et les zones a traiter

spécifiquement pour limiter le développement des populations de S. canadensis. Pour déterminer le

1 Invasive Species Specialist Group
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risque d’invasion et estimer les risques d’impact qui y sont liés, il est nécessaire de combiner deux
informations: (i) la densité que peut atteindre S. canadensis dans la zone d'intérét, sachant les
conditions biotiques et abiotiques, et (ii) la réponse des différents groupes trophiques présents a
cette densité, sachant leur composition fonctionnelle. C’est sur ce dernier point que nous avons
concentré nos efforts. Cependant, avant de pouvoir proposer des outils de prédictions aux
gestionnaires, plusieurs étapes sont encore nécessaires. Il faudrait continuer ce travail en affinant les
groupes fonctionnels étudiés — dans 1’idéal, jusqu’a obtenir des groupes répondant de fagon
homogene a la densité de S. canadensis. 11 faudrait aussi considérer, de facon explicite, un
maximum de groupes trophiques (e.g., insectes, micro-organismes du sol) et leurs interactions.
Combiner ces informations permettrait de proposer un modele mécanistique capable de déduire
I’évolution des communautés natives en fonction de la densité attendue de S. canadensis et de
I’abondance de groupes fonctionnels déterminés. Enfin, I’importance des impacts potentiels sur le
site et les opportunités d’aides a la dispersion depuis ce site (berges de rivieres, bordures de

trains...) devraient aussi étre pris en compte dans la priorisation des zones sur lesquelles intervenir.

Un tel projet est ambitieux, mais pas inatteignable. Des approches semblables ont déja été
utilisées en écologie de la conservation pour déterminer les effets potentiels du changement

climatique sur les écosystemes et les services qu’ils rendent aux sociétés humaines.
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6.4 Conclusions générales

* L’étude des réseaux plantes-pollinisateurs pourrait tirer profit de la définition de protocoles
standardisés, qui amélioreraient la reproductibilité des études dans le temps et 1’espace.
Selon nous, une attention particuliere devrait étre portée a la description des conditions

météorologiques, de la surface de fleurs disponibles, et des interactions non capturées.

* S. canadensis modifie la composition de la végétation native, et diminue sa diversité et sa
production de biomasse. Ces effets sont détectables sur des prairies gérées pour promouvoir
la diversité et limiter la prolifération et les impacts de S. canadensis, avec des populations
sous forme de patches de densité deux fois moins importante que dans d’autres zones

envahies.

* Les impacts de S. canadensis sur la dynamique des populations natives sont liés a deux
mécanismes de compétition (pour la lumiere et les nutriments du sol) et a I'altération par
allélopathie des interactions mutualistes entre plantes natives et champignons mycorhiziens

arbusculaires.

* Les forbes et les graminoides répondent différemment aux contraintes dues a I’invasion par S.
canadensis en termes de diversité, de biomasse et de stratégies de résistance. Parmi les
forbes, les especes a fleurs jaunes symétriques voient leur production de fleurs augmenter
avec la densité de S. canadensis, alors que celles a fleurs non jaunes et asymétriques la

voient diminuer.

* S. canadensis affecte aussi la préférences des insectes pour différents types de fleurs, avec des
répercussions sur le taux de visites et le taux de pollen homospécifique potentiellement recu.
Ces modifications sont positives pour les especes a fleurs jaunes et symétriques, et négatives

pour les autres, mais ne semblent pas se répercuter sur la dynamique de leurs populations.
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Intransitive competition, can it truly influence coexistence in the real world?
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Abstract

Intransitive competition has received much attention over the past decade. Indeed, this cyclic
arrangement of species interactions within a community has the potential to promote and stabilise
species coexistence. This theoretical expectation has been tested and supported, to some extent, in
several 3-species empirical systems. However, the importance of intransitive interactions to real-
world species-rich communities remains unknown. Can we expect intransitive loops to have a
significant stabilising effect on their constituent species while many other species interact with
them?

Here, using simulations, we explore the behaviour of intransitive loops when they interact
with other competitors, as would be expected in real-world communities. Our results show that
dominant competitors have a strong impact on the dynamics of inferior intransitive loops. A single
competitor acting on a single species of the loop will generally lead to the extinction of at least one
species of the loop (thereby breaking the loop), unless competition between all (dominant AND
loop) species is very mild. Increasing the number of dominant competitors or increasing the length
of the loops amplifies their destabilisation.

Our results call for caution when inferring beneficial effects of intransitivity on species
coexistence. Although intransitive loops can be a frequent motif in competition networks, their
positive effects may not be as important for species coexistence as previously thought. Additionally,
our results highlight the fact that some specific properties of a sub-network - such as stabilisation by
intransitive loops - should not be interpreted outside of the overall network context. Indeed, the
outcome of species interactions can be altered, and sometimes reverted, when neglecting other
network compartments (e.g. dominant competitors, but also probably other types of interactions
such as predation, parasitism and facilitation).

Key words: community stability, cyclic competition, non-transitive interactions, rock-paper-scissors

Running title: Intransitive cycles are often powerless.
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Introduction

Understanding the mechanisms by which
multiple species interact and coexist is one of
the central quests of ecologists. In recent
decades, our focus moved from the study of
pairs of species to the study of species rich
communities with complex direct and indirect
interactions. In this context, one specific type of
indirect interaction has (re)gained much
attention: intransitive competition.

Intransitive competition, sometimes also
called cyclic competition, emerges when there is
no strict hierarchy among competitors and when
dominance between species forms a loop, as in
the famous rock-paper-scissors game (rock
beats scissors beats paper beats rock). The
mechanisms underlying intransitive competition
and its potential consequences for species
coexistence have been explored in theoretical
models. It has notably been shown that
intransitivity can stabilise coexistence in loops
containing an odd number of species. Indeed, in
an odd-loop, each member of a group of
competitors regulates the abundance of the
others and thus indirectly its own, thereby
creating a mechanism of negative frequency
dependence. On the contrary, similar cyclic
interactions will destabilise coexistence in even-
loops (Alesina & Levine 2011, Vandermeer
2011). In systems that contain multiple
intransitive loops nested within each other their
overall effects for coexistence can be highly
variable and hard to predict (Gallien et al 2017).
In the end, most of what we know about the
effects of intransitive competition comes from
the study of (often short) individual loops,
independently of their interactions with the rest
of the community (but see Vandermeer 2011).

But how do theoretical expectations translate
to real world communities? The theoretical
expectations of single loop behaviours have
been tested and supported, to some extent, in
several 3-species empirical systems (reviewed
in Gallien 2017). But in species-rich real-world
systems little is known. It has been proposed
that since species-rich systems are mechanically
harbouring large numbers of interaction loops,

these loops must have a general stabilisation
effect for community richness and persistence
(Vandermeer, Soliveres, Wootton, etc but see
Godoy). And that the more loops there are in the
system the more stable it is. Yet, these
propositions remain to be tested.

Do intransitive loops have a significant
stabilising effect on their constituent species
when other species interact with them? In fact,
when a species within an intransitive loop
suffers competition from a species outside of the
loop (“outer” species in the following), this may
alter the negative frequency dependence
stabilisation by dampening the oscillations of
species abundances over time. But should the
competition imposed by the outer species be
strong to have an influence on intransitive
dynamics, or can mild interaction also interfere?
And what happens when not only one species of
the intransitive loop is affected but also several
ones, do outer species have additive negative
effects or do they counteract each other?

We propose to test the influence of outer
competitors (i.e. species of the community but
not part of the intransitive loop) on the
stabilising effects of intransitive loops.
Specifically, we investigate whether and how
intransitive stabilisation is affected by: the
strength of species competition (within and
outside of the loop), the number loop-species
suffering competition by outer competitors, and
the length of the intransitive loops.

Using theoretical simulations of competitive
interactions we show that intransitive loops are
very sensitive to external competition. Indeed, a
single outer competitor imposing moderate
competition on a single species in the loop is
sufficient to negate all the stabilising benefit of
strong intransitive loops. This result has far
reaching consequences because it shows that to
assess the effect of intransitive competition on
species coexistence one should not only identify
the number of intransitive loops, but also obtain
information on the complete network of
competitive interactions between species of the
community. The complete network of
interactions is here exemplified with
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competitive interactions (outer competitors), but

What we know:

translated into the following 3 questions: (1)

What we don’t know:

Simple loop behavior

Odd-loops are stabilizing
Stronger loops are more stabilizing

Even-loops are destabilizing
Stronger loops are more
destabilizing

Nested loops have complex effects
and are hard to predict

Allesina & Levine 2011, Gallien et al. 2017

Dominant loop effect on inferior species

& Dominant loops have stabilizing

effects on inferior interaction chains

N\

Vandermeer 2011

Dominant competitor effect on inferior loops

l l 1 Can a dominant competitor influence
the loop?
How strong should the competitor be
to influence the loop?

!
L)

]B(\ )
@g: / Are longer loops more resistant

/ to dominant competitors?

What happens when multiple
competitors influence the loop?

—

Figure 1: What we know and what we dont know about intransitive loop effects on

coexistence.

similar results can be expected if a similar
pressure is imposed by species from other
trophic levels (e.g. generalist predators,
parasites, etc).

Figure 1. What we know and what we don’t
know about intransitive loop effects on
coexistence.

Simulations

We tested whether intransitive competition
loops that stabilize coexistence (i.e. odd-loops)
can be altered, and even interrupted, by the
arrival  of dominant  competitors. We
decomposed the influence of outer competitors
on the stabilising effects of intransitive loops
into 3 components: the strength of species
competition (within and outside of the loop), the
number loop-species suffering competition by
outer competitors, and the length of the
intransitive loops. These components can be

How strong should a dominant competitor be to
influence an intransitive loop? (2) What happens
when multiple competitors influence the loop?
(3) Are longer loops more resistant to dominant
competitors than smaller ones? (Fig. 1) In order
to answer these questions we (i) simulated
species abundance dynamics and (ii) evaluated
the stability of species coexistence (iii) under
different scenarios of “outer” competition.

1 The simulation model:

We simulated the temporal abundance
dynamics of given sets of competing species
(with various combinations of intransitive loops
and dominant competitors, see scenarios below)
based on Lotka-Volterra (LV) equations. In a LV
competition model, the growth rate of species i

dN; | .
can be expressed as: a1 == 3 20M)
where where Ai is the intrinsic growth rate of
species i, Ni and Nj are the abundances of
species i and species j respectively, aii is the
intraspecific competition coefficient, while aij is

152



Chapitre 1 — Introduction

the interspecific  competition coefficient
describing the per capita effect of species j on
species i.

2 The stability measure:

We then analysed the results of these
simulations and quantified how coexistence is
enhanced or reduced by intransitive competition
with Mean_Delta_ri, an index tailored for this
purpose (Gallien et al. 2017). Delta_ri measures
the difference between the invasion growth rate
of a focal species i when all other species of the
intransitive loop (the ‘residents’) are present and
equilibrated, and the invasion growth rate of the
same focal species when all residents except for
one are present and equilibrated. With the first
invasion growth rate, the focal species can
benefit (or be harmed) by the intransitivity,
while in the second, the intransitivity is broken
by the removal of a species in the loop, and thus
the difference of these growth rates (when
averaged over the removal of each resident)
provides a measure of the importance of the
intransitivity for a given focal species.
Averaging over the Delta_ri of each resident
species, Mean_Delta_ri shows the average
change in invasion growth rate following the
extinction of any one resident species. Positive
values of Mean_Delta ri indicate that
intransitivity contributes to coexistence. In other
words, the pairwise fitness differences present
in the community are arranged in such a way
that removing a resident from the community
will actually hurt rare species. Conversely,
negative values indicate that any positive effect
of intransitivity is smaller than the traditional
effects of niche overlap: removing a resident
helps the rare species.

3 The network scenarios:

We build 3 types of scenarios to answer our
research questions.

3.1 Scenario 1 - How strong should a
dominant competitor be to influence an
intransitive loop?

In this scenario, we focus on the response of
a single 3-species intransitive loop to the

interaction with a single outer competitor
(impacting only one species of the loop). Two
main features can influence the outcome of this
interaction: the strength of competition between
species of the loop (as stronger loops are known
to be more stabilising; Fig. 1), and the strength
of competition between the outer competitor
and the species of the loop. We thus varied
independently the strength of competition
within the loop, and between the outer
competitor and the species of the loop.

We simulated the abundance dynamics of a
3-species loop community until equilibration,
then added our outer competitor and followed
all abundance dynamics until re-equilibration of
the system. We repeated these simulations along
a gradient of increasing strength of competition
between the species of the loop. To ensure
comparability across simulations we kept all
pairwise niche overlaps constant (measured as

%% ond set to =0.5), and only increased the

[ %ii%j
average fitness difference (measured as V 7",
Chesson 2012) in each pairwise interaction
driving the loop rotation. The fitness differences
ranged from a minimum of 1 (all pairwise
interactions between species of the loop are
symmetric) to a maximum of 3 (strong
asymmetry in competition between species),
and a value of 2 is the threshold separating
pairwise coexistence (fitness difference<?) from
pairwise  competitive  exclusion  (fitness
difference>2). Similarly, the strength of
competition between the outer competitor and
one species of the loop was varied so that its
fitness difference ranged from 1 (symmetric
competition) to 3 (strong competitive
exclusion).

Note that we simulated and illustrated the
results with communities starting with only the
loop-species, and then added the outer
competitor. These results are identical to those
that would be obtained by starting the
simulations with all species together (except
under the situations when heteroclinic cycles are
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reached, as there are no stable equilibrium

points then).
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Figure 2: Influence of one outer competitor on
intransitive loop dynamics. The intransitive loop
is composed of three species (light blue > dark
blue > green > light blue), and the outer
competitor (red) is only affecting the light blue
species (red > light blue). The direction of
pairwise interactions is indicated by arrows
pointing toward the weaker competitors, and
competition strength is indicated by the type of
arrow (plain arrows when pairwise coexistence
is impossible: strong competition, dashed
arrows when pairwise coexistence is possible:
mild competition). The colours gradient show
the meanDeltaRi of the loop species (blue>0
indicating stabilisation of the loop on species
coexistence; white=0 indicating no effect of the
loop; red<0 indicating destabilisation of the
loop on species coexistence). The dots indicate
the number of loop species reaching extinction:
small dots indicating 1 species death, larger
dots indicating 2 species death (dead species
are highlighted with stripes on the right figure).

Conclusion:

The loop is easily destabilised by one outer
competitor (large red areas):

A strong outer competitor (=pairwise coex
impossible = fitness diff >2) is always breaking
the loop (always red + dots).

The competitor does not need to have a
strong pairwise fitness difference to break the

positive effects of the loops (lots of red for
fitness diff<2, meaning that even if pairwise
coexistence is possible between the outer
competitor and the recipient loop species the
loop can be broken and the recipient species die
—> cf black dots in point (1,1)!'I double
checked and it is correct!! )

To keep being beneficial for species
coexistence the loop must be strong (=pairwise
coexistence within the loop is impossible) and
the outer competitor must be weak (=pairwise
coexistence possible and fitness diff<<2; blue
area).

If the loop is not strong (bottom left corner)
and the competitor weak, then the influence of
the outer competitor is dampened along the loop
(i.e. direct effect on spcl >> indirect effect on
spc3).

3.2 Scenario 2 - What happens when
multiple competitors influence intransitive
loops?

In this scenario, we focus on the response of
a single 3-species intransitive loop to the
interaction with 1, 2, or 3 outer competitors
(each outer competitor impacting only one
species of the loop; which is equivalent to one
outer competitor impacting 1, 2, or 3 species of
the loop). Similarly to Scenario 1, we varied
independently the strength of competition
within the loop, and between the outer
competitor(s) and the species of the loop. It can
be noted that for simplicity the outer
competitors do not interact with each other.

(Important: dans la zone bleue du panel c) il
y a des points — c’est en fait pas des vrai
“morts” mais |’apparition de  cycles
heteroclyniques.. Du coup c’est assez mauvais
pour la stabilité du systeme au final! :) )

= To Do: replace dots by stars when
heteroclinic cycles or chaos are reached.
[measured with simulations: see package
“dyncomp”? Or deviations from means?

https://math.libretexts.org/Bookshelves/
Scientific_Computing_Simulations_and_Modeli
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Figure 3: Influence of the number of outer competitors on intransitive loop dynamics. The
intransitive loop is composed of 3 species, and the number of competitors varies between 1
(panel a), 2 (panel b) and 3 (panel c). The strength of species interactions is measured with
fitness difference (given the fixed niche overlap across all species) and varies between 1 to 3.
Mean DeltaRi represents the effect of intransitive interactions on the stability of species
coexistence. The colours gradient show the meanDeltaRi of the loop species (blue>0
indicating stabilisation of the loop on species coexistence; white=0 indicating no effect of the
loop; red<0 indicating destabilisation of the loop on species coexistence). The dots indicate
the number of loop species reaching extinction: small dots indicating 1 species death,
medium dots indicating 2 species death, large dots indicating that all loop species are dead.

ng/Book
%3A_Introduction_to_the_Modeling_and_Anal
ysis_of_Complex_Systems_(Sayama)/
07%3A_ContinuousTime_Models_II__Analysis
/
7.05%3A_Linear_Stability_Analysis_of_Nonlin
ear_Dynamical_Systems

https://cran.r-project.org/web/packages/cxr/
vignettes/V3_Coexistence_metrics.html

= note that panel a) is the same as in
scenario 1, and will replace it as here simulation
time is longer and I have corrected a small error
in the meanDelatRi calculation.

Conclusion:

Adding a second competitor has clear
negative effect on stability of the loop species
(more red, more mortality)

Adding a third species can have opposite
effects depending on the strength of competition
within the loop and between the outer
competitors and the loop species. (i) When the
competitors have strong competitive
interactions (fitness difference > 2) then all

species of the loop die. (ii) When the
competitors have mild competitive interactions
(fitness difference < 2), and interactions within
the loop are also moderate, then the competitors
improve the stabilisation of the loop species
(probably because by regulating the loop
species abundances they also reduce their
negative influence on each other). (iii) When the
competitors have mild competitive interactions
(fitness difference < 2), and interactions within
the loop are very strong (fitness difference >
2.6), then the system becomes unstable (with
heteroclinic cycles), leading some species of the
to near extinction for longer periods over time
(and thus are likely to actually get extinct with
just little real world demographic stochasticity).

3.3 Scenario 3 - Are longer loops more
resistant to dominant competitors than
smaller loops?

In this scenario, we look at the influence of
one dominant competitor on intransitive loops
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of increasing lengths. As explained above, here
we only focus on odd-loops, and thus choose
loops of 3, 5, 7, 15, 25, and 45 species.
Similarly to  Scenario 1, we varied
independently the strength of competition
within the loop, and between the outer
competitor and the species of the loop. Note that
to avoid confounding effects related to species
numbers we always keep the community size
constant to 46 species (which includes the
longest possible loop size and the outer
competitor), and that the species which are not
included in the studied loops nor being the
competitor will not be interacting with the other
species (alpha_ij=alpha_ji=0).

Figure 3. Influence of dominant competitors on
intransitive loops impacts for species coexistence. In
each panel the Delat-ri is represented as a function
of the intensity of competition for the species in the
intransitive loop (fitness difference ranging from 1
to 3, where a value < 2 indicates pairwise
coexistence, and a value > 2 indicate pairwise
competitive exclusion). The length of the intransitive
loops is indicated with colours, blue shades for odd
loop lengths, and red shades for even loop lengths.
The different panel on the top row represent invader
species interacting with increasing strength: (a)
symmetric competition, (b) low, (c) medium, and (d)
high levels of fitness differences. The panels of the
bottom row show the differences of Delta_ri between
the scenarios where the invader is a better
competitor to the native species (panels b-c-d) and
where the invader interacts with the native species
in a symmetric fashion (panel a). There, a positive
value indicates that the invader has a stabilising
effect, and a negative value that it has a
destabilising effect (compared to its reference effect
with symmetric competition). On the lower row, the
panels e-f-g represent the difference between
invaders interacting with the native species with
asymmetric (panels b-c-f respectively) vs. symmetric
competition (panel a).

Conclusion:

- The reference panel (a), with symmetric
competition between invader and native species,
is equivalent to what was found in Gallien et al
2017: longer odd-loops have more stabilizing
effects on species coexistence (blue shades).

- Once the invader is a better competitor than
one native species of the loop (panels b-c-d)
then it has a destabilizing effect on the stable
odd-length loops (blue shades), and a stabilizing
effect on the non-stable even-length loops (red
shades). This is seen by comparing the panels b-
c-d to the panel a. This invader effect increases
in intensity with invader fitness difference
(increasing from left to right panels), up to the
point when inv-nat = 2*nat-nat (Fig.3d) that the
intransitive loop offers no positive effect for
species coexistence. It is worth observing that
adding the invader does NOT increase the
length of the loops, as the invader is set to be
dominant and not be affected significantly by
any native (ie. he is not entering the loop).

- Importantly, the longer the loop, the greater
is the effect of the invader on its (in)stability
(see Figure 3e-f-g).

Summary of the results

Dominant competitors always have strong
impacts on the dynamics of inferior intransitive
loops. One invader acting on a single species of
the loop will lead to the extinction of at least
one species of the loop (thereby breaking the
loop), unless competition between all species
(dominant AND loop species) are very mild.
Increasing the number of dominant competitors
leads to increasingly stronger detrimental effects
for species coexistence (in terms of species
abundances and  coexistence  stability).
Increasing the length of the loops leads to
increasing destabilization by dominant invaders
(for odd-length loops).

Comparing with literature results

1 Changing the position of the loop in the
network:

Here we show that the intransitive loop is
affected by top competitors (ie. dominant
species), but the loops can also be at
intermediate positions in the network (i.e.
impacted by dominants, and impacting lesser
species), or at the top (just impacting other
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species; see Vandermeer 2011 EcoComplex
SIMULS showing stabilizing effects of loops on
lower species). One question might be what
happens when the loop is at the middle of the
hierarchy (with one better invader and one worst
competitor), do we see intermediate effect of
intransitivity on the whole network or not? [see
also Alcantara et al 2017 TE SIMULS:
distinguish  in-component, core-intransitive
component,  out-component  sub-networks
(interesting terminology?) + they have a counter
intuitive result that: “species of the core and the
out-component (one of the transitive
components of the network) have much higher
probability of persisting than species of the in-
component”]

> 1 don’t see what would be really
interesting to investigate there (regarding the
rest of the analyses), so maybe just worth
mentioning in the discussion? (maybe adding
that the stabilizing effect of intransitive loops on
lesser species found by Vandermeer would
probably be dampened by the presence of
dominant competitors to the loop).

2 Most empirical studies probably over-
estimate intransitive effects:

Most current empirical studies on intransitive
competition either (i) estimate a mean level of
intransitivity at the community scale (e.g. with
number of reversals, or Ulrich method), or (ii)
identify and count the number of loops in the
community (Godoy etc), but do not integrate
information about dominant competitors. We
believe that both these approaches can over-
estimate the importance of intransitive loops in
a system, as they ignore the dampening effect of
dominant competitor(s), which have the
potential to cancel all beneficial intransitive
effects on community stability.

Conclusion

Therefore, identifying the presence of
intransitive loops is not enough to be able to
assess their effect on species coexistence. This

is especially true in species rich communities
where it is unlikely that a group of species
interact in an intransitive fashion without
interference from the other species of the
community (or the trophic network).

Putting past results together with the present
one: (i) intransitivity only stabilises coexistence
in odd-numbered loops, (ii) intransitivity effects
are highly variable when multiple loops are
intertwined, and (iii) intransitive loops are
highly wvulnerable to competition from outer
competitors.

Together those conclusions call for a lot more
caution when inferring the beneficial (or
negative) effects of intransitivity on species
coexistence. Most likely, intransitive loops are a
very frequent motif in competition networks,
but their positive or negative effects remain
extremely difficult to quantify. We propose that
intransitive loops are generating a lot of
stochasticity to species dynamics — as the loops
are very sensitive to outer competition — and
thus they may not be as important for species
coexistence as previously thought.

Overall, it is not sufficient to identify the
number or proportion of intransitive loops in the
system (see Feng et al 2019 MEE for
comparison of indices), but we need to know
their length and their strength (Gallien 2017EL;
see Kinlock 2021JOE for a nice empirical
demonstration), AND their position in the
network (top, intermediate, bottom), to be able
to infer their impacts on species coexistence and
biodiversity maintenance.

This finding brings the broader question of
how the outcome of species interactions can be
changed (and sometimes reverted) when
neglecting other sub-network compartments
(e.g. upper competitors) or other types of
interactions (e.g. predator, parasite, etc
facilitation??).
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Annexe Al1.2: The EICAT+ framework enables classification of positive impacts of alien taxa
on native biodiversity

(Accepted in PLOS Biology, DOI:10.1371/journal.pbio.3001729)
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Abstract

Species introduced through human-related activities beyond their native range, termed
alien species, have various impacts worldwide. The IUCN Environmental Impact Classifica-
tion for Alien Taxa (EICAT) is a global standard to assess negative impacts of alien species
on native biodiversity. Alien species can also positively affect biodiversity (for instance,
through food and habitat provisioning or dispersal facilitation) but there is currently no stan-
dardized and evidence-based system to classify positive impacts. We fill this gap by propos-
ing EICAT+, which uses 5 semiquantitative scenarios to categorize the magnitude of
positive impacts, and describes underlying mechanisms. EICAT+ can be applied to all alien
taxa at different spatial and organizational scales. The application of EICAT+ expands our
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understanding of the consequences of biological invasions and can inform conservation
decisions.

Introduction

Taxa introduced beyond the limits of their native range (termed alien taxa) are a primary
driver of global environmental change [1,2]. Once introduced to new areas, alien taxa can
cause changes to their recipient ecosystems [3,4] (Box 1, Supporting information A in S1 File).
These changes, called environmental impacts [3], are generally estimated by quantifying how
certain attributes (i.e., measurable features or components; Box 1) of the recipient ecosystem
vary due to the presence and abundance of alien taxa [4]. Increases or decreases in specific eco-
system attributes (e.g., in population size of a native species) can thus be described from a
value-free perspective as positive or negative impacts, respectively (Box 1). In addition, the
same alien taxon can have negative impacts on certain attributes of native biodiversity and
positive impacts on others, with different levels of magnitude and underlying mechanisms
[3,5].

Considerable effort has been devoted to study the direction, magnitude, and mechanisms
underlying impacts of alien taxa on ecosystems [3,6]. This effort has been driven primarily by
the urgent need to limit the harm that certain alien taxa cause to various entities of interest
within recipient ecosystems, such as native species or habitats [7,8] (Supporting information A
and B in S1 File). Various cultural value systems and motivations, however, determine which
entities we are interested in, whether negative or positive changes in biodiversity attributes are
perceived as harmful or beneficial [4,8,9] (Box 1, Supporting information B in S1 File), and,
consequently, how alien taxa should be managed (Supporting information B in S1 File). Some
people might want to primarily protect taxa in their native range [10,11], rescue range-con-
tracting taxa through translocations [12], uphold ecosystem functions [13] or improve biodi-
versity indicators regardless of species origin [14]. Others will evaluate conservation actions in
terms of the suffering caused, e.g., to sentient taxa [15], rather than in utilitarian terms [16].
Alien taxa can therefore be opposed, tolerated, or even promoted as a function of specific envi-
ronmental and sociocultural contexts (Supporting information B in S1 File). Such a variety of
approaches in conservation is not surprising, given that conservation targets are usually
defined in accordance with different values and motivations [17-19]. Once these values and

Box 1. Glossary of impact-related terms.

Biodiversity attribute: any feature or component of biological diversity that can be mea-
sured, quantified, and compared, such as the taxonomic richness, phylogenetic diversity,
and functional diversity of a community or the abundance, total biomass, and average
body size of individuals in a population. In EICAT and EICAT+, the biodiversity attri-
butes to quantify impacts caused by alien taxa on native taxa are performance of individ-
uals, population size, and area of occupancy [10,24,25,117].

« Individual performance: any measurable trait that affects the capacity of an individual
organism to survive, gather resources, grow, or reproduce. Examples include body
mass or size, number of offspring or seeds, physiological rates (such as rates of growth,
respiration, calcification, etc.), and immunocompetence [23]. Note that changes in
performance do not necessarily lead to changes in population size.
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« Population size: the number of mature individuals—i.e., individuals known, esti-
mated or inferred to be capable of reproduction [23]—in a population. Note that
changes in population size do not necessarily lead to changes in area of occupancy.

o Area of occupancy: the area occupied by a certain taxon within its native range,
excluding cases of vagrancy [58,59]. Area of occupancy can decrease as a consequence
of local extinctions (negative impact on area of occupancy) and increase as a conse-
quence of local reestablishment (positive impact on area of occupancy).

Impact: any change caused by an alien taxon to the recipient system. Impacts are gener-
ally quantified by measuring how certain attributes of the recipient system (such as the
amount of nitrogen or the number of fish in a lake) change due to the introduction of
the alien taxon. In EICAT+, only impacts on the individual performance, population
size, and area of occupancy of a native species are considered.

« Beneficial/harmful impact: any change caused by an alien taxon to the recipient sys-
tem that is perceived by humans as favorable/unfavorable for an entity of interest (e.g.,
a native species, a sentient individual, or a protected ecosystem; see also Supporting
information A in S1 File) in accordance with specific values/interests/motivations [9]
(Supporting information A and B in S1 File). The words “beneficial” and “harmful”
are thus used here regardless of whether the impact involves an increase (“positive
impact”; see definition below) or a decrease (“negative impact”; see definition below)
in the measured attribute. In this sense, a positive impact on a certain biodiversity
attribute is not necessarily valued as beneficial, and a negative impact is not necessarily
valued as harmful. Note that harmful impacts are also termed as deleterious impacts
by some authors [8,10].

Positive/negative impact: any increasing/decreasing change caused by an alien taxon
to one of the selected biodiversity attributes of the recipient system [3,4,8,9,60]. As
“increasing change” we herein consider relative changes. So, for example, if the size of
a native population would have decreased, or decreased to a greater extent, if an alien
species had not been introduced (see also Supporting information C in S1 File for
more details), then that alien species has caused a (relative) increase in native biodiver-
sity. Unlike beneficial/harmful impacts, positive/negative impacts describe quantita-
tive and directional variations that can be objectively and consistently measured,
regardless of ethical values (value-free classification of impact [8]).

Impact mechanism: the way in which alien taxa cause changes in attributes of the recipi-
ent system. Examples of mechanisms include “predation” and “parasitism” in EICAT
and “provisions of trophic resources” and “dispersal facilitation” in EICAT+ (see below
and Supporting information D and E in S1 File).

motivations are openly recognized, conservation-related disciplines such as invasion science
can adopt standardized and systematic approaches to measure the degree to which specific
entities of interest are affected by certain drivers of change (e.g., alien taxa), so that informed
and coherent management decisions (e.g., prioritization) can be made. However, the majority
of impact assessment frameworks developed and applied in invasion science do not consider
the ways of assessing increases to native biodiversity [8], and the field has been criticized for
focusing on, and overemphasizing, the harmful impacts of alien taxa [20-22].
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The International Union for Conservation of Nature (IUCN) Environmental Impact Classi-
fication for Alien Taxa (EICAT) framework was developed to categorize and assess negative
impacts caused by alien taxa to native biodiversity at different levels of organization [10,23-26]
(i.e., decreases in performance of individuals, population size, and area of occupancy through
local population extinction). EICAT relies on the premise that the biogeographic origin of spe-
cies matters in conservation. A clear distinction between native and alien taxa is justified by

multiple conceptual and practical arguments associated with, for example, coevolutionary his-

tories, ecological functions, or human responsibilities for nature [11,27,28]. Accordingly,
EICAT entities of interest are native taxa, whose attributes recorded prior to the introduction
or in the absence of an alien taxon are used as a baseline to assess impacts (Fig 1). Changes
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Fig 1. Illustration of EICAT and EICAT+ scenarios. Conceptual scheme for the 5 semiquantitative scenarios used in EICAT and EICAT+ to assess
negative impacts (on the left) and positive impacts (on the right) caused by a focal alien taxon (here, a shrub species) on native taxa of interest (a grass
species and a bird species). Black arrows indicate the introduction and establishment of the alien taxon into a recipient ecosystem. The blue arrow
indicates the reestablishment or extinction prevention of a native taxon due to an alien taxon (see also Fig 2). Shaded red figures indicate locations
unoccupied by the native taxon (e.g., because of local extinctions in EICAT). Symbols were courtesy of the Integration and Application Network,
University of Maryland Center for Environmental Science (ian.umces.edu/media-library).

https://doi.org/10.1371/journal.pbio.3001729.g001
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caused by alien taxa to abiotic ecosystem attributes, such as soil nitrogen content or water
chemistry, are considered under the EICAT framework only if such changes lead to a decrease
in attributes of native biodiversity. EICAT has been used to compare impact magnitudes of
alien taxa across geographic regions and taxonomic groups [26,29-30] and to support evi-
dence-based prioritization and other management decisions [31-33]. EICAT is conceptually
and structurally related to the [UCN Red List of Threatened Species, with the Red List catego-
rizing a focal native species based on its risk of extinction, and EICAT categorizing a focal
alien taxon based on the degree to which it has negatively impacted native taxa [34].

Identifying which (and how) alien taxa decrease certain native biodiversity attributes does
not fully capture the multifaceted environmental changes induced by the introduction of alien
species; in particular, such attributes can also increase. For instance, an alien taxon may
increase the performance of individuals or the size of a population of a native taxon by provid-
ing additional trophic resources or creating novel habitats that are suitable for the native taxon
[5,35-37] (Fig 1). Clear and transparent evaluation of all impacts, negative and positive, on
native taxa will help to achieve a better understanding of the dynamics and mechanisms of
impacts. Such increased understanding would benefit scientists, managers, policymakers, and
the general public; for example, it may enable the identification of societal or nature conserva-
tion conflicts associated with alien taxa and provide an objective evidence base to underpin
discussions and debates [16,38]. The identification of conflicts between different conservation
targets is particularly important when alien taxa harm certain native taxa while benefiting oth-
ers, enabling robust and appropriate management interventions to reach conservation goals.
We see 3 main reasons for developing a framework compatible with EICAT that assesses posi-
tive environmental impacts [8]:

1) Improving our understanding of interactions between alien and native taxa

The assessment of positive impacts of alien taxa on native biodiversity attributes can
improve the understanding of transient and stable interactions between native and alien taxa
[39]. Better understanding of multidirectional changes induced by alien taxa will shed light on
how such interactions affect ecological and ecosystem dynamics [40], and provide valuable
insights for adaptive management. For instance, the use of a common scheme to compare the
outcomes of novel mutualistic interactions between alien and native taxa—e.g., the interaction
between an alien plant and native arbuscular fungi [41], or between alien plants and native pol-
linators [42]—can help to identify which native taxa facilitate the establishment, or hamper the
removal, of certain alien taxa. Similarly, a systematic assessment of the antagonistic interac-
tions between alien taxa and their native consumers can help to identify which native species
promote biotic resistance against established alien taxa [43,44] and might also be used in bio-
logical control [45,46].

2) Informing predictions of indirect, and potentially adverse, effects of alien taxa
management

Improving the understanding of the positive impacts that an alien taxon causes on native
biodiversity attributes can help to identify possible undesired effects that its removal might
have on native communities [47]. For instance, the removal of aliens may release herbivorous
pests or meso-predators controlled by alien predators [48], decrease the density of predators
feeding on alien preys [49], or reduce the availability of predator-free refugia provided by an
alien plant and exploited by endangered species [50].

3) Improving our understanding of the interactions between alien taxa and other drivers of
global change

The assessment of positive environmental impacts can clarify the degree to which already
established alien populations mitigate adverse effects of other global anthropogenic stressors,
such as habitat loss and alteration [51] or climate change and pollution [52], on native taxa
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and ecosystem functioning. This seems particularly important for alien taxa that have been
intentionally introduced to restore ecological functions [53,54] or to act as biological control
agents against native or alien pests [55]. Similar considerations can be made for thermophilic
alien species securing ecological functions that would have been lost otherwise due to sea
warming-induced declines or extinctions of key native species, as, for example, in the eastern
Mediterranean Sea [56,57].

To fill this current gap, in this Consensus View, we propose a framework for assessing the
degree to which alien taxa positively affect native biodiversity: the positive Environmental
Impact Classification for Alien Taxa, or EICAT+. The framework structurally resembles
EICAT, using 5 semiquantitative scenarios to describe the magnitude of observed positive
impacts of alien taxa on native biodiversity attributes (specifically, increases in individual per-
formance, population size, and area of occupancy). In EICAT+, the highest levels of impact
magnitude are assigned to alien taxa increasing the area of occupancy of native taxa through
local population reestablishment or preventing local extinction. The framework also describes
the underlying impact mechanisms by which alien taxa can increase native biodiversity attri-
butes, such as through food and habitat provision, dispersal facilitation, or disease reduction.
To illustrate the functionality and utility of the proposed framework, we apply EICAT+ to case
studies reporting positive impacts of alien taxa on native biodiversity across different taxo-
nomic groups and ecosystems. Advantages and applications, as well as limits and potential
misuses of the scheme, are also discussed.

Development process and structure of EICAT+

The development of EICAT+ involved a 4-stage process of expert elicitation. At stage 1, a core
panel of experts who had previously contributed to develop and improve EICAT [10,24,25,61]
and were familiar with its application across various invasion contexts formulated a prelimi-
nary version of EICAT+. At stage 2, multiple experts from the invasion science community,
many of which contributed to the development of the EICAT framework [10], were contacted
and asked to provide input and feedback toward the core concepts of the framework under
development. These experts were selected due to their extensive knowledge regarding the
impacts of alien species and mechanisms through which these impacts are generated. At stage
3, and once a general consensus was reached between the experts, the core panel led the writ-
ing of the first and subsequent drafts of a manuscript regarding EICAT+. Several versions of
the manuscript were produced, and, at each round, the experts involved were asked to provide
substantial input into ideas, text, and figures. Importantly, experts also provided and reviewed
real-world examples of positive impacts caused by alien species based on their taxonomic and
ecological expertise; such examples were critical for testing the applicability of EICAT+ across
various invasion contexts (see Supporting information D and E in S1 File). At stage 4, the final
version of the framework and related manuscript were finalized and approved by all experts
involved in this Consensus View.

Overall, we have structured the novel framework to align with EICAT using semiquantita-
tive scenarios to assign an alien taxon to one of 5 ascending categories of impact magnitude.
The EICAT+ scenarios describe how alien taxa can increase native biodiversity attributes at
different levels of biological organization. The scenarios are thus hierarchically organized to
describe all observed positive impacts. In accordance with EICAT, EICAT+ (a) considers
impacts at the level of individuals (Minimal and Minor) and populations (Moderate, Major,
and Massive) of a native taxon (Fig 1); (b) distinguishes between Major and Massive impacts
on the basis of the reversibility of an impact after the disappearance of the alien taxon from its
recipient system (Fig 2); (c) assigns a confidence score for each recorded impact to provide an
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Fig 2. Examples of Major positive impacts under EICAT+. Hypothetical examples of Major positive impacts (MR+) caused by an alien palm (A) and
an alien parasitoid wasp (B) on a local population of a native bird species (taxon of interest) on an archipelago. (A) The alien palm causes the local
reestablishment of the native bird species, e.g., via natural dispersal of birds across the archipelago. (B) The alien parasitoid wasp acts as a classical
biocontrol agent against alien palm weevils and prevents the extinction of the bird population. Note that under EICAT+, the impact is classified as
Major regardless of whether the palm weevil is alien or native (see also submechanisms 10.1 and 10.2 in Fig 3), as the indirect positive impact is caused
by an alien taxon (the parasitoid wasp). Since it can be assumed that the newly established population (A) or the recovered population (B) would not
persist if the alien taxon causing the positive impact was no longer present on the island, the impacts should not be classified as Massive (MV+), i.e., the
alien palm or wasp must continue to be present on the island for the native bird species to survive. Black arrows indicate introduction and
establishment of alien taxa into a recipient ecosystem. Blue arrows indicate the reestablishment (A) and extinction prevention (B) of a native taxon due
to an alien taxon. Symbols were courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science (ian.
umces.edu/media-library).

https://doi.org/10.1371/journal.pbio.3001729.9002
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Fig 3. EICAT+ and EICAT mechanisms and submechanisms. List of EICAT+ mechanisms and submechanisms (A) and EICAT mechanisms (B).

EICAT+ and EICAT mechanisms and submechanisms are also compared to each other (C) based on the outcome of the interaction for native and alien
taxa. Colors of rows and connecting lines reflect different rationales behind the formulation of the EICAT+ mechanisms and submechanisms, with the
different colors and symbols that indicate [yellow and asterisks “*”] mechanisms present in both EICAT+ and EICAT but in which the functional roles
of alien and native taxa are reversed (e.g., in EICAT+, the alien taxon is the prey, whereas in EICAT, the alien is the predator); [green and degree signs
“*”] mechanisms that are unique to EICAT+ (e.g., dispersal facilitation through pollination); [pink and daggers “t”] mechanisms present in both
EICAT+ and EICAT but in which impact direction is reversed because of overcompensation (e.g., in EICAT+, the alien taxon increases growth of the
native taxon through browsing-mediated overcompensation, whereas in EICAT, the alien taxon decreases growth of the native taxon through browsing;
[blue and tildes “~”] mechanisms present in both EICAT+ and EICAT but in which impact direction is reversed (e.g., in EICAT, the alien taxon
decreases a biodiversity attribute by impacting the chemistry of the ecosystem, and in EICAT+, the alien taxon increases a biodiversity attribute by
impacting the chemistry of the ecosystem). The symbols +, —, 0 indicate positive, negative, and neutral outcomes of interactions between a native and
an alien taxon. In C, arrows indicate impacts of an alien to a native taxon (orange arrow: positive impact; blue arrow: negative impact). Symbols were
courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/media-library).

https://doi.org/10.1371/journal.pbio.3001729.9003

estimate of uncertainty; (d) describes the different mechanisms by which alien taxa can impact
native individuals and populations (Fig 3); and (e) performs the global assessment of a taxon
by collecting evidence of impact from the taxon’s entire alien range and classifying the taxon
based on the highest criterion level met anywhere in the alien range and across any of the
impact mechanisms [24]. It should be noted that an alien taxon can be assessed under
EICAT+ as having a positive impact on 1 native taxon and under EICAT as having a negative
impact on another native taxon or different impacts on the same taxon but at different loca-
tions or in different contexts.

Magnitude of positive impacts

The 5 scenarios used in EICAT+ to assign alien taxa to impact categories structurally resemble
those reported in EICAT (Table 1 and Fig 1).

The first EICAT+ scenario, Minimal positive impact (ML+), describes negligible increases
in the individual performance of native taxa. Minimal positive impacts describe cases in which
the alien and native interact through one of the mechanisms that can potentially lead to a
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Table 1. Scenarios used in EICAT and EICAT+ to assign alien taxa to impact categories. Detailed description of
the 5 semiquantitative scenarios used in EICAT [24] and EICAT+ to assess negative and positive impacts caused by
alien taxa on native taxa at different levels of organization. The scenarios are used in EICAT and EICAT+ to assign
alien taxa to one of 5 ascending categories of impact magnitude. Note that when there is no or inadequate information
to classify an alien taxon to one of the 5 impact categories, the taxon should be classified as Data Deficient (DD).

EICAT (Environmental Impact Classification for
Alien Taxa)

Minimal Concern (MC)

A taxon is considered to have impacts of Minimal
Concern when it causes negligible levels of impacts, but
no reduction in performance of individuals in the native
biota. Note that all alien taxa have impacts on the
recipient environment at some level, for example, by
altering species diversity or community similarity (e.g.,
biotic homogenization), and for this reason, there is no
category equating to “no impact.” Only taxa for which
changes in the individual performance of natives have
been studied but not detected are assigned an MC
category. Taxa that have been evaluated under the
EICAT process but for which impacts have not been
assessed in any study should not be classified in this
category, but rather should be classified as Data
Deficient.

Minor impact (MN)

A taxon is considered to have Minor impacts when it
causes reductions in the performance of individuals in
the native biota, but no declines in native population
sizes, and has no impacts that would cause it to be
classified in a higher impact category.

Moderate impact (MO)

A taxon is considered to have Moderate impacts when it
causes declines in the population size of at least 1 native
taxon, but has not been observed to lead to local
extinction of a native taxon.

Major impact (MR)

A taxon is considered to have Major impacts when it
causes community changes through the local or
subpopulation extinction (or presumed extinction) of at
least 1 native taxon, which would be reversible if the
alien taxon was no longer present. Its impacts do not
lead to irreversible local population, subpopulation, or
global taxon extinctions.

Massive impact (MV)

A taxon is considered to have Massive impacts when it
causes irreversible community changes through local,
subpopulation, or global extinction (or presumed
extinction) of at least 1 native taxon.

https://doi.org/10.1371/journal.pbio.3001729.t1001

EICAT+ (positive Environmental Impact
Classification for Alien Taxa)

Minimal positive impact (ML+)

A taxon is considered to have Minimal positive impacts
when it interacts with at least 1 native taxon through a
mechanism that can lead to positive impacts but causes
only a negligible increase in the performance of
individuals of the native taxon. Note that although alien
taxa are often thought to cause positive impacts on
native taxa—for instance, by serving as a food source for
native consumers—these impacts should be considered
minimal if the alien simply fulfills a functional role
already held by other taxa without increasing the
performance of individuals of the native taxon. Only
alien taxa for which positive changes in the individual
performance of native taxa have been studied but not
detected are assigned an ML+ category. Alien taxa that
have been evaluated under the EICAT+ process but for
which impacts have not been assessed in any study
should not be classified in this category, but rather
should be classified as Data Deficient.

Minor positive impact (MN+)

A taxon is considered to have Minor positive impacts
when it causes increases (or prevents/mitigates
decreases) in the performance of individuals of at least 1
native taxon, but no increases in native population sizes,
and has no positive impacts that would cause it to be
classified in a higher impact category.

Moderate positive impact (MO+)

A taxon is considered to have Moderate positive impacts
when it causes increases (or prevents/mitigates
decreases) in the population size of at least 1 native
taxon but has not been observed to promote local
population reestablishment, or to prevent local
population extinction, of a native taxon.

Major positive impact (MR+)

A taxon is considered to have Major positive impacts
when it causes transient increases (or prevents transient
decreases) in species occupancy through local or
subpopulation reestablishment (or extinction
prevention) of at least 1 native taxon, which would be
reversed if the alien taxon was no longer present.

Massive positive impact (MV+)

A taxon is considered to have Massive positive impacts
when it causes long-lasting increases (or prevents long-
lasting decreases) in species occupancy through local or
subpopulation reestablishment (or extinction
prevention) of at least 1 native taxon, which would
remain even if the alien taxon was no longer present.

positive impact (Fig 3), but no increase in performance (or higher-level impact) has been
detected. This may occur when alien taxa simply fulfill the same functional role of other taxa
without increasing the performance of native individuals [35]. For instance, alien plants can

provide pollen and nectar to native pollinators [42,62,63], or alien fish can become a food
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source for native predatory fish [64,65], but there is no detectable evidence that these interac-
tions improve the survival, growth, or body size of the native consumers. Note that taxa classi-
fied as Minimal positive under EICAT+ should not be confused with those classified as Data
Deficient (DD), i.e., when no information is available to measure an impact or there are meth-
odological issues with the evidence available such that it is not sufficiently reliable to classify
the positive impact magnitude (see dedicated paragraph below). Note also that taxa classified
as Minimal positive under EICAT+ should also not be confused with those classified as Mini-
mal Concern under EICAT, i.e., when the alien and native taxa interact through one of the
mechanisms that can lead to a negative impact (e.g., competition; Fig 3), but no decrease in the
performance of the native taxa has been detected (Table 1 and Fig 1).

The second EICAT+ scenario, Minor positive impacts (MN+), describes increases in the
performance of native individuals caused by alien taxa (Table 1 and Fig 1), such as increases in
rates of growth, fecundity, photosynthesis, or hunting success of the native organisms, but no
increase in the population size of the native taxon, due to the alien taxon, is detected. Examples
of MN+ impacts include the following: an alien plant increasing the growth rate of a native
plant (here the taxon of interest) through the production of allelochemicals suppressing patho-
genic fungi [66]; an alien plant improving the hunting success of native spiders by providing
foraging habitats [67]; an alien fish decreasing the abundance of a competitively dominant
native fish, thus indirectly increasing the juvenile growth rate of competitively subordinate
native fish [68] (here the entity of interest); or an alien plant increasing pollen availability in a
native plant by attracting pollinators to the location (magnet species effect), thus increasing
the reproductive success of the native plant [69].

The third EICAT+ scenario, Moderate positive impacts (MO+), describes cases in which an
alien taxon increases the population size of at least 1 native taxon (or prevents/mitigates an
ongoing population decline) (Table 1 and Fig 1). MO+ examples include the following:
increases in the abundance of native frugivorous birds due to the provision of fleshy fruits
from alien shrubs [70]; increases in the abundance of a native mayfly due to epibiosis on the
surface of an alien bivalve [71]; increases in the abundance of mussels due to enhanced recruit-
ment and survival caused by an alien green alga through the creation of a novel microhabitat
on breakwaters [72]; or increases in the abundance of multiple native ground-dwelling inverte-
brates from different feeding guilds in the litter under alien plants [73].

The fourth and fifth EICAT+ scenarios, Major positive impacts (MR+) and Massive posi-
tive impacts (MV+), respectively, refer to increases in species occupancy of at least 1 native
taxon through local reestablishment of native populations (or extinction prevention; see
Supporting information C in S1 File) within their native ranges (Table 1 and Fig 1). Alien
taxa may contribute to native taxa reestablishment that could not have occurred in their
absence. To be considered in EICAT+, such reestablishment may occur via natural coloniza-
tion or reintroduction by humans (either accidental or deliberate). Reintroductions that
lead to reestablishment will be considered in EICAT+ only if no additional conservation
effort to reintroduce native individuals has been made since the introduction of the alien
taxon, i.e., if reintroductions occurred at rates similar to those before the alien was intro-
duced [24] and if there is a clear evidence that reestablishment would not be successful in
the absence of the alien taxon (i.e., any extra conservation effort to recolonize would be nec-
essary but not sufficient). Impacts are not classified in EICAT+ when an alien taxon renders
areas outside the native range of the native taxon suitable to the latter, e.g., when the alien
would allow a species to expand beyond its range (a so-called “neonative” [74]; Supporting
information A in S1 File). The distinction between Major and Massive impacts for EICAT+
is in their reversibility. When evidence indicates that the reestablished native population, or
the native population whose extinction was prevented, would go extinct if the alien taxon
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was no longer present, the positive impact is only transient and would be classified as Major
(MR+). If the reestablished native population, or the native population whose extinction was
prevented, would persist even if the alien taxon was no longer present, the positive impact is
long lasting and would be classified as Massive (MV+). Because all populations go extinct
eventually and population trajectories can only be reliably forecasted for the near future,
positive impacts are classified as Massive only if the reestablished native population, or the
native population whose extinction was prevented, would persist for at least 10 years or 3
generations (whichever is longer) after the disappearance/removal of the alien taxon. Such
practical time intervals are analogous to the intervals chosen in EICAT to judge the revers-
ibility of local extinctions caused by the alien and distinguish between Major and Massive
negative impacts [24].

Conceptual examples of Major positive impacts promoted by an alien taxon through local
reestablishment or extinction prevention can be found in Fig 2. Cases reported in the literature
are as follows: the return of a native bird into areas within its native range from which it tem-
porarily disappeared and where the bird now uses fledging sites provided by an alien plant
[75] or the reestablishment of native plants caused by changes to the chemical, physical, and
structural soil properties caused by an alien tree [51]. Additionally, alien taxa might prevent
the extinction of native populations that were observed to be in decline before the introduction
of the alien taxon. MR+ examples in which alien taxa might have prevented the extinction of
native species include the following: the provision of roosting sites by an alien tree to a native
butterfly that lost its historical roosting sites due to logging and habitat alteration [62]; the pro-
vision of refugia by an alien plant to 3 critically endangered and protected native snails suffer-
ing from alien rat predation [50]; or the mutualism established by alien zooxanthellae with
bleached native corals, thus preventing the disappearance of photosynthetic corals under cli-
mate change-induced thermal stress [76,77].

Massive positive impacts (MV+) can be caused by the demographic rescue effect (i.e., pop-
ulations persist due to a boost in population size [78]) that an alien producer might have on
the population of a native consumer previously trapped in an extinction vortex. Other real-
world examples can include the following: the long-lasting impact that an alien biocontrol
beetle had on a declining endemic plant by eradicating an alien scale pest [79,80]; and the
genetic or evolutionary rescue induced by alien individuals on native populations through
hybridization [81,82]. In these examples, the positive impacts of the alien taxa on the native
populations would persist even if the alien taxa are removed or disappear naturally from the
area.

Note that as in EICAT, if there is no or inadequate information to classify an alien taxon to
one of the 5 categories of impact magnitude, the taxon should be classified as DD [24,25]. As a
consequence, studies reporting mechanisms by which an alien taxon may cause positive
impacts on native taxa, but that do not measure, or provide information on, changes in biodi-
versity attributes relevant to EICAT+ (e.g., performance of individuals), do not contribute
information that would allow an impact to be scored, implying a DD classification. However,
we strongly recommend that when available such information still be reported (e.g., in supple-
mentary materials), to document research gaps which might inspire future studies around pos-
itive impacts of alien species (see Supporting information E in S1 File).

Analogous to EICAT, EICAT+ assigns confidence scores (high, medium, low) to each
impact record depending on how confident the assessor is that the assigned impact magnitude
reflects the true situation [25,83]. A general discussion about why and how to account for
uncertainty when assessing alien species impacts can be found in Probert and colleagues [83],
while more detailed explanations of how to assign confidence can be found in the Supporting
information F in S1 File.
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Mechanisms of positive impacts

The mechanisms through which alien taxa increase native biodiversity attributes are
grouped similarly to the mechanisms described in EICAT [24,25], facilitating high consis-
tency and comparability between both assessment schemes. Note that not all mechanisms
that occur in EICAT also exist in EICAT+; positive impacts may also be caused through
facilitative interactions [35,37,39,84,85] that have no negative equivalent in EICAT. In Fig
3, we provide a list of mechanisms (and submechanisms) describing all interactions through
which an alien taxon (A) can positively impact a native taxon (N). The alien taxon itself can
either be positively (mutualistic interactions; N+/A+), negatively (antagonistic interaction
N+/A-), or neutrally (commensalistic interactions; N+/A0) impacted by such interactions.
Additional details around the rationale behind the formulation of the EICAT+ mechanisms
and submechanisms can be found in Fig 3 and Supporting information G in S1 File.
Real-world examples of positive impacts caused by alien taxa through different EICAT+
mechanisms and submechanisms can be found in the Supporting information D and E in
S1 File.

Practicality of EICAT+

Comprehensive and holistic understanding of the multiple changes caused by alien taxa on
native biodiversity requires considering and quantifying both negative and positive impacts.
However, to date, no standardized and evidence-based framework has been available to assess
positive impacts [8]. EICAT+ provides such a framework, and, together with the global stan-
dard EICAT, can help improve theoretical and practical understanding on whether, and to
what degree, alien taxa positively and negatively impact native taxa and to translate such
improved knowledge into practical solutions. Since the framework can be applied to all taxo-
nomic groups, and at different spatial scales, from local to global, EICAT+ allows objective
comparisons across taxa and regions. For instance, EICAT+ can inform efforts to restore
native biodiversity that historically characterized certain protected areas by ranking taxonomi-
cally diverse alien taxa in accordance with their positive impacts, so that taxa found to have
minimal positive impacts (through EICAT+) but harmful impacts (through EICAT) can be
targeted for removal without causing “unforeseen” negative consequences on native biodiver-
sity. Alternatively, EICAT+ can be used to rank closely related alien taxa across regions and
habitats, such as insect species introduced for biological control, so that taxa causing the high-
est positive impacts on native biodiversity are transparently and rigorously identified. Rank
orders obtained through comparisons based on EICAT+ might also be tested against life his-
tory traits, climate variables, or habitat types, to investigate factors correlating with magnitude
and type of positive impacts (for analogous investigations on negative impacts, see, for
instance, Evans and colleagues [30] and Kesner and Kumschick [86]). Below, we identify some
specific cases in which the application of EICAT+ could generate practical recommendations
and support evidence-based management decisions for nature conservation and restoration.
In addition, we explore the limits of EICAT+ and briefly discuss under which conditions the
scheme should (and should not) be used.

EICAT+ helps to forecast unwanted consequences of alien taxa control

Alien taxa are often ranked in priority lists according to the degree to which they harm cer-
tain entities of interest such as species or ecosystems. Such lists can be used to inform which
species should be prevented, contained, or eradicated and how management efforts should
be allocated to mitigate deleterious impacts [87]. Often, however, taxa that are prioritized
for management because of their negative impacts, and which might be perceived as
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unwanted, also cause positive impacts, which might be perceived as favorable (Fig 1) (see
also Milanovi¢ and colleagues [88]). For instance, in a review of impacts by alien marine
taxa on biodiversity and ecosystem services, out of 87 high-impact taxa, only 17 had exclu-
sively negative and 7 exclusively positive impacts, whereas 63 had both negative and positive
impacts [5]. High-impact taxa can also have negative effects on biodiversity within 1 trophic
level, e.g., through antagonistic interactions (competition and predation), but positive effects
on higher trophic levels, e.g., through habitat and food provisioning [89,90] or predator
release [91]. Given such multidirectional impacts, the EICAT+ assessment will have practical
utility (especially when used in combination with EICAT) for managers, policymakers, and
the public, as it allows forecasting whether, and how, alien taxa management may yield
unwanted consequences for native biodiversity [47]. For example, the eradication of alien
cats (Felis catus) on Macquarie Island in the South Pacific to lessen their predation pressure
on native seabirds led to an increase in the abundance of alien rabbits (Oryctolagus cunicu-
lus) and, consequently, caused the local disappearance of native large-leaved herbs and
grasses [92]. Similarly, the removal of alien trees, Casuarina spp., on the Japanese Ogasawara
Islands led to the local disappearance of endangered snail species that found refugia from
predatory alien rats (Rattus rattus) in the Casuarina litter [50]. In both cases, it would have
been useful to promptly report and systematically assess indirect positive impacts caused by
the target species so that countermeasures could have been implemented to avoid or mitigate
undesirable outcomes.

More generally, an EICAT+ assessment will provide stakeholders (including managers, pol-
icymakers, and the public) with evidence-based information that can guide the implementa-
tion of adequate countermeasures and avoid or minimize undesirable outcomes in 2 principal
ways. First, the benefits of removing a certain deleterious alien species can be compared to the
costs that the removal imposes on other native species [49,54,93,94]. The necessity of conduct-
ing such a cost-benefit analysis has been recently stressed by Rees and colleagues [95], who
suggested that the choice of removing dingoes (Canis lupus dingo) in some parts of Australia
should be assessed case by case, as these apex predators increase the abundance of native small
mammal species and a native owl species by suppressing 2 alien mesopredators (Vulpes vulpes
and F. catus). Similar considerations have been made by Gomes and colleagues [96], who
noted the need for careful evaluation of management decisions regarding alien jackfruit trees
(Artocarpus heterophyllus) in a secondary forest of Brazil, where these plants contribute to the
maintenance of frugivore populations and promote seed rain and seedlings of native plants.
Second, the identification of alien taxa that mitigate the harmful impacts of other alien taxa
can be used to design adaptive management strategies with a specific removal order. In the
above examples, the removal of alien cats and Casuarina trees should be preceded by, or car-
ried out in tandem with, the removal of alien rabbits [92] and rats [50], respectively. Mapping
alien-alien antagonistic interactions and their effect on native taxa has been proven to be use-
ful in several cases, for instance, in designing an adaptive eradication program for alien rats on
a tropical Pacific island [97]. Here, since data from different trophic levels showed that the rats
competed with alien mice and consumed an alien plant species, rats and mice were removed
simultaneously and only after the alien plant eradication, so that unwanted cascading effects
on the insular ecosystem could be prevented.

EICAT+ helps to assess functional restoration and biological control

Only a subset of alien animals, plants, and microorganisms cause severe harmful impacts on
biodiversity [7,98], and while many alien taxa are inconsequential, some might even facilitate
restoration. Many populations have disappeared, or are currently heading toward extinction,
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within their native range as a consequence of various anthropogenic stressors such as climate
change, alien taxa, pollution, habitat loss, and habitat degradation [99,100]. Certain species
have been deliberately introduced to restore lost ecological functions, while others have been
tolerated due to their capacity to counterbalance or mitigate environmental stressors or distur-
bance. Examples are as follows: an alien tortoise species (Aldabrachelys gigantea) introduced to
the Mascarene Islands east of Madagascar to restore seed-dispersal functions of recently
extinct species promoted seedling patches of endangered trees through endozoochory [101];
males from a subspecies of boobook owl (Ninox novaeseelandiae novaeseelandiae) introduced
to Norfolk Island rescued another subspecies of boobook owl from extinction [82]; or an alien
oyster (Crassostrea gigas) increased water clarity, provided substrate and shelter, and acted as a
food source for native species in deteriorated and heavily modified ecosystems in the Nether-
lands [102]. In addition, the use of alien taxa as classical biological control agents to limit or
suppress introduced weeds and pests and protect native biodiversity has been carried out on
multiple occasions [55,103]. For instance, an alien predatory lady beetle (Hyperaspis panther-
ine) was used in successful biological control of an alien scale insect on St. Helena Island in the
South Atlantic, thus preventing the extinction of a native endemic gumwood tree [80]. Analo-
gously, the introduction of an alien weevil (Cyrtobagous salviniae) has been advocated to sup-
press an alien floating aquatic fern and, therefore, to promote the recovery of native aquatic
algae and macroinvertebrates in South Africa [104]. Each biocontrol release requires extensive
research on host specificity, a comprehensive evaluation of potential and actual impacts, and
post-release monitoring to track the impacts (both positive and negative) [105]. EICAT+
promises to be a powerful and transparent means to quantify to what degree restoration and
biocontrol programs based on alien species offer positive outcomes to native biodiversity con-
servation. Quantifying positive impacts will be instrumental in indicating which of these man-
agement programs should be maintained or enhanced and on the contrary, which should be
revised or even avoided in the future. Alien taxa used in restoration and biocontrol that score
high with EICAT+ (i.e., having positive impacts at the population level that can be classified as
Moderate, or higher), and without relevant negative impacts, could also be subjected to specific
conservation actions (for instance, see the mitigation strategies proposed to reduce the effects
of climate change on rewilded populations of tortoises [106]), so that their positive impacts on
native biodiversity are maintained in the future.

EICAT+ facilitates the distinction between real and unproven positive
impacts

As opposed to negative impacts, positive impacts of alien species are claimed to often be
described only anecdotally or not rigorously [20,107]. In many cases, the literature describes
the existence of mechanisms by which alien taxa might cause positive impacts, for instance, by
acting as a food source for native taxa [108,109], but fails (or avoids) measuring the actual con-
sequences they have on native taxa (Supporting information E in S1 File). EICAT+ identifies
such information gaps and flags the need to explicitly measure relevant biodiversity attributes
(e.g., population size) so that inconsequential impacts (e.g., Minimal positive) and relevant,
but currently unreported impacts (e.g., Minor positive, or higher), can be distinguished. A lack
of in-depth knowledge may result in positive impacts being overlooked, and also in the errone-
ous classification of negative impacts as positive. For example, laboratory trials and field sur-
veys showed that a native trout species readily consumed an alien New Zealand snail species in
North America, although individuals feeding upon alien snails had lower growth and body
condition than those which did not consume any alien snails [110]. Similarly, multiple native
butterflies lay their eggs on alien plants in the US, although their larvae rapidly die because of

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001729  August 16, 2022 14/22


https://doi.org/10.1371/journal.pbio.3001729

PLOS BIOLOGY

the toxicity of the plants [58]. Although at first glance the impacts above seemed positive, they
turned out to have negative consequences for native taxa due to eco-evolutionary traps, i.e.,
maladaptive responses made regardless of the availability of better options [111,112]. These
examples indicate that positive impacts should not be automatically inferred from the mecha-
nisms—as the latter could underlie negative impacts that can be assessed under EICAT, not
EICAT+. Therefore, EICAT+ can be a useful guide to identify true positive impacts.

EICAT+ is not a framework to assess value-laden beneficial impacts and
should not be used to offset or understate negative impacts

While it may be tempting to discount negative EICAT with positive EICAT+ scores for an
alien taxon in an attempt to “offset” negative impacts with positive ones, this would be simplis-
tic and even misleading for management decisions. Positive impacts assessed under EICAT+
should not be confused with beneficial impacts, i.e., impacts that are perceived as favorable or
desirable in accordance with certain values and motivations (Box 1). Indeed, a large part of the
positive impacts assessed under EICAT+ can be seen by some as harmful, for instance, by
those who consider all changes caused by an alien taxon to the recipient ecosystem as
unwanted alterations of its state. Under this conservation standpoint, an alien shrub species
that simultaneously decreases and increases the population size in a native grass species and in
a native bird species, respectively (as in Fig 1), would be considered harmful in both cases.
Moreover, many positive impacts caused by alien taxa on native taxa can have cascading harm-
ful effects on protected native taxa or human communities. For instance, local reestablishment
of a native predatory bird favored by an alien taxon might put additional pressures on endan-
gered native prey species, while increases in the abundance of a dominant native grass species
might threaten rare subordinate species. Increases in the population size of a native weed spe-
cies can hamper agricultural productivity or lead to acute allergic reactions, while deleterious
consequences for human well-being can also be expected when native pests, such as wild boar,
mosquitoes, or bark beetles, become more abundant. In the above examples, EICAT+ would
assess the positive impacts of alien taxa on the native predatory bird, grass, weed, or pest spe-
cies with value-free criteria, i.e., without evaluating whether such impacts are favorable or
unfavorable from a certain perspective or for different stakeholders [8]. Such evaluation can be
undertaken at a later stage by weighting or selecting EICAT+ data in accordance with specific
values, motivations, or perceptions [113]. For instance, the conceptual framework proposed by
Kumschick and colleagues [9], which combines objectively measured impacts with their
importance for affected stakeholders, was developed to produce weighted impact scores and
facilitate prioritization. Value-weighted scores can also help to identify societal or nature con-
servation conflicts associated with alien taxa [114,115] and inform risk analysis [31] or man-
agement decisions [8,116]. Future research should explore ways to link people’s perceptions
with impact assessments generated under both EICAT and EICAT+, so that changes caused
by alien taxa can be understood in their full complexity.

Concluding remarks

In this Consensus View, we presented EICAT+, a framework to assess positive impacts caused
by alien taxa on native biodiversity. The framework can be applied to all alien taxa, from plants
to animals, fungi, and even microorganisms, and at different spatial and organizational scales.
EICAT+ fills a critical gap in the invasion science community, as it provides a standardized
and evidence-based framework for the assessment of positive impacts that was not available
before. While relying on the premise that a distinction between native and alien taxa is well
grounded in conservation [11], EICAT+ recognizes that certain alien taxa increase native
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biodiversity attributes and provides an objective scientific base to evaluate how these taxa may
contribute to conservation objectives [36]. When used alone, or in combination with other
assessment schemes such as EICAT, the IUCN global standard for reporting the negative
impacts of alien taxa, EICAT+ will provide systematic and transparent data regarding the mul-
tiple changes caused by alien taxa on native taxa. Structured assessment of all impacts on native
biodiversity can enrich our understanding of the consequences of biological invasions and
improve nature conservation.

Supporting information

S1 File. Supporting information. Supporting information A in S1 File. Glossary of addi-
tional key terms. Supporting information B in S1 File. Table reporting contrasting argu-
ments and approaches used to define how alien taxa are considered and should be
managed in accordance with different conservation values/motivations. As multiple values/
motivations exist and determine which entities we are interested in (see also Supporting infor-
mation A), distinct conservation targets can be identified. Note that here, we only consider
conservation values/motivations that are expressed regardless of any nature’s instrumental
(utilitarian) value, i.e., regardless of nature’s contributions to human well-being (see “nature
for itself” framing [9]). Also, note that such contrasting arguments and approaches are not
necessarily mutually exclusive and have been occasionally combined to find a middle ground
to achieve broader conservation goals [10-13]. Supporting information C in S1 File. Circum-
stances under which the prevention/mitigation of a decreasing change is considered as a
positive change under EICAT+. In EICAT+, we also consider as positive impacts (i.e.,
increasing changes) cases in which an alien species prevents/mitigates decreasing changes, e.g.,
when the performance of a native individual, the size of a native population, or the occupancy
of a native species would have decreased, or decreased to a greater extent, if the alien species
had not been introduced. Although some of these positive impacts can be inferred, the preven-
tion of a decreasing change should be assessed under EICAT+ only when there is convincing
evidence that a certain biodiversity attribute (e.g., population size) would have decreased, or
decreased to a greater extent, in the absence of the alien species. In the case of extinction pre-
vention, for instance, it must be clear that (i) the population was locally heading toward extinc-
tion before the introduction of the alien; and (ii) the alien taxon prevented, through a specific
impact mechanism, an extinction that would have occurred in its absence [41,42] (Fig 2b).
Other cases where an alien species may prevent or mitigate decreasing changes are, for
instance, those in which the abundance (i.e., a proxy for population size) of a native species
declined in the uninvaded (i.e., control) plots but not, or to a lesser extent, in the plots invaded
by the alien. Note that positive impacts associated with the prevention/mitigation of a decreas-
ing change will generally be more difficult to study and identify than those associated with
actual increasing changes, as the former require extensive data regarding the temporal trend of
individual performance, population size, or area of occupancy. Supporting information D in
S1 File. EICAT+ mechanisms and submechanisms by which an alien taxon can cause posi-
tive impacts on native biodiversity attributes and examples of positive impacts sourced
from the literature and assessed under EICAT+ (ML+ = Minimal positive impact, MN+ =
Minor positive impact, MO+ = Moderate positive impact, MR+ = Major positive impact,
MV+ = Massive positive impact). Rationales behind the formulation of the mechanisms and
submechanisms can be found in the main text and in Supporting information G, H, and J.
Supporting information E in S1 File. Table reporting examples sourced from the literature
and classified as information that cannot be classified under EICAT+, but that contain
information about mechanisms and might set the stage for future studies. Although these
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studies described the existence of mechanisms by which alien taxa may cause positive impacts
on native taxa, such literature is considered as nonrelevant, as it did not measure, or provide
information on, biodiversity attributes used in EICAT+ (e.g., performance of individuals or
population size). Rationales behind the formulation of the mechanisms and submechanisms
can be found in the main text and in Supporting information G, H, and J. Supporting infor-
mation F in S1 File. How to attribute a confidence score in EICAT+. Supporting informa-
tion G in S1 File. Additional information around the rationale behind the formulation

of the EICAT+ mechanisms and submechanisms. Supporting information H in S1 File.
Additional information about how alien species can cause positive impacts on native bio-
diversity through overcompensation. Supporting information J in S1 File. Additional
information about how alien species can cause positive impacts on native biodiversity
through hybridization. Supporting information K in S1 File. References used in the Sup-
porting information.
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Annexe A2.1 : Chemins d’accés aux placettes.

Prairie 5

DINRT i)

Prairie 1° .
. Prairie 2

D2 R )

{

Prairie 4
D3

Prairie 3
by

: Y Echelle 1: 4264
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Annexe A2.2 : Protocole relevés de végétation par points-contact.

Matériel

2 quadras de 50*50cm
2 tiges métalliques
fiches des especes connues sur la réserve

flores

R X X X

sacs congélation (échantillons) et étiquettes (date*placette*quadra*sp)

Protocole

Dans les quatre quadrats végétation (proches de la placette, mais a au minimum 1,5m du
transect le plus proche) :

* Placer le quadra a 50*50cm de la fin du transect (Figure 3)

* Placer la tige métallique au milieu de chaque sous-quadra de 25*25cm et relever le nombre
de touches par espece(fiches préremplies d’apres le relevé de Braun-Blanquet). Les especes
non identifiées sont indiquées comme sp1, sp2...

* Prélever pour chaque espéce non identifiée un ou plusieurs spécimens a conserver dans un
sac congélation avec étiquette (date*placette*quadra*sp).

* Répéter le protocole 4 fois afin de couvrir le m? voulu.
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Annexe A2.3 : Fiche de terrain relevés de végétation par points-contact.

Point10 | Point11 | Point12 | Point12 | Point 14 | Point15 | Point16

Point 9

Point 8

Point 7

Fiche relevé points contact

Point 6

Point 5

Remarques :

Poirt 4

Point 3

Point 2

(le quadrat 1 est ke quadra N/E et on tourne dans ke sens des aiguilies d'une montre )

" quadrat :

n* prairie :
n® placette :

{les poins sont numérntés suivant laxe E'W puis NIS)

Point 1

Date du releve :
Interruption 7 :

Observateurl:
Observateur 2 :
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Annexe A2 — Présentation du travail de terrain et des données obtenues

Annexe A2.4 : Protocole Westphal.

Matériel

60 coupelles en plastic

60 tuteurs en bambou

masse

60 colliers de suspension perforés

60 écrous

peinture fluo (jaune et bleu)

lessive

4 bidons d’eau (18 litres au total)

40 flacons de conservation grands

40 étiquettes (prairie*densité*couleur)

4] alcool a 70e

R X X X X X X X | "

Protocole
Pendant la 3eme semaine de chaque session, lorsque la météo indique une absence de pluie et
de vent pendant 2 jours :
* Placer 3 bambous équipés chacun d’un colier de suspension preforé au centre de chaque
placette
* Instaler une coupelle de chaque couleur (blanche, jaune et bleue) dans les coliers
* Remplir les coupelles d’eau (300ml) et ajouter un peu de lessive (pour réduire la tension de
surface)
* Revenir apres 24h puis apres 48h pour prélever tous les individus, les individus des
coupelles blanches et bleu peuvent étre mélangés (individus qui patrouillaient a la recherche
de fleurs autresque le solidage)

En aval :

Identification des syrphes au genre (a 1’espéce si possible)

Identification des lépidoptéres a 1’espéce si possible

Envoi des spécimens aux spécialistes pour identification a 1’espece
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Annexe A2.5 : Fiche de terrain protocole Westphal.

Fiche protocole Westphal

Collecteur 1 :
Collecteur 2 :
n® prairie :

n° placette :

Remargues :

Date de pose :
Heure de pose :
Date de releve 1 :

Heure de releve 1 :

Date de releve 2 ;

Heure de releve 2 ;

Nombre d'individus

bleu

blanc

jaune

Hyménoptéres

dont apidae

[Diptéres

dont syrphes

[Colléoptéres

Autres

[Lépid optéres*

*correspondance lépidoptéres : 1 id = (« photo dorsale » / « photo ventrale »)
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Annexe A2.6 : Protocole transectes de pollinisation

Matériel

Instalation des transectes :
v 120 piquets amovibles
v 2 ficelles de 10m
Visitation des transectes :
3 filets
3 glacieres de terrain
3 chronometres
1 chaise
1 glaciaire
300 flacons individuels marqués (petits et trés grands pour les lépidoptéres)
60 sachets zip congélation (avec étiquettes des transects)
720 fiches terrain
flores

121 alcool a 70-

R X X X X X X X | ~

Anémomeétre / termometre

Protocole

* Comptage du nombre d’unités florales de chaque espece végétale (indiquer le type
d’inflorescence relevé (F pour fleurs, O pour ombelle...)
* Un transect peut commencer si les conditions de vol sont propices :
o le vent n’excéde pas 3bf sur I’échelle de BEaufort (i.e, les feuilles et les plus petites
branches bougent mais ne plient pas et les poussiéres ne volent pas)
o la température de 1’air a 1m du sol a I’ombre est supérieure a 17> C ou entre 15 et 17 C
avec un ensoleillement total de la prairie
* Réaliser un aller-retour de 10 minutes sur le transect en relevant les interactions de
pollinisation.

o Les trois observateurs commencent simultanément.
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o Le scribe note les conditions météo et 1’heure de début de transect puis enclenche les
chronometres.
o Pour s’assurer que ce temps soit respecté, le scribe vérifie a la fin de 1’aller que la
cadence correspond et indique si il faut accélérer ou ralentir sur le retour.
o Les trois observateurs marchent lentement le long du transect en prenant garde a
regarder toutes les inflorescences, y compris celles moins visibles ou sur les strates
inférieures.
o Quand un insecte est observé sur une fleure en vue, i.e a moins de 1m de I’observateurs,
= ]’observateur annonce la fleure et le scribe stop le chronométre correspondant
= ]’observater attrape l’insecte au filet et le transfere dans un flacon (ou I’attrape
directement avec le flacon)

= ]’observateur donne le numéro du flacon au scribe qui I’inscrit sur la ligne de la
fleure (si I’observateur ne parvient pas a attraper 1’insecte, il note la description la
plus précise qu’il peut lui fournir)

= ]’observateur place le flacond dans la glaciere protable

= Je scribe relance le chronomeétre et ‘observateur recommence a avancer sur le
transect jusqu’au prochain insecte

o Si plusieurs insectes au méme moment et qu’il n’est pas possible de les attraper en
méme temps, toujours prélever le plus proche et en cas de doute, celui dont aucun
individu similaire n’a été prélevé sur le transect : priorité a I’identification des
interactions plutot qu’a leur quantification

A la fin de I’aller-retour, le scribe note 1’heure de fin du transect et les conditions météo

durant le transect

L’observateur prend les lépidopteéres en photo (face dorsale et ventrale des ailes) et si

possible les identifie sur place (bien noter le numéro de photo correspondant au flocon)

Si des abeilles domestiques ont été capturées, on note leur identification et on les relache

L’observateur rassemble les insectes capturés sur le transecte dans un sac congélation dans

lequel on place une étiquette avec la référence du transect (PxDxTxVx)

A la fin de la journée, placer les insectes au congélateur pour minimum deux heures

Trie des insetes

o Préparer les flacons d’alcool

191



Annexe A2 — Présentation du travail de terrain et des données obtenues

©  On place dans chaque flacon une étiquette avec I’identifiant du transect suivi du numéro
de I’ordre dans lequel apparait le flacon sur la feuille de terrain (PxDxTxVxIx). L’ordre
suivi est aussi indiqué sur la feuille de terrain.

o Transférer les insectes correspondant dans les flacons a alcool, en étiquetant les flacons
avec la gomette correspondant a 1’ordre.

© Pendant ce temps, une autre personne entre dans le méme ordre le groupe de ’insecte
dans la base de données.

Prendre en photo les feuilles de terrain régulierement

En aval :
trie des insectes par groupe
identification des syrphes au genre (a I’espéce si possible)

envoi des spécimens aux spécialistes pour identification a 1I’espéce
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Annexe A2.8 : Protocole sol et biomasse.

R X X X X | | «

Matériel

2 quadras de 50*50cm

2 sécateurs ou tondeuses de terrain

2 plantoires a bulbe

2 tamis a 2mm

2 bassines

2 balances avec précision au gramme
80 sacs poubelle (20 grands et 60 petits)

80 sachets de conservation de 125ml

Protocole

Sur chaque placette :

mesurer la hauteur maximum de la végétation dans les 8 quadra et compter les tiges de
S.canadensis

récolter de la biomasse aérienne sur les 8 quadra dans les grands sacs poubelle

prélever a la béche une motte a 1’aide du plantoire a bulbe au centre de 4 quadras dans les

petits sacs poubelle

Au gite :

peser la biomasse aérienne totale

couper, mélanger et prélever un échantillon de 500g de biomasse aérienne

séparer de I’échantillon en parties vertes et parties jaunes, peser les échantillons obtenus et
les garder dans des sachet de conservation

tamiser le sol pour séparer le sol, les éléments grossiers et les racines

peser le sol, les éléments grossiers et les racines

mélanger le sol et prélever un échantillon de 100g

couper, mixer, mélanger et prélever un échantillon de ~300g de biomasse souterraine

faire sécher les échantillons (prévoir une table / piéce dédiée !)

Au labo :

sécher les échantillon en étuve a 55° pendant 48h
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* peser les échantillons secs
* broyer les échantillons

* passer les échantillons au CHN
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Annexe A2.9 : Liste des espéces végétales identifiées dans les quadrats végtation et nombre de

touches correspondant.

Espece Nombre total de contacts
relevés
Solidago canadensis 1423
Carex grp tall 1116
Juncus subnodulosus 868
Carex grp flava 672
Molinia caerulea 615
Festuca ovina 583
Mentha aquatica 302
Bromus hordeaceus 259
Valeriana dioica 247
Dactylis glomerata 233
Lathyrus pratensis 230
Phragmites australis 216
Carex acutiformis 191
Lysimachia vulgaris 188
Holcus lanatus 172
Filipendula ulmaria 151
Poa trivialis 123
Festuca rubra 118
Galium palustre 109
Poa pratensis 107
Agrostis canina 96
Vicia cracca 94
Galium mollugo 92
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Galium uliginosum 87
Potentilla erecta 87
Aegopodium podagraria 79
Schedonorus arundinaceus 76
Agrostis capillaris 71
Brachypodium pinnatum 68
Juncus bufonius 66
Schedonorus pratensis 64
Bromopsis erecta 59
Potentilla reptans 59
Carex panicea 57
Allium carinatum 56
Carex grp small 56
Lythrum salicaria 55
Daucus carota 42
Taraxacum officinale 40
Convolvulus sepium 39
Ajuga reptans 36
Allium oleraceum 36
Poa compressa 36
Carex flava 34
Trifolium pratense 31
Ranunculus acris 29
Galium aparine 28
Caltha palustris 26
Cirsium palustre 26
Galium sp 26
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Pimpinella major 24
Prunella vulgaris 24
Carex lepidocarpa 23
Cerastium fontanum 23
Erigeron annuus 23
Selinum carvifolia 21
Carex paniculata 19
Colchicum autumnale 18
Trisetum flavescens 16
Lotus maritimus 15
Menyanthes trifoliata 15
Hypericum maculatum 14
Leucanthemum vulgare 13
Epipactis palustris 12
Orchid sp 12
Equisetum palustre 11
Mentha longifolia 11
Viola sp 10
Symphytum officinale 10
Anisantha sterilis 9

Calamagrostis epigejos 9

Juncus acutiflorus 9

Juncus inflexus
Veronica chamaedrys
Galium verum

Stachys palustris

© o o0 W O

Trifolium repens
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Vicia sativa 8
Calamagrostis sp 7
Taraxacum sp 7
Carex davalliana 7
Plantago lanceolata 7
Poa annua 7
Carex flacca 6
Oenanthe lachenalii 6
Poa sp 5
Euphorbia sp 4
Achillea millefolium 4
Euphorbia platyphyllos 4
Iris pseudacorus 4
Medicago lupulina 4
Dactylorhiza incarnata 3
Hypericum tetrapterum 3
Lotus corniculatus 3
Bromus sp 2
Calystegia sp 2
Moyosotis sp 2
Betonica officinalis 2
Carex hirta 2
Lapsana communis 2
Thalictrum aquilegiifolium 2
Tragopogon pratensis 2
Cerastium sp 1
Carduus sp 1
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Hieracium sp 1
Agrostis stolonifera 1
Cirsium rivulare 1
Fragaria vesca 1
Neottia ovata 1
Ophrys apifera 1
Phleum pratense 1
Prunella grandiflora 1
Vicia sp 1
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Annexe A2.10 : Liste des espéces florales identifiées sur les transectes et surface de fleurs

correspondant.
Surface totale
Espeéce Couleur Symetrie Famille inf(li?*::‘c/::lizt de
S. canadensis)

Achillea millefolium blanc yes Asteraceae 684,60
Aegopodium podagraria blanc yes Apiaceae 172,00
Agrimonia eupatoria jaune yes Rosaceae 0,40
Ajuga reptans violet no Lamiaceae 5,90
Allium carinatum violet yes Amaryllidaceae 5,55
Allium oleraceum violet yes Amaryllidaceae 0,05
Apiaceae blanc yes Apiaceae 20,50
Asteraceae jaune yes Asteraceae 1,98
Berula erecta blanc no Betulaceae 0,75
Caltha palustris jaune yes Ranunculaceae 3,45
Campanula trachelium violet yes Campanulaceae 0,30
Cerastium fontanum blanc yes Caryophyllaceae 2,40
Cirsium oleraceum blanc yes Asteraceae 0,15
Cirsium palustre violet yes Asteraceae 31,74
Convolvulus sepium blanc yes Convolvulaceae 39,00
Dactylorhiza fuchsii violet no Orchidaceae 0,08
Dactylorhiza incarnata violet no Orchidaceae 33,90
Dactylorhiza maculata violet no Orchidaceae 0,60
Dactylorhiza majalis violet no Orchidaceae 0,68
Dactylorhiza traunsteineri violet no Orchidaceae 0,15
Daucus carota blanc yes Apiaceae 338,50
Dianthus armeria violet yes Caryophyllaceae 0,02
Epilobium hirsutum violet no Onagraceae 1,38
Epilobium parviflorum violet no Onagraceae 0,75
Epipactis palustris blanc no Orchidaceae 3,28
Erigeron annuus jaune yes Asteraceae 327,89
Eupatorium cannabinum violet yes Asteraceae 10,45
Euphorbia platyphyllos verte yes Euphorbiaceae 248,50
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Filipendula ulmaria
Fragaria vesca
Galium album

Galium aparine
Galium mollugo
Galium palustre
Galium uliginosum
Galium verum
Gymnadenia conopsea
Hypericum maculatum
Hypericum tetrapterum
Inula helvetica

Iris pseudacorus
Knautia arvensis
Lapsana communis
Lathyrus pratensis
Leontodon hispidus
Leucanthemum vulgare
Linum catharticum
Liparis loeselii

Lotus corniculatus
Lotus maritimus
Lychnis flos-jovis
Lysimachia vulgaris
Lythrum salicaria
Medicago lupulina
Mentha aquatica
Mentha aquatica
Mentha longifolia
Myosotis scorpioides
Neottia ovata
Oenanthe lachenalii
Ophrys apifera

Orchis militaris

blanc
blanc
blanc
blanc
blanc
blanc
blanc
jaune
violet
jaune
jaune
jaune
violet
violet
jaune
jaune
jaune
jaune
blanc
jaune
jaune
jaune
violet
jaune
violet
jaune
violet
violet
violet
violet
blanc
blanc
violet

violet

yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
no
yes
yes
no
yes
yes
yes
no
no
no
yes
yes
no
no
no
no
no
yes
no

yes
no

no
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Apiaceae
Rosaceae
Rubiaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Orchidaceae
Hypericaceae
Hypericaceae
Asteraceae
Iridaceae
Caprifoliaceae
Asteraceae
Fabaceae
Asteraceae
Asteraceae
Linaceae
Orchidaceae
Fabaceae
Fabaceae
Caryophyllaceae
Primulaceae
Lythraceae
Fabaceae
Lamiaceae
Lamiaceae
Lamiaceae
Boraginaceae
Orchidaceae
Apiaceae
Orchidaceae

Orchidaceae

160,75
0,01
1578,34
4,39
107,26
32,24
17,10
269,50
0,60
58,30
388,10
0,18
0,40
2,75
0,75
101,20
0,53
83,10
2,81
0,04
69,90
5,09
33,68
80,65
79,05
4,20
339,42
339,44
47,65
14,56
0,10
945,00
0,05
2,55
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Parnassia palustris
Plantago lanceolata
Plantago media
Platanthera bifolia
Polygala amara
Polygala comosa
Potentilla erecta
Potentilla reptans
Prunella vulgaris
Ranunculus acris
Ranunculus bulbosus
Rhinanthus alectorolophus
Rhinanthus minor
Rubus caesius

Rumex acetosa
Scutellaria galericulata
Selinum carvifolia
Solidago canadensis
Sonchus arvensis
Stachys palustris
Symphytum officinale
Taraxacum
Thalictrum flavum
Tragopogon pratensis
Trifolium arvense
Trifolium pratense
Trifolium repens
Valeriana dioica
Veronica chamaedrys
Veronica serpyllifolia

Vicia cracca

blanc
verte

blanc
blanc
violet
violet
jaune
jaune
violet
jaune
jaune
jaune
jaune
blanc
verte

violet
blanc
jaune
jaune
violet
violet
jaune
blanc
jaune
violet
violet
violet
blanc
violet
violet

violet

yes
yes
yes
no
no
no
yes
yes
no
yes
yes
no
no
no
no
no
yes
yes
yes
yes
no
yes
yes
yes
no
no
no
yes
yes

yes
no

Celastraceae
Plantaginaceae
Plantaginaceae
Orchidaceae
Polygalaceae
Polygalaceae
Rosaceae
Rosaceae
Lamiaceae
Ranunculaceae
Ranunculaceae
Orobanchaceae
Orobanchaceae
Rosaceae
Polygonaceae
Lamiaceae
Apiaceae
Asteraceae
Asteraceae
Lamiaceae
Boraginaceae
Asteraceae
Ranunculaceae
Asteraceae
Fabaceae
Fabaceae
Fabaceae
Caprifoliaceae
Plantaginaceae
Plantaginaceae

Fabaceae

5,15
0,55
0,05
1,90
0,45

15,25
41,48
6,42
21,85
38,18
0,17
7,55
0,25
0,42
0,75
0,16
921,00

5783,00

0,05
61,55
19,00

0,10

4,20

0,18

0,38
29,73

4,10
13,85

0,04

0,03
37,15
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Annexe A2.11 : Liste des espéces d’insectes identifiées sur les transectes et nombre

d’interactions correspondant.

Ordre Famille Genre Espeéce ou morpho- Nombre
espéce d’observations

Araneae 72
Coleoptera Buprestidae 34 1
38 1

Cantaridae 20 2
Cantharidae 8 155
Cerambycidae 2 11
3 20

10 1

15 2

16 2

17 5

Chrysomelidae 33 2
34 4

37 1

40 3

45 21

47 4

Cleridae 41 2
Coccinellidae 25 7
27 3

28 2

autre 2

Curculionoidae 2
Curcurlionidae 30 9
48 3

49 3

50 19

119 1

120 1
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Dasytidae 32 1
Elateridae 44 2
Latridildae 42 18
43 14
46 1
Melyridae 39 10
51 12
52 3
53 1
Mordelidae 326
Mordellidae 54 481
Nitidulidae 31 2
Oedemeridae 4 108
130
7 35
9 7
13 29
14 1
22 7
23 1
Scarabaeidae 1 35
29 1

autre

N
’_\
Ul ©

15
36
55
56
57
58
59
60

A R =R R, N AN W
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61 1
115 1
116 1
117 1
121 1
autre 328
Diptera Agromizidae 1
Agromyzidae Ophiomyia Ophiomyia galii (Hering, 1
1937)
autre 1
Anthomyiidae =~ Anthomyia Anthomyia liturata 1
(Robineau-Desvoidy,
1830)
Botanophila Botanophila striolata 1
(Fallén, 1824)
autre 1
Bombyliidae Bombylius 3
Exoprosopa Exoprosopa jacchus 1
(Fabricius, 1805)
autre 6
Calliphoridae autre 7
Eggisops Eggisops pecchiolii 3
(Rondani, 1862)
Lucilia Lucilia richardsi (Collin, 3
1926)
Lucilia sericata (Meigen, 1
1826)
Lucilia silvarum 2
(Meigen, 1826)
Melinda Melinda gentilis 22
(Robineau-Desvoidy,
1830)
Pollenia Pollenia amentaria 7
(Scopoli, 1763)
Pollenia griseotomentosa 2
(Jacentkovsky, 1944)
Pollenia rudis (Fabricius, 38
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1794)
Pollenia vagabunda 2
(Meigen, 1826)
Chironomidae autre 1
Chloropidae autre 2
Dicraeus Dicraeus fennicus (Duda, 1
1933)
Oscinella Oscinella frit (Linnaeus, 5
1758)
Polyodaspis Polyodaspis ruficornis 13
(Macquart, 1835)
Trachysiphonella Trachysiphonella 2
scutellata (von Roser,
1840)
Conopidae autre
Conops Conops flavipes 4
(Linnaeus, 1758)
Thecophora Thecophora atra 1
(Fabricius, 1775)
Thecophora distincta 1
(Wiedemann in Meigen,
1824)
Zodion Zodion cinereum 1
(Fabricius, 1794)
Lauxaniidae Calliopum Calliopum simillimum 1
(Collin, 1933)
autre 1
Milichiidae Milichia Milichia ludens 68
(Wahlberg, 1847)
Muscidae Haematobosca Haematobosca stimulans 2
(Meigen, 1824)
Limnophora Limnophora triangula 1
(Fallén, 1825)
Musca Musca autumnalis (De 11
Geer, 1776)
Musca domestica 3
(Linnaeus, 1758)
Musca osiris Wiedemann, 1
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1830
autre
Neomyia Neomyia cornicina 4
(Fabricius, 1781)
Neomyia viridescens 1
(Robineau-Desvoidy,
1830)
Phaonia Phaonia steinii (Strobl, 1
1898)
Thricops Thricops nigrifrons 1
(Robineau-Desvoidy,
1830)
Mycetophilidae autre 2
Phoridae autre 1
Rhagionidae Chrysopilus Chrysopilus cristatus 1
(Fabricius, 1775)
Rhiniidae Stomorhina Stomorhina lunata 74
(Fabricius, 1805)
Rhinophoridae = Melanophora Melanophora roralis 1
(Linnaeus, 1758)
Paykullia Paykullia maculata 1
(Fallén, 1815)
Phyto Phyto discrepans 9
Pandellé, 1896
Rhinophora Rhinophora lepida 37
(Meigen, 1824)
Sarcophagidae = Blaesoxipha Blaesoxipha laticornis 1
(Meigen, 1826)
Nyctia Nyctia halterata (Panzer, 1
1798)
Sarcophaga Sarcophaga albiceps 1
Meigen, 1826
Sarcophaga anaces 1
Walker, 1849
Sarcophaga carnaria 4
(Linnaeus, 1758)
Sarcophaga depressifrons 2

Zetterstedt, 1845
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Sarcophaga jeanleclercqi 1
Lehrer, 1975
Sarcophaga lehmanni 3
Miiller, 1922
Sarcophaga pumila 3
Meigen, 1826
Sarcophaga rondaniana 1
(Rohdendorf, 1937)
Sarcophaga schineri 3
Bezzi, 1891
Sarcophaga sinuata 2
Meigen, 1826
Sarcophaga uliginosa 1
Kramer, 1908
Sarcophaga variegata 13
(Scopoli, 1763)
autre 23
Sciaridae autre 3
Sciomyzidae Limnia Limnia unguicornis 2
(Scopoli, 1763)
Pherbellia Pherbellia griseicollis 1
(Becker, 1900)
Sepsidae autre 1
Sepsis Sepsis flavimana Meigen, 1
1826
Sepsis fulgens Meigen, 3
1826
Stathophagidae autre 1
Stratiomyidae =~ Odontomyia Odontomyia angulata 7
(Panzer, 1798)
Syphidae autre 6
Syrphidae Cheilosia Cheilosia albitarsis 1
(Meigen, 1822)
Cheilosia barbata Loew, 1
1857
Cheilosia longula 2
(Zetterstedt, 1838)
Cheilosia pagana 5
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(Meigen, 1822)

Chrysogaster Chrysogaster solstitialis 10
(Fallén, 1817)
Chrysotoxum Chrysotoxum bicinctum 3

(Linnaeus, 1758)

Chrysotoxum elegans 1
(Loew, 1841)

Chrysotoxum festivum 7
(Linnaeus, 1758)

Chrysotoxum verralli 2
Collin, 1940

Epistrophe Epistrophe melanostoma 1
(Zetterstedt, 1843)
Epistrophe nitidicollis 1
(Meigen, 1822)

Episyrphus Episyrphus balteatus (De 5
Geer, 1776)

Eristalinus Eristalinus aeneus 4
(Scopoli, 1763)

Eristalis Eristalis abusiva Collin, 5
1931
Eristalis arbustorum 17

(Linnaeus, 1758)

Eristalis nemorum 2
(Linnaeus, 1758)

Eristalis pertinax 1
(Scopoli, 1763)
Eristalis similis (Fallén, 5
1817)
Eristalis tenax (Linnaeus, 103
1758)

Eumerus Eumerus ornatus 1

(Meigen, 1822)

Eupeodes Eupeodes bucculatus 1
(Rondani, 1857)

Eupeodes latifasciatus 1
(Macquart, 1829)

Eupeodes luniger 1
(Meigen, 1822)
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Helophilus Helophilus pendulus 2
(Linnaeus, 1758)

Helophilus trivittatus 3
(Fabricius, 1805)

Melanostoma Melanostoma mellinum 4
(Linnaeus, 1758)

Merodon Merodon constans 3
(Rossi, 1794)

Microdon Microdon devius 1
(Linnaeus, 1760)

Myathropa Myathropa florea 5
(Linnaeus, 1758)

Neoascia Neoascia meticulosa 10
(Scopoli, 1763)
Neoascia podagrica 1
(Fabricius, 1775)
Neoascia tenur (Harris, 117
1780)

Orthonevra Orthonevra brevicornis 1

(Loew, 1843)

Orthonevra nobilis 1
(Fallén, 1817)

Paragus Paragus haemorrhous 1
Meigen, 1822

Paragus pecchiolii 1
Rondani, 1857

Paragus quadrifasciatus 1
Meigen, 1822

Pipiza Pipiza noctiluca 1
(Linnaeus, 1758)

Pipizella Pipizella viduata 1
(Linnaeus, 1758)

Platycheirus Platycheirus albimanus 1
(Fabricius, 1781)

Platycheirus clypeatus 1
(Meigen, 1822)

Scaeva Scaeva pyrastri 1
(Linnaeus, 1758)

Sphaerophoria Sphaerophoria interrupta 31
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(Fabricius, 1805)

Sphaerophoria scripta 228
(Linnaeus, 1758)
Sphaerophoria taeniata 36
(Meigen, 1822)

Syritta Syritta pipiens (Linnaeus, 46
1758)

autre 70

Syrphus Syrphus ribesii 1
(Linnaeus, 1758)

Temnostoma Temnostoma bombylans 1
(Fabricius, 1805)

Tropidia Tropidia scita (Harris, 60
1780)

Volucella Volucella bombylans 1
(Linnaeus, 1758)
Volucella inanis 12
(Linnaeus, 1758)
Volucella pellucens 4
(Linnaeus, 1758)
Volucella zonaria (Poda, 1
1761)

Tachinidae Actia Actia crassicornis 1

(Meigen, 1824)
Actia nigroscutellata 1
(Stein, 1927)

Admontia Admontia seria (Meigen, 1
1824)

Bithia Bithia modesta (Meigen, 2
1824)

Cylindromyia Cylindromyia bicolor 5
(Olivier, 1812)
Cylindromyia brassicaria 2
(Fabricius, 1775)

Dionaea Dionaea aurifrons 1
(Meigen, 1824)

Ectophasia Ectophasia crassipennis 10

(Fabricius, 1794)
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Eloceria Eloceria delecta (Meigen, 2
1824)

Gymnosoma Gymnosoma clavatum 2
(Rohdendorf, 1947)
Gymnosoma costatum 2
(Panzer, 1800)
Gymnosoma dolycoridis 24
Dupuis, 1961
Gymnosoma rotundatum 2
(Linnaeus, 1758)

Linnaemya Linnaemya comta 3
(Fallén, 1810)
Linnaemya rossica 3
(Zimin, 1954)

Nowickia Nowickia ferox (Panzer, 1
1809)

Peleteria Peleteria iavana 27
(Wiedemann, 1819)

Phasia Phasia barbifrons 1
(Girschner, 1887)
Phasia mesnili (Draber- 14
Monko, 1965)
Phasia obesa (Fabricius, 2
1798)
Phasia pusilla Meigen, 2
1824

Phryxe Phryxe magnicornis 11
(Zetterstedt, 1838)

Solieria Solieria fenestrata 1
(Meigen, 1824)
Solieria inanis (Fallén, 11
1810)

Tachina Tachina fera (Linnaeus, 66
1760)

autre 52

Tephritidae Dioxyna Dioxyna bidentis 1

(Robineau-Desvoidy,
1830)

Terellia Terellia colon (Meigen, 1
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1826)
Tipulidae Nephrotoma Nephrotoma quadrifaria 1
(Meigen, 1804)
Typulidae 1
Ulidiidae Herina Herina frondescentiae 1

(Linnaeus, 1758)

Herina oscillans (Meigen, 4
1826)
Physiphora Physiphora alceae 4
(Preyssler, 1791)
autre autre 1064
GMB 1
GMO 20
GMR 15
GMV 5
pMO 64
pMR 7
SA 29
SG
Hemiptera Cicadellidae 65 4
66
Pentatomidae 93 9
Pyrrhocoridae 62 576
autre 62 493
64 643
68 20
69 5
70 2
71 3
72 2
73 1
74 4
75 2
76 4
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77
78 4
79 10
80 4
81 3
82 5
83 14
84 8
85
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
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114 1

118 1

Hemiptera 165
Hymenoptera Andrenidae Andrena Andrena alfkenella 2

(Perkins, 1914)

Andrena fulvida 4

(Schenck, 1853)

Andrena minutula (Kirby, 6

1802)

Andrena minutuloides 2

(Perkins, 1914)

Andrena simontornyella 1
(Noskiewicz, 1939)
Andrena subopaca 14
(Nylander, 1848)
Andrena symphyti 3
(Schmiedeknecht, 1883)
autre 1
Apidae Apis Apis mellifera (Linnaeus, 6652
1758)
autre 241
Bombus autre 7
Bombus barbutellus 4

(Kirby, 1802)

Bombus hortorum 1
(Linnaeus, 1760)

Bombus lucorum 2
(Linnaeus, 1760)

Bombus pascuorum 30
(Scopoli, 1763)
Bombus pratorum 1

(Linnaeus, 1760)

Bombus ruderarius 1
(Miiller, 1776)

Bombus terrestris 1
(Linnaeus, 1758)

Bombus vestalis 1
(Geoffroy in Fourcroy,
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1785)

Ceratina Ceratina chalybea 1
(Chevrier, 1872)
Ceratina cyanea (Kirby, 16
1802)

Eucera Eucera nigrescens (Pérez, 1
1879)

Colletidae Colletes Colletes similis 5

(Schenck, 1853)

autre 1

Hylaeus Hylaeus brevicornis 8
(Nylander, 1852)
Hylaeus communis 39
(Nylander, 1852)
Hylaeus confusus 8
(Nylander, 1852)
Hylaeus cornutus (Curtis, 2
1831)
Hylaeus difformis 6
(Eversmann, 1852)
Hylaeus duckei (Alfken, 6
1904)
Hylaeus gibbus 6
(Saunders, 1850)
Hylaeus gracilicornis 1
(Morawitz, 1867)
Hylaeus gredleri (Forster, 13
1871)
Hylaeus kahri (Forster, 1
1871)
Hylaeus pectoralis 17
(Forster, 1871)
Hylaeus pfankuchi 25
(Alfken, 1919)
Hylaeus rinki (Gorski, 3
1852)
Hylaeus sinuatus 16

(Schenck, 1853)
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Hylaeus styriacus 20
(Forster, 1871)

Hylaeus tyrolensis 1
(Forster, 1871)

Crabronidae Cerceris Cerceris rybyensis 13
(Linnaeus, 1771)

Ectemnius Ectemnius confinis 1
(Walker, 1871)

Ectemnius fossorius 1
(Linnaeus, 1758)

Ectemnius lapidarius 1
(Panzer, 1804)

Ectemnius lituratus 5
(Panzer, 1804)

Gorytes Gorytes quinquecinctus 9
(Fabricius, 1793)
Lestica Lestica clypeata 7
(Schreber, 1759)
Oxybelus Oxybelus trispinosus 1
(Fabricius, 1787)
Formicidae 46
Gasteruptiidae  autre 2
Gasteruption Gasteruption assectator 12
(Linnaeus, 1758)
Gasteruption jaculator 1
(Linnaeus, 1758)
Gasteruption merceti 1
(Kieffer, 1904)
Halictidae Halictus Halictus maculatus 1
(Smith, 1848)
Halictus scabiosae 8

(Rossi, 1790)

Halictus simplex 7
(Bliithgen, 1923)

Lasioglossum Lasioglossum albipes 12
(Fabricius, 1781)

Lasioglossum calceatum 4
(Scopoli, 1763)
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Lasioglossum fulvicorne 13

(Kirby, 1802)

Lasioglossum 2

interruptum (Panzer,

1798)

Lasioglossum laticeps 51

(Schenck, 1868)

Lasioglossum lativentre 5

(Schenck, 1853)

Lasioglossum 7

leucozonium (Schrank,

1781)

Lasioglossum lineare 4

(Schenck, 1868)

Lasioglossum majus 1

(Nylander, 1852)

Lasioglossum 5

malachurum (Kirby,

1802)

Lasioglossum morio 7

(Fabricius, 1793)

Lasioglossum nitidulum 1

(Fabricius, 1804)

Lasioglossum pauxillum 57

(Schenck, 1853)

Lasioglossum politum 16

(Schenck, 1853)

Lasioglossum pygmaeum 1

(Schenck, 1853)

Lasioglossum 1

sexstrigatum (Schenck,

1868)

Lasioglossum villosulum 1

(Kirby, 1802)

Lasioglossum zonulum 11

(Smith, 1848)

Seladonia subaurata 1
Seladonia (Rossi, 1792)

Seladonia tumulorum 16

(Linnaeus, 1758)
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Sphecodes Sphecodes ephippius 3
(Linnaeus, 1767)
Sphecodes gibbus 1

(Linnaeus, 1758)

Sphecodes monilicornis 37
(Kirby, 1802)

Sphecodes reticulatus 1
(Thomson, 1870)

Megachilidae Chelostoma Chelostoma florisomne 8
(Linnaeus, 1758)

Heriades Heriades truncorum 15
(Linnaeus, 1758)

Hoplitis Hoplitis leucomelana 1
(Kirby, 1802)

Megachile Megachile centuncularis 2
(Linnaeus, 1758)
Megachile versicolor 1
(Smith, 1844)

Osmia Osmia bicornis 1

(Linnaeus, 1758)

Osmia leaiana (Kirby, 2
1802)
Stelis Stelis breviuscula 1

Nylander, 1848

Trachusa Trachusa byssina (Panzer, 1
1798)
Melittidae Macropis Macropis europaea 9
(Warncke, 1973)
Sapygidae Sapygina Sapygina decemguttata 6
(Jurine, 1807)
Sphecidae Isodontia Isodontia mexicana 7
(Saussure, 1867)
Tiphiidae Tiphia Tiphia femorata 1
(Fabricius, 1775)
Vespidae Allodynerus Allodynerus delphinalis 1
(Giraud, 1866)
Ancistrocerus Ancistrocerus nigricornis 3

(Curtis, 1826)

Eumenes Eumenes papillarius 1
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(Christ, 1791)

Euodynerus Euodynerus notatus 1
(Jurine, 1807)

Gymnomerus Gymnomerus laevipes 2
(Shuckard, 1837)
Polistes Polistes atrimandibularis 1

(Zimmermann, 1930)

Polistes biglumis 1
(Linnaeus, 1758)
Polistes dominula 64
(Christ, 1791)
Polistes nimpha (Christ, 7
1791)
autre 103
autre GP 12
autre 1249
Lepidoptera  Adelidae 1
Crambidae Eurrhypis Eurrhypis guttulalis 1
(Herrich-Schéffer, 1848)
Pyrausta Pyrausta aurata (Scopoli, 4
1763)
Pyrausta purpuralis 1
(Linnaeus, 1758)
Erebidae Euclidia Euclidia glyphica 3

(Linnaeus, 1758)

Geometridae Aspitates Aspitates ochrearia 1
(Rossi, 1794)

Chiasmia Chiasmia clathrata 2
(Linnaeus, 1758)

autre Aspitates ochrearia 1
(Rossi, 1794)
Hesperiidae Carterocephalus  Carterocephalus 3
palaemon (Pallas, 1771)
Ochlodes Ochlodes sylvanus 13

(Esper, 1777)

Ochlodes sylvanus 9
(Esper, 1777)

Lycaenidae Cupido Cupido minimus 4

221



Annexe A2 — Présentation du travail de terrain et des données obtenues

(Fuessly, 1775)

Plebejus Plebejus idas (Linnaeus, 1
1760)
Nymphalidae Aphantopus Aphantopus hyperantus 4
(Linnaeus, 1758)
Brenthis Brenthis ino 1
(Rottemburg, 1775)
Coenonympha autre 1
Coenonympha pamphilus 2
(Linnaeus, 1758)
Maniola Maniola jurtina 12
(Linnaeus, 1758)
Melitaea Melitaea 1
Papilionidae Papilio Papilio machaon 1
(Linnaeus, 1758)
Pieridae Gonepteryx Gonepteryx rhamni 4
(Linnaeus, 1758)
Pieris Pieris rapae (Linnaeus, 3
1758)
Aporia Aporia crataegi 1
(Linnaeus, 1758)
Sphingidae Macroglossum Macroglossum 1
stellatarum (Linnaeus,
1758)
autre 22
Neuroptera Chrysopidae 200 3
201 3
Orthoptera 21
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Annexe A3.1 : Map of the study sites
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Annexe A3.2 : List of all plant species and their associated total number of units (flower,

verticil or inflorescence depending on the species) across all transects, and estimated area per

floral unit.
Specie names e nur?l?ijOf o0 Estimated area of one floral unit
Galium album 157834 0.01
Erigeron annuus 32789 0.01
Mentha aquatica 16971 0.02
Galium mollugo 10726 0.01
Potentilla erecta 8295 0.005
Achillea millefolium 6846 0.1
Solidago canadensis 5783 1
Galium verum 5390 0.05
Oenanthe lachenalii 4725 0.2
Hypericum tetrapterum 3881 0.1
Ranunculus acris 3818 0.01
Selinum carvifolia 3684 0.25
Galium palustre 3224 0.01
Cirsium palustre 3174 0.01
Myosotis scorpioides 2912 0.005
Lathyrus pratensis 2024 0.05
Galium uliginosum 1710 0.01
Lychnis flos-jovis 1684 0.02
Lysimachia vulgaris 1613 0.05
Lythrum salicaria 1581 0.05
Lotus corniculatus 1398 0.05
Daucus carota 1354 0.25
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Stachys palustris 1231 0.05
Trifolium pratense 1189 0.025
Euphorbia platyphyllos 994 0.25
Mentha longifolia 953 0.05
Prunella vulgaris 874 0.025
Leucanthemum vulgare 831 0.1
Symphytum officinale 760 0.025
Vicia cracca 743 0.05
Aegopodium podagraria 688 0.25
Filipendula ulmaria 643 0.25
Hypericum maculatum 583 0.1
Linum catharticum 561 0.005
Parnassia palustris 515 0.01
Lotus maritimus 509 0.01
Cerastium fontanum 479 0.005
Dactylorhiza incarnata 452 0.075
Galium aparine 439 0.01
Potentilla reptans 321 0.02
Polygala comosa 305 0.05
Valeriana dioica 277 0.05
Ajuga reptans 236 0.025
Medicago lupulina 210 0.02
Eupatorium cannabinum 209 0.05
Trifolium repens 164 0.025
Convolvulus sepium 156 0.25
alfcf"ltlgrcz)’;(t)};%sus 151 0.05
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Epilobium parviflorum 149 0.005
Epilobium hirsutum 138 0.01
Epipactis palustris 131 0.025

Caltha palustris 115 0.03
Allium carinatum 111 0.05
Knautia arvensis 110 0.025

Plantago lanceolata 109 0.005

Orchis militaris 34 0.075

Scutellaria galericulata 32 0.005

Lapsana communis 30 0.025
Rumex acetosa 30 0.025
Rubus caesius 28 0.015

Thalictrum flavum 28 0.15

Leontodon hispidus 21 0.025

Platanthera bifolia 19 0.1
Inula helvetica 18 0.01

Ranunculus bulbosus 17 0.01
Campanula trachelium 15 0.02
Trifolium arvense 15 0.025
Veronica chamaedrys 15 0.0025
Gymnadenia conopsea 12 0.05
Veronica serpyllifolia 12 0.0025
Neottia ovata 10 0.01
Allium oleraceum 9 0.005
Dactylorhiza majalis 9 0.075
Plantago media 9 0.005
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Polygala amara 9 0.05
Agrimonia eupatoria 8 0.05
Dactylorhiza maculata 8 0.075
Tragopogon pratensis 7 0.025
Cirsium oleraceum 5 0.03
Rhinanthus minor 5 0.05

Taraxacum sp. 4 0.025
Berula erecta 3 0.25
Dianthus armeria 3 0.0075
Dactylorhiza traunsteineri 2 0.075
Fragaria vesca 2 0.005
Liparis loeselii 2 0.02
Dactylorhiza fuchsii 1 0.075
Iris pseudacorus 1 0.4
Ophrys apifera 1 0.05
Sonchus arvensis 1 0.05
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Annexe A3.3 : Results of the 18 reference regressions.

The models were built to predict pollinator visitation density from nine explanatory variables
including four ecological drivers of interest: invader density, invader flowers area, native flowers
area, meadow ID (Table S2a), and five protocol-linked covariates: day, hour, temperature, wind and
cloud (Table S2b). The models were repeated for each of our nine measures of visitation density (all
visits, per plant family, and per insect order) before and during S. canadensis flowering. The
performance of these 18 models (also called reference regressions) was estimated with their global

goodness-of-fit (model R?) and the relative contribution of each variable.

3.3.1 Contribution of the ecological drivers of interest.

Taxonomic Flowering | Model Meadow Invader Invader Native
group period R? ID density flower area | flower area
All visits before 0.39 12.36 7.55 NA 36.65
All visits during 0.46 5.02 10.60 13.00 37.69
native before 0.79 26.67 24.01 NA 45.76
Asteraceae
native during 0.74 45.75 32.31 6.06 2.38
Asteraceae
Apiaceae before 0.75 11.53 1.27 NA 44.60
Apiaceae during 0.66 41.63 6.17 2.96 18.33
Lamiaceae before 0.65 2.94 0.71 NA 7.66
Lamiaceae during 0.77 66.99 9.91 7.16 6.56
wild before 0.50 12.98 8.09 NA 28.05
Hymenoptera
wild .
during 0.52 10.14 7.54 10.34 28.66
Hymenoptera
Diptera before 0.16 20.76 13.19 NA 24.53
Diptera during 0.56 11.81 10.73 15.51 20.46
Coleoptera before 0.46 14.65 9.08 NA 24.68
Coleoptera during 0.61 15.49 7.87 10.11 19.17
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Hemiptera before 0.54 12.65 12.20 NA 16.12
Hemiptera during 0.55 14.54 9.74 11.45 20.58
honeybees before 0.73 15.58 10.00 NA 18.95
honeybees during 0.81 15.47 9.22 12.35 30.21
3.3.2 Contribution of the protocol-linked covariates.
Taxonomic Flowgrmg Model R? | day hour | temperature | wind | cloud
group period
All visits before 0.39 11.92 | 17.16 | 8.15 459 |1.63
All visits during 0.46 5.81 13.67 | 9.03 3.13 | 2.05
native before 0.79 295 039 |0.15 0.05 |0.02
Asteraceae
native during 0.74 471 |598 |1.46 1.19 | 0.16
Asteraceae
Apiaceae before 0.75 38.85 | 1.82 1.52 0.24 | 0.17
Apiaceae during 0.66 26.45 | 1.33 2.65 0.47 |0.03
Lamiaceae before 0.65 59.84 | 15.93 | 9.99 2.93 | 0.00
Lamiaceae during 0.77 5.31 2.09 1.53 0.36 | 0.09
wild before 0.50 16.05 |17.51 | 11.86 3.96 | 1.49
Hymenoptera
wild .
during 0.52 8.63 16.66 | 11.70 429 |2.04
Hymenoptera
Diptera before 0.16 14.09 | 17.66 | 5.14 0.00 | 4.63
Diptera during 0.56 7.93 16.99 | 9.46 5.33 | 1.78
Coleoptera before 0.46 1240 | 17.48 | 12.44 507 |4.21
Coleoptera during 0.61 10.49 | 15.29 | 12.61 5.89 | 3.08
Hemiptera before 0.54 13.88 | 19.67 | 16.44 5.14 | 3.91
Hemiptera during 0.55 7.34 14.69 | 13.05 5.35 |3.27
honeybees before 0.73 14.15 | 19.48 | 13.07 7.37 |1.40
honeybees during 0.81 5.95 11.36 | 8.76 5.07 | 1.61
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Annexe A4.1 : Presentation of the study site

4.1.1 Map of the study sites.
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groups

Annexe A4.2 : Protocols used for soil measures.

(LECA = Laboratoire d’ECologie Alpine, LANO = Laboratoire Agronomique NOrmand, MCG =
Marie Charlotte Grange, CA = Cindy Arnoldi, LB = Lionel Bernard)

Soll measured by method and mechanical device
characteristic
pH MCG (LECA) NF 1SO 10390
humidity MCG (LECA) fresh and dry weight comparison
organic matter  LANO NF 1SO 14235
total C MCG, CA& LB

(LECA) CHN analyser
total N MCG, CA& LB

’ HN I
(LECA) CHN analyser
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Annexe A4.3 : List of the taxonomic groups identified on the field and the number of contacts
corresponding to each of them.

Specie Total number of
contacts
Solidago canadensis 1423
Carex grp tall 1116
Juncus subnodulosus 868
Carex grp flava 672
Molinia caerulea 615
Festuca ovina 583
Mentha aquatica 302
Bromus hordeaceus 259
Valeriana dioica 247
Dactylis glomerata 233
Lathyrus pratensis 230
Phragmites australis 216
Carex acutiformis 191
Lysimachia vulgaris 188
Holcus lanatus 172
Filipendula ulmaria 151
Poa trivialis 123
Festuca rubra 118
Galium palustre 109
Poa pratensis 107
Agrostis canina 96
Vicia cracca 94
Galium mollugo 92
Galium uliginosum 87
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Potentilla erecta 87
Aegopodium podagraria 79

Schedonorus arundinaceus 76

Agrostis capillaris 71
Brachypodium pinnatum 68
Juncus bufonius 66
Schedonorus pratensis 64
Bromopsis erecta 59
Potentilla reptans 59
Carex panicea 57
Allium carinatum 56
Carex grp small 56
Lythrum salicaria 55
Daucus carota 42
Taraxacum officinale 40
Convolvulus sepium 39
Ajuga reptans 36
Allium oleraceum 36
Poa compressa 36
Carex flava 34
Trifolium pratense 31
Ranunculus acris 29
Galium aparine 28
Caltha palustris 26
Cirsium palustre 26
Galium sp 26
Pimpinella major 24
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Prunella vulgaris 24
Carex lepidocarpa 23
Cerastium fontanum 23
Erigeron annuus 23
Selinum carvifolia 21
Carex paniculata 19
Colchicum autumnale 18
Trisetum flavescens 16
Lotus maritimus 15
Menyanthes trifoliata 15
Hypericum maculatum 14
Leucanthemum vulgare 13
Epipactis palustris 12
Orchid sp 12
Equisetum palustre 11
Mentha longifolia 11
Viola sp 10
Symphytum officinale 10
Anisantha sterilis 9
Calamagrostis epigejos 9
Juncus acutiflorus 9
Juncus inflexus 9
Veronica chamaedrys 9
Galium verum 8
Stachys palustris 8
Trifolium repens 8
Vicia sativa 8
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Calamagrostis sp
Taraxacum sp
Carex davalliana
Plantago lanceolata
Poa annua
Carex flacca
Oenanthe lachenalii
Poa sp
Euphorbia sp
Achillea millefolium
Euphorbia platyphyllos
Iris pseudacorus
Medicago lupulina
Dactylorhiza incarnata
Hypericum tetrapterum
Lotus corniculatus
Bromus sp
Calystegia sp
Myosotis sp
Betonica officinalis
Carex hirta
Lapsana communis
Thalictrum aquilegiifolium
Tragopogon pratensis
Cerastium sp

Carduus sp

R R PN DN DN DN DN N DNMDMDN OO O W PSP PSP P 0000 O NN N NN

Hieracium sp
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Agrostis stolonifera
Cirsium rivulare
Fragaria vesca
Neottia ovata
Ophrys apifera
Phleum pratense

Prunella grandiflora

N N = e = e =

Vicia sp
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Annexe A4.4 : Distribution of the selected traits across species depending on the functional

group.
Distribution of the selected traits across species
depending on the guild
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Annexe A4.5 : Correlations between the different traits in both (a) forbs and (b) graminoids
guilds.
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Annexe A4.6 : Data used in regressions on the forb species (values of biomass production, and
diversity indices are provided per quadrat).

invader

soil

soil

Shannon

plot ID density nitrogen humidity Biomass Richness exponential Frich Feve Fdiv
P1D1Q1 0 12.92 0.28 19 6 3.7 0.22 0.71 0.92
P1D1Q2 0 12.92 0.28 22 7 5.7 0.26 0.78 0.66
P1D1Q3 1 12.92 0.28 40 14 11.9 0.50 0.81 0.76
P1D1Q4 5 12.92 0.28 38 9 7.7 0.24 0.72 0.60
P1D2Q1 8 10.51 0.35 65 12 8.8 055 0.71 0.69
P1D2Q2 0 10.51 0.35 53 6 5.0 0.19 085 0.61
P1D2Q3 4 10.51 0.35 27 7 6.1 0.19 0.72 0.61
P1D2Q4 0 10.51 0.35 43 14 8.9 047 069 0.71
P1D3Q1 56 11.02 0.23 31 9 3.9 0.34 0.67 0.83
P1D3Q2 33 11.02 0.23 52 10 6.1 0.46 0.59 0.76
P1D3Q3 15 11.02 0.23 78 12 9.9 039 0.78 0.77
P1D3Q4 47 11.02 0.23 24 7 3.2 0.20 0.67 0.88
P1D4Q1 62 10.64 0.23 26 9 3.1 030 059 0.92
P1D4Q2 25 10.64 0.23 32 8 5.6 0.14 0.79 0.80
P1D4Q3 39 10.64 0.23 29 9 4.3 0.07 0.67 0.81
P1D4Q4 113 10.64 0.23 28 10 2.4 0.23 0.62 0.91
P2D1Q1 0 13.96 0.58 5 2 2.0 046 0.74 0.85
P2D1Q2 0 13.96 0.58 44 9 5.8 048 0.57 0.90
P2D1Q3 6 13.96 0.58 14 8 6.4 0.52 0.73 0.90
P2D1Q4 2 13.96 0.58 24 6 6.3 039 092 0.73
P2D2Q1 10 12.50 0.42 15 4 4.4 0.22 0.82 0.78
P2D2Q2 3 12.50 0.42 32 9 8.6 0.46 0.93 0.64
P2D2Q3 0 12.50 0.42 34 10 8.3 0.51 0.73 0.90
P2D2Q4 0 12.50 0.42 23 5 3.8 0.17 090 0.85
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P2D3Q1 40 15.07 0.52 24 8 3.9 0.32 0.71  0.89
P2D3Q2 10 15.07 0.52 34 8 5.3 0.37 0.59 071
P2D3Q3 6 15.07 0.52 64 7 5.5 0.29 0.73  0.64
P2D3Q4 26 15.07 0.52 42 7 5.6 0.23 0.79 0.78
P2D4Q1 41 15.74 0.51 81 13 7.6 0.33 0.67 0.77
P2D4Q2 68 15.74 0.51 34 13 3.9 0.45 0.76  0.94
P2D4Q3 64 15.74 0.51 48 10 4.6 0.32 0.73  0.85
P2D4Q4 31 15.74 0.51 86 11 7.9 034 053 0.71
P3D1Q1 0 16.62 0.61 13 3 2.2 0.12 0.50 0.89
P3D1Q2 0 16.62 0.61 7 1 1.0 0.11 0.51 0.88
P3D1Q3 0 16.62 0.61 16 4 2.8 0.13 0.66 0.79
P3D1Q4 0 16.62 0.61 21 3 1.8 0.09 0.37 0.95
P3D2Q)1 0 20.96 0.72 12 3 2.9 0.02 0.77  0.72
P3D2QQ2 0 20.96 0.72 39 2 1.4 0.18 0.81 0.74
P3D2Q3 0 20.96 0.72 17 6 5.1 0.26 0.84 0.61
P3D2Q4 8 20.96 0.72 28 3 3.4 0.27 0.80 0.87
P4D1Q1 0 34.79 0.83 47 7 4.1 0.32 0.67 0.84
P4D1Q2 1 34.79 0.83 22 6 5.3 0.39 0.61 0.79
P4D1Q3 0 34.79 0.83 43 6 4.1 0.33 0.40 0.81
P4D1Q4 0 34.79 0.83 47 7 2.5 0.37 0.61 0.96
P4D2Q)1 0 32.33 0.78 58 7 3.9 0.36 0.62  0.59
P4D2Q2 0 32.33 0.78 45 7 4.6 0.46 0.73 0.71
P4D2Q3 10 32.33 0.78 27 9 7.9 0.46 0.83 0.83
P4D2Q4 4 32.33 0.78 41 7 4.6 0.52 0.63 0.71
P4D3Q1 7 13.39 0.64 8 4 3.8 0.27 0.76  0.80
P4D3Q2 15 13.39 0.64 9 3 2.8 0.14 0.71 094
P4D3Q3 29 13.39 0.64 16 5 3.0 0.52 0.57 081
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P4D3Q4 28 13.39 0.64 22 5 3.5 0.50 0.71  0.69
P4D4Q1 5 15.98 0.67 11 3 3.1 0.18 091 0.64
P4D4Q2 21 15.98 0.67 5 1 1.6 0.29 0.82 0.73
P4D4Q3 32 15.98 0.67 8 5 2.3 0.58 0.57 0.79
P4D4Q4 26 15.98 0.67 4 3 1.7 0.10 0.98 0.75
P5D1Q1 0 27.36 0.79 32 3 2.4 0.36 0.54 0.76
P5D1Q2 0 27.36 0.79 23 2 1.2 0.22 0.71  0.67
P5D1Q3 0 27.36 0.79 44 4 3.5 0.09 0.87  0.59
P5D1Q4 0 27.36 0.79 26 2 1.3 0.22 0.71  0.67
P5D2Q1 0 31.41 0.80 37 4 2.7 0.29 0.54 081
P5D2Q2 0 31.41 0.80 36 5) 3.1 0.55 0.50 0.80
P5D2Q3 2 31.41 0.80 28 4 2.8 0.31 0.75 0.88
P5D2Q4 1 31.41 0.80 19 1 1.2 0.38 0.60 0.83
P5D3Q1 0 21.01 0.61 43 5 4.4 0.46 091 0.73
P5D3Q2 28 21.01 0.61 14 5 2.8 0.66 0.57 0.74
P5D3Q3 0 21.01 0.61 28 7 5.2 0.47 0.77  0.74
P5D3Q4 21 21.01 0.61 17 4 3.2 0.29 0.82 0.89
P5D4Q1 46 35.25 0.82 12 2 1.8 0.27 0.59 0.92
P5D4Q2 62 35.25 0.82 23 4 2.4 0.33 0.57 092
P5D4Q3 66 35.25 0.82 9 1 1.4 0.27 0.59 092
P5D4Q4 55 35.25 0.82 17 4 2.3 0.20 0.60 091
P6D3Q1 42 13.82 0.43 48 8 5.4 0.32 0.80 0.83
P6D3Q2 5 13.82 0.43 35 7 5.6 0.19 0.69 0.76
P6D3Q3 36 13.82 0.43 38 10 4.7 0.46 0.53 0.71
P6D3Q4 13 13.82 0.43 69 9 7.0 0.40 0.70  0.67
pP6D4Q1 54 13.67 0.41 56 7 4.4 0.50 0.64 094
P6D4Q2 57 13.67 0.41 71 8 5.0 0.35 0.66 0.76
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pPeD4Q3 3 13.67 0.41 33 7 5.4 0.30 0.75  0.90
P6D4Q4 31 13.67 0.41 87 10 59 0.39 0.63 0.85

246



Annexe A4 — Avoid, tolerate or escape? Native vegetation responses to invasion vary between functional

groups

Annexe A4.7 : Data used in regressions on graminoids: values of biomass production, diversity

indexes in each quadrat.

invader soil

soil

Shannon

plot ID density nitrogen humidity Biomass Richness exponential Frich Feve Fdiv
P1D1Q1 0 12.92 0.28 91 7 3.8 023 0.69 0.83
P1D1Q2 0 12.92 0.28 84 10 5.7 028 059 0.71
P1D1Q3 1 12.92 0.28 71 9 5.3 0.25 0.65 0.89
P1D1Q4 5 12.92 0.28 74 9 5.4 0.17 0.68 0.73
P1D2Q1 8 10.51 0.35 64 4 1.5 0.16 0.15 0.26
P1D2Q2 0 10.51 0.35 88 3 2.1 0.05 093 0.61
P1D2Q3 4 10.51 0.35 125 5 2.3 0.13 0.21 0.98
P1D2Q4 0 10.51 0.35 88 9 4.1 0.28 0.67 0.58
P1D3Q1 56 11.02 0.23 77 10 5.0 0.22 0.56 0.61
P1D3Q2 33 11.02 0.23 110 10 5.6 0.11 0.73 0.61
P1D3Q3 15 11.02 0.23 120 5 2.5 0.12 0.26 0.64
P1D3Q4 47 11.02 0.23 105 7 5.0 0.19 0.79 0.80
P1D4Q1 62 10.64 0.23 57 8 3.7 021 0.60 0.84
P1D4Q2 25 10.64 0.23 57 7 5.1 0.06 046 0.55
P1D4Q3 39 10.64 0.23 93 9 6.8 023 0.75 0.77
P1D4Q4 113 10.64 0.23 40 6 4.6 0.20 0.80 0.63
P2D1Q1 0 13.96 0.58 75 5 3.9 0.07 0.59 0.65
P2D1Q2 0 13.96 0.58 60 9 3.8 020 0.69 0.70
P2D1Q3 6 13.96 0.58 70 6 3.9 0.04 0.72 0.89
P2D1Q4 2 13.96 0.58 54 7 2.1 0.06 0.64 0.48
P2D2Q1 10 12.50 0.42 55 6 3.3 0.09 0.33 0.55
P2D2Q2 3 12.50 0.42 38 9 7.2 0.09 0.73 0.73
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groups

Annexe A4.8 : Data used in regressions on the entire community: values of biomass
production, diversity indexes in each quadrat.

invader

soil

soil

Shannon

plot ID density nitrogen humidity Biomass Richness exponential Frich Feve Fdiv
P1D1Q1 O 12.92 0.28 110 13 5.9 0.02 065 0.82
P1D1Q2 O 12.92 0.28 106 17 9.4 0.02 0.66 0.81
P1D1Q3 1 12.92 0.28 111 23 13.8 0.04 0.76 0.82
P1D1Q4 5 12.92 0.28 112 18 11.8 0.02 0.70 0.81
P1D2Q1 8 10.51 0.35 129 16 7.7 0.03 0.67 0.58
P1D2Q2 O 10.51 0.35 141 9 5.6 0.00 0.72 0.85
P1D2Q3 4 10.51 0.35 152 12 4.6 0.01 055 0.80
P1D2Q4 O 10.51 0.35 131 23 9.9 0.04 063 0.79
P1D3Q1 56 11.02 0.23 108 19 8.7 0.02 064 0.78
P1D3Q2 33 11.02 0.23 162 20 11.5 0.03 0.73 0.71
P1D3Q3 15 11.02 0.23 198 17 9.1 0.03 0.68 0.81
P1D3Q4 47 11.02 0.23 129 14 8.1 0.01 054 0.84
P1D4Q1 62 10.64 0.23 83 17 6.5 0.03 069 0.94
P1D4Q2 25 10.64 0.23 89 15 10.7 0.02 0.73 0.80
P1D4Q3 39 10.64 0.23 122 18 11.1 0.03 0.64 0.88
P1D4Q4 113 10.64 0.23 68 16 4.7 0.02 0.60 0.91
P2D1Q1 0 13.96 0.58 80 7 4.8 0.00 0.76 0.76
P2D1Q2 0 13.96 0.58 104 18 9.0 0.03 0.68 0.81
P2D1Q3 6 13.96 0.58 84 14 7.5 0.03 064 0.84
P2D1Q4 2 13.96 0.58 78 13 5.6 0.02 0.69 0.76
P2D2Q1 10 12.50 0.42 70 10 6.7 0.01 0.73 0.85
P2D2Q2 3 12.50 0.42 70 18 15.6 0.02 0.79 0.79
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P2D2Q3 O 12.50 0.42 121 19 9.1 0.02 0.75 0.78
P2D2Q4 O 12.50 0.42 101 19 11.8 0.02 0.66 0.81
P2D3Q1 40 15.07 0.52 99 14 7.3 0.03 0.64 0.92
P2D3Q2 10 15.07 0.52 94 16 10.1 0.02 0.81 0.80
P2D3Q3 6 15.07 0.52 143 15 10.6 0.03 0.75 0.82
P2D3Q4 26 15.07 0.52 117 14 8.9 0.02 0.63 0.91
pP2D4Q1 41 15.74 0.51 133 21 13.1 0.05 0.71 0.84
P2D4Q2 68 15.74 0.51 58 20 6.8 0.03 0.76 0.93
P2D4Q3 64 15.74 0.51 85 16 8.1 0.03 0.73 0.92
P2D4Q4 31 15.74 0.51 186 18 10.6 0.03 0.59 0.87
P3D1Q1 O 16.62 0.61 79 9 5.8 0.01 0.60 0.64
P3D1Q2 O 16.62 0.61 51 7 5.0 0.00 0.71 0.70
P3D1Q3 0 16.62 0.61 91 7 3.6 0.00 0.56 0.94
P3D1Q4 O 16.62 0.61 86 9 5.4 0.02 0.51 0.66
P3D2Q1 0 20.96 0.72 39 6 4.8 0.00 0.88 0.58
P3D2Q2 O 20.96 0.72 73 6 3.9 0.00 0.68 0.65
P3D2Q3 O 20.96 0.72 89 12 6.0 0.01 0.71 0.90
P3D2Q4 8 20.96 0.72 80 6 4.8 0.01 0.70 0.79
P4D1Q1 O 34.79 0.83 84 11 7.0 0.03 0.66 0.90
P4D1Q2 1 34.79 0.83 96 13 10.0 0.03 0.72 0.78
P4D1Q3 O 34.79 0.83 89 11 7.5 0.02 0.53 0.89
P4D1Q4 O 34.79 0.83 116 15 8.1 0.04 0.60 0.88
P4D2Q1 0 32.33 0.78 123 18 11.1 0.03 0.59 0.82
P4D2Q2 0 32.33 0.78 101 16 11.6 0.02 0.72 0.81
P4D2Q3 10 32.33 0.78 75 16 12.2 0.04 0.69 0.79
P4D2Q4 4 32.33 0.78 90 14 9.3 0.05 0.64 0.85
p4D3Q1 7 13.39 0.64 85 9 5.9 0.01 0.68 0.74
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P4D3Q2 15 13.39 0.64 67 10 7.0 0.02 0.68 0.78
P4D3Q3 29 13.39 0.64 79 11 6.7 0.04 0.56 0.78
P4D3Q4 28 13.39 0.64 85 9 5.7 0.02 0.58 0.83
P4D4Q1 5 15.98 0.67 106 7 5.6 0.00 0.84 0.85
P4D4Q2 21 15.98 0.67 109 6 4.8 0.01 0.65 0.77
pP4D4Q3 32 15.98 0.67 64 10 5.9 0.03 0.58 0.76
P4D4Q4 26 15.98 0.67 82 9 4.6 0.01 0.69 0.72
P5D1Q1 O 27.36 0.79 101 9 6.5 0.03 0.52 0.73
P5D1Q2 O 27.36 0.79 108 5 3.4 0.00 0.81 0.64
P5D1Q3 O 27.36 0.79 81 8 6.3 0.01 0.84 0.67
P5D1Q4 O 27.36 0.79 79 6 4.4 0.00 0.74 0.71
P5D2Q1 O 31.41 0.80 131 10 6.5 0.01 0.78 0.90
P5D2Q2 O 31.41 0.80 196 11 5.7 0.01 0.65 0.69
P5D2Q3 2 31.41 0.80 68 7 4.3 0.02 051 0.84
P5D2Q4 1 31.41 0.80 66 7 5.0 0.01 0.31 0.63
P5D3Q1 O 21.01 0.61 77 10 6.9 0.01 0.78 0.76
P5D3Q2 28 21.01 0.61 34 8 4.9 0.05 0.61 0.77
P5D3Q3 0 21.01 0.61 90 16 12.1 0.02 0.81 0.73
P5D3Q4 21 21.01 0.61 146 12 7.0 0.01 0.57 0.73
P5D4Q1 46 35.25 0.82 77 10 6.4 0.01 0.55 0.88
P5D4Q2 62 35.25 0.82 106 9 6.1 0.01 0.70 0.89
P5D4Q3 66 35.25 0.82 59 7 4.7 0.01 0.64 0.95
P5D4Q4 55 35.25 0.82 97 7 3.8 0.01 0.62 0.90
pPeD3Q1 42 13.82 0.43 148 16 10.9 0.01 0.56 0.77
pPeD3Q2 5 13.82 0.43 186 22 14.1 0.04 0.69 0.66
P6D3Q3 36 13.82 0.43 216 19 8.3 0.02 0.53 0.67
pPeD3Q4 13 13.82 0.43 255 20 13.4 0.02 0.61 0.80
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Annexe A4.9 : Data used in SEMs: invader’s density, soil characteristics, and community
weighted mean (CWM) and variance (CWYV) in each quadrat for forbs.

groups

invader soil soil Forbs’ CWM Forbs’ CWV
plot ID . . g

density nitrogen humidity y A Hejght LMA LNA Myco LA Height LMA LNA Myco
PIDIQL 0 1292 028 28 72 0.06 255 74 1545 1672 3.0E-04 8041 81
PIDIQ2 0 1292 028 13 31 005 130 67 487 1109 1.6E-04 7136 87
PIDIQ3 1 1292 028 28 51 004 181 64 1577 782 1.4E-04 4344 180
PIDIQ4 5 1292 028 24 36 004 202 57 1747 129 4.9E-05 5762 82
PID2Q1 8 1051 035 10 26 004 193 59 39 517 8.6E-05 8617 96
PID2Q2 0 1051 035 9 24 006 150 54 47 409 4.6E-05 790 752
PID2Q3 4 1051 035 25 32 005 308 59 6095 437 1.8E-04 70307 236
PID2Q4 0 1051 035 15 34 004 170 59 715 576 1.2E-04 17622 391
PID3Q1 56  11.02 023 37 53 0.05 130 62 1024 684 1.3E-04 6846 121
PID3Q2 33 1102 023 8 33 004 84 51 25 359 43E-05 4183 417
PID3Q3 15  11.02 023 35 43 005 125 51 1742 589 1.4E-04 5832 232
PID3Q4 47 1102 023 26 31 004 144 63 6150 424 1.7E-04 7750 293
PID4Q1 62  10.64 023 11 27 004 147 68 1286 255 2.9E-05 5467 317
PID4Q2 25  10.64 023 35 35 0.04 182 63 2140 223 1.9E-05 4462 71
PID4Q3 39  10.64 023 44 38 005 184 70 2219 236 14E-04 4769 11
P1D4Q4 113 10.64 023 19 43 004 198 67 1975 621 1.6E-04 7306 379
P2DIQ1 0 1396 058 92 69 0.05 328 59 15016 2482 3.1E-04 1891 1105
P2D1Q2 0 13.96 058 13 48 004 208 52 99 1275 1.2E-04 7453 527
P2DIQ3 6 13.96 058 11 26 004 114 33 114 1048 1.8E-04 15056 1013
P2D1Q4 2 1396 058 6 27 003 102 31 25 156 8.3E-05 3917 810
P2D2Q1 10 1250 042 30 46 0.04 153 53 1033 222 3.7E-04 2999 466
P2D2Q2 3 1250 042 15 59 003 198 59 111 1248 1.4E-04 10319 260
P2D2Q3 0 1250 042 13 55 004 177 47 104 775 2.5E-04 10478 806
P2D2Q4 0 1250 042 13 61 004 192 55 113 1117 2.9E-04 17126 1068
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Annexe A4.10 : Data used in SEMs: invader’s density, soil characteristics, and community

groups

weighted mean (CWM) and variance (CWYV) in each quadrat for graminoids.

invader soil soil Graminoids’ CWM Graminoids’ CWV
plot ID density nitrogen humidity LA Height LMA LNA Myco LA Height LMA LNA Myco
P1D1Q1 0 12.92 028 26 67 0.06 196 28 525 6441 9.0E-05 1126223 1415
P1D1Q2 0 12.92 028 15 52 0.06 168 31 413 4981 1.2E-04 664515 866
P1D1Q3 1 12.92 028 14 51 0.06 382 26 506 5942 1.7E-04 946282 765
P1D1Q4 5 12.92 028 15 48 0.06 130 31 143 548 19E-04 6031 792
P1D2Q1 8 10.51 035 8 64 0.06 206 51 927 11584 1.6E-04 1632269 1692
P1D2Q2 0 10.51 035 12 62 0.06 128 43 327 683 1.0E-04 2381 990
PID2Q3 4 10.51 035 14 65 0.06 135 39 266 1110 7.4E-05 7193 575
P1ID2Q4 0 10.51 035 12 69 0.06 287 42 522 5500 4.7E-04 929946 1407
P1ID3Q1 56 11.02 023 19 44 0.05 146 44 444 5530 1.7E-04 743648 898
P1ID3Q2 33 11.02 023 19 43 0.05 109 39 232 422 15E-04 3218 620
P1ID3Q3 15 11.02 023 28 66 0.06 194 25 644 8727 2.0E-04 1693886 546
P1D3Q4 47 11.02 023 25 69 0.06 188 29 457 7643 1.0E-04 1107382 916
P1ID4Ql 62 10.64 023 29 74 0.06 191 17 560 6313 1.8E-03 951479 1377
P1D4Q2 25 10.64 023 14 45 0.05 95 32 152 499 8.7E-05 1327 1008
P1D4Q3 39 10.64 023 20 67 0.06 381 33 505 5518 1.4E-04 858167 1240
P1D4Q4 113 10.64 023 21 63 0.05 359 34 586 7632 1.4E-04 1135306 858
P2D1Q1 0 13.96 058 17 61 0.08 180 20 228 671 9.0E-04 10293 823
P2D1Q2 0 13.96 058 10 55 0.05 257 16 459 5364 6.3E-04 837095 676
P2D1Q3 6 13.96 058 21 67 0.09 215 14 188 647 8.8E-04 9568 419
P2D1Q4 2 13.96 058 6 41 0.05 64 16 216 551 1.3E-04 2130 1426
P2D2Q1 10 12.50 042 9 47 0.05 77 15 207 542 1.2E-04 2124 1834
P2D2Q2 3 12.50 042 14 49 005 113 25 160 579 6.7E-04 6520 497
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Annexe A4 — Avoid, tolerate or escape? Native vegetation responses to invasion vary between functional
groups

P6D4Q3 3 13.67 0.41 11 35 0.06 86 49 250 565 1.0E-04 3232 931
P6D4Q4 31 13.67 0.41 15 46 0.05 216 41 514 6066 1.6E-04 961035 887
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Annexe A4 — Avoid, tolerate or escape? Native vegetation responses to invasion vary between functional

groups

Annexe A4.11 : Correlations between the different traits community weighted mean (CWM)
and variance (CWYV) in both forbs and graminoids guilds.

Community weighted mean

Height
LA
a
e LMA
(@]
LL
LNA
{3
Height | 0.77 0.52
S
(@]
= @ 0
=
©
| -
O LNA

Myco

-0.65

Myco

263

Community weighted variance
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Annexe A4 — Avoid, tolerate or escape? Native vegetation responses to invasion vary between functional
groups

Annexe A4.12 : Response curves of the mixed effect models with a significant effect of S.
canadensis (linear or quadratic effect) on the native vegetation

(A) productivity, (B) taxonomic richness, (C) taxonomic evenness, (D) functional richness, (E)
functional Evenness and (F) functional divergence (whole community response in grey, forb guild
in dark green and graminoid guild in light green).
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Annexe A5 — Invasive Solidago canadensis mainly modifies pollinator’s behavior and native plants
reproductive success through its vegetative density

Annexe A5 : Invasive Solidago canadensis

mainly modifies pollinator’s behavior and

native plants reproductive success through
its vegetative density
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Annexe A5.1 : List of the selected flowers

Surface totale
(équivalent

Espéce Couleur Symetrie Famille inflorescence de
S. canadensis)
Aegopodium podagraria blanc yes Apiaceae 172,00
Cirsium palustre violet yes Asteraceae 31,74
Convolvulus sepium blanc yes Convolvulaceae 39,00
Erigeron annuus jaune yes Asteraceae 327,89
Euphorbia platyphyllos verte yes Euphorbiaceae 248,50
Filipendula ulmaria blanc yes Apiaceae 160,75
Galium album blanc yes Rubiaceae 1578,34
Galium mollugo blanc yes Ranunculaceae 107,26
Hypericum tetrapterum jaune yes Hypericaceae 388,10
Lathyrus pratensis jaune no Fabaceae 101,20
Leucanthemum vulgare jaune yes Asteraceae 83,10
Lysimachia vulgaris jaune yes Primulaceae 80,65
Lythrum salicaria violet no Lythraceae 79,05
Mentha longifolia violet no Lamiaceae 47,65
Oenanthe lachenalii blanc yes Apiaceae 945,00
Parnassia palustris blanc yes Celastraceae 5,15
Potentilla erecta jaune yes Rosaceae 41,48
Potentilla reptans jaune yes Rosaceae 6,42
Prunella vulgaris violet no Lamiaceae 21,85
Ranunculus acris jaune yes Ranunculaceae 38,18
Selinum carvifolia blanc yes Apiaceae 921,00
Symphytum officinale violet no Boraginaceae 19,00

Trifolium pratense violet no Fabaceae 29,73




Annexe A5 — Invasive Solidago canadensis mainly modifies pollinator’s behavior and native plants
reproductive success through its vegetative density

Annexe A5.2 : Indices calculation

_ 1 Ni,f,t,v*Pi,f,t,v
RFf,t,v_ N *Zi P.
f.t,v it,v
P — Ni,f*Flf:f,V
i,f,t,V_ Fl
f
Ni,f*Flt,v,f

where:

Ny ;. = thenumber of interactions between insect i and plant f on the transect t * visit v

P, ., = the probability of insect i interacting with plant f on transect t * visit v (as predicted
from the meta-network and transect t * visit v floral composition)

P, ., = the probability of insect i to visit any plant on the transect t * visit v (as predicted from
the meta-network and transect t * visit v floral composition)

Fl,f,t,v = plant f number of inflorescences on transect t * visit v

Fl

i,M,t M,t

N, Fl

pref .obs,,= t

) 1 N,
pref' lnSM:F Zie[ N(t,l)*(T,)

where:

Nt,i,f =number of interactions observed on the transect * visit t (or in the metanetwork), of the
insect specie i on the flower f (or morphotype M)

S, ; = surface of flower corresponding to the species f (or morphotype M) on the transect * visit t

I. =set of all insect species present on the transect t

t

F, =set of all plant species flowering on the transect t
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Annexe A5.3 : Description of a priori and authorized links of the models

5.3.1 Plant point of view models

Response

Predictor

Hypothesis

Status

S. canadensis
flowers
abundance

S. canadensis
flowers
abundance

Other flowers
abundance

Other flowers
diversity

Focal plant

flowers
abundance

Other flowers
abundance

Other flowers
diversity

Focal plant
flowers
abundance

Temperature
Wind

Clouds

Temperature
Wind

S. canadensis
density

Date

S. canadensis
density

S. canadensis
density

S. canadensis
density

Date

Date

Date

Date
Date

Date

Hour

Hour

The abundance of S. canadensis flowers is
directly constrained by the number of S.
canadensis shoots.

The abundance of S. canadensis flowers vary
in time with the blooming maximum occuring
at the end of our fieldwork season.

S. canadensis directly impact other plant
species abundance and investment in
reproduction through competition

S. canadensis directly impact other plant
species abundance and investment in
reproduction through competition

S. canadensis directly impact other plant
species abundance and investment in
reproduction through competition

The abundance and composition of the floral
community vary in time with the blooming
maximum occuring at the end of the first
session of our fieldwork season.

The abundance and composition of the floral
community vary in time with the blooming
maximum occuring at the end of the first
session of our fieldwork season.

The abundance and composition of the floral
community vary in time with the blooming
maximum occuring at the end of the first
session of our fieldwork season.

Meteorological condition vary in time during
the season

Meteorological condition vary in time during
the season

Meteorological condition vary in time during
the season

Meteorological conditions vary within a day

Meteorological conditions vary within a day
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a priori link

a priori link

a priori link

a priori link

a priori link

a priori link

a priori link
a priori link

a priori link
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a priori link
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Clouds

Visitation rate

Received Fidelity

Visitation rate
Received Fidelity
Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Hour

S. canadensis

flowers
abundance

S. canadensis

flowers
abundance

Other flowers

abundance

Other flowers

abundance

Other flowers

diversity

Other flowers

diversity

Focal plant
flowers
abundance

Focal plant

flowers

abundance

Temperature

Temperature

Wind

Wind

Clouds

Clouds

S. canadensis

Meteorological conditions vary within a day

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect behavior (and thus their preference for
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density

S. canadensis

Received Fidelity density
Visitation rate Date

Received Fidelity Date
Visitation rate Hour

Received Fidelity Hour

Received Fidelity Visitation rate

Other flowers  Other flowers

diversity abundance
Focal plant Other flowers
flowers
abundance
abundance

Focal plant 1 flowers

flowers diversit
abundance y
Wind Temperature
Clouds Temperature
Clouds Wind

the focal specie) may vary due to the high
density of S. canadensis leaves

Insect behavior (and thus their preference for
the focal specie) may vary due to the high
density of S. canadensis leaves

Insect behavior may vary depending on their
needs across the season (e.g. preparing for
winter at the end of the seson)

Insect behavior may vary depending on their
needs across the season (e.g. preparing for
winter at the end of the seson)

Insect behavior may vary depending on the
hour (e.g. forraging for itself at the beginning
of the day vs for larva after that)

Insect behavior may vary depending on the
hour (e.g. forraging for itself at the beginning
of the day vs for larva after that)

Flowers that are more visited may
mechanicly received more fidelity

autorized link

autorized link

autorized link

autorized link

autorized link

autorized link

autorized
correlation

autorized
correlation

autorized
correlation

autorized
correlation

autorized
correlation

autorized
correlation
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5.3.2 Insect point of view models

Response

Predictor

Hypothesis

Status

S. canadensis
flowers
abundance

S. canadensis
flowers
abundance

Other flowers
abundance

Other flowers
diversity

Focal plant

flowers
abundance

Other flowers
abundance

Other flowers
diversity

Focal plant
flowers
abundance

Temperature
Wind

Clouds
Temperature
Wind
Clouds

S. canadensis
density

Date

S. canadensis
density

S. canadensis
density

S. canadensis
density

Date

Date

Date

Date
Date

Date

Hour
Hour

Hour

The abundance of S. canadensis flowers is
directly constrained by the number of S.
canadensis shoots.

The abundance of S. canadensis flowers vary
in time with the blooming maximum occuring
at the end of our fieldwork season.

S. canadensis directly impact other plant
species abundance and investment in
reproduction through competition

S. canadensis directly impact other plant
species abundance and investment in
reproduction through competition

S. canadensis directly impact other plant
species abundance and investment in
reproduction through competition

The abundance and composition of the floral
community vary in time with the blooming
maximum occuring at the end of the first
session of our fieldwork season.

The abundance and composition of the floral
community vary in time with the blooming
maximum occuring at the end of the first
session of our fieldwork season.

The abundance and composition of the floral
community vary in time with the blooming
maximum occuring at the end of the first
session of our fieldwork season.

Meteorological condition vary in time during
the season

Meteorological condition vary in time during
the season

Meteorological condition vary in time during
the season

Meteorological conditions vary within a day
Meteorological conditions vary within a day

Meteorological conditions vary within a day
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S. canadensis

Visitation rate

Received Fidelity

Visitation rate
Received Fidelity
Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

Received Fidelity

Visitation rate

flowers
abundance

S. canadensis

flowers
abundance

Other flowers

abundance

Other flowers

abundance

Other flowers

diversity

Other flowers

diversity

Focal plant
flowers
abundance

Focal plant

flowers

abundance

Temperature

Temperature

Wind

Wind

Clouds

Clouds

S. canadensis

density

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect behavior (and thus their preference for
the focal specie) depend on the floral context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect activity and behavior (and thus their
preference for the focal specie) depend on the
meteorological context

Insect behavior (and thus their preference for
the focal specie) may vary due to the high
density of S. canadensis leaves
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Received Fidelity Visitation rate

S. canadensis
density

Date

Date
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Hour

Insect behavior (and thus their preference for
the focal specie) may vary due to the high
density of S. canadensis leaves

Insect behavior may vary depending on their
needs across the season (e.g. preparing for
winter at the end of the seson)

Insect behavior may vary depending on their
needs across the season (e.g. preparing for
winter at the end of the seson)

Insect behavior may vary depending on the
hour (e.g. forraging for itself at the beginning
of the day vs for larva after that)

Insect behavior may vary depending on the
hour (e.g. forraging for itself at the beginning
of the day vs for larva after that)

Flowers that are more visited may
mechanicly received more fidelity

autorized link

autorized link
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autorized link

autorized link

autorized link
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Annexe A5.4 : Results for the different insect groups

5.4.1 Plant point of view models
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5.4.2 Insect point of view models
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Annexe A5.5 : Selected species flower abundance along the sampling season
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