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1. Etat des lieux de la diversité des écosystèmes 
forestiers 

Les forêts sont les écosystèmes les plus représentés sur terre : elles couvrent 30.6 % du territoire mondial 

(FAO 2020) et 31 % du territoire français (IGN 2020). Elles sont sources de nombreux services 

écosystémiques car elles contribuent à la régulation du climat, participent à la régulation du cycle de 

l’eau, sont une source de bien être pour les humains, et sont une ressource économique importante 

(Brockerhoff et al. 2017) (voir Encadré 1). Aujourd’hui, elles sont au cœur de nombreux enjeux socio-

économiques. D’une part, la demande pour les produits bois est en augmentation constante en réponse 

à la nécessité de favoriser des ressources renouvelables et d’atteindre les objectifs de réduction des 

émission de CO2 dans le cadre de l’Accord de Paris de 2015 (FAO 2020). D’autre part, les forêts sont 

menacées par de nombreux dégâts liés aux changements climatiques (sécheresses, tempêtes, incendies, 

attaques d’insectes et de pathogènes…) (IPCC 2014; Lehner et al. 2017), mais aussi par une perte de 

biodiversité croissante engendrée par les activités humaines (Millennium Ecosystem Assessment 2005). 

Il est donc essentiel de réfléchir à des systèmes de gestion des forêts qui permettent de réduire leur 

vulnérabilité et qui assurent la durabilité de la couverture forestière et de sa productivité. Les forêts 

plurispécifiques semblent être une bonne orientation pour répondre à ces enjeux. 

En effet, il existe de plus en plus d’études qui démontrent l’importance de la biodiversité dans les 

écosystèmes forestiers pour l’apport de services écosystémiques (Balvanera et al. 2006; Brockerhoff et 

al. 2017). Les forêts plus diversifiées en espèces d’arbres permettent une meilleure conservation de la 

biodiversité : du fait de la présence d’un plus grand nombre de types d’habitats elles hébergent une plus 

grande diversité d’espèces d’invertébrés, d’oiseaux et de mammifères (Brockerhoff et al. 2017; Messier 

et al. 2021). Ces espèces peuvent, en retour, jouer un rôle important de pollinisation et de dispersion des 

graines. De plus, la diversité en forêt peut jouer un rôle important de régulation face à des perturbations 

telles que les tempêtes, les incendies ou les attaques d’insectes (Jactel et al. 2017; Messier et al. 2021). 

Cependant, historiquement, la gestion des forêts a entrainé une perte de diversité en forêt en favorisant 

des forêts secondaires en monoculture ou avec une plus faible diversité spécifique, afin de maximiser la 

production de quelques essences cibles (Puettmann et al. 2009; Pretzsch et al. 2017). Actuellement, en 

Europe, on assiste à un retour vers la gestion de peuplements mixtes, mais ceux-ci restent minoritaires 

dans le monde (Pretzsch et al. 2017), en particulier dans les forêts de plantation (Kelty 2006; Nichols et 

al. 2006). C’est pourquoi il est devenu indispensable de réfléchir à une gestion des forêts qui permettrait 

d’assurer une plus grande biodiversité de l’écosystème afin d’améliorer leur durabilité et leur 

multifonctionnalité. Ceci implique nécessairement de ne pas se focaliser sur la seule fonction de 

production des forêts (Bravo-Oviedo 2018). 
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Encadré 1 Définitions autour du fonctionnement de l’écosystème adaptées de Brockerhoff et al. (2017). 1 

 

Encadré 2 Définitions des types de forêts.  

 
1 La traduction en anglais des mots définis dans cette introduction sont indiqués en bleu dans le texte 

Processus écologiques (Ecological processes) : ce concept est « centré sur les organismes » ; les 

processus peuvent être physiologiques (ex. : photosynthèse, respiration), biologiques (ex. : dispersion) et/ou 

évolutifs (ex. : sélection ou mutation). Ils représentent des interactions complexes entre les éléments 

biotiques et abiotiques des écosystèmes qui sous-tendent les flux d'informations (ex. : les stimuli), d'énergie 

(ex. : la lumière du soleil) et de matière (ex. : les nutriments, les gaz, l'eau).  

Fonctions écosystémiques (Ecosystem functions) : mécanismes écologiques (biologiques, chimiques et 

physiques) qui soutiennent l'intégrité ou le maintien des écosystèmes. Ce concept est « centré sur 

l'écosystème ». Les fonctions des écosystèmes, telles que la production primaire ou la décomposition, 

résultent des interactions entre les structures et les processus des écosystèmes. Elles n’apportent pas 

forcément de services pour les humains. Elles sont parfois considérées comme des "services de soutien" 

des écosystèmes. 

Services écosystémiques (Ecosystem services) : contributions des écosystèmes au bien-être humain. Ce 

concept est donc « centré sur l'homme ». Ces services sont définis en fonction de leurs avantages 

spécifiques pour les individus ou la société. Ils sont considérés comme des services écosystémiques car ils 

conservent un lien avec les fonctions écosystémiques sous-jacentes qui les génèrent. Ils sont généralement 

subdivisés en services d'approvisionnement, de régulation et culturels. 

 

 

Exemples pour les différentes catégories 

La FAO (2020) définit la typologie des forêts suivante : 

• Forêts naturellement régénérées (Naturally regenerating forest). Également appelées forêts 

naturelles. Forêt régénérée par le cycle naturel de reproduction des peuplements en place.  

• Forêts plantées (Planted forest). Forêt composée principalement d’arbres établis par plantations 

et/ou par semis délibérés. Elles incluent les plantations forestières et les autres forêts plantées. 

o Plantations forestières (Plantation forest). Les plantations forestières sont gérées de 

manière intensive, composées d’une ou deux essences, équiennes, plantées à des 

intervalles réguliers, et établies principalement à des fins productives.  

o Autres forêts plantées (Other planted forest). Elles incluent les plantations forestières et 

les autres forêts plantées. Les autres forêts plantées, ne sont pas gérées de manière 

intensive et, lorsque le peuplement arrive à maturité, elles ressemblent plutôt à des forêts 

naturelles.  
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1.1. Diversité des forêts au niveau global et européen 

Les forêts hébergent une très grande partie de la biodiversité terrestre et aquatique et sont l’écosystème 

le plus représenté sur terre, recouvrant 30.6 % du territoire mondial. A l’échelle globale, les pressions 

dues aux activités humaines engendrent chaque année une perte et une fragmentation de la surface 

forestière mondiale, ainsi qu’une perte de biodiversité (FAO 2020) (Fig. 1). La perte de surface 

forestière, via la déforestation, continue de manière significative en particulier dans les écosystèmes 

forestiers les plus diversifiés sous les tropiques, malgré un ralentissement (FAO 2020). Par ailleurs, une 

augmentation des surfaces forestières est observée dans certaines régions du monde (Europe, Asie), dont 

en France, mais celle-ci ne compense pas les pertes au niveau global (Millennium Ecosystem 

Assessment 2005; FAO 2020). De plus, les surfaces de forêts plantées (voir Encadré 2), majoritairement 

monospécifiques, sont en augmentation et représentent actuellement environ 7 % de la surface forestière 

mondiale (Payn et al. 2015; FAO 2020) (Fig. 1). Ces dynamiques de couverture forestière sont 

préoccupantes, parce qu’elles engendrent une perte générale de biodiversité et une dégradation de 

l’apport de services écosystémiques pour les populations humaines.  

 

 

Fig. 1 Proportion des types de forêts au niveau mondial et dynamique décennale des superficies. Extrait de 

l’évaluation des ressources forestières mondiales 2020 (FAO 2020).  
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La plupart des forêts naturelles sont constituées d'un mélange d'espèces d'arbres qui peuvent atteindre 

un nombre d’espèces élevé (jusqu’à 300 espèces d’arbres par hectare en forêts tropicales) (Gentry 1988). 

D'un point de vue global, la richesse et la diversité des espèces d'arbres dans les forêts ne sont pas 

réparties de manière uniforme. La richesse en espèces d'arbres augmente généralement depuis les 

régions froides et boréales jusqu’aux régions chaudes et tropicales (Pretzsch et al. 2017). Ce schéma 

biogéographique mondial de la richesse spécifique en général, y compris celle des plantes et des arbres, 

a été un sujet d’étude central en écologie au cours du XXème siècle (May 1986; Currie and Paquin 1987; 

Loreau et al. 2001). Il s’explique par de nombreux facteurs (quantité d’énergie disponible, complexité 

de l’habitat, régimes de perturbations, stress environnementaux, stabilité environnementale, interactions 

biotiques, évènements climatiques passés…) (Hansen and Rotella 1999). Par exemple, les forêts 

naturelles tempérées européennes sont moins riches en espèces d’arbres que les forêts tempérées d’Asie 

de l’Est et d’Amérique du Nord, ce qui s’explique par une extinction d’espèces plus importante en 

Europe, à la suite des dernières périodes glaciaires du Quaternaire (Hewitt 1999). Globalement, la 

plupart des forêts naturelles ou semi-naturelles sont constituées de plusieurs espèces d'arbres, en Europe 

et dans le monde, même si des exemples de peuplements monospécifiques existent également en 

conditions naturelles. 

La diversité en composition spécifique peut être considérablement modifiée dans les forêts gérées par 

l’homme (Puettmann et al. 2009). Les trois quarts de la superficie actuellement couverte par les forêts 

en Europe sont constitués de peuplements ne comptant pas plus de trois espèces d'arbres dans l’étage 

dominant (Fig. 2) (Forest Europe et al. 2011), ce qui est le résultat de la composition naturelle des forêts 

européennes combiné aux effets de la gestion des forêts par l’homme. Les modifications apportées par 

l'homme aux forêts, par les boisements à grande échelle avec des peuplements monospécifiques mais 

également par les choix de gestion qui ciblent préférentiellement certaines essences, ont aussi contribué 

à l’appauvrissement en nombre d’espèces d’arbres en Europe (Pretzsch et al. 2017). Dans les forêts de 

plantations, par exemple, les processus de succession d’espèces d’arbres qui auraient lieu dans une forêt 

naturelle sont souvent limités aux phases de début et de milieu de succession. De plus la composition 

en espèces y est fortement contrôlée, au point qu'une seule espèce y soit cultivée dans tout le peuplement 

(Pretzsch et al. 2017), et parfois même dans tout le paysage d’une région (par exemple, le pin maritime 

(Pinus pinaster Ait.) dans les Landes de Gascogne en France) (Mason and Meredieu 2011). En effet, les 

espèces d'arbres ciblées dans les programmes de plantation sont celles qui ont la capacité de bien se 

développer (forte croissance et bonne qualité du bois) dans une large gamme de conditions de sols et de 

sites. Les monocultures sont donc généralement favorisées dans la gestion et la plantation des forêts 

(Pretzsch et al. 2017).  
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Fig. 2 Proportion de forêts en Europe présentant différents niveaux de richesse en espèces. Extrait du rapport 

« State of Europe’s Forests 2011 » (Forest Europe et al. 2011).  

1.2. Caractéristiques des forêts françaises 

La forêt en France métropolitaine couvre 16,9 millions d’hectares, soit 31 % du territoire (IGN 2020). 

Les forêts dans les DOM-TOM couvrent par ailleurs environ 9,0 millions d’hectares. C’est l’occupation 

du sol la plus importante après l’agriculture, qui couvre plus de la moitié de la France métropolitaine. 

En termes de diversité en essences, la moitié de la forêt française est constituée de peuplements 

monospécifiques (c.-à-d. les peuplements pour lesquels une essence représente plus des trois quarts du 

couvert des arbres), soit 7,3 millions d’hectares. Les peuplements à deux essences représentent un tiers 

des peuplements, tandis que ceux à plus de deux essences en représentent 17 %. Les forêts du nord-est 

de la France et du Massif central sont les plus diversifiées (Fig. 3). À l’opposé, le massif des Landes de 

Gascogne est un grand massif d’environ un million d’hectares de peuplements monospécifiques de pin 

maritime. 

En termes de composition en essences, la forêt française métropolitaine est composée majoritairement 

de feuillus, qui représentent 67 % de la superficie forestière (9,9 millions d’hectares). Les peuplements 

de feuillus se situent surtout dans les plaines ou à moyenne altitude. Les peuplements de conifères se 

trouvent essentiellement en zone montagneuse, dans le massif landais et dans les plantations assez 

récentes de l’ouest de la France. Les peuplements mixtes feuillus-conifères se rencontrent souvent en 

moyenne montagne ou dans les massifs forestiers accueillant à la fois des peuplements de feuillus et de 

résineux (Sologne, Dordogne, Bretagne) (IGN 2020). 
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Fig. 3 Répartition de la diversité des peuplements en France métropolitaine. Les informations relatives à la 

composition et à la diversité des peuplements ne sont prises que dans les peuplements ayant un couvert par des 

arbres de plus de 7,5 cm de diamètre supérieur à 15 %. Ils couvrent une superficie de 14,8 millions d’hectares. 

©IGN 2020 

 

Les forêts plantées représentent 2.1 millions d’hectares, soit 13 % de la surface forestière de France 

métropolitaine. Elles sont constituées à 80 % d’essences résineuses : les trois principales essences de 

plantation sont le pin maritime, le douglas (Pseudotsuga menziesii (Mirb.) Franco) et l’épicea commun 

(Picea abies (L.) H.Karst). Sur l’ensemble des forêts plantées, seulement 16 % (330 000 hectares) sont 

des plantations mélangées à deux espèces ou plus, et la majeure partie de ces mélanges en plantation 

sont des mélanges de deux espèces de résineux (par exemple : sapin pectiné (Abies alba Mill.) et épicéa 

commun, douglas et épicéa commun…) (IGN 2017). 
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Au vu de l’importance des forêts diversifiées pour assurer un nombre de services écosystémiques, il 

semble important d’adapter les pratiques de gestions afin de favoriser à nouveau la biodiversité, par 

exemple avec des peuplements mélangés. Pour cela il est indispensable de comprendre comment la 

diversité en espèces d’arbres peut influencer le fonctionnement des espèces d’arbres dans les 

écosystèmes forestiers et les services écosystémiques de ces peuplements, afin d’apporter des 

connaissances qui pourront guider la gestion forestière des peuplements mélangés (voir Encadré 3).  

 

Encadré 3 Définition d’une forêt mélangée adaptée de Bravo-Oviedo (2018). 

 

  

Qu’est-ce qu’une forêt mélangée ? 

Une forêt mélangée se définit en opposition à une forêt monospécifique (ou pure). Une forêt mélangée 

comporte deux espèces ou plus, qui doivent dépasser une certaine proportion en nombre de tiges ou surface 

terrière, souvent défini entre 10 et 20 %. Ainsi, si une seule espèce constitue plus de 80 % de l’étage 

dominant d’un peuplement, celui-ci est considéré comme pur.  

Bravo-Oviedo et al. (2014) ont proposé la définition suivante (traduit) : « Un peuplement mélangé est une 

unité forestière, à l'exclusion des formations linéaires, où au moins deux espèces d'arbres coexistent à 

n'importe quel stade de développement, partageant des ressources communes (lumière, eau et/ou 

nutriments du sol). La présence de chacune des espèces composantes est généralement quantifiée en tant 

que proportion du nombre de tiges ou de la surface terrière, bien que le volume, la biomasse ou la 

couverture du couvert ainsi que les proportions de la surface occupée du peuplement puissent être utilisés 

pour des objectifs spécifiques. Une variété de structures et de modèles de mélanges sont possibles, et les 

interactions entre les espèces qui les composent et leurs proportions respectives peuvent changer avec le 

temps. » 

Attention : Au niveau européen, une forêt mélangée a parfois également été définie comme une forêt 

constituée d’un mélange d’espèces feuillues et de conifères (Forest Europe et al. 2011).  
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2. Conséquences des changements climatiques sur les 
écosystèmes forestiers 

2.1. Conséquences à l’échelle globale 

Depuis le début de l’ère industrielle au 19ème siècle, les activités humaines ont entrainé une augmentation 

continue de la consommation d’énergie fossile, entrainant une augmentation des émissions de gaz à effet 

de serre, notamment du CO2, dans l’atmosphère. L’augmentation de la concentration en gaz à effet de 

serre a engendré une augmentation des températures à l’échelle du globe depuis les années 1950 (IPCC 

2014). En 2017 l’augmentation des températures était de +1.0 [+0.8 to +1.2]°C au niveau global par 

rapport à la période préindustrielle de 1850 à 1900 (IPCC 2018). Cette augmentation varie en fonction 

des régions du globe : elle est plus forte au niveau des continents que des océans et est notamment 

supérieure à la moyenne globale dans l’hémisphère nord pour les températures hivernales (IPCC 2018). 

L’augmentation globale des températures, et donc de l’énergie disponible dans l’atmosphère, 

s’accompagne d’autres changements au niveau de l’atmosphère. En particulier, cela modifie les patrons 

de précipitations, ce qui entraine l’augmentation de la fréquence et de l’intensité des épisodes de 

sécheresse en été, ou des épisodes de fortes pluies en hiver, qui ont des effets majeurs sur le 

fonctionnement des écosystèmes forestiers (Allen et al. 2010; IPCC 2014; Lehner et al. 2017). Les 

scénarios climatiques prévoient que les régions méditerranéennes et d’Europe centrale, incluant le 

territoire français, seront particulièrement sensibles à l’accentuation des risques de sécheresses dans les 

prochaines 50-100 années (Lindner et al. 2010; Hanewinkel et al. 2013; Lehner et al. 2017) (Fig. 4). 

Les changements climatiques actuels ont également pour conséquence l’augmentation de la fréquence 

de nombreux évènements extrêmes (incendies, tempêtes, invasions de pathogènes…). Ces évènements 

engendrent aussi de fortes perturbations pour le fonctionnement des écosystèmes forestiers, mais je ne 

les développerai pas dans cette introduction, sachant que mon sujet de recherche a porté spécifiquement 

sur l’effet des sécheresses. Cependant, il est à noter que ces différentes perturbations peuvent interagir, 

avec notamment une plus forte probabilité d’occurrence des incendies ou d’attaques d’insectes dans des 

peuplements affectés par les sécheresses (Lindner et al. 2010). 
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Fig. 4 Variations de l'indice de sécheresse (Palmer Drought Severity Index, PDSI) moyen entre la période actuelle 

(1967-2016) et le scénario +2°C (2051- 2100) tel que modélisée par le Community Earth System Model (CESM). 

Les hachures indiquent les différences qui ne sont pas significatives selon un test-t bilatéral (intervalle de confiance 

à 95 %). Extrait de Lehner et al. (2017).  

 

Par conséquent, la combinaison des différents effets des changements climatiques sur le fonctionnement 

des arbres va très probablement avoir des conséquences sur l’aire de répartition des différentes espèces 

d’arbres (Cheaib et al. 2012). En effet, les individus d’une espèce donnée peuvent se retrouver exposés 

à des conditions climatiques qui ne correspondent plus à leur niche écologique (voir Encadré 4), c’est-

à-dire beaucoup moins propices à leur développement ou leur survie. Des changements 

environnementaux importants, prolongés ou répétés peuvent ainsi entrainer sur le long terme la 

disparition d’espèces moins adaptées dans un milieu donné, en raison d’une diminution des ressources, 

des blocages phénologiques ou d’autres facteurs (Saxe et al. 2001). Ces changements d’aire de 

répartition seront différents selon les espèces, et peuvent modifier la composition des communautés 

forestières (Thuiller et al. 2006). Pour cela il est important de mieux comprendre les mécanismes 

d’interactions des espèces d’arbres afin de prévoir comment ces changements de composition pourraient 

impacter le fonctionnement des écosystèmes.  
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Encadré 4 La notion de niche écologique. 

  

Qu’est-ce que la niche écologique ? 

La niche écologique (ecological niche) est un concept théorique, central en écologie, qui a été défini de 

plusieurs manières historiquement. La niche écologique a été définie d’une part par son rôle ou sa fonction 

dans l'environnement (Elton 1927) et d’autre part par les ressources, biotiques et abiotiques, nécessaires au 

maintien d’une population viable de cette espèce (Grinnell 1917; Hutchinson 1957). Je me concentrerai ici 

sur la seconde définition, qui décompose « l’habitat » nécessaire à une espèce en de multiples ressources.  

Dans ce cadre-là, la niche écologique d'une espèce peut être visualisée comme un hypervolume à n 

dimensions dans lequel chaque ressource représente un axe indépendant. Cette définition prend en compte 

l'espace physique qu'une espèce occupe, les conditions de température et d'humidité de cet espace, et la 

saisonnalité des conditions abiotiques et biotiques dans cet espace, ainsi que les besoins alimentaires et les 

interactions qu'une espèce entretient avec d'autres espèces. L'espace que chaque espèce occupe dans cet 

hypervolume est défini par ses besoins en ressources de base (c'est-à-dire la niche fondamentale) et est 

réduit par les interactions antagonistes avec d'autres organismes (c'est-à-dire la niche réalisée) (Hutchinson 

1957).  

Deux espèces ne peuvent occuper, sur un même territoire géographique, la même niche écologique, une 

espèce finissant toujours par dominer les autres et par l’exclure de la niche. C’est le principe d’exclusion 

compétitive (competitive exclusion principle) (Gause 1934). On dit de deux espèces qu’elles ont la même 

niche si elles utilisent la même ressource de la même manière. Dans ce cas, la théorie prédit qu’elles ne 

peuvent cohabiter. En effet, à court terme, la compétition va favoriser celle qui est la mieux adaptée à la 

niche (c'est-à-dire celle qui dans ces conditions peut se reproduire le plus efficacement). Cependant, deux 

espèces peuvent occuper un même territoire, mais dans des niches écologiques différentes.  

Deux espèces peuvent aussi occuper des niches écologiques chevauchantes dans l'espace et/ou dans le 

temps, c'est-à-dire que seulement une partie des dimensions de l'hypervolume de Hutchinson sont occupées 

de manière simultanée. On parle alors de recouvrement. Les deux espèces peuvent cohabiter si ce 

chevauchement n’est pas trop important. Il en résulte une compétition interspécifique plus ou moins forte. 

Cette compétition peut produire une différentiation de niche (niche differentiation), c’est-à-dire qu’une 

ou les deux espèces vont modifier leur niche réalisée afin de coexister. Le partitionnement des ressources 

(resource partitioning) est un exemple de différentiation de niche.  
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2.2. Impact de la sécheresse sur le fonctionnement des arbres 

Les épisodes de sécheresse affectent les processus physiologiques des arbres tels que la photosynthèse, 

la transpiration et l'allocation du carbone, et peuvent entraîner une réduction des taux de croissance 

(Saxe et al. 2001; Bréda et al. 2006). Le stress induit par la sécheresse peut conduire à une perte de 

vitalité et à terme à la mortalité des arbres (McDowell et al. 2008; Hartmann et al. 2018). En effet, des 

effets du changement climatique sur la mortalité des arbres ont déjà été observés à l’échelle globale 

(Allen et al. 2010). De plus, le sujet a été particulièrement d’actualité ces dernières années (2018 à 2020) 

en Europe, avec de fortes sécheresses estivales successives et des conséquences déjà observables sur la 

mortalité des arbres (Schuldt et al. 2020). Cette partie a pour objectif de résumer quelques concepts sur 

la réponse des arbres à la sécheresse. La compréhension des réponses physiologiques fines à la 

sécheresse, et notamment des processus de mortalité des arbres, est un vaste domaine scientifique, en 

progression permanente et particulièrement actif dans le contexte actuel.  

2.2.1. Définition d’une sécheresse 

Une sécheresse peut être définie, du point de vue d’un arbre, comme une période prolongée de stress 

hydrique résultant d'une demande atmosphérique accrue (c'est-à-dire une sécheresse atmosphérique) 

et/ou d'une faible disponibilité en eau du sol autour des racines de cet arbre (c'est-à-dire une sécheresse 

édaphique) (Gutierrez Lopez et al. 2021). 

La sécheresse atmosphérique, engendrée par de fortes températures, une faible humidité de l’air, et 

généralement un fort rayonnement, engendre une demande évaporative élevée au niveau des surfaces 

d’échange (aiguilles ou feuilles), du fait d’une forte différence de potentiel hydrique (Ψ, en MPa) entre 

l’atmosphère et l’arbre (Fig. 5). 

La sécheresse édaphique correspond à une diminution de la teneur en eau du sol qui engendre un déficit 

d’eau disponible pour les racines des arbres. L’intensité de la sécheresse édaphique peut être caractérisée 

par la mesure de la teneur en eau du sol à différentes profondeurs, à l’aide de capteurs de type TDR 

(« Time Domain Reflectrometry ») ou sondes à neutrons. L’intensité de la sécheresse édaphique peut 

être exprimée également via le potentiel hydrique du sol : plus il est négatif, plus le sol est sec. Cette 

diminution du potentiel hydrique du sol affecte ensuite le statut hydrique de l’arbre, car le potentiel 

hydrique dans les vaisseaux du xylème s’équilibre avec celui du sol en absence de transpiration 

(typiquement, de nuit).  

Ainsi, les conditions atmosphériques et édaphiques affectent toutes deux le statut hydrique d’un arbre 

du fait d’un continuum hydraulique sol-plante-atmosphère. En effet, le mécanisme de transport de l’eau 

sur de longues distances dans les arbres, entre les racines qui absorbent l’eau libre du sol et les feuilles 

où l’eau est transpirée, résulte en un continuum hydraulique entre ces différents compartiments. Le 

transport de l’eau dans les plantes s’explique par la théorie de cohésion-tension (Dixon and Joly 1895; 
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Steudle 2001) : du fait de la nature polaire et cohésive des molécules d’eau, elles sont fortement liées 

entre elles par des liaisons hydrogène et forment une « colonne » ininterrompue dans l’arbre, du sol 

jusqu’à l’atmosphère (Fig. 5). Ainsi, lors d’une période de sécheresse, le potentiel hydrique va diminuer 

tout au long de la trajectoire de l’eau dans l’arbre. 

 

 

Fig. 5 Transport de l’eau (sève brute) dans le xylème, du sol à l’atmosphère, selon la théorie de la cohésion-tension. 

Les liaisons hydrogènes forment une chaîne ininterrompue de molécules d'eau qui s’étend des feuilles au sol. La 

force qui entraine la montée de la sève du xylème est un gradient de potentiel hydrique (Ψ). Sur une longue 

distance, le gradient Ψ est principalement dû à un gradient du potentiel de pression (ΨP). La transpiration fait que, 

dans le xylème, le ΨP à l'extrémité foliaire est plus faible que le ΨP à l'extrémité racinaire. Les valeurs de ΨP 

indiquées à gauche sont un exemple pour un instant donné. Elles peuvent varier pendant la journée, mais la 

direction du gradient Ψ reste la même. Extrait de Campbell Biology, 12th Edition, © 2021 Pearson Education.  
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La disponibilité en eau dans le sol pour les arbres dépend de nombreux facteurs en plus des conditions 

climatiques (Bréda et al. 2006). En effet les propriétés physiques du sol rendent l’eau présente plus ou 

moins facile à extraire par les racines. De plus, les propriétés d’exploration des racines en profondeur 

déterminent aussi l’exposition à la sécheresse d’un arbre. Enfin, la présence d’une nappe phréatique peu 

profonde implique que l’eau disponible ne vient pas uniquement de la percolation des précipitations 

mais aussi de l’eau de la nappe, qui est soit directement accessible par les racines ou soit rendue 

disponible par des remontées capillaires dans le sol (Bréda et al. 2002; Vincke and Thiry 2008). 

2.2.2. Réponse physiologique de l’arbre à la sécheresse 

Le stress hydrique, selon sa rapidité de mise en place, son intensité et sa durée, provoque des réponses 

complexes chez les arbres, qui ont souvent pour conséquence in fine de limiter leur croissance (Fig. 6).  

La fermeture des stomates, ainsi que l'inhibition de la croissance des feuilles, sont parmi les premières 

étapes de la réponse à la sécheresse, protégeant les arbres d'une perte d'eau importante, qui pourrait 

entraîner la déshydratation des cellules, la cavitation du xylème et la mort de l’arbre. La perception et la 

signalisation du stress hydrique qui va déclencher la fermeture des stomates est complexe et 

multifactorielle. Les principaux mécanismes qui y participent sont : le potentiel hydrique des feuilles, 

l’intensité du rayonnement, la concentration en CO2, mais aussi des signaux hormonaux émis lors de la 

déshydratation des racines (Chaves et al. 2003). La signalisation d’une sécheresse, par signaux 

hydrauliques ou biochimiques, va provoquer une fermeture des stomates pour la plupart des espèces 

d’arbres. Cette fermeture des stomates va limiter les pertes en eau par transpiration, au détriment de 

l’assimilation en CO2 par l’arbre (Chaves et al. 2003; Bréda et al. 2006). Cependant, la baisse de la 

conductance stomatique est généralement plus rapide que la baisse de l’assimilation du CO2, ce qui 

engendre une augmentation de l’efficience d’utilisation de l’eau intrinsèque (« intrinsic water use 

efficiency », WUEi). WUEi est défini comme le ratio entre l’assimilation nette de CO2 (A) et la 

conductance stomatique pour la vapeur d’eau (gs) (Farquhar et al. 1982). Ce trait est souvent évalué par 

la mesure de la composition isotopique du 13C dans les feuilles ou le tronc, car la discrimination 

isotopique du carbone au cours de la photosynthèse dépend fortement de la conductance stomatique 

(Farquhar et al. 1989; Saurer et al. 1995). La fermeture stomatique contribue à maintenir le potentiel 

hydrique au-dessus d’un seuil critique pour l’arbre en dessous duquel le taux d’embolie des vaisseaux 

du xylème augmente fortement (Cruiziat et al. 2002). Ce seuil est spécifique à chaque espèce. Hormis 

la fermeture des stomates, la perception d’une sécheresse par l’arbre va également déclencher de 

nombreux mécanismes de protection métaboliques, pour éviter les effets délétères de la déshydratation 

et du stress oxydatif sur les tissus végétaux (Chaves et al. 2003).  
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Fig. 6 Schéma simplifié des conséquences de la sécheresse pour un arbre à court terme et à long terme. © RMT 

AFORCE 

 

Par ailleurs, on peut aussi noter que les fortes températures qui accompagnent souvent une période de 

sécheresse peuvent créer un stress thermique qui va également impacter le fonctionnement 

physiologique de l’arbre (Teskey et al. 2015). En effet, le stress thermique peut induire une réduction 

de l’activité photosynthétique des feuilles au-delà d’un certain seuil de température, entrainant une 

diminution de l’assimilation de carbone par l’arbre. De plus, lors de vagues de chaleur extrêmes, le stress 

thermique peut aussi entrainer l’augmentation du stress oxydatif, et l’abscission des tissus foliaires.  

2.2.3. Stratégies de réponse à la sécheresse 

Afin de maintenir l'intégrité de leur système hydraulique, les arbres répondent donc à la sécheresse par 

des mécanismes à court terme de régulation dynamiques et réversibles, comme une réduction de la 

transpiration par la fermeture des stomates, qui peuvent avoir l'avantage supplémentaire de retarder 

l'épuisement de l'eau du sol. Par ailleurs, des réponses plastiques et à long terme sont également 

possibles. Par exemple : (i) le développement d’un xylème plus résistant à la cavitation, capable de 

supporter un potentiel hydrique plus faible ; (ii) la réduction de la surface foliaire transpirante, soit par 

une modification de l'allocation de la biomasse aux racines par rapport aux feuilles, soit par une perte 

foliaire plus ou moins importante ; (iii) une amélioration de la conductance hydraulique dans le 

continuum sol-feuilles par l'augmentation de la biomasse allouée aux racines par exemple (Bréda et al. 

2006). 

Le niveau de réponse des arbres à la sécheresse varie entre espèces. En effet, la perception et la 

signalisation du stress, des variations de croissance et de l’allocation de croissance, l’augmentation de 

l’efficience d’utilisation de l’eau, etc. ne sont pas identiques entre les espèces. Les stratégies de réponse 

à la sécheresse des espèces sont souvent regroupées en trois catégories : l’échappement (escape), 
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l’évitement (avoidance) et la tolérance (tolerance) (Delzon 2015; Volaire 2018). L’échappement, qui 

consiste à réaliser un cycle de vie complet avant une éventuelle saison sèche, ne s’applique pas au cas 

des forêts mais plutôt à des espèces de plantes annuelles. L’évitement consiste, par exemple, à une 

fermeture stomatique précoce et/ou à la capacité à extraire de l’eau en profondeur afin de maintenir un 

potentiel hydrique élevé. La tolérance s’exprime par la mise en place de mécanismes à travers l’arbre 

qui « prend le risque » de supporter des niveaux de stress hydrique élevés, par exemple par une fermeture 

stomatique tardive ou une forte capacité de résistance à l’embolie. Les réponses liées à ces deux 

stratégies ne sont pas nécessairement mutuellement exclusives et tout un gradient de stratégies existent 

(Volaire 2018).  

2.2.4. Conséquences à long terme de la sécheresse 

Le stress induit par la sécheresse peut conduire à une perte de vitalité et à terme à la mortalité des arbres, 

causée par une défaillance hydraulique et/ou une famine carbonée (McDowell et al. 2008; Hartmann et 

al. 2018). Lorsque l'intensité de la sécheresse augmente, les conditions d'équilibre du transfert d'eau 

(principalement dans les tissus du xylème) peuvent être irréversiblement perturbées, en raison de la 

rupture de la cohésion de l'eau et de l'embolie massive des vaisseaux. Cela peut entraîner une mortalité 

prématurée des racines ou des rameaux, et finalement conduire à la mort de l'arbre (Fig. 6) (Bréda et al. 

2006; McDowell et al. 2008; Choat et al. 2018). De plus, la réduction de l’assimilation du carbone au 

cours d’une sécheresse prolongée peut mener à une famine carbonée. En effet, les réserves en glucides 

non structuraux dont l’arbre a besoin pour maintenir son fonctionnement (respiration, croissance) 

deviennent insuffisantes, entrainant à terme la mort de l’arbre (McDowell et al. 2008). Selon le cadre 

théorique développé par McDowell et al. (2008), la part relative de ces différents processus de mortalité 

dépendrait théoriquement de l’intensité et de la durée de la sécheresse. La défaillance hydraulique 

surviendrait plutôt lors d’épisodes de stress hydrique de forte intensité et faible durée, tandis que la 

famine carbonée surviendrait lors d’épisodes prolongés et de plus faible intensité. En réalité, les deux 

processus sont interdépendants et les processus de mortalité des arbres sont probablement liés à une 

combinaison des deux processus (Sevanto et al. 2014; Adams et al. 2017). Néanmoins, la cause finale 

de mortalité est probablement souvent la défaillance hydraulique (Adams et al. 2017; Choat et al. 2018). 
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2.3. Comment adapter les forêts face aux sécheresses ? 

Au vu des conséquences physiologiques que peuvent avoir l’augmentation de la fréquence et de 

l’intensité des sécheresses sur les arbres, il semble donc important de réfléchir à des solutions pour 

limiter ces effets. Différentes approches sont considérées pour limiter l’impact majeur des sécheresses 

sur les arbres.  

La première est de privilégier, lors du renouvellement des peuplements forestiers, la plantation ou 

l’installation par régénération d’espèces résistantes à la sécheresse. En effet, la migration assistée de 

certaines espèces qui poussent dans des climats plus secs pourrait être une solution en se basant sur les 

caractéristiques physiologiques des différentes espèces (Niinemets and Valladares 2006), mais celle-ci 

comporte beaucoup d’incertitudes liées à la difficulté de prédire le climat futur (Williams and Dumroese 

2013; Lindner et al. 2014; Albert et al. 2017).  

La deuxième est de mettre au point des modes de gestion des forêts qui pourraient diminuer l’exposition 

à la sécheresse des arbres dans ces peuplements dans le contexte climatique actuel et futur. Une des 

pistes de gestion envisagées est de diminuer la densité des peuplements. En effet, il a été montré que le 

fait de diminuer la densité du peuplement pouvait améliorer sa résistance à la sécheresse (Bottero et al. 

2017; Gavinet et al. 2020). En réduisant la surface foliaire du peuplement, l'éclaircie devrait réduire 

l'interception des pluies et la transpiration du peuplement, améliorant ainsi la disponibilité de l'eau pour 

les arbres restants (Bréda et al. 1995). Cependant, l’ouverture du peuplement peut exposer le sol à 

d’avantage d’évaporation et pourrait aussi favoriser le développement de la végétation de sous-bois 

(Gebhardt et al. 2014). De plus, l’avantage obtenu lors de l’éclaircie pourrait être temporaire et 

disparaitre avec le temps par l’augmentation de la surface foliaire des arbres restants (Bréda et al. 1995). 

Dans certaines conditions, des éclaircies modérées répétées peuvent donc représenter une mesure 

sylvicole viable pour anticiper les possibles limitations d'eau dues au changement climatique. 

Enfin, une autre piste de gestion mise en avant serait de favoriser le mélange d’espèces d’arbres 

présentant des complémentarités fonctionnelles du point de vue de l’utilisation de l’eau et de la réponse 

à la sécheresse, en supposant que cela pourrait atténuer les niveaux de contrainte hydrique au sein d’un 

peuplement (Pretzsch et al. 2013b). Cependant, les résultats concernant cette question restent à ce jour 

assez controversés (Ammer 2019; Grossiord 2019). C’est à cette option d’adaptation des peuplements 

au changement climatique que je me suis particulièrement intéressée au cours de ma thèse et j’apporterai 

plus de détail sur la question dans la section 4.2.3.  



Introduction 

 

19 

 

3. Effets de la biodiversité sur le fonctionnement des 
écosystèmes (B-EF) 

3.1. Historique de l’étude des relations B-EF 

Dans un contexte de perte de biodiversité liée aux activités humaines (Cardinale et al. 2012; Naeem et 

al. 2012), la compréhension du rôle de la biodiversité, et de la perte d'espèces en particulier, dans le 

fonctionnement des écosystèmes est devenue un sujet majeur en sciences écologiques au cours des 

dernières décennies (Loreau 2010; Tilman et al. 2014). Les premières publications établissant un lien 

expérimental entre la biodiversité et le fonctionnement des écosystèmes (e.g., Naeem et al. 1994)2 ont 

vu le jour peu après le Sommet de la Terre de 1992 à Rio de Janeiro. Ces études ont constitué un 

changement de paradigme majeur dans la recherche en écologie (Schulze and Mooney 1993; Naeem 

2002). Jusqu'à cette époque, la biodiversité était principalement étudiée comme un facteur qui répond 

aux changements environnementaux et aux fonctionnement des écosystèmes (voir section 1.1), mais 

pas, à l’inverse, comme quelque chose qui détermine le fonctionnement des écosystèmes (Loreau et al. 

2001; Tilman et al. 2014). Ainsi est née une nouvelle sous-discipline scientifique en écologie intitulée 

« biodiversité et fonctionnement des écosystèmes » (« biodiversity – ecosystem functioning », B-EF). 

Cet intérêt pour les relations B-EF a permis de réunir des concepts issus de deux disciplines 

écologiques : l'écologie des communautés et l'écologie des écosystèmes (Naeem 2002; Loreau 2010). 

Dans le cadre des relations B-EF, le fonctionnement des écosystèmes se définit comme « les effets 

combinés de tous les processus naturels qui assurent la pérennité d'un écosystème, c'est-à-dire les effets 

combinés des fonctions individuelles, le fonctionnement global étant régi par l'interaction de facteurs 

abiotiques (physiques et chimiques) et/ou biotiques » (Reiss et al. 2009) (voir aussi Encadré 1). Le 

thème central de la recherche B-EF est donc la modification des processus écologiques (abiotiques ou 

biotiques) par les organismes eux-mêmes. On peut citer comme exemples : la production de carbone, la 

consommation de ressources, ou encore l'absorption de nutriments (Reiss et al. 2009). 

Les relations B-EF ont été largement étudiées depuis près de trois décennies (Tilman et al. 2014; van 

der Plas 2019), principalement via des systèmes expérimentaux à courte durée de vie comme des 

microcosmes, des mésocosmes, ou des communautés de plantes herbacées (Naeem et al. 1994; Hooper 

et al. 2005). Les expériences sur les communautés de plantes herbacées ont joué un rôle particulièrement 

prépondérant dans le domaine. Des expériences à long terme et de grande ampleur se sont basées sur 

des écosystèmes expérimentaux de prairie, où la richesse en espèces ou la diversité fonctionnelle étaient 

manipulées. Quelques exemples particulièrement marquants sont les expériences de Cedar Creek dans 

le Minnesota aux Etats-Unis (Tilman et al. 2006) et BIODEPTH sur un gradient à travers l’Europe 

 
2 Voir l’article de blog scientifique suivant, pour une perspective historique intéressante concernant cet article et 

les débuts de la recherche sur les relations entre biodiversité et fonctionnement de l’écosystème 

(https://reflectionsonpaperspast.wordpress.com/2017/12/30/revisiting-naeem-et-al-1994/)  

https://reflectionsonpaperspast.wordpress.com/2017/12/30/revisiting-naeem-et-al-1994/
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(Hector et al. 1999) qui démarrèrent toutes deux en 1996, ainsi que l’expérience menée à Jena 

(Allemagne) qui démarra en 2002 (Weisser et al. 2017). Ces écosystèmes expérimentaux ont permis de 

démontrer un résultat central dans les relations B-EF : une augmentation de la production en biomasse 

avec la richesse spécifique (Tilman et al. 2014).  

Cette augmentation de la production de biomasse, dans le cadre des relations B-EF, est déterminée en 

comparant le mélange par rapport à la moyenne des monocultures. Ainsi, on obtient un « bonus de 

productivité » (overyielding) lorsque la production de biomasse du mélange est supérieure à la 

moyenne des monocultures des espèces présentes dans le mélange (Fig. 7). C’est donc un bonus relatif 

à la moyenne, et non pas absolu par rapport à la monoculture la plus productive. On obtient un bonus 

absolu (transgressive overyielding) lorsque la production de biomasse du mélange est supérieure à la 

monoculture de l’espèce la plus productive (Fridley 2001; Schmid et al. 2008). Le résultat de l’effet du 

mélange, qu’il représente une meilleure ou moins bonne productivité par rapport à la moyenne du 

mélange, a aussi été appelé « effet net de la biodiversité » (net biodiversity effect).  

 

 

Fig. 7 Illustration des types de bonus de productivité (overyielding). Deux monocultures de différents avec 

différents niveaux de productivité moyen sont représentées, A et B. Si un mélange de A et B (à même densité 

totale) donne une productivité comprise entre celle de la monoculture la plus productive (ici, la monoculture A) et 

le rendement moyen des monocultures, il y a un bonus de productivité relatif (non-transgressive overyielding, 

souvent appelé simplement overyielding). Si la productivité du mélange est supérieure à celle de la monoculture 

la plus productive, il y a un bonus de productivité absolu (transgressive overyielding). Un malus de productivité 

(underyielding) est également possible. Extrait de Fridley (2001).   
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Ces résultats de l’effet de la biodiversité sur la productivité dans les écosystèmes de prairies ont généré 

de nombreux débats à la fin des années 1990 et au début des années 2000 pour savoir si ces effets étaient 

réellement causés par des effets de complémentarité de niche entre espèces, ou simplement liés à des 

effets d’échantillonnage des espèces (voir section 5.1) (Loreau and Hector 2001; Loreau 2010). Par la 

suite ces expériences ont également démontré que de nombreuses autres variables de fonctionnement de 

l’écosystème prairial bénéficiaient de l’augmentation de la diversité en espèces et en groupes 

fonctionnels (ex., herbacées, légumineuses) de plantes : la perte d’azote, le stockage de carbone, et la 

diminution des effets des pathogènes en sont quelques exemples (Weisser et al. 2017). 

Progressivement, dans une volonté d'extrapolation de ces résultats à des systèmes naturels et à des 

espèces végétales pérennes, un pan de recherche sur les relations B-EF s’est développé autour des 

écosystèmes forestiers, autant pour les forêts naturellement régénérées que pour les forêts plantées 

(Scherer-Lorenzen et al. 2005; Kelty 2006). Au début des années 2000, les premières expériences ont 

été mises en place pour étudier l'importance de la diversité des espèces d'arbres sur le fonctionnement 

des écosystèmes forestiers. Cet essor de plantations expérimentales a donné naissance à TreeDivNet3, 

un réseau mondial d'expériences sur le mélange d’espèces d’arbres, qui rassemble aujourd’hui environ 

25 expériences réparties sur tous les continents (Verheyen et al. 2016; Paquette et al. 2018). Dans le 

cadre de cette thèse, j’ai moi-même pu travailler dans l’un de ces dispositifs (plantation ORPHEE à 

Bordeaux, voir section 5.3.2) (Castagneyrol et al. 2013). De nombreux progrès dans la compréhension 

du fonctionnement des forêts mélangées ont été réalisés au cours des dix dernières années, grâce à la 

maturation de ces plantations expérimentales (Grossman et al. 2018; Huang et al. 2018), mais aussi 

grâce au développement de plateformes exploratoires dans des forêts matures (Baeten et al. 2013; 

Pretzsch et al. 2015; Jourdan et al. 2019b) et à l'utilisation de données d'inventaire forestier à différentes 

échelles (Paquette and Messier 2011; Toïgo et al. 2015a; Liang et al. 2016). J’ai également pu bénéficier 

de l’un de ces réseaux d’observations de terrain dans le cadre de ma thèse (réseau GMAP dans les pré-

Alpes françaises, voir section 5.3.1) (Jourdan et al. 2019b). Les résultats de ces études ont pu souligner 

l'importance fondamentale de la diversité en espèces d'arbres pour de nombreuses fonctions et services 

écosystémiques, de la production de bois à la résistance et à la résilience aux extrêmes climatiques, et à 

d’autres perturbations (Vilà et al. 2013; Brockerhoff et al. 2017; Pardos et al. 2021). Plus récemment, 

les questions de recherche se sont aussi tournées vers la compréhension des mécanismes d’interactions 

des espèces qui pourraient expliquer les relations B-EF, en particulier pour la relation entre diversité et 

productivité (diversity-productivity relationship, DPR) (voir les synthèses suivantes : Forrester 2014; 

Tilman et al. 2014; Forrester and Bauhus 2016; Ammer 2019; Trogisch et al. 2021) (voir section 5.1). 

Ces recherches ont permis de poser de nombreuses hypothèses concernant les mécanismes d’interactions 

derrière les relations B-EF mais les démonstrations expérimentales restent encore rares. 

 
3 https://treedivnet.ugent.be/index.html  

https://treedivnet.ugent.be/index.html
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3.2. Relations B-EF dans les forêts mélangées 

Dans cette partie, nous allons nous concentrer sur les relations B-EF qui ont un lien avec la productivité, 

le fonctionnement hydrique et carboné et la réponse à la sécheresse. J’ai évoqué en début d’introduction 

l’importance de la biodiversité pour la résistance aux perturbations et aux attaques biotiques ainsi que 

pour la qualité et la quantité des services écosystémiques fournis (Jactel et al. 2017; Brockerhoff et al. 

2017). Ces aspects-là ne seront pas développés ici car j’ai fait le choix de me focaliser sur les variables 

de fonctionnement physiologique des arbres, qui sont celles qui seront au centre de mon travail de thèse.  

3.2.1. Productivité 

Comme évoqué précédemment, la variable de fonctionnement de l’écosystème qui a été indéniablement 

la plus étudiée dans les études sur les relations B-EF est la productivité, c’est-à-dire la production de 

biomasse (van der Plas 2019). Bien que la majorité des études sur les communautés végétales de prairies 

montrent un effet positif du mélange sur la croissance (Tilman et al. 2014), ce n’est pas forcément 

toujours le cas pour les écosystèmes forestiers. Une relation positive entre diversité et productivité a été 

démontrée pour les forêts à une échelle globale dans de nombreux types de peuplements et de climats 

(Paquette and Messier 2011; Morin et al. 2011; Zhang et al. 2012; Vilà et al. 2013; Liang et al. 2016; 

Jactel et al. 2018). Par exemple, dans une méta-analyse à l’échelle globale, Jactel et al. (2018) ont trouvé 

que la productivité des forêts mélangées était 15 % plus élevée que la moyenne attendue à partir des 

monocultures. Deux autres méta-analyses globales ont trouvé une augmentation de 24 % de la 

productivité dans les mélanges (Zhang et al. 2012; Vilà et al. 2013). Cependant, ces résultats, souvent à 

l’échelle globale, sont à mettre en perspective avec d’autres études, à échelle plus locale, qui ne trouvent 

pas toujours un effet positif du mélange sur la productivité du peuplement ou bien trouvent des effets 

contrastés entre les espèces étudiées (Pretzsch et al. 2013a; Toïgo et al. 2015a). De plus, lorsqu’il y a un 

effet, l’amplitude de l’effet de la diversité sur la productivité peut dépendre des conditions 

environnementales des sites (Toïgo et al. 2015a; Mina et al. 2018).  

La relation diversité-productivité dans les peuplements forestiers n’est donc pas facile à généraliser, car 

elle dépend fortement de la composition en espèces d'arbres, de la diversité fonctionnelle des espèces 

concernées (et donc de l'identité des espèces), des conditions du site, du climat, du stade de 

développement des peuplements, de l'échelle spatiale considérée et, enfin, dans les forêts gérées, de 

l'intervention humaine qui affecte la densité et la composition des peuplements (Vilà et al. 2013; 

Forrester and Bauhus 2016; Ammer 2019).  

En lien avec ces questions de productivité annuelle du peuplement, la question de l’effet du mélange sur 

la variabilité temporelle de la productivité a aussi été explorée. La variabilité temporelle de la 

productivité diminue avec l'augmentation de la richesse en espèces et de la diversité fonctionnelle 

(Jucker et al. 2014b; Morin et al. 2014; Jourdan et al. 2020). Grâce à des réponses asynchrones aux 
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conditions climatiques entre espèces, l'effet stabilisateur permet aux forêts mixtes de maintenir une 

productivité plus constante par rapport aux monocultures (Jucker et al. 2014b).  

3.2.2. Fonctionnement hydrique et carboné 

Afin d’améliorer la compréhension de la relation diversité-productivité, il semble essentiel de 

s’intéresser aux effets du mélange sur le fonctionnement hydrique et carboné des arbres. En effet, la 

productivité étant un résultat intégré de nombreux processus, ce point de vue écophysiologique sur les 

relations B-EF nous permet d’avoir une compréhension plus fine des effets du mélange sur le 

fonctionnement des arbres. La transpiration et l’efficience d’utilisation de l’eau sont deux fonctions de 

l’écosystème essentielles liées à la productivité du peuplement. De plus, la transpiration est l'un des 

principaux processus susceptibles d'influencer la disponibilité en eau du sol dans les mélanges par 

rapport aux monocultures, et donc la sensibilité des écosystèmes forestiers mixtes à la sécheresse 

(Forrester 2015).  

Par rapport aux travaux portant sur la productivité, comparativement peu d'études se sont intéressées à 

la transpiration ou à l’efficience de l'utilisation de l'eau et leur saisonnalité dans les mélanges et les 

monocultures (voir synthèse de Forrester 2015). Une utilisation plus importante de l'eau (mesurée par 

la transpiration) a été observée dans les peuplements mélangés par rapport aux monocultures, surtout 

s'il y avait des effets du mélange sur la croissance (Forrester et al. 2010; Kunert et al. 2012; Gebauer et 

al. 2012). A l’échelle du peuplement et de l’espèce, lorsqu'il n'y avait pas d'effets du mélange sur la 

croissance, il n'y avait généralement pas d'effets du mélange sur la transpiration ou l’efficience 

d'utilisation de l'eau (Grossiord et al. 2013a; Forrester 2015). Cette plus forte utilisation de l’eau dans 

les mélanges pose la question de l’exposition à la sécheresse : elle pourrait rendre les mélanges plus 

sensibles à la sécheresse que les monocultures et réduire la disponibilité de l'eau du sol en conditions de 

sécheresse (Forrester 2015).  

3.2.3. Réponse à la sécheresse 

Malgré les nombreuses preuves de l'importance de la diversité des espèces pour de multiples fonctions 

forestières, le rôle de la diversité des espèces d'arbres sur la réponse des forêts à la sécheresse est 

largement absent des recherches plus anciennes. Depuis une dizaine d’années, l’atténuation potentielle 

des effets de la sécheresse grâce à la diversité en essences a suscité un intérêt grandissant dans le contexte 

de l’augmentation de la fréquence et de la sévérité des sécheresses. Ammer (2019) et Grossiord (2019) 

proposent des synthèses bibliographiques sur l’effet de la diversité sur la réponse à la sécheresse. Ils 

concluent tous deux sur l’absence d’un consensus sur les effets attendus. Selon le type de peuplement et 

de climat, la diversité peut avoir un effet positif (Lebourgeois et al. 2013), négatif ou neutre (Grossiord 

et al. 2014d; Bonal et al. 2017) sur la résistance à la sécheresse du peuplement. Pardos et al. (2021) ont 

rassemblé les résultats de 30 études à travers le continent européen. Ils montrent que, en moyenne, les 
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peuplements mixtes sont plus résistants et résilients face aux événements de sécheresse que les 

peuplements monospécifiques. Cependant, l'effet bénéfique des mélanges ne peut pas être généralisé, et 

est fortement modulé par le type de mélange et l'identité des espèces d'arbres, et dépendant de la 

disponibilité en eau du site et des caractéristiques du peuplement, telles que la surface terrière et l'âge. 

Ils notent tout de même que l’augmentation de la résilience dans les mélanges par rapport aux 

monocultures est plus importante dans les mélanges conifères-feuillus, que dans les mélanges feuillus-

feuillus, soulignant l’importance des caractéristiques fonctionnelles des espèces.  

Parmi les études rassemblées dans Grossiord (2019), environ la moitié ont étudié la réponse à la 

sécheresse via des variations de croissance annuelle des arbres. L’autre moitié a utilisé des variables 

traduisant plus directement le fonctionnement hydrique, telles la transpiration et l’efficience d’utilisation 

de l’eau. Ces variables permettent une détection plus directe et fonctionnelle des conséquences de 

l’impact de la sécheresse par rapport à la croissance, qui est une variable intégrative de très nombreux 

processus (Jucker et al. 2017).  

Comme évoqué précédemment, les effets du mélange d’essences sur le fonctionnement hydrique et la 

réponse à la sécheresse sont difficiles à prédire du fait de l’interaction de nombreux facteurs. D’un côté, 

une complémentarité dans l’utilisation de la ressource en eau entre espèces pourrait atténuer l’exposition 

à la sécheresse des arbres (Grossiord 2019) ; d’un autre côté, si le mélange est plus productif et a une 

plus grande consommation en eau que les monocultures, cela pourrait mener à un épuisement plus rapide 

de la ressource en eau (Forrester 2015). Le chapitre suivant a pour objectif de détailler ces différents 

mécanismes. 

4. Les mécanismes à l’origine des relations B-EF 

4.1. Mécanismes d’interaction des espèces végétales dans les relations 
B-EF 

4.1.1. Les types d’interactions des espèces végétales dans le cadre des forêts 
mélangées 

Afin de comprendre les relations entre biodiversité et fonctionnement des écosystèmes abordées dans la 

partie précédente, il faut s’intéresser aux mécanismes d’interactions des espèces végétales de manière 

générale. Il existe différents types d’interactions, positives ou négatives, qui peuvent avoir des effets 

opposés sur le fonctionnement des arbres, et de l’écosystème. Pour les décrire, nous faisons appel à la 

notion de niche écologique d’une espèce (voir Encadré 4).  

Les interactions négatives sont la conséquence de la compétition (competition) entre espèces pour les 

ressources (eau, lumière, nutriments). Elle a lieu lorsque des individus d’espèces différentes occupent 

des niches écologiques proches. Ils utilisent alors les mêmes ressources, ce qui peut avoir un effet négatif 
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sur l’acquisition de ces ressources et sur la croissance de l’espèce. Cependant, en monoculture, il y a 

également une forte compétition intraspécifique, puisque les arbres en interaction utilisent à priori les 

mêmes ressources. Par conséquent, en peuplement mélangé et à densité égale, la compétition entre 

individus peut être accentuée ou réduite selon les caractéristiques de l’autre espèce (cf. paragraphe 

suivant). Des interactions négatives peuvent aussi venir d’interférences physiques ou chimiques d’une 

espèce sur l’autre (Loreau and Hector 2001). 

Il a été défini deux types d’interactions positives : la réduction de compétition et la facilitation (Forrester 

2014). La réduction de compétition (competitive reduction) correspond à une complémentarité de 

niche qui résulte en un partitionnement des ressources entre les deux espèces (voir Encadré 4) : alors 

qu’elles co-existent, soit elles utilisent des ressources différentes, soit elles utilisent les mêmes 

ressources mais de manière différente dans l’espace ou dans le temps. La compétition pour les ressources 

ayant aussi lieu entre les individus d’une même espèce, la présence de plusieurs espèces réduit la 

compétition intra-spécifique. La présence de plusieurs espèces peut alors avoir un effet positif sur le 

fonctionnement de l’écosystème (exemples : profondeurs d’enracinement différentes, stratification des 

houppiers dans la canopée…). A noter que les termes « partitionnement des 

ressources », « différentiation de niche », « complémentarité de niche », et « réduction de compétition » 

sont utilisés de manière plus ou moins synonymes dans la littérature sur les forêts mélangées (Loreau 

and Hector 2001; Forrester and Bauhus 2016; Grossiord 2019). La facilitation (facilitation), elle, se 

traduit par un effet positif d’une espèce sur une autre, lui permettant par exemple d’avoir accès à des 

ressources qui ne lui étaient pas disponibles (Bertness and Callaway 1994) (exemples : espèce fixatrice 

d’azote, redistribution hydraulique par les racines…). Du fait que les effets de réduction de compétition 

et de facilitation sont difficiles à séparer ils sont souvent regroupés ensemble sous le terme de processus 

de complémentarité (complementarity processes) dans la recherche sur les relations B-EF (Loreau and 

Hector 2001; Grossiord 2019).  

4.1.2. Effet d’échantillonnage et effet de complémentarité 

Afin de comprendre les mécanismes à l’origine des effets de la diversité, Loreau et Hector (2001) ont 

initialement mis l’accent sur la séparation statistique de l’effet net de la biodiversité (net biodiversity 

effect, NBE) entre des effets d’échantillonnage (selection effect, sampling effect) et de 

complémentarité entre espèces (complementarity effect) (Loreau and Hector 2001; Tilman et al. 2014) 

(Fig. 8). Prenons par exemple le cas de la relation positive entre la diversité (nombre d’espèces) et la 

productivité observée dans les systèmes herbacés ou les forêts. L’effet d’échantillonnage correspond 

au fait que lorsque le nombre d’espèces augmente, la probabilité d’inclure une espèce productive 

augmente également. L’effet d’échantillonnage n’implique donc pas d’interactions entre les espèces. 

L’effet de complémentarité correspond à une interaction positive entre espèces, qui est donc liée soit 

à une complémentarité de niche qui permet une réduction de la compétition, soit à de la facilitation. 
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Ainsi, dans la littérature sur les relations B-EF, le terme de complémentarité est souvent utilisé pour 

englober ces deux types d’interactions positives définies plus haut (Loreau and Hector 2001; Forrester 

2014). Les effets liés à l’échantillonnage et à la complémentarité ne s’excluent pas mutuellement et 

peuvent tous deux affecter le fonctionnement de l’écosystème. Dans une revue sur ces relations, 

Cardinale et al. (2012) ont démontré que les deux mécanismes contribuaient à environ 50 % des relations 

diversité-productivité.  

 

 

Fig. 8 Détails du calcul de l’effet net de la biodiversité sur la productivité (ΔY), définie dans ce cas-là à partir du 

rendement (yield), et de la séparation statistique entre effet de complémentarité et effet d’échantillonnage selon la 

méthode de Loreau et Hector (2001). Extrait de Loreau et Hector (2001).  

 

Dans la littérature sur les forêts mélangées, des notions similaires sont parfois abordées sous d’autres 

termes, évoqués ici en anglais (Pretzsch 2014; Jourdan et al. 2019b). Pour l’effet d’échantillonnage on 

trouve les termes de : selection effect et additive effect. Pour l’effet de complémentarité, on trouve les 

termes de : true mixing effect, non-additive effect, multiplicative effect, interaction effect. Même si ces 

définitions ne se rapportent pas à un calcul de séparation statistique entre effets d’échantillonnage et 

complémentarité (Loreau and Hector 2001), elles sont similaires dans le sens où elles se rapportent au 

fait qu’une partie des effets du mélange est due aux traits intrinsèques des espèces, sans modification 

des valeurs de ces traits entre peuplement pur et peuplement mélangé, tandis qu’une autre partie des 

effets est due à une plasticité des traits des espèces avec une modification de ces traits entre les différents 
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niveaux de diversité en espèces. De plus, Forrester (2014) propose aussi un calcul de 

« complémentarité » qui est différent de celui de Loreau et Hector (2001) :  

𝐶𝑜𝑚𝑝𝑙é𝑚𝑒𝑛𝑡𝑎𝑟𝑖𝑡é (%) = (
𝐶𝑟𝑜𝑖𝑠𝑠𝑎𝑛𝑐𝑒𝑚é𝑙𝑎𝑛𝑔𝑒

𝐶𝑟𝑜𝑖𝑠𝑠𝑎𝑛𝑐𝑒𝑚𝑜𝑛𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒 × 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑑𝑒 𝑙′𝑒𝑠𝑝è𝑐𝑒𝑚é𝑙𝑎𝑛𝑔𝑒 
− 1) × 100 

Cette diversité dans la sémantique et dans les types de statistiques utilisées rend difficile la comparaison 

des résultats de la littérature. 

4.1.3. Conflits entre les différentes définitions du terme de complémentarité 

Barry et al. (2019) ont proposé une synthèse qui rassemble les différentes utilisations du terme de 

complémentarité. Ils proposent l’idée que ce terme a été utilisé d’une part comme une cause et d’autre 

part comme une conséquence des relations B-EF (Fig. 9) (Barry et al. 2019). Pour éviter la confusion 

entre le calcul statistique de « l’effet de complémentarité » et l’observation d’un « processus de 

complémentarité », Ammer (2019) a même proposé d’utiliser pour ce dernier le terme de « relaxation » 

dans le sens de la détente du niveau de compétition. 

 

 

Fig. 9 L'intérieur de la boîte noire de la complémentarité, extrait de Barry et al. (2019). Les auteurs ont constaté 

que dans la littérature B-EF, les utilisations du terme de complémentarité se répartissent généralement en deux 

catégories : comme des causes (à gauche) et des conséquences (à droite) du couplage entre la diversité et le 

fonctionnement des écosystèmes en lien avec la complémentarité.   
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Dans le cadre de ma thèse, comme je m’intéresse plus particulièrement aux mécanismes d’utilisation 

des ressources en eau et en lumière, j’ai choisi d’utiliser le terme de « complémentarité » comme une 

cause explicative des relations B-EF. De plus, puisque dans mon travail de thèse je ne m’intéresse qu’à 

des mélanges de deux espèces, la séparation statistique des effets d’échantillonnage et de 

complémentarité ne présente qu’un intérêt limité.  

4.2. Les mécanismes d’interactions dans le cadre de l’acquisition des 
ressources 

Les effets du mélange sur la productivité en forêt peuvent être expliqués par des mécanismes liés à 

l’acquisition des ressources (lumière, eau, nutriments) (Forrester and Bauhus 2016; Pretzsch et al. 2017). 

Comme évoqué précédemment, le partitionnement des ressources peut se produire lorsque la 

dissimilarité des traits fonctionnels des espèces réduit la compétition pour les ressources dans l'espace 

et/ou dans le temps. Dans le cadre de ma thèse je m’intéresse plus particulièrement au partitionnement 

des ressources en eau et en lumière ; j’ai donc choisi ici de détailler les résultats existants concernant 

ces deux ressources seulement. Cependant, il est important de noter que les interactions pour 

l’acquisition des nutriments est également très importante pour expliquer ces effets (Richards et al. 2010; 

Maxwell et al. 2020; de Streel et al. 2021). De façon très synthétique, sur la base de ces travaux, les 

mécanismes expliquant une complémentarité liée aux nutriments peuvent être : une amélioration de la 

disponibilité des nutriments, de la minéralisation des nutriments, de la vitesse du cycle des 

nutriments, ou de l’acquisition des nutriments par les arbres (Richards et al. 2010; Forrester and Bauhus 

2016). 

4.2.1. Interception de la lumière 

L’interception de la lumière peut être plus importante dans les peuplements mélangés que dans les 

monocultures (Forrester and Albrecht 2014; Pretzsch 2014; Sapijanskas et al. 2014). Par exemple, dans 

une étude incluant 21 triplets de peuplements purs et mixtes de pin sylvestre (Pinus sylvestris) et de 

hêtre (Fagus sylvatica, L.) à travers l'Europe, la proportion de rayonnement photosynthétiquement actif 

interceptée par le couvert (fiPAR) était en moyenne 14 % plus importante dans les peuplements 

mélangés que dans les monocultures des deux espèces (Forrester et al. 2017). 

Cette augmentation peut être expliquée par des mécanismes de complémentarité spatiale et/ou 

temporelles. La complémentarité spatiale peut s’observer par une meilleure utilisation de l’espace de la 

canopée (Jucker et al. 2015; Williams et al. 2017), liée à : (i) une stratification verticale des houppiers 

entre espèces (Pretzsch et al. 2017) ou (ii) une plasticité de la forme des houppiers (Ishii et al. 2013; 

Jucker et al. 2015; Barbeito et al. 2017). La complémentarité temporelle de l’interception de la lumière 

peut être liée à des différences de phénologie des espèces dans leur cycle annuel (Sapijanskas et al. 

2014). 
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Un nombre important de travaux de recherche se sont intéressés à l’interception de la lumière dans les 

peuplements mélangés ces cinq dernières années, et en particulier sur la complémentarité spatiale des 

houppiers. Il a été démontré que les peuplements mélangés utilisent l'espace de la canopée de manière 

plus efficace que les monocultures dans les forêts tempérées (Pretzsch 2014; Jucker et al. 2015; Williams 

et al. 2017) ainsi que dans les forêts tropicales (Sapijanskas et al. 2014). Cette meilleure occupation de 

l’espace de la canopée en mélange a été qualifiée de « canopy packing » (Jucker et al. 2015). Ce canopy 

packing a été identifié comme un mécanisme potentiellement majeur pour expliquer les effets du 

mélange sur la productivité forestière (Morin et al. 2011; Pretzsch 2014; Sapijanskas et al. 2014; 

Williams et al. 2017), via l’augmentation de l'interception de la lumière à l'échelle du peuplement 

(Rissanen et al. 2019; Williams et al. 2021; Duarte et al. 2021). 

Par ailleurs, une meilleure interception de la lumière, en plus d’être un mécanisme explicatif d’une 

meilleure productivité du peuplement, peut aussi être une conséquence de cette productivité. En effet, 

une meilleure croissance implique aussi un développement des houppiers plus important (Sapijanskas 

et al. 2014; Pretzsch et al. 2017; Ammer 2019).  

Le cas particulier de la réponse à la sécheresse 

Enfin, ces modifications d’interception de la lumière en peuplements mélangés peuvent aussi entraîner 

des conséquences sur la réponse des espèces à la sécheresse (Grossiord 2019). En effet, du fait des 

complémentarités spatiales entre espèces, la structure de la canopée est plus complexe en mélange et les 

conditions microclimatiques (température et humidité) sont modifiées (Kovács et al. 2017). L’ombrage 

plus ou moins important des houppiers ou les conditions microclimatiques peuvent alors modifier 

l’exposition à la sécheresse ou aux fortes températures d’une espèce en mélange par rapport aux 

monocultures. Ces hypothèses ont été proposées pour expliquer des effets du mélange observés sur la 

transpiration ou la résistance à la sécheresse (Jonard et al. 2011; Forrester 2015; Fichtner et al. 2020a). 

4.2.2. Utilisation de l’eau 

Le partage des ressources en eau entre espèces a souvent été discuté comme un effet possible pour 

expliquer l'augmentation de la productivité dans divers mélanges (Forrester 2015; Ammer 2019). En 

particulier, une différence de profondeur d’extraction de l’eau par les racines entre espèces a été 

identifiée comme un mécanisme potentiel de partage des ressources (Schume et al. 2004; Grossiord et 

al. 2014a), mais a encore très peu été démontrée (Schwendenmann et al. 2015). En effet, les patrons 

d'enracinement des espèces pourraient avoir des caractéristiques complémentaires qui permettraient une 

plus grande absorption d'eau dans le même volume de sol dans les peuplements mixtes, ou l'exploration 

d'un plus grand volume de sol par rapport aux monocultures. Par conséquent, il a également été suggéré 

que ce partage des ressources souterraines pourrait contribuer à une moindre vulnérabilité des arbres à 

la sécheresse du sol dans les forêts mixtes (Grossiord 2019). Mais cette hypothèse est controversée car 

une utilisation plus importante et plus complète de l'eau du sol pourrait également conduire à un 
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épuisement plus rapide des ressources du sol et donc à une plus grande exposition des arbres à la 

sécheresse (Forrester 2015; Ammer 2019).  

La présence ou l'absence de stratification verticale des racines dans les peuplements mélangés dépend 

de plusieurs facteurs. Premièrement, deux espèces peuvent avoir des profondeurs d'enracinement 

différentes dans les monocultures, ce qui entraînerait une réduction de la compétition intraspécifique 

dans les peuplements mélangés (c'est-à-dire une complémentarité de niche) (Grossiord et al. 2014a; 

Schwendenmann et al. 2015). Deuxièmement, un partage des ressources en eau dans les peuplements 

mélangés pourrait également se produire si les deux espèces ont des profondeurs d'enracinement 

similaires dans les monocultures, mais que la compétition interspécifique dans les peuplements 

mélangés entraîne une différence intraspécifique de la profondeur racinaire pour l'une ou les deux 

espèces (c'est-à-dire une différenciation de niche) (Bolte and Villanueva 2006). Dans les deux cas, le 

résultat dans les peuplements mélangés serait une stratification verticale des racines entre les espèces 

permettant une plus grande absorption d'eau au niveau du peuplement par rapport aux monocultures. 

Plusieurs études se sont intéressées à la distribution verticale des racines dans les forêts mélangées en 

examinant soit la biomasse des racines fines, soit la composition isotopique de l’eau extraite par l’arbre 

pour estimer sa profondeur d’origine. Des résultats contrastés ont été trouvés : une complémentarité 

pour l'absorption de l’eau entre espèces dans les peuplements mélangés a été observée dans certaines 

études (Schmid and Kazda 2001; Bolte and Villanueva 2006; Grossiord et al. 2014a; Schwendenmann 

et al. 2015; Goisser et al. 2016; Bello et al. 2019) confirmant une contribution potentielle de ce 

mécanisme aux relations B-EF. En revanche, la ségrégation verticale des racines était absente dans 

d’autres cas (Meinen et al. 2009; Fruleux et al. 2018; Altinalmazis-Kondylis et al. 2020).  

La stratification verticale de l’absorption de l’eau, lorsqu'elle était présente, était liée soit à une 

complémentarité de niche (Grossiord et al. 2014a; Schwendenmann et al. 2015), soit à une 

différenciation de niche (Goisser et al. 2016; Bello et al. 2019). Lorsqu'aucune différence n'a été trouvée, 

cela a été expliqué par une similarité fonctionnelle entre les espèces étudiées (Fruleux et al. 2018). En 

effet, les différences les plus fortes ont souvent été observées lorsque les espèces de conifères et de 

feuillus étaient mélangées (Bolte and Villanueva 2006; Grossiord et al. 2014a; Goisser et al. 2016). 

Le cas particulier de la réponse à la sécheresse 

Dans le cas de la réponse à la sécheresse, la complémentarité entre espèces pour l’acquisition de l’eau 

pourrait aussi augmenter le risque d’exposition à la sécheresse (Pretzsch et al. 2017). En effet, d’un côté, 

une stratification des profondeurs racinaires des espèces peut entraîner un partage des ressources qui 

améliorerait l'état hydrique de chaque espèce en réduisant la compétition pour l'eau entre les espèces 

(par exemple, Schwendenmann et al. 2015). Il en résulterait une moindre exposition à la diminution de 

la teneur en eau du sol dans les peuplements mélangés lors d'événements de sécheresse (Forrester 2014). 

En revanche, le fait d’aller chercher l’eau à des profondeurs différentes pourrait aussi mener à un 
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épuisement plus rapide du stock (Schume et al. 2004) qui pourrait mener à plus grande exposition à la 

sécheresse pour toutes les espèces des peuplements mixtes (Forrester 2015). Ces deux situations peuvent 

être rencontrées conjointement ou non dans les écosystèmes forestiers et rendent difficiles la 

compréhension précise des mécanismes fins à l’origine des effets dans les peuplements mélangés.  

4.2.3. Interactions entre les différents mécanismes 

Les différents mécanismes de complémentarité pour l’acquisition des ressources ne sont pas 

indépendants. En effet, dans le cadre de la relation diversité-productivité par exemple, tous ces 

mécanismes peuvent interagir entre eux, et c’est le résultat de ces interactions qui va donner les effets 

observés sur la croissance des arbres et leur productivité. Dans la synthèse de Ammer (2019), un schéma 

conceptuel a été proposé afin de visualiser comment les mécanismes de complémentarité peuvent 

interagir entre eux et promouvoir un effet positif de la diversité sur la productivité du peuplement, mais 

aussi éventuellement augmenter l’exposition à la sécheresse (Fig. 10). Dans ce schéma, Ammer (2019) 

fait par exemple l’hypothèse qu’un canopy packing plus important est la conséquence de 

complémentarités aériennes, mais aussi d’une plus grande disponibilité des ressources en eau à l’échelle 

du peuplement. La comparaison des effets du mélange entre les compartiments du mélange est un aspect 

important pour la suite des recherches dans le domaine des relations B-EF. Martin-Guay et al. (2020) 

ont notamment démontré que les effets du mélange sur la productivité aérienne ne se retrouvaient pas 

nécessairement sur la productivité du compartiment souterrain, du fait que les espèces dominantes 

étaient celles qui avaient une plus faible allocation au compartiment souterrain. Cependant, l’importance 

relative des mécanismes aériens et souterrains n’a pas encore pu être évaluée directement au sein d’un 

même dispositif (mais voir Jing et al. 2021 pour une estimation indirecte).  
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Fig. 10 Diagramme conceptuel illustrant comment la complémentarité souterraine et aérienne peut favoriser les 

effets positifs de la diversité des espèces d'arbres sur la productivité du peuplement. Les facteurs influençant les 

processus souterrains sont énumérés du côté gauche ; les facteurs favorisant un gain photosynthétique plus élevé 

sont énumérés au-dessus de la ligne horizontale. Les flèches pointillées représentent les éventuelles réactions 

négatives qui pourraient résulter du changement climatique. Extrait de Ammer (2019). 
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4.3. Variabilité des mécanismes d’interaction en fonction des conditions 
environnementales 

Les conditions environnementales peuvent également influencer la présence et l’importance des effets 

du mélange sur la productivité ou l'exposition à la sécheresse (Forrester 2014; Forrester and Bauhus 

2016). En effet, les mécanismes de complémentarité à l’origine de ces effets jouent un rôle plus ou 

moins important en fonction des conditions environnementales. Si la ressource concernée par un 

mécanisme de complémentarité n’est pas limitante, alors les effets possibles du mélange sont limités. 

Forrester et Bauhus (2016) ont proposé un cadre théorique, qui généralise l'hypothèse du gradient de 

stress (« stress gradient hypothesis », SGH) (Bertness and Callaway 1994; Maestre et al. 2009). La SGH 

suggère que lorsque les conditions environnementales deviennent plus stressantes, la facilitation 

augmente et la compétition diminue. Cependant, le concept de la SGH ne peut s’appliquer aux forêts 

mélangées que dans un cadre théorique plus large, car les postulats initiaux du SGH impliquent 

uniquement des relations de facilitation (Forrester and Bauhus 2016). Je n’utiliserai donc pas le terme 

de SGH dans le cadre de ma thèse, mais je me baserai sur le cadre théorique évoqué dans Forrester et 

Bauhus (2016). Ce dernier suppose une relation négative entre les effets de complémentarité en 

peuplements mélangés et la disponibilité d’une ressource donnée (Fig. 11a). Par exemple le long d'un 

gradient de précipitations, les effets de complémentarité sont plus importants lorsque les ressources en 

eau sont limitantes.  

Outre les variations spatiales, les effets du mélange peuvent également évoluer dans le temps sur un site 

donné en raison des variations climatiques interannuelles et/ou du développement du peuplement 

(Forrester 2014). Par exemple, aux premiers stades du développement du peuplement, la concurrence 

pour les ressources augmente, ce qui peut également accroître les effets de complémentarité potentiels 

dans les mélanges (Huang et al. 2018). Les variations temporelles des effets des mélanges peuvent 

également provenir de changements dans l'équilibre entre les processus de complémentarité et de 

compétition sur un site donné. Par exemple, une croissance plus élevée due à la complémentarité dans 

des conditions hydriques non limitantes peut conduire à une concurrence accrue pendant les années de 

sécheresse en raison d'une utilisation d'eau plus importante dans les peuplements mixtes (Jacobs et al. 

2021). Il est donc important, lorsqu’on étudie un assemblage d'espèces spécifique, de l’évaluer dans 

différentes conditions climatiques et de le suivre au long de différents stades de développement. 
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Fig. 11 (a) Schéma conceptuel montrant l'évolution possible des effets du mélange pour deux espèces d'arbres 

mélangées en fonction de modifications spatiales ou temporelles des conditions de croissance. Les lignes 

représentent une situation où les interactions des espèces améliorent (rouge) ou n'améliorent pas (bleu) la condition 

de croissance limitante. La partie (b) montre comment différents types d'interactions peuvent conduire à des 

patrons de complémentarité contrastés le long d'un même gradient (ici, la disponibilité en eau). La ligne pleine 

représente une communauté pour laquelle le mélange améliore l'interception de la lumière ou l'efficience 

d'utilisation de la lumière. Dans ce cas, la complémentarité augmente avec l'amélioration des conditions de 

disponibilité en eau car celles-ci entrainent une croissance élevée et une plus grande surface foliaire qui ont pour 

conséquence une plus forte compétition pour la lumière. Extrait de Forrester et Bauhus (2016).  
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Différents gradients de ressources ont été étudiés pour les forêts mélangées: la disponibilité en azote ou 

la fertilité des sites (Toïgo et al. 2015a), les conditions climatiques (Vilà et al. 2013), la disponibilité en 

eau (Grossiord et al. 2014d) qui vont dans le sens de ce cadre théorique. Concernant les effets de 

l’augmentation de l’interception de la lumière, ils varient le long des gradients climatiques de manière 

inverse à celle supposée pour les autres ressources en eau ou en nutriments (Fig. 11b). Forrester et 

Albrecht (2014) ont observé que l’effet de la complémentarité pour l’interception de la lumière 

augmentait lorsque la productivité des sites s’améliorait dans des mélanges de Abies alba et Picea abies, 

ce qui peut s’expliquer par le fait que dans les sites productifs c’est en fait la ressource en lumière qui 

devient limitante. La part relative des différents mécanismes d’acquisition des ressources liés à l’eau ou 

la lumière peut donc varier selon le niveau de stress, dans l’espace et dans le temps. Peu d’études ont 

étudié simultanément ces deux mécanismes, et il est donc essentiel de réaliser des études qui regardent 

les effets de complémentarité pour l’acquisition de différentes ressources dans les mêmes dispositifs 

expérimentaux.  

Dans le cadre des effets du mélange sur la résistance à la sécheresse, le cadre théorique de Forrester et 

Bauhus (2016) pourrait expliquer en partie la grande variabilité des effets observés dans la littérature. 

Ainsi, le mélange serait plus résistant à la sécheresse que les monocultures dans les sites ou l’eau est un 

facteur limitant (Lebourgeois et al. 2013; Forrester 2014; Grossiord et al. 2014d). Par exemple, 

Grossiord et al. (2014c, d) ont trouvé des effets négatifs ou neutres du mélange sur l’exposition à la 

sécheresse dans les sites plus humides et des effets positifs dans les sites plus secs le long d’un gradient 

européen de placettes forestières.  

Cependant, cette relation entre les effets du mélange et un gradient de ressources pourrait ne pas être 

linéaire et pourrait plutôt dépendre de seuils de disponibilité des ressources (de Streel et al. 2020). Les 

travaux de thèse de Géraud de Streel, qui a travaillé sur un gradient européen de forêts de hêtre et pin 

sylvestre, montrent en effet que les effets du mélange sur l'exposition à la sécheresse peuvent être neutres 

dans des conditions humides, positifs dans des conditions modérément sèches et revenir à des effets 

neutres au-delà d’un certain seuil, dans des conditions très sèches (de Streel 2021). Géraud de Streel a 

représenté ces idées sous la forme d’un schéma dérivé de celui de Forrester et Bauhus (2016) dans la 

discussion de sa thèse (Fig. 5.2 dans de Streel 2021, p.145) (Fig. 12). Un tel seuil pourrait s'expliquer 

par le fait que les effets positifs du mélange ne sont pas assez forts pour compenser les contraintes 

environnementales croissantes dans les sites extrêmement secs. En effet, lors d’un fort stress hydrique, 

les bénéfices de la complémentarité entre espèces pour l’extraction de l’eau ne peuvent plus se 

manifester si l’eau n’est plus disponible.  
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Fig. 12 Schéma conceptuel montrant l'évolution possible des effets du mélange pour deux espèces d'arbres 

mélangées le long de gradients spatiaux ou temporels de conditions de croissance. Les espèces d'arbres associées 

sont supposées avoir des caractéristiques qui font que leurs interactions influencent les mécanismes associés au 

facteur limitant. Les lignes bleues montrent l'évolution attendue des effets du mélange le long du gradient tandis 

que la zone ombrée indique l’incertitude autour des effets du mélange en fonction des traits fonctionnels 

spécifiques aux deux espèces. Les flèches rouges indiquent comment les variations temporelles des conditions de 

croissance, telles que les épisodes de sécheresse, peuvent influencer les résultats des interactions entre espèces. 

Extrait du document de la discussion de thèse de Géraud de Streel, Fig. 5.2, p.145 (de Streel 2021).  
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5. Objectifs et méthodologies 

5.1. Objectifs 

Au cours de cette introduction, nous avons pu voir que la diversité des espèces d’arbres, via leurs 

interactions, peut favoriser un grand nombre de fonctions et de services des écosystèmes forestiers. 

Cependant, les impacts des interactions des espèces sur l’utilisation de l’eau et sur l’interception de la 

lumière restent encore mal connus dans ces écosystèmes et ont souvent été étudiés séparément. De plus, 

dans le contexte actuel de changement climatique, l’influence de ces interactions sur la réponse des 

écosystèmes forestiers à des événements climatiques extrêmes tels que la sécheresse est encore en débat. 

Enfin, les mécanismes d’interaction aériens et souterrains sous-jacents pouvant expliquer ces relations 

entre diversité et fonctionnement de l’écosystème forestier restent encore à déterminer.  

L’objectif de ce travail a donc été premièrement de déterminer l’impact des interactions entre espèces 

d’arbres en peuplements mélangés sur des variables de fonctionnement des arbres en lien avec 

l’utilisation de l’eau et la réponse à la sécheresse. Deuxièmement, j’ai cherché à mettre en évidence les 

mécanismes d’interaction souterrains ou aériens pouvant expliquer ces effets sur le fonctionnement, tels 

que la profondeur d’extraction de l’eau ou l’occupation de l’espace de la canopée. Ces différentes 

mesures ont été réalisées dans des conditions contrastées de disponibilité en eau du sol afin de mettre en 

évidence la variation des effets et des mécanismes en fonction du stress hydrique.  

Afin de mieux comprendre l’influence des interactions entre espèces sur le fonctionnement hydrique et 

les mécanismes aériens et souterrains sous-jacents, ce travail de thèse avait donc pour objectif de 

répondre aux questions suivantes : 

1. Quels sont les effets du mélange d’espèces sur le fonctionnement hydrique des arbres, 

notamment en condition de sécheresse ? 

2. Quels sont les effets du mélange d’espèces d’arbres sur le partage des ressources en eau et en 

lumière entre espèces ? 

3. Est-ce que les mécanismes de partage des ressources en eau et en lumière peuvent expliquer les 

effets du mélange sur le fonctionnement hydrique ? 

Mes travaux de thèse se sont concentrés sur des espèces de forêts tempérées françaises. Mes recherches 

se sont focalisées sur deux dispositifs expérimentaux : un dispositif d’observation de terrain en forêts 

naturelles gérées dans le Sud-Est de la France (GMAP, mélanges hêtre/sapin et hêtre/chêne pubescent) 

et une plantation expérimentale proche de Bordeaux (ORPHEE, mélange bouleau/pin maritime). Dans 

chaque dispositif le design expérimental se base sur un système de triplets : une placette avec un mélange 

de deux espèces et deux placettes pures avec une seule espèce. Nous avons choisi de comparer des 

peuplements purs et des peuplements mélangés à deux espèces. Cela m’a permis d’observer les effets 
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du mélange sur différents couples d’espèces qui ont une importance économique dans les forêts 

françaises.  

Pour étudier ces questions, je me suis basée sur des mesures expérimentales dans ces deux dispositifs 

en lien avec : les processus d’utilisation de l’eau (flux de sève, composition isotopique du carbone dans 

le bois), l’extraction de l’eau par les racines (composition isotopique de l’eau dans le xylème) et 

l’interception de la lumière (volume de houppier, photos hémisphériques).  

Ce travail s’insère dans le cadre d’un projet scientifique financé par l’ANR intitulé DiPTICC (Diversité 

et Productivité des forêTs Impactées par le Changement Climatique), porté par Hervé Jactel (UMR 

Biogeco), en collaboration avec des chercheurs travaillant à Bordeaux (UMR BIOGECO, UMR ISPA, 

et Unité Expérimentale Forêt - Pierroton), à Montpellier (UMR CEFE) et à Nancy (UMR Silva). Le but 

du projet était de mieux prédire et quantifier les effets de la diversité en essences sur la productivité des 

forêts dans un contexte de changement climatique en apportant une meilleure compréhension des 

différents mécanismes d’interaction (Fig. 13). Mon projet de thèse portait plus particulièrement sur les 

aspects en lien avec les ressources en eau et en lumière. 

 

 

Fig. 13 Cadre de travail initial du projet ANR DiPTICC (2017-2021). L’objectif initial du projet était de tester les 

effets interactifs de la diversité des arbres et du changement climatique sur des processus aériens et souterrains 

clés de l'écosystème qui déterminent la croissance des arbres et expliquent ainsi la stabilité de la productivité dans 

les forêts mélangées. 
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5.2. Structure du manuscrit de thèse 

Ce manuscrit de thèse est composé de trois chapitres de résultats : 

• Le Chapitre I (sous format de manuscrit d’article, publié dans la revue Forest Ecology and 

Management en décembre 2020), dans lequel je me suis focalisée sur le dispositif GMAP afin 

de caractériser le fonctionnement hydrique et carboné pendant des années sèches dans deux 

types de mélange incluant le hêtre (hêtre-sapin et hêtre-chêne pubescent), et de déterminer si 

une complémentarité de profondeur d’extraction de l’eau était possible entre ces espèces.  

• Le Chapitre II (sous format de manuscrit d’article, soumis à la revue Trees - Structure and 

Function en avril 2021), dans lequel je me suis focalisée sur la plantation d’ORPHEE afin de 

caractériser l’influence du mélange sur l’interception de la lumière du peuplement via les 

volumes des houppiers.  

• Le Chapitre III (constitué de plusieurs sous-chapitres, écrits en anglais en vue de la publication 

d’articles) dans lequel j’ai cherché à caractériser le fonctionnement hydrique dans la plantation 

ORPHEE. Dans ce chapitre, j’ai étudié le fonctionnement hydrique journalier (Chapitre III.3) 

et saisonnier (Chapitre III. 4) en l’absence et en présence de stress hydrique et j’ai également 

caractérisé l’extraction de l’eau par les racines en saison sèche (Chapitre III.5). Une discussion 

générale sur les différents sous-chapitres vient clore ce chapitre.  

Enfin, je termine ce manuscrit par un chapitre de conclusions générales dans lequel j’ai essayé de prendre 

du recul vis-à-vis de l’ensemble des résultats de ces différents chapitres et j’y discute ainsi la portée 

générale de mon travail de thèse.  

5.3. Description des dispositifs expérimentaux 

5.3.1. GMAP  

Le dispositif « Gradient Méditerrano-Alpin de Placettes forestières » (GMAP4) a été mis en place par 

Xavier Morin, chercheur au Centre d’Ecologie Fonctionnelle et Evolutive à Montpellier, depuis 2012, 

dans des forêts naturelles publiques gérées. Le réseau GMAP est constitué de six sites situés sur un 

gradient nord-sud dans les massifs des pré-Alpes dans le sud-est de la France (Fig. 14a). Le choix des 

sites a été fait de manière à avoir toujours le même type de roche mère calcaire. Le dispositif est centré 

autour du hêtre (Fagus sylvatica) en mélange avec le sapin (Abies alba) dans les trois sites du nord et 

en mélange avec le chêne pubescent (Quercus pubescens) dans les trois sites du sud.  

Au sein de chaque site, nous avons utilisé une approche par triplet, c'est-à-dire un ensemble de trois 

placettes : une placette dans des peuplements purs de chaque espèce étudiée et une placette dans un 

 
4 https://oreme.org/observation/foret/gmap/  

https://oreme.org/observation/foret/gmap/
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peuplement mélangé des deux mêmes espèces (Fig. 14b). Tous les triplets étaient situés sur des pentes 

orientées au nord. Les trois placettes de chaque triplet étaient aussi proches que possible les unes des 

autres et avec une pente similaire. Les textures de sol et les teneurs en gravier étaient similaires au sein 

d'un même triplet. Sur chaque site, deux ensembles de tels triplets ont été sélectionnés afin de couvrir 

une certaine variabilité dans les conditions environnementales locales et dans la structure des 

peuplements, résultant en six placettes par site (Fig. 14b). L'altitude des placettes variait de 700 m à 

1400 m. 

Les placettes sont circulaires et font 962 m2 (17.5 m de rayon) avec un cœur de placette de 314 m2 (10 

m de rayon) (Fig. 14c). Dans le cadre de la thèse de Marion Jourdan, Xavier Morin et ses collègues ont 

effectué des relevés dendrométriques (hauteur, diamètre à 1m30, positionnement) entre 2013 et 2015 et 

prélevé des carottes dans le tronc pour les arbres ayant un diamètre supérieur à 7.5 cm dans le cœur de 

placette.  

 

 

Fig. 14 Design expérimental du réseau GMAP. (a) Zone d'étude et localisation des six sites dans le sud-est de la 

France. Les points sombres (sites S1 à S3) représentent les sites du sud composés de forêts de hêtres (Fagus 

sylvatica) et de sapins (Abies alba). Les points blancs (sites S4 à S6) représentent des sites du nord composés de 

forêts de hêtre et de chêne pubescent (Quercus pubescens). Les différents sites sont situés dans les chaînes de 

montagnes suivantes des Préalpes françaises : Bauges (S1), Vercors (S2), Ventoux (S3), Lubéron Lagarde (S4), 

Grand Lubéron (S5), Sainte-Baume (S6). (b) Représentation schématique d'un site, avec les deux triplets par site. 

Chaque triplet est composé d’une placette monospécifique pour chaque espèce et d'une placette du mélange des 

deux espèces. (c) Représentation d'une placette individuelle. Les placettes sont circulaires avec une zone centrale 

(10 m de rayon) et une zone tampon (7,5 m de rayon). Tous les arbres de la placette centrale ayant un diamètre > 

7,5 cm ont été échantillonnés.  
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5.3.2. ORPHEE  

ORPHEE 5  est une plantation expérimentale mise en place par l’Institut National de Recherche 

Agronomique sur le centre de Cestas-Pierroton (proche de Bordeaux) en 2008 pour tester l’effet de la 

diversité en espèces d’arbres et de la disponibilité en eau (irrigation) sur différentes variables de 

fonctionnement de l’écosystème forestier (Castagneyrol et al. 2013) (Fig. 15).  

Le dispositif est composé de huit blocs, mais je n’ai travaillé que dans les blocs 1 à 6 (les blocs 7 et 8 

n’ont pas été utilisés dans le cadre du projet DiTPICC). Chaque bloc mesure 100 m sur 175 m et 

comprend 32 parcelles de 20 m sur 20 m, qui correspondent à toutes les combinaisons possibles entre 

cinq essences (Fig. 15) : le bouleau verruqueux (Betula pendula), le chêne pédonculé (Quercus robur), 

le chêne tauzin (Quercus pyrenaica), le chêne vert (Quercus ilex) et le pin maritime (Pinus pinaster).  

Un bloc sur deux est irrigué (blocs 2,4,5,7) depuis 2015 pour diminuer les effets éventuels de la 

contrainte hydrique estivale (Fig. 15). Dans un même bloc, les parcelles sont séparées les unes des autres 

d’une distance de 3 m. Chaque parcelle est carrée et est composée de 10 lignes de 10 arbres, avec un 

espacement de 2 m entre les arbres. Les mesures sont réalisées sur les 36 arbres centraux (6 × 6 arbres) 

afin d’éviter les effets de bordure. 

Dans le cadre de ma thèse, je m’intéresse uniquement à deux espèces parmi les cinq initialement 

plantées : le bouleau verruqueux (Betula pendula) et le pin maritime (Pinus pinaster). La raison de ce 

choix correspond à mon objectif de me focaliser sur des mélanges à deux espèces dans ma thèse. De 

plus, la croissance primaire des trois espèces de chênes était encore très faible au début de ma thèse (en 

moyenne 1.5 m de haut en 2017) et ces arbres n’étaient pas assez grands pour être en compétition pour 

la lumière avec les bouleaux ou les pins (en moyenne 7.1 m de haut en 2017). Dans chaque bloc, j’étudie 

donc un triplet de parcelles : bouleau, pin et bouleau + pin. De plus, dans le Chapitre II, j’ai également 

inclus dans mon étude certaines des parcelles contenant des chênes en mélange avec des bouleaux et/ou 

des pins, en considérant les chênes comme des trouées dans une canopée constituée uniquement de 

bouleaux et/ou de pins, afin d’étudier une densité réduite de houppiers de bouleaux et/ou pins. Pour 

chacune de ces modalités j’ai trois répétitions de blocs irrigués (blocs 1,3 et 6) ou non-irrigués (blocs 

2,4 et 5). 

  

 
5 https://sites.google.com/view/orpheeexperiment/home  

https://sites.google.com/view/orpheeexperiment/home
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Fig. 15 Design expérimental de la plantation ORPHEE. Chaque bloc est composé de toutes les combinaisons 

possibles parmi les cinq essences du dispositif, réparties de manière aléatoire. La moitié des blocs sont irrigués 

depuis 2015.  
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CHAPITRE I 

Effets du mélange sur le fonctionnement 
hydrique du hêtre en forêts naturelles de 
montagne pendant des années sèches 
 

 

Photo : Soline Martin-Blangy. Sainte-Baume, France. 

 

Préambule : Ce chapitre a pour objectif de caractériser l’effet du mélange sur le fonctionnement 

hydrique des arbres pendant des années sèches et sur l’origine d’extraction de l’eau par les racines dans 

des forêts naturelles. Pour cela nous avons utilisé le réseau expérimental GMAP, composé de six sites 

le long d’un gradient nord-sud dans les pré-Alpes françaises et nous nous sommes focalisés sur le 

fonctionnement hydrique du hêtre (Fagus sylvatica) dans des peuplements purs ainsi qu’en peuplements 

mélangés avec le sapin (Abies alba) ou le chêne pubescent (Quercus pubescens). L’efficience 

d’utilisation de l’eau pendant les années sèches a été mesurée grâce à la composition isotopique du 

carbone dans le bois (δ13C), et l’origine d’extraction de l’eau a été estimée à partir de la composition 

isotopique de l’eau du xylème (δ2H). Ce chapitre a été écrit sous forme d’article scientifique et publié 

dans la revue Forest Ecology and Management en décembre 2020. J’ai repris le format du manuscrit 

accepté dans la revue afin de l’inclure dans ce document de thèse.  
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Abstract 

In the context of climate change, it remains unclear whether mixed-species forests will help mitigate the 

impacts of future droughts and, if so, through which processes. As European beech (Fagus sylvatica L.) 

is one of the major European species, it is crucial to evaluate its response to drought when mixed with 

species with contrasted functional traits and in contrasted climatic conditions, particularly at the limit of 

its climatic range. This study aimed to (i) characterize the effects of tree species interactions on the 

drought exposure of beech in south-eastern France, and (ii) determine whether belowground water 

uptake complementarity underlies these effects. We focused on beech-silver fir (Abies alba Mill.) and 

beech-pubescent oak (Quercus pubescens Willd.) forests across six sites in the French pre-Alps, a region 

at the limit of the climatic range for beech. We used a triplet approach to compare the tree-ring carbon 

isotope composition (δ13C) of these species in pure and two-species mixed stands during a period of dry 

years, and used water hydrogen isotope composition (δ2H) in the xylem to identify water uptake sources. 

Overall, we found no clear mixture effect pattern on beech physiological functioning among sites and 

triplets. In beech-fir sites, mixing beech with fir had no effect on beech δ13C values during dry years. In 

beech-oak sites, mixture effects on beech were mostly neutral, although sometimes beech suffered from 

a stronger exposure to drought in mixed stands. Our study emphasizes the impact of the tree sampling 

design on the outcome of studies on forest biodiversity-ecosystem functioning relationships. Limiting 

tree sampling to dominant trees when analyzing stand-level relationships may bias these outcomes. We 

evidenced differences in water uptake sources between beech and fir, but not between beech and oak 

during a dry summer. However, these patterns did not help explain the lack of species mixture effects, 

or existence thereof, at the triplet scale. Our study demonstrates that managing beech in mixed stands 

with silver fir or pubescent oak at the limit of beech climatic range does not buffer drought impacts on 

beech during dry years. In the long term, with more frequent extreme droughts, promoting beech-fir 

mixtures will not be detrimental to beech drought response, while beech may suffer in mixtures with 

pubescent oak.  

 

Highlights 

• Species mixing effects on beech functioning during drought assessed with 13C 

• No general pattern of mixture effect was observed across or within sites 

• No mixture effects for beech mixed with fir, small effects for beech with pubescent oak  

• Complementary water uptake between beech and fir but not between beech and pubescent oak 

• No mitigation of drought effects on beech by promoting mixed forests in this region 
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1. Introduction 

European forest ecosystems are expected to be highly impacted by ongoing climate change (Hanewinkel 

et al. 2013) through an increase in temperatures and more frequent and intense droughts (IPCC 2014; 

Lehner et al. 2017). Drought-induced stress can lead to a loss of vitality and to mortality for trees, caused 

by hydraulic failure and carbon starvation (McDowell et al. 2008; Hartmann et al. 2018). This will be 

especially true in southern parts of the European temperate and Mediterranean regions (Lindner et al. 

2010). There is therefore a strong need for new management strategies to help forest owners mitigate 

current and future drought impacts (Bolte et al. 2009). 

European beech (Fagus sylvatica L.) is an essential species in European forests: its natural distribution 

covers most of continental Europe and it is the most abundant broad-leaved forest tree in Central Europe 

(Dittmar et al. 2003). Beech is a drought-sensitive species and is especially vulnerable when the soil 

water deficit is severe and prolonged (Gessler et al. 2007). Model-based projections predict that climate 

change will likely induce a reduction in beech-dominated forests in southern Europe (Cheaib et al. 2012; 

Hanewinkel et al. 2013). Growth declines for beech have already been reported in recent decades 

(Charru et al. 2017), especially at its southern range limits (Jump et al. 2006).  

Managing temperate forests with higher tree species diversity has been identified as one management 

strategy that can improve forest productivity (e.g. Toïgo et al., 2015; Liang et al., 2016; Ammer, 2019) 

and other ecosystem functions (Brockerhoff et al. 2017), such as resistance to disturbances (Jactel et al. 

2017). In particular, it has been shown that beech productivity improves in mixed forests compared to 

pure ones, particularly when beech is admixed with silver fir (Abies alba Mill.) or other coniferous 

species (e.g. Toïgo et al., 2015; Pretzsch and Forrester, 2017). However, it is still not clear whether 

mixed-species forests also contribute to mitigating drought impacts (Grossiord 2019), which in turn 

would have an effect on forest vitality and productivity. In the case of beech, contrasted effects of species 

interactions have been found under drought conditions. Some studies demonstrate lower drought 

exposure of beech in mixed stands (e.g. Pretzsch et al., 2013; Metz et al., 2016), but others conclude 

that the mixture effect is neutral (e.g. Schwarz and Bauhus, 2019). Furthermore, contrasted results were 

found when comparing the effects of the same species mixture, including beech, among different sites 

(Schäfer et al. 2017; González de Andrés et al. 2018; Jourdan et al. 2019b). 

Two factors have been identified as major drivers for the variability in the outcome of mixture effects 

on the mitigation of drought impacts: the importance of functional variability among species and the 

effect of site climatic conditions (Forrester 2014; Forrester and Bauhus 2016). First, the outcomes are 

species-dependent: species with more contrasted functional traits in terms of physiology, phenology or 

morphology (e.g. root depth, stomatal control, physical traits involved in xylem resistance to embolism), 

are more likely to show complementarity effects, especially for drought responses (Grossiord 2019). 

Secondly, even if the given species mixture potentially mitigates drought impacts, the degree of the 
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effect may vary with site-level environmental conditions (Forrester and Bauhus 2016). Forrester and 

Bauhus (2016) suggested a theoretical framework, as a generalization of the stress gradient hypothesis 

(Bertness and Callaway 1994), in which positive mixture effects are expected to be stronger when 

resources are scarce, for example along a declining precipitation gradient or during severe drought 

events. In accordance with this framework, Grossiord et al. (Grossiord et al. 2014c, d) found negative 

or neutral effects in more humid sites and positive effects in drier ones (Grossiord et al. 2014c, d). 

However, the relationship between mixture effects and a resource gradient may not be linear but may 

rather emerge from threshold points of resource availability (de Streel et al. 2020). Such thresholds could 

be explained by the fact that positive mixture effects may not be strong enough to compensate for the 

increasing environmental constraints in extremely dry sites and that positive mixture effects on drought 

response could disappear with strong water stress (e.g. de Streel et al., 2020).  

The outcome of studies on the effects of species mixing may also depend on how the trees were sampled. 

To date the typical approach has been to limit the sampling design to dominant trees when examining 

mixture effects on the response of trees to drought, particularly as measured by carbon isotope 

composition (δ13C) (Grossiord et al., 2014c; Metz et al., 2016; Schwarz and Bauhus, 2019). However, 

not including light-suppressed trees in these analyses could bias the overall patterns of mixture effects, 

as the drought sensitivity of suppressed and dominant trees may differ (Mérian and Lebourgeois 2011). 

Including all trees for a more complete representation of the forest stand could help understanding the 

variability of mixture effects on drought responses.  

The processes behind mixture effects on drought exposure are linked to spatial or temporal resource 

partitioning among species due to competition, facilitation, or niche differentiation for resource 

acquisition and use (Ammer 2019; Grossiord 2019). At aboveground level, this may result in, for 

example, differences in canopy packing and shading effects (Ishii and Asano, 2010; Jucker et al., 2015; 

Grossiord 2019). At belowground level, complementarity for water uptake and niche differentiation 

among species could result in a lesser exposure to decreased soil water content during extreme drought 

events (Forrester 2014), but these processes have rarely been experimentally tested in the field 

(Grossiord et al. 2014a; Goisser et al. 2016).  

Further studies for species diversity effects on beech drought exposure are therefore necessary to identify 

whether or not tree-species mixing might mitigate drought impacts and maintain beech productivity, 

particularly along the southern margins of beech distribution in Europe where climate change is 

occurring the fastest. To address these questions, we studied the effect of species mixture on beech 

drought exposure during a period with severe summer droughts, in forest plots of different species 

compositions distributed across six sites in south-eastern France with contrasting climate conditions. 

We studied two widespread species mixtures with beech in mountainous areas of south-eastern France: 

beech associated with silver fir (Abies alba Mill.) in the northern part of the region, and beech associated 

with pubescent oak (Quercus pubescens Willd.) in the southern part. These two accompanying species 
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are likely to show complementarity effects with beech as they have contrasted physiological functioning, 

i.e. contrasted water transport systems and phenology between beech (deciduous species) and fir 

(evergreen conifer), and contrasted drought and shade tolerance between beech and pubescent oak 

(Niinemets and Valladares 2006). We sampled all trees in the stands, including both dominant and light-

suppressed trees. We used stable carbon isotope composition (δ13C) in tree rings from dry years to 

examine the effect of species composition on tree exposition to drought (Grossiord et al. 2014d; Metz 

et al. 2016). Tree ring analysis provided us with an integrative measurement of past drought effects on 

tree functioning (McCarroll and Loader 2004). Tree-ring δ13C is expressed as a negative value that 

increases (less negative values) when a tree is exposed to increased water stress (Saurer et al. 1995). It 

indirectly reflects the compromise between carbon and water acquisition and use at leaf and plant level 

(Farquhar et al. 1982). Finally, to assess potential water-use complementarity mechanisms, we looked 

at differences in water uptake sources between species. To do so, we measured the stable hydrogen 

isotope composition (δ2H) in branch xylem water (Dawson 1993; West et al. 2006).  

We specifically addressed the following questions: 

1. Is beech physiological functioning (δ13C) during dry years influenced by site-specific 

environmental conditions?  

2. Is beech δ13C during dry years different between pure and mixed stands?  

3. Can potential mixture effects be explained by complementarity in species water uptake 

sources?  
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2. Material and Methods 

2.1. Field design 

We selected six sites in the French pre-Alps on limestone bedrock (Fig. I. 1a, see also Jourdan et al., 

2019b) spanning a wide range of climatic conditions (Fig. I. 2). At each site, we used a triplet approach, 

i.e. an ensemble of three plots: one plot in pure stands of each studied species and one plot in a mixed 

stand of the same two species (Fig. I. 1b). All the triplets were located on north-facing slopes. The three 

plots within each triplet were as close to each other as possible and with a similar slope (Table I.A 1). 

The soil textures and gravel contents were similar within a triplet. At each site, two sets of such triplets 

were selected in order to cover local variability in environmental conditions and stand structure, 

resulting in six plots per site (Fig. I. 1b). Plot elevations ranged from 700 m to 1400 m (Table I.A 1).  

 

 

Fig. I. 1 Field design of the GMAP network (Mediterranean and Alpine Plot Gradient, set up by X. Morin in 2013). 

(a) Study area and location of the six sites in south-eastern France. Dark points (sites S1 to S3) represent northern 

sites with European beech (Fagus sylvatica) and silver fir (Abies alba) forests. White points (sites S4 to S6) 

represent southern sites with European beech and pubescent oak (Quercus pubescens) forests. The sites are located 

in the following mountain ranges of the French pre-Alps: Bauges (S1), Vercors (S2), Ventoux (S3), Lubéron 

Lagarde (S4), Grand Lubéron (S5), Sainte-Baume (S6). (b) Schematic representation of a site, with the two triplets 

per site. Each triplet is made up of two pure plots in monospecific stands and one mixed plot in a mixed-species 

stand. (c) Representation of an individual plot. Plots are circular with a central plot area (10 m radius) and a buffer 

zone (7.5 m radius). All the trees in the central plot with a DBH > 7.5 cm were sampled. 
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European beech (Fagus sylvatica L.) was present at all six sites and was mixed with either silver fir 

(Abies alba Mill.) in the three northern sites (S1 to S3) or with pubescent oak (Quercus pubescens 

Willd.) in the three southern ones (S4 to S6) (Fig. I. 1a). In pure plots, the focal species accounted for 

at least 80 % of the total basal area and in the mixed plots each focal species accounted for at least 40 % 

of the total basal area (Table I.A 2). Other tree species present in the plots represented less than 20 % 

of the total basal area and were mostly in the understory (Table I. 1, Table I.A 2). The trees from both 

focal species in the mixed stands were mixed on a stemwise intermingling pattern (del Río et al. 2018). 

Sites S1 to S4 were located in forests with continuous-cover management whereas sites S5 and S6 had 

limited management. To limit direct management effects, we only worked in stands where no thinning 

operations had been conducted for at least the last two decades. All the stands were located in mature 

forests with an uneven-aged high forest structure, except for S5, which was in a coppice forest. 

Individual plots were circular with a radius of 17.5 m (area = 962 m2) and consisted of a central area (10 

m radius, area = 314 m2) where the measurements were conducted, plus a buffer zone (7.5 m radius) to 

ensure the plot was surrounded by homogeneous conditions (Fig. I. 1c).  

2.2. Climate data 

Climatic variables were extracted from the mesoscale SAFRAN reanalysis of the Météo France national 

observation network data (Quintana-Seguí et al. 2008). As SAFRAN was initially designed for 

mountainous areas, it was the best-estimated source of daily climatic data for our study region. The 

precision of the climate data was relevant at the site scale, but not at the triplet scale, as the SAFRAN 

analysis covers France with an 8 km × 8 km grid and is calculated for the average elevation of the 

corresponding grid. We used the SAFRAN long-term climate data to estimate the average cumulative 

annual precipitation and the mean annual temperature per site over a 20-year period (1994-2013) (Fig. 

I. 2; Table I.A 3). 

2.3. Choice and characterization of dry years 

Jourdan et al. (2019b) calculated the standardized precipitation evapotranspiration index (SPEI, Vicente-

Serrano et al., 2010) for each of the six sites for the months of February to July, i.e. the growth period, 

of each year from 1994 to 2013 (see Fig. 2 in Jourdan et al., 2019b). SPEI is a standardized index that 

makes it possible to identify dry years for a given site, but not to compare drought intensity among sites. 

This enabled us to choose the period of dry years relative to each site within the 1994-2013 period for 

tree-ring carbon isotope composition (δ13C) analyses. We targeted the 2003-2007 period because it was 

representative of a series of severe dry years for all sites. Indeed, this period was on average much drier 

in terms of precipitation across sites than the 20-year average for 1994-2013 (Fig. I. 2), but was also 

hotter during the summer months (Table I.A 3). 
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Table I. 1 Plot characteristics: mean DBH (cm) and range by species for all trees in each site, triplet, and plot.  

Site Triplet Plot DBH (cm) 

      Beech Fir Oak Other sp. 

S1 1 Pure beech 41.9 (8-105) _ _ 19.1 (13.4-24.2) 

S1 1 Pure fir 8.3 (8.3-8.3) 37 (8.6-92.9) _ 21.5 (10.5-49.3) 

S1 1 Mixed 39 (28.3-49.7) 22.9 (7.6-38.2) _ 18.5 (9.2-34.4) 

S1 2 Pure beech 47 (28.3-59.8) 14.1 (5.7-28.6) _ _ 

S1 2 Pure fir _ 32.6 (8-79.9) _ 26.7 (13.1-50) 

S1 2 Mixed 42.4 (9.5-76.4) 28.3 (7.3-91.7) _ 45.2 (45.2-45.2) 

S2 1 Pure beech 16.5 (8.3-46.8) _ _ 19.4 (14.3-26.7) 

S2 1 Pure fir _ 24.2 (8-42) _ 23.6 (23.6-23.6) 

S2 1 Mixed 14.2 (7.3-40.1) 19.6 (7.6-57.3) _ 10.2 (8.6-14.3) 

S2 2 Pure beech 47.4 (35.3-58.3) 17.3 (12.7-23.9) _ _ 

S2 2 Pure fir 15.3 (15.3-15.3) 42.4 (15.6-57.3) _ _ 

S2 2 Mixed 36.8 (30.2-44.2) 27.7 (12.7-57.6) _ _ 

S3 1 Pure beech 25.3 (9.2-38.8) _ _ _ 

S3 1 Pure fir 18.8 (18.1-19.4) 35.9 (15-47.7) _ _ 

S3 1 Mixed 14.9 (7.6-23.9) 44.8 (9.5-59.8) _ _ 

S3 2 Pure beech 29.9 (16.6-53.5) 20.4 (20.4-20.4) _ _ 

S3 2 Pure fir 19.2 (8-30.2) 17.1 (7.3-41.7) _ 15 (10.8-19.1) 

S3 2 Mixed 24 (16.2-32.1) 15.2 (7.3-60.5) _ 30.6 (28.6-32.5) 

S4 1 Pure beech 24.9 (7.6-68.1) _ _ 13.3 (11.8-14.3) 

S4 1 Pure oak 11.4 (7.6-15.3) _ 18.3 (7.6-42.7) 10.7 (7.6-15.9) 

S4 1 Mixed 16.1 (8.6-24.5) _ 20.7 (11.1-27.4) 18.9 (8.3-39.8) 

S4 2 Pure beech 22.6 (8.6-64.3) _ 11.1 (11.1-11.1) _ 

S4 2 Pure oak 13.4 (13.4-13.4) _ 15.2 (8.9-24.8) 9.7 (9.2-10.2) 

S4 2 Mixed 14.4 (7-27.7) _ 17.1 (12.1-22.9) 13.8 (12.4-15.3) 

S5 1 Pure beech 17.1 (7.3-28.6) _ 12.9 (8.9-16.9) 13.7 (8-19.4) 

S5 1 Pure oak _ _ 18.7 (10.5-32.5) 18.6 (9.2-29) 

S5 1 Mixed 14.5 (8-22) _ 14.7 (7.6-21) 10.4 (7.3-16.2) 

S5 2 Pure beech 16.6 (7-27.1) _ _ 13.8 (8.3-23.6) 

S5 2 Pure oak _ _ 15.6 (10.8-22.9) 10.1 (7-13.4) 

S5 2 Mixed 13.7 (7.3-23.6) _ 15.9 (7.6-20.7) 9.2 (7-15.3) 

S6 1 Pure beech 40.4 (29.6-53.2) _ _ 16 (9.9-29) 

S6 1 Pure oak _ _ 36.1 (28-45.5) 12.8 (7-22.3) 

S6 1 Mixed 30.6 (9.5-45.2) _ 34.6 (20.4-42.3) 15.5 (7.3-34.4) 

S6 2 Pure beech 19.6 (7.6-35.7) _ 17.2 (14-19.4) 13.3 (7.6-25.5) 

S6 2 Pure oak _ _ 19 (9.9-38.2) 8.2 (7-9.9) 

S6 2 Mixed 21.3 (8.6-31.8) _ 18 (8.3-26.7) 11.3 (7.6-15.9) 

Note: Other tree species represent less than 20 % of the total basal area of the plots (12 % on average). Most 

common species are Acer pseudoplatanus, Acer campestre, Ilex aquifolium, Sorbus torminalis and Taxus baccata.  
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Fig. I. 2 Climate-space diagram of presence for beech in Europe, study site annual average temperature and annual 

sum of precipitation 20-year averages. The shaded area represents observed beech presence in Europe in all 

national forest inventories in terms of annual climatic conditions for temperature and precipitation (adapted from 

the European Atlas of Forest Tree Species, Houston Durrant et al., 2016). Large circular points represent the 20-

year averages (1994-2013) from the SAFRAN weather data for each of our study sites. Small diamond points 

represent the 5-year averages of the selected dry years (2003-2007) for each site. The x-axis is the annual average 

of daily average temperatures. The y-axis is the annual sum of daily precipitation. Error bars represent ± one 

standard deviation around the mean. 

 

To characterize the water stress during these dry years, we used the daily forest water balance model 

BILJOU© (Granier et al. 1999). We estimated the daily relative extractable water (REW, unitless) for 

each site based on daily climate data over the 1994-2013 period. REW is the ratio between available soil 

water and the maximum extractable water (water holding capacity) and varies from field capacity 

(REW=1) to permanent wilting point (REW=0). Water stress is assumed to occur when REW drops 

below a threshold of 0.4 under which stomatal conductance, and therefore leaf gas exchange, is gradually 

reduced (Granier et al. 1999). The BILJOU© model has a daily time step and requires daily climatic 

input variables (mean air temperature, precipitation, wind speed, global radiation, and air humidity) as 

well as soil water holding capacity and leaf area index (LAI). We used SAFRAN daily climatic variables 

at the site scale. We fixed soil water holding capacity at 100 mm since we were not able to characterize 

the plot soil profiles precisely due to very rocky soils. Nevertheless, we tested the BILJOU© model with 

different soil water holding capacity values but this did not change the ranking of the sites in terms of 

water stress (data not shown). Similarly, we used a LAI value of 7.0 m2 m-2 in northern sites and 6.0 m2 
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m-2 in southern sites as standard values for mature forests (Bréda 2003). Adapting this value to the 

different sites did not change the ranking of the sites. For each year at each site, an annual number 

of days when REW is below 0.4 was calculated, which allowed to quantify water stress levels (Table 

I.A 3).  

2.4. Tree measurements 

2.4.1. Dendrometry 

In 2014, in the central area of each of the 36 plots, Jourdan et al. (2019b) surveyed all of the trees with 

a diameter at breast height (DBH, cm) greater than 7.5 cm and recorded their DBH and total height. 

They also cored the trunk of all of these trees at a height of 1.3 m with a Pressler increment borer (Haglöf, 

Sweden) in 2014-2015. In coppice stands, they only cored the largest stem of each clump of coppice 

shoots (individual tree). Some cores were too difficult to date accurately and were discarded from further 

analyses, leaving a total of 792 trees sampled (368 beech, 222 fir and 202 pubescent oak trees), 

representing all the diameter classes and different strata in the canopy. On these cores, Jourdan et al. 

(2019b) measured tree-ring width for the 1994-2013 period and performed cross-dating for each species 

according to specific pointer years. 

2.4.2. Carbon isotope composition (δ13C) 

We used these tree cores to analyse the stable carbon isotope composition (δ13C) of each tree in the tree-

rings of the selected period (2003-2007). Using a scalpel under a stereomicroscope, we extracted the 

tree-rings (including earlywood and latewood) that corresponded to the target period (2003-2007) as 

one pooled block for all five years. We used whole wood tissue for our analyses as it shows the same 

trends as cellulose-only isotopic measurements and allowed us to analyze a larger number of trees 

(McCarroll and Loader 2004). For each tree, the tree-rings of the 2003-2007 period were kept as one 

sample. We ground them into a fine powder, then weighed around 1 mg of powder for each sample in 

tin capsules for the isotopic analysis. We used a different technique when the dry mass of the 2003-2007 

tree-ring sample was less than 6 mg (15 samples out of 792) to avoid any loss of matter in the grinding 

process. These 15 samples were cut into four quarters perpendicularly to the tree-ring axis with a scalpel 

instead of being ground. For each of these samples, we then analyzed separately three out of four 

subsamples for isotopic composition and used the average of these three δ13C values. The fourth 

subsample was kept as a spare in case further analyses should be needed on these samples.  

The 13C/12C ratios of each wood sample were analyzed with an isotope-ratio mass spectrometer (IRMS, 

Isoprime 100, Isoprime Ltd., Cheadle Hulme, UK) coupled with an elemental analyzer (EA, Elementar 

vario, ISOTOPE cube, Elementar Analysen Systeme GmbH, Hanau, Germany) at the SILVATECH 

platform (SILVATECH, INRAE, 2018. Structural and Functional Analysis of Tree and Wood Facility, 
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Nancy, France). The results were expressed as carbon isotope composition δ13C (‰) relative to the 

international standard Vienna Pee Dee Bee Belemnite (V-PDB) (IAEA 1995) following Eq. 1:  

δ13C (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 1000 (1) 

where Rsample and Rstandard represent the 13C/12C ratios of the sample and the V-PDB standard, respectively 

(Farquhar et al. 1982). The mass spectrometer had a precision of ± 0.2 ‰ for δ13C values. 

In this study, we used two sets of δ13C data for our statistical analyses. First, we used the dataset 

containing all the δ13C values to characterize the response of all the trees, individually or at the stand 

level, hereafter called “all trees”. Second, we used a subsample dataset of pre-selected dominant trees 

in each plot, hereafter called “dominant-tree subsample”, to analyze the effect of mixture on the δ13C of 

the trees without any confounding factor related to light availability in the canopy (McCarroll and 

Loader 2004). These dominant trees were selected according to the following criteria: (i) they were in 

the biggest diameter class in each plot, (ii) they had a crown illumination index (Dawkins index) of 4 or 

5, meaning that they received direct vertical light (Clark and Clark 1992), (iii) they were well mixed 

with the other species on a stem-to-stem basis in the mixed stands, and (iv) they were suitable for branch 

sampling by climbers (see δ2H section). We then randomly chose between four and seven of these 

dominant trees per species in each plot, leading to a total of 240 dominant trees (beech = 121, fir = 57, 

pubescent oak = 62) out of a total of 792 trees measured for δ13C.  

One caveat should be noted concerning our δ13C measurements: we were able to compare δ13C 

functioning during dry years between pure and mixed plots, but we were not able to use the difference 

in δ13C between a reference wet year and a dry year to estimate tree drought resistance, as some studies 

have done to detect mixture effects (e.g., Grossiord et al., 2014c; Schwarz and Bauhus, 2019). Indeed, 

during the period from 1994 to 2013, we were not able to find any years that were wet enough to serve 

as a reference across all sites. Moreover, as growth is very slow at some of the sites with a Mediterranean 

influence, we would not have been able to cut out single yearly tree-rings precisely enough. Other studies 

have also used absolute values of δ13C, as we did, albeit usually over a longer-term chronology 

(González de Andrés et al. 2018; de Streel et al. 2020). Moreover, in a study looking at tree diversity 

effects on drought responses using δ13C, the same trends were found with differences in δ13C between a 

wet and a dry year (Grossiord et al. 2014d) than with absolute δ13C values for the dry years only 

(Grossiord, 2014, p.48). We therefore focused our analyses on mixture effects on tree functioning during 

dry years by comparing values between pure and mixed stands, expecting more negative δ13C values for 

beech in mixed stands as compared to pure ones if the presence of oak or fir in the mixture induced less 

competition for water resources.  
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2.4.3. Xylem water δ2H 

To estimate among-tree differences in water uptake sources, we used a method that relies on the natural 

abundance of stable hydrogen isotopes in the xylem water from branches (Dawson 1993). During dry 

spells, an isotopic gradient for hydrogen is established in the top layers of the soil (Clark and Fritz 1997). 

The hydrogen isotope composition (δ2H, ‰) of water flowing in the xylem, which is the raw sap coming 

up from the roots, represents the mean signature of all the water sources for the tree’s rooting system. 

Due to very rocky shallow soils, we were not able to obtain a full soil profile at all of our sites. To 

address niche partitioning in water uptake sources, we therefore analyzed differences in δ2H values 

within triplets, but we were not able to quantitatively estimate a depth of water uptake by trees. 

We sampled the same trees selected for the dominant-tree subsample of δ13C analyses. To determine the 

δ2H of the xylem water, we sampled a 30 to 40-cm-long branch from each dominant tree in the summer 

of 2018 during a dry spell at five sites, for a total of 200 samples. We could not visit S4 that year for 

technical reasons, and therefore we do not have δ2H values for that site. Professional climbers cut the 

branches out of the upper third of the tree crown. We removed bark tissue immediately with a knife to 

prevent phloem sap from mixing with xylem water. Five-centimeter-long samples were then cut from 

the branches and placed into closed airtight glass vials and stored in cool conditions. 

Once in the lab, we stored the branch samples in cool chambers at 4°C to reduce the risk of evaporation. 

We then extracted water from the branch samples through cold trapping with a custom-made static 

vacuum cryogenic distillation system (West et al. 2006). The water from the branch samples was 

evaporated by heating the sampling tube in a water bath (65°C), then condensed with liquid nitrogen for 

90 minutes in a collection tube. The extracted water was analyzed for 2H/1H ratios with an elemental 

analyzer (EA, EuroPyrOH; EuroVector, Milano, Italy) coupled to an isotope ratio mass spectrometer 

(Isoprime IRMS; Elementar, Manchester, UK) at the SILVATECH platform (SILVATECH, INRAE, 

2018. Structural and Functional Analysis of Tree and Wood Facility, Nancy, France). The 2H/1H ratio 

of each water sample was determined from six subsamples of 0.2 μL of extracted water and only the last 

three measurements were kept, then averaged for each sample. The first three measurements were 

discarded to avoid any bias related to a potential “memory effect”, meaning a contamination from the 

previous sample analyzed. The results were expressed as δ2H relatively to the international Vienna-

standard mean ocean water standard (V-SMOW) following Eq. 2: 

δ2H (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 1000 (2) 

where Rsample and Rstandard represent the 2H/1H ratios of the sample and of the V-SMOW standard 

respectively (IAEA 1995). The mass spectrometer used in this study had a precision of ± 2.0 ‰ for δ2H 

values. 
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We weighed the branch samples after cryo-distillation and placed them in a drying oven for 48 h at 65°C 

to check if all the water had been extracted. If part of the water had not been completely extracted, we 

applied a correction to the δ2H values since the extracted water had less of the heavier isotope (2H) than 

the water remaining in the branch. We calculated the theoretical fractionation of the hydrogen isotopes 

with Eq. 3 to obtain a corrected δ2H value (Araguás-Araguás et al. 1995): 

𝛿2𝐻𝑐𝑜𝑟𝑟 = 𝛿2𝐻𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − (
𝐹(1 𝛼⁄ ) −  𝐹

𝐹 − 1
 ∗ 1000 ) (3) 

where δ2Hmeasured is the known measured value, δ2Hcorr the expected real value if there had been no 

fractionation during extraction, F the fraction of water remaining in the branch, and α a fixed factor 

specific to the isotope measured (2H) and to the extraction temperature (65°C). Factor α is calculated 

from Eq. 4 (Majoube 1971):  

103 ∗ ln(𝛼) = 𝑎 ∗ (
106

𝑇𝐾
2 ) +  𝑏 ∗ (

103

𝑇𝐾
) + 𝑐 (4) 

where TK is the extraction temperature in degrees Kelvin, and a, b, and c are fixed factors for 2H defined 

in Majoube (1971) with a = 24.844, b = -76.248, and c = 52.612 (Clark and Fritz 1997). We applied this 

correction to all the samples with a water-extraction percentage below 100 %.  

2.5. Data analysis  

All data analyses were conducted including either all trees or those in the dominant-tree subsample.  

2.5.1. Variability of δ13C values in pure stands 

To assess the variability of δ13C values among sites and species, we compared δ13C values in the pure 

stands only. First, for site effects, we studied the differences in δ13C values among the six pure beech 

stands, and among the three stands of pure fir and pure pubescent oak, following the model:  

δ13C ~ Site + Triplet + Site: Triplet (5) 

We used a linear model for each species with Site (S1 to S6) and Triplet (1 or 2) as factor variables. We 

further tested the interaction between Site and Triplet to reveal the differences between the two triplets 

at each site. 

Second, we tested for differences in δ13C values between the two species (beech and fir, or beech and 

oak) in pure stands, following the model:  

δ13C ~ log(DBH) +  Species + log(DBH) : Species + 1|Triplet ID (6) 

We used a linear mixed model with Species as a two-level factor (beech vs. fir, or beech vs. oak) and 

log(DBH) of the individual tree as a continuous variable. The interaction between log(DBH) and Species 
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was also included in the model. Triplet ID was used as a random factor (Triplet ID is a six-level factor 

for each type of mixture, identified by site and triplet number, e.g. S1:2 for site 1, triplet 2). The 

introduction of individual tree DBH as a covariate was used as a proxy for light availability, as the 

biggest trees within triplets are the ones with the most access to light while smaller trees represent the 

understory trees. This approach allowed us to take into account the confounding factor related to light 

availability in the canopy and its effect on δ13C (McCarroll and Loader 2004). We used the log 

transformation of DBH to obtain a linear relationship between log(DBH) and δ13C values .  

2.5.2. Mixture effects on δ13C 

We analyzed the effect of species mixture on δ13C values separately by type of mixture (beech-fir or 

beech-oak) with three different types of analyses that made it possible to test for a mixture effect at 

different levels. First, we tested the mixture effect on individual δ13C values by species separately for 

the beech-fir and beech-oak sites with all six triplets together following the linear mixed-effect model: 

δ13C ~ log(DBH) +  Mixture +  log(DBH) : Mixture + 1|Triplet ID (7) 

with Mixture (pure vs. mixed stands) as a fixed two-level factor, log(DBH) of each tree as a continuous 

variable, and Triplet ID as a random factor (Triplet ID is a six-level factor for each type of mixture, 

identified by site and triplet number, e.g. S1:2 for site 1, triplet 2). The interaction between log(DBH) 

and Mixture was also included in the model. 

Second, we tested the same effect separately for each triplet with the following linear model for each 

species and triplet: 

δ13C ~ log(DBH) +  Mixture + log(DBH) : Mixture (8) 

with Mixture as a two-level factor (pure vs. mixed stands), log(DBH) as a covariate. The interaction 

between log(DBH) and Mixture was also included in the model. 

Finally, to evaluate any effect of mixture on stand-level functioning, we used a metric called “Net 

Biodiversity Effect” (NBE, ‰), adapted for complex traits such as δ13C by Grossiord et al. (2013) from 

Loreau and Hector (2001). We calculated NBE for the dominant-tree subsample only (NBEdom, ‰) 

because with all trees we would not have been able to separate the effects of light availability vs. water 

availability.  

NBEdom on the average δ13C of a given mixture of species is the difference between the observed 

averaged δ13C in the mixture (δ13CO, ‰) and the expected averaged δ13C in the mixture (δ13CE, ‰) 

calculated with species values in pure stands:  

𝑁𝐵𝐸𝑑𝑜𝑚 =  𝛿13𝐶𝑂 −  𝛿13𝐶𝐸 = ∑(𝛿13𝐶𝑂𝑖 ∗ 𝑃𝑂 𝑖) 

2

𝑖=1

+  ∑(𝛿13𝐶𝐸𝑖 ∗ 𝑃𝑂𝑖)

2

𝑖=1

(9) 
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where δ13COi is the observed average δ13C value for dominant trees of species i in mixed stands, δ13CEi 

is the average δ13C value for dominant trees of species i in its respective pure stand and POi is the 

proportion of species i in the mixed plot in terms of basal area.  

We calculated NBEdom values for each triplet. Based on the precision of the mass spectrometer used for 

the isotopic measurements in this study (± 0.2 ‰), NBEdom values were considered different from 0.0 ‰ 

when the difference between observed and expected mixed stand values was greater than ± 0.4 ‰. A 

positive difference means that the observed mixed stand had a higher δ13C value than expected based on 

values from the corresponding pure stands. A negative difference means that the observed mixed stand 

had a lower δ13C value than expected from pure-stand values. Since there was only one value per triplet, 

no statistical analyses were possible for this variable, although we were able to compare results across 

triplets. 

2.5.3. δ2H analysis 

To test for differences in water uptake sources between species and between pure and mixed stands, we 

analyzed δ2H data separately by type of mixture (beech-fir or beech-oak). We used the following linear 

mixed model to test for differences between species and pure or mixed stands:  

δ2H ~ Species + Mixture + Species: Mixture + 1|Triplet ID (10) 

with Species a two-level factor (beech and fir, or beech and oak), Mixture a two-level factor (pure or 

mixed), and Triplet ID a random factor (Triplet ID is a six-level factor for each type of mixture, 

identified by site and triplet number, e.g. S1:2 for site 1, triplet 2). 

2.5.4. Statistical analyses 

All analyses were performed with R software version 3.6.2 (R Core Team 2019). Linear mixed effect 

models were conducted with the lme function of the NLME package (Pinheiro et al. 2019). Analyses of 

variance following linear models or linear mixed models were conducted with the Anova function (Type 

II SS) from the CAR package (Fox and Weisberg 2019) and post-hoc multiple comparisons were made 

with the glht function (Tukey contrasts) in the MULTCOMP package (Hothorn et al. 2008). We 

graphically assessed normality and homoscedasticity of all model residuals. For mixed effect models, 

we used a pseudo R-squared in the R package MUMIN (Barton 2019) to determine the variance 

explained by both the fixed terms only (marginal coefficient of determination, R2
m) and the entire model 

including the random terms (conditional coefficient of determination, R2
c).  
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3. Results 

3.1. Site and species patterns of δ13C in pure stands  

3.1.1. Site and triplet effects on δ13C within species 

In pure beech stands, mean δ13C values for the selected dry years for all sampled trees ranged from -

27.9 ± 0.8 ‰ at S1:1 to -25.7 ± 0.5 ‰ at S2:2 (Fig. I. 3a). There was a significant site effect on δ13C 

values (Eq. 5, P < 0.001): the trees at S1 had significantly lower δ13C values than at the other five sites 

(Fig. I. 3a). Mean δ13C values differed significantly between the two triplets of a site at S6 only (Fig. I. 

3a). The range of mean values for the dominant-tree subsample was similar to the range for all trees, but 

the δ13C values were higher, with beech mean δ13C values ranging from -27.6 ± 0.4 ‰ at S1:2 to -25.4 

± 0.4 ‰ at S4:2 (Fig. I. 4a). As for all trees, there was a significant site effect on δ13C values (Eq. 5, P 

< 0.001): the trees at S1 had significantly lower δ13C values than the trees at the other five sites (Fig. I. 

4a).  

In pure fir stands, mean δ13C values for all sampled trees ranged from -28.0 ± 0.6 ‰ at S1:2 to -25.2 ± 

0.3 ‰ at S3:1 (Fig. I. 3b). There was a significant site effect on δ13C values (Eq. 5, P < 0.001): the trees 

at S1 had significantly lower δ13C values than the trees at S2 and S3 (Fig. I. 3b). Mean δ13C values 

differed significantly between the two triplets of a site at S3 only (Fig. I. 3b). For the dominant-tree 

subsample, the range of mean values was narrower and the δ13C values were higher, with fir mean δ13C 

values ranging from -26.9 ± 0.7 ‰ at S1:2 to -24.8 ± 0.3 ‰ at S3:2 (Fig. I. 4b). As for all trees, there 

was a significant site effect on δ13C values (Eq. 5, P < 0.001): the trees at S1 had significantly lower 

δ13C values than the trees at the other five sites (Fig. I. 4b). 

In pure pubescent oak stands, mean δ13C values for all sampled trees ranged from -26.1 ± 0.3 ‰ at S6:1 

to -24.8 ± 0.4 ‰ at S4:2 (Fig. I. 3c). There was a significant site effect on δ13C values (Eq. 6, P < 0.001): 

all three sites had significantly different δ13C values (Fig. I. 3c). For the dominant-tree subsample, the 

range of mean values was narrower, but the mean δ13C values were similar to all trees: oak mean δ13C 

values ranged from -25.9 ± 0.7 ‰ at S6:1 to -24.5 ± 0.4 ‰ at S4:2 (Fig. I. 4c). We observed no 

significant differences among the three sites or between triplets within sites (Fig. I. 4c). 
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Fig. I. 3 Tree-ring δ13C values for all the trees sampled in pure stands, by site and triplet, for (a) beech, (b) fir, and 

(c) oak. Closed and open symbols with error bars (95 % confidence intervals) show mean plot values. Letters at 

the bottom of each graph indicate results for differences among sites by species (Eq. 5). The pure plots of the two 

triplets within each site are shown separately (i.e., S1:1 is triplet 1 in site S1). Stars indicate significant differences 

between the triplets of a site in pure stands of the same species (Eq. 5). Dots in the background represent individual 

tree data. For individual points, a jitter function is used to add a small amount of random noise on the x-axis to 

show overlapping points.   
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Fig. I. 4 Tree-ring δ13C values for all the trees in the dominant-tree subsample for pure stands, by site and triplet 

for (a) beech, (b) fir, and (c) oak. Closed and open symbols with error bars (95 % confidence intervals) show mean 

plot values. Letters at the bottom of each graph indicate results for differences among sites by species (Eq. 5). The 

pure plots of the two triplets within each site are shown separately (i.e., S1:1 is triplet 1 in site S1). Stars indicate 

significant differences between the two triplets of a site in pure stands of the same species (none here) (Eq. 5). 

Dots in the background represent individual tree data. For individual points, a jitter function is used to add a small 

amount of random noise on the x-axis to show overlapping points. 
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3.1.2. Species differences in δ13C 

For pure stands including data for all the trees, species effect was not significant between beech and fir 

in the more northern sites (P = 0.38), but was significant between beech and oak in the more southern 

sites (P < 0.001). When including log(DBH) as a covariate in the model (Eq. 6), log(DBH) was always 

significant. Beech had significantly lower δ13C values than fir in the northern sites or than oak in the 

southern sites (Table I.B 1). The interaction between log(DBH) and δ13C was significant with all trees 

(Table I.B 1), meaning that the slope of the relationship between log(DBH) and δ13C values differed 

between species, although it was always positive. In the northern sites, fir had a stronger positive slope 

(b=1.76) than beech (b=0.85). In the southern sites, beech had a stronger positive slope (b=2.23) than 

oak (b=0.85).  

For pure stands with only the dominant-tree subsample, species effect was significant for beech-fir sites 

(P < 0.001) and for beech-oak sites (P < 0.01). When including log(DBH) in the models (Eq. 6), the 

species effect was still significant but neither log(DBH) nor the interaction between Species and 

log(DBH) were significant (Table I.B 1). Beech had significantly lower δ13C values than fir in the 

northern sites or than oak in the southern sites (Table I.B 1). Mean species δ13C values of the dominant-

tree subsample was -26.5 ± 0.4 ‰ for beech and -25.8 ± 0.3 ‰ for fir at the northern sites, whereas it 

was -25.8 ± 0.2 ‰ for beech and -25.3 ± 0.3 ‰ for oak at the southern sites.  

3.2. Mixture effects on δ13C 

3.2.1. Effect of dbh 

Before analyzing the mixture effects on δ13C values, we assessed the effect of log(DBH) in both the 

global (Eq. 7) and triplet-level (Eq. 8) models for each species. The effect of log(DBH) was significant 

for all four global models when all the sampled trees were included (Table I. 2). At the triplet-level, 

log(DBH) was significant for beech, except at S1:2 and S2:2. It was significant for all fir triplets and for 

half of the oak triplets (Table I. 3). The positive relationships between δ13C values and log(DBH) are 

consistent with expectations from the literature and with the impact of canopy light gradients on leaf or 

needle δ13C (McCarroll and Loader 2004). When only the dominant-tree subsample was used in the 

models, the effect of log(DBH) on δ13C was not significant in the global models nor in most triplets, 

except at S4:2 for beech and S2:2 for fir (Table I. 2, Table I. 3). The absence of significant effects for 

the dominant-tree subsample was the consequence of our sampling design: this subsample only included 

trees that received direct vertical light and for which the possible impact of canopy light gradients on 

δ13C (McCarroll and Loader 2004) was not expected.  
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Table I. 2 Linear mixed model output for Mixture and log(DBH) effects on δ13C by type of mixture and species 

(Eq. 7).  

  Beech-fir sites   Beech-oak sites 

 Beech  Fir  Beech  Oak 

 χ2 df P  χ2 df P  χ2 df P  χ2 df P 

All trees  154    213    191    189  

log(DBH) 27 1 <.001*** 
 

268 1 <.001*** 
 

185 1 <.001*** 
 

21 1 <.001*** 

Mixture 0 1 0.77 
 

2 1 0.13 
 

26 1 <.001*** 

δ13Cm> δ13Cp 

 
1 1 0.35 

log(DBH):Mixture 0 1 0.52 
 

4 1 0.04* 
 

1 1 0.24 
 

1 1 0.30 

R2
m (R

2
c) 

  
0.16 (0.65) 

   
0.40 (0.76) 

   
0.41 (0.68) 

   
0.10 (0.46) 

Dominant-tree 

subsample 
 52    48    50    58  

log(DBH) 0 1 0.58 
 

3 1 0.07 
 

0 1 0.90 
 

1 1 0.27 

Mixture 2 1 0.21 
 

1 1 0.25 
 

0 1 0.49 
 

2 1 0.15 

log(DBH):Mixture 2 1 0.14 
 

5 1 0.02* 
 

4 1 0.05 
 

1 1 0.35 

R2
m (R

2
c) 

  
0.03 (0.52) 

   
0.10 (0.62) 

   
0.06 (0.26) 

   
0.05 (0.32) 

Note: Stars indicate significant log(DBH), Mixture and interaction effects. Mixture is a two-level factor (pure vs. 

mixed). For significant Mixture effects, the direction of the estimate is indicated by δ13Cp> δ13Cm if pure stands 

have a higher δ13C estimate than mixed stands (i.e., mixture improves response to water stress compared to pure 

stands), and δ13Cm> δ13Cp if mixed stands have a higher δ13C estimate than pure stands. χ2: chi square test results 

for type “II” ANOVA. df: degrees of freedom. P: p-value for fixed terms. Triplet ID is used as a random factor in 

all eight models. A pseudo R-squared for mixed effect models was used to determine the variance explained by 

the two fixed terms only (marginal coefficient of determination, R2
m) and the entire model including the random 

terms (conditional coefficient of determination, R2
c). 

3.2.2. Beech-fir sites 

At the tree level for the global model, there were no significant mixture effects on δ13C values during 

the selected dry years, either for all trees or the dominant-tree subsample (Table I. 2). This result 

indicates that beech and fir trees in the mixed stands had statistically similar δ13C values to their values 

in pure stands for a given DBH (Table I. 2). The interaction between log(DBH) and Mixture was 

significant for fir with all trees: both pure and mixed stands had a positive relationship between 

log(DBH) and δ13C values, but pure stands had a stronger slope (b=1.69) than mixed stands (b=1.35). 

Despite this difference in the slopes of the relationship, it did not result in a statistical difference between 

pure and mixed stands. We also included the interaction term for the dominant-tree subsample, although 

we did not expect any interaction between log(DBH) and Mixture as (i) trees of this subsample should 

receive the same levels of light and (ii) because none of the triplets, except one for fir, had a significant 

log(DBH) effect. There was a small interaction effect for fir in the global model with dominant trees 

(Table I. 2). 

  



Chapitre I 

 

65 

 

Table I. 3 Model p-values for Mixture and log(DBH) effects on δ13C by triplet and species (Eq. 8). 

  Beech   Fir   Oak 

Site+Triplet log(DBH) Mixture 
log(DBH):

Mixture 
  log(DBH) Mixture 

log(DBH):

Mixture 
  log(DBH)  Mixture 

log(DBH):

Mixture 

All trees            

S1:1 0.03* 0.13 0.67  <0.001*** 
<0.01** 

δ13Cm> δ13Cp 
0.7  _ _ _ 

S1:2 0.18 0.24 0.31  <0.001*** 0.94 0.15  _ _ _ 

S2:1 <0.001*** 0.62 0.45  <0.001*** 
<0.01** 

δ13Cm> δ13Cp 
0.35  _ _ _ 

S2:2 0.42 0.85 0.61  <0.001*** 0.66 0.09  _ _ _ 

S3:1 0.03* 0.44 0.62  <0.01** 0.09 0.77  _ _ _ 

S3:2 <0.01** 0.54 0.82   <0.001*** 0.87 0.04*   _ _ _ 

S4:1 <0.001*** 0.06 0.6  _ _ _  0.04* 0.47 0.49 

S4:2 <0.001*** 
<0.001*** 

δ13Cm> δ13Cp 
<0.01**  _ _ _  0.02* 

0.02* 

δ13Cp> δ13Cm 
0.75 

S5:1 <0.001*** 0.32 0.39  _ _ _  0.06 
<0.01** 

δ13Cm> δ13Cp 
0.83 

S5:2 <0.001*** 
<0.001*** 

δ13Cm> δ13Cp 
0.15  _ _ _  0.81 0.09 0.67 

S6:1 <0.01** 0.12 0.19  _ _ _  0.21 0.53 0.56 

S6:2 <0.001*** 0.22 0.95  _ _ _  <0.01** 0.55 0.88 

Dominant-

tree 

subsample 

                      

S1:1 0.88 0.97 0.53  0.48 0.93 0.02*  _ _ _ 

S1:2 0.17 0.09 0.17  0.09 0.68 0.46  _ _ _ 

S2:1 0.95 0.54 0.59  0.10 0.57 0.61  _ _ _ 

S2:2 0.51 0.52 0.51  <0.01** 
0.04* 

δ13Cp> δ13Cm 
0.05  _ _ _ 

S3:1 0.45 0.48 0.86  0.40 0.34 0.28  _ _ _ 

S3:2 0.30 0.98 0.07   0.87 0.06 0.24   _ _ _ 

S4:1 0.76 0.47 0.55  _ _ _  0.22 0.37 0.65 

S4:2 <0.001*** 
<0.001*** 

δ13Cm> δ13Cp 
<0.001***  _ _ _  0.63 0.18 0.47 

S5:1 0.62 0.53 0.78  _ _ _  0.48 0.62 0.43 

S5:2 0.51 0.06 0.7  _ _ _  0.36 0.21 0.43 

S6:1 0.19 0.19 0.93  _ _ _  0.31 0.96 0.09 

S6:2 0.98 0.18 0.42   _ _ _   0.81 0.44 0.44 

Note: Stars indicate significant log(DBH), Mixture or interaction effects. Mixture is a two-level factor (pure vs. 

mixed). For significant Mixture effects, the direction of the estimate is indicated by δ13Cp> δ13Cm if pure stands 

have a higher δ13C estimate than mixed stands (i.e., mixture improves response to water stress compared to pure 

stands), and δ13Cm> δ13Cp if mixed stands have a higher δ13C estimate than pure stands.  
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At the triplet level (Table I. 3, Fig. I. 5a, Fig. I. 6a), there were no significant mixture effects for beech 

in any of the triplets, either for all trees or the dominant-tree subsample. There were no significant 

interactions between log(DBH) and Mixture for beech. For fir, at the triplet level for all trees, a 

significant mixture effect was found for triplets S1:1 and S2:1 only. In both these triplets, the models 

predicted higher δ13C values in mixed stands than in pure stands (Table I. 3). For fir with all trees, only 

triplet S3:2 had a significant interaction between log(DBH) and Mixture: the pure stand had a steeper 

slope (b=2.22) than the mixed stand (b=1.33). There was no mixture effect for fir with the dominant-

tree subsample except for triplet S2:2 (Table I. 3). Triplet S1:1 for fir with the dominant-tree subsample 

had a significant interaction effect when including all trees (Table I. 3), but this was probably driven by 

the differences in DBH of the dominant trees between stands (Table I. 1).  

Three triplets had NBEdom values close to 0.0 ‰ and the three other triplets had values below -0.4 ‰ 

(Fig. I. 7). 

3.2.3. Beech-oak sites  

When including all trees in the global model, we found a significant mixture effect on beech δ13C, with 

higher δ13C values in mixed stands compared to pure ones (Fig. I. 5b, Table I. 2). There was no 

significant mixture effect for oak (Fig. I. 5b, Table I. 2). We no longer observed the significant effect 

for beech when we restricted the analysis to the dominant-tree subsample (Fig. I. 6b, Table I. 2). The 

interaction between log(DBH) and Mixture was not significant for either species with all trees and with 

the dominant-tree subsample (Table I. 2). 

At the triplet level, we observed significant mixture effects for both beech and oak (Table I. 3). For 

beech, when including all the trees, δ13C values were higher in mixed stands than in pure stands in 

triplets S4:2 and S5:2 (Table I. 3). This result held true for the beech dominant-tree subsample at S4:2, 

but not at S5:2 (Table I. 3). S4:2 was the only triplet with a significant interaction effect between 

log(DBH) and Mixture for beech (Table I. 3), with a steeper slope for mixed stands (b= 3.78) than pure 

stands (b=1.69). However, this did not change the mixture effect for this triplet. For oak, when all the 

trees were included, δ13C values were significantly lower in mixed stands at S4:2 and significantly higher 

at S5:1 (Table I. 3). We did not observe these effects for oak when testing the dominant-tree subsample 

only (Table I. 3). There were no interaction effects between log(DBH) and Mixture for oak (Table I. 3) 

with all trees and with the dominant-tree subsample. 

In this region, there was a trend toward the lack of a net biodiversity effect: most NBEdom values were 

close to 0.0 ‰ (Fig. I. 7), except in triplet S6:1 where it was below -0.4 ‰. 
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Fig. I. 5 Mean tree-ring δ13C values of all the sampled trees in pure versus mixed stands by species, site and triplet 

for (a) beech-fir sites (S1 to S3, closed symbols) and (b) beech-oak sites (S4 to S6, open symbols). Symbols with 

error bars (95 % confidence intervals) show mean plot values for pure (x-axis) vs. mixed (y-axis) stands. Numbers 

1 and 2 represent the triplet number within the site. The dashed lines are the identity lines of slope 1 and intercept 0.  
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Fig. I. 6 Mean tree-ring δ13C values of the dominant-tree subsample for pure versus mixed stands by species, site 

and triplet for (a) beech-fir sites (S1 to S3, closed symbols) and (b) beech-oak sites (S4 to S6, open symbols). 

Symbols with error bars (95 % confidence intervals) show mean plot values for pure (x-axis) vs. mixed (y-axis) 

stands. Numbers 1 and 2 represent the triplet number within the site. The dashed lines are the identity lines of slope 

1 and intercept 0.  



Chapitre I 

 

69 

 

 

Fig. I. 7 Net Biodiversity Effect (NBE) for δ13C values at the stand level (see Eq. 9) for the dominant-trees 

subsample. Differences under 0.4 ‰ are considered as not different from 0.0 ‰. A positive NBE means that the 

observed mixed stand had a higher (less negative) δ13C value than expected based on data from pure stands. A 

negative NBE means that the observed mixed stand had a lower (more negative) δ13C value than expected based 

on data from pure stands. 
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3.3. Xylem-water δ2H 

At the beech-fir sites, we observed a significant interaction effect between Species and Mixture 

(P=0.002) (Table I.B 2). There was a significant mixture effect on the δ2H values for beech, but not for 

fir. More specifically, beech δ2H values were lower in mixed stands than in pure stands, except for triplet 

S3:2 (Fig. I. 8). There was also a significant difference between species for δ2H values in both pure and 

mixed stands (P<0.001) (Table I.B 2): beech δ2H values were lower than those of fir, except in triplet 

S1:1 (Fig. I. 8). The difference between beech and fir was larger in mixed stands (estimate: 15.3 ± 

1.4 ‰) than in pure stands (estimate: 9.1 ± 1.3 ‰).  

In beech-oak sites, we observed no mixture effect on δ2H values for either beech or oak (P=0.33) (Fig. 

I. 8), no differences between species (P=0.71), and no interaction effect (P=0.16) (Table I.B 2). 

 

 

Fig. I. 8 Xylem-water δ2H values of the dominant-tree subsample by triplet and species. Each box represents a 

triplet with values for both species (beech-fir in the top line and beech-oak in the bottom line). The x-axis represents 

the different plots within a triplet (two pure plots and one mixed plot). Closed and open symbols with error bars 

(95 % confidence intervals) show mean plot values. Dots in the background represent individual tree data. For site 

S5:1 in the mixed plot, the average for beech and oak overlap. No data could be recorded at site S4. 
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4. Discussion 

4.1. Variability of δ13C values in pure stands 

4.1.1. Site effect for beech 

Our range of mean δ13C values in beech tree-rings for pure stands was close to those reported in the 

literature (Fig. I. 3a, Fig. I. 4a). For instance, in Germany, at the heart of beech’s distribution range, 

mean beech δ13C value was -26.7 ‰ during the very dry year of 2003 (Schwarz and Bauhus 2019). In 

northern Spain, the southern-most area of beech distribution, mean δ13C value was -26.5 ‰ at a drier 

lower-elevation site and -27.5 ‰ at a wetter higher-elevation site for the period 2000 to 2003 (Peñuelas 

et al. 2008). We therefore recorded one of the least negative mean δ13C values for beech published to 

date, i.e. -25.4 ± 0.4 ‰ at S4:2 for the dominant-tree subsample (Fig. I. 4a). The origin of the high δ13C 

values observed in our study can be explained (i) by our choice to select, by design, a range of years 

characterized by severe summer droughts (2003-2007), which undoubtedly triggered high tree water use 

efficiency (Saurer et al. 1995), and (ii) by the fact that some of our sites were at the range limit of 

precipitation and temperature conditions for beech in Europe (Fig. I. 2). 

We found that the mean δ13C values for beech in pure stands did not differ among sites except at S1, 

either for all trees or for the dominant-tree subsample (Fig. I. 3a, Fig. I. 4a), though we had expected 

stronger differences due to the wide range of climatic conditions across our sites (Fig. I. 2). Plant tissue 

δ13C is a functional trait that is highly sensitive to differences in environmental conditions (Farquhar et 

al. 1989). However, different environmental conditions can have opposite effects on δ13C values, and 

the lack of difference in δ13C among the five sites (S2 to S6) could be explained by a combination of 

conditions acting in opposite directions. We explain the significantly lower mean δ13C values for beech 

at S1 (Fig. I. 3a, Fig. I. 4b) by the fact that S1 has the wettest and coolest climate among the six sites 

(Fig. I. 2). Site S1 also had relatively low water stress and was the least affected by water deficit during 

the period 2003-2007 covered by our study (Table I.A 3).  

4.1.2. Species differences 

The pure beech stands had significantly lower δ13C values than did fir or oak in the respective sites 

(Table I.B 1). This indicated lower mean water use efficiency for beech, even though the magnitude of 

the differences between species remained low. For beech and fir, lower δ13C values for beech are 

consistent with the study by Schwarz and Bauhus (2019) during the 2003 drought in Germany and 

Croatia. For beech and pubescent oak, to our knowledge, no studies have compared δ13C values of 

mature pubescent oak with other species. Differences in δ13C values among species can be explained by 

physiological and morphological characteristics (McCarroll and Loader 2004) or by differences in 

canopy structure and light availability in pure stands. Yet, we included a dendrometric variable 



Chapitre I 

 

72 

 

(log(DBH)) in the statistical tests as a proxy for light availability when testing for species differences. 

Species effects remained significant in the models with the dominant-tree subsample while the effect of 

log(DBH) did not (Table I.B 1). We can therefore conclude that species differences in δ13C were mainly 

related to intrinsic differences among species in water use efficiency, and not just to canopy structure 

factors. 

As expected, a large part of the variability in δ13C values was explained by the log(DBH) variable when 

we included all trees (Table I.B 1). The relationship between δ13C values and log(DBH) was always 

positive. This is consistent with the fact that gradients in light availability in the canopy strongly 

influence δ13C values (McCarroll and Loader 2004). The slopes of this relationship differed between 

species: fir always had a stronger slope than beech in northern sites, indicating that small fir trees were 

more suppressed for light than small beech trees in their respective pure stands. As both species have 

high shade tolerance (Niinemets and Valladares 2006), this could simply be due to the canopy structure 

of fir trees leading to lower light availability for dominated fir trees. Beech had a stronger slope than 

oak in the southern sites, indicating that small beech trees were more suppressed for light than small oak 

trees in pure stands. As beech is more shade tolerant than oak (Niinemets and Valladares 2006), this 

could be explained by the fact that small beech trees are growing in light-suppressed environments 

whereas oak trees, even when small, seem to only grow in environments with a higher light availability 

leading to less variability in δ13C values. These results show that in addition to intrinsic species 

differences in water use efficiency, canopy structure and light interception also influenced water and 

carbon functioning in pure stands.  

4.2. Mixture effects on δ13C 

4.2.1. Beech-fir sites 

For beech, there was no mixture effect on δ13C values during dry years when mixed with fir (Table I. 

2, Table I. 3, Fig. I. 5a, Fig. I. 6a), despite strong differences in functional traits between these two 

species. The lack of mixture effect is consistent with several studies on beech-fir mixtures. For instance, 

at the same sites, Jourdan et al. (2019a) reported no effect of the proportion of fir on the drought 

resistance of beech, estimated with growth data at the neighborhood tree-to-tree level. In another study 

in Romania, no mixture effect was observed for beech on δ13C differences between a wet and a dry year, 

either at the species level (Forrester et al. 2016) or at the stand level (Grossiord et al. 2014d). Recently, 

Schwarz & Bauhus (2019) looked at the resistance to a drought event for four sites with beech-fir 

mixtures in Germany and Croatia and found no mixture effect on δ13C, even though they observed long-

term positive effects of mixture on radial growth.  

For fir, the influence of mixture on δ13C values during dry years was more variable (Table I. 2, Table 

I. 3, Fig. I. 5a, Fig. I. 6a). We observed that mixture effects for fir differed among sites, between triplets 
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within a given site, or according to the type of dataset we used. This suggests that local environmental 

conditions and stand structure strongly influenced the outcome of the tests for fir and that mixture effects 

may play a minor role in explaining observed differences. Consequently, we cannot conclude that 

including fir in mixtures with beech will mitigate fir exposure to drought. The existing literature has 

highlighted contrasted patterns for fir in mixtures with beech. Some studies observed that the sensitivity 

of fir to drought was reduced when mixed with beech in drier sites (Lebourgeois et al. 2013; Gazol and 

Camarero 2016), while other studies found no effect (Forrester et al. 2016; Schwarz and Bauhus 2019), 

or even a negative effect (Jourdan et al. 2019a). Differences in site conditions could explain 

discrepancies in the observed patterns between our results and previous studies, as mixture effects may 

change along resource gradients (Forrester and Bauhus 2016). The interaction effects detected for fir, 

with all trees, between log(DBH) and stand composition suggest that there was less variability in δ13C 

values due to light availability in the mixed stands. In pure stands, small fir trees had lower light 

availability (more negative δ13C values) than in mixed ones. This could be explained by the fact that fir 

trees in mixed stands received more light than in pure stands due to canopy opening with the presence 

of beech and to phenological differences between fir and beech. However, these interactions did not 

impact the detected mixture effects. 

At the stand level with both species, there was no single mixture effect pattern among sites and triplets 

for beech-fir sites (Fig. I. 7). NBEdom was either neutral or negative, meaning that mixtures had more 

negative δ13C values, and potentially lower water stress, than expected from pure stands. Within each 

site, triplet NBEdom values were often neutral for one triplet and negative for the other one. As a 

reminder, these triplets were not selected as replicates, but were designed to cover local variations in 

environmental conditions and stand structure; within-site variability was therefore not surprising. The 

neutral or negative NBEdom values could be explained by differences in above-ground features, such as 

stand structure, proportion of shaded subcanopy or canopy packing levels, or in below-ground processes, 

such as complementarity or facilitation for water acquisition (Grossiord 2019). The species-interaction 

effects between beech and fir for some triplets may be attenuated or even masked by local differences 

in environmental conditions, which could not be controlled for in these stands (Metz et al. 2016). 

Furthermore, opposite processes that may strongly influence photosynthesis (e.g. light gradients) or 

water use (e.g. depth of water uptake) in mixed forests may actually cancel each other out and result in 

the absence of overall mixture effects (Forrester and Bauhus 2016). However, the overall result of 

NBEdom for mixed beech-fir stands is that δ13C values were never less negative than expected, suggesting 

a potentially lower water stress in mixtures. These results differ from the mixture effects tested for each 

species separately. Differences between species-level and stand-level results have been observed before 

(Forrester et al. 2016) and can result from opposite trends of mixture effects between the species (Toïgo 

et al. 2015a). For the overall stand δ13C values, beech-fir mixtures were not detrimental in terms of 

functioning during dry years. We will discuss potential differences in water sources among species and 
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stand composition below; however, we were not able to characterize above-ground influences in the 

current study. 

4.2.2. Beech-oak sites 

The presence of pubescent oak did not decrease beech exposure to drought. In fact, with all trees in the 

global model (Table I. 2) and for two individual triplets (Table I. 3), the interaction with pubescent oak 

even led to higher beech δ13C values, indicating a higher drought exposure of beech in mixed stands 

compared to pure ones. In the global model (Table I. 2) and in one of these two triplets (S5:2, Table I. 

3), the absence of any mixture effect for the dominant-tree subsample suggested that these effects might 

be related to the social status of the trees, even though we were not able to demonstrate this. The 

interaction effect between log(DBH) and stand composition on δ13C values in S4:2 for beech in beech-

oak sites (Table I. 3) was opposite to what was observed for fir in beech-fir sites: there was less 

variability in δ13C values due to light availability in the pure stand than in the mixed one. However, this 

effect was mostly driven by a few bigger trees in the pure stand (Table I. 1) and did not affect the 

observed mixture effect. Comparing these results with previous work on beech-pubescent oak mixtures 

is impossible as this is the first study to look at beech δ13C response in interaction with pubescent oak. 

Beech δ13C responses when mixed with another oak species (sessile oak, Quercus petraea (Matt.) Liebl.) 

in German forests indicated that it was less exposed to drought than in pure stands (Forrester et al. 2016). 

Compared to sessile oak, pubescent oak is more drought tolerant (Niinemets and Valladares 2006) and 

could be more competitive than sessile oak when mixed with beech. Furthermore, when looking at 

growth response patterns to drought in mixture with different oak species, beech showed very 

inconsistent results so far, with positive (Pretzsch et al., 2013; Quercus petraea), negative 

(Vanhellemont et al., 2019; Quercus robur L.) or neutral (Jourdan et al., 2019a; Quercus pubescens) 

patterns. Our results underline the current uncertainty on the choice of silvicultural practices that forest 

managers must make today to mitigate drought impact on beech productivity along its southern margins 

under future climate conditions.  

The presence of beech did not influence the physiological functioning of pubescent oak during dry 

summers in this region (Fig. I. 5b, Fig. I. 6b, Table I. 2, Table I. 3). As with beech, we were not able 

to reveal any general trend for beech-oak interactions under severe drought conditions. Our study 

suggests that, at least in this region, managing pubescent oak with beech does not lead to clear mitigation 

of climate change impacts on oak response to drought.  

4.2.3. Impact of sampling design and use of absolute δ13C values 

Our results emphasize how the sampling design (all trees or dominant ones only) and level of analysis 

(tree or stand) of diversity-ecosystem functioning studies may influence the outcome of mixture effect 

tests. Limiting the sampling design to dominant trees when looking at mixture effects on the δ13C 
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response of trees to drought has been the typical approach to date (Grossiord et al., 2014c; Metz et al., 

2016; Schwarz and Bauhus, 2019). However, we show that this choice may bias the outcome of these 

mixture effect tests. Selecting dominant trees only is, indeed, pertinent with regards to δ13C, as dominant 

trees are those with the greatest sunlit leaf areas and therefore potential carbon (photosynthesis) and 

water (transpiration) exchange with the atmosphere. However, not including suppressed trees in these 

analyses may bias the stand-level patterns of mixture effects, as the sensitivity to drought of suppressed 

and dominant trees in mixed stands may differ (Mérian and Lebourgeois 2011). This highlights the need 

for a standardization of protocols in mixed-species forest studies in accordance with the goal of the study 

(e.g. ecophysiological or forest management questions). 

A limitation of this study, as mentioned in the methods, was the use of absolute δ13C values for dry years 

instead of the difference in δ13C between wet and dry years. Calculating a difference between the δ13C 

of a wet and a dry year would allow analyzing a direct response of trees to drought and compare this 

response in pure and mixed stands independently of the micro-environmental variability among stands 

within a given triplet. However, in a study looking at diversity effects on drought responses of δ13C, the 

same trends were found with δ13C differences between wet and dry years (Grossiord et al. 2014d) than 

with absolute δ13C values for the dry years only (Grossiord, 2014, p.48). Then, this methodological 

caveat should not prevent us from interpreting mixture effects, especially since we took precautions to 

avoid over-interpreting these effects at the triplet scale.  

4.3. Complementarity in water uptake sources 

4.3.1. Beech-fir sites 

At the more northern beech-fir sites, during the 2018 summer drought, we observed a variability in δ2H 

values suggesting a plasticity in the depth of water uptake for beech at these sites between pure and 

mixed stands (Fig. I. 8). This is consistent with the known plasticity of the species in terms of rooting 

traits and depth of water uptake (Brinkmann et al. 2019). When competing with fir, beech seemed to 

have a deeper mean depth of water uptake than when competing with beech only. These results are in 

accordance with previous studies which show a shift of beech fine roots down to deeper soil horizons 

when competing with coniferous tree species (Bolte and Villanueva 2006; Grossiord et al. 2014a). 

Plasticity in functional traits can be the result of abiotic or biotic interactions (Valladares et al. 2007). 

Therefore, the shift in beech water uptake depth could be explained either by a response to the 

competition with fir roots in the same soil horizons, or by a response to a depletion in soil water 

availability in the topsoil (Brinkmann et al. 2019).  

In the mixed stands, xylem δ2H values showed that beech tended to uptake water from deeper soil layers 

than fir did (Table I.B 2, Fig. I. 8), suggesting niche complementarity for water uptake between the two 

species. This kind of complementarity between species in water use is assumed to partly explain positive 
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biodiversity-ecosystem functioning relationships (Grossiord 2019). However, it has rarely been linked 

to mixture effects on plant growth (Mueller et al. 2013; Bachmann et al. 2015) or functional traits under 

drought (Verheyen et al. 2008; Goisser et al. 2016). In our study, the absence of a clear mixture effect 

on δ13C for both beech and fir, despite a complementarity in water uptake, may be explained by several 

factors. First, our results did not allow us to quantify the real gain in soil water availability during these 

dry periods for beech. Indeed, the shift in δ2H between pure and mixed stands was slight (10 ‰ on 

average) and may indicate only a small difference in water uptake depth and soil water content. Second, 

below-ground processes may not be the main drivers of the mixture effects for these species in the study 

region. Above-ground processes could well be the major drivers, but they were not tested in this study. 

Third, as discussed by Goisser et al. (2016), the impact of species mixture on soil water availability may 

vary across seasons. The time scale of the processes associated with our δ2H or δ13C approaches were 

different: δ2H gave a one-shot image of the mean signature of soil water extracted during the summer, 

whereas the δ13C values gave an integrated measurement of carbon and water acquisition and use over 

five years with dry summers.  

4.3.2. Beech-oak sites  

For the more southern beech-oak sites, there were no signs of complementarity or niche differentiation 

in water acquisition for either species (Table I.B 2, Fig. I. 8). This result is consistent with the absence 

of mixture effects on δ13C for beech and pubescent oak in most triplets. The absence of plasticity in 

water uptake for beech when mixed with pubescent oak is interesting to note in comparison to the beech-

fir sites. It suggests that the presence of pubescent oak did not induce any changes in beech water uptake 

compared to pure beech stands. The shallow soils in our sites (especially S5) might be one reason for 

the absence of differences in rooting depth between the species. We did not find data in the literature on 

rooting depth of pubescent oak. However, Lebourgeois and Jabiol (2002) have shown that beech rooting 

depth, compared to two other oak species (Quercus petraea and Quercus robur), is more sensitive to 

constraints but also that in the absence of strong constraints, beech and oak species rooting profiles are 

similar. In this part of the beech distribution area, during extreme dry summers, beech and pubescent 

oak displayed a functional redundancy in their below-ground water uptake. Mixing these two species to 

improve beech access to soil water in southern France may not be an appropriate forest management 

strategy. 
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5. Conclusion 

Our study was designed to help decision-making for beech forest management strategies adapted to 

more frequent and extreme droughts in the future, particularly at the limits of the distribution area of 

beech. Overall, we found no major mixture effect on drought exposure for beech, although there was a 

high variability in the outcome of mixture effects at the triplet scale. In the northern part of our study, 

mixing beech with fir had no effect on beech δ13C values during dry years. This result is in accordance 

with a growing body of literature showing the lack of a species-interaction effect on beech drought 

resistance. Managing mixed stands of beech and fir does not seem to help mitigate drought impacts for 

either of the two species, despite an observed complementarity in water uptake. In the southern part of 

our study, mixture effects on beech were mostly neutral, although beech seemed to be more exposed to 

drought in mixed stands with pubescent oak at some sites. In a region at the limits of the distribution 

area of beech, this study allowed us to conclude that managing beech in mixed stands with silver fir or 

pubescent oak does not buffer drought impacts during dry years. Yet, in the long term, as extreme 

droughts will become more frequent, beech-fir mixtures should not be detrimental to beech response to 

drought, while it might be in mixtures with pubescent oak. In the southernmost distribution regions of 

beech, an overall assessment of multi-criteria potential benefits for each type of mixture should then be 

conducted in order to take management decisions.  
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Appendices 

 

6. Appendices 

6.1. Appendix I.A: Additional plot characteristics 

 

 

Table I.A 1 Environmental characteristics of the triplets. 

Site Triplet Triplet ID Lat. (°N) Lon. (°E) Mean Elevation (m) Mean Slope (°) 

S1 1 S1:1 45.70548 6.2192 1198 21 

S1 2 S1:2 45.71188 6.21625 1025 18 

       

S2 1 S2:1 44.90231 5.3513 1390 20 

S2 2 S2:2 44.9411 5.32774 1137 11 

       

S3 1 S3:1 44.17788 5.24168 1354 27 

S3 2 S3:2 44.18707 5.25234 1328 27 

       

S4 1 S4:1 43.97376 5.48 1094 13 

S4 2 S4:2 43.97661 5.47961 1082 12 

       

S5 1 S5:1 43.8203 5.53343 1005 26 

S5 2 S5:2 43.82269 5.53423 889 34 

       

S6 1 S6:1 43.33197 5.77038 736 8 

S6 2 S6:2 43.33281 5.77328 746 12 
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Table I.A 2 Stand structure for each plot, triplet and site. Plot dendrometric variables include: the dominant height 

of the plot (Hdom, in m) and the basal area of all stems by plot and species (in m2 ha-1).  

Site Triplet Plot Hdom (m) Basal area (m2 ha-1) 

        Beech Fir Oak Other sp. Total 

S1 1 Pure beech 37 80.3 _ _ 4.5 84.8 

S1 1 Pure fir 30 0.2 81.0 _ 8.5 89.7 

S1 1 Mixed 28 27.4 29.6 _ 4.3 61.4 

S1 2 Pure beech 34 46.0 5.5 _ _ 51.5 

S1 2 Pure fir 34 _ 62.5 _ 7.4 69.9 

S1 2 Mixed 33 32.7 45.5 _ 5.1 83.3 

S2 1 Pure beech 16 24.9 _ _ 3.0 27.9 

S2 1 Pure fir 22 _ 50.5 _ 1.4 51.9 

S2 1 Mixed 18 16.0 18.9 _ 1.4 36.2 

S2 2 Pure beech 33 63.0 2.4 _ _ 65.5 

S2 2 Pure fir 30 0.6 64.4 _ _ 65.0 

S2 2 Mixed 26 27.5 19.2 _ _ 46.7 

S3 1 Pure beech 22 62.0 0.2 _ _ 62.2 

S3 1 Pure fir 16 0.9 47.5 _ 0.8 49.3 

S3 1 Mixed 18 17.6 39.4 _ _ 57.0 

S3 2 Pure beech 20 58.5 1.0 _ _ 59.6 

S3 2 Pure fir 17 14.1 52.1 _ 1.2 67.5 

S3 2 Mixed 20 32.0 20.5 _ 4.7 57.3 

S4 1 Pure beech 20 42.5 _ _ 1.3 43.8 

S4 1 Pure oak 12 1.3 _ 25.3 2.0 28.6 

S4 1 Mixed 16 12.5 _ 24.2 9.8 46.5 

S4 2 Pure beech 19 41.9 _ 0.3 _ 42.2 

S4 2 Pure oak 13 1.0 _ 19.0 0.7 20.6 

S4 2 Mixed 15 35.5 _ 11.9 1.7 49.1 

S5 1 Pure beech 13 24.7 _ 0.9 11.9 37.5 

S5 1 Pure oak 11 _ _ 34.4 9.7 44.1 

S5 1 Mixed 11 15.2 _ 13.0 8.0 36.2 

S5 2 Pure beech 16 30.5 _ _ 8.0 38.5 

S5 2 Pure oak 10 _ _ 24.3 4.2 28.5 

S5 2 Mixed 12 11.9 _ 12.0 5.4 29.3 

S6 1 Pure beech 30 54.8 _ _ 13.3 68.1 

S6 1 Pure oak 19 _ _ 61.6 18.2 79.8 

S6 1 Mixed 21 23.3 _ 24.2 22.5 70.0 

S6 2 Pure beech 20 32.5 _ 3.0 7.7 43.2 

S6 2 Pure oak 16 _ _ 33.4 0.5 33.9 

S6 2 Mixed 19 22.3 _ 21.2 8.1 51.7 
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Table I.A 3 Average summer rainfall and summer temperature for 4-month summer periods (June to September) 

at each site calculated over two time periods and mean number of days with water stress (REW < 0.4) over 2003-

2007 from BILJOU© model. 

Site Name of region 

Summer 

Rain (mm) 

Summer 

Rain (mm) 

Mean 

summer 

temp. (°C) 

Mean 

summer 

temp. (°C) 

Mean number 

of days with 

water stress  

1994-2013 2003-2007 1994-2013 2003-2007 2003-2007 

S1 Bauges 619 (±50) 581 (±158) 13.7 (±0.41) 14.3 (±1.34) 1 

S2 Vercors 429 (±48) 332 (±46) 14.5 (±0.41) 15.1 (±0.93) 52 

S3 Ventoux 293 (±39) 221 (±35) 15.6 (±0.37) 16.2 (±1.01) 94 

S4 Lubéron Lagarde 246 (±38) 172 (±36) 17.8 (±0.37) 18.2 (±1.08) 105 

S5 Grand Lubéron 227 (±30) 169 (±40) 19.8 (±0.35) 20.2 (±1.16) 107 

S6 Sainte-Baume 212 (±39) 158 (±56) 20.1 (±0.37) 20.7 (±0.93) 108 
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6.2. Appendix I.B: Additional model results 

 

Table I.B 1 Linear mixed model output for Species effect, log(DBH) and their interaction on δ13C values in pure 

stands by type of mixture (Eq. 6).  

  Beech-fir sites   Beech-oak sites 

   χ2 df P post-hoc    χ2 df P post-hoc 

All trees   228       238    

log(DBH) 183 1 <.001***   113 1 <.001***  
Species 7 1 <.01** beech<fir  92 1 <.001*** beech<oak 

log(DBH):Species 17 1 <.001***   24 1 <.001***  

R2m (R2c) 0.30 (0.72)         0.40 (0.61)       

Dominant-tree 

subsample  54     56   

log(DBH) 0 1 0.61   0 1 0.48  
Species 11 1 <.001*** beech<fir  7 1 <.01** beech<oak 

log(DBH):Species 0 1 0.72   4 1 0.06  
R2m (R2c) 0.09 (0.63)         0.18 (0.28)       

 

Note: Stars indicate significant log(DBH), Species and interaction effects. Species is a two-level factor (beech-fir 

or beech-oak). For significant Species effects, the direction of the estimate is indicated by beech<fir (beech<oak) 

because fir (oak) trees have a higher δ13C estimate than beech stands. χ2: chi square test results for type “II” 

ANOVA. df: degrees of freedom. P: p-value for fixed terms. Triplet ID is used as a random factor in all four 

models. A pseudo R-squared for mixed effect models was used to determine the variance explained by the two 

fixed terms only (marginal coefficient of determination, R2
m) and the entire model including the random terms 

(conditional coefficient of determination, R2
c). 
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Table I.B 2 Linear mixed model output for Species effect, Mixture and their interaction on δ2H of the dominant-

tree subsample by type of mixture (Eq. 10).  

  Beech-fir sites   Beech-oak sites 

   χ2 df P post-hoc    χ2 df P 

Dominant-tree 

subsample  104  

 

  65  
Species 149 1 <0.001*** beech<fir  0 1 0.71 

Mixture 0 1 0.61 
 

 1 1 0.33 

Species:Mixture 10 1 0.002** beech: m<p 

fir: m=p 

pure: beech<fir 

mixed: beech<fir 

 
2 1 0.16 

R2m (R2c) 0.36 (0.75) 
    

0.03 (0.32) 
  

 

Note: Stars indicate significant Species, Mixture and interaction effects. Species is a two-level factor (beech-fir or 

beech-oak); Mixture is also a two-level factor (pure vs. mixed). For significant Species effects, the direction of the 

estimate is indicated by beech<fir because fir trees have a higher δ2H estimate than beech. Post-hoc results for the 

Species:Mixture interaction are similarly indicated. χ2: chi square test results for type “II” ANOVA. df: degrees 

of freedom. P: p-value for fixed terms. Triplet ID is used as a random factor in both models. A pseudo R-squared 

for mixed effect models was used to determine the variance explained by the two fixed terms only (marginal 

coefficient of determination, R2
m) and the entire model including the random terms (conditional coefficient of 

determination, R2
c). 
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CHAPITRE II 

Effet du mélange sur l’interception de la 
lumière en plantation mélangée de pin et 
de bouleau 
 

 

Photo : Soline Martin-Blangy. Plantation ORPHEE, Cestas, France. 

 

Préambule : Ce chapitre a pour objectif de tester si le mélange augmente l’interception de la lumière à 

l’échelle du peuplement, via une modification de la forme et du volume des houppiers qui engendrerait 

une plus forte occupation de l’espace de la canopée (canopy packing). De plus, nous avons cherché à 

savoir comment les effets du mélange variaient avec la densité du peuplement et l'irrigation. Nous avons 

réalisé ce travail dans le cadre de la plantation expérimentale d’ORPHEE, dans des placettes pures et 

mélangées de bouleau (Betula pendula) et de pin maritime (Pinus pinaster). Nous avons estimé le 

volume des houppiers à partir de mesures sur le terrain, puis calculé l’occupation totale de l’espace de 

la canopée. Ce chapitre a été écrit sous forme d’article scientifique et soumis à la revue Trees - Structure 

and Function en avril 2021. J’ai repris le format du manuscrit soumis à la revue afin de l’inclure dans 

ce document de thèse.   
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Abstract 

Mixed-species plantation forests are of high interest due to their simultaneous potentially superior 

productivity and multi-functionality benefits compared to monocultures. However, how trees of 

different species interact at the canopy level in mixed forests remains unclear, even at young growth 

stages. We tested whether crown shape and size and stand-level canopy packing were affected by stand 

composition and how mixture effects varied with stand density and irrigation. We measured crown 

attributes in pure and mixed plots of two light-demanding species, silver birch (Betula pendula Roth) 

and maritime pine (Pinus pinaster Ait.), in a 10-year-old tree diversity experiment (ORPHEE). This 

allowed us to estimate tree-level crown volumes and stand-level canopy packing. We found that (i) at 

the tree level, stand composition influenced crown-stem allometric relationships in pine but not in birch, 

(ii) mixture led to greater crown and tree dimensions in pine, but the opposite was true for birch, (iii) 

the changes in crown volume resulted in higher canopy packing in high-density mixed stands without 

irrigation, and finally (iv) stand density and irrigation modulated mixture effects on crown dimensions 

and canopy packing. This study sheds light on the effects of water constraints on the aboveground 

mechanistic processes that explain greater productivity in young mixed plantations, and improves our 

understanding of canopy packing in mixed stands.  

 

Key message: Higher canopy packing in mixed stands occurs in a plantation of two light-demanding 

species, but only at high planting density and with no irrigation.  

 

Keywords: biodiversity-ecosystem functioning; mixed-species plantation; canopy space filling; crown 

plasticity; Pinus pinaster; Betula pendula  
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1. Introduction 

In the context of a global biodiversity crisis, researchers have been trying to understand how the loss of 

species diversity could affect the functioning of natural ecosystems (Cardinale et al. 2012; Tilman et al. 

2014). Special attention has been given to forest ecosystems, and the major role of forest biodiversity in 

the provision of many ecosystem services, including climate change mitigation, has been recognized 

(Brockerhoff et al. 2017). The functioning of mixed-species forests is under strong scrutiny, with a major 

focus on ecosystem productivity (Liang et al. 2016; Jactel et al. 2018; Ammer 2019) and on resistance 

to disturbances (Jactel et al. 2017, 2021). These questions are of even greater importance in plantation 

forests, which have nearly all been established as tree monocultures for production purposes (Kelty 

2006; Nichols et al. 2006). There is, however, a growing interest in mixed-species plantations as a 

potential management strategy to adapt these planted forests to climate change and to increasing rates 

of disturbances (Liu et al. 2018). Despite an increasing number of studies on the productivity of mixed-

species forests and plantations (Huang et al. 2018; Ammer 2019), a better understanding of the complex 

ecological mechanisms involved when different species interact is necessary to identify which species 

should be associated (Kelty 2006; Ammer 2019). 

Mixed-species forests have been shown to use canopy space more efficiently (i.e., they have higher 

canopy packing) than monocultures in temperate (Pretzsch 2014; Jucker et al. 2015; Williams et al. 

2017) as well as tropical forests (Sapijanskas et al. 2014). Canopy packing has been identified as a major 

mechanism explaining the effects of species diversity on forest productivity (Morin et al. 2011; Pretzsch 

2014; Sapijanskas et al. 2014; Williams et al. 2017), probably by increasing light interception at the 

stand scale (Rissanen et al. 2019; Williams et al. 2021). However, empirical demonstrations of higher 

canopy packing in mixed plantation forests remain scarce (but see Sapijanskas et al. 2014; Williams et 

al. 2017). 

Species interactions may improve canopy packing at the stand level through two types of processes: (i) 

niche complementarity between interacting species that have different light requirements and/or crown 

architectures (inter-specific differences or “selection effects” according to Pretzsch (2014)), or (ii) an 

increase in crown volume for at least one of the mixed species (“true mixing effects” according to 

Pretzsch (2014)). An increase in crown volume can occur because of simple tree-size effects, with bigger 

crown volumes correlated to enhanced tree growth. It can also be the result of changes in crown 

allometry (i.e., changes in tree-crown metrics for a given tree diameter) (Jucker et al. 2014a; Barbeito 

et al. 2017; Guillemot et al. 2020). In this case, it is tree species plasticity that is at play. However, 

because crown shape and volume are part of a feedback loop between genetically-controlled tree 

architecture, local environmental conditions and tree growth, it is difficult to properly disentangle the 

effects of inherent species-specific differences, tree-size effects and crown plasticity (Pretzsch 2014; 

Kunz et al. 2019). Therefore, it is important to go back to a simpler mechanistic understanding of mixing 
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effects, by investigating individual tree-level variations in crown shape and size, in order to better 

interpret stand-level outcomes.  

The effects of tree diversity on canopy packing through changes in crown shape and size may also 

depend on resource availability, similarly to what has been shown for other ecosystem functions 

(Forrester and Bauhus 2016). Crown shape and size may respond to a variety of external factors other 

than species diversity, such as water or nutrient availability (Dieler and Pretzsch 2013; Lübbe et al. 

2016), or stand density (Barbeito et al. 2014) which are key parameters for tree plantations. 

Consequently, the outcome of mixture effects on tree crowns can be modulated by these environmental 

variations (Pretzsch et al. 2016; Barbeito et al. 2017). Analyses studying the combined effects of density 

and species diversity on crown variables are very scarce (Barbeito et al. 2014) and the two parameters 

have never been studied in interaction with water availability. For canopy packing in particular, very 

little is known on how it may vary with water availability. 

In this study, we took advantage of a 10-year-old tree-diversity experiment, ORPHEE, where tree 

species composition, stand density and water availability (through irrigation) are all manipulated to 

evaluate their interactive effects on forest ecosystem functioning. The experimental plantation is located 

on a site in the Landes de Gascogne forest with poor sandy soil and a warm temperate climate (SW 

France) (Augusto et al. 2010). Most of the forests in the Landes de Gascogne are cultivated as 

monocultures of maritime pine (Pinus pinaster Ait.) and are intensively managed as production 

plantations in even-aged stands with rotation times of 35-60 years (Mason and Meredieu 2011). Yet, 

such monocultures are at high risk in terms of resistance to biotic disturbances (Jactel et al. 2017) and 

more resilient, alternative management options must be found (Morin et al. 2020). An interesting option 

there would be to associate maritime pine with silver birch (Betula pendula Roth), a native species able 

to grow on poor sandy soils and which has the potential to reduce processionary moth and pine stem 

borer damage on maritime pine (Castagneyrol et al. 2019; Jactel et al. 2019). Moreover, a stronger 

potential niche complementarity is expected in mixed stands composed of species with contrasted 

functional traits (Kelty 1992; Niklaus et al. 2017). Pine and birch are functionally quite different 

(evergreen vs. deciduous), and this could potentially result in aboveground complementarities, but the 

two species also have some functional similarities as they are both light-demanding pioneer species 

(Abad Viñas et al. 2016; Beck et al. 2016).  
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We focused this study on pure vs. mixed plots of these two species, maritime pine and silver birch, for 

which we measured tree crown dimensions to estimate crown volumes and stand-level canopy packing. 

Our main objective was to understand the aboveground mechanistic processes involved in tree species 

interactions and how these interactions varied with stand density and irrigation treatment. We asked the 

following specific questions:  

(1) Are there any mixture effects at the species level on crown shape and volume? 

(2) Is canopy packing (i.e., canopy space filling) higher in mixed than in pure stands and is this 

measure correlated to higher canopy closure (i.e., light interception)? 

(3) How do these effects vary with stand density and irrigation?  

 

  



Chapitre II 

 

92 
 

2. Methods 

2.1. Study site 

This study was conducted in the ORPHEE experimental plantation 

(https://sites.google.com/view/orpheeexperiment/home) located in southwestern France, 40 km 

southwest of Bordeaux (44°44.35 N, 00°47.9’ W, altitude of 60 m asl). ORPHEE is included in the 

global Tree Diversity Network (http://www.treedivnet.ugent.be/). The site is located on a flat area and 

podzol soils are predominant (Augusto et al. 2010). Mean annual temperature is 12.5°C and mean 

average precipitation is 870 mm (1993–2018). Most of the rainfall occurs from fall to spring, and 

summers are rather dry. The water table is shallow in wintertime, generally ranging from 40 to 80 cm 

below the soil surface. The design of the plantation is described in Castagneyrol et al. (2013, 2017); here 

we will only provide a brief overview and the details specific to our study. 

Our study focused on maritime pine (Pinus pinaster, hereafter pine) and silver birch (Betula pendula, 

hereafter birch) but is part of a broader tree diversity experiment that includes five tree species (birch, 

pine and three oak species: Quercus robur L., Quercus pyrenaica Willd. and Quercus ilex L.). One-

year-old tree seedlings were planted at the site in January 2008 after clear-cutting of a mature pine 

plantation. Eight blocks were established, with plots in each block, planted at a density of 2500 trees ha- 1 

per plot, corresponding to all the possible combinations of from one to five of the tree species mentioned 

above; each plot has 10 rows of 10 trees planted 2 m apart (100 trees per plot, 20 m-by-20 m plot area). 

The mixed plots were established according to a substitutive design, with the initial plantation density 

kept constant across the plots. Within each mixed plot, individual trees from different species were 

planted in a regular alternate pattern such that a tree of a given species had at least one neighbor from 

each of the other species within a 2-m radius.  

In 2015, an irrigation system was added to half of the blocks, resulting in four irrigated blocks and four 

non-irrigated blocks. The irrigated plots are watered seasonally from early May to late September to 

alleviate summer stress. A 2-m-high sprinkler installed in the center of each plot sprays the equivalent 

of 3 mm day-1 of precipitation. Maxwell et al. (2020) showed that the non-irrigated blocks were 

subjected to more water stress than the irrigated blocks and Castagneyrol et al. (2017) demonstrated that 

the irrigation treatment reduced soil water limitation during the summer of 2015 in the irrigated blocks 

by about 50 % compared to non-irrigated blocks.  

In 2017, the average tree height for birch and pine was 7.1 m, while the three oak species had an average 

height of only 1.5 m (Fig. II.A 1). The rest of the understory layer is mostly composed of bracken, moor 

grass, gorse, and ericaceous shrubs. It represents less than 1 % of the total aboveground biomass and its 

diversity is similar across all combinations of treatments, with an average of six to seven vascular species 

per plot (Corcket et al. 2020).  
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2.2. Experimental design and sampling 

In this study, we focused on birch and pine, both in monospecific and two-species mixed plots resulting 

in three plot composition treatments: “pure pine”, “pure birch” and “mixed B+P”.  

We were able to cross each of these composition treatments with two levels of stand density by including 

the plots with oaks. Indeed, due to their small size, the oak saplings did not reach the canopy layer and 

therefore did not affect light interception by the birch and pine tree crowns in 2017 (Fig. II.A 1). We 

therefore assimilated oak-sapling locations to regular gaps in the canopy layer. These gaps resulted in 

lower plot density and lower crown interaction for birch in birch + oak plots, for pine in pine + oak plots, 

and for the birch-pine mixture in birch + pine + oak plots. We were therefore able to test two density 

levels for the trees in the tree canopy layer: (i) a “high density” level in plots with birch alone, pine alone 

or birch + pine planted at 2500 trees ha-1, and (ii) a “low density” treatment with the oak saplings creating 

gaps in the main canopy layer resulting in a density of 1250 trees ha-1 for birch alone, pine alone or birch 

+ pine (Fig. II. 1). For the high-density treatment, there were three plots in each block (pure birch, pure 

pine, and mixed B+P). For the low-density treatment, there were nine plots in each block: three pure 

birch and three pure pine plots, one with each species of oak, and three mixed B+P plots, one for each 

combination of two oak species in each block (Fig. II. 1). Therefore, within each block, there was a total 

of 12 plots (3 at high density, 9 at low density) in which we carried out measurements on the birch and 

pine trees.  

Finally, as mentioned above, there were two irrigation treatments. The “irrigated” treatment comprised 

the plots in the four irrigated blocks. The “non-irrigated” treatment comprised the plots in the four non-

irrigated blocks (Fig. II. 1).  

As a result, our full experimental design included 12 treatment combinations (3 × 2 × 2): three species-

composition treatments (pure birch, pure pine, and mixed B+P), 2 planting-density treatments (high, 

low) and 2 irrigation treatments (irrigated, non-irrigated). At the species level, this gave 16 treatment 

combinations (4 × 2 × 2), because mixed B+P plots included both species. 
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Fig. II. 1 Schematic representation of the 12-plot selection in each block of the ORPHEE experimental plantation. 

The low-density planting level for the target species (birch and pine) was created by taking into account oak sapling 

locations (Qilex = holm oak, Qpyr = Pyrenean oak, Qrob = pedunculate oak). Only the 6 x 6 rows in the center of 

the plots, where tree measurements were taken, are represented here. The two outer rows on all sides of plots were 

considered buffer zones.  
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2.3. Tree measurements  

Our study was focused only on the innermost trees of each plot (6 × 6 rows) to avoid potential edge 

effects in the two outermost rows. This resulted in a total of 36 trees (birch and/or pine) per plot in the 

high-density treatments and 18 trees per plot in the low-density treatments (Fig. II. 1). Hereafter, the 

terms “all trees” or “stand level” refer to all 36 (or 18) trees.  

The diameter at breast height (DBH, cm) of all trees was measured in February 2017, for a total of 2160 

trees. A subset of these trees, between seven and 11 trees per plot and per species, was selected for total 

tree height (TH, m) and crown measurements, resulting in a total of 1105 crowns. The sampled trees 

were representative of the distribution of tree diameters for birch and pine in each plot (Table II.A 1). 

We measured the following crown characteristics in June 2017 with a telescoping pole (Fig. II. 2): (i) 

maximum crown radius (Rmax, m) measured on both a south-east and a north-west axis, and retaining 

the widest radius of the two, (ii) height of maximum crown radius (HRmax, m), and (iii) height of insertion 

of the lowest living branch on the stem (HLB, m). We then calculated (i) the live crown ratio (LCR, %) 

as the ratio between crown length (TH-HLB) and tree height (TH), and (ii) the slenderness of the trunk 

(H/D ratio, unitless) as the ratio between TH and DBH.  

2.4. Estimating individual crown volume  

2.4.1. Calculation of crown volume for measured trees 

We used the field measurements of the tree crowns to estimate individual crown volume (CV, m3) for 

the measured trees. Simple geometric shapes can give a good approximation in young plantations since 

the trees have relatively regular shapes (Zhu et al. 2020). Tree crown shape has often been approximated 

by a single parabolic cone or half-elliptical shape (Jucker et al. 2015; Forrester et al. 2017) when only 

crown length data are available. However, our crown measurement data allowed us to refine our crown 

shape estimates to better represent our two species. To avoid overestimating the volume of the bottom 

part of the crown with a single half-ellipse, we divided the crown into two parts: above and below the 

maximum crown radius; then, we applied two geometrical shapes adapted from Pretzsch (2009). We 

therefore estimated CV for each tree as the sum of the volume of a half-ellipsoid shape (top part of the 

crown, above HRmax) and a cone (bottom part of the crown, below HRmax) (Fig. II. 2) according to the 

following equation: 

𝐶𝑉 =  
1

2
 
4𝜋

3
 𝑅𝑚𝑎𝑥

2(𝑇𝐻 − 𝐻𝑅𝑚𝑎𝑥) +  
𝜋

3
 𝑅𝑚𝑎𝑥

2(𝐻𝑅𝑚𝑎𝑥 − 𝐻𝐿𝐵) . (1) 
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Fig. II. 2 Schematic representation of field tree and crown measurements. The following variables were measured: 

diameter at breast height (DBH), tree height (TH), height of maximum radius of the crown (HRmax), maximum 

radius of the crown (Rmax) and height of insertion of the first live branch (HLB).  
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2.4.2. Predicting crown volume for unmeasured trees 

As only a subsample of the trees was measured for tree height and crown dimensions in each plot, we 

estimated the crown volume of the unmeasured trees through a modeling approach. We fitted log-log 

allometric models with DBH and CV of measured trees by species and for each composition, density, 

and irrigation treatment combination. This resulted in 16 models (see section 2.2) (Fig. II.A 2) 

following:  

log 𝐶𝑉 = 𝑎𝑖 + 𝑏𝑖 log 𝐷𝐵𝐻 +  𝜀, (2) 

where “i” is the treatment × species combination from 1 to 16.  

For the trees that had not been measured in the field for total height and crown dimensions, we used the 

regression coefficients from the model corresponding to their treatment × species combination plus their 

measured DBH to predict their CV, as follows:  

𝐶𝑉𝑝 = exp (𝑎𝑖 + 𝑏𝑖 𝑙𝑜𝑔 𝐷𝐵𝐻 + 
𝜎2

2
) , (3) 

where CVp is the predicted crown volume and ai and bi are the linear regression coefficients fitted for a 

given treatment × species combination, with “i” from 1 to 16 (Eq. 2). Because the models were fitted on 

a logarithmic scale, a correction factor (exp(σ2/2)) was applied to account for log-normally distributed 

errors and to avoid systematic underestimations of the predicted CV (Baskerville 1972). 

2.5. Stand-level canopy packing 

We calculated stand-level canopy packing (CP, %) for each plot. CP percentage is the proportion of the 

above-ground space potentially available to tree crown growth which is already occupied by tree crowns, 

as defined by Jucker et al. (2015):  

𝐶𝑃 =  
∑ 𝐶𝑉

𝑃𝑙𝑜𝑡 𝑎𝑟𝑒𝑎 ×  (𝑇𝐻𝑚𝑎𝑥 −  𝐻𝐿𝐵𝑚𝑖𝑛)
 × 100, (4) 

where ∑ 𝐶𝑉 is the sum of the crown volumes for all trees (either measured or predicted) within a plot, 

plot area is 144 m2 (12 × 12 m), and THmax and HBLmin are respectively the maximum TH and minimum 

HLB measured over all the plots (constant values). Canopy packing values can theoretically range from 

0 to 100 %, with 0 representing no canopy in the potential canopy space and 100% representing a fully 

occupied canopy volume. 

To estimate the net biodiversity effect, that is non-additive effect of mixing birch and pine, on canopy 

packing, we used a method derived from Loreau and Hector (2001) to compare the observed canopy 

packing (CPobs.) in the two-species mixed plots with the expected canopy packing (CPexp.) that would be 

obtained from the average CP values of the respective monocultures (ΔCP): 
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∆𝐶𝑃𝑗 =  𝐶𝑃𝑜𝑏𝑠.𝑗 −  𝐶𝑃𝑒𝑥𝑝.𝑗 . (5) 

where j, corresponding to the triplets of plots considered, ranges from 1 to 32. A triplet is made up of 

one mixed plot and two pure plots of the corresponding species; each pure plot is matched to its 

corresponding mixture within the same block. We therefore had four triplets of plots inside each of the 

eight blocks: one triplet of high-density plots and three triplets of low-density plots (i.e. plots with oak 

species, see Fig. II. 1).  

CPexp. was obtained with the following equation:  

𝐶𝑃𝑒𝑥𝑝.𝑗 =
𝐶𝑃𝑝𝑢𝑟𝑒 𝐵𝑝 𝑗  +  𝐶𝑃𝑝𝑢𝑟𝑒 𝑃𝑝 𝑗

2
,  (6) 

where j is the same as in Eq (5).  

2.6. Canopy closure 

To study how canopy packing translated into stand-level light interception, we used digital 

hemispherical photographs. This ground-based method is related to the interception of radiation by all 

the canopy elements (foliage and woody elements) (Bréda 2003). It measures the directional distribution 

of the gap fraction, from 0 to 360° in azimuth angle and from 0 up to ~90° in zenith angle, and makes it 

possible to estimate the stand-level tree cover fraction (i.e., the opposite of gap fraction). The 

photographs were taken in July 2017 on a subset of the initial plot selection: in six out of eight blocks 

(3 irrigated and 3 non-irrigated) and in three out of nine low-density plots (the ones with Q. robur). We 

took four hemispherical photographs in each plot at 1.3 m above the ground with the camera lens looking 

upwards. The photographs were taken from four points, four to five meters away from each other, in the 

central zone of each plot in order to capture the canopy structure diversity within the plots.  

The photographs, taken with a Nikon CoolPix 995 camera equipped with a FC-E8 fisheye lens under 

automatic exposure to prevent saturation, were recorded in jpeg format at the highest possible resolution 

(1536*2048 pixels) (Fig. II.A 3). The optical axis was maintained in a vertical position. The 

photographs were taken on days when the sky was as most evenly overcast as possible for a 

homogeneous contrast between leaves and gaps (sky) and to avoid direct sunlight on the leaves, i.e., to 

minimize local overexposures and therefore the chance of misestimating the cover fraction.  

The photographs were processed with the CAN-EYE free software (Demarez et al. 2008; Weiss and 

Baret 2017) to extract the vegetation cover fraction over a 0-60° zenith angle. CAN-EYE makes it 

possible to classify a set of images interactively and concurrently, which allowed us to process all four 

photographs from a given plot together. Once the pixels were classified either as sky or vegetation 

(leaves and branches), the vegetation cover fraction was computed for every 10° of azimuth angle and 

every 2.5° of zenith angle. To avoid including the tops of trees from neighboring plots that appeared in 

the field of view of some photographs, we did not keep the vegetation cover fraction data for the outer 



Chapitre II 

 

99 
 

ring (zenith angle from 50° to 60°). We averaged the vegetation cover fraction values over all angle 

sectors from 0 to 50° zenith angles to obtain one value for each photograph, then averaged this value 

over the four photographs taken in each plot. This averaged value per plot is hereafter called “canopy 

closure” (%). We calculated a net biodiversity effect on canopy closure (ΔCC) as we did for canopy 

packing (see section 2.5).  

2.7. Statistical analyses 

Tests for mixture effects on tree and crown dimensions (DBH, TH, Rmax, HRmax, HLB, LCR, H/D ratio) 

and crown volumes (CV) in interaction with stand density and irrigation treatment were done on 

individual tree-level data, while tests on canopy packing (CP and ΔCP) and canopy closure were done 

on stand-level data. The predictor variable for mixture effects used for tree-level data was called 

“Mixture” (two-level factor: mixed vs. pure), while for stand-level data, it was called “Composition” 

(three-level factor: pure birch vs. pure pine vs. mixed B+P). 

For tree-level data, we used linear mixed-effects models (LMMs) to test the effects of Mixture, Density 

(two-level factor: low density vs. high density), Irrigation (two-level factor: non-irrigated vs. irrigated) 

and all two- and three-way interactions on the response variables (tree and crown dimensions and CV). 

We also repeated the same tests on tree and crown dimensions with DBH as a covariate to check for 

effects that were independent of changes in tree size and for changes in allometric relationships. Since 

the irrigation treatment is applied at the block level, the ORPHEE experiment is a split-plot experimental 

design. We therefore used Block as a random factor to account for potential environmental heterogeneity 

among blocks and for the non-independence of different plots within the same block. Non-independence 

of individual trees of a given species within plots was accounted for by defining Plot as a random factor, 

nested within Block. For the tests on crown volume, we modelled the variance structure with a power 

variance function to correct for heteroscedasticity of the residuals.  

For stand-level data, we tested the effect of Composition, Density, Irrigation and all two- and three-way 

interactions on canopy packing (CP) and on canopy closure (CC) as fixed effects in the LMMs. We used 

Block as a random factor to account for heterogeneity among blocks and for the non-independence of 

different plots within the same block.  

To test if ΔCP and ΔCC were different from 0, we used a paired t-test on CPobs and CPexp values and on 

CCobs and CCexp values, respectively.  

R language programming (R Core Team 2019) with the Rstudio interface was used for all the analyses 

with the following packages: nlme, MuMIn and multcomp (Hothorn et al. 2008; Barton 2019; Pinheiro 

et al. 2019).  
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3. Results 

3.1. Variations in tree and crown dimensions with treatments 

We observed differences between species independently of the different treatments: on average, birch 

trees had a smaller diameter at breast height (DBH) (Table II.A 1, Fig. II.B 1) and smaller crown 

dimensions (Table II.A 2, Fig. II. 3, Fig. II. 5) than did pine trees. 

3.1.1. Birch 

We found that birch trees had smaller diameters at breast height (DBH) in mixed plots than in pure plots 

(Table II.B 1, Fig. II.B 1). Birch crowns in mixed plots were narrower (Rmax), the lowest living branch 

was higher on the stem (HLB) and the crown occupied a shorter proportion of the tree height (LCR) 

than in pure plots (Table II. 1, Fig. II. 3). Even though there was no mixture effect on total height (TH), 

birch trees in mixed plots were more slender (H/D ratio) than in pure plots (Table II. 1) due to the lower 

DBH in the mixed plots. These mixture effects on tree metrics disappeared when DBH was introduced 

as a covariate in the models (Table II. 2). The effect of log(DBH) was significant in all the models, 

indicating that the previously identified effects were mainly due to size effects. No significant interaction 

of log(DBH) with Mixture was found (Table II. 2). 

A decrease in stand density had a positive effect on birch DBH (Table II.B 1, Fig. II.B 1), with 

significantly larger diameters at the low density. We also found that a lower density resulted in wider 

crowns (Rmax), a higher live crown ratio (LCR), a downward shift of the lowest living branch (HLB) and 

a higher maximum radius (HRmax) (Table II. 1, Fig. II. 3). Even though there was no density effect on 

total height (TH), birch trees at low density were less slender (H/D ratio) than those at high density 

(Table II. 1) due to their larger DBH. These density effects on tree metrics also disappeared when DBH 

was introduced as a covariate in the models (Table II. 2). The effect of log(DBH) was significant in all 

the models, indicating that the previously identified effects were mainly due to size effects, with larger 

trees at low density. For HRmax, we found an additional interaction between log(DBH) and Density 

(Table II. 2), indicating that the trees with a small DBH had similar HRmax values irrespective of the 

density treatment, but that the trees with a larger DBH had lower HRmax values at low density than at 

high density. Similarly, we found a significant interaction between log(DBH) and Density for Rmax 

(Table II. 2): Rmax was higher for trees with a higher DBH at low density. 

Finally, we did not find any significant irrigation effects on birch DBH or on the other tree and crown 

metrics, except for LCR, which was higher in the irrigated plots (Table II.B 1, Table II. 1). When DBH 

was introduced as a covariate, the positive effect of irrigation on LCR remained true (Table II. 2). No 

interaction of log(DBH) with Irrigation was found (Table II. 2). 
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3.1.2. Pine 

We found that pine trees had larger diameters at breast height (DBH) in mixed plots than in pure plots 

(Table II.B 1, Fig. II.B 1). Contrary to birch, pine crowns in mixed plots were wider (Rmax), the lowest 

living branch was lower on the stem (HLB) and the crown occupied a larger proportion of the tree (LCR) 

than in pure plots (Table II. 1, Fig. II. 3). Even though there was no mixture effect on total height (TH), 

the pines in mixed plots had lower H/D ratios than in pure plots due to their larger DBH. The effect of 

log(DBH) was significant in all the models (except for LCR), but the mixture effects on pine tree metrics 

were maintained independently of size effects (Table II. 2), contrary to what was observed for birch 

trees. Moreover, the introduction of DBH as a covariate revealed that for a given diameter, pine trees 

were shorter (TH) in mixed plots than in pure plots. We found additional log(DBH) x Mixture 

interactions for HLB, LCR, TH and H/D ratio, meaning that the slopes of the allometric relationships 

between DBH and these variables were different between pure and mixed plots. Therefore, the 

magnitude of the mixture effect was modulated by tree size: it was stronger for smaller pine trees than 

for larger ones.  

As with birch, a decrease in density had a positive effect on pine DBH (Table II.B 1, Fig. II.B 1), with 

larger diameters at low density. We also found that a lower density resulted in wider crowns (Rmax), a 

higher live crown ratio (LCR), a downward shift of the lowest living branch (HLB) and a lower 

maximum radius (HRmax) (Table II. 1, Fig. II. 3). Even though there was no density effect on total 

height (TH), trees at low density were less slender (H/D ratio) than those at high density due to larger 

DBH. The density effects on Rmax, HLB and HD disappeared when DBH was introduced as a covariate 

in the models, indicating that they were mainly due to size effects; however, the density effect remained 

for HRmax and LCR (Table II. 2). 

Finally, we did not find any significant irrigation effects on DBH or on the other tree and crown metrics 

for pine (Table II.B 1, Table II. 1). When DBH was introduced as a covariate, there were no 

independent effects of irrigation (Table II. 2). There was, however, a significant interaction between 

log(DBH) and Irrigation for HRmax, indicating that a downward shift in the height of the maximum 

crown radius occurred in irrigated plots, though only for the largest trees. 

3.2. Average crown volumes (CV) 

The two species differed in crown volume, with a lower mean CV for birch than for pine, regardless of 

the density treatment. Mean CV (at the plot level) ranged from 3.2 to 23.4 m3 for birch and from 7.1 to 

31.6 m3 for pine (Fig. II. 4). First, we found a significant mixture effect on crown volume for both 

species (Fig. II. 4, Table II. 3) and the effect was opposite for the two species.   
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Fig. II. 3 Tree measurement averages by species, plot and treatment for all measured trees. (a) total tree height 

(TH, m), (b) height to diameter ratio (H/D, m m-1), (c) height of maximum crown radius (HRmax, m), (d) maximum 

crown radius (Rmax, m), (e) height of first live branch (HLB, m), and (f) live crown ratio (LCR, %). The points in 

the background represent average plot values for each plot. Large symbols represent the mean of the plot averages; 

error bars represent standard deviations. 
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Table II. 1 Results for LMMs testing the effects of Mixture, Density, Irrigation and their interactions on birch and 

pine crown dimensions, for measured trees only. The variables are total tree height (TH, m), height to diameter 

ratio (H/D ratio, m m-1), height of maximum crown radius (HRmax, m), maximum crown radius (Rmax, m), height 

of first live branch (HLB, m) and live crown ratio (LCR, %). For further details on the statistical results see Table 

II.B 1 for DBH and Table II.B 2 for the other variables. The number of measured trees varies between DBH 

(birch: n=1003; pine: n=1043) and the other measured variables (birch: n=527; pine: n=578). 

  Response variables 

 Predictors DBH TH H/D ratio HRmax Rmax HLB LCR 

Birch 

Mixture (M) ** (m<p) ns *** (m>p) ns * (m<p) ** (m>p) *** (m<p) 

Density (D) * (l>h) ns *** (l<h) ** (l<h) *** (l>h) *** (l<h) *** (l>h) 

Irrigation (I) ns ns ns ns ns ns ** (i>ni) 

M x D ns ns ns ns ns ns ns 

M x I ns ns ns ns ns ns * 

D x I ns ns ns ns ns * ns 

M x D x I * * ns ** ns ns ns 

Pine 

Mixture (M) ** (m>p) ns *** (m<p) ns *** (m>p) *** (m<p) *** (m>p) 

Density (D) *** (l>h) ns ***(l<h) *** (l<h) *** (l>h) *** (l<h) *** (l>h) 

Irrigation (I) ns ns ns ns ns ns ns 

M x D ns ns ns ns ** ns ns 

M x I ns ns ns ns ns ns ns 

D x I ns ns ns ns ns ns ns 

M x D x I ns ns ns ns * ns ns 

 

Note: Significant effects are indicated by asterisks: p-value ≤ 0.05*, p-value ≤ 0.01**, p-value ≤ 0.001***, ns for 

non-significant. For single-term response variables (not interactions), the sign of the effect is indicated next to the 

p-value (for Mixture p=pure, m=mixed; for Density h=high density, l=low density; for Irrigation ni=non-irrigated, 

i=irrigated). 
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Table II. 2 Results for LMMs testing the effects of log(DBH), Mixture, Density, Irrigation and their interactions 

on birch and pine crown dimensions , for measured trees only. The variables are total tree height (TH, m), height 

to diameter ratio (H/D ratio, m m-1), height of maximum crown radius (HRmax, m), maximum crown radius (Rmax, 

m), height of first live branch (HLB, m) and live crown ratio (LCR, %). For further details on the statistical results 

see Table II.B 3. 

 
 Response variables 

 Predictors log(TH) log(HD) log(HRmax) log(Rmax) log(HLB) log(LCR) 

Birch 

(n=527) 

log(DBH) *** (+) *** (-) *** (+) *** (+) ** (+) *** (+) 

Mixture (M) ns ns ns ns ns ns 

Density (D) ns ns ns ns ns ns 

Irrigation (I) ns ns ns ns ns * (i>ni) 

log(DBH) x M ns ns ns ns ns ns 

log(DBH) x D ns ns * * ns ns 

log(DBH) x I ns ns ns ns ns ns 

M x D ns ns ns ns ns ns 

M x I ns ns ns ns ns ns 

D x I ns ns ns ns ** * 

Pine 

(n=578) 

log(DBH) *** (+) *** (-) *** (+) *** (+) *** (+) ns 

Mixture (M) *** (m<p) *** (m<p) ns * (m>p) *** (m<p) *** (m>p) 

Density (D) ns ns * (l<h) ns ns * (l>h) 

Irrigation (I) ns ns ns ns ns ns 

log(DBH) x M *** *** ns ns ** *** 

log(DBH) x D ns ns ns ns ns ns 

log(DBH) x I ns ns * ns ns ns 

M x D ns ns ns ns ns ns 

M x I ns ns ns ns ns ns 

D x I ns ns ns ns ns ns 

 

Note: Significant effects are indicated by asterisks: p-value ≤ 0.05*, p-value ≤ 0.01**, p-value ≤ 0.001***, ns for 

non-significant. For single-term response variables (not interactions), the sign of the effect is indicated next to the 

p-value (for log(DBH) “+” = positive slope, “-“ = negative slope; for Mixture p=pure, m=mixed; for Density 

h=high density, l=low density; for Irrigation ni=non-irrigated, i=irrigated). 
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Birch had smaller crown volumes in mixed plots than in pure plots, while pine had larger crown volumes 

in mixed plots than in pure plots. Second, both species had larger crown volumes in the low-density 

treatment (Fig. II. 4, Table II. 3). Finally, there were no significant individual effect of irrigation on 

CV for birch or pine.  

For pine there was a significant interaction between Mixture and Density, with a stronger mixture effect 

on crown volume at high density. The three-way interaction term was significant for pine because this 

stronger mixture effect at high density was also stronger in non-irrigated plots than in irrigated ones. 

3.3. Canopy packing (CP) 

At the stand level, canopy packing (CP) values were highly variable with an average of 13.8 % (4.1 – 

21.6 %) for birch, 20.8 % (13.3 – 29.6 %) for pine, and 18.4 % (5.0 – 30.4 %) for mixed plots (Fig. II. 

6a). We found that plot species composition influenced CP values (Table II. 4). CP values were lower 

for pure birch than for pure pine in all treatment combinations. Mixed plots at high density reached 

higher CP values than pure pine in the non-irrigated plots, and similar CP values to pure pine in the 

irrigated plots. At low density, mixed plots had intermediate CP values between pure birch and pure 

pine; these values were closer to pure birch in the non-irrigated plots and closer to pure pine in the 

irrigated plots (Fig. II. 6a). Moreover, regardless of plot composition there was a strong density effect 

on CP, with higher CP at high density (Table II. 4). This density effect was stronger for mixed plots 

than for pure birch or pure pine plots. Finally, we found no irrigation effect on CP (Table II. 4). 

Only high-density non-irrigated plots showed a positive net biodiversity effect on CP. These plots had 

ΔCP values significantly differing from 0, with 7.3 % higher canopy packing in mixed plots than 

expected from pure plots (Fig. II. 6b).  

3.4. Canopy closure (CC) 

Canopy closure at high density was on average 56 % (33-75 %) for birch, 74 % (69-78 %) for pine, and 

72 % (65-75 %) for mixed plots (Fig. II. 7a). We observed a strong irrigation effect in the pure birch 

plots. In non-irrigated plots pure birch plots had significantly lower canopy closure than pure pine plots. 

The values were lower and more variable at low density, due to the presence of gaps in the canopy.  

The trends for the net biodiversity effect on canopy closure (ΔCC) were similar to those for ΔCP: both 

revealed positive differences in high-density non-irrigated plots. However, because of the smaller 

sampling for ΔCC, the paired t-test was only marginally significant (Fig. II. 7b). 
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Fig. II. 4 Plot averages for tree crown volumes by density, irrigation and plot composition treatments for (a) birch 

and (b) pine. The points in the background represent average plot values for each block. Large symbols represent 

the mean of the plot averages; error bars represent standard deviations. Letters represent the results of post-hoc 

multiple comparisons by species over all treatments. 

 

 

Table II. 3 Results for LMMs testing the effects of Mixture, Density, Irrigation, and interactions on tree crown 

volumes (CV, m3) by species. The test included crown volumes for all trees, i.e. both measured and predicted. 

Predictors 
Birch (n=1003)   Pine (n=1043) 

F(df) p-value  F(df) p-value 

Mixture (M) 8.12 (1;50) <0.01  67.81 (1;50) <0.001 

Density (D) 15.13 (1;50) <0.001  127.17 (1;50) <0.001 

Irrigation (I) 2.39 (1;6) 0.17  0.44 (1;6) 0.53 

M x D 0.65 (1;50) 0.42  9.04 (1;50) <0.01 

M x I 1.91 (1;50) 0.17  1.09 (1;50) 0.30 

D x I 0.65 (1;50) 0.42  4.03 (1;50) 0.05 

M x D x I 2.84 (1;50) 0.10   5.36 (1;50) 0.02 

 

Note: Estimations of pseudo-R2 were not included for these two models because we used a power function to 

model the variance structure, which invalidates the method for the pseudo-R2. Bold values indicate significant 

effects (p-value < 0.05). 
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Fig. II. 5 Schematic representation of crown measurements and volume averaged by type of treatment. All the 

parameters (DBH, TH, HRmax, Rmax, HLB) are represented to scale. For average DBH values see Table II.A 1, for 

average crown metrics see Table II.A 2. Birch trees are represented in orange and pine in green. 
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Table II. 4 Results for LMM testing the effects of Composition, Density, Irrigation and their interactions on stand-

level canopy packing (%). 

Predictors 
Canopy Packing (n=96) 

F(df) p-value R2
m (R2

c) 

Composition (C) 23.32 (2;78) <0.001 0.55 (0.63) 

Density (D) 39.22 (1;78) <0.001  

Irrigation (I) 1.15 (1;6) 0.32  

C x D 5.35 (2;78) <0.01  

C x I 0.36 (2;78) 0.70  

D x I 0.03 (1;78) 0.87  

C x D x I 2.18 (2;78) 0.12   

 

Note: Marginal (R2
m) and conditional (R2

c) R2 values were calculated for the model. They correspond to the 

variance explained by fixed and fixed plus random factors, respectively. Bold values indicate significant effects 

(p-value < 0.05). 
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Fig. II. 6 Stand-level canopy packing (a) and net biodiversity effect on canopy packing (b). (a) Stand-level canopy 

packing by plot composition, irrigation and density. The points in the background represent individual plot values 

for each block. Large symbols represent the mean of the plot values; error bars represent standard deviations. 

Letters represent the results of post-hoc multiple comparisons for all treatment combinations together. (b) Mean 

difference between observed and expected canopy packing (ΔCP) by plot composition, irrigation and density. The 

points in the background represent individual triplet values for each block. Large symbols represent the mean of 

the ΔCP triplet values; error bars represent standard deviations. The star indicates that values differed significantly 

from 0.  
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Fig. II. 7 Stand-level canopy closure (a) and net biodiversity effect on canopy closure (b). (a) Stand-level canopy 

closure by plot composition, irrigation and density. The points in the background represent individual plot values 

for each block. Large symbols represent the mean of the plot values; error bars represent standard deviations. 

Letters represent the results of post-hoc multiple comparisons for all treatment combinations together. (b) Mean 

difference between observed and expected canopy closure (ΔCC) by plot composition, irrigation, and density. The 

points in the background represent individual triplet values for each block. Large symbols represent the mean of 

the ΔCP triplet values; error bars represent standard deviations. The dot indicates a marginally significant 

difference (p=0.06).  
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4. Discussion 

In this study, we looked at mixture effects on crown shape and size at the tree level, and on canopy 

packing at the stand level, in interaction with stand density and irrigation. Below, we first discuss 

mixture effects at the tree and stand level for the high-density non-irrigated plots. We later discuss how 

mixture effects vary with density and irrigation levels.  

4.1. Mixture effects at high density and without irrigation 

4.1.1. Tree-level crown shape and size 

At high density and without irrigation, crown shape and size for both species responded with opposite 

effects to mixing. When mixed with pine, birch had shorter and narrower crowns (Fig. II. 3), which 

resulted in crown volumes on average 17 % smaller than in pure plots (Fig. II. 4, Fig. II. 5). In contrast, 

when mixed with birch, pine had longer and wider crowns (Fig. II. 3), which resulted in crown volumes 

85 % larger than in pure plots (Fig. II. 4, Fig. II. 5). The effects on birch crowns indicate that birch 

suffered from a more competitive environment when mixed with pines than in monocultures, similarly 

to what was reported by Lintunen and Kaitaniemi (2010) for birch in mixtures with Scots pine (Pinus 

sylvestris L.). Conversely, pines in mixed plots benefited from a release in competitive inhibition of 

crown growth compared to monocultures. Jucker et al. (2014a) reported similar results for crown volume 

with other pine species, especially in mixtures with broadleaved species. This highlights that the 

outcome of mixture effects on each species is highly dependent on the choice of the interacting species.  

Our study focused on two species that have similar light acquisition strategies: they are both fast-

growing in height, light-demanding pioneer species (Abad Viñas et al. 2016; Beck et al. 2016) and have 

similarly low shade tolerance, although birch is slightly more shade tolerant than pine (Niinemets and 

Valladares 2006; Poorter et al. 2012). We might therefore have expected limited niche complementarity 

between these two species (Kelty 1992; Niklaus et al. 2017), although it has been shown that mixing 

species with similar traits can also have positive effects on productivity and can influence crown 

architecture (Lintunen and Kaitaniemi 2010; Riofrío et al. 2017; Cattaneo et al. 2020). In our case, 

despite the similarities in light requirements, the two studied species showed strong differences in crown 

architecture. In their corresponding pure plots, the pine trees were taller than the birch trees. They also 

had a higher crown volume and a lower proportion of their crown above the maximum crown radius 

than did birch (Fig. II. 5). Finally, the pines in pure plots also had larger diameters at breast height than 

did birch in pure plots (DBH, Fig. II.B 1). The mixture effects we observed may therefore stem from 

these inherent species differences in crown architecture and diameter growth rates (Williams et al. 2017), 

which reflect above-ground niche complementarity, as confirmed by the net biodiversity effect on 

canopy packing in the high density plots with no irrigation. Differences in crown architecture may have 

therefore led to differences in light availability for the two species in the mixed plots, with birch 
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suffering from lower light availability in the mixtures because of the surrounding taller and larger pines. 

The pines, in turn, benefited from the greater growing space and higher light availability in the mixtures 

with smaller birch trees. The downward displacement of pine crowns in mixed plots, suggestive of a 

slower crown recession process, supports this hypothesis (Mäkelä 1997; Cattaneo et al. 2020). 

Furthermore, the increase in crown volume for the pines in mixtures might also be explained by an 

asynchrony in the phenology and growth patterns of the two species, which could have created a 

temporal complementarity (Sapijanskas et al. 2014). Pine, as an evergreen species, starts growing early 

in the spring before birch starts leafing. For similar reasons, pine may achieve additional growth in the 

fall after birch sheds its leaves (Aldea et al. 2021).  

In this study, the mixture effects on crown shape for birch and pine were driven both by changes in tree 

size (changes in DBH) and by crown plasticity, as suggested by Guillemot et al. (2020). It is well known 

that diameter growth is correlated, through allometric relationships, with greater crown development 

(Pretzsch 2014). For birch, mixture effects disappeared when we controlled for the effect of DBH on 

crown metrics (Table II. 2). This indicated that the effects we found were mostly due to the smaller tree 

size of birch in mixtures compared to birch in pure plots. Our results therefore indicate that mixing with 

pine did not allow any expression of crown plasticity for birch. Crown plasticity is more likely to be 

expressed when the tree has favorable conditions for crown expansion into the space that becomes 

available (Cattaneo et al. 2020). Moreover, according to Pretzsch (2014), silver birch has the least lateral 

crown plasticity among 14 common European species. The pine trees, on the other hand, showed mixture 

effects for all tree and crown metrics (except HRmax) that were independent of changes in DBH (Table 

II. 2). This indicates that, in addition to a tree-size effect, pine also expressed crown plasticity in 

response to mixtures with birch. The pines, for a given diameter, invested less in tree height, had a wider 

crown which started lower in the tree, and occupied a higher proportion of tree height in mixtures than 

in pure plots. This was especially true for smaller pine trees, which benefited the most from an increase 

in light availability in mixtures with birch, as Jucker et al. (2014a) found for pines mixed with oak 

species. Moreover, a lower height-diameter ratio is a recognized plastic response to lower competition 

for light (Harja et al. 2012; Jucker et al. 2014a). In addition, Maritime pine has shown good plasticity in 

crown architecture in response to light-related changes in its environment (Riofrío et al. 2017; Condés 

et al. 2020; Cattaneo et al. 2020). This plasticity in crown structure probably further enhanced the ability 

of pine in our study to intercept light, thus reinforcing the mixture effect on pine productivity (Jucker et 

al. 2014a).  

4.1.2. Stand-level canopy packing 

Mixture effects on individual tree crown shape and volume can modify canopy packing at the stand 

level, which can influence stand light interception processes and productivity (Pretzsch 2014; Jucker et 

al. 2015). A major result of our study was that we found a higher canopy packing in the mixed plots 
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than expected from the pure plots (ΔCP), indicating a more efficient use of canopy space in mixtures at 

high density and without irrigation (Fig. II. 5, Fig. II. 6, Table II. 4). A similar diversity effect has been 

observed over a wide range of mature European forests (Jucker et al. 2015). Nevertheless, contrasting 

results have also been found (Seidel et al. 2013) and diversity effects may vary with species assemblage.  

The positive mixture effect we observed on canopy packing was the result of both vertical and horizontal 

complementarities between the crowns of the two species. Vertical complementarity refers to the fact 

that species show inherent vertical profile differences in pure plots, and these differences can be 

enhanced or hindered in mixed plots through crown plastic responses (Schmid and Niklaus 2017). In 

our study, vertical crown overlap between birch and pine in their corresponding pure plots was 51 % on 

average (Fig. II. 3, Table II.B 4), indicating that only 51 % of the crowns were in the same horizontal 

layer. This vertical overlap increased to 66 % in mixed plots, revealing less vertical complementarity 

between species. This was due to a combination of higher birch crowns and a slower crown recession 

for pine (Table II. 1). This is consistent with Vallet and Perot (2016) who mention a leveling process 

between the taller and shorter species in mixed plots. The leveling process can be explained in our study 

by light interception, which is the main driver of height growth and crown development for these two 

light-demanding species. We also observed horizontal complementarity: the pine trees were able to 

widen their crowns in the space not occupied by birch trees (Table II. 1, Table II. 2), in part because 

the pine trees were taller than the birch. This resulted in a horizontal overlap of birch-pine crown radii 

in these plots (Table II.A 2, the sum of Rmax of both species increased in the mixed plots). These results 

underline the necessity to study both the vertical and horizontal dimensions to understand changes in 

canopy packing (Forrester and Bauhus 2016; Kunz et al. 2019; Guillemot et al. 2020).  

Species mixing can therefore increase canopy packing even with limited vertical stratification if the 

coexisting species show at least some degree of niche partitioning (e.g., in terms of crown dimensions). 

Still, some vertical stratification between the species in mixtures is necessary to allow a plastic crown 

response in pine, similarly to what was described by Jucker et al. (2014a, 2015). We also showed that, 

in the case of two light-demanding species, although the net mixture effect was positive at the stand 

level, this resulted from one species overcoming the other (+85 % crown volume for pine, -17 % crown 

volume for birch), indicating asymmetric repartition of the light resources between the two species. 

Similar results have been found when comparing total stand overyielding with productivity at the species 

levels (Pretzsch et al. 2015; Trogisch et al. 2021). However, because of the low shade-tolerance of birch, 

our result questions the stability of birch-pine mixtures over time (Morin et al. 2020) since the 

asymmetric pattern observed here may limit birch growth and survival in the coming years. 

4.1.3. Relating canopy packing and light interception 

We demonstrated higher canopy packing in mixed plots, but more efficient use of canopy space is not 

necessarily directly linked to higher canopy closure and higher light interception at the stand level. 
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Indeed, there could be changes in leaf area or branching density in mixtures, independently of the 

mixture effect on crown volume (Binkley et al. 2013; Guillemot et al. 2020; Hildebrand et al. 2021). We 

found that canopy closure in mixed plots was higher than expected from the average of the pure plots 

only in high-density, non-irrigated plots (Fig. II. 7b), a similar trend to what was found for canopy 

packing (Fig. II. 6b). These results suggest that higher canopy packing does in fact result in higher light 

interception in mixed plots. However, the two measures were not strongly correlated because of the 

differences in light interception between the species in non-irrigated plots. Nevertheless, this result is an 

important step towards linking canopy packing to overyielding as a higher light interception in mixed 

plots may contribute to higher productivity, as hypothesized in several studies (Williams et al. 2017; 

Guillemot et al. 2020). 

4.2. Variations in mixture effects at lower density and with irrigation 

The design of our study allowed us to test how the mixture effects previously discussed varied with 

stand density (high density vs. low density) or when trees were irrigated to determine the sensitivity of 

these effects to changes in environmental conditions.  

4.2.1. Density x Mixture  

Our objective here was to test whether mixture effects were different when stand density was reduced 

by half (Fig. II.A 1). We hypothesized that this would release the trees from the competition for light 

and that complementarity effects between crowns would then be lower in mixed plots (Forrester 2014). 

Our results confirm this hypothesis; the net biodiversity effect on canopy packing was no longer 

significant at low density where canopy packing values in mixed plots were equivalent to the simple 

average of the values in pure plots (Fig. II. 5, Fig. II. 6).  

At the tree-level, the competitive release for the pines in mixtures at low density was not as strong as at 

high density, probably because the lateral growing space for the pines was already large enough in pure 

plots. The mixture effect on the vertical dimension of pine was not affected by density (Table II. 1), 

suggesting that the main constraint for pine at high density concerned the lateral expansion of the crown 

(Rmax). Consequently, the negative mixture effect on birch and the positive mixture effect on pine 

compensated each other at low density, resulting in a null net effect on canopy packing. This is in 

accordance with the theoretical framework of Forrester and Bauhus (2016) who suggest that as light 

availability per tree decreases, mixture effects that improve light interception may increase. Our results 

demonstrate that a given level of competition between crowns must be achieved before one can expect 

to observe net biodiversity effects on canopy packing. Based on our results for the high-density plots in 

this plantation, one might expect a positive mixture effect on canopy packing at the low density in the 

future as the canopy closes and the crowns become big enough to induce strong interaction effects 

(Williams et al. 2021).  
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4.2.2. Irrigation x Mixture 

The plots were irrigated to relieve summer drought stress, at least partially, and we therefore expected 

larger diameters, greater crown growth and stronger competition for light among crowns in irrigated 

plots (Belluau et al. 2021). We hypothesized that there would be stronger aboveground mixture effects 

in the irrigated plots compared to the non-irrigated ones at similar density levels (Forrester and Albrecht 

2014; Forrester and Bauhus 2016).  

In contrast to these expectations, irrigation had no significant overall effect on crown volume for either 

species, nor on canopy packing (Table II. 3, Table II. 4). However, irrigation indirectly modulated the 

results of the mixture effects on pine and ΔCP. Indeed, the increase in crown radii (Table II. 1, Fig. II. 

3) and crown volumes (Table II. 3, Fig. II. 4) for pine in mixed plots was lower in the irrigated plots 

than in the non-irrigated ones, though at high density only. This could be an indirect consequence of an 

irrigation effect on birch, which is less drought tolerant than pine (Niinemets and Valladares 2006; 

Andivia et al. 2020). Indeed, we observed that the birch trees in the irrigated plots had a higher live 

crown ratio, especially in the mixed plots (Table II. 1, Fig. II. 3f). This resulted in more vertical crown 

overlap in the mixed irrigated than in the mixed non-irrigated plots (Table II.B 4). Moreover, we 

observed a strong irrigation effect on birch canopy closure in the pure plots (Fig. II. 7a), conversely to 

canopy packing (Fig. II. 6a), indicating that birch intercepted more light with irrigation than without it. 

We therefore suppose that birch was able to compete better with pine in the mixed irrigated plots at high 

density, meaning that the pines could not benefit as much from crown expansion as in the non-irrigated 

plots. Consequently, the canopy packing in the irrigated mixed plots was not significantly higher than 

the expected average from the corresponding pure plots (Fig. II. 6b). Contrary to our hypothesis, at high 

density, mixture effects were not stronger with irrigation. The fact that no mixture effects were observed 

at low density suggests that light was the limiting factor at high density, similarly to what has been 

suggested by Belluau et al. (2021). The interaction between light and water resources for tree and crown 

growth make it difficult to study the effect of either resource independently on mixture effects (Forrester 

2014).  

4.3. Implications for forest management 

This study brings to light some interesting applications in terms of forest plantation management. In 

southwestern France, maritime pine is the target species in terms of wood production, with a planting 

density usually around 1250 trees ha-1 (Mason and Meredieu 2011). An interesting perspective for these 

plantations arises when comparing the results obtained in this experiment for pure pine plots at low 

density (1250 trees ha-1) and mixed birch-pine plots at high density (1250 pine + 1250 birch trees ha-1). 

Adding birch to a maritime pine stand with a standard operational density did not induce any decrease 

in pine height, crown volume or diameter growth (Fig. II. 3a, Fig. II. 4b, Fig. II.B 1). That is, pine 

productivity was not reduced, at least during the first 10 years (Morin et al. 2020). We therefore believe 
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that mixing pine and birch in plantations would be relevant for several reasons in this region. Firstly, 

adding birch would likely result in a more closed canopy in the early years after planting, thereby 

limiting the growth of understory vegetation and improving the shape of the pines through natural 

pruning (Valkonen and Ruuska 2003). Secondly, birch could help improve soil fertility in mixed 

plantations through litter deposits or microorganism activity (Dubois et al. 2020; Maxwell et al. 2020). 

Thirdly, it has been shown that the presence of birch in pine plantations leads to associational resistance 

against insect herbivores such as the pine processionary moth and the pine stem borer (Castagneyrol et 

al. 2019; Jactel et al. 2019). Finally, the birch biomass could be harvested at the first pine thinning and 

be marketed as a supplementary product (Dubois et al. 2020) to compensate for the extra-cost of planting 

the birch seedlings. However, this possible multifunctionality must be verified over the entire rotation 

time and further evaluated in terms of costs and benefits. In addition, the site conditions, especially the 

soil water availability, under which these two species can be planted as a mixture have yet to be 

determined on a regional scale. 

5. Conclusion 

The primary objective of this study was to understand the processes of canopy interaction between tree 

species in mixed stands and to investigate how these processes vary with stand density and water 

availability in a young plantation of pine and birch. We found that, at the tree level, stand composition 

influenced crown allometric relationships for pine but not for birch. Species interactions allowed 

increased crown and tree diameter dimensions for pine, but the opposite was found for birch. In addition, 

changes in crown volume resulted in higher canopy packing in mixed plots only for high-density plots 

with no irrigation, i.e., under highest constraints on light and soil water availability. Stand density and 

irrigation modulated the mixture effects on crown dimensions and canopy packing in this young tree 

plantation, confirming that water resources influence the potential complementarity between species for 

light interception in mixed forests as compared to monocultures.  
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Appendices 

 

6. Appendices 

6.1. Appendix II.A: Supplementary figures and tables for methods 

 

 

 

Fig. II.A 1 Mean tree height for the five tree species in the ORPHEE plantation by irrigation treatment (Bpen = 

birch, Ppin = pine, Qilex = holm oak, Qpyr = Pyrenean oak, Qrob = pedunculate oak). Pine and birch trees from 

the plots without oak species (high density) were not included in this graph. The mean height of the oak species is 

much lower than that of birch or pine (p < 0.001), thus the upper canopy of these plots is constituted of birch and 

pine trees only. The oaks were therefore considered as gaps in the main canopy layer and were assumed not to 

interact with the birch or pine crowns. This allowed us to define these plots as low-density plots for pine and birch.  
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Table II.A 1 Summary of the 16 treatment combinations with: number of selected plots, potential number of target birch and pine trees in each plot center (12 m x 12 m), 

average percentage of dead trees, total number of live trees measured for DBH, mean DBH of all living trees (cm), total number of trees selected for crown measurements 

(between 7 and 11 for each plot and species), mean DBH for the selected trees (cm). Numbers in parentheses are standard deviations. 

Density Irrigation Composition Species 
Nb of 

plots 

Nb of trees in 

each plot center 

Average 

mortality 

Total nb of 

live trees 

Mean DBH 

all trees 

Total nb of 

selected trees 

Mean DBH of 

selected trees 

High 

density 

Non-

irrigated 

pure birch Birch 4 36 8.33 % (5.07) 132 5.04 (1.55) 41 5.09 (1.51) 

pure pine Pine 4 36 0.70 % (1.39) 143 11.64 (2.25) 47 11.55 (2.15) 

mixed B+P 
Birch 

4 
18 1.39 % (2.78) 71 5.02 (1.35) 40 4.88 (1.47) 

Pine 18 5.56 % (0.00) 68 13.19 (3.01) 41 13.21 (2.47) 

Irrigated 

pure birch Birch 4 36 5.56 % (4.54) 136 5.86 (1.53) 45 6.05 (1.51) 

pure pine Pine 4 36 2.08 % (2.66) 141 11.60 (3.14) 42 11.70 (2.68) 

mixed B+P 
Birch 

4 
18 4.17 % (5.32) 69 4.89 (1.55) 42 4.91 (1.59) 

Pine 18 1.39 % (2.78) 71 13.64 (2.50) 43 13.58 (2.49) 

Low 

density 

Non-

irrigated 

pure birch Birch 12 18 4.63 % (5.72) 206 6.29 (1.72) 100 6.43 (1.73) 

pure pine Pine 12 18 4.63 % (8.15) 206 14.02 (2.69) 112 13.99 (2.74) 

mixed B+P 
Birch 

12 
9 11.11 % (15.71) 96 4.92 (1.52) 69 5.05 (1.56) 

Pine 9 8.33 % (11.72) 99 14.99 (3.05) 87 14.86 (3.11) 

Irrigated 

pure birch Birch 12 18 8.80 % (12.64) 197 6.03 (1.82) 110 6.08 (1.91) 

pure pine Pine 12 18 0.93 % (2.16) 214 14.11 (2.93) 114 14.13 (2.91) 

mixed B+P 
Birch 

12 
9 11.11 % (14.98) 96 5.82 (1.94) 80 5.85 (1.86) 

Pine 9 6.48 % (8.81) 101 14.81 (3.87) 92 15.17 (3.55) 
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Table II.A 2 Mean and standard deviations of the tree and crown metrics for each type of treatment combination. The variables are: total tree height (TH), height to diameter 

ratio (H/D ratio, m m-1), height of maximum crown radius (HRmax), maximum crown radius (Rmax), height of first live branch (HLB), live crown ratio (LCR) and crown volume 

(CV). Here CV is the crown volume averaged over the measured trees only. 

Density Irrigation Composition Species TH (m) HRmax (m) Rmax (m) HLB (m) LCR (%) H/D ratio CV (m3) 

High 

density 

Non-

irrigated 

pure birch Birch 6.03 (1.38) 3.10 (0.67) 0.89 (0.22) 1.8 (0.5) 70.49 (9.13) 125.39 (22.70) 7.03 (4.23) 

pure pine Pine 7.73 (0.95) 5.30 (0.91) 1.01 (0.22) 2.9 (0.6) 63.60 (6.48) 69.78 (11.75) 8.65 (4.11) 

mixed B+P 
Birch 6.36 (1.22) 3.94 (1.02) 0.87 (0.18) 2.4 (0.9) 64.22 (9.64) 135.76 (20.99) 5.59 (3.34) 

Pine 7.84 (0.99) 4.97 (1.14) 1.32 (0.35) 2.4 (0.7) 70.07 (7.34) 60.36 (7.09) 16.46 (10.70) 

Irrigated 

pure birch Birch 7.17 (1.29) 3.56 (0.93) 0.90 (0.19) 2.0 (0.7) 72.67 (6.80) 121.56 (17.99) 8.20 (4.96) 

pure pine Pine 7.54 (1.04) 4.46 (0.99) 1.03 (0.26) 2.4 (0.5) 68.60 (5.75) 66.38 (10.70) 10.24 (7.01) 

mixed B+P 
Birch 6.70 (1.50) 3.35 (1.29) 0.80 (0.19) 1.8 (0.7) 73.32 (9.66) 148.89 (35.98) 6.36 (4.26) 

Pine 7.97 (0.88) 4.82 (0.83) 1.19 (0.32) 2.4 (0.4) 70.42 (4.83) 60.21 (9.04) 14.38 (9.10) 

Low 

density 

Non-

irrigated 

pure birch Birch 6.68 (1.46) 3.34 (0.99) 1.07 (0.26) 1.7 (0.7) 74.46 (9.71) 111.46 (19.80) 11.95 (7.85) 

pure pine Pine 7.79 (1.04) 4.55 (0.94) 1.30 (0.29) 2.3 (0.5) 70.83 (5.40) 57.66 (10.93) 16.53 (8.44) 

mixed B+P 
Birch 5.89 (1.35) 3.20 (1.00) 0.89 (0.25) 1.9 (0.7) 67.62 (11.52) 124.60 (19.80) 6.97 (5.41) 

Pine 7.69 (1.14) 4.23 (0.99) 1.34 (0.27) 1.9 (0.7) 75.57 (7.26) 52.59 (7.46) 18.34 (8.85) 

Irrigated 

pure birch Birch 6.40 (1.54) 2.59 (0.69) 1.00 (0.26) 1.2 (0.5) 82.21 (7.17) 114.73 (20.40) 11.36 (7.35) 

pure pine Pine 7.98 (1.03) 4.48 (0.94) 1.30 (0.32) 2.2 (0.6) 71.86 (6.14) 58.22 (10.46) 17.73 (9.98) 

mixed B+P 
Birch 6.64 (1.66) 3.07 (1.08) 0.99 (0.27) 1.5 (0.6) 78.51 (7.10) 124.85 (24.26) 11.07 (9.44) 

Pine 7.62 (1.40) 4.02 (1.03) 1.42 (0.32) 1.8 (0.6) 77.51 (6.59) 52.12 (8.13) 21.76 (11.81) 
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Fig. II.A 2 Allometric relationships between log(CV) and log(DBH) by treatment type for measured trees. These 

relationships were used to predict crown volume (CV) from diameter at breast height (DBH) for the unmeasured 

trees in the plot centers for canopy packing analysis.   
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Fig. II.A 3 Examples of hemispherical photographs for high-density non-irrigated birch, pine and mixed plots. 

Photos show zenith angles from 0° to 60°. 
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6.2. Appendix II.B: Supplementary analyses on tree and crown 
dimensions 

 

 

 

Fig. II.B 1 Average diameters at breast height (DBH, cm) by species, plot and treatment for all the trees in the plot 

center. 

 

 

Table II.B 1 Results of the LMMs for Mixture, Density, and Irrigation effects on DBH for all the trees in the 

center of the plots. 

Predictors 
Birch (n=1003)   Pine (n=1043) 

F(df) 

p-

value R2
m (R2

c)  F(df) 

p-

value R2
m (R2

c) 

Mixture (M) 7.39 (1;50) 0.01 0.09 (0.29)  11.61 (1;50) <0.01 0.14 (0.30) 

Density (D) 4.78 (1;50) 0.03   26.61 (1;50) <0.001  

Irrigation (I) 0.99 (1;6) 0.36   0.02 (1;6) 0.89  

M x D 0.47 (1;50) 0.49   1.87 (1;50) 0.18  

M x I 0.06 (1;50) 0.81   0.04 (1;50) 0.84  

D x I 0.01 (1;50) 0.92   0.10 (1;50) 0.75  

M x D x I 5.29 (1;50) 0.03     0.22 (1;50) 0.64   
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Table II.B 2 Detailed results of the LMMs testing the effects of Mixture, Density, Irrigation and their interactions 

on birch and pine crown dimensions, for measured trees only. The variables are total tree height (TH, m), height 

to diameter ratio (H/D ratio, m m-1), height of maximum crown radius (HRmax, m), maximum crown radius 

(Rmax, m), height of first live branch (HLB, m), and live crown ratio (LCR, %). For the summarized results see 

Table II. 1. 

Response 

variable 
Predictors 

Birch (n=527)   Pine (n=578) 

F(df) p-value R2
m (R2

c)   F(df) p-value R2
m (R2

c) 

TH 

Mixture (M) 1.24 (1;49) 0.27 0.08 (0.37)  0.17 (1;49) 0.68 0.02 (0.36) 

Density (D) 0.11 (1;49) 0.74   0.2 (1;49) 0.66  

Irrigation (I) 2.21 (1;6) 0.19   0.00 (1;6) 0.98  

M x D 0.51 (1;49) 0.48   1.70 (1;49) 0.20  

M x I 0.51 (1;49) 0.48   0.36 (1;49) 0.55  

D x I 1.07 (1;49) 0.31   0.34 (1;49) 0.56  

M x D x I 5.18 (1;49) 0.03     0.77 (1;49) 0.38   

H/D ratio 

Mixture (M) 30.15 (1;49) <0.001 0.18 (0.24)   51.73 (1;49) <0.001 0.23 (0.25) 

Density (D) 31.69 (1;49) <0.001   93.95 (1;49) <0.001  

Irrigation (I) 0.79 (1;6) 0.41   0.48 (1;6) 0.52  

M x D 1.71 (1;49) 0.20   1.33 (1;49) 0.25  

M x I 1.64 (1;49) 0.21   0.23 (1;49) 0.63  

D x I 0.15 (1;49) 0.70   0.67 (1;49) 0.42  

M x D x I 2.86 (1;49) 0.10     1.06 (1;49) 0.31   

HRmax 

Mixture (M) 2.85 (1;49) 0.10 0.14 (0.33)   2.48 (1;49) 0.12 0.13 (0.31) 

Density (D) 10.53 (1;49) <0.01   20.09 (1;49) <0.001  

Irrigation (I) 1.71 (1;6) 0.24   2.74 (1;6) 0.15  

M x D 0.25 (1;49) 0.62   2.60 (1;49) 0.11  

M x I 1.24 (1;49) 0.27   0.53 (1;49) 0.47  

D x I 2.03 (1;49) 0.16   1.69 (1;49) 0.20  

M x D x I 11.38 (1;49) <0.01     1.83 (1;49) 0.18   

Rmax 

Mixture (M) 4.71 (1;49) 0.03 0.10 (0.24)   29.51 (1;49) <0.001 0.14 (0.20) 

Density (D) 13.16 (1;49) <0.001   49.53 (1;49) <0.001  

Irrigation (I) 0.16 (1;6) 0.71   0.02 (1;6) 0.91  

M x D 0.09 (1;49) 0.76   7.63 (1;49) <0.01  

M x I 0.36 (1;49) 0.55   0.14 (1;49) 0.71  

D x I 0.34 (1;49) 0.56   3.01 (1;49) 0.09  

M x D x I 2.41 (1;49) 0.13     3.87 (1;49) 0.05   

HLB 

Mixture (M) 6.61 (1;49) 0.01 0.23 (0.41)   13.31 (1;49) <0.001 0.24 (0.52) 

Density (D) 20.82 (1;49) <0.001   22.07 (1;49) <0.001  

Irrigation (I) 5.21 (1;6) 0.06   1.72 (1;6) 0.24  

M x D 0.00 (1;49) 0.99   1.08 (1;49) 0.30  

M x I 2.01 (1;49) 0.16   0.91 (1;49) 0.34  

D x I 4.59 (1;49) 0.04   0.8 (1;49) 0.37  

M x D x I 5.00 (1;49) 0.03     2.19 (1;49) 0.15   
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LCR 

Mixture (M) 17.63 (1;49) <0.001 0.30 (0.41)   28.43 (1;49) <0.001 0.29 (0.43) 

Density (D) 30.97 (1;49) <0.001   43.52 (1;49) <0.001  

Irrigation (I) 15.60 (1;6) <0.01   3.66 (1;6) 0.10  

M x D 0.74 (1;49) 0.39   0.41 (1;49) 0.53  

M x I 5.77 (1;49) 0.02   0.81 (1;49) 0.37  

D x I 3.70 (1;49) 0.06   0.41 (1;49) 0.52  

M x D x I 0.68 (1;49) 0.41     2.06 (1;49) 0.16   

 

Note: Marginal (R2
m) and conditional (R2

c) R2 values were calculated for the model. They correspond to the 

variance explained by fixed and fixed plus random factors, respectively. Bold values indicate significant effects 

(P < 0.05). 
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Table II.B 3 Detailed results of the LMMs testing the effects of log(DBH), Mixture, Density, Irrigation and their 

interactions on birch and pine crown dimensions , for measured trees only. The variables are total tree height (TH, 

m), height to diameter ratio (H/D ratio, m m-1), height of maximum crown radius (HRmax, m), maximum crown 

radius (Rmax, m), height of first live branch (HLB, m), and live crown ratio (LCR, %). For the summarized results 

see Table II. 2. 

Response 

variable 
Predictors 

Birch (n=527)   Pine (n=578) 

F(df) p-value R2
m (R2

c)  F(df) p-value R2
m (R2

c) 

log(TH) log(DBH) 1992.86 (1;460) <0.001 0.81 (0.87)  1020.15 (1;511) <0.001 0.67 (0.79) 
 

Mixture (M) 1.46 (1;50) 0.23  
 16.62 (1;50) <0.001  

 
Density (D) 3.97 (1;50) 0.05  

 1.61 (1;50) 0.21  

 
Irrigation (I) 1.17 (1;6) 0.32   0.03 (1;6) 0.87  

 log(DBH) x M 0.02 (1;460) 0.90   11.09 (1;511) <0.001 
 

 log(DBH) x D 0.27 (1;460) 0.60   0.05 (1;511) 0.82  
 log(DBH) x I 0.02 (1;460) 0.90   0 (1;511) 0.95  
 

D x M 1.92 (1;50) 0.17   2.06 (1;50) 0.16  
 

I x M 3.89 (1;50) 0.05   0 (1;50) 0.98  

  D x I 1.74 (1;50) 0.19    0.78 (1;50) 0.38   

log(HD) log(DBH) 1282.18 (1;460) <0.001 0.76 (0.83)  1434.5 (1;511) <0.001 0.79 (0.87) 
 

Mixture (M) 1.46 (1;50) 0.23  
 16.62 (1;50) <0.001  

 
Density (D) 3.97 (1;50) 0.05  

 1.61 (1;50) 0.21  

 
Irrigation (I) 1.17 (1;6) 0.32   0.03 (1;6) 0.87  

 log(DBH) x M 0.02 (1;460) 0.90   11.09 (1;511) <0.001 
 

 log(DBH) x D 0.27 (1;460) 0.60   0.05 (1;511) 0.82  
 log(DBH) x I 0.02 (1;460) 0.90   0 (1;511) 0.95  
 

D x M 1.92 (1;50) 0.17   2.06 (1;50) 0.16  
 

I x M 3.89 (1;50) 0.05   0 (1;50) 0.98  

  D x I 1.74 (1;50) 0.19    0.78 (1;50) 0.38   

log(HRmax) log(DBH) 75.89 (1;460) <0.001 0.22 (0.37)  111.42 (1;511) <0.001 0.32 (0.43) 
 

Mixture (M) 1.02 (1;50) 0.32  
 3.12 (1;50) 0.08  

 
Density (D) 0.95 (1;50) 0.34  

 5.26 (1;50) 0.03  

 
Irrigation (I) 0.32 (1;6) 0.59   3.18 (1;6) 0.12  

 log(DBH) x M 3.57 (1;460) 0.06   1.58 (1;511) 0.21  
 log(DBH) x D 5.31 (1;460) 0.02   1.65 (1;511) 0.20  
 log(DBH) x I 0.2 (1;460) 0.66   5.11 (1;511) 0.02  
 

D x M 0.32 (1;50) 0.57   3.71 (1;50) 0.06  
 

I x M 0 (1;50) 0.95   0.01 (1;50) 0.94  

  D x I 2.06 (1;50) 0.16    2.42 (1;50) 0.13   

log(Rmax) log(DBH) 230.9 (1;460) <0.001 0.45 (0.48)  396.61 (1;511) <0.001 0.56 (0.60) 
 

Mixture (M) 0.86 (1;50) 0.36  
 4.08 (1;50) 0.05  

 
Density (D) 1.7 (1;50) 0.20  

 2.31 (1;50) 0.13  

 
Irrigation (I) 0.06 (1;6) 0.82   2.87 (1;6) 0.14  

 log(DBH) x M 1.33 (1;460) 0.25   2.69 (1;511) 0.10  
 log(DBH) x D 4.74 (1;460) 0.03   1.25 (1;511) 0.26  
 log(DBH) x I 0.56 (1;460) 0.46   2.53 (1;511) 0.11  
 

D x M 0.17 (1;50) 0.69   2.06 (1;50) 0.16  
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I x M 0.22 (1;50) 0.64   0 (1;50) 0.96  

  D x I 2.34 (1;50) 0.13    1.74 (1;50) 0.19   

log(HLB) log(DBH) 6.84 (1;460) 0.01 0.23 (0.35)  61.31 (1;511) <0.001 0.31 (0.55) 
 

Mixture (M) 0.08 (1;50) 0.77  
 16.84 (1;50) <0.001  

 
Density (D) 0.43 (1;50) 0.51  

 2.62 (1;50) 0.11  

 
Irrigation (I) 2.07 (1;6) 0.20   0.09 (1;6) 0.78  

 log(DBH) x M 1.4 (1;460) 0.24   10.21 (1;511) <0.01 
 

 log(DBH) x D 0.68 (1;460) 0.41   0.25 (1;511) 0.62  
 log(DBH) x I 0.15 (1;460) 0.70   0.41 (1;511) 0.52  
 

D x M 0.24 (1;50) 0.63   3 (1;50) 0.09  
 

I x M 0.01 (1;50) 0.93   0.01 (1;50) 0.91  

  D x I 7.71 (1;50) 0.01    0.16 (1;50) 0.69   

log(LCR) log(DBH) 57.69 (1;460) <0.001 0.37 (0.50)  2.65 (1;511) 0.10 0.30 (0.44) 
 

Mixture (M) 0.02 (1;50) 0.90  
 18.21 (1;50) <0.001  

 
Density (D) 2.73 (1;50) 0.10  

 5.02 (1;50) 0.03  

 
Irrigation (I) 9.37 (1;6) 0.02   0 (1;6) 0.98  

 log(DBH) x M 1.09 (1;460) 0.30   11.8 (1;511) <0.001 
 

 log(DBH) x D 0.3 (1;460) 0.59   1.6 (1;511) 0.21  
 log(DBH) x I 2.46 (1;460) 0.12   0.23 (1;511) 0.63  
 

D x M 0.2 (1;50) 0.66   1.36 (1;50) 0.25  
 

I x M 3.53 (1;50) 0.07   0.15 (1;50) 0.70  

  D x I 4.57 (1;50) 0.04     1.09 (1;50) 0.30   

 

Note: Marginal (R2
m) and conditional (R2

c) R2 values were calculated for the model. They correspond to the 

variance explained by fixed and fixed plus random factors, respectively. Bold values indicate significant effects 

(P < 0.05). 

 

 

Table II.B 4 Average crown vertical overlap between species in pure and mixed plots. The vertical overlap is 

calculated for each block and type of plot as the difference between the average vertical profile of each species in 

pure and mixed plots. The average vertical profile of each species was calculated with the average height of the 

first live branch (HLB) and average total height (TH) for each plot. The values in the table are the mean values 

(standard deviation) across blocks and plot type.  

Density Irrigation Pure plots Mixed plots 

High density 
Non-irrigated 51 % (±18) 66 % (±6) 

Irrigated 78 % (±14) 71 % (±18) 

Low density 
Non-irrigated 71 % (±15) 64 % (±14) 

Irrigated 62 % (±18) 79 % (±15) 
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CHAPITRE III 

Effet du mélange sur le fonctionnement 
hydrique et l’acquisition de l’eau des 
arbres en plantation mélangée de pin et de 
bouleau 
 

 

Photo : Soline Martin-Blangy. Plantation ORPHEE, Cestas, France. 

 

Préambule : Ce chapitre a pour objectif de comprendre les effets du mélange sur l’utilisation de l’eau 

en absence de stress hydrique et sur la réponse à la sécheresse dans une jeune plantation. Nous avons 

réalisé ce travail dans le cadre de la plantation expérimentale d’ORPHEE, dans des placettes pures et 

mélangées de bouleau (Betula pendula) et de pin maritime (Pinus pinaster). Les questions abordées dans 

ce chapitre sont similaires à celles abordées dans le Chapitre I, mais les conditions expérimentales 

contrôlées et l’accessibilité du site ont permis de faire des mesures plus poussées et d’aller plus loin 

dans les interprétations. Nous avons donc pu étudier le fonctionnement hydrique journalier et saisonnier 

en l’absence et en présence de stress hydrique et avons également caractérisé l’origine d’extraction de 

l’eau par les racines en saison sèche. Ce chapitre a été écrit sous un format qui rassemble plusieurs sous-

chapitres écrits en anglais : une introduction, quatre sous-chapitres de résultats et une discussion 

générale. Les sous-chapitres ont été écrits en anglais afin de faciliter la publication future d’articles.  
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Chapter III.1 

General introduction 
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1. General Introduction 

1.1. Context & objectives 

After two decades of a strong focus on the relationship between diversity and forest productivity 

(Ammer 2019), one of the main goals today for the field of biodiversity - ecosystem functioning (B-EF) 

research is to understand how diversity can impact water use and drought resistance in mixed forests, 

but also what are the underlying mechanisms behind B-EF relationships. In the context of climate 

change, these questions are of particular importance because of an increasingly limited water supply and 

more frequent droughts (Lehner et al. 2017). As of today, it remains controversial whether mixed-

species forests will help mitigate the impacts of future droughts and, if so, through which processes 

(Forrester and Bauhus 2016; Ammer 2019; Grossiord 2019). On one hand, mixing species with 

complementary traits for water acquisition might increase the availability of water resources at the 

ecosystem level, on the other hand since mixed stands can be more productive than monocultures they 

may use more water, and therefore could be more susceptible to droughts (Forrester 2015). Moreover, 

these effects might vary in space and time for a given species combination (Forrester 2014).  

Tree water use and drought response can be studied through a wide range of measures that can be either 

representative of a single point in time, study the evolution of a process through time, or give an 

integrated measure of water use over a longer period. In the context of my PhD, I was interested in using 

different approaches to investigate water use and drought response for silver birch (Betula pendula) and 

maritime pine (Pinus pinaster) in pure and mixed plots at the ORPHEE experimental plantation. In this 

chapter, I investigated several functional traits related to water use and drought response that allowed 

me to explore the following questions:  

i. What are the differences between the two species in terms of water use and drought response?  

ii. Do mixtures result in a higher water use at the species and plot levels in the absence of water 

stress? 

iii. Are there mixture effects on the drought exposure and drought response at the species and plot 

levels?  

iv. What are the effects of summer irrigation on tree functioning in pure stands? 

v. Are the mixture effects mitigated by the irrigation treatment?  

vi. Can the mixture effects be explained by water uptake complementarities?  

This last chapter of results (Chapter III) from my PhD work is written in English as a preparation for 

the publication of future articles. The structure of the chapter, however, is divided into sub-chapters 

corresponding to different experiments that I conducted at ORPHEE over the course of my PhD. Some 

might act as a stand-alone for future published articles, but some of the experiments will be combined 

around a central question and reorganized before being published. I included more detailed context-
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dependent introductions in the different sub-chapters, except for the short chapter on predawn water 

potentials. 

I investigated the following traits, which make the outline of the different sub-chapters of Chapter III: 

• Chapter III.2, p. 139: Predawn leaf water potential (Ψpd) to evaluate the water status of the 

trees in the different treatments during summer drought conditions. 

• Chapter III.3, p. 149: Sap flux density of trees (Fd) and total plot transpiration (Tplot) before 

and during summer drought, to look at mixture effects on water acquisition in non-limiting soil 

water conditions and on the drought response of the trees and whole plots. 

• Chapter III.4, p. 195: Stable carbon isotope composition in tree-rings (δ13C) for years with 

wet or dry summers, to evaluate mixture and irrigation effects on drought exposure and 

resistance to drought. 

• Chapter III.5, p. 229: Stable water isotope composition (δ18O and δ2H) in branches and 

soil to estimate mixture effects on the proportion of root water uptake from different depths. 

Moreover, data on the resistance to cavitation (P50) and maximum conductivity (Kmax) to detect 

potential acclimations to mixture and irrigation effects on water stress conditions are also included in 

Appendix III.A, p. 275.  

Finally, I close this chapter by a general discussion, bringing together the results from the different sub-

chapters (Chapter III.6, p. 265).  

  



Chapitre III 

 

135 

 

1.2. Description of the experimental site  

I summarize here the principal information about the experimental site to avoid repetitions in the sub-

chapters. The experiments in this chapter were conducted at the ORPHEE experimental plantation 

located in southwestern France, 40 km southwest of Bordeaux (44°44.4' N, 00°47.80' W, altitude of 60 

m asl). ORPHEE is included in the global Tree Diversity Network (http://www.treedivnet.ugent.be/). 

The site is located on a flat area with typical podzol soils with a coarse texture (95 % sand) (Augusto et 

al. 2010). This soil is characterized by a discontinuous cemented spodic horizon (hardpan) at around 50 

cm depth (Altinalmazis-Kondylis et al. 2020). Mean annual temperature is 12.5°C and mean average 

precipitation is 870 mm (1993–2018). Most of the rainfall occurs from fall to spring, and summers are 

rather dry. The water table is shallow in wintertime, generally ranging from 40 to 80 cm below the soil 

surface but drops down to between 150 and 180 cm during the summer months (Fig. III. 3.3) 

(Altinalmazis-Kondylis et al. 2020). 

The design of the plantation is described in Castagneyrol et al. (2013, 2017); here I will only provide a 

brief overview and the details specific to my work. My experiments were focused on silver birch (Betula 

pendula, hereafter birch) and maritime pine (Pinus pinaster, hereafter pine), both in monospecific and 

two-species mixed plots, resulting in three plot composition treatments: “pure pine”, “pure birch” and 

“mixed birch and pine”. One-year-old tree seedlings were planted at the site in January 2008 after clear-

cutting of a mature pine plantation. Eight blocks were established, with plots in each block, planted at a 

density of 2500 trees ha-1 per plot. Each plot has 10 rows of 10 trees planted 2 m apart (100 trees per 

plot, 20 m-by-20 m plot area). The mixed plots were established according to a substitutive design, with 

the initial plantation density kept constant across one or two-species plots.  

In 2015, an irrigation system was added to half of the blocks, resulting in four irrigated blocks and four 

non-irrigated blocks. The irrigated plots are watered seasonally from early May to late September to 

alleviate summer stress. A 2-m high sprinkler installed in the center of each plot sprays the equivalent 

of about 3 mm day-1 of precipitations. The irrigation takes place during the night to avoid evaporation. 

The irrigation water is pumped from the water table with a pump system that is nearby to the site. The 

volume of irrigation (3 mm day−1) was calculated based on regional climatic data (evapotranspiration). 

It is assumed to avoid any soil water deficit in the irrigated blocks during the entire growing season 

(Castagneyrol et al. 2017), although this assumption will be questioned in the sub-chapter on predawn 

leaf water potential. 

The understory layer is mostly composed of bracken, moor grass, gorse, and ericaceous shrubs. It 

represents less than 1 % of the total aboveground biomass and its diversity is similar across all 

combinations of treatments, with six to seven vascular species per plot on average (Corcket et al. 2020). 

The sampling of trees and replicate blocks varies among the experiments: it will be detailed in the 

different Methods sections of each sub-chapter.  
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Predawn leaf water potential during a 
summer drought 
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2. Predawn leaf water potential during a summer 
drought 

2.1. Introduction 

2.1.1. Context 

This short sub-chapter serves as a preliminary analysis of the potential mixture and irrigation effects on 

tree water availability during a drought period. In the following chapters, I will go more in depth into 

the state of the art on how species interactions can influence tree water use and drought exposure at 

different scales in space (tree and stand level) and time (daily measurements or integrated over a whole 

season).  

Leaf water potentials are considered as reliable indicators of tree water status (Choné et al. 2001; 

Williams and Araujo 2002; Remorini and Massai 2003). Specifically, predawn leaf water potential (Ψpd) 

expresses the maximum value of water potential in the plant during the whole daily cycle. At dawn, the 

tree is at equilibrium with soil conditions and Ψpd represents the average water status of the soil to which 

the tree has access with its root system (Schulze and Hall 1982). Predawn leaf water potential is therefore 

considered a reliable indicator of tree water status and soil water availability (Correia et al. 1995). 

Predawn leaf water potential is expressed in MPa, with more negative values indicating a stronger water 

deficit. Values close to zero indicate that there is no water deficit, as the soil water is easily available to 

the plant. As an example, for vine (Vitis vinifera), a Ψpd above -0.2 MPa was defined as an absence of 

water deficit (Van Leeuwen et al. 2009) and for Eucalyptus tetrodonta, Prior et al. (1997) values below 

-0.5 MPa were used as a threshold for the end of the wet season and the start of the dry season.  

Predawn base water potential is independent of the demand for water imposed by the atmosphere to the 

tree during the day and only reflects belowground water availability. It can therefore serve as a baseline 

for my expectations of drought response in the following chapters, independently of aboveground 

conditions such as light availability and canopy structure. 

2.1.2. Objectives 

We measured predawn leaf water potentials (Ψpd) to assess soil water availability for individual trees 

during a drought episode in 2019 at ORPHEE. I wanted to investigate the following questions: 

i. What is the water availability for the two species during summer drought in non-irrigated pure 

plots? 

ii. What is the effect of summer irrigation on water status for both species in pure plots? 

iii. Are birch and pine less stressed in mixed plots compared to pure plots in non-irrigated and 

irrigated blocks respectively?  
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2.2. Methods 

2.2.1. Study site 

For this section, please refer to the description of the experimental site at the beginning of this chapter 

(section 1.2).  

2.2.2. Predawn leaf water potential (Ψpd) measurements 

We measured predawn leaf water potential (Ψpd, MPa) in blocks 1 to 6 at ORPHEE: three non-irrigated 

blocks (1, 3 and 6) and three irrigated blocks (2, 4 and 5). In each block, I selected the three following 

plots: one pure birch, one pure pine and one mixed birch and pine. In each of these plots, I selected six 

trees per species for a total of 144 trees. The individual trees were selected based on previous sampling 

protocols in 2019. In blocks 1 and 2 these were the same trees as the sap flux experiment that had been 

selected earlier in the year (March 2019) (Chapter III.3, p. 149). In blocks 3 to 6 we selected six trees 

among those that had been selected to measure vulnerability to embolism (Ψ50) in February and March 

2019 (Appendix III.A, p. 275).  

Ψpd was measured on July 18th and 19th, 2019 during a dry period (see Fig. III. 3.3). We collected small 

branches from the upper part of the crowns with a pole pruner before sunrise (between 4:30 and 7:30 

a.m.). The samples were immediately measured in the field with a Scholander-type pressure chamber 

(PMS Instruments, Corvalis, Oregon, USA) (Scholander et al. 1965). For birch we used the extremity 

of a branch with 2-3 leaves in the pressure chamber. For pine we used a paired needle that had been cut 

at the base of the sheath in the pressure chamber.  

2.2.3. Statistical analysis 

I first tested Species and Irrigation effects on Ψpd in pure plots with the following mixed model: 

Ψ𝑝𝑑~ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 + 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 +  𝑆𝑝𝑒𝑐𝑖𝑒𝑠: 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 + 1|𝐵𝑙𝑜𝑐𝑘 (1) 

where Species is a fixed factor with two levels (birch and pine), Irrigation is a fixed factor with two 

levels (non-irrigated and irrigated) and Block is a random factor with six levels. The result from the 

mixed model is reported in Table III. 2.1. I used post-hoc multiple comparison tests to identify which 

pairs of treatment combinations are statistically different from each other.  

I further tested Species and Mixture effects on Ψpd for non-irrigated and irrigated blocks separately with 

the following mixed model: 

Ψ𝑝𝑑~ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 + 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 +  𝑆𝑝𝑒𝑐𝑖𝑒𝑠: 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 + 1|𝐵𝑙𝑜𝑐𝑘 (2) 

where Species is a fixed factor with two levels (birch and pine), Mixture is a fixed factor with two levels 

(pure vs. mixed) and Block is a random factor with six levels. The result from the mixed models for each 
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species are reported in Table III. 2.2. I used post-hoc multiple comparison tests to identify if pure and 

mixed plots were statistically different from each other within each model and for each species. 

R 3.6.2 language programming (R Core Team 2019) with the Rstudio interface was used for all the 

analyses with the following packages: nlme (“lme” function), MuMIn and emmeans (“lsmeans” 

function). Type “III” ANOVAs were used after linear mixed models. 

2.3. Results 

2.3.1. Species effects in non-irrigated pure plots 

In the non-irrigated pure plots, there was a strong difference between species Ψpd (est. ± SE: 0.40 ± 0.04 

MPa, p<0.001), with less negative Ψpd for birch (mean ± SE: -0.7 ± 0.05 MPa) than pine trees (-1.1 ± 

0.05 MPa) (Fig. III. 2.1, Table III. 2.1).  

2.3.2. Irrigation effects in pure plots 

In pure plots, the irrigation effect on Ψpd was strong and of a similar magnitude for both birch (est. ± 

SE: 0.48 ± 0.08 MPa, p<0.01) and pine (0.44 ± 0.08 MPa, p<0.01) (Fig. III. 2.1, Table III. 2.1). 

Consequently, the size of the species effect was similar in irrigated than in non-irrigated pure plots (est. 

± SE: 0.44 ± 0.04 MPa, p<0.001) and Ψpd for birch trees (mean ± SE: -0.2 ± 0.01 MPa) remained less 

negative than for pine trees (-0.6 ± 0.03 MPa) (Fig. III. 2.1, Table III. 2.1). 

2.3.3. Mixture effects 

There were no significant mixture effects on Ψpd in the non-irrigated blocks (p=0.61, Table III. 2.2) for 

either species (post-hoc test for birch: p=0.61, pine: p=0.05). Although the p-value was close to being 

significant for pine, the magnitude of the effect was small (est. ± SE: 0.11 ± 0.05 MPa) (Fig. III. 2.2).  

Similarly, there were no mixture effects on Ψpd in the irrigated blocks (p=0.06, Table III. 2.2) for either 

species (post-hoc test for birch: p=0.06, pine: p=0.83). Although the p-value was close to being 

significant for birch, the magnitude of the effect was small (est. ± SE: 0.05 ± 0.03 MPa) (Fig. III. 2.2).  

Consequently, the magnitude of the species and irrigation effects on Ψpd remained similar in the mixed 

plots compared to the pure plots.  
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Fig. III. 2.1 Ψpd averaged by species and irrigation treatment for all blocks in pure plots only. The error bars 

represent the standard error of the mean. The letters represent results of post-hoc tests after linear mixed model 

testing for species and irrigation effects on Ψpd in pure plots. See Table III. 2.1 for linear mixed model results. 

 

 

Table III. 2.1 ANOVA table for linear mixed model for species and irrigation effects on Ψpd in pure plots. 

Predictor F(df) p-values 

Species (S) 83.1 (1;64) <0.001 

Irrigation (I) 37.5 (1;4) <0.01 

S x I 0.5 (1;64) 0.50 

R2
m (R2

c)   0.82 (0.87) 
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Fig. III. 2.2 Ψpd averaged by irrigation treatment, species and mixture for all blocks (data for pure plots are the 

same as in Fig. III. 2.1. The error bars represent the standard error of the mean. Text with horizontal lines indicate 

the results of post-hoc tests after linear mixed model testing for mixture and irrigation effects for each species. 

Significance at a level of 5 % are indicated by stars (ns: non-significant; (.) p-values < 0.1; * p-values < 0.05; ** 

p-values < 0.01; *** p-values < 0.001; ns no significant effect). See Table III. 2.2 for linear mixed model results. 

 

 

Table III. 2.2 ANOVA table for linear mixed models for species and mixture effects on Ψpd for non-irrigated and 

irrigated blocks separately. 

Predictors 
Non-irrigated   Irrigated 

F(df) p-value  F(df) p-value 

Species (S) 53.6 (1;66) <0.001  288.8 (1;66) <0.001 

Mixture (M) 0.3 (1;66) 0.61  3.8 (1;66) 0.06 

S x M 1.1 (1;66) 0.50  1.5 (1;66) 0.22 

R2
m (R2

c)   0.42 (0.69)     0.88 (0.91) 
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2.4. Discussion 

2.4.1. Species effects in non-irrigated pure plots 

As expected, in the middle of the dry summer of 2019, both species experienced significant water deficit 

in the non-irrigated pure plots. Birch had a higher Ψpd (mean ± SE: -0.7 ± 0.05 MPa) than pine trees (-

1.1 ± 0.05 MPa) (Fig. III. 2.1, Table III. 2.1), indicating a higher water availability for the roots of 

birch than those of pine in pure plots (Scholander et al. 1965).  

The difference between the two species can be explained by different factors. First, if one considers that 

superficial soils are drier than deep ones in summer (see Fig. III. 3.3), this difference suggests that pine 

trees have a shallower rooting depth than birch (see Chapter III.5, p. 229). This result would be 

surprising, even though it cannot be excluded, because pine is thought to have a deeper rooting system 

than birch (Mauer and Palátová 2003; Curt and Prévosto 2003; Bakker et al. 2006) and Altinalmazis-

Kondylis (2020) actually found no difference in fine root biomass vertical distribution between the two 

species at ORPHEE in 2018. Second, these results suggest for birch that these trees may have access to 

the groundwater. This cannot be excluded and will be tested in Chapter III.5, p. 229, to determine the 

contributions of soil water from different depths to root water uptake. Finally, this difference could be 

explained by a difference in canopy structure in the pure plots of the two species, particularly by a higher 

LAI and therefore a higher evaporative demand in the pine plots. Would this be true, this would induce 

a higher water demand and then a faster depletion of soil water resources in pure pine plots than in pure 

birch plots, and therefore lower Ψpd values. I will discuss this in detail in Chapter III.3, p. 149.  

Birch Ψpd represented a value of a moderate water deficit, while pine Ψpd was representative of a stronger 

water deficit, even though not very severe (Van Leeuwen et al. 2009). Pine Ψpd was in the common range 

compared to other measures during summer drought in the same region: for example, Loustau et al. 

(1998) found a Ψpd of -0.96 MPa for maritime pine at the beginning of August 1995. 

We cannot say if drought levels were strong enough to cause embolisms in the xylem vessels based on 

predawn leaf water potentials, because water potentials will reach much more negative values during 

the day. Actually, I did measure midday leaf water potentials in 2019 on the same trees but did not yet 

have time to analyze the data. In the non-irrigated pure plots, these midday leaf water potentials reached 

an average of -1.5 MPa for birch and -1.9 MPa for pine (data not shown) during days with a high VPD 

(July 22nd and 23rd, 2019). Cavitation will happen only during extreme drought events, at lower 

potentials then the ones inducing maximal stomatal closure (Choat et al. 2018). Colleagues at Bordeaux 

(S. Delzon and colleagues) collected data for us to determine xylem vulnerability to embolism (Ψ50) in 

the spring of 2019. The results are summarized in Appendix III.A, p. 275: the average Ψ50 in non-

irrigated pure plots was -2.3 MPa for birch and -3.6 MPa for pine (Fig. III.A 3). These values do indeed 

show that the midday leaf potentials we measured are not negative enough to induce strong losses in 

conductivity. However, the vulnerability curves (Fig. III.A 2) show that it could be possible that a small 
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loss of conductivity due to embolisms would start to appear around -1.5 MPa for birch, while there 

would be no risks of embolisms for pine at -1.9 MPa. 

2.4.2. Irrigation effects in pure plots 

Birch Ψpd was 3.5 times higher (i.e., lower water deficit) in irrigated than in non-irrigated pure plots, 

while pine Ψpd was 1.8 times higher (Fig. III. 2.1). The irrigation treatment was therefore sufficient to 

strongly influence soil water conditions and remove any water deficit for birch. On the other hand, for 

pine, the irrigation treatment was not sufficient to remove all water deficit. When the irrigation treatment 

was set up, the amount of irrigation was designed to remove all water stress (H. Jactel, pers. comm.), 

but this illustrates how difficult it is managing such an experiment in the field at this scale (several 

hectares of irrigated plantation). In fact, pine trees in the irrigated blocks were as stressed as birch in the 

non-irrigated blocks. It was previously demonstrated that the irrigation treatment relieved water deficit 

tress at ORPHEE for oak and birch trees (Castagneyrol et al. 2017, 2018). However, my results evidence 

for the first time that the irrigation treatment is not sufficient to completely relieve summer stress for 

pine. This is probably due to a higher evaporative demand in pure pine plots compared to pure birch 

plots (see Chapter III.3, p. 149), as observed with the lower Ψpd for pine in non-irrigated pure plots.  

The consequence of these results, particularly for pine, are important for my study. It requires that in the 

following chapters, I consider the irrigated blocks as a treatment with lower water deficit during the 

summer than in the non-irrigated ones, but not as a treatment with a complete absence of water deficit. 

2.4.3. Mixture effects 

Surprisingly, we found no significant mixture effects for either species and in either non-irrigated or 

irrigated blocks (Fig. III. 2.2). This means that mixing birch and pine did not impact their respective 

water deficit levels. In contrast with our results, Bello et al. (2019) showed that a partial niche 

complementarity for limited water resources between Scots pine (Pinus sylvestris) and sessile oak 

(Quercus petraea) resulted in less water constraint (i.e., less negative Ψpd) for oak in mixed stands than 

in pure stands. On the other hand, Grossiord et al. (2014a) did not find any effect of species diversity on 

Ψpd despite a wider range of species. Finally, Didion-Gency et al. (Didion‐Gency et al. 2021) found that 

for a given species (beech, Fagus sylvatica) Ψpd was either higher (i.e., lower water deficit) in mixed 

stands with fir (Abies alba) or lower (i.e., higher water deficit) in mixed stands with pubescent oak 

(Quercus pubescens) than in pure stands.  

The difference in Ψpd between the two species remained the same in mixed stands. The presence of 

conspecific or heterospecific neighbors resulted in the same Ψpd, meaning that Ψpd was mostly dependent 

on the species-specific water use and water uptake but was not dependent on neighbor identity. This 

suggests that we might not find complementarity mechanisms in the rooting patterns of both species 

(see Chapter III.5, p. 229). Independently of complementarities in water uptake depth, I had expected 
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that the potentially lower water use of birch would allow pine to be less water stressed than in pure plots, 

since more water could be available in the direct surroundings of a given pine tree with birch as 

neighbors. However, in mixed stands pine trees were also bigger and therefore had a higher water use 

than in pure stands (Chapter III.3, p. 149).  

2.4.4. Reliability of Ψpd as an indicator of water deficit 

It must be noted that this experiment was conducted only once during the summer. However, the water 

use and mean depth of water uptake of these trees may vary during the growing season when soil water 

availability and evaporative demand change (Brinkmann et al. 2019). 

Moreover, Ψpd does not always represent the average water availability for the roots of a tree. In 

heterogeneous soil conditions, such as with the presence of a water table or with the irrigation input, Ψpd 

might align with the water potential of the most humid zone (Améglio et al. 1999). Ψpd might not always 

be the most reliable indicator of water status, and sap flux rate might bring useful insight into the trees 

drought response (Remorini and Massai 2003).  

2.5. Conclusions 

There were strong differences in Ψpd between birch and pine in pure plots, indicating that pine trees were 

more stressed than birch. The irrigation treatment was sufficient to remove water deficit for birch, but 

not for pine: pine trees in the irrigated blocks had a similar water deficit than birch trees in the non-

irrigated blocks. Finally, contrary to our expectations, there were no mixture effects for either species 

or in either irrigation treatment which suggests a probable absence of complementarity in water uptake 

depth. 
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Chapter III.3  

Sap flux density and plot transpiration 
before and during a summer drought 
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3. Sap flux density and plot transpiration before and 
during a summer drought 

3.1. Introduction 

3.1.1. Context 

Transpiration is a critical process for trees since water availability is frequently a limiting factor in 

ecosystems and droughts are forecasted to increase in frequency and severity under future climate 

scenarios (Lehner et al. 2017). The major physiological adjustment trees undergo to preserve leaf and 

whole tree water status during drought, is related to stomatal closure (Bréda et al. 2006). Among the 

main factors, leaf stomatal conductance is driven by atmospheric vapor pressure deficit and soil water 

supply. By closing their stomata during drought, trees reduce leaf transpiration and therefore total water-

use. Yet, stomatal closure also induces a restriction in CO2 uptake and assimilation rates (Farquhar and 

Sharkey 1982). As a reminder, the decrease in CO2 fluxes is usually smaller than the decrease in H2O 

fluxes, which induces an increase in intrinsic water use efficiency (WUEi) and in carbon isotope 

composition (δ13C) in the leaf (Farquhar et al. 1982) (see Chapter III.3, p. 149).  

In mixed stands, transpiration is one of the main processes that could influence soil water availability 

compared with monocultures, and hence the susceptibility of mixed forest ecosystems to drought or their 

influence on local water supplies (Forrester 2015). Several studies have found a higher water use in 

mixed stands compared to monocultures, i.e. higher ecosystem transpiration in mixed stands, especially 

if there were mixture effects on growth (Forrester et al. 2010; Kunert et al. 2012; Gebauer et al. 2012). 

At the stand and species levels, when there were no mixture effects on growth, there were usually no 

mixture effects on transpiration or water use efficiency (Grossiord et al. 2013a; Forrester 2015).  

There is no consensus so far on the effects of mixtures on tree and stand-level response to drought (see 

the following reviews: Forrester 2015; Ammer 2019; Grossiord 2019). This is because the overall 

pattern can be influenced by several factors. (i) The response to drought in mixtures could be facilitated 

by water uptake complementarities among species, which would result in a higher water availability at 

the ecosystem level. However, when a higher productivity is observed in mixtures, it may increase the 

total water demand compared to pure stands (if there are no major changes in WUE) and result in 

mixtures that are more susceptible to drought. This higher drought exposure could be especially true if 

it is not compensated by a higher soil water availability obtained thanks to complementary water uptake 

(Forrester 2015; Ammer 2019). (ii) Moreover, since mixtures also influence canopy structure and light 

interception, they could impact canopy microclimatic conditions that will in turn affect the species’ 

response to drought (Baldocchi 2005; Kunert et al. 2012; Forrester 2015). (iii) Consequently, the 

outcome is highly dependent on the choice of interacting species and their species-specific below and 
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aboveground traits (Forrester et al. 2016). (iv) Finally, these effects are also climate dependent and can 

vary depending on the intensity of the drought (Forrester 2015). 

To quantify the temporal variability of plant transpiration, and to understand the plants' response to the 

environment, sap flux density measurements can be used. Sap flux density quantifies the flow of water 

for a given conducting area in the tree for a given time (sap flux, kg per m2 of sapwood per s). 

3.1.2. Objectives 

To further elucidate how species mixture influence tree and stand water use and resistance to drought, I 

monitored sap flux density of trees in pure birch, pure pine and mixed birch and pine plots at ORPHEE 

during the entire growing season of 2019, which was characterized by a wet spring and a severe summer 

drought. I first looked at potential mixture effects on water use in the absence of drought (late-

spring/early-summer conditions) and in a second time during summer drought conditions. Additionally, 

I was able to compare plots in similar climatic conditions but with varying soil water conditions thanks 

to the irrigation treatment in half of the blocks at ORPHEE. I first focused on daily sap flux density of 

individual trees, which are independent of mixture effects on tree growth and sapwood area, to observe 

functional differences between treatments. I further focused on stand level transpiration to provide an 

estimation of total water use and mixture effects on plot transpiration. 

In this sub-chapter, I thus asked the following questions: (i) are there mixture effects on sap flux density 

in the spring before summer drought, (ii) are sap flux density losses in response to summer drought 

different between pure and mixed stands, (iii) does the irrigation treatment modulate mixture effects on 

the response to drought of sap flux density, and (iv) how do species interactions and soil water 

availability influence stand-level transpiration ? 

More specifically, during the spring (May-June period) in the absence of water stress, I hypothesized 

that:  

(i) there would be differences in sap flux density between the species, with higher values for 

birch,  

(ii) there would be no differences in sap flux density with mixture, 

(iii) there would be no irrigation effects on sap flux density of both species. 

During the summer drought (July), I hypothesized that:  

(i) there would be an important drop in sap flux density that would vary between species,  

(ii) this loss in sap flux density would be faster and more important in stands with pine (pure 

pine and mixed B+P) due to a potentially higher water use based on observed plot basal 

areas, 

(iii) in the irrigated plots there would be a lower loss of sap flux density and a smaller mixture 

effect than in the non-irrigated plots. 
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Scaling up to stand-level transpiration, in the absence of stress (May-June) I hypothesized that, based 

on plot basal areas: 

(i) mixed stands would have an intermediate plot transpiration rate between pure pine and pure 

birch,  

(ii) there would be a higher transpiration in mixed plots than expected from pure plots (positive 

net biodiversity effect),  

(iii) with irrigation the transpiration rates would be higher than in the non-irrigated plots. 

Finally, during summer stress (July), I expected that:  

(i) without irrigation mixed stands would have a higher loss of transpiration than expected from 

pure stands due to a faster depletion of water resources, 

(ii) with irrigation there would be no mixture effects on the transpiration rates.  
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3.2. Methods 

3.2.1. Experimental design  

3.2.1.1. Study site 

For this section, please refer to the description of the experimental site at the beginning of this chapter 

(section 1.2).  

3.2.1.2. Sampling 

In this study I focused on two blocks only, one non-irrigated (block 1) and one irrigated (block 2). I 

could not replicate our measures in other blocks because sap flux sensors are costly to install, and the 

monitoring is very time consuming. In each block, I selected three plots: pure birch, pure pine and mixed 

birch and pine plots. In each of these plots, I selected six trees per species and plot to be equipped with 

sap flux sensors, for a total of 48 trees. I defined this sampling size based on Granier et al. (1996) who 

estimated that a set of 5-10 sap flow sensors could provide an accurate estimate of stand transpiration, 

especially in an even-aged plantation like ORPHEE. The aim was to select trees that would best 

represent the average transpiration of the trees in these plots. Since all trees had the same age, I chose 

trees that had vigorous crowns and a high crown illumination percentage, and I avoided trees that had a 

gap from a dead tree in their direct neighborhood. The trees were selected among the trees from the six 

inner rows of each plot to avoid potential edge effects in the two outermost rows. However, with regards 

to this criterion, two birch trees in the non-irrigated mixed plot and one birch tree in the irrigated mixed 

plot had to be selected from the second to last rows because of birch mortality in the center of the plot.  

The DBH of all trees in the selected plots was measured before (February 2019) and after (February 

2020) the 2019 growing season (Fig. III. 3.1a). Total tree heights were also measured on a subset of 

trees (7 to 11 per species and plot) (Fig. III. 3.1c). I used an average value between these two years to 

represent tree characteristics in the summer of 2019 (Fig. III. 3.1) and to calculate plot basal area (Fig. 

III. 3.2) for plot-level transpiration calculations (section 3.2.5). 
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Fig. III. 3.1 Diameter at breast height (DBH, cm) and height (m) of birch (Bpen) and pine (Ppin) in 2019 in the 

selected plots for all measured trees (a, c) and for the trees monitored with sap flux sensors only (b, d). DBH was 

measured on all the 36 trees in the plot centers (a), while height was only measured for a subset of 7 to 11 trees 

per plots (c), and hence also a subset of the monitored trees (d).  

 

Fig. III. 3.2 Plot basal area (BA) in 2019 by species and plot composition for the chosen plots in blocks 1 and 2. 

The predicted values for the mixture (Mixed Pred.) are the weighted average from the respective monocultures 

with the proportion of basal area of each species in the observed mixed plots. 
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3.2.2. Climate and soil variables  

I used nearby weather and soil water content monitoring stations to characterize the seasonal dynamics 

in climate and soil water content in the ORPHEE plantation in 2019. Daily climatic data were obtained 

from the INRAE weather station of Cestas-Pierroton (44°44.52' N, 00°46.92' W, 1.2 km away from 

ORPHEE) (Fig. III. 3.3) made available by the INRAE CLIMATIK platform 

(https://intranet.inrae.fr/climatik/, in French) managed by the AgroClim laboratory of Avignon, France. 

Daily water table depth and soil water content (SWC, %) data were recorded in the Castillonville Gis-

Coop pure pine plantation next to the ORPHEE plantation (44° 44.08' N, 00°47.74' W, 500 m away). 

Water table depth was measured with a pressure transducer (CS450, Campbell Scientific). SWC was 

measured with volumetric water content sensors (CS650, Campbell Scientific) set-up at three different 

depths: 25 cm, 45 cm and 70 cm (Fig. III. 3.3b). With the data from these three depths, I calculated a 

daily weighted SWC (wSWC, m) according to Bonal et al. (2008), an index which is representative of 

the soil water content from the surface down to 1 m depth, according to the following equation: 

wSWC =  0.350 ×  SWC25 +  0.225 ×  SWC45 +  0.425 × SWC70 , 

where 0.350, 0.225 and 0.425 are the weighting coefficients that were divided to add up to 1 m and 

represent a range of depths for each probe: 0-35 cm for SWC25, 35-57.5 cm for SWC45, and 57.5-100 

cm for SWC70. The intrinsic values of wSWC should not be interpreted in terms of raw values, as they 

depend on the total depth selected to calculate wSWC, but rather as relative values to observe seasonal 

change. In the case of my study this index is interesting because (i) it takes into account the different 

values of SWC measured at the different depths, which may vary differently over the season (e.g. when 

the soil dries up or gets rewetted), and (ii) it is useful to use as a proxy of soil water content over a given 

depth (here, I chose 1.0 m depth) and to test whether seasonal variations in these different SWC values 

influence transpiration.  

The irrigation treatment, which was set-up in spring 2015 (section 1.2), adds a constant amount of water 

in the irrigated plots every night from early May to late September, equivalent to 3.0 mm of 

precipitations (3.0 liters per m2) (Castagneyrol et al. 2017). Unfortunately, I was not able to monitor the 

SWC within the irrigated block and then could not infer the soil water conditions for this block from the 

available data.   
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Fig. III. 3.3 Seasonal pattern of daily environmental conditions at ORPHEE in 2019 over the period of sap flux 

density measurements. (a) Daily sum of global radiation (Rg, MJ m-2), daily mean vapor pressure deficit (VPD, 

kPa), and daily potential evapotranspiration (PET, mm). (b) Daily sum of precipitation (Rain, mm), daily soil 

water content at three depths: 25 cm, 45 cm and 70 cm (SWC, %), weighted soil water content over 100 cm using 

the three depths (wSWC, m, multiplied by 100 to fit on the same scale), and mean daily water table depth (WT 

Depth, m). The grey areas show two periods of strong water stress.  
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3.2.3. Sap flux density  

3.2.3.1. Field measurements 

Sap flux density (Fd, kg of sap per dm2 of sapwood per hour, kg dm-2 h-1) measurements were made with 

thermal dissipation probes (TDP) sensors according to the thermal dissipation method (Granier 1987; 

Lu et al. 2004). Each sensor consists of two probes, one heating probe and one without a heating system, 

that are inserted into a plant's sapwood, with the heating probe above the other one. 

We installed the two 20-mm-long probes on each sap flux sensors (SFS2, UPSystem, Germany) after 

removing the bark and the cambium at about 70 cm above ground level with a 10-cm vertical spacing 

between the probes. We placed all sap flux density sensors on the North facing side of the tree to reduce 

the risk of direct sunlight causing thermal gradients and distorting the measurements. The probes were 

protected with a reflective insulation cover for temperature regulation, to minimize potential bias caused 

by direct radiation or rain runoff on the trunk. The heating probe of each sensor was supplied with 0.048 

A (at about 12 V) of constant power. A CR1000 data logger (Campbell Scientific Inc, Leicestershire, 

UK) collected data every 10 s and recorded an average value every 30 min. Car batteries (75 Ah) 

powered with solar panels supplied sap flux sensors and data loggers with power. We monitored sap 

flux density continuously between May 3rd, 2019, and September 21st, 2019. 

3.2.3.2. Data processing 

I calculated sap flux density from the temperature gradient between the two probes ΔT (°C or K, or 

recorded in mV by the probes) following the equation from Granier (1987): 

F𝑑 = 119 × 10−6  (
ΔT𝑚𝑎𝑥 −  ΔT

ΔT
)

1.23

× 10 × 3600 , 

where ΔTmax represents the maximum temperate difference in the absence of sap flow during the 

nighttime of the given measurement day, when Fd = 0. ΔTmax for each day was selected as the local 

maximum value within a 24-hour period from midnight to midnight. Calibration constants 119 × 10-6 

and 1.23 are empirically derived for woody plants (Granier 1987). As the constants were measured in 

m s-1 the multiplicative factor 10 × 3600 is used to obtain dm-2 h-1.  

I checked half-hourly measurements to remove any obvious errors in the raw data (i.e., before and after 

a power supply cut, or sometimes after heavy rain events) to produce a clean signal before sap flux 

density calculations. ΔTmax values were also checked for their evolution in time for each tree to detect 

any outlier or a drift in the values with time. I had to remove two trees following this analysis because 

of unexplained variations in ΔTmax and Fd and drift in the data with time: unfortunately, both were birch 

trees in the mixture of the non-irrigated block. This reduced our sampling effort in this plot to 4 birch 

trees only (instead of 6).  
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3.2.3.3. Daily sap flux density 

To obtain daily sums of sap flux density (Fd, kg dm-2 day-1), I summed the 48 half-hourly measurements 

and divided the total by two to have the result for one day (24 hours). If there was only one missing data 

point among the 48, the point was gap filled with the mean of the values before and after this half-hour. 

When more than one half-hour data per day was missing for a given tree, the whole day was discarded 

for the given tree. 

Final data checks were done by comparing the seasonal trends among trees of the same species and 

within the same plots, and by comparing the relationship between daily sum of radiation (Rg) and Fd. 

We used this relationship because Rg (and therefore PET), is the main driver of seasonal variations in 

Fd. Gap-filling of missing daily data was applied on days for which other trees of the same species and 

in the same plot had data. A cubic relationship was fitted between the data from the tree with missing 

data and a reference tree over a period of 10-20 days. When the R2 of this relationship was greater than 

0.95, this relationship was used to gap-fill the missing data.  

3.2.3.4. Analysis of drought response 

Seasonal variations in daily potential evapotranspiration (PET, mm) during the year are mainly due to 

seasonal variations in global radiation (Rg) (Fig. III. 3.3). Moreover, since Fd is highly dependent on 

PET (Granier et al. 1996), it is expected that Fd varies for all trees on a daily basis, independently of 

variations in soil water content. This means that if we compare summer Fd with spring, there should be 

a confounding factor inducing a loss of Fd simply because of decreasing daily Rg (and PET) after the 

summer solstice (21st of June). Therefore, to avoid this confounding factor in the interpretation of the 

seasonal change in Fd, I calculated the potential value of the daily sum of sap flow density (Fd potential, kg 

dm-2 d-1) that I should observe if there was no change in Rg during the summer, based on the linear 

relationship between Fd and PET in the absence of water stress (May 3rd to July 2nd) (Fig. III.S 3.1). The 

best relationship (higher R2) between Fd and PET was obtained by using the relationship between Fd and 

the square root of PET. One relationship per tree was defined and then used to predict Fd potential over the 

whole measurement period for each tree. I could then use Fd potential as a reference of what trees should 

transpire in the summer in the absence of soil water deficit and stomatal closure.  

I then calculated Fd loss (%) as the daily relative difference between Fd potential and Fd:  

𝐹𝑑 𝑙𝑜𝑠𝑠 =  
𝐹𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 −  𝐹𝑑

𝐹𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙
 × 100 , 

which represented the loss of Fd that was only as a direct consequence of soil water content variations. 

High Fd loss represents a high percentage loss of the potential Fd. An example of the different variables 

for one tree is represented in Fig. III. 3.4.  
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Finally, to analyze the treatment effects on the seasonal dynamics and onset of Fd loss focusing on the 

first drought episode (July 3rd to July 24th), I identified the starting date of drought response and the 

slope of Fd loss after this breakpoint. To do this, I first used two different methods to obtain a smoothed 

version of the daily variations of Fd loss. I decided to use two methods, because the one that seemed the 

most relevant (using wSWC) was only applicable for the non-irrigated block since we did not have SWC 

measurements for the irrigated block. The two methods were the following: (i) Fd loss as a function of the 

relative wSWC across the season, and (ii) Fd loss as a function of the date. I defined two separate 

smoothing spline functions for each tree: Fd loss ~ wSWCrelative and Fd loss ~ Date (with the function 

“smooth.spline” in R). Since the first method (with wSWC) was only applicable to the non-irrigated 

block, I also used the “Date” method to have predictions for both blocks to compare them. The spline 

functions were then used to predict a smoothed version of Fd loss as a function of the date for both methods 

(Fig. III. 3.4). 

In a second time, using the smoothed Fd loss defined for each day for both methods, I performed 

breakpoint analyses (with the package “segmented” in R) to define two periods before and after the 

onset of drought. The breakpoint analysis is a segmented regression, a method in regression analysis in 

which the independent variable is partitioned into intervals, and a separate line segment is fitted to each 

interval. A segmented linear regression with two segments separated by one breakpoint can be useful to 

quantify an abrupt change of the response function (here, Fd) of a varying influential factor (here, the 

Date linked to a critical soil water deficit for the tree). The breakpoint can be interpreted as a threshold 

value beyond which an undesired effect occurs (here, the increase in Fd loss). In this study, I parametrized 

my analysis to define two slopes and one breakpoint, which represented one period with a relatively flat 

slope before the onset of drought response, a breakpoint value at the date of onset of the drought 

response, and a second slope representing the speed of Fd loss.  
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Fig. III. 3.4 Example for Tree n°2 of the calculations for Fd loss (%) and the smoothing methods of Fd loss with Date 

and variations of wSWC across the spring and first dry spell. Fd observed (black line, kg dm-2 day-1) is the initial 

measured daily sap flux density. Fd potential (blue line, kg dm-2 day-1) is the theoretical sap flux density in the absence 

of water stress, defined from the relationship between Fd observed and the square root of PET in the spring (May 3rd 

to July 2nd). Fd loss (red line, %) is the relative difference between Fd potential and Fd observed , note that its scale is on a 

separate axis on the right. The yellow and orange lines represent two different smoothed versions of Fd loss. PET 

(in grey, mm) is left as a reference to daily climatic conditions; the values were multiplied by 10 to be visible on 

the Fd scale.  
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3.2.4. Plot transpiration 

3.2.4.1. Calculations 

I calculated daily plot-level transpiration (Tplot, mm day-1) with the following equation:  

𝑇𝑝𝑙𝑜𝑡 =  
∑ 𝐹𝑑

̅̅ ̅
𝑖  ×  𝐵𝐴𝑠𝑢𝑚𝑖

𝑛
𝑖=1

𝐴𝑝𝑙𝑜𝑡
 , 

where i is the species number (either one or two species per plot), 𝐹𝑑
̅̅ ̅

𝑖 is the mean daily sap flux density 

for species i, and 𝐵𝐴𝑠𝑢𝑚𝑖
 is the sum of the basal area (m2) of the trees for species i in the plot. Plot 

transpiration was converted from kg of sap per day to mm per day by dividing the values by the plot 

surface area (𝐴𝑝𝑙𝑜𝑡, 144 m2). This allowed me to compare daily plot transpiration to daily precipitation 

or PET.  

To obtain 𝐹𝑑
̅̅ ̅

𝑖, I used a simple average of the values from all measured trees in a plot. Some studies in 

mature forests advocate for separate averages by diameter classes. However, in our case, all trees had 

the same age and there were no major differences in diameter that would justify defining diameter 

classes. Moreover, for the measured trees there was no relationship between the size of the tree (DBH) 

or its social status (data not shown) and sap flux density. A similar absence of relationship has been 

previously reported by Loustau et al. (1998) and Gartner et al. (2009).  

I used tree basal area as a proxy for the real sapwood area of the trees. Indeed, it has been reported that 

there is no heartwood in young pine trees (Pinto et al. 2004; Delzon et al. 2004b). Furthermore, I also 

considered that there was no heartwood in these young birch trees. Birch is known to have a higher 

proportion of conducting sapwood than pine, even in older trees (Baumgarten et al. 2019). I did not 

correct for potential radial variations in sap flux density in these trees because Delzon et al. (2004b) 

estimated that such a correction would lead to an overestimation of stand transpiration of only about 

4 % only in 10-year old maritime pine stands.  

3.2.4.2. Predicted values for mixed plots 

I compared the observed transpiration values in the mixed plots to predicted values with two different 

methods adapted from Loreau and Hector (2001). First, I calculated a predicted plot transpiration for 

mixed plots (𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑.𝐵𝐴𝑝𝑟𝑒𝑑.
) based on the observed average Fd from pure plots for each species and 

on the predicted basal area from the pure plots (BApred i) with the following equation: 

𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑.𝐵𝐴𝑝𝑟𝑒𝑑.
=  

∑ 𝐹𝑑
̅̅ ̅

𝑝𝑢𝑟𝑒 𝑖  ×  
𝐵𝐴𝑝𝑢𝑟𝑒 𝑖

2
2
𝑖=1

𝐴𝑝𝑙𝑜𝑡
 . 

BApred i = 
𝐵𝐴𝑝𝑢𝑟𝑒 𝑖

2
, is the basal area in pure plots divided by the proportion planted in mixed stands (50 %) 

(Fig. III. 3.12, Fig. III. 3.13). With this first approach, we expected to see an effect of mixture on plot 
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transpiration due to the difference between the predicted basal area (BApred i) and the actual realized 

basal area of both species in the mixed stands. In order to isolate the effect of differences in Fd, I used 

another calculation based on the actual observed proportion of both species in the mixed stands. 

Second, I calculated a predicted plot transpiration for mixed plots (𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑.𝐵𝐴𝑜𝑏𝑠.
) based on the 

observed average Fd from pure plots for each species and this time using the observed BA of the species 

in the mixed plot as a weighting factor (BAmixed i.) with the following equation: 

𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑.𝐵𝐴𝑜𝑏𝑠.
=  

∑ 𝐹𝑑
̅̅ ̅

𝑝𝑢𝑟𝑒 𝑖  ×  𝐵𝐴𝑚𝑖𝑥𝑒𝑑 𝑖
2
𝑖=1

𝐴𝑝𝑙𝑜𝑡
 . 

This second formula allowed us to isolate the mixture effects that originated from differences in Fd and 

exclude mixture effects on stand BA (Fig. III. 3.14, Fig. III. 3.15).  

To estimate the net biodiversity effect (NBE) on plot transpiration, I then compared the observed plot 

transpiration in the two-species mixed plots (Tmixed obs.) with both estimations of the predicted plot 

transpiration (𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑.𝐵𝐴𝑝𝑟𝑒𝑑.
 and 𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑.𝐵𝐴𝑜𝑏𝑠.

). 

ΔT𝑝𝑙𝑜𝑡 = 𝑇𝑚𝑖𝑥𝑒𝑑 𝑜𝑏𝑠. −  𝑇𝑚𝑖𝑥𝑒𝑑 𝑝𝑟𝑒𝑑. 

3.2.5. Statistical analysis 

After data processing, I conducted the analyses on the 46 remaining trees (two birches removed because 

of a drift in Fd data, section 3.2.3). To answer my initial questions, I divided the data into two periods: 

(i) the May-June period (May 3rd to July 2nd) which represented the late-spring season with 

non-limiting soil water conditions in both the non-irrigated and the irrigated blocks, 

(ii) the summer period (July 4th to September 21st) during which we could observe the response 

of trees to severe drought conditions.  

I analyzed species, mixture, and irrigation effects for these two periods on Fd of individual trees in a first 

part and on Tplot in a second part.  

All statistical analysis were conducted in R language programming (R Core Team 2019) with the 

Rstudio interface. Linear mixed models were done using “nlme” package, analyses of variance were 

done with type III ANOVAs from the “car” package, post-hoc tests for multiple comparisons were done 

with least-square means method (“lsmeans” package with “tukey” adjustements).  

3.2.5.1. Sap flux density (Fd) 

May-June period: During days with low radiation and precipitations, the trees had significant drops in 

sap flux density. Therefore, to test for species, mixture, and irrigation effects on Fd, I removed the days 

with precipitation events to test for the effects only on the days with a high level of transpiration (Fig. 
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III. 3.6a). I used separate models for the non-irrigated and irrigated blocks. I used a linear mixed model 

with the tree ID as a random factor to take into account the repeated measures for the trees. 

During summer drought: I analyzed the species, mixture and irrigation effects on Fd loss at three different 

dates with high PET conditions. The dates were chosen to compare the resistance and resilience of Fd to 

drought among treatments. Here, resistance is defined as the inverse of Fd reduction during the drought 

episode (i.e., inverse of Fd loss) and resilience as the capacity to reach pre-drought episode Fd levels (i.e., 

Fd loss after drought episode) (adapted from Lloret et al. 2011). The following dates were used for the 

analysis:  

• at the end of the first dry spell (July 24th), in the middle of a rainy episode (resistance),  

• on a sunny day, after the first dry spell (August 4th) (resilience), 

• at the end of the second dry spell (September 20th) (resistance) (Fig. III. 3.8).  

I analyzed the treatment effects at the chosen dates on Fd loss and on the breakpoint date and the slope 

after the breakpoint with simple linear models and analysis of variance. 

3.2.5.2. Plot transpiration (Tplot) 

To analyze the treatment effects on plot transpiration before and during the drought period, I selected 

two periods:  

(i) 20 days for the spring period (DOY between 123-183, days without rain only and with no 

missing data), 

(ii) 9 days for the first dry spell (DOY between 196-205 and with no missing data). 

I used a mixed model with the tree ID as a random factor to take into account the repeated measures for 

the trees.  

I then used the daily difference in plot transpiration between the observed and predicted mixed plots to 

calculate a net biodiversity effect on transpiration. I tested if those differences were different from 0 

with a paired t-test. 
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3.3. Results 

3.3.1. Seasonal variations in climate and soil water content 

A strong seasonality was observed during the spring and summer of 2019 (Fig. III. 3.3). These climatic 

variations influenced Fd and allowed me to study the impact of species mixture under non-limiting and 

limiting soil water conditions in the two irrigation treatments. May and June were relatively wet months 

but with periods of sunny days during which I could analyze the transpiration of the trees under high 

solar radiation levels and non-limiting soil water conditions. During this period, the weighted soil water 

content (wSWC, m) varied from 0.23 m on May 3rd to 0.09 m on July 2nd and water table depth went 

down from -0.8 m to -1.1 m (Fig. III. 3.3). 

Reduced precipitation during the summer resulted in a decrease in wSWC down to 0.02 m on July 24th 

and the water table depth dropped to -1.4 m. The lack of precipitations during several weeks in the 

summer resulted in two strong dry spells: from July 3rd to July 24th and from August 20th to September 

21st. In between, precipitations induced an increase in SWC (Fig. III. 3.3, July 25th to August 19th). 

Potential evapotranspiration (PET) and vapor pressure deficit (VPD) were highest during the first dry 

spell due to high temperatures, low air humidity, and high global radiation.  

3.3.2. Daily sap flux density at the tree level 

3.3.2.1. Sap flux density in the May-June period 

Inter- and intra-specific variations: There were strong variations in Fd among trees (Fig. III. 3.5, Fig. 

III. 3.6), both between and within species. In the pure plots of the non-irrigated block, birch had an 

average Fd (15.6 ± 6.8 kg dm-2 day-1) that was 59 % higher than for pine (9.8 ± 3.0 kg dm-2 day-1) (post-

hoc test for species effect in pure plots: p=0.04). This significant difference between species in non-

irrigated pure plots remained true and in the same magnitude order for the other treatment combinations 

(Fig. III. 3.6b, Table III. 3.1). The intra-specific variation of sap flux density was higher for non-

irrigated birch trees than for the irrigated ones and for all pine trees (Fig. III. 3.6b). The coefficient of 

variation (CV) of the values in Fig. III. 3.6b for the non-irrigated birch trees (44 % and 38 % for pure 

and mixed plots respectively) was twice as high as the CV for irrigated birch trees (18 % and 21 % for 

pure and mixed plots respectively). For pine, the CV ranged from 19 % (irrigated pure) to 30 % (non-

irrigated pure).  

Mixture effects: There were no significant differences in Fd between pure and mixed plots for either 

species in the non-irrigated block (p = 0.64, Table III. 3.1).  

In the irrigated block, however, the mixture effect was significant (p<0.001, Table III. 3.1): birch Fd 

was on average 27 % higher in the pure plot (19.5 ± 3.4 kg dm-2 day-1) than in the mixed plot (15.3 ± 

3.2 kg dm-2 day-1) (Fig. III. 3.6b). For pine, there was no mixture effect in the irrigated block (p=0.26).  
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Irrigation effect: For this subset of days, in the absence of water stress, there were no significant 

differences in Fd between irrigated and non-irrigated plots, either for pure birch plots (p=0.17) or pure 

pine plots (p=0.86). 

 

 

Table III. 3.1 Linear mixed model results for Species and Mixture effects on Fd during the May-June period (see 

Fig. III. 3.6 for post-hoc test results). 

Predictors 
Non-irrigated   Irrigated 

F(df) p-value  F(df) p-value 

Species (SP) 4.9 (1;18) 0.04  105.3 (1;20) <0.001 

Mixture (M) 0.2 (1;18) 0.64  19.9 (1;20) <0.001 

SP x M 0.1 (1;18) 0.75   6.1 (1;20) 0.02 
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Fig. III. 3.5 Seasonal dynamics of daily sap flux density (Fd) averaged per plot and species in the two different blocks (left axis), with Rain and PET (right axis). The grey bars 

correspond to daily Rain and the grey dashed line corresponds to the daily PET. Gaps in Fd correspond to periods where there were interruptions in the power supply of the 

sensors.  
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Fig. III. 3.6 Daily sap flux density (Fd) during the May-June period for days without rainfall and no missing data (total of 19 days analyzed). (a) Daily sap flux density data 

for each measured tree (left axis), with Rain and PET (right axis). The grey bars correspond to daily Rain and the grey dashed line corresponds to the daily PET. (b) Averaged 

data over spring days without rain. The letters represent results for each block of post-hoc tests after linear mixed model testing for species and mixture effects. See Table III. 

3.1 for linear mixed model results.
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3.3.2.2. Influence of drought on sap flux density  

Over the course of both dry spells, we observed a strong decrease in Fd for the trees of both species in 

the non-irrigated block (Fig. III. 3.5).  

In the irrigated block, the decrease was delayed and much less pronounced than in the non-irrigated one 

(Fig. III. 3.5). To analyze these patterns in more details (see below), I used Fd loss (Fig. III. 3.7) which 

is the percentage loss in Fd for a given tree relatively to Fd potential (calculated to eliminate the effect of 

the decrease in Rg after the 21st of June on seasonal variations in sap flow density, see section 3.2.3.4). 

Non-irrigated block: In the non-irrigated block, Fd loss at the end of the first drought spell (July 24th) was 

on average the same for both species, and the same for the pure or the mixed plots for each species 

(Table III. 3.2, Fig. III. 3.8a). The average Fd loss per plot and species ranged between 86 % and 93 % 

(Fig. III. 3.8a), meaning that they had reached sap flux densities close to zero. Moreover, the breakpoint 

date of Fd loss was similar for all the treatments (Fig. III. 3.9). The breakpoint date estimated from wSWC 

was DOY 181 (June 30th, 2019), which corresponded to an average SWC of 12 % at 25 cm, 6 % at 45 

cm, 10 % at 70 cm (wSWC of 10 m) (Fig. III. 3.3). The slope of Fd loss after the breakpoint date was 

significantly steeper for pine trees in mixed plots compared to pine trees in pure plots and to birch (Fig. 

III. 3.9), indicating a faster rate of Fd loss for these trees.  

During the precipitation events at the beginning of August, Fd loss was smaller for birch than for pine 

(Table III. 3.2, Fig. III. 3.8b): birch then showed a better resilience than pine and was closer to the Fd 

potential after the rain events. The response of the non-irrigated plots to the second dry spell was similar to 

the first one and both species in pure and mixed plots reached on average 93 % of Fd loss on September 

20th (Table III. 3.2, Fig. III. 3.8c).  

Irrigated block: At all three dates selected to analyze these effects, there was a strong irrigation effect 

on Fd loss, with smaller loss in sap flow density in the irrigated block (Table III. 3.2, Fig. III. 3.8). This 

was probably due to the daily input of irrigation water and the resulting potentially higher soil water 

content (unfortunately not measured in the irrigated blocks). Moreover, the breakpoint date of drought 

response came later and the slope of Fd loss was more gradual in irrigated plots (Fig. III. 3.10). Seasonal 

dynamics in Fd were more contrasted across species and pure or mixed plots than in the non-irrigated 

block. At the end of the first drought episode (July 24th), there was a significant mixture effect on birch 

Fd loss while pine did not differ between pure and mixed plots. Birch Fd loss was higher for pure birch trees 

than mixed birch trees (Table III. 3.2, Fig. III. 3.8a). Similarly, pure birch trees were the ones with the 

earliest breakpoint date and the steepest slope of Fd loss within the irrigated block (Fig. III. 3.10). During 

the precipitation events at the beginning of August, Fd loss of all trees went back to an Fd loss around 0 %, 

which meant that Fd could reach Fd potential (Table III. 3.2, Fig. III. 3.8b). The response of the irrigated 

plots to the second dry spell was slightly different from the first one, with a lower Fd loss for pine trees 
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and an increased Fd loss for birch trees in the mixed plot. However, birch trees in the pure plot remained 

the one with the highest Fd loss on September 20th (Table III. 3.2, Fig. III. 3.8c).  

 

 

 

Fig. III. 3.7 Seasonal dynamics of the average Fd loss by species and plot composition during the summer of 2019 

(left axis), with Rain and PET (right axis). The grey bars correspond to daily Rain and the grey dashed line 

corresponds to the daily PET. The black arrows represent the three dates used to analyze the response to drought 

in Fig. III. 3.8 (July 24th, August 4th and September 20th).  
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Fig. III. 3.8 Average Fd loss by species and plot composition for (a) the end of the first dry spell (day of year (DOY) 

205, July 24th), (b) the middle of a rainy episode after the first dry spell (DOY 216, August 4th) and (c) the end of 

the second dry spell (DOY 263, September 20th). The letters represent the results of post-hoc tests after the linear 

mixed models. See Table III. 3.2 for linear model results.  
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Table III. 3.2 Linear model p-values for Irrigation, Species and Mixture effects on Fd at three dates: (i) the end of 

the first dry spell (day of year (DOY) 205, July 24th), (ii) the middle of a rainy episode after the first dry spell 

(DOY 216, August 4th) and (iii) the end of the second dry spell (DOY 263, September 20th). See Fig. III. 3.8 for 

post-hoc test results. 

Predictors DOY 205 DOY 216 DOY 263 

Irrigation (I) <0.001 <0.001 <0.001 

Species (SP) 0.23 <0.001 0.79 

Mixture (M) 0.26 0.86 0.65 

I x SP <0.001 <0.001 <0.001 

I x M <0.001 <0.01 0.01 

SP x M 0.56 0.66 0.68 

I x SP x M <0.001 0.07 0.17 
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Fig. III. 3.9 Breakpoint dates (a) and slopes (b) of drought response, modelled with wSWC variations but back 

transformed to dates, during the first dry spell in the non-irrigated block. The points in the background represent 

individual tree values. Large symbols represent the average values, and error bars represent standard deviations. 

The text in both panels are the results of linear models testing for species and mixture effects on the breakpoint 

date and the slope respectively. The letters represent the results of post-hoc tests. 

 

Fig. III. 3.10 Breakpoint dates (a) and slopes (b) of drought response, modelled with “Date”, during the first dry 

spell in both blocks. The points in the background represent individual tree values. Large symbols represent the 

average values, and error bars represent standard deviations. The text in the left-side panels are the results of linear 

models testing for irrigation, species and mixture effects on the breakpoint date and the slope respectively. The 

letters represent the results of post-hoc tests.  
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3.3.3. Plot-level transpiration 

3.3.3.1. Plot transpiration in the May-June period 

Non-irrigated block: On days without rain, the average plot transpiration (Tplot) in the non-irrigated block 

was 1.0 ± 0.2 mm day-1 in the pure birch plot, 3.2 ± 0.5 mm day-1 in the pure pine plot, and 2.7 ± 0.4 mm 

day-1 in the mixed plot (Fig. III. 3.11, Fig. III. 3.13a). The mixture plot then had intermediate Tplot 

compared to the pure birch and pure pine plots. Note that the variability given here represents the 

variability among sunny days in the May-June period, and it is therefore a variability due to climatic 

conditions. The statistical tests presented in the figures represent tests on this variability, as there were 

no repetitions of measures in other blocks.  

In the non-irrigated block, using the method with BApred for net biodiversity effects (NBE) calculations 

on Tplot, the daily Tplot in mixed plots was higher than the predicted value from the pure plots. This result 

showed that the mixed plot transpired more than what could be expected from pure plots (Fig. III. 

3.12a). The difference between observed and predicted values for each day yielded significant positive 

NBE on transpiration (Fig. III. 3.13b). At the species level, the effect was explained by a higher 

transpiration for pine than expected, while birch had a lower transpiration than expected (Fig. III. 3.12b, 

Fig. III. 3.13a). However, this positive NBE effect was mainly due to mixture effects on plot BA (Fig. 

III. 3.2). Indeed, as demonstrated by the second method of calculation of NBE, with BAmixed, we 

observed that the daily Tplot in the non-irrigated mixed plot was identical to what could be expected from 

the weighted average of the pure plots (Fig. III. 3.14a), with NBE not significantly different from zero 

(Fig. III. 3.15b).  

Irrigated block: Compared to the non-irrigated block, daily Tplot in the irrigated block was higher for 

both pure plots, with an average of 2.3 ± 0.4 mm day-1 in the pure birch plot and 3.8 ± 0.6 mm day-1 in 

the pure pine plot (Fig. III. 3.11). In contrast, daily Tplot of the mixed plot in the irrigated block was 

similar than Tplot in the non-irrigated block, with an average of 2.7 ± 0.4 mm day-1. The mixture plot had 

an intermediate Tplot compared to that of the pure birch and pure pine plots. 

Contrary to the non-irrigated block, the observed transpiration in the mixed stand was lower than 

expected, independently of the method used to obtain the predicted values (Fig. III. 3.12, Fig. III. 3.14). 

There was a significantly negative NBE (Fig. III. 3.13b, Fig. III. 3.15b), indicating that the observed 

mixed plot transpired less than what could be expected from the respective pure plots. However, 

depending on the method, it originated from a different combination of effects at the species level. When 

testing with the BApred method, the effect was explained by a lower transpiration for birch than expected, 

while pine had a higher transpiration than expected but in a smaller degree (Fig. III. 3.12b, Fig. III. 

3.13a). Contrarily, when testing with the BAmixed method, it originated from a slightly lower transpiration 

rate than expected for both studied species (Fig. III. 3.14b, Fig. III. 3.15a). 
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3.3.3.2. Influence of drought on plot transpiration  

I focused the analysis on the first drought episode of July to avoid the confounding factors of decreasing 

PET for the drought spell at the end of the summer. During this drought episode, I observed a strong 

effect of water stress on Tplot in the non-irrigated block, while Tplot remained high for a longer period in 

the irrigated block (Fig. III. 3.11). 

In the non-irrigated block, the pure pine plot lost a similar proportion of Tplot (81 %) than the pure birch 

plot (78 %) between the spring and drought episode average values, while the mixed plot lost a slightly 

higher proportion (89 %) (Fig. III. 3.13). On the other hand, in the irrigated block, the only significant 

loss in transpiration due to the drought episode compared to the spring was in the pure birch plot (35 %).  

Mixture effects were reversed during the dry spell compared to the effects in the absence of soil water 

limitations. In the non-irrigated mixed plot, the NBE shifted from positive to negative with BApred (Fig. 

III. 3.13bd) (respectively, from neutral to negative with BAmixed, Fig. III. 3.15bd), while in the irrigated 

plot they shifted from negative to positive with BApred (Fig. III. 3.13bd) (respectively from negative to 

neutral with BAmixed, Fig. III. 3.15bd).  
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Fig. III. 3.11 Plot-level transpiration (Tplot) for each plot composition and irrigation treatment, with PET (left axis) 

and Rain (right axis). The grey bars correspond to daily Rain values and the grey dashed line corresponds to the 

daily PET.  
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Fig. III. 3.12 Mixed plot observed and predicted Tmixed using BApred, represented by plot (a) and by species (b), 

with PET (left axis) and Rain (right axis). The grey bars correspond to daily Rain values and the grey dashed line 

corresponds to the daily PET. 
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Fig. III. 3.13 Average Tplot for each observed plot composition and for the predicted mixed plots (using BApred), 

with species contribution represented separately, during the May-June period (a) and the first dry spell (c) and 

respectively NBE on transpiration during the May-June period (b) and the first dry spell (d). The error bars 

represent the variability of the values over the period of days kept for the analysis: 20 days for the May-June period 

(DOY between 123-183, days without rain only and with no missing data), 9 days for the first dry spell (DOY 

between 196-205 and with no missing data).  
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Fig. III. 3.14 Mixed plot observed and predicted Tmixed using BAmixed, represented by plot (a) and by species (b), 

with PET (left axis) and Rain (right axis). The grey bars correspond to daily Rain values and the grey dashed line 

corresponds to the daily PET. 
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Fig. III. 3.15 Average Tplot for each observed plot composition and for the predicted mixed plots (using BAmixed), 

with species contribution represented separately, during the May-June period (a) and the first dry spell (c) and 

respectively NBE on transpiration during the May-June period (b) and the first dry spell (d). The error bars 

represent the variability of the values over the period of days kept for the analysis: 20 days for the May-June period 

(DOY between 123-183, days without rain only and with no missing data), 9 days for the first dry spell (DOY 

between 196-205 and with no missing data). Note: the only difference with Fig. III. 3.13 in panels (a) and (c) are 

the values for “Mixed pred.” 
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3.4. Discussion 

3.4.1. Daily sap flux density at the tree level 

3.4.1.1. Sap flux density in the May-June period 

Inter- and intra-specific differences in Fd  

The average Fd was of 15.6 ± 6.8 for birch and 9.8 ± 3.0 kg dm-2 day-1 for pine under non-limiting soil 

water conditions (Fig. III. 3.6b). Most studies on tree sap flow refer to sap flux density data per hour, 

so I could not directly compare my daily results with those. I found daily sums of sap flux density only 

in the following two examples. Magh et al. (2019) found an Fd of ~23 kg dm-2 day-1 for beech and ~15 

kg dm-2 day-1 for fir on sunny days in May 2016 for a temperate forest in Southwest Germany. Moore et 

al. (2011) found an average Fd of ~35 kg dm-2 day-1 for red alder and ~20 kg dm-2 day-1 for Douglas-fir 

on sunny days in May 2001 in a young plantation in North-western USA. Loustau et al. (1998) and 

Delzon and Loustau (2005) provided detailed hourly sap flux measurements for young maritime pines 

for sunny days in the spring. These experiments were performed in plantations in the same region as our 

experiment. Based on these data, I estimated a daily sap flux density of about 10-20 kg dm-2 day-1. The 

Fd for birch and pine found in our experiment were then in the lower range compared to these studies. 

These studies differ by a large range of factors (species, climate, management, stand age…) which all 

may contribute to explain these differences. Yet, Delzon and Loustau (2005) found no age-specific 

trends for Fd in maritime pine. These low Fd values might rather be related to the high density of the 

plantation, which could result in lower Fd than at lower densities (Gebhardt et al. 2014).  

In our study, sap flux density was 59 % higher for birch than for pine in the pure non-irrigated plots, 

indicating species-specific differences in functioning (Fig. III. 3.6). In the previously cited examples 

(Moore et al. 2011; Magh et al. 2019), the sap flux density was always higher for the broadleaved species 

than for the coniferous species. This is in accordance with previous results which showed that sap flux 

density is usually lower in conifers than in broadleaves (Catovsky et al. 2002; Gartner et al. 2009). The 

origin of this difference is probably the intrinsic difference in the xylem water transport system among 

these species, with tracheids in conifers that leads to a lower capacity to transport water than vessels in 

broadleaves (Meinzer et al. 2005). Comparing this result with the maximum hydraulic conductivity for 

pine and birch might help confirm this hypothesis (see Appendix III.A, p. 275). The differences 

between these two species in water transport systems and functioning could lead to potential differences 

in the response to drought and to potential mixture effects. It is interesting to note that this species effect 

was significant despite a high intraspecific variability among trees. Species differences also prevailed in 

mixed plots and in the irrigated block in pure and mixed plots. 

For birch, intra-specific variations in Fd were about twice as high in the non-irrigated block than in the 

irrigated block in both pure and mixed plots (Fig. III. 3.6b). This difference could not be the result of 
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different light availability among trees since the effect was the same in mixed plots where birch trees 

were more dominated due to taller pine trees surrounding them (Fig. III. 3.1b). It could not be either a 

result of genetic differences among trees between the non-irrigated and the irrigated block, because all 

planted trees came from the same nursery. I hypothesized that it might be a result of more frequent 

embolism events in the previous years which could have led to this variability in the non-irrigated block 

(Schenk et al. 2013). Meanwhile, the birch trees in the irrigated block were not as exposed to summer 

droughts and therefore less likely to be exposed to climatic conditions which could lead to embolism. 

On the other hand, the intra-specific variability of pine was the same in all the treatments. Birch might 

be more sensitive to cavitation than pine (Choat et al. 2012) (see Appendix III.A, p. 275), which could 

have led to this variability in Fd in the non-irrigated block.  

Mixture effect on Fd 

In the non-irrigated block, in accordance with my initial hypothesis, there were no mixture effects on Fd 

during the May-June period for birch and pine (Fig. III. 3.6b). Forrester (2015) and Magh et al. (2019) 

reported a higher Fd in mixed plots for at least one species out of two, which they explained by 

physiological adaptations to a less competitive environment. On the other hand, Grossiord et al. (2014b) 

reported higher Fd in pure plots for Quercus cerris while the other species showed no mixture effects in 

the absence of water stress. They explained this effect with a higher belowground competition for 

belowground resources for Quercus cerris in mixed stands. Moreover, a large number of studies found 

an absence of mixture effects on sap flux density in non-limiting soil water conditions (Jonard et al. 

2011; Moore et al. 2011; Kunert et al. 2012; Grossiord et al. 2013a), and the results from this study at 

ORPHEE follow this trend. In our study, the absence of a significant mixture effect can be explained (i) 

by the large variability in Fd within the different plots (pure and mixed ones) which could hide a smaller 

mixture effect for which our sample size was not enough to detect, or (ii) by the fact that during this 

time of the year, aboveground and belowground resources are not limited and therefore potential 

complementarity in water or nutrient do not impact tree water flux.  

In the irrigated block, surprisingly, while pine showed no mixture effects, birch trees in the pure plot 

had 27 % higher Fd than in the mixed plot (Fig. III. 3.6b). The irrigated pure birch plot was also higher 

on average than both pure and mixed plots in the non-irrigated block, although this difference was not 

significant because of the between-tree variability in the non-irrigated plots. This effect was not expected 

and could be explained by a higher competitive environment either for water or light for birch in the 

mixed irrigated plot. Grossiord et al. (2014b) reported a detrimental effect of interspecific competition 

for water resources on Quercus cerris when mixed with another oak species. Here, however, we did not 

see the same effect in the non-irrigated block, indicating that the effect is not directly related to water 

availability. It might rather be an indirect effect of irrigation on birch leaf area. Indeed, changes in crown 

in leaf area index (LAI) can affect Fd, with higher values for higher LAI (Oren et al. 1999). Colleagues 

from the ANR Dipticc project collected LAI data in 2019 at ORPHEE (Fig. III.S 3.2). The data for the 
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plots we monitored show that irrigation had a high impact on the LAI in pure birch plots, with an increase 

from 2.0 to 4.0 m2 m-2 between the non-irrigated and the irrigated pure plots (Fig. III.S 3.2). In mixed 

plots however, the irrigation effect on birch growth and LAI was much lower, because of the competition 

for light with pine. Therefore, the higher Fd values in the pure birch plot could be the result of this 

increase in LAI, while birch in the mixed plot could not benefit in the same way because of the 

competition with pine.  

Irrigation effect 

In accordance with my initial hypothesis, there were no significant irrigation effects on sap flux density 

(Fd) during the May-June period. However, as described in the previous paragraphs, irrigation did have 

indirect effects on birch, with a higher variability in Fd in the non-irrigated plots than in the irrigated 

ones and a higher Fd in the pure birch irrigated plot than in the mixed one. During this time of the year 

when water resources were not limiting, the Fd of all the trees was close to its maximum with or without 

irrigation inputs, which is why the general absence of irrigation effects was not surprising. The indirect 

effects of irrigation on birch are probably the consequence of the response of the irrigated trees to moister 

soil water conditions during the four previous years, with a long-term positive impact of irrigation on 

tree growth (Fig. III. 3.1) and LAI (Fig. III.S 3.2). However, at the tree level, there was no relationship 

between Fd and DBH (data not shown) and Fd is the ratio of kg of water per sapwood area: there would 

be therefore no reason to expect an irrigation effect on Fd. The positive irrigation effect on tree growth, 

and therefore on sapwood area, might however affect the results at the plot level (plot transpiration), 

which I will discuss in section 3.4.2. For pine, the physiological and morphological responses of the 

trees to the irrigated treatment did not influence their baseline sap flux density on sunny days, which 

appeared as a relatively stable functional trait in the absence of water stress. 

Take-home message 

During the May-June period, in non-limiting soil water conditions, we found strong differences in 

species sap flux density (Fd) and a high tree-to-tree variability for birch in non-irrigated plots. There was 

an overall absence of mixture effects on Fd, except for birch trees in the irrigated block. Irrigation did 

not significantly influence Fd of pine or birch.  

 

3.4.1.2. Influence of drought on sap flux density  

Non-irrigated block 

Species effect 

For all trees, the response of Fd to drought was strong and highly synchronized across species and plots. 

The breakpoint date indicating the start of a decline in Fd was on average at DOY 181 (June 30th, 2019) 
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(Fig. III. 3.9), which corresponded to a SWC of 12 % at 25 cm, 6 % at 45 cm, 10 % at 70 cm. In a Scot’s 

pine stand it was found that transpiration was strongly restricted below a SWC of 12 % (Irvine et al. 

1998). These thresholds are probably different for maritime pine and birch, but it is interesting to note 

that transpiration can be maintained for Scot’s pine at much lower thresholds of SWC thanks to the 

presence of a water table and to the capillary rise of water above the limit of the water table (Vincke and 

Thiry 2008). The water table in our study probably played an important role in maintaining a minimum 

level of sap flow, even when the upper soil layers reached very low SWC at the peak of the drought.  

On July 24th, at the end of the first drought period, Fd loss was on average 90 % across plots (Fig. III. 3.7, 

Fig. III. 3.8a). This meant that, compared to the potential Fd that could have been realized in this period 

in the absence of water stress (Fd potential, Fig. III. 3.4), only 10 % of Fd was realized. Since I used a 

standardization approach with PET to calculate Fd loss, this decrease was not due to the seasonal decrease 

in PET due to a decrease of global radiation and day length. This loss was therefore mainly due to the 

response of trees to drought and therefore to strong stomatal closure (Bréda et al. 2006). Such a strong 

stomatal regulation in response to soil water deficit has been previously reported for birch (Gartner et 

al. 2009; Sellin et al. 2014) and pine (Delzon et al. 2004a). However, we cannot totally exclude a loss 

of Fd due to high VPD effects on stomatal closure (independently of soil drought). To detect these fine 

VPD effects, I could have used hourly Fd variations to detect patterns of stomatal regulation around 

midday on days with high VPD values. Gartner et al. (2009) or Sullivan et al. (2021) also used these 

diurnal variations to detect species-specific patterns to drought response as the drought stress progressed. 

However, I did not have the time to do this during my PhD, but it would be an interesting perspective. 

Finally, a high loss of Fd in response to drought could also be the result of reduced transpiring leaf area 

due to leaf shedding (Bréda et al. 2006). At ORPHEE, leaf discoloration and loss were reported for birch 

between July 19th and 30th 2019 in the non-irrigated block (data not shown for leaf discoloration, see 

Appendix A, p. 321 for leaf loss). The fact that birch trees in both pure and mixed plots of the non-

irrigated block never go back to a Fd loss of zero, while pine does in mid-August (Fig. III. 3.7), shows 

that this leaf loss probably played a role in the regulation of transpiration for birch. 

The percentage of loss I observed for birch and pine was surprisingly high compared to previously 

reported reductions in Fd with drought. For example, Gutierrez Lopez et al. (2021) reported a loss of 

30 % in tree transpiration during the severe summer drought of 2018 in boreal forests. In Mediterranean 

forests, Grossiord et al. (2014b) reported a loss of 56 % for Quercus cerris at the maximum of the 

drought while in Grossiord et al. (2015), the mean decrease in sap flux density ranged from 30 % for 

Quercus faginea to 85 % for Pinus sylvestris. Of course, these experiments were conducted in different 

environmental conditions and with different species, so these comparisons are limited. In a site similar 

to ours, Delzon and Loustau (2005) reported transpiration losses of about 50-60 % (Note that I estimated 

this loss from the figures provided in these papers, on days with high VPD values and no rain) for 

maritime pine at the end of a dry period compared to spring levels for two consecutive years (2001 and 
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2002). These examples illustrate how sensitive the 12-year-old trees at ORPHEE are to drought and how 

severe soil drought was in this plantation during the summer 2019. 

The similarity in Fd loss between species in pure plots was surprising. We expected species-specific 

responses to drought in terms of sap flux density (Gutierrez Lopez et al. 2021). Birch is indeed 

considered much less drought tolerant than maritime pine (Niinemets and Valladares 2006; Andivia et 

al. 2020) and is supposed to be more sensitive to cavitation (Choat et al. 2012) (also, see Appendix 

III.A, p. 275). I thus expected a greater decrease in Fd for birch than pine trees. On the other hand, both 

species have a similar drought avoidance strategy, as isohydric species. The synchronization in the 

response of Fd loss could therefore indicate a similar stomatal regulation in response to water deficit for 

both species. This is consistent with the results from Gartner et al. (2009) who studied the drought 

response of spruce and birch in Austria during the extreme drought of 2003. They reported that the 

drought response started at the same time for both species, at a critical soil water content. In our study, 

the similarity in drought sensitivity between the species could also be due to an age effect: these species 

might have a similar sensitivity to drought in their young stages only, while it would be different between 

older trees. Delzon et al. (2005) reported that maritime pine can be more sensitive to drought in young 

stands than older stands. This potential ontogenic change in drought tolerance could differ between birch 

and pine. For example, Zang et al. (2014) noted that resistance to drought, in terms of tree ring growth, 

was lower for older beech trees than for younger ones, while it did not change with age for spruce and 

fir. 

Mixture effect  

We did not find strong mixture effects on Fd loss at the end of the drought and on the dynamics of Fd loss, 

contrary to my expectations (Fig. III. 3.8, Fig. III. 3.9). Even though pine trees in mixed stand reached 

the same total loss of Fd by the end of the dry spell, we found a small mixture effect on pine drought 

response: pines in the mixed plot showed a steeper slope of Fd loss than pines in the pure plots (Fig. III. 

3.9). The absence of a strong mixture effect on drought response was surprising because we expected a 

higher total water use in the stands with pine that could lead to a faster and higher total loss of water. I 

did not observe this potential pattern. The reasons for this lack of difference among treatments might be 

a combination of processes in each plot acting in opposite ways: (i) the rate of soil water depletion due 

to the total plot transpiration and to water uptake depths, (ii) species-specific drought tolerances, and 

(iii) mixture effects on the canopy structure that could lead to different microclimatic conditions. As a 

result, a different combination of these factors in each plot could lead to an overall similar response to 

drought: a faster depletion of soil water in pure pine but with more drought tolerant trees, a slower 

depletion of soil water in pure birch but with more drought sensitive trees, and an intermediate situation 

in the mixed plot. In the mixed plot birch might have less water in than in pure ones because of the 

presence of pine, but birch crowns are also more protected among pines in mixed plots and might have 

a delayed response to drought. On the other hand, pines in mixed plots might have more water than in 



Chapitre III 

 

184 

 

pure plots with the presence of smaller birch trees that use less water, but their crowns might be more 

exposed to light leading to stronger stomatal regulation. Indeed, pine trees were taller than birch in the 

non-irrigated block (Fig. III. 3.1) and might have had a higher crown exposure to high temperatures, Rg 

and VPD than in pure plots, leading to an stronger stomatal closure (Grossiord 2019). In the same line 

of thought, the faster drought response of pine in mixed plots could be due to this microclimatic effect 

on pine crowns, with a faster stomatal regulation. A similar mechanism has been suggested by Forrester 

(2015) to explain higher Fd for Eucalyptus globulus when mixed with Acacia mearnsii. Furthermore, 

Jonard et al. (2011) pointed out that the sensitivity of Fd to VPD seemed to be dependent on crown 

exposure to atmospheric conditions which varied according to the competition level encountered by the 

different species by stand type populations. Other experiments may help us understand this homogeneity 

in the drought response among species and plot composition: during my PhD, I also measured the 

response to drought using wood δ13C and estimated water uptake depths during drought. Both 

measurements will help me to interpret these effects in a broader view (see section 6: general discussion 

of this chapter). 

Resilience after a drought event 

After July’s rain events, we observed an increase in Fd for trees of both species and both in pure and 

mixed plots (Fig. III. 3.5). However, the level of this increase differed between species. Birch had a 

stronger resilience (i.e., capacity to reach pre-drought Fd levels) as it had lower Fd loss than pine in pure 

plots after the first drought episode (Fig. III. 3.8b). The same species difference was observed in the 

mixed plots. This could be the result of potential differences in fine root vertical distribution at that time 

of the year and in water uptake depths between the species. If birch trees had a higher proportion of 

water uptake near the surface than pine, it could make them able to take better advantage of recent 

precipitation events. A premature leaf fall during the drought spell could also explain a lower resilience 

after a drought event (Bréda et al. 2006). However, in our case, we observed a stronger leaf fall for birch 

than pine in July 2019 (pers. comm.: data obtained from field observations and PAR sensors, see 

Appendix A, p. 321), which cannot explain the lower resilience for pine. Moreover, I can see that this 

weaker resilience for pine is temporary as pine reaches similar values of Fd loss by the middle of August 

(Fig. III. 3.7). Little is known about potential species and mixture effects on the resilience after drought 

events at this short time scale. In the literature, the question of resilience in mixed forests has rather been 

observed through annual growth trends before and after drought events (Pardos et al. 2021).  

Irrigated block 

As expected, the irrigation treatment significantly relieved the water limitations during the summer, but 

the daily additional volume was not enough to exclude water deficit completely. This can be seen by the 

decrease in Fd at the end of July (Fig. III. 3.5, Fig. III. 3.7). The input of around 3 mm of water day-1 
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by irrigation clearly delayed the beginning of the loss in Fd by about 10 days (Fig. III. 3.10a) and 

strongly reduced the speed of the decrease (Fig. III. 3.10b).  

However, this impact differed between species and mixture treatments. For birch, the difference between 

pure mixed plots for Fd loss was surprising as pure plots had a more important total loss and a faster loss 

than mixed birch (Fig. III. 3.8, Fig. III. 3.10). I had expected that birch would have a higher loss in 

mixed stand due to higher basal area in the plots with pine (Fig. III. 3.2) which could mean a higher 

total water use. I hypothesized that this higher loss in pure plots could be an indirect effect of the 

irrigation coupled to the openness of pure birch plots resulting in a higher understory vegetation biomass. 

However, Altinalmazis-Kondylis et al. (2020) showed that the proportion of fine root biomass of the 

understory compared to birch and/or pine trees was similar among the different plots at ORPHEE. 

Another hypothesis is that the effective irrigation input was lower for pure birch because of the openness 

of the canopy which allowed for more evaporation of the irrigation water during the day. These are just 

hypotheses, as I was not able to precisely measure these local microclimate conditions. For pine, there 

was no difference between pure and mixed plots and Fd loss was intermediate between pure birch and 

mixed birch (Fig. III. 3.8). This was different from what I observed in the non-irrigated block as we did 

not observe a faster loss for pine in the mixed plot, this could be because of a denser canopy than in the 

non-irrigated mixed plot (higher LAI, Fig. III.S 3.2) that prevented us from seeing a similar 

microclimatic effect on pine crowns.  

Take-home message 

During summer drought, we observed a strong loss of sap flux density (Fd) that was highly synchronized 

across species and plot composition in the non-irrigated block, contrary to our expectations. However, 

pine trees in mixed plots had a slightly faster loss of Fd than in pure plots which could be explained by 

modifications of the canopy structure in mixed plots.  

The drought effects on Fd in the irrigated block was delayed and much less important. In this block, 

there was no mixture effect on pine, and a strong mixture effect on birch drought response. Birch trees 

in pure plots had a much stronger Fd loss than the ones in the mixed plot. This could be the result of a 

lower effective input of irrigation due to the openness of the canopy in the birch pure plot. 
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3.4.2. Plot-level transpiration 

3.4.2.1. Basal area of the plots in 2019 

As presented in the description of the experimental design (section 3.2.1.1), there were strong 

differences in plot basal area (BA) among the different plot compositions (Fig. III. 3.2). In the non-

irrigated block, in pure plots, pine had a plot BA more than three times higher than birch, and the mixed 

plot had an intermediate value close to the pine plot. The same difference among plot compositions was 

found in the irrigated block. Irrigation resulted in higher BA values for all plots than in the non-irrigated 

ones, although the increase was small for the mixed plot. This increase in BA is the result of the irrigation 

effect on individual tree growth (Fig. III. 3.1). The transpiration data that we will discuss in the 

following paragraphs is dependent on both on these results on BA and on the results for Fd that we 

discussed in the previous section (3.4.1).  

3.4.2.2. Plot transpiration in the May-June period 

Non-irrigated block 

Species effect 

On days without rain, the average plot transpiration (Tplot) in the non-irrigated block was 1.0 ± 0.2 mm 

day-1 in the pure birch plot, 3.2 ± 0.5 mm day-1 in the pure pine plot, and 2.7 ± 0.4 mm day-1 in the mixed 

plot (Fig. III. 3.11, Fig. III. 3.13a). Plot transpiration for pine was close, but still inferior, to PET at this 

site (Fig. III. 3.11). These values were within the range of expected plot transpiration, which can range 

between 0.5 to 4 mm day-1 on a sunny day in the absence of water stress depending on the forest type, 

age and stand density (see for example: Kunert et al. 2012; Gebauer et al. 2012; Grossiord et al. 2013). 

Grossiord et al. (2013a) reported similar Tplot values for a pure birch stand (1.7 mm day-1) in a 12-year-

old boreal plantation. Delzon and Loustau (2005) found values that ranged around 3.0 mm day-1 on 

sunny days of a wet year for a 10 year-old pure maritime pine plantation also located in Southwest 

France. Despite the higher Fd we found for birch than for pine, plot transpiration in pure birch plots was 

much lower than in pure pine plots (Fig. III. 3.11), due to lower basal area of birch trees (Fig. III. 3.2). 

Mixture effect 

In absolute values, the mixed plot had intermediate Tplot compared to the pure birch and pure pine plots 

(Fig. III. 3.11, Fig. III. 3.13a). However, the difference between observed and predicted values (with 

the net biodiversity effect calculated with BApred.,) yielded a significant positive NBE on transpiration 

(Fig. III. 3.13b), meaning that the mixed plot transpired more than what could be expected from pure 

plots (Fig. III. 3.12a). A higher plot transpiration in mixed stands has been reported in various types of 

forests: in a temperate old-growth forest (Gebauer et al. 2012), in a Eucalyptus-Acacia plantation in 

Australia (Forrester et al. 2010; Forrester 2015) and in a tropical plantation (Kunert et al. 2012). In these 

studies, they found values in mixed stands that were higher than all monocultures (i.e., for growth it 
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would be called “transgressive overyielding”), while in our study the mixed stand was intermediate to 

monocultures but higher than the expected average (i.e., “overyielding”). A higher transpiration in 

mixed stands can result in a higher productivity in the absence of water stress, but might be detrimental 

during droughts, making the trees in mixed stands more susceptible to drought. 

Since there were no mixture effects on Fd, and that when using BAmixed the NBE was equal to zero (Fig. 

III. 3.15b), this initial positive NBE was only due to mixture effects on plot BA. In other words, higher 

plot-level transpiration in the mixed plot simply reflected the larger mean diameter of pine in the mixed 

plot as compared to the pure one, which is consistent with my initial hypothesis and with the findings 

of Forrester (2015). Indeed, only pine benefited from the mixture in terms of basal area, while it was not 

the case for birch. This might be due to a competitive reduction in aboveground competition for pine in 

mixtures at the expense of birch (see Chapter II). It was also previously reported that the relative 

contribution of each species to stand transpiration is driven largely by the proportion of species sapwood 

area rather than to species-specific differences in daily water use (Wullschleger et al. 2001; Jonard et al. 

2011).  

Irrigated block 

Irrigation effects on Tplot 

Compared to the non-irrigated block, daily Tplot in the irrigated block were higher for both pure plots, 

with an average of 2.3 ± 0.4 mm day-1 in the pure birch plot, 3.8 ± 0.6 mm day-1 in the pure pine plot and 

similar for the mixed plot with an average of 2.7 ± 0.4 mm day-1. Transpiration for the pure pine plot 

was almost equal to PET during the spring (Fig. III. 3.11). The increase in plot transpiration with the 

irrigation treatment was especially high for birch, with an increase of 130 % in daily transpiration while 

pine had an increase of 18 % only. The higher increase for birch indicated that birch was more limited 

by water availability than pine in the non-irrigated plots, as birch is less drought tolerant than pine 

(Niinemets and Valladares 2006; Andivia et al. 2020). For both species, the higher plot transpiration in 

pure plots of the irrigated block compared to the non-irrigated block was mainly a consequence of a 

long-term positive impact of irrigation on tree growth (Fig. III. 3.1) and LAI (Fig. III.S 3.2). The 

irrigation effect on growth resulted in a higher plot basal area (BA) in the irrigated block (Fig. III. 3.2): 

the irrigated pure birch plot had an 83 % higher BA than the non-irrigated one while pine had an 18 % 

increase in BA with irrigation in the pure plots. Indeed, irrigation is known to improve plant productivity 

if water is a limiting resource (e.g., Hubbard et al. 2010). For birch, the increase in BA (83 %) was not 

as strong as the increase in transpiration (130 %). This discrepancy might be due to an increase in leaf 

area proportionally bigger than the increase in productivity for birch. Indeed, birch trees in the non-

irrigated blocks, which are more exposed to drought, might have a reduced leaf area index due to drought 

effects from the previous year (Bréda et al. 2006), while this is not the case in the irrigated block. The 

rate of transpiration per day was similar in the mixed plots of both the non-irrigated and the irrigated 
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block due to a combination of slightly higher BA (Fig. III. 3.2) but slightly lower Fd (Fig. III. 3.6b) in 

the irrigated mixed plot compared to the non-irrigated one.  

Mixture effects in the irrigated block 

The mixture plot still had intermediate Tplot compared to that of the pure birch and pure pine plots (Fig. 

III. 3.11). However, contrary to the non-irrigated block, the observed transpiration in the mixed stand 

was lower than expected with both calculation methods (BApred. and BAmixed) (Fig. III. 3.12, Fig. III. 

3.14), with a negative NBE, indicating that the observed mixed plot transpired less than what could be 

from the respective pure plots. This is an interesting perspective compared to previous studies: 

modifying the water supply during several years influenced the overall mixture effect on plot 

transpiration. Therefore, when looking at the effect of species diversity on forest stand water use, in 

future studies it will be crucial to include a wider range of climatic conditions for the same type of 

species assemblages as advocated by Forrester (2015). 

The negative NBE was the consequence of mixture effects on both plot BA and species Fd. The 

difference between the observed and the predicted BA for the mixed stand was smaller than in the non-

irrigated block (Fig. III. 3.2): pine did not benefit from the mixture as much in the irrigated block (+34 % 

when comparing observed and predicted values) than in the non-irrigated block (+45 %) and birch had 

a bigger drop in BA compared to expected values in the irrigated block (-57 %) than in the non-irrigated 

block (-45 %). This explains in part the negative difference between observed and predicted Tplot for 

birch (Fig. III. 3.12b). The sum of these effects for both species results in a lower plot transpiration than 

expected (Fig. III. 3.12a). The fact that Tplot was not higher than expected in this irrigated block where 

mixture effect on BA were closer to neutral values is in accordance with the idea that Tplot usually only 

increases in the mixtures when growth also increases (Forrester 2015). The irrigation might have 

resulted in higher growth rates earlier in the developmental stages because of the irrigation treatment. 

Therefore, this may have resulted in a more closed canopy and a lower light availability in the irrigated 

mixed plot (Fig. III.S 3.2), which may have in turn limited the positive mixture effects in this plot in 

recent years compared to the non-irrigated block. The negative NBE was also likely due to the small 

differences in the average Fd, with lower values in the mixed plots than in the pure plots for birch (Fig. 

III. 3.6b) resulting in lower values in the observed mixed stands even when removing the mixture effect 

on BA (Fig. III. 3.14b). As discussed in section 3.4.1.1, this higher Fd in the pure birch plot could be 

due to a higher LAI (Fig. III.S 3.2). 

Potential mechanisms 

In both blocks, my analyses suggest that the observed NBE effects are the result of mixture effects on 

growth and on canopy structure rather than on belowground complementarities. I will further discuss 

this hypothesis in the general discussion of this PhD thesis. This is consistent with previous studies that 

reported mixture effect on canopy structure as potential mechanisms influencing on species and stand-
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level transpiration (Jonard et al. 2011; Forrester 2015). Crown exposure to atmospheric conditions might 

be modified in mixed stands (Baldocchi 2005). However, these effects may still vary with changes in 

environmental conditions and influence the response to drought. Because the non-irrigated mixed plot 

uses more water than expected from the pure plots we can expect that it might be more susceptible to 

droughts (Forrester 2015), which is the question we will explore in the following section.  

Take-home message 

In non-limiting soil water conditions in both blocks, the absolute values of plot transpiration (Tplot) for 

the mixed stand were intermediate to pure pine and birch plots. I found that the non-irrigated mixed plot 

used more water than expected from the pure plots, which I explained by a positive mixture effect on 

the basal area of pine in mixtures, but not by changes in sap flux density (Fd).  

In the irrigated block, I found the opposite effect, with a lower water use than expected from pure stands. 

This was mainly due to a smaller positive mixture effect on BA for pine and a stronger negative mixture 

effect on BA of birch. 

 

3.4.2.3. Influence of drought on plot transpiration 

Non-irrigated block 

During the drought episode of July, the strong decrease in Fd in the pure plots induced an 81 % and 78 % 

loss of transpiration, for pine and birch, respectively, while the mixed plot lost a slightly higher 

proportion (89 %) (Fig. III. 3.13a, c). Mixture effects were reversed during the dry spell compared to 

the effects in the absence of soil water limitations (Fig. III. 3.12a). The shift from positive to negative 

NBE in the non-irrigated mixed plot (Fig. III. 3.13d) during the dry spell indicated that the observed 

mixed plot transpired less than expected from the weighted average of the pure plots, contrarily to what 

was observed during the spring season. This is in accordance with my initial hypothesis: I expected that 

the NBE would shift from positive to neutral or negative due to a faster depletion of water resources in 

mixed stands. A similar shift has been observed by Magh et al. (2019) from a higher than expected 

transpiration in spring to a lower than expected transpiration during summer drought for beech when 

mixed with fir. Forrester et al. (2010) observed that eucalyptus trees transpired more in mixed stands 

than in monocultures for the total over the year, but during the dry season this effect was reversed with 

a sharper decrease in transpiration. Seasonal variability (intra-annual) of mixture effects has been 

observed in other studies (Schume et al. 2004; Kunert et al. 2012; Goisser et al. 2016). Consequently, 

studies that consider only a small portion of the growing season may not provide a good indication of 

the annual mixture effects. 

The shift from positive to negative NBE was a consequence of a faster loss of Fd for mixed pine trees 

than for pure pine trees (Fig. III. 3.9), which resulted in a faster loss than expected at the plot-level 
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transpiration for pine (Fig. III. 3.12b) that could also be observed when using BAmixed to calculate the 

predicted transpiration (Fig. III. 3.14b). I did not observe the same effect for birch, which indicated as 

mentioned before (section 3.4.1.2) that this was not the consequence of soil water conditions, but rather 

the consequence of aboveground mixture effects on tree crown exposure of pine. Moreover, Forrester 

(2015) suggests that, if there are belowground complementarities, transpiration rates could potentially 

be maintained longer in the mixed plots despite a higher water use. I will further discuss the relationship 

between the effect of crown exposure and transpiration in the general discussion of this chapter and of 

the thesis. 

Irrigated block 

As expected from Fd results, high plot transpiration rates were maintained longer in the irrigated block 

(Fig. III. 3.11). The only significant loss in transpiration due to the drought episode compared to the 

spring was in the pure birch plot (35 %). NBE shifted from negative to positive with BApred (Fig. III. 

3.12a, Fig. III. 3.13bd). This confirmed the variability of mixture effects observed in the non-irrigated 

block and emphasized the importance of comparing mixture effects in different climatic conditions 

(Forrester 2015). This shift from negative to neutral NBE in the irrigated mixed plot during the dry spell 

was a consequence of a faster loss of Fd for birch in the pure plot (Fig. III. 3.9, Fig. III. 3.12b) which, 

as discussed in section 3.4.1.2 might be due to a lower effective irrigation input.  

Take-home message 

During summer drought, we observed that the mixture effect could change compared to non-limiting 

soil water conditions. For the non-irrigated block, a positive net biodiversity effect (NBE) in the spring 

became negative and the opposite trend was found for the irrigated block. The shift from positive to a 

negative NBE in the non-irrigated plot was not due to a faster depletion of water resources in mixed 

stands, contrary to my initial hypothesis, but rather to a faster loss of sap flux density (Fd) for pine due 

to a higher crown exposure to radiation and temperatures than in pure plots.  
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3.5. Conclusion 

In conclusion, we observed small and contrasted mixture effects on sap flux densities and plot 

transpiration in the absence and in the presence of water stress. The few observed effects did not appear 

to be linked to potential belowground complementarities or to a faster soil water depletion. For Fd they 

were more likely due to aboveground mixture effects on the canopy structure leading to differences in 

microclimatic conditions. At the plot transpiration level, they were strongly linked to mixture effects on 

growth from the previous years. Although transpiration was higher than expected from the average value 

of the pure plots, managing mixed stands of birch and pine in this region will still lead to an intermediate 

total water use between the one of pure birch and pure pine stands. Therefore, compared to the 

monoculture of maritime pine commonly used in this region, the mixture of birch and pine will lead to 

a lower total water use. 

Mixing birch and pine in these climatic conditions did not provide major benefits in terms of mitigating 

drought response. It seems that when the mixture leads to a higher transpiration than expected from the 

monocultures in the absence of water stress, this could result in a faster response to drought for pine. 

However, these differences remain small and the percentage loss of sap flux density at the end of the 

dry season was similar for all plots. 

With irrigation, the stand transpiration was more important, and the response to drought was delayed 

compared to the non-irrigated treatment. The irrigation treatment allowed to document how the trees 

functioned with a higher water availability and to compare these results to the non-irrigated block. 

Mixture effects on water use and drought response in the irrigated block were different than in the non-

irrigated block. Indeed, the size of the mixture effect between a given pair of species is dynamic 

(Forrester 2015). It changes as resource availability or climatic conditions change along spatial and 

temporal gradients or as stands develop and trees age (Forrester 2014). The interactions that influence 

water availability or use are thought to be more useful on dry sites or during dry periods if they improve 

the availability of the resource. It was not the case in our study, mainly as a result of indirect effects of 

irrigation on growth.  
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3.6. Supplementary figures Chapter III.3 

 

 

Fig. III.S 3.1 Example of a linear relationship between Fd and the square root of PET during the May-June period 

(all days) for Tree n°2. 

 

 

Fig. III.S 3.2 Plot leaf area index (LAI) in 2019 by species and plot composition for the chosen plots in blocks 1 

and 2. LAI was estimated from litterfall collection in litter traps by Laurent Augusto and colleagues (unpublished 

data).   
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Chapter III.4 

Stable carbon isotope composition in 
summer wood  
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4. Stable carbon isotope composition in summer wood 

4.1. Introduction 

4.1.1. Context 

More frequent droughts threaten European forests 

European forest ecosystems are expected to be highly impacted by ongoing climate change (Hanewinkel 

et al. 2013) through an increase in temperatures and more frequent and intense droughts (IPCC 2014; 

Lehner et al. 2017). Drought episodes affect physiological processes in trees such as photosynthesis, 

transpiration, and carbon allocation, which can result in reduced growth rates (Bréda et al. 2006). 

Drought-induced stress can lead to a loss of vitality and to mortality for trees, caused by hydraulic failure 

and/or carbon starvation (McDowell et al. 2008; Hartmann et al. 2018). This will be especially true in 

southern parts of the European temperate and Mediterranean regions (Lindner et al. 2010). There is 

therefore a strong need for new management strategies to help forest owners mitigate current and future 

drought impacts (Bolte et al. 2009). 

Mixed forests as a solution to mitigate drought impacts 

Favoring mixed species stands has been proposed as a strategy to adapt forests to the increasing risk of 

water stress. Indeed, it was hypothesized that this may reduce the overall competition for limiting 

resources, such as water, by a more efficient partitioning through spatial or temporal resource-use 

complementarity (Loreau and Hector 2001; Forrester 2014). Although it has been discussed for more 

than a decade, it is still not clear whether managing forests with coexisting tree species can contribute 

to mitigating drought impacts on these forests (Grossiord 2019). So far, contrasted effects of species 

interactions on drought exposure in mixed forests have been observed under drought conditions (see the 

following reviews for a list of studies and effects: Ammer 2019; Grossiord 2019). Even for a single 

species, results of mixture effects can be variable. For example, some studies demonstrated lower 

drought exposure for beech in mixed stands (e.g. Pretzsch et al., 2013; Metz et al., 2016), while others 

concluded that the mixture effect was neutral (e.g. Schwarz and Bauhus, 2019). Furthermore, contrasted 

results were also found when comparing the effects of the same species mixture, but among different 

sites (Schäfer et al. 2017; González de Andrés et al. 2018; Jourdan et al. 2019b; de Streel et al. 2020). 

Finally, within a given mixed stand, mixture effects on drought exposure can lead to opposite outcomes 

among the coexisting species, with one species benefiting from the mixture while another does not 

(Grossiord et al. 2014d; Forrester et al. 2016; Jacobs et al. 2021).  

Mechanisms underlying mixture effects on drought 

Tree species diversity can contribute to a reduced vulnerability to drought because resource partitioning 

and facilitation processes may occur in the mixed stands (Loreau and Hector 2001; Grossiord 2019). 
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However, these mechanisms are often difficult to separate and are usually described together as the 

“complementarity processes” (Loreau and Hector 2001; Grossiord 2019) (see the Introduction chapter 

of this PhD for more details). The concept of resource partitioning has also been referred to as “niche 

differentiation” by Loreau and Hector (2001) or as “competition reduction” by Forrester and Bauhus 

(2016). In addition to complementarity, a “species selection” effect (Loreau and Hector 2001) can also 

play a role in mixture effects, but is less relevant in two-species mixtures, and especially when looking 

at species-specific responses (Grossiord 2019). Here, complementarity effects refer to biological 

mechanisms that modify the environment and the degree of stress experienced by trees. Resource 

partitioning may happen when dissimilarities in functional traits of species reduces competition for 

resources in space and time. For instance, root stratification of species may result in resource partitioning 

that can improve species-specific soil water status by reducing competition for water among species 

(e.g., Schwendenmann et al. 2015). This would result in a lesser exposure to decreased soil water content 

in mixed stands during extreme drought events (Forrester 2014). In contrast, because mixing can also 

improve tree growth and stand productivity (Ammer 2019), species-diverse forests may also use more 

water than pure ones (assuming that water use efficiency of these trees does not increase). This would 

lead to a faster depletion of soil water resources and higher drought exposure for all species in mixed 

stands (Forrester 2015). 

Species functional identity as the main driver for mixture effects 

Consequently, the main driver of the variability in the outcome of mixture effects on drought exposure 

is the functional variability among species. Tree species are known to vary widely in the ecological 

strategies they use to deal with drought stress (Niinemets and Valladares 2006). Species with more 

contrasted functional traits in terms of physiology, phenology or morphology (e.g. root depth, stomatal 

control, physical traits involved in xylem resistance to embolism), are more likely to show 

complementarity effects, especially for drought responses (Grossiord 2019). For example, Pardos et al. 

(2021) found that beneficial effects of mixtures on drought exposure were greater in conifer-broadleaved 

admixtures, which have strong functional differences, than in broadleaved-broadleaved combinations. 

Further studies on species diversity effects on drought exposure are necessary to identify which species 

assemblages are susceptible to show complementarity effects towards drought responses and thus which 

ones should be favored in forest management programs. In Southwest France, large areas are cultivated 

as monocultures of maritime pine (Pinus pinaster Ait.) and are intensively managed as production 

plantations (Mason and Meredieu 2011). An interesting option there to mitigate climate change risks 

would be to grow maritime pine with silver birch (Betula pendula Roth), another tree species that is also 

able to grow on the poor sandy soils of this region. These two species have contrasted functional traits 

which could result in complementarity effects.  

Spatial and temporal variations of mixture effects 
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In addition to species functional identity, local environmental conditions also play an important role in 

shaping mixture effects on drought exposure (Forrester 2014; Forrester and Bauhus 2016). Even if 

species interactions may improve the availability of limiting resources, the degree of the mixture effect 

may still vary with site-level climatic conditions (Forrester and Bauhus 2016). Forrester and Bauhus 

(2016) suggested a theoretical framework, as a generalization of the stress gradient hypothesis (SGH) 

to forest ecosystems (Bertness and Callaway 1994), in which positive mixture effects are expected to be 

stronger when resources are scarce, for example along a declining precipitation gradient. In accordance 

with this framework, Grossiord et al. (2014c, d) found negative or neutral effects in more humid sites 

and positive effects in drier ones. However, this relationship between mixture effects and a resource 

gradient may not be linear and may rather emerge from threshold points of resource availability (de 

Streel et al. 2020). Mixture effects on drought exposure may be neutral in wet conditions, positive in 

moderately dry conditions and revert back to neutral effects in very dry conditions (de Streel 2021, 

p.145, Fig. 5.2). Such thresholds could be explained by the fact that positive mixture effects may not be 

strong enough to compensate for the increasing environmental constraints in extremely dry sites and 

that positive mixture effects on drought response could disappear with strong water stress (de Streel et 

al. 2020). In addition to spatial variations, mixture effects can also change with time at a given site due 

to inter-annual climatic variations and/or to stand development. For example, in the early stages of stand 

development, competition for resources increases which may also increase potential complementarity 

effects in mixtures (Huang et al. 2018). Temporal variations in mixture effects can also arise from 

changes in the balance between complementarity and competition processes at a given site. For instance, 

a higher growth due to complementarity in non-limiting soil water conditions can lead to an increased 

competition during drought years due to a higher water use in mixed stands (Jacobs et al. 2021). It is 

therefore important to study specific species assemblages in different climatic conditions and to follow 

them throughout different developmental stages.  

Measuring drought impacts on trees at the inter-annual scale 

Two types of retrospective measures have been commonly used to detect a higher drought exposure for 

trees across different years: (i) a reduction of the annual radial growth and (ii) carbon isotope 

composition (δ13C, ‰) in tree rings. The reduction in radial growth due to limited water availability is 

often used to detect drought impacts on trees (e.g., Pardos et al. 2021). However, δ13C are thought to 

detect drought stress signals more precisely than radial stem growth (Jucker et al. 2017). Tree-ring δ13C 

provides a time-integrated record of the ratio of intercellular to atmospheric CO2 concentrations during 

the period when the carbon used to build this ring was fixed (Farquhar et al. 1989). It reflects the balance 

between net CO2 assimilation and stomatal conductance during this period (i.e., water use efficiency, 

Farquhar et al. 1989). As a response to drought stress, trees close their stomata and reduce carbon 

assimilation rates. However, leaf stomatal conductance is affected to a greater extent than carbon 

assimilation, resulting in greater intrinsic water use efficiency and an increase in δ13C (Farquhar et al. 
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1989; Saurer et al. 1995; McCarroll and Loader 2004). Therefore, the difference in tree-ring δ13C 

between values during a wet summer and a dry summer can be used as an indicator of the intensity of 

drought exposure in trees (Grossiord et al. 2014d). Comparing this indicator for various species in pure 

and mixed stands helps understanding whether mixing tree species induce more, less, or similar drought 

exposure in these stands. Indeed, if complementarity for water use is occurring among species, δ13C 

values should increase less between wet and dry soil conditions in mixed stands than in pure stands. In 

our study the response to summer drought was assessed as the difference in wood δ13C between a wet 

and a dry year, in order to detect changes in drought exposure independently of species and plot specific 

initial conditions (Grossiord et al. 2014c). 

Influence of light availability on δ13C 

Variation in δ13C is not only influenced by water availability, but also by fluctuations in other 

environmental factors such as light and nutrients (Farquhar et al. 1989; Ferrio et al. 2003). Light intensity 

has a positive relationship with δ13C (Ferrio et al. 2003). For example, the vertical profile of leaf tissue 

δ13C within a forest canopy varies following irradiance gradients. As tree-ring δ13C is an integrated 

measure of what happens for the whole crown of a tree, trees that are more shaded will have lower (more 

negative) δ13C than trees that receive more radiation (Warren et al. 2001; Ponton et al. 2002). This is the 

case because a higher radiation will induce higher photosynthetic rates, which will in turn increase δ13C 

(Farquhar et al. 1989). Above a certain threshold of water availability, the effect of light availability on 

δ13C probably influences δ13C variations more than water availability (Warren et al. 2001). As a result 

δ13C is a complex trait to analyze, but it remains a useful indicator of water availability or drought stress 

in seasonally dry climates when variations in other environmental factors can be accounted for (Warren 

et al. 2001; McCarroll and Loader 2004). In this study, because it is a young plantation with a fast growth 

dynamic (Toïgo et al. 2021a), changes in canopy closure and in social status of trees may influence δ13C, 

which will be discussed throughout this sub-chapter.  

  



Chapitre III 

 

199 

 

4.1.2. Objectives 

I measured tree-ring δ13C of trees in pure birch, pure pine and mixed birch and pine plots at ORPHEE 

during a wet year (2013) and dry years (2016 and 2018) in both irrigated and non-irrigated blocks and 

both before and after the start of the irrigation treatment in 2015. This allowed me to test the effect of 

species-mixture and irrigation on δ13C and to analyze drought exposure levels in these different 

conditions. The two studied species are functionally different both aboveground and belowground with 

a potential for complementarity effects. I therefore expected that the species would respond with lower 

drought exposure in mixed stands than in pure stands. I included two dry years (2016 and 2018) to detect 

potential changes in canopy structure with time that could also affect δ13C.  

In this sub-chapter I asked the following general questions:  

1. Are there species and mixture effects on δ13C in a wet year before the start of irrigation? 

2. Is δ13C higher during dry years due to drought exposure in pure plots of the non-irrigated 

blocks?  

3. Are there mixture effects on δ13C of dry years in the non-irrigated blocks? 

4. Are these mixture effects due to changes in drought exposure or light availability in mixed 

plots compared to pure plots?  

5. What are the effects of summer irrigation on tree δ13C in pure and mixed plots? 

 

For the non-irrigated blocks, I hypothesized that (Fig. III. 4.1, Fig. III. 4.2): 

(i) In 2013, δ13C would be different between species in pure stands due to species-specific 

functional characteristics. I expected less negative values for pine, as conifer species usually 

have less negative δ13C than broadleaved species (Heaton 1999).  

(ii) In 2013, δ13C would be the same between pure and mixed stands for a given species. I based 

this hypothesis on the fact that in 2013, the plantation was still young (5 years old) and that 

potential aboveground and/or belowground complementarity effects were not yet expected. 

Moreover, Toïgo et al. (2021a) did not find any significant overyielding in mixed stands 

compared to pure stands in this plantation in 2014.  

(iii) δ13C would be less negative in 2016 and 2018 compared to 2013 for both species, because 

of the strong limiting soil water conditions in 2016 and 2018.  

(iv) The increase in δ13C between the wet and the dry years (Δδ13C) would be smaller in mixed 

stands than in pure stands due to a complementarity between species. 

(v) The increase in δ13C between the wet and the dry years (Δδ13C) would be smaller in 2018 

compared to 2016 for birch in mixed stands because of a progressive domination of birch 

by pine in mixed stands (δ13C is more negative when light is limiting).  
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For the irrigated blocks, I hypothesized that (Fig. III. 4.1, Fig. III. 4.2): 

(i) In 2013 (before the irrigation started), the initial species effect and absence of mixture 

effects on δ13C would be the same as in the non-irrigated blocks. 

(ii) δ13C values would be slightly more negative (i.e., negative Δδ13C) in 2016 and 2018 as 

compared to the reference year before irrigation (2013), due to the irrigation input which 

should release any drought effect. Yet, as the summer 2013 was wet and that of 2016 and 

2018 were very dry, the irrigation effect in 2016 and 2018 might just induce δ13C values in 

2016 and 2018 to be rather close to that of 2013. 

(iii) δ13C values in 2016 and 2018 in the irrigated blocks would be much more negative than in 

the non-irrigated ones (irrigation effect that almost completely removes any limiting soil 

water conditions). 

(iv) The decrease in δ13C between the reference and irrigated years (Δδ13C) would be the same 

in mixed stands and in pure stands if only water-use processes are at stake. A mixture effect 

on Δδ13C in the irrigated blocks would be the result of light-related changes.  
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Fig. III. 4.1 Schematic representation of the hypotheses I state on the change in tree-ring δ13C with drought and 

irrigation effects for both species, with an interaction with light availability effects on birch crowns because of 

domination by pine in 2018. The black arrows indicate the year when the summer irrigation treatment started at 

ORPHEE. 

 

Fig. III. 4.2 Schematic representation of the hypotheses on Δδ13C (a) and Δδ13Cirr (b) for 2016 and 2018 compared 

to 2013 by species. Δδ13C is the difference between the reference and the dry years calculated as DRY-REF. 

Δδ13Cirr is the difference between the reference and the irrigated years calculated as IRR-REF. Positive values 

indicate a lower water availability and/or a higher light availability than during the reference year (2013) and vice-

versa. I do not expect species differences in Δδ13C in pure stands as there is no evidence for species-specific Δδ13C 

at a given site (Forrester et al. 2016).   
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4.2. Methods 

4.2.1. Experimental design  

4.2.1.1. Study site 

For this section, please refer to the description of the experimental site at the beginning of this chapter 

(section 1.2).  

4.2.1.2. Sampling 

In this study, I focused on blocks 1 to 6 at ORPHEE: three non-irrigated (blocks 1, 3 and 6) and three 

irrigated (blocks 2, 4 and 5). In each block, I selected three plots: one pure birch, one pure pine and one 

mixed birch and pine. In each of these plots, I selected at least five trees per species (six in block 1 and 

2 to sample the same trees as the sap flux experiment, see Chapter III.3, p. 149) for a total of 136 trees 

that were sampled for wood cores.  

The aim was to select trees that would best represent the optimal functioning and average environmental 

conditions of the trees in these plots. Since all trees had the same age, I chose the trees that had vigorous 

crowns and a high crown illumination percentage, and I avoided trees that had a gap from a dead tree in 

their direct neighborhood. The trees were selected among the trees from the six inner rows of each plot 

to avoid potential edge effects in the two outermost rows. However, with regards to this criterion, 9 out 

of 33 birch trees in the non-irrigated blocks and 6 out of 37 birch trees in the irrigated blocks had to be 

selected from the second to last rows because of birch mortality or birches that were too small to be 

cored in the center of the plots (inner six rows). 

In February 2019, all the targeted trees were cored at a height of 70 cm with a 5-mm-diameter Pressler 

increment borer (Haglöf, Sweden) on the South-facing side of the trunk. The trees were cored lower 

than 1.30 m to avoid disturbing the yearly diameter at breast height (DBH) measurements. These cores 

were dried and scanned at the Pierroton Forest experimental unit (UEFP). They were analyzed with 

WinDENDROTM (Regent Instruments Inc.) for the identification of annual growth rings by Frédéric 

Lagane. The samples were then sent to Nancy for isotopic analyses.  

For a subset of birch trees (20 out of 70) that had a DBH under 7 cm (but with a minimum DBH of 5.5 

cm), we did not use the same coring technique. Indeed, the Pressler increment borer might have led to 

damages on such small trees. For these trees, we collected micro-cores with a Trephor, a tool specifically 

designed for extracting small cylindrical wood fragments (15 mm in length and 2 mm in diameter) from 

living trees (Rossi et al. 2006). These micro-cores were collected in March 2019. They were not 

measured with the WinDENDROTM software for annual growth to help reading the tree-rings. Instead, 

the tree rings were directly counted under a stereomicroscope.  
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4.2.1.3. Hegyi competition index 

I calculated a competition index for each tree based on the Hegyi index to evaluate the strength of 

neighboring competition (Hegyi 1974). This index is typically used to characterize local competition 

and was calculated with the equation from Prevosto (2005) as: 

𝐻𝑖 =  ∑
𝑑𝑗

𝑑𝑖𝐿𝑖𝑗

𝑛

𝑗=1
𝑗≠𝑖

 

where di and dj are respectively the diameter at breast height of the target tree i and competitor j, Lij is 

the distance between i and j, and n is the number of competitors in a radius of 3 m which in the plantation 

corresponds to 8 neighbors.  

4.2.2. Climate and soil variables  

4.2.2.1. Available data 

I used nearby weather and soil water content monitoring stations to characterize the seasonal dynamics 

in climate and soil water content in the ORPHEE plantation for 2013-2018. Monthly climatic data were 

obtained from the INRAE weather station of Cestas-Pierroton (44°44.52' N, 00°46.92' W, 1.2 km away 

from ORPHEE) (Fig. III. 4.3) made available by the INRAE CLIMATIK platform 

(https://intranet.inrae.fr/climatik/, in French) managed by the AgroClim laboratory of Avignon, France. 

Monthly water table depth and soil water content (SWC, %) data were recorded in the Castillonville 

Gis-Coop pure pine plantation next to the ORPHEE plantation (44° 44.08' N, 00°47.74' W, 500 m away). 

Water table depth was measured with a pressure transducer (CS450, Campbell Scientific). SWC was 

measured with volumetric water content sensors (CS650, Campbell Scientific) set-up at three different 

depths: 25 cm, 45 cm and 70 cm (Fig. III. 4.3b). With the data from these three depths, I calculated a 

daily weighted SWC (wSWC, m) according to Bonal et al. (2008), an index which is representative of 

the soil water content from the surface down to 1 m depth, according to the following equation: 

wSWC =  0.350 ×  SWC25 +  0.225 ×  SWC45 +  0.425 × SWC70 , 

where 0.350, 0.225 and 0.425 are the weighting coefficients that were divided to add up to 1 m and 

represent a range of depths for each probe: 0-35 cm for SWC25, 35-57.5 cm for SWC45, and 57.5-100 

cm for SWC70. The intrinsic values of wSWC should not be interpreted in terms of raw values, as they 

depend on the total depth selected to calculate wSWC, but rather as relative values to observe seasonal 

change. In the case of my study this index is interesting because (i) it takes into account the different 

values of SWC measured at the different depths, which may vary differently over the season (e.g. when 

the soil dries up or gets rewetted), and (ii) it is useful to use as a proxy of soil water content over a given 

depth (here, I chose 1.0 m depth).  
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The irrigation treatment, which was set-up in spring 2015 (section 1.2), adds a constant amount of water 

in the irrigated plots every night from early May to late September, equivalent to about 3.0 mm of 

precipitations (3.0 liters per m2) (Castagneyrol et al. 2017). Unfortunately, I was not able to monitor the 

SWC within the irrigated blocks and then could not infer the soil water conditions for these blocks from 

the available data. 

 

 

Fig. III. 4.3 Seasonal patterns of monthly environmental conditions at ORPHEE from 2013 to 2019. (a) Monthly 

average of the mean daily temperature (°C), and monthly sum of precipitation (mm), (b) Monthly average of soil 

water content at three depths: 25 cm, 45 cm and 70 cm (SWC, %), weighted soil water content over 100 cm using 

the three depths (wSWC, m, multiplied by 100 to fit on the same scale), and mean monthly water table depth (WT 

Depth, m).  
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4.2.2.2. Characterization and choice of targeted years 

To select years with contrasting drought conditions (wet vs. dry) and to characterize the drought intensity 

experienced by the trees during the summer, I first intended to use the BILJOU© water balance model 

(Granier et al. 1999, https://appgeodb.nancy.inra.fr/biljou/). However, BILJOU© has not been 

implemented so far with a module that includes the presence of a shallow water table when computing 

the daily water balance. Yet, at ORPHEE, the presence of such a water table is well-known (see Fig. 

III. 4.3 for seasonal variations in water table depths) and it plays a very important role in the water 

balance at this site, and potentially in the water uptake by trees (Chapter III.5, p. 229) (Fan et al. 2017). 

Therefore, I was not able to simulate water balance at this site with BILJOU ©.  

Consequently, I rather used the sum of precipitation during the summer months as well as SWC and 

water table depth to select years with contrasted drought conditions (Fig. III. 4.3). Based on these soil 

and climate data, I identified 2013 as a year with a wet summer, with a high soil water content in the 

summer and shallow water table (Fig. III. 4.3). No other wet year could be identified after the start of 

the irrigation (2015): the only candidate was 2017, with significant summer precipitations. However, 

the low precipitations during the previous winter (2016-2017) resulted in an absence of recharge of the 

water table before the summer, making this year also prone to soil drought.  

I chose 2016 and 2018 as the dry years, because of strong summer droughts starting in July (Fig. III. 

4.3). 2015 was discarded as a potential candidate year, although it was also a very dry year, because it 

was the year when the irrigation treatment was first set up. I was interested in keeping two dry years 

(2016 and 2018) to test the potential effect of canopy closure with time and domination of birch trees 

by pine trees under drought conditions.  

4.2.3. Carbon isotope composition (δ13C) 

4.2.3.1. Wood Sample Preparation 

I identified the targeted years (2013, 2016 and 2018) in the tree cores with the ring width measurements 

from the WinDENDROTM scans, but also with the information from a stereomicroscope for birch that 

had less defined tree-ring limits (diffuse porous species). For birch micro-cores, I only used the visual 

identification under the stereomicroscope. Using a scalpel under the stereomicroscope, I cut out the 

selected years for each tree core, which resulted in a total of 408 samples (136 trees × 3 years). I then 

carefully cut out the last third of each tree ring (latewood) with a scalpel and retained this part only for 

analyses. This ensured that the carbon isotope signature I obtained for each sample and each given year 

characterized the functioning of the selected trees during the second part of the growing season, i.e., 

under high soil water conditions during the wet years and under limited soil water conditions during the 

dry years. Indeed, due to the potential remobilization of photosynthates from the last growing season 

when wood is produced in the spring, analyzing the δ13C (‰) of bulk wood may lead to potential 



Chapitre III 

 

206 

 

misinterpretation of the effect of tree species diversity during the dry year. I used whole wood tissue for 

the analyses as it shows the same trends as cellulose-only isotopic measurements and allowed us to 

analyze a larger number of trees (McCarroll and Loader 2004).  

Each wood sample was then ground into a fine powder, and I weighed around 1 mg of powder for each 

sample in tin capsules for the isotopic analysis. I used a different technique when the dry mass of the 

tree-ring sample was less than 6 mg (three samples out of 402) to avoid any loss of matter in the grinding 

process. Instead of being ground, these samples were cut into small pieces with a scalpel. A subsample 

of around 1 mg was then randomly selected among the pieces and put into the tin capsules. Finally, for 

the birch microcore samples, the extracted wood was directly weighed in the tin capsule. Using micro-

cores instead of normal cores did not impact δ13C measurements: δ13C values were not significantly 

different between the two groups in 2013 (p=0.27). 

4.2.3.2. Isotopic analysis 

The 13C/12C ratios of each wood sample were analyzed with an isotope-ratio mass spectrometer (IRMS, 

Isoprime 100, Isoprime Ltd., Cheadle Hulme, UK) coupled with an elemental analyzer (EA, Elementar 

vario, ISOTOPE cube, Elementar Analysen Systeme GmbH, Hanau, Germany) at the SILVATECH 

platform (Silvatech, INRAE, 2018. Structural and functional analysis of tree and wood Facility, Nancy, 

France). The results were expressed as carbon isotope composition δ13C (‰) relative to the international 

standard Vienna Pee Dee Bee Belemnite (V-PDB) (IAEA 1995) following Eq. 1:  

δ13C (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 (1) 

where Rsample and Rstandard represent the 13C/12C ratios of the sample and the V-PDB standard, respectively 

(Farquhar et al. 1982). The mass spectrometer had a precision of ± 0.2 ‰ for δ13C values. 

4.2.3.3. Data processing 

Out of the 136 trees sampled, 8 trees were removed from the data analyses because 2013 could not be 

sampled on their micro-cores; the collected core indeed did not go far enough within the trunk. 

Furthermore, 7 trees were removed from the analyses because I detected δ13C values that were unusually 

high or low for one of the three years sampled, indicating a possible error in the identification of the 

year during the cutting process or in the isotope analyses. As a result, the number of trees analyzed 

dropped down to 121, with three samples instead of 5 for birch in three plots (block 5 mixed, block 6 

pure, block 6 mixed); all other plot and species combinations had at least five samples.  

4.2.3.4. Corrections on δ13C 

Because of global industrialization and the release of burned fossil fuel (which is made from plant 

material that is depleted in 13C) in the atmosphere, the isotopic composition of atmospheric CO2 (δ13Ca) 
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and the atmospheric CO2 concentration (Ca) are not constant. δ13Ca is getting more and more negative 

with time. On the other hand, Ca has been rising since 1850 (reference period), with an exponential 

increase since the 1950’s. These yearly changes in δ13Ca and Ca impact the isotope signature of the CO2 

that is absorbed by plants during the photosynthesis and thus tree ring δ13C. When the objective of a 

study is to compare the δ13C of tree-ring of different years, it is then necessary to take this long-term 

change into account. I therefore corrected the δ13C values in 2016 and 2018 with the atmospheric 

conditions in 2013, taken as the reference year, in order to compare them without any bias.  

 

Fig. III. 4.4 Mauna Loa Observatory monthly average Ca and δ13Ca trends from 1990 to 2020. Ca (ppm, blue line) 

is mean annual atmospheric CO2 concentration, δ13Ca (‰, red line) is the mean annual isotopic composition of 

atmosphere. Ca and δ13Ca were downloaded from the NOAA Mauna Loa Observatory database 

(https://gml.noaa.gov/dv/data/index.php?site=MLO). δ13Ca data for Mauna Loa after 2014 was not publicly 

available, I predicted δ13Ca values for 2016 and 2018 with a linear model between δ13Ca and the year with the 

available data. 

 

I based the correcting method on the Farquhar model (Farquhar et al. 1982) and hypothesized that the 

response of Ci to Ca and δ13Ca is linear and independent of any other factor. Eq. 2 and Eq. 3 are used as 

starting points (Farquhar et al. 1982): 

∆13𝐶 = 𝑎 + (𝑏 − 𝑎)
𝐶𝑖

𝐶𝑎
 , (2) 

∆13𝐶 =  
𝛿13𝐶𝑎 − 𝛿13𝐶𝑝

1 + 0.001 𝛿13𝐶𝑝
 , (3) 
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where Δ13C is the carbon isotope discrimination, Ca is the mean annual atmospheric CO2 concentration 

(ppm), Ci is the leaf internal CO2 concentration, a is the fractionation during CO2 diffusion (a = 4.4‰), 

b is the fractionation during carboxylation (b = 27‰), δ13Ca is the mean annual carbon isotope 

composition of the atmosphere and δ13Cp is the carbon isotope composition of plant tissue (here, tree-

ring samples).  

Then, combining Eq. 2 and Eq. 3, I recalculated Ci for year y using the measured δ13C and this year y’s 

atmospheric conditions with Eq. 4:  

𝐶𝑖𝑦
=  

𝐶𝑎𝑦

𝑏 − 𝑎
[
𝛿13𝐶𝑎𝑦

−  𝛿13𝐶𝑝𝑦

1 + 0.001 𝛿13𝐶𝑝𝑦

− 𝑎] . (4) 

Finally, combining Eq. 2 and Eq. 3, I calculated a δ13Ccor for 2016 and 2018 using the recalculated Ci 

and the atmospheric conditions from 2013 with Eq. 5:  

𝛿13𝐶𝑝𝑦𝑐𝑜𝑟
=  

𝛿13𝐶𝑝2013
−  [𝑎 + (𝑏 − 𝑎)

𝐶𝑖𝑦

𝐶𝑎2013

]

1 + 0.001 [𝑎 + (𝑏 − 𝑎)
𝐶𝑖𝑦

𝐶𝑎2013

] 

 . (5) 

Ca and δ13Ca for 2013, 2016 and 2018 were downloaded from Mauna Loa Observatory database 

(https://gml.noaa.gov/dv/data/?site=mlo). The corrected values for 2016 and 2018 will be used in all the 

following analyses. As the years were corrected compared to 2013, the raw and corrected δ13C values 

are the same for 2013. Corrected δ13C values are hereafter referred to as δ13Ccor. The uncorrected data 

can be found in supplementary figures (Fig. III.S 4.1). 

4.2.3.5. Difference in δ13C between the 2013 and 2016 or 2018 (Δδ13C) 

In the non-irrigated blocks, for each tree, I calculated the difference in δ13Ccor between the dry years 

(2016, 2018) and the reference year (2013), as Δδ13C= DRY δ13Ccor – REF δ13Ccor. I named these 

differences Δδ13C2016 and Δδ13C2018. This standardizes the values for each tree, in order to isolate 

variations in δ13C due to the response to changes in environmental conditions between 2013 and 2016 

or 2018 from other sources of between-tree variation already present in 2013 (inter-tree genetic 

variability, block effects…). It is then usually assumed that the main factor that varies between the wet 

and dry years is the water-related stress (see Grossiord et al. 2014b; Forrester et al. 2016). If this is the 

case, a higher Δδ13C, and hence a greater increase in δ13C in the dry year, indicates a stronger stomatal 

response and thus a higher level of drought stress; a Δδ13C of zero would indicate that there was no 

change in δ13C in response to drought and hence no drought-induced stress. However, in our case, 

because this is a young plantation with a fast-growing dynamic, we cannot rule out that δ13C variations 

may also be due to changes in light availability for the trees with time, in association with the expected 

slow canopy closure occurring in such a young plantation. 
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In the irrigated blocks, for each tree, I calculated the difference in δ13C between the irrigated years (2016, 

2018) and the reference year (2013), as Δδ13Cirr= IRR δ13Ccor - REF δ13Ccor. I named these differences 

Δδ13Cirr 2016 and Δδ13Cirr 2018. I expected the Δδ13Cirr values to be either slightly negative (i.e., a decrease 

in water use efficiency compared to 2013) or neutral, as 2013 was a wet year. Strong negative values 

would indicate changes due to a lower light availability compared to 2013. 

4.2.4. Statistical analysis 

I used the following mixed model to test for Species, Irrigation and Mixture effects on δ13C for the 

reference year (2013): 

δ13C2013~ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 + 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 +  𝑀𝑖𝑥𝑡𝑢𝑟𝑒 +
𝑆𝑝𝑒𝑐𝑖𝑒𝑠: 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 + 𝑆𝑝𝑒𝑐𝑖𝑒𝑠: 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 + 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛: 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 +

𝑆𝑝𝑒𝑐𝑖𝑒𝑠: 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛: 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 + 1|𝐵𝑙𝑜𝑐𝑘 (6)
 

where Species is a fixed factor with two levels (birch and pine), Irrigation is a fixed factor with two 

levels (non-irrigated and irrigated), Mixture is a fixed factor with two levels (pure vs. mixed) and Block 

is a random factor with six levels. The result from the mixed model is reported in Table III. 4.1. I used 

post-hoc multiple comparison tests to identify which pairs of treatment combinations are statistically 

different from each other.  

I used mixed models to test Year and Mixture effects on δ13Ccor for each irrigation treatment and each 

species separately (4 separate models) with Block as a random factor. The models were written as: 

δ13C𝑐𝑜𝑟~ 𝑌𝑒𝑎𝑟 + 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 + 𝑌𝑒𝑎𝑟: 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 + 1|𝐵𝑙𝑜𝑐𝑘 (7) 

where Year is a fixed factor with three levels (2013, 2016 and 2018), Mixture is a fixed factor with two 

levels (pure vs. mixed) and Block is a random factor with three levels for each model. The result from 

the mixed models is reported in Table III. 4.2. The results of post-hoc multiple comparison tests 

between years for 2016-2013 and 2018-2013 as well as mixture effects is reported in Fig. III. 4.7.  

R 3.6.2 language programming (R Core Team 2019) with the Rstudio interface was used for all the 

analyses with the following packages: nlme (“lme” function), MuMIn and emmeans (“lsmeans” 

function).   



Chapitre III 

 

210 

 

4.3. Results 

Reminder: Corrected values in 2016 and 2018 (δ13Ccor) were used in all the following analyses. As the 

years were corrected compared to 2013, raw and corrected δ13C values are the same for 2013.  

4.3.1. Differences in δ13C in 2013  

In the global statistical model for 2013 (Eq. 6), there was a significant difference in δ13C between species 

(p<0.001, Table III. 4.1), with an average of -26.8 ± 0.4 ‰ (average ± standard deviation) for birch and 

-27.9 ± 0.6 ‰ for pine in pure plots (Fig. III. 4.5, Fig. III. 4.6). As expected, there was no irrigation 

effect (as irrigation started in 2015) (p=0.67, Table III. 4.1). In pure plots, the non-irrigated and irrigated 

blocks were not different for either species (post-hoc test for birch: p=0.68, and pine: p=0.60). Finally, 

there were no significant mixture effects in 2013 for either species (non-irrigated birch: p=0.12, non-

irrigated pine: p=0.11, irrigated birch: p=0.78, irrigated pine: p=0.51).  

4.3.2. Response to drought in non-irrigated blocks 

4.3.2.1. Response to drought in pure plots 

Contrary to our expectations, birch did not have significantly positive Δδ13C2016 (post-hoc test for the 

difference between δ13Ccor in 2013 and 2016 in pure plots: p=0.98) and Δδ13C2018 (p=0.69) in pure plots 

(Fig. III. 4.7a, Table III. 4.2). On the contrary, for pine, there was a significant δ13Ccor difference among 

years (Table III. 4.2): Δδ13C2016 (p<0.01) and Δδ13C2018 (p<0.001) were both positive in pure plots. The 

increase in δ13Ccor compared to 2013 was on average of +0.6 ‰ in 2016 and +0.9 ‰ in 2018 (Fig. III. 

4.7a).  

There were no significant differences in δ13Ccor between the year 2016 and 2018 for birch (p=0.58) nor 

for pine (p=0.22).  

4.3.2.2. Mixture effects on Δδ13C across the dry years 

For birch, there was no mixture effect on δ13Ccor in 2016 (post-hoc test for mixture effect: p= 0.76), but 

a significant mixture effect in 2018 (p=0.02) with a significantly negative Δδ13C2018 (-0.4 ‰) in the 

mixed plots (Fig. III. 4.7a, Table III. 4.2). For pine, in mixed plots, Δδ13C2016 and Δδ13C2018 were both 

positive with values close to the ones in pure plots. Indeed, there was no significant mixture effect on 

δ13Ccor for 2016 (p=0.12) or 2018 (p=0.09).  

4.3.3. Response to irrigation in irrigated blocks  

4.3.3.1. Irrigation effects in pure plots 

Surprisingly, birch had highly significantly negative Δδ13Cirr 2016 (post-hoc test for the difference between 

δ13Ccor in 2013 and 2016 in pure plots: p<0.01) and Δδ13Cirr 2018 (p<0.01) in pure plots (Fig. III. 4.7b, 
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Fig. III. 4.8b), indicating a strong change in δ13Ccor in the irrigated blocks in 2016 and 2018 compared 

to 2013 (Table III. 4.2). The decrease in δ13Ccor compared to 2013 in pure plots was on average -0.7 ‰ 

in 2016 and 2018 (Fig. III. 4.7). There was no significant difference in δ13Ccor between 2016 and 2018 

in birch pure plots (p=0.99). 

For pine, Δδ13Cirr 2016 (p=0.28) and Δδ13Cirr 2018 (p=0.43) was on average not significantly different from 

zero in pure plots (Fig. III. 4.7b), but results were surprisingly variable across blocks with Δδ13Cirr 

sometimes negative and neutral for both Δδ13Cirr 2016 and Δδ13Cirr 2018, and also sometimes positive for 

Δδ13Cirr 2018 (Fig. III. 4.8b). In the irrigated blocks, the variability in δ13Ccor , and therefore in Δδ13Cirr 

among blocks, was high (Fig. III. 4.6b, Fig. III. 4.8b). The results for block 4 especially stood out 

compared to blocks 2 and 5. However, removing block 4 from the mixed model did not change the 

outcome of the global statistical tests. There was a significant difference in δ13Ccor between 2016 and 

2018 for the irrigated pure pine plots only (p=0.02): δ13Ccor was less negative in 2018 than in 2016 (Fig. 

III. 4.7). 

4.3.3.2. Mixture effects on Δδ13C 

For birch, there were significant mixture effects on δ13Ccor in the irrigated blocks for both 2016 (p<0.001) 

and 2018 (p<0.001). Δδ13Cirr 2016 and Δδ13Cirr 2018 were more negative in the mixed plots than in the pure 

plots, indicating a stronger decrease in δ13Ccor values in the irrigated blocks compared to 2013 in mixed 

plots than in pure ones (Fig. III. 4.7b, Fig. III. 4.8b). The decrease in δ13Ccor compared to 2013 in mixed 

plots was on average -1.4 ‰ in 2016 and -1.6 ‰ in 2018, which meant that compared to pure plots there 

was a decrease in δ13Ccor of -0.8 ‰ in 2016 and -1.0 ‰ in 2018 (Fig. III. 4.7b).  

For pine, there were no mixture effects on Δδ13C in the irrigated blocks (Fig. III. 4.7b). δ13Ccor was not 

significantly different between mixed and pure plots in 2016 (p=0.59) as well as in 2018 (p=0.14). 
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Table III. 4.1 Mixed model results for Species, Irrigation and Mixture effects and their interactions on δ13Ccor for 

the year 2013. Block identity was used as a random factor in the model.  

Predictor p-values 

Species (S) <0.001 

Irrigation (I) 0.67 

Mixture (M) 0.12 

S x I 0.93 

S x M 0.97 

I x M 0.18 

S x I x M 0.63 

R2
m (R2

c) 0.58 (0.60) 

 

 

Table III. 4.2 Mixed model results for the four separate models for Year and Mixture effects and their interaction 

on δ13Ccor for all three years. Block identity was used as a random factor in the models.  

  Non-irrigated Irrigated 

  Birch Pine Birch Pine 

Year 0.57 <0.001 <0.001 0.01 

Mixture 0.23 0.15 0.90 0.67 

Year x Mixture 0.03 0.98 <0.01 0.28 

R2
m (R2

c) 0.11 (0.15) 0.39 (0.46) 0.55 (0.56) 0.10 (0.14) 
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Fig. III. 4.5 Corrected δ13C values (δ13Ccor) averaged by species and treatment for all blocks. Symbols represent 

the average for all blocks, and the error bars represent the standard error of the mean. 

 

 

Fig. III. 4.6 δ13Ccor averaged by species and treatment for each block separately. Small points in the background 

represent individual tree values. Large symbols represent the average, and the error bars represent the standard 

error of the mean.  
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Fig. III. 4.7 Δδ13C (a) and Δδ13Cirr (b) averaged by species and treatment for each block separately. Error bars 

represent the standard error of the mean. Statistics represent the post-hoc results of mixed models on δ13Ccor data 

(one for each irrigation and species combination. Black stars above each bar represent the Year effect compared 

to 2013, stars with horizontal lines indicate the results of Mixture effects. Significance at a level of 5 % are 

indicated by stars (* p-values < 0.05; ** p-values < 0.01; *** p-values < 0.001; ns no significant effect).  

 

 

Fig. III. 4.8 Δδ13C (a) and Δδ13Cirr (b) averaged by species and treatment for each block separately. Error bars 

represent the standard error of the mean.   
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4.4. Discussion 

4.4.1. Initial differences in δ13C in 2013 

4.4.1.1. Species differences in δ13C  

Comparison of δ13C by species with other published data 

In 2013, the average δ13C was -26.8 ± 0.4 ‰ for birch and -27.9 ± 0.6 ‰ for pine in pure plots (Fig. III. 

4.5). The average for birch was similar to what Grossiord et al. (2014c) found for this species for a wet 

year in pure plots of a boreal forest (-27.1 ± 0.3 ‰).  

For pine, however, the values were more negative than what can be found in the literature for this 

species. For example, Camarero et al. (2018) found a value of about -25.0 ‰ for 50-years-old trees 

during the period 2010-2015 in southern Spain (dry site). Fernandez et al. (2005) found an average of -

26.6 ‰ over the period 1999-2003 for trees from a wide range of ages (10 to 45 years old) in northwest 

Spain. Finally, De Micco et al. (2007) found an average of -26.5 ‰ for wood formed during the summer 

in 1999 for 55-years-old trees in a sandy site and coastal climate in Italy. I therefore found more negative 

values for maritime pine at our site compared to the literature. Yet, one must always be cautious when 

comparing such raw data among studies conducted across different environmental conditions. The 

differences between the values in this study and those from the literature might be explained by the fact 

that I am comparing δ13C measured during a wet year and with a water table that remained shallow in 

2013, but also in a generally wetter climate than in the studies previously cited. I did not find any 

published studies with δ13C values for maritime pine that were recorded during wet years. The cited 

studies were conducted either under a much drier climate (in Spain), or during drier years (in Italy) than 

in my study. It is well-known that trees adapt to drier conditions by closing stomata and increasing 

WUE, which results in less negative δ13C (Farquhar et al. 1989). Conversely, a wetter climate, similarly 

to a wet year, then results in more negative δ13C for the same species (e.g., González de Andrés et al. 

2018). A study looking at genetic variations in maritime pine δ13C in the same region and therefore the 

same climate, also found values that were less negative (on average -26.1 ‰) than our values in tree-

rings of 12 years-old trees (Marguerit et al. 2014). Therefore, I can hypothesize that the more δ13C 

negative values observed here can be explained mostly by the local climate (wet year). 

Comparison of δ13C between species  

The higher values for birch than pine points to a higher water use efficiency for birch, which is surprising 

as coniferous species are usually expected to have a higher δ13C (i.e., a higher WUE) compared to 

broadleaved species (Garten and Taylor 1992; Heaton 1999). For example, higher values were found 

for Scots pine (Pinus sylvestris) than for beech (Fagus sylvatica) (Daux et al. 2018; de Streel et al. 2020). 

Differences in δ13C values among species can be explained by physiological and morphological 

characteristics (McCarroll and Loader, 2004) or by differences in canopy structure and light availability 
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in pure stands. However, this difference between broadleaved and coniferous species might not always 

be consistent because variation between species can also depend on site water status (i.e., interactions 

between species and site effects). For example, Garten and Taylor (1992) only found significant 

differences between pine species and broadleaved species at a dry site and none at a humid site. I found 

a similar species effect trend when I measured foliar δ13C in leaves and needles in formed in spring 

2019, so at least I know that this trend was not due to any measurement errors in wood δ13C (Fig. III.S 

4.2). Although the direction of the difference is not what was expected, the magnitude of the mean 

difference in δ13C between the two studied species (1.2 ‰) is within the range of the one found in the 

literature between tree species (i.e., Daux et al. 2018); indeed a difference up to 3.0 ‰ between 

coniferous and broadleaved tree species has been found (Heaton 1999). These differences are consistent 

with previous studies that have shown a wide range of δ13C among temperate tree species (Heaton 1999; 

Ponton et al. 2001).  

4.4.1.2. Mixture effects on δ13C in 2013 

In accordance with our hypothesis, there were no mixture effects on δ13C for either species in 2013 (Fig. 

III. 4.5). This absence of mixture effects at that time can be explained by (i) the wet climatic conditions 

of 2013, and (ii) the early stage of the plantation (trees were 5 years old). Potential mixture effects that 

would be the result of complementarity effects on water acquisition and use are not expected to be 

observed in the absence of water stress, i.e., when the resource is non-limiting (Grossiord et al. 2013a; 

Forrester 2014). The year 2013 was characterized by wet conditions without drought stress, which is 

why I chose it as the reference year to analyze the drought effect. On the other hand, there could have 

been mixture effects on δ13C in 2013 due to differences in light availability and canopy structure between 

pure and mixed plots. However, in 2013, both species had similar mean tree heights in mixed plots (Fig. 

III.S 4.3) and the crowns of the different trees were not yet touching each other, thus making differences 

in light availability for individual trees between pure and mixed plots unlikely. Then, because the 

plantation was still young in 2013, potential complementarity effects between trees (both belowground 

and aboveground) might not yet be expressed as the roots or the branches of these trees were not yet 

directly interacting. Recently published results on mixture effects on productivity at ORPHEE support 

this hypothesis. Indeed, Toïgo et al. (2021a) found that mixture effects on growth were not yet 

significant in 2014 at ORPHEE, although a trend was starting to appear, with a lower stand volume 

increment (SVI) for birch in mixtures and a higher one for pine in mixtures as compared to 

monocultures. In addition, Morin et al. (2020) simulated potential mixture effects in this plantation with 

a forest gap model and predicted the existence of a potential overyielding in these mixed plots only after 

7 or 8 years of growth. After this period, they predicted an overall overyielding in mixed plots, resulting 

from a small underyielding for birch and a strong overyielding for pine. All these information put 

together, I may therefore expect mixture effects to appear after 2015, and then potentially for δ13C in 

2016 and 2018.  
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4.4.2. Drought response in non-irrigated blocks 

4.4.2.1. Drought response in pure plots 

Birch trees 

Surprisingly, birch trees did not show an increase in δ13Ccor between 2013 and 2016 or 2018 (Fig. III. 

4.7a). I clearly did not expect this result (see Hypotheses Fig. III. 4.1, Fig. III. 4.2), as birch is known 

to show a strong response to drought. For instance, pure birch plots showed an increase in δ13C between 

a wet and a dry year of +1.5 ‰ in a boreal forest and of +1.0 ‰ in a hemiboreal forest (Grossiord et al. 

2014c; Forrester et al. 2016; Jucker et al. 2017). Therefore, there is no reason to believe that birch 

functioning did not acclimate to the much drier conditions in 2016 and 2018 as compared to 2013 and 

that an increase in WUE did not occur: I formulate several hypotheses to explain this pattern.  

First, there is no reason to consider a methodological or technical issue to explain this pattern. Similar 

care was taken to select the rings of the different years. Isotope analyses of the two species and the three 

years were conducted in a random way and a problem with the mass spectrometer cannot then be the 

cause.  

Second, the lack of an increase in δ13Ccor between a wet (2013) and the dry years (2016 and 2018) could 

be the result of a strong effect of canopy closure on birch δ13C from 2013 to 2016 and 2018, acting in 

the opposite direction of the effect of drought on δ13Ccor. Indeed, lower light levels and interception are 

known to induce a decrease in δ13Ccor (more negative values) (Warren et al. 2001), whereas drought 

effect induce less negative δ13Ccor. However, this hypothesis cannot be the major driver of this pattern 

for birch in the pure plots, as the leaf area index (LAI) in these pure plots in 2019 was still low (2.0 m2 

m-2 on average) (see Fig. III.S 3.2). Such a low value clearly still represents an open canopy, which 

cannot explain a change in δ13Ccor of around 1-2 ‰ that would be related to important shade effects.  

Third, the lack of response of birch δ13Ccor to drought in pure plots could be explained by a drought 

avoidance strategy of birch at this site. Indeed, we noticed that birch trees started having yellow leaves 

as early as June 21st in 2018 and had a strong leaf fall between July 13th and 30th 2018 (field observations 

from monitoring photographs that were taken bi-weekly at the location of the PAR sensors: data not 

shown; see also Appendix A, p. 321 and Appendix B, p. 327 for 2018, no data for 2016). This early 

leaf fall was a response to strong drought conditions (Bréda et al. 2006) and induced a strong decrease 

in canopy-level photosynthesis, and thus carbohydrate production and tree-ring formation for the rest of 

the growing season. Therefore, I hypothesize that the last third of the tree-ring that I used for δ13Ccor 

analyses might be constituted mostly of wood formed before any leaf fall and any decrease in 

photosynthesis, i.e., before a potential effect of limiting soil water conditions on birch gas exchange 

(photosynthesis and transpiration). Would this hypothesis be true, then this would result in a reduction 

or absence of new ring cells formed when the WUE of these trees increased because of the drought 

conditions, and therefore in the absence of any detection of a response of birch to drought with tree-ring 
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δ13Ccor values. I was not able to confirm this hypothesis, but it seems to be to me the most probable 

origin of the δ13Ccor pattern observed for birch in pure plots. 

Pine trees 

As expected, pine trees showed significantly higher δ13Ccor in 2016 and 2018 compared to 2013, with an 

average increase in δ13Ccor of +0.6 ‰ in 2016 and +0.9 ‰ in 2018 (Fig. III. 4.7a). Yet, the results were 

not significantly different between 2016 and 2018. This increase in δ13Ccor was in the same range as 

other studies reporting the response to drought in different temperate and Mediterranean forest types 

(Grossiord et al. 2014d; Forrester et al. 2016; Bonal et al. 2017; Jacobs et al. 2021). As mentioned before, 

in general, an increase in δ13C can either be the result of a response to a lower water availability or to a 

higher light availability compared to the reference year. The change in Ca and δ13Ca with time (see 

section 4.2.3.4) cannot explain this trend as I here analyzed the corrected data, not the raw δ13C ones. In 

our case, it is unlikely that the increase in δ13Ccor was due to a higher exposition to light as all pine trees 

have been growing in height and crown volume since 2013 and the canopy in these plots was then more 

closed in 2016 and 2018 compared to 2013. It is therefore more likely that the increase in δ13Ccor for 

pine trees between 2013 and 2016 or 2018 was, as expected, a functional response to the limiting soil 

water conditions in 2016 and 2018. Nevertheless, a canopy closure effect, which would induce more 

negative δ13Ccor values, cannot be ruled out. If this effect exists, then it would minimize the drought 

effects we detected. In any case, pine clearly responded to an increase in drought exposure during the 

summers of 2016 and 2018 with less negative δ13Ccor (i.e., a lower discrimination towards 13C). This 

result is consistent with a long-list of previous literature (e.g., Saurer et al. 1995) and shows that in dry 

years, the decrease in photosynthesis is less than the decrease in stomatal conductance, resulting in 

higher water use efficiency (Farquhar et al. 1989). 

4.4.2.2. Mixture effects on drought response 

The main objective of this study was to test for interacting effects of drought and species mixture on 

birch and pine δ13Ccor in the non-irrigated blocks.  

Birch trees 

For birch, there was no significant difference between pure and mixed plots in 2016, whereas in 2018, 

δ13Ccor was more negative in the mixed plots than in the pure ones (Fig. III. 4.7a). As a result, Δδ13C2018 

was significantly negative for birch in mixed plots. In different temperate, drought-prone forest types, 

Grossiord et al. (2014c, d) found that Δδ13C was smaller in stands with a higher species richness than in 

monocultures, suggesting that species interactions in these forests diminished the drought exposure of 

the ecosystem. However, in these studies, Δδ13C remained positive, which is consistent with 

expectations based on the direct effect of drought on δ13Ccor (Saurer et al. 1995). Our results for birch 

thus differ from these previous ones. A more negative δ13Ccor in mixed plots can be the result of a lower 

drought exposure in mixed plots as compared to pure ones (Saurer et al. 1995). However, it can also be 
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the result of a lower light interception and availability of leaf or needles (Warren et al. 2001; Ponton et 

al. 2002) compared to the pure plots. In our study, because the mixture effect was significant only in 

2018, and not in 2016, while these years show similar drought conditions, it is likely that the difference 

in δ13Ccor between pure and mixed plots is the consequence of a lower light availability for birch in 

mixed plots. This could be the consequence of the fact that birch trees have been progressively 

dominated by pine since 2014 in mixed plots (Fig. III.S 4.3). This was potentially not the case yet in 

2016. Indeed, I found that Hegyi’s competition index was higher in mixed plots than in pure plots for 

birch in 2016 and 2018, but also that the δ13Ccor of birch trees was better correlated to the competition 

index in 2018 than in 2016 (Fig. III.S 4.4). In addition to being responsible for this mixture effect, the 

lower light availability for birch in mixed plots in 2016 and 2018 might also have contributed to 

minimizing the detection of a drought effect in these plots.  

Pine trees 

In the case of pine, for which I had observed a clear response to drought in pure plots, there was no 

significant difference in Δδ13C between pure and mixed plots (Fig. III. 4.7a). Pine trees were therefore 

not less or more exposed to drought than in pure plots. I cannot compare mixture effects on maritime 

pine with other studies as there are none to my knowledge. However, Scots pine (Pinus sylvestris) has 

been shown to have a higher drought exposure in mixed stands with birch in a boreal forest, and did not 

show any trend with increasing species richness in a hemiboreal forest (Grossiord et al. 2014c; Forrester 

et al. 2016). Bonal et al. (2017) also found an absence of mixture effect on Scots pine when mixed with 

sessile oak (Quercus petraea). Finally, across a wide range of climatic conditions in Europe, Scots pine 

mixed with beech (Fagus sylvatica) was sometimes more, sometimes less, and sometimes similarly 

exposed to drought in mixed stands than in pure stands depending on site climatic conditions (de Streel 

et al. 2020). Therefore, at least for Scots pine, it is not surprising to observe an absence of mixture effect 

on drought exposure.  

Ecological implications 

In conclusion, contrary to our hypothesis, there was no evidence that mixing these two species 

significantly altered their functional response to drought, even under severe soil drought conditions. Our 

results are consistent with the increasing body of literature indicating that a higher tree species diversity 

in temperate forests does not systematically improve tree and forest ecosystem resistance to drought 

(Grossiord et al. 2014c; Bonal et al. 2017; Schwarz and Bauhus 2019).  

This absence of mixture effect suggested that there was no complementarity for water use between the 

two species in mixed plots under drought conditions. Even though these two species strongly differ in 

ecological and functional characteristics (phenology, root systems, growth patterns…), species 

interactions did not modify species response to drought, or perhaps light-related factors that would 

influence tree functioning counterbalanced them. In our case, even though the studied species had a 
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potential for different rooting patterns, these were probably not expressed due to strong soil constraints. 

Indeed, the presence of a shallow water table in winter and a shallow hardpan layer (~50 cm) probably 

limited root development towards deeper soil layers (Altinalmazis-Kondylis et al. 2020) (see Chapter 

III.5, p. 229).  

Even though there were no beneficial mixture effects, it can be noted that the response to drought of the 

two species in our study was not worse in mixed plots than in pure ones. An absence of negative effects 

(either positive or neutral effects) has been observed in many studies when looking at mixture effects 

on drought exposure (Grossiord et al. 2014d; Toïgo et al. 2015b; Bonal et al. 2017), although other 

studies did find negative mixture effects for at least one of the studied species (Grossiord et al. 2014c; 

González de Andrés et al. 2018). In the case of maritime pine and silver birch, mixing the two species 

can be beneficial for other ecosystem services (Castagneyrol et al. 2019). My results bring new insights 

into management strategies of these two species that are useful for forest managers: mixed stand will 

not result in a higher drought exposure for either species.  

4.4.3. Acclimation to irrigation in the irrigated blocks 

4.4.3.1. Irrigation effects in pure plots 

I expected that a constant irrigation input during the summer since 2015 should result in more negative 

δ13Ccor values in 2016 and 2018 compared to 2013, because of the potential morphological and functional 

acclimation of trees to the absence of water stress during the summer in the irrigated blocks. However, 

as 2013 was a relatively wet year, I did not expect this adaptation to irrigation to be strong (see 

hypotheses in Fig. III. 4.1 and Fig. III. 4.2). The result of the irrigation treatment on Δδ13C was different 

between the two species, with a negative Δδ13C (i.e., a decrease in δ13Ccor in 2016 and 2018 compared 

to 2013) for birch and a Δδ13C centered around zero for pine (Fig. III. 4.7b).  

For birch, the negative Δδ13C was stronger than expected and it was homogeneous across blocks (Fig. 

III. 4.8). It suggested that birch functioning (i.e., carbon and water assimilation and use) was at least 

partly limited by water resources during the summer of 2013 and that summer irrigation removed this 

limitation. However, this hypothesis is not very likely as the spring and summer of 2013 had high 

precipitation levels and soil water content did not reach low values in the summer (Fig. III. 4.3). 

Therefore, at least part of this effect (negative Δδ13C) was probably related to a canopy closure in the 

pure plots, especially since irrigation also induced higher crown volume and tree growth compared to 

non-irrigated blocks (see Chapter II).  

For pine, the Δδ13C were centered around zero, indicating a functioning in 2016 and 2018 that was 

similar to the one in 2013. We expected these values to be more negative as a response to the irrigation 

treatment but also due to the canopy closure of the plots compared to 2013. The absence of negative 

values might be due to an insufficient irrigation input to completely remove water stress for pine, 
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contrarily to birch, and this small drought effect might have compensated the canopy closure effect on 

δ13Ccor. There was also a significant increase in δ13Ccor between 2016 and 2018 in pure plots. This 

suggested that in pure plots, pine was more exposed to drought in 2018 than in 2016. It could be that the 

irrigation treatment was even more deficient in 2018 compared to 2016 to remove all water stress for 

pine, due to an increasing stand basal area with time which in turn increased water use (see Chapter 

III.2, p. 139 and Chapter III.3, p. 149). The strong variability in results across blocks for pine was hard 

to explain, especially since birch had a very homogeneous response in the same blocks.  

4.4.3.2. Mixture effects on Δδ13C 

For birch, there was a strong mixture effect on Δδ13C2016 and Δδ13C2018: both were more negative in the 

mixed plots than in the pure plots (Fig. III. 4.7b). Since water stress was likely absent in these plots due 

to the irrigation, the mixture effect was clearly related to light availability effects on δ13Ccor (de Streel et 

al. 2020). Birch trees were more shaded in the mixed plots compared to pure plots as they were 

dominated in height by pine (Fig. III.S 4.3). Indeed, I observed that birch trees were subject to a more 

intense competition (measured by Hegyi’s competition index) in mixed plots than in pure plots (Fig. 

III.S 4.4). Trees with a higher competition index had a lower δ13Ccor (Fig. III.S 4.4), which is thought 

to reflect an increased shading (Mölder et al. 2011). This effect was the same in both 2016 and 2018, 

probably because the irrigation accelerated the canopy closure compared to the non-irrigated blocks. 

These results for mixture effects in the irrigated blocks also bring new insights for the hypothesis I made 

in the non-irrigated blocks. Indeed, this confirms that the mixture effect on Δδ13C2018 for birch in the 

non-irrigated blocks was probably due to canopy closure effects and not differences in water availability. 

For pine, there were no mixture effects on Δδ13C. This can be explained by the fact that in irrigated 

blocks, the canopy closure was similar between pure pine and mixed plots (see Chapter II and Fig. 

III.S 3.2) and that pine was the dominant species (Fig. III.S 4.3), making light related mixture effects 

less likely. 
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4.5. Conclusion 

I found no evidence for water-use related mixture effects on drought exposure in the non-irrigated blocks 

for either species, while there were some effects of an increased shading for birch in mixed plots. In the 

irrigated blocks, I found that birch responded strongly to the water input while pine did not. Moreover, 

there was a stronger mixture effect on birch in the irrigated blocks due to the shading of birch crowns 

by pine in mixed plots. The irrigation treatment allowed me to confirm the importance of the canopy 

closure effects on birch δ13C in both non-irrigated and irrigated blocks.  

Studying mixture effects on drought exposure in a retrospective manner with tree-ring δ13C in such 

young plantations is made difficult by the dynamic effects of crown growth and canopy closure on δ13C. 

The presence of a wet year right before or after the studied dried years would have helped with this 

difficulty but was unfortunately not possible with my dataset because of a succession of dry years after 

the start of the irrigation treatment (2015 to 2020). It would be interesting to repeat the experiment in a 

few years, after the succession of a wet and a dry summer, now that the canopy closure will evolve more 

slowly from year to year.  

I conclude from this sub-chapter that, at this stage of development of such a plantation (10 years), mixing 

birch and pine in equivalent proportions did not improve drought exposure of either species, but it did 

not worsen it either. Therefore, this makes it a viable strategy to increase biodiversity in forest stands in 

this region. However, birch did show a functional response to mixing due to a progressive shading by 

pine trees in mixed stands. This progressive shading of birch might lead, in the next years, to very low 

growth rates and ultimately to the death of birch trees in mixed stands. If this proves to be true, then 

birch should be harvested earlier than pine in these plantations. This progressive domination of birch 

will have to be considered in potential management strategies for this specific species assemblage.  
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4.6. Supplementary figures Chapter III.4 

 

 

Fig. III.S 4.1 Raw δ13C data before correction represented by species and for each block. Small points in the 

background represent individual tree values. Large symbols represent the average, and the error bars represent the 

standard error of the mean. 
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Fig. III.S 4.2 Leaf and needle δ13C measured in 2019. The leaves and needles were sampled in the south-facing 

upper third of the crown at the end of July 2019 for five to six trees per species and plot (blocks 1 to 6). 
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Fig. III.S 4.3 Evolution of height (a) and diameter at breast height (DBH) (b) with time at the ORPHEE 

experimental plantation. This figure represents the data for the plots that I used in my δ13C experiment (blocks 1 

to 6: pure birch, pure pine and mixed birch and pine plots. A subset of 7 to 11 trees per species and plot were 

monitored each year since the plantation for height, and since 2012 for DBH.  
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Fig. III.S 4.4 Relationship between δ13Ccor and Hegyi competition index by species and irrigation treatment for 

2016 (a) and 2018 (b). Hegyi index was calculated for the 8 direct neighbors of each tree (3 m radius around a 

tree). Small points in the background represent individual tree values. Large symbols represent the average, and 

the error bars represent the standard error of the mean. 
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Chapter III.5 

Root water uptake during drought 
conditions 
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5. Root water uptake during drought conditions 

5.1. Introduction 

Resource partitioning for water use among species has often been discussed as a possible effect to 

explain increased productivity in diverse tree species mixtures (Forrester 2015; Ammer 2019). 

Belowground vertical stratification of water uptake by roots among species has been identified as a 

potential resource partitioning mechanism (Grossiord 2019). Indeed, rooting patterns of species could 

have complementary characteristics in mixed stands that would allow a higher water uptake in the same 

volume of soil, or the exploration of a bigger volume of soil compared to monocultures. Consequently, 

it was also suggested that this belowground resource partitioning could contribute to a lower 

vulnerability of trees to soil drought in mixed forests (Grossiord 2019). But this hypothesis is 

controversial as a higher and more complete soil water utilization could also lead to a faster depletion 

of soil resources and therefore a higher exposure of trees to drought (Forrester 2015; Ammer 2019). 

Moreover, the role of this belowground complementarity in explaining mixture effects on ecosystem 

functioning – even though it has often been hypothesized (Ammer 2019) – has rarely been directly 

associated to mixture effects on growth and/or resistance to drought in forests (Schwendenmann et al. 

2015) or even in grassland experiments (Mueller et al. 2013).  

A presence or absence of vertical stratification of roots in mixed stands is dependent on several factors. 

First, two species could have different rooting depths in monocultures which would result in a reduction 

of the intra-specific competition in mixed stands (i.e., niche complementarity) (Grossiord et al. 2014a; 

Schwendenmann et al. 2015). Second, the resource partitioning in mixed stands could also happen if 

both species have similar rooting patterns in monocultures, but the inter-specific competition in mixed 

stands results in an intra-specific plasticity of the rooting pattern for one or both species (i.e., niche 

differentiation) (Bolte and Villanueva 2006). In both cases, the result in mixed stands would be a vertical 

stratification of roots between the species allowing for a higher water uptake at the stand level compared 

to monocultures. Finally, the presence of a vertical stratification of roots is also dependent on the 

environmental context such as precipitation, soil fertility, or soil structure, which can all drive root 

distribution (Zanetti et al. 2015) and affect potential mixture effects.  

Several studies investigated vertical stratification by looking at the vertical distribution in fine root 

biomass in pure vs. species diverse ecosystems. Contrasted results were found: vertical root segregation 

along the soil profile was indeed observed in some studies (Schmid and Kazda 2001; Bolte and 

Villanueva 2006), confirming a potential contribution of such mechanism to biodiversity-ecosystem 

functioning (B-EF) relationships. In contrast, vertical root segregation was not observed in other studies 

(Meinen et al. 2009; Fruleux et al. 2018; Altinalmazis-Kondylis et al. 2020).  
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Another approach to study complementarities in root water uptake is based on stable isotopes in soil and 

xylem water (Grossiord et al. 2014a; Schwendenmann et al. 2015; Fruleux et al. 2018). Stable isotopes 

allow the direct testing of resource partitioning by considering root activity, instead of relying on indirect 

methods such as comparing fine root biomass production (Trogisch et al. 2016). Indeed, fine root vertical 

distribution is not necessarily correlated to root water uptake activity, especially under limiting soil 

water conditions (Fruleux et al. 2020). The stable isotope approach allows to characterize the water 

sources used by plants at a given time based on the isotope signature of water in the soil and the xylem 

sap in trees (Ehleringer and Dawson 1992). During dry spells, the natural abundance of water isotopes 

can be used because an isotopic gradient for O and H isotopes is established through evaporation in the 

top layers of the soil (Clark and Fritz 1997) with an enrichment in heavy isotopes (2H and 18O) near the 

soil surface that commonly decreases exponentially with soil depth. An absence of isotopic fractionation 

is assumed during root water uptake (Dawson 1993) although this assumption has been challenged 

recently (Barbeta et al. 2020b; Freyberg et al. 2020; De Deurwaerder et al. 2021). Following this 

assumption, the isotopic signature of the xylem water should reflect the mean signature of all the water 

sources for the tree’s rooting system.  

As with the fine root biomass method, contrasted results were found when using stable isotopes to 

identify complementarity in water uptake of species in mixed stands. A vertical stratification of water 

uptake among species was found in mixed stands in some cases (Grossiord et al. 2014a; 

Schwendenmann et al. 2015; Goisser et al. 2016; Bello et al. 2019), whereas it was not in others (Fruleux 

et al. 2018). The vertical stratification, when present, was linked either to niche complementarity 

(Grossiord et al. 2014a; Schwendenmann et al. 2015) or niche differentiation (Goisser et al. 2016; Bello 

et al. 2019). When no differences were found, it was explained by a high functional similarity between 

the studied species (Fruleux et al. 2018). Indeed, the strongest differences were often observed when 

coniferous and broadleaved species were mixed (Grossiord et al. 2014a; Goisser et al. 2016).  

In this study, I was particularly interested in testing whether such mechanisms do exist in the ORPHEE 

tree diversity experiment, particularly during drought conditions. A previous study at this site explored 

fine root biomass production and distribution in the spring of 2018 and demonstrated that there was no 

vertical root segregation between birch and pine in mixed plots (Altinalmazis-Kondylis et al. 2020). 

However, one does not necessarily expect to find the same results during the summer, when soil water 

is limiting. Indeed, during drought stress, root activity has to adapt to limited water availability and 

belowground interactions might be modified compared to non-limiting soil water conditions (Grossiord 

et al. 2019; Brinkmann et al. 2019). As an example, a shift of water uptake towards deeper water sources 

in dry conditions has been observed for drought tolerant species (Bakker et al. 2006; Brinkmann et al. 

2019). Few studies have looked at root water uptake complementarities among species in mixed stands 

during drought conditions (Fruleux et al. 2018; Bello et al. 2019; Martin-Blangy et al. 2021). It is 
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particularly important to study belowground complementarities in these conditions to bring a 

mechanistic understanding to mixture effects on tree functioning during drought.  

The aim of this study was to investigate potential differences in water uptake sources by roots during 

dry conditions in pure and mixed stands of birch (Betula pendula Roth) and pine (Pinus pinaster Ait.) 

in the ORPHEE plantation during the dry summer of 2018. To do so, I used the isotopic method 

previously described. Because the isotopic method based on the natural abundance of isotopes can only 

be used in dry conditions when a gradient is established in the soil, I focused this study on the non-

irrigated blocks at ORPHEE and was not able to characterize water uptake in the irrigated blocks. I did 

however sample branches in one of the irrigated blocks to compare the values of branches of trees in the 

irrigated block with those in the non-irrigated one. 

Within this sub-chapter, I asked the following questions: 

(i) Do birch and pine differ in isotopic signatures (δ2H and δ18O) in xylem water in pure plots?  

(ii) Do birch and pine show a shift in δ2H and δ18O of xylem water in mixed compared to pure 

plots, because of potential interaction between the roots of these species? 

(iii) What are the relative contributions from the different soil water depths to the total root water 

uptake?  

I hypothesized that:  

(i) There would be differences in the isotopic signature (δ2H and δ18O) in xylem water of the 

two species in the pure plots, indicating a potential for complementarity in mixed plots. 

(ii) There would be a shift in δ2H and δ18O of xylem water for birch in mixed plots compared 

to pure plots, in response to the competition with pine, but potentially no such shift for pine. 

I based this hypothesis on the existing evidence that birch has more plastic rooting traits 

than pine (Curt and Prévosto 2003; Altinalmazis-Kondylis et al. 2020).  

(iii) The differences between species in xylem water isotopic signature translated into 

differences in the pattern of water uptake from the different soil depths. Based on the 

existing knowledge on the root architecture and vertical distribution of these two species 

(see review in Altinalmazis-Kondylis (2020)), I expected that pine trees would extract water 

from deeper soil sources, as it is supposed to be a deeper-rooted species than birch. 
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5.2. Methods 

5.2.1. Study site 

For this section, please refer to the description of the experimental site at the beginning of this chapter 

(section 1.2). 

5.2.2. Climate and soil variables  

I used nearby weather and soil water content monitoring stations to characterize the best period for 

sampling. Daily climatic data were obtained from the INRAE weather station of Cestas-Pierroton 

(44°44.52' N, 00°46.92' W, 1.2 km away from ORPHEE) (Fig. III. 3.3) made available by the INRAE 

CLIMATIK platform (https://intranet.inrae.fr/climatik/, in French) managed by the AgroClim 

laboratory of Avignon, France. Monthly water table depth and soil water content (SWC, %) data were 

recorded in the Castillonville Gis-Coop pure pine plantation next to the ORPHEE plantation (44° 44.08' 

N, 00°47.74' W, 500 m away). Water table depth was measured with a pressure transducer (CS450, 

Campbell Scientific). SWC was measured with volumetric water content sensors (CS650, Campbell 

Scientific) set-up at three different depths: 25 cm, 45 cm and 70 cm (Fig. III. 3.3). With the data from 

these three depths, I calculated a daily weighted SWC (wSWC, m) according to Bonal et al. (2008), an 

index which is representative of the soil water content from the surface down to 1 m depth, according 

to the following equation: 

wSWC =  0.350 × SWC25 +  0.225 ×  SWC45 +  0.425 ×  SWC70 , (1) 

where 0.350, 0.225 and 0.425 are the weighting coefficients that were divided to add up to 1 m and 

represent a range of depths for each probe: 0-35 cm for SWC25, 35-57.5 cm for SWC45, and 57.5-100 

cm for SWC70. The intrinsic values of wSWC should not be interpreted in terms of raw values, as they 

depend on the total depth selected to calculate wSWC, but rather as relative values to observe seasonal 

change. In the case of my study, this index is interesting because (i) it takes into account the different 

values of SWC measured at the different depths, which may vary differently over the season (e.g. when 

the soil dries up or gets rewetted), and (ii) it is useful to use as a proxy of soil water content over a given 

depth (here, I chose 1.0 m depth) and to observe seasonal variations in SWC over the soil profile.  
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Fig. III. 5.1 2018 seasonal pattern of (a) mean daily temperature (°C), daily sum of precipitation (mm), (b) mean 

monthly soil water content at different depths and weighted over the three depths (SWC, %) and mean monthly 

water table depth (m) for ORPHEE. The grey vertical bar shows the date of sampling for branches and soil (August 

20-21, 2018).  
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5.2.3. Field sampling 

5.2.3.1. Sampling dates 

As our method relies on a natural isotopic gradient for O and H with soil depth established through 

evaporation in the top layers of the soil (Clark and Fritz 1997), it was therefore essential for my study 

to obtain measures during a strong drought spell in order to have an established gradient. Consequently, 

we sampled branches on August 20th, 2018, and soil cores on August 21st, 2018, a period indicated with 

the gray bar in Fig. III. 3.3. At that date, there had been little recent precipitations, the soil was very dry 

(on average 2 % SWC for soil between 0 and 70 cm deep), and the water table depth was around -1.5 

m.  

5.2.3.2. Branches 

We sampled branches in three out of four non-irrigated blocks (blocks 1, 3 and 6), resulting in nine plots 

(six pure and three mixed). We also sampled branches in one irrigated block (block 2) to test the impact 

of the irrigation treatment on xylem water isotope composition. We sampled a branch from five 

individual trees per species and plot, resulting in a total of 80 trees sampled. The five trees per species 

were randomly selected among the trees from the six inner rows of each plot to avoid potential edge 

effects in the two outermost rows.  

To determine isotope composition of xylem water, for each selected tree, we sampled a 30 to 40 cm long 

branch with a pole pruner. We selected branches in the crown with live leaves to ensure that there was 

active transpiration and water flow in the xylem. We kept only the lower segments of the branch that 

were at a distance from the leaves to avoid the back-diffusion of evaporatively enriched foliar water 

(i.e., Péclet effect) (Farquhar and Lloyd 1993). Bark tissue was immediately removed with a knife to 

prevent phloem sap from contaminating the sample. The samples (5 cm long segments) were then placed 

into closed glass airtight vials and stored at 4°C to prevent evaporation before further analysis. 

5.2.3.3. Soil cores 

To characterize the vertical soil water isotope profile in the non-irrigated plots, one soil core was 

sampled in each plot (pure birch, pure pine and mixed) of blocks 1 and 3 (non-irrigated), resulting in a 

total of six soil cores sampled. Block 6 was not sampled for technical reasons; indeed, the soil borer 

broke down in block 3 because of the presence of a hardpan zone and could not be repaired in time to 

allow the sampling of block 6. Block 2 could not be sampled either; nevertheless, as this block receives 

about 3 mm of water from the irrigation system every day, the existence of a vertical gradient of δ2H or 

δ18O in soil water is very improbable. This amount of water is not enough to balance daily plot 

evapotranspiration during a sunny day during the summer, and isotope fractionation in soil water may 

then occur in these plots. However, we cannot expect that such fractionation results in any clear vertical 

gradient in soil water isotope signature in these blocks.  
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For each soil core sample, we first removed the forest floor litter within a rectangular frame of 10 × 20 

cm. Then, the top 0–15 cm of soil was collected manually with a soil corer (8 cm Ø). The following 

layer of soil (15–100 cm) was collected with an electrical percussion hammer (Makita ®, HM1400), 

attached onto a percussion gouge (6 cm Ø). The last layer of soil (100–200 cm) was collected with a 

narrower percussion gouge (4 cm Ø). We aimed at drilling and collecting soil cores down to 200 cm, 

but we could not always sample that deep. The goal was to reach at least the depth of the upper limit of 

the groundwater (around 150 cm depth at this time of the year (Fig. III. 3.3)) (Barbeta et al. 2018). After 

collection, the soil cores were carefully separated into subsamples according to the following depth 

categories (in cm): 0-5, 5-10, 10-15, 15-25, 25-35, 35-45, 45-55, 55-65, 65-75, 75-85, 85-100, 100-120, 

120-140, 140-160, 160-180, 180-200. We placed each soil subsample in a hermetically sealed plastic 

bag and stored them at 4°C to prevent evaporation before further analysis.  

5.2.3.4. Groundwater 

To estimate groundwater isotope signature, we sampled water from the water table from a water bore 

hole located at the center of the ORPHEE plantation, which is used to get the irrigation water for irrigated 

blocks (C. Meredieu, pers. comm). Irrigation water is extracted at a depth of 18 m below the surface. 

We analyzed this water for both δ2H and δ18O signatures. Groundwater isotopic signature is the result 

of the average of all percolating waters over time. At the time of our sampling, groundwater probably 

became the major source of water in the soil profile below a depth of 1.5 m. We thus expect the isotope 

signature of the groundwater to be close to that of the soil layers below 1.5 m depth. Groundwater 

probably also influenced the isotopic signature of the soil water in the layers above 1.5 m depth with 

water going up by capillary rise. The isotopic signatures in the layers above the water table level would 

then be the result of a mixture of water from the water table and precipitation water percolating through 

the soil from the surface. 

5.2.4. Sample processing and isotope analysis 

5.2.4.1. Cryogenic vacuum distillation 

To extract water from the branch and the soil samples, I used the “cold trapping” method with a custom-

made static vacuum cryogenic distillation system (West et al., 2006) at the SILVATECH platform 

(Silvatech, INRAE, 2018. Structural and functional analysis of tree and wood Facility, Nancy, France). 

The water from the branch and soil samples was evaporated by heating the sampling tube in a water 

bath (65°C), then condensed with liquid nitrogen for 90 minutes in a collection tube.  

5.2.4.2. Isotopic analysis 

The extracted water from branch and soil samples was analyzed for isotopic composition with an 

elemental analyzer (EA, EuroPyrOH; EuroVector, Milano, Italy) coupled to an isotope ratio mass 
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spectrometer (Isoprime IRMS; Elementar, Manchester, UK) at the SILVATECH platform. Each sample 

was measured six times with subsamples of 0.2 μL of extracted water, of which only the last three 

measurements were kept and averaged for each sample. The first three measurements were discarded to 

avoid any bias related to a potential “memory effect”, meaning a contamination from the previous 

sample analyzed (C. Hossann, pers. comm.).  

Isotopic composition, expressed in terms of [18O]/[16O] and [2H]/[1H] ratios, is represented by δ-values. 

The results are expressed as δ-values relatively to the international Vienna-standard mean ocean water 

standard (V-SMOW) following Eq. 2: 

 δ𝑠𝑎𝑚𝑝𝑙𝑒(‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 1000 , (2) 

where Rsample and Rstandard represent the [18O]/[16O] or [2H]/[1H] ratios of the sample and of the V-SMOW 

standard (IAEA 1995). The mass spectrometer used in this study had a precision of ± 0.5 ‰ for δ18O 

and of ± 2.0 ‰ for δ2H. 

5.2.4.3. Isotope data corrections 

If the extraction of the water from a given sample is incomplete, then the extracted water can be depleted 

in heavy isotopes compared to the initial sample, because of a faster evaporation of the lighter isotopes 

(Araguás-Araguás et al. 1995). To avoid any bias due to potentially incomplete extractions, I weighed 

the branch samples after cryo-distillation and placed them in a drying oven for 48 h at 65°C to check if 

all the water had been extracted. If part of the water had not been completely extracted, I applied a 

correction to δ18O and δ2H since the extracted water had less of the heavier isotope (18O or 2H) than the 

water remaining in the branch. To do so, I calculated the theoretical fractionation of the hydrogen 

isotopes with Eq. 3 to obtain a corrected δ-value (Araguás-Araguás et al. 1995): 

δ𝑐𝑜𝑟𝑟 = δ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − (
𝐹(1 𝛼⁄ ) −  𝐹

𝐹 − 1
 ∗ 1000 ) , (3) 

where δmeasured is the known measured δ-value (δ18O or δ2H), δcorr is the expected real δ-value if there had 

been no fractionation during extraction, F the fraction of water remaining in the branch, and α a fixed 

factor specific to the isotope measured and to the extraction temperature (65°C). Factor α is calculated 

from Eq. 4 (Majoube 1971):  

103 ∗ ln(𝛼) = 𝑎 ∗ (
106

𝑇𝐾
2 ) +  𝑏 ∗ (

103

𝑇𝐾
) + 𝑐 , (4) 

where TK is the extraction temperature in degrees Kelvin, and a, b, and c are fixed factors defined in 

Majoube (1971) with a = 1.137, b = -0.4156, and c =-2.0667 for 18O and a = 24.844, b = -76.248, and c 

= 52.612 for 2H (Clark and Fritz 1997), resulting in α=1.006669405 for 18O and α=1.045391623 for 2H. 
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I applied this correction on both isotopes to all the samples with a water-extraction percentage less than 

100 %.  

5.2.5. Data analysis 

5.2.5.1. Raw isotopic data from branch xylem water 

A simple linear model was used on branch raw data for δ18O and δ2H to test for the effects of species, 

plot composition, and block (Fig. III. 5.2, Table III. 5.1) with the following model: 

𝛿~ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 × 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 × 𝐵𝑙𝑜𝑐𝑘 , (5) 

where δ is either δ18O or δ2H, Species is a two-level factor (birch or pine), Composition is a two-level 

factor (pure or mixed plots), and Block is a three-level factor (three non-irrigated blocks: n°1, n°3 and 

n°6). I used the block identity as a fixed factor in this analysis, instead of as a random factor, because I 

wanted to see how it interacted with species and composition effects. The multiplicative sign indicates 

that I included all two and three-way interactions in the model. 

5.2.5.2. Contribution of water sources to xylem water 

Graphical inference can be used to make a preliminary identification of the mean soil water acquisition 

depth of each tree by comparing soil and xylem water isotope composition; to do so, the method assumes 

that the mean depth of soil water being used by a plant is the depth at which the soil water has a similar 

isotope composition to the xylem water (Rothfuss and Javaux 2017). This method only uses one isotope 

at a time and can give biased results if the xylem water isotopes are the result of a mixture of isotopically 

distinct water sources. Moreover, there can be multiple solutions if a given branch isotope signature 

corresponds to two different depths in the isotope soil profile (Fig. III. 5.3).  

Measuring both water isotopes (δ18O and δ2H) can help distinguish isotopic signatures of soil water and 

xylem water on a dual isotope space (Fig. III. 5.4). The meteoric water lines on the dual isotope plots 

represent the relationship between δ18O and δ2H found in precipitation water, at a global and a local 

scale. The global meteoric water line (GMWL) is defined with the following equation: δ2H = 8 δ18O + 

10 (Craig 1961). The local meteoric water line (LMWL) is defined from the precipitation data for 2007-

2016 at the Cestas weather station with the following equation: δ2H = 6.7 δ18O + 2.8 (J. Ogée, pers. 

comm., following the IAEA/GNIP precipitation sampling guide), giving a more precise portrayal of 

local precipitation waters. These meteoric water lines are useful to check the distribution of soil water 

samples. Indeed, the physical process of evaporation results in a situation in which water samples that 

have undergone some evaporation plot ‘below’ the LMWL of precipitation isotopic data (Barbeta et al. 

2018). The dual isotope plot does not however give an estimation of water uptake depth or of the 

contribution of different water sources for the xylem water.  
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To quantify the contribution of different potential water sources to that of xylem water a Bayesian 

mixing model can be used, especially if both isotopes were measured. Consequently, in addition to using 

the graphical inference approach, I used a Bayesian mixing model with the package MixSIAR in R 

(Stock et al. 2018). MixSIAR is a flexible framework to create mixing models based on the Bayesian 

theory: it uses Markov Chain Monte Carlo (MCMC) methods to determine proportions and probability 

distributions of “sources” contribution to a “mixture” of these different sources. In our case, the 

“sources” are the potential soil water sources and the “mixture” (also called the “consumer” in the 

MixSIAR package) is the xylem water from the trees. To determine the contribution of the sources, 

biological tracers are needed (e.g., stable isotopes). I used the two isotopologues (δ18O and δ2H) as 

individual tracers in the mixing models (Freyberg et al. 2020). 

Only a limited number of “sources” can be used in a Bayesian mixing model for it to be able to converge. 

Moreover, these sources must be as isotopically distinct as possible (Freyberg et al. 2020). Our extensive 

sampling of the vertical isotopic profile of the root zone allowed us to characterize the vertical variations 

across depths until the groundwater was reached. I then chose to group all soil profiles sampled in the 

different plots into a single dataset to take into account the horizontal variability of isotopic values. I 

then used both isotopes (on the dual isotope plot, Fig. III. 5.5) to visually define breakpoints in the 

distribution of soil isotope values in this two-dimension space (Rothfuss and Javaux 2017). With this 

approach, I visually identified four categories of water sources data. To characterize these categories 

and name them, I calculated the mean depth of the corresponding data in each category. These categories 

are then defined as soil layers at different depths: “Shallow”, “Sub-shallow”, “Intermediate”, “Deep”. 

All the individual points in each of these categories were used as raw data input within the MixSIAR 

model to consider the variability of the isotopic signature of the category. This translated into a mean 

and standard deviation for each of these categories in the MixSIAR model. 

The purpose of the model was to examine water uptake proportions from different sources for the 

investigated plant species (not individual plants) in mixed or pure plots. Hence, the analysis was 

performed on a species level. I grouped together trees of the same plot and species with one fixed factor 

with four levels (“Birch_pure”, “Birch_mixed”, “Pine_pure”, “Pine_mixed”), and included block 

identity as another fixed factor. 

The following parameters were set for the model. I kept the default process × residual error term in the 

mixing models as it seemed the most appropriate for our data (Stock and Semmens 2016). I set 

discrimination data to zero because I assumed no isotopic fractionation during water uptake (Dawson 

1993; but see Barbeta et al. 2020). I used a generalist prior (α=1) assuming water uptake from all 

potential sources is equally likely. For each model, the number of Markov Chain Monte Carlo iterations 

was increased manually (by trial and error) until convergence was reached and until the results for the 

Gelman and Geweke diagnostics (implemented into the MixSIAR package in R) were acceptable.  
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The results of a Bayesian mixing model are probability distributions of source contributions (soil water 

sources) to a mixture (xylem water) that are accounting for the uncertainty of the sources. The median 

source contribution values (50 % quartiles [25 % and 75 % Bayesian credibility intervals]) were taken 

as the final predictions for each factor. 

5.3. Results 

5.3.1. Isotopic signature of xylem and soil water 

5.3.1.1. Xylem water 

Non-irrigated blocks: The isotopic signature of xylem water ranged from -5.1 ‰ to -2.2 ‰ for δ18O and 

from -41.1 ‰ to -29.7 ‰ for δ2H for birch. For pine, it ranged from -5.5 ‰ to -2.6 ‰ for δ18O and from 

-40.3 ‰ to -30.3 ‰ for δ2H (Fig. III. 5.2). In pure plots, birch had an average of -3.2 ± 0.1 ‰ for δ18O 

(average ± standard error) and -32.5 ± 0.4 ‰ for δ2H while pine had an average of -3.9 ± 0.2 ‰ for δ18O 

and -34.5 ± 0.7 ‰ for δ2H. There were significant Species, Composition, and Block effects on both 

isotopes in xylem water (Fig. III. 5.2, Table III. 5.1). In pure plots, birch had less negative δ18O (post-

hoc test estimate ± standard error: +0.7 ± 0.2, p<0.01) and δ2H (+2.0 ± 0.8, p=0.02) than pine. In mixed 

plots, both species had similar values for δ18O (p=0.14) and δ2H (p=0.30). There was a shift towards 

more negative values for birch from pure to mixed plots δ18O (-0.6 ± 0.2, p<0.01) and δ2H (-2.6 ± 0.8, 

p<0.01), while pine did not show significant mixture effects for δ18O (p=0.19) or δ2H (p=0.08) (Fig. III. 

5.2a). 

The Block effect was significant for both isotopes: for example, Block 3 had lower δ18O values for both 

species and all plot compositions. However, this Block effect did not change the direction of Species and 

Composition effects for δ18O, as there were no significant interaction terms (Table III. 5.1). Some of 

the interaction terms were significant for δ2H: mixed plots did not have more negative values than pure 

ones for birch in Block 1 and for pine in Block 3 (Fig. III. 5.2b).  

Irrigated block: In the irrigated block (Block 2), I found no Species or Composition effects on δ18O, but 

there was a significant Composition effect on δ2H (p<0.001), with more negative values in mixed plots 

for both species (Fig. III.S 5.1). For this block, we did not go any further towards the inference of root 

water uptake since we did not sample soil cores as the irrigation input prevented the establishment of an 

isotope gradient with soil depth.  
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Fig. III. 5.2 Raw xylem isotope data for both δ18O and δ2H, with all blocks pooled together (a) and by block (b). 

In (a) the letters represent post-hoc test results from for Species and Composition effects (Eq. 5). In (b) stars 

indicate post-hoc results for Mixture effects within blocks (i.e., significant differences between pure and mixed 

plots) (Eq. 5). The points in the background represent individual tree values. Large symbols represent the average 

values, and error bars represent the standard error of the mean. 

 

Table III. 5.1 Linear model results for Species, Composition and Block effects on xylem water δ18O and δ2H 

(Eq. 5). 

Predictors 
δ18O   δ2H 

F(df; n) p-value R2  F(df; n) p-value R2 

Species (SP) 10.63 (1;46) <0.01 0.51  6.28 (1;46) 0.02 0.56 

Composition (C) 9.3 (1;46) <0.01   13.03 (1;46) <0.001  

Block (B) 10.81 (2;46) <0.001   8.5 (2;46) <0.001  

SP x C 1.24 (1;46) 0.27   1.04 (1;46) 0.31  

SP x B 2.01 (2;46) 0.15   2.61 (2;46) 0.08  

C x B 0.88 (2;46) 0.42   3.69 (2;46) 0.03  

SP x C x B 0.12 (2;46) 0.89     3.7 (2;46) 0.03   
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5.3.1.2. Soil depth profiles 

In soil water samples δ18O ranged from -7.9 ‰ to + 0.7 ‰ and δ2H ranged from -58.5 ‰ to -23.3 ‰. 

For both isotopes, I observed a clear depletion in the heavy isotopes (18O and 2H) with depth until about 

70 cm (Fig. III. 5.3). Evaporation in the superficial soil layers resulted, as expected, in an enrichment 

of the remaining water in the heavy isotopes. Below 70 cm, the isotopic depletion with depth 

disappeared. Below 150 cm, the soil was probably saturated with water from the water table. This was 

confirmed by the measured isotopic signature from the water table at 18 m below ground: δ18O = -

30.4 ‰ and δ2H = -5.8 ‰, which was in the range of the isotopic data of the deepest soil layers that we 

sampled (Fig. III. 5.3).  

The meteoric water lines represent the relationship between δ18O and δ2H in precipitation water (at a 

global and a local scale, both represented in Fig. III. 5.4). Soil water samples that fall along that line are 

samples that did not undergo evaporation after the last precipitation events. Soil water samples that do 

not fall on that line are the ones that were subject to evaporation processes after the precipitation events. 

The dual isotope approach (Fig. III. 5.4) shows that the soil data in our study were grouped along two 

different slopes: (i) along an evaporation line for the soil water from 0 to 70 cm, and (ii) along the 

meteoric water line for deeper soil waters.  

5.3.1.3. Branch and soil together 

Looking at branch data and soil data together for a graphical inference, I found that δ18O for xylem water 

corresponded on average to the δ18O values of the 10-15 cm soil layer (Fig. III. 5.3). However, for δ2H, 

I could see that a simple graphical inference could not be used to infer root water uptake depth: one δ2H 

value for branches was representative of two different soil depths. This was confirmed by the dual 

isotope plot (Fig. III. 5.4): the isotope values of xylem water did not correspond to any single soil sample 

and were intermediate between the shallowest and deepest soil values. This clearly indicated that branch 

xylem water isotopic signature was a result of the mixture of water sources from different soil layers, 

and that only a statistical method based on the contribution of both isotopes could allow me to infer 

these depths. To me, the Bayesian mixing model was the best method to analyze branch and soil data 

together. However, it is important to recall that this method only allows to identify the proportion of the 

contribution of different water sources; it does not give a “mean” depth value for water uptake. 
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Fig. III. 5.3 Raw δ18O and δ2H values for xylem (a,b) and soil (c,d) water. Shaded zones indicate 25 % and 75 % 

quantiles of branch data by species and plot composition for all three blocks pooled together. In (a) and (b) the 

points represent individual tree values. Soil data points are connected by gray lines for data from a given plot. Soil 

data points are represented at the average depth of the subsample (e.g. for subsample 180-200 cm, the average 

depth represented is 190 cm). The light blue rectangle starting at -150 cm indicates isotope signature of the 

groundwater from the central well. 
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Fig. III. 5.4 Dual isotope plot with branch and soil data for δ18O and δ2H. The circles represent xylem water isotope 

values of each tree. The gray triangles represent all the soil water samples in the different plots and at different 

depths. The blue square represents the isotopic signature of the groundwater. The gray dotted line is the estimated 

soil evaporation line (linear regression for soil data from 0 to 70 cm). The black lines are the meteoric water lines 

for isotope values of global precipitations (GMWL) and local precipitations (LMWL).  
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5.3.2. Contribution of water sources to root water uptake (MixSIAR results) 

The four water sources defined for the MixSIAR model based on the variations of both isotopes (Fig. 

III. 5.5) corresponded to the following depth zones within the soil profile: “Shallow” (mean depth = 4 

cm [range = 2.5-7.5 cm]), “Sub-shallow” (16 cm [7.5-30 cm]), “Intermediate” (68 cm [30-130 cm]), 

“Deep” (140 cm [80-190 cm]). The mean, the standard deviation for each of these categories for both 

isotopes, and the individual xylem water points are represented on the isospace plot from the MixSIAR 

model (Fig. III. 5.6). As observed before, the values for xylem water were intermediate between the 

water source categories. 

Results from the MixSIAR model show that for most trees, a major part of the water in the branch xylem 

was extracted from both the “Shallow” (average and range of the median contribution: 39 % [22-62 %]) 

and the “Deep” (45 % [31-63 %]) soil sources. Only a small proportion of water was detected by the 

mixing model to have been extracted from the “Sub-shallow” (10 % [1-36 %]) and “Intermediate” (3 % 

[1-4 %]) soil sources (Fig. III. 5.7, Fig. III.S 5.2, Fig. III.S 5.3a).  

In pure plots across blocks, birch had on average a higher contribution from the “Shallow” water source 

(54 %) than pine (38 %) (difference of relative contribution: 16 %), and birch had a smaller contribution 

of the “Deep” water source (39 %) than pine (49 %) (difference of relative contribution: 10 %) (Fig. III. 

5.7). This difference between species was smaller in the mixed plot for “Shallow” soil water (difference 

of contribution: 9 %), and absent for “Deep” soil water (Fig. III. 5.7). 

Consequently, there was a shift in contributions with plot composition, especially for birch, with a 

smaller proportion of water coming from the “Shallow” water sources in mixed (36 %) than in pure 

plots (54 %) (difference of relative contribution: 18 %), and a bigger proportion coming from the “Deep” 

water sources in mixed plots (46 %) compared to pure ones (39 %) (difference of relative contribution: 

7 %) (Fig. III. 5.8, Fig. III.S 5.3b). For pine, the effect of plot composition on the respective 

contributions was less important than for birch: a smaller proportion of water came from the Shallow 

soil water in mixed plots (28 %) compared to pure ones (38 %) (difference of relative contribution: 

10 %), and the contribution from the Deep soil water was almost the same in mixed plots (46 %) than 

in pure plots (49 %). Block 1 and 3 showed similar patterns while block 6 showed a different pattern in 

the mixed plot, with a shift from the Shallow to the Sub-shallow water sources.  
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Fig. III. 5.5 Dual isotope plot with soil data only, with (a) a continuous color scale according to the sample’s 

average depth and (b) divided into four source zones for the MixSIAR model. The triangles represent all the soil 

water samples in the different plots and at different depths. The blue square represents the isotopic signature of the 

groundwater. The gray dotted line is the estimated soil evaporation line (linear regression for soil data from 0 to 

70 cm). The black lines are the meteoric water lines for isotope values of global precipitations (GMWL) and local 

precipitations (LMWL).   

(a) 

(b) 
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Fig. III. 5.6 “Isospace plot” from MixSIAR model outputs, with soil sources grouped into four categories (black 

symbols and error bars) and individual xylem water values of the sampled trees. Error bars represent standard 

deviations of the data in each soil source category.  
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Fig. III. 5.7 Summary of MixSIAR results by plot composition and block to observe Species effects. At each depth 

category, the points represent the median source contribution values (50 % quartile) of the probability distribution. 

Error bars represent the 25 % and 75 % Bayesian credibility intervals. See Fig. III.S 5.2 for the full probability 

distributions.  
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Fig. III. 5.8 Summary of MixSIAR results by species and block to observe Plot composition effects. At each depth 

category, the points represent the median source contribution values (50 % quartile) of the probability distribution. 

Error bars represent the 25 % and 75 % Bayesian credibility intervals. See Fig. III.S 5.2 for the full probability 

distributions. 
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5.4. Discussion 

5.4.1. Raw xylem and soil isotope data 

5.4.1.1. Variability in xylem isotopic values 

The isotopic signature of xylem water for all samples ranged from -5.5 ‰ to -2.2 ‰ for δ18O and from 

-41.1 ‰ to -29.7 ‰ for δ2H (Fig. III. 5.2). Water isotopes in plant xylem water can span a wide range 

of values, which are dependent on the signature of the local precipitations, of the groundwater, and on 

evapotranspiration levels. In a global analysis over all continents, Evaristo et al. (2015) found that plant 

xylem water can range from -20 ‰ to +8 ‰ for δ18O and from -170 ‰ to +20 ‰ for δ2H. The values 

that we found in our study are in the typical range of values that can be found for δ18O and δ2H in 

Southwest France. For example, Barbeta et al. (2019) found average values of -5 ‰ for δ18O and -45 ‰ 

for δ2H in the same region for Fagus sylvatica (L.) and Quercus robur (L.) xylem water in August 2017.  

In pure plots, the two species showed differences in isotope xylem values, with less negative values for 

birch than pine for both isotopes, but with a high intra-specific variability (Fig. III. 5.2a). The intra-

specific variability in xylem isotopic signature for both species and both isotopes indicates that for trees 

of a same species, there was a wide range of possible water sources extracted by these trees. This 

suggests that the root system of these trees extend over various soil layers, potentially down to the 

groundwater table, but not just down a precise and limited one for each species. Moreover, it could also 

be the result of a variability in the distribution of fine root biomass among trees despite similar rooting 

depths. Indeed, the soil water content in the different soil layer might vary locally within and among 

plots. This intra-specific variability will then make complex a precise identification of differences in the 

mean depth of soil water uptake among species and treatments. Part of this intra-specific variability was 

explained by the variability among blocks, as (i) there were evident block effects on the isotope values 

of xylem water, and (ii) we could see that the intra-specific variability was reduced within some of the 

blocks (Fig. III. 5.2b). The intra-specific variability with blocks might be due to the presence of a 

discontinuous hardpan in these podzol soils which, when present, started at a depth of about 50 cm and 

was about 17 cm thick (Altinalmazis-Kondylis et al. 2020). Soil characteristics can strongly drive the 

rooting profiles (Zanetti et al. 2015) and limit the expression of potential species and mixture effects 

(Altinalmazis-Kondylis et al. 2020). Because of this variability, we kept “Block” as a fixed effect within 

the MixSIAR model to test for differences among blocks (see section 5.4.2). The Bayesian mixing 

model outputs will give one probability distribution for all five trees of each species/plot/block 

combination.  

This significant difference between species in pure plots was absent in mixed plots because of a shift of 

birch values towards isotope values similar to those of pine (Fig. III. 5.2a). The size of the species 

difference in pure plots and of the shift between pure and mixed plots for birch were not much higher 

than the precision of the spectrometer for both isotopes (± 0.5 ‰ for δ18O and of ± 2.0 ‰ for δ2H). 
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Therefore, these differences, although significant, might not represent a very big difference in water 

uptake patterns. Other studies have shown bigger species differences and shifts in response to mixtures 

in isotope values. For example, in my first chapter (Martin-Blangy et al. 2021), I found a difference in 

δ2H of 9.1 ± 1.3 ‰ between beech and fir in pure stands. Bello et al. (2019) found an average shift in 

δ18O of -1.4 ‰ between pure and mixed stands for sessile oak (Quercus petraea (Matt.) Liebl.) trees 

mixed with Scot’s pine (Pinus sylvestris L.). Since these differences in isotope values represent mixtures 

from different soil water sources, I cannot make assumptions here on which species has a deeper water 

uptake or how the shift for birch translated in water uptake depth (see section 5.4.2).  

5.4.1.2. Soil water isotopic variations with depth 

Soil water isotopic signature ranged from -7.9 ‰ to + 0.7 ‰ for δ18O and from -58.5 ‰ to -23.3 ‰ for 

δ2H, showing a wider range than xylem water values. The range of values is not unusual compared to 

the global range for soil water samples (Evaristo et al. 2015) and similar to other soil data from the same 

region (Barbeta et al. 2019).  

The shape of the soil water profiles for both isotopes confirmed that we had a clear evaporation pattern 

in the isotope values of the water from the upper soil layers (Fig. III. 5.3). Moreover, the dual isotope 

approach (Fig. III. 5.4) showed that the soil data in our study were grouped along two different slopes: 

(i) along an evaporation line for the soil water from 0 to 70 cm, and (ii) along the meteoric water line 

for deeper soil waters, which matches the relationship between δ18O and δ2H in local precipitation waters 

(Barbeta et al. 2018). The water from the intermediate soil layers from 70 cm to 150 cm was probably a 

mix of water from different origins in different proportions: (i) a mix precipitation water from different 

seasons that percolated through the soil layers, (ii) water enriched due to evaporation in the upper layers 

and later mixed with precipitation water in the summer, and (iii) water from the groundwater table 

coming up by capillary rise (Sánchez-Pérez et al. 2008; Vincke and Thiry 2008). Thanks to these 

different processes (seasonal variations in distinct isotopic composition of meteoric waters, enrichment 

in heavy isotopes with evaporation, mixing of all meteoric waters in the groundwater table) the presence 

of distinct isotopic composition in water pools allows to trace the origin of plant water (Barbeta et al. 

2018).  

For the deepest soil water samples, isotope values were in the same range as the groundwater ones (Fig. 

III. 5.3), which confirmed that I was able to characterize all possible sources of water for these trees. 

Sampling all potential plant water sources is a very important step to be able to identify where plants 

take up water (Barbeta et al. 2018) and for the use of the Bayesian mixing model in the following section 

(Freyberg et al. 2020). It must be noted that even though we characterized all potential sources vertically, 

our soil core sampling was probably not sufficient to estimate horizontal variations in soil water. As 

seen with the block effects on branch xylem water values, these horizontal variations can have an 

important effect.  
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5.4.1.3. Limits of isotopic methods to study root water uptake 

Using stable water isotope composition is a relatively straightforward technique to relate relative root 

water uptake with soil depth. Several shortcomings in the isotopic methods must however be kept in 

mind. The variability among trees and in the horizontal variability of soil properties, and the time-

consuming water extractions, make it difficult to have an exhaustive sampling. Moreover, an increasing 

number of studies discuss a potential mismatch between available water sources and isotopically 

depleted compositions in xylem water (Barbeta et al. 2020b; Freyberg et al. 2020; De Deurwaerder et 

al. 2021). These could result from: (i) water isotope heterogeneities within the soil pore and stem tissues 

(Barbeta et al. 2020b), (ii) a potential isotopic discrimination at root-level (Vargas et al. 2017) (ii) an 

internal mixing of xylem water with isotopically depleted water reserves stored in stem tissue (Barbeta 

et al. 2020a) and (iii) a water-transport lag between roots and xylem water (De Deurwaerder et al. 2021). 

Although we did not detect offsets that seemed suspicious in our study, these limitations that have 

recently started to be underlined must be kept in mind for further work.  

5.4.2. Water sources contributions to xylem water in dry conditions 

In this sub-chapter, I was interested in looking at species and mixture effects on water uptake patterns 

of trees during drought conditions. For this reason, for sampling, we chose a period with a low soil water 

content and an absence of recent rain events (Fig. III. 5.1). In August 2018, the soil water content was 

about 2 % in the soil profile up to at least -70 cm (Fig. III.S 5.4a). Therefore, we must keep in mind 

that in these very dry conditions, the daily amount of water transpired by the trees was small (see Fig. 

III. 3.5 for sap flux density in similar conditions at the end of August 2019). Therefore, our estimation 

of water uptake in this season concerns only a low quantity of water extracted by the roots.  

5.4.2.1. Species effects on water uptake patterns in pure plots 

In a context of low water availability and dry climatic conditions, I found that for birch in pure plots, 

most of the water uptake (93 %) originated from two distinct soil layers, out of the four I identified. The 

Shallow (average depth of -4 cm) and Deep (-140 cm) water sources had the highest contributions to the 

water uptake (on average 54 % and 39 % respectively), while the Sub-shallow (-16 cm) and Intermediate 

(-68 cm) layers had very low contributions (on average 3 % and 2 % respectively) (Fig. III. 5.7, Fig. 

III.S 5.3). For pines in pure plots, the contributions were 38 % for the Shallow soil category, 6 % for 

Sub-shallow, 2 % for Intermediate and 49 % for Deep.  

Therefore, contrary to my initial hypothesis, there was no strong evidence of a vertical stratification 

between the water uptake patterns of birch and pine in pure plots (i.e., one species taking up a high 

proportion of water from one soil depth category while the other species is taking up water in another) 

(Fig. III. 5.7). There was however a small difference between birch and pine in the median contributions 

from the Shallow and Deep water source categories, which explains the differences detected between 
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the species for δ18O and δ2H in xylem water. In pure plots, pine had a lower contribution from the 

Shallow water source than birch, and a higher contribution from the Deep water source (Fig. III. 5.7). 

The fact that pine had a higher proportion of water that came from the zone with available groundwater 

might be the result of a higher depletion of soil water in the top soil layers in pure pine plots compared 

to pure birch plots. This hypothesis is supported by the fact that we found that pure pine plots had a 

higher total transpiration during the following summer (see Chapter III.3, p. 149). Although many 

studies have reported rooting depth differences among species (Zapater et al. 2011; Stahl et al. 2013; 

Schwendenmann et al. 2015), other studies carried out during summer droughts in temperate forests also 

reported no major differences among species in pure plots (Fruleux et al. 2018; Bello et al. 2019). In 

these last two studies, the selected species primarily extracted soil water near the surface. The absence 

of strong species differences in our study might be due to constraining soil properties with a shallow 

water table in winter, but also a very low soil water content during the dry season in the upper layers. 

Indeed, belowground functional traits such as water uptake depth can reduce differences among species 

when there are strong soil constraints (Zanetti et al. 2015; Fan et al. 2017). The results of my study are 

also in accordance with the findings of Altinalmazis-Kondylis et al. (2020) who found an absence of 

species-specific fine root biomass distributions at ORPHEE in March 2018. In conclusion, in these 

specific soil and climatic conditions, there were no major functional differences in the water uptake of 

the birch and pine species that could lead to a potential complementarity for soil water uptake in mixed 

plots.  

The general water uptake pattern of these two species in pure plots was surprising because it was 

discontinuous, with a very low contribution to water uptake from the intermediate layers. Both species 

had similar water uptake patterns in pure plots: high contributions from the Shallow and Deep water 

categories and small contributions from the Sub-shallow and Intermediate categories.  

The high contribution of the Shallow soil layer for water uptake is in agreement with the fine root 

distribution reported at this site in March 2018 (Altinalmazis-Kondylis et al. 2020): about 83 % of the 

fine root biomass in these plots is present in the first 15 cm of soils (Fig. III.S 5.4b). Moreover, Bakker 

et al. (2006) found the highest fine root densities for Pinus pinaster in the 0 to 5 cm soil layer for similar 

sandy soils, and reported a fast decrease in the following soil layers.  

As a reminder, our data only allows us to infer the proportion of the contribution of different water 

sources, but not the depth of the actual roots. The small contribution of Sub-shallow and Intermediate 

sources does not signify the absence of fine roots in these layers, but rather that they represent a small 

proportion of the origin of water present in the xylem water of branches. Moreover, a profile of water 

uptake is not necessarily continuous (Barbeta et al. 2018): for example, a dimorphic root system can 

result in an uptake of water at two very different soil depths (upper soil water vs. water table) (Dawson 

and Pate 1996). In our case we know that there was a presence of roots in the intermediate soil layers, 

although fine root biomass was decreasing strongly with depth after a depth of 15 cm (Fig. III.S 5.4b) 
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(Altinalmazis-Kondylis et al. 2020). The absence of contribution from the Sub-shallow and Intermediate 

soil layers is therefore still surprising and challenging. Perhaps the Shallow soil layer contributed more 

than the Sub-shallow because of a higher organic matter content in the first 5 cm (Fig. III.S 5.5) and 

because it retained the small precipitation events of the summer. The Intermediate layer probably did 

not contribute to water uptake because the soil was dry, and the presence of fine roots is already scarce 

at this depth (Fig. III.S 5.4). The presence of a dry gap at intermediate soil layers, located between upper 

soil layers containing infiltrated precipitation water and deeper soils layers containing groundwater 

coming up by capillary rise, has been described by Fan et al. (2017). The presence of the hardpan within 

this part of the soil might also play a role in a limited presence of fine roots in this layer of soil (Danjon 

et al. 2005; Altinalmazis-Kondylis et al. 2020).  

The high contribution of the Deep soil water was surprising. Indeed, Altinalmazis-Kondylis et al. (2020) 

reported very low fine root biomass densities in the 60-90 cm soil layers for both species at this site in 

March 2018 (Fig. III.S 5.4b). However, they were not able to characterize the whole profile as they did 

not sample the soil below 90 cm. When comparing our results with pure pine plantations in the same 

region, the presence of roots below 90 cm that could access the groundwater seems very likely. Bakker 

et al. (2006) found a maximum rooting depth for pine of 0.75–1.3 m at a humid site and of 2.5–3.0 m at 

a dry site. Danjon et al. (2005) reported a maximum tree rooting depth that ranged from 0.74 to 1.28 m 

for coarse roots of pine. The presence of deep roots for pine is limited to the depth of the water table in 

summer, but these roots can grow in the layers above despite the presence of the water table in winter 

(Danjon et al. 2005). On the other hand, the presence of birch roots in the Deep soil layer was more 

surprising than for pine. Birch has been described as a shallow rooted species (50 – 75 cm) with a very 

dense fine root biomass in the upper horizon (Mauer and Palátová 2003; Curt and Prévosto 2003). 

However, birch roots were reported to be able to go down to 1.5 m depth in sandy soils in Germany 

(Mauer and Palátová 2003). In conclusion, even though deep roots below 90 cm were not characterized 

at this site, their presence is very likely above the summer water table depth (~ about 1.5 m at this site). 

The Deep soil layer that we characterized for isotopic analysis included samples that ranged from 80 cm 

to 190 cm deep, but the presence of roots was probably limited to a depth of 1.5 m in the unsaturated 

soil zone with groundwater coming up by capillary rise (Fan et al. 2017). The Deep soil water had a 

surprisingly high contribution for both species, knowing that in these soil layers fine root biomass 

density was probably very low. However, a small number of fine roots might be able to uptake a high 

proportion of water, especially if the higher soil horizons are very dry and with the presence of a water 

table (Stahl et al. 2013). The water from the Deep soil category was likely mostly made of water from 

the groundwater coming up by capillary rise above the water table depth. In a meta-analysis of 35 studies 

combining data for trees and other plant species, Barbeta and Peñuelas (2017) found that the use of 

groundwater was more likely at sites with a pronounced dry season and represented on average 49 % of 

transpired water in dry seasons and 28 % in wet seasons. Vincke and Thiry (2008) also reported that the 
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groundwater was the most important source of water during prolonged periods with no rain, and was 

used through capillary rise from the groundwater up to the rooted soil layers. The activity of deep roots 

was therefore essential in these studies during dry conditions. It has been shown that water uptake can 

shift to lower soil layers in dry conditions (Bakker et al. 2006; Schwendenmann et al. 2015; Brinkmann 

et al. 2019). The combination of dry conditions and the presence of a relatively shallow water table in 

our site may explain this high contribution of the Deep water category.  

Take-home message 

We did not find major differences in water uptake patterns of birch and pine in pure plots. Pine had a 

slightly higher contribution from Deep soil water than birch, which might be due to a faster depletion of 

water from the upper horizons than birch. The absence of a vertical differentiation between species 

might be primarily driven by the soil constraints at this site with a shallow water table limiting root 

growth. 

Both species had a very high contribution of the Shallow and Deep soil water categories but a low 

contribution from the Sub-shallow and Intermediate soil water. The high contribution of the Shallow 

and Deep soil water categories for both species can be explained by (i) a high fine root biomass in the 

upper soil horizon taking up water from a soil with a low SWC and (ii) by small number of fine roots 

taking up water from the unsaturated zone above the water table with water coming up by capillary rise. 

The low contribution of the Sub-shallow and Intermediate soil categories may be explained by a fast-

decreasing fine root density with depth and a low SWC because of sandy soil with low water retention 

capacity, but also to the presence of a hardpan in the Intermediate soil category. 

 

5.4.2.2. Shifts in water uptake between pure and mixed plots 

In mixed plots the contribution from the Shallow soil category dropped for both species, slightly more 

strongly for birch (18 %) than for pine (10 %) (Fig. III. 5.8). The contribution of the Deep soil layer 

increased by 7 % for birch in mixed plots than in pure plots, while it remained the same for pine. In 

total, this shift was significant only for birch, and only for the Shallow soil water category (see the 

overlap of the credibility intervals in Fig. III. 5.8). Therefore, the main consequence of the mixture 

effect was that birch trees had a lower contribution from the shallowest soil water in mixed plots, while 

pine did not. This resulted in a homogenization of the source contributions between the two species, 

resulting in even lower evidence for vertical stratification in mixed plots. Fruleux et al. (2018) and Bello 

et al. (2019) both carried out similar experiments during summer drought periods in France with two-

species mixtures of beech (Fagus sylvatica L.) and maple (Acer pseudoplatanus L.) and of Scot’s pine 

(Pinus sylvestris L.) and sessile oak (Quercus petraea (Matt.) Liebl.) respectively. In both studies they 

showed deeper water extraction by trees in mixtures compared to the pure stands for all species and an 
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absence of difference between the species in mixed stands. Fruleux et al. (2018) explained this shift by 

higher productivity and transpiration in the mixed stands resulting in the drying of the shallow layers 

may induce the trees to shift the depth of their soil water uptake. A similar process could help explain 

the shift for birch in our study. The lower contribution from the Shallow water source in mixed plots 

could be the result of a lower SWC in mixed plots compared to pure birch plots. Pine trees depleted the 

soil water faster than birch because of a higher transpiration, which could cause birch trees in mixed 

plots to have access to less shallow soil water than in pure plots. However, it does not explain the lower 

contribution from shallow soil water for pine in mixed plots compared to pure plots, as the total plot 

transpiration for mixed plots is lower than in the pure pine plots (see Chapter III.3, p. 149). The shift 

towards a lower contribution of shallow soil water for pine might be the result of a stronger competition 

with birch fine roots in mixed plots since birch has a higher fine root density then pine in superficial soil 

layers (Curt and Prévosto 2003; Altinalmazis-Kondylis et al. 2020). This hypothesis is strengthened by 

the fact that Sub-shallow contributions are higher for pine in mixed plots than in pure plots, indicating 

that the shift had a different origin than for birch.  

Moreover, birch probably has a higher plasticity in fine-root architecture than pine (Curt and Prévosto 

2003; Altinalmazis-Kondylis et al. 2020). Similarly, a high plasticity for beech water uptake was 

observed in beech-conifer stands (Bolte and Villanueva 2006; Grossiord et al. 2014a; Martin-Blangy et 

al. 2021). Although Altinalmazis-Kondylis et al. (2020) did not find significant differences in fine root 

biomass distributions between species in the mixed plots in March 2018, there might have been shifts 

between the spring and the summer, and we cannot rule out this hypothesis.  

Finally, despite strong block effects, all three blocks showed similar trends for species and mixture 

effects. The mixed plot in Block 6 also had similar trends, even though there was a higher contribution 

of the Sub-shallow category compared to the Shallow category. I hypothesized that his could be the 

result of particular soil conditions in the topsoil of this plot that could have induced this shift, for example 

a thinner litter layer resulting in a drier topsoil. But a precise vertical and horizontal characterization of 

soil conditions has not been conducted there so far. 

Take-home message 

In mixed plots there was a shift towards a lower contribution of water from the shallow soil water for 

birch, resulting in a homogenization in water sources between the two species compared to pure plots. 

The evidence for the absence of a vertical differentiation of water uptake between species was therefore 

even stronger than in pure plots.  

The lower contribution from the shallow waters for birch was probably due to a higher transpiration in 

mixed plots than in pure birch plots resulting in a lower soil water content.  
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5.5. Conclusion  

In conclusion, contrary to our hypothesis, there was no evidence for a vertical differentiation of water 

uptake between the two species in mixed plots and this absence of difference was even more evident 

than in pure plots. This suggests that, at least during dry summer conditions, we should not expect 

mixture effects on water use or response to drought that can be explained by belowground 

complementarities. Overall, this is in accordance with what we have found in the previous sub-chapters, 

but I will further develop the links between mixture effects on ecosystem functioning at ORPHEE and 

the potential underlying mechanisms in the general discussion of this chapter (see general discussion of 

this chapter: Chapter III.6, p. 265).  
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5.6. Supplementary figures Chapter III.5 

 

 

 

Fig. III.S 5.1 Raw xylem isotope data for both δ18O and δ2H for the sampled irrigated block (Block 2). The text at 

the top of the panels represents results from linear models for Species and Composition effects. The letters a the 

bottom of the panels represent post-hoc test results. The points in the background represent individual tree values. 

Large symbols represent the average values, and error bars represent the standard error of the mean. 
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Fig. III.S 5.2 Output posterior plots of the probability distributions from the Bayesian mixing model with 

“SP_stand” and “Block” as fixed factors. 
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Fig. III.S 5.3 Summary of MixSIAR results for each block represented either (a) by plot composition to observer 

Species effects or (b) by species to observe Plot composition effects. Each stacked section in a bar represents the 

median source contribution value (50 % quartile) of one depth category. See Fig. III.S 5.2 for the full probability 

distributions. This is an alternative representation for the same data as in Fig. III. 5.7 and Fig. III. 5.8.  
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Fig. III.S 5.4 Soil water content and fine root biomass fraction complementary data. (a) Average soil water content 

at Castillonville GIS Coop plantation for August 2018 for probes at a depth of 25, 45 and 70 cm. The SWC at 150 

cm is estimated at 37 % for a saturated soil at groundwater table depth: this value was the maximum observed in 

SWC in winter at this site, and is in the range for a sandy soil at saturation. The average depth of the soil water 

categories identified for the isotope mixing model are indicated in grey text. (b) Fine root biomass fraction in 

March 2018 at ORPHEE estimated for three depth categories (0-15 cm, 15-30 cm and 60-90cm). The value for 

90-150 cm is estimated to be close to 0 % but was not measured in the field. This data was adapted from 

Altinalmazis-Kondylis (2020).  
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Fig. III.S 5.5 Example of soil color evolution with depth for Block 2, Plot 1 (pure birch) in July 2019. The top of 

the picture represents the topsoil (0-5 cm) and each following box the following depths (5-10, 10-15, 15-25, 25-

35, 35-45, 45-55, 55-65, 65-75, 75-85, 85-100, 100-115, 115-125). We can observe here that the top horizons are 

the ones with the most organic matter.  
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Chapter III.6  

General discussion 
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6. General discussion 

 

In this general discussion of Chapter III, I present an overview of the results obtained in the different 

sub-chapters and how they relate to each other. The goal here is to discuss what I learned from the 

different sub-chapters (i) on the differences in functioning between the two studied species, (ii) on how 

they responded to drought and/or irrigation, and (iii) on how they interacted in mixed stands. Finally, I 

will discuss the underlying mechanisms behind the presence or absence of mixture effects.  

Note: The figures from the sub-chapters of Chapter III are numbered with the chapter, sub-chapter, and 

figure number. For example, “Fig. III.3.6” is Figure 6 in the sub-chapter 3 (sap flux density) of Chapter 

III, and “Fig. III.S 3.1” is Figure 1 in the supplementary figures of sub-chapter 3.  

 

6.1. Functional differences between species in pure plots of the non-
irrigated blocks 

6.1.1. Water use in the absence of water stress 

Birch and pine showed different strategies in terms of water use in pure plots at ORPHEE. Indeed, in 

non-limiting soil water conditions, pine had a higher transpiration than birch at the tree and stand scale 

(Tplot, Fig. III. 3.11) despite a lower sap flux density (Fd, Fig. III. 3.6) and maximum hydraulic 

conductivity compared to birch (Kmax, Fig. III.A 3). This was the result of a higher sapwood area for 

pine trees compared to birch, due to a faster diameter growth for pine (Fig. III.S 4.3) and which resulted 

in a higher stand basal area (and stand sapwood area) in pure pine plots (Fig. III. 3.2). Finally, birch 

had higher tree-ring δ13C (i.e., a higher water use efficiency) than pine during wet summer conditions. 

In conclusion, in the absence of water stress, the two species showed strong differences in water use and 

physiological functioning, which I expected could translate into differences in the response to summer 

drought and into potential mixture effects.  

6.1.2. Response to drought  

The different results concerning the response of birch and pine to drought in pure plots seemed 

contradictory at first. Indeed, birch trees had a higher predawn leaf water potential (Ψpd) than pine in 

pure plots (Fig. III. 2.1), indicating that there was a higher water availability for birch than for pine trees 

at the end of July 2019. I hypothesized that this was the result of the higher water use in pure pine plots 

compared to pure birch (Fig. III. 3.11), which could have led to a faster depletion of soil water resources. 

In line with these results, I also found an absence of increase in δ13C between a wet year and two dry 

years for birch, while pine δ13C had increased during dry years (Fig. III. 4.7). This led me to think that 
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while pine suffered from a strong water deficit, birch did not. However, during the summer drought of 

2019, I did observe a strong loss of sap flux density for both species that was highly synchronized 

between the two species in the non-irrigated block: birch lost the same proportion of sap flux density 

than pine with time during the summer drought of July (Fig. III. 3.7, Fig. III. 3.8). This seemed 

contradictory, as data from the Ψpd and δ13C indicated that birch would have a lower or delayed exposure 

to water deficit than pine during drought events.  

From the literature, I expected birch to be less drought tolerant than pine (Niinemets and Valladares 

2006; Andivia et al. 2020). Moreover, it must be noted that in this region, silver birch is at the southern 

limit of its distribution range, close to the highest mean annual temperature in which it can grow in 

Europe (Beck et al. 2016), whereas maritime pine is at the heart of its climatic range (Abad Viñas et al. 

2016). Therefore, it seems likely that birch would be experiencing water deficit during a dry summer in 

this climate. Because of this lower drought tolerance, birch might respond to drought with stomatal 

closure at less negative Ψpd values than pine. Precise soil water content (SWC) data from each plot at 

different depths would have been needed to answer this question and could be an interesting perspective 

for future research. Moreover, we know that birch suffered from drought as we observed leaf loss in 

July 2018 and 2019 (Appendix A, p. 321 and Appendix B, p. 327), indicating a drought avoidance 

strategy for birch (Wendler and Millard 1996). This can also be linked to the higher xylem vulnerability 

to cavitation of birch (Fig. III.A 3), which is a good indicator of drought tolerance (Maherali et al. 2004; 

Awad et al. 2010). Therefore, the seemingly contradictory results from Ψpd and loss of sap flux density 

during drought were probably the result of different factors acting in opposite directions: on the one 

hand, birch had a slower growth in pure plots, and the evaporative demand in the pure birch plots was 

smaller than in the pure pine plots. This resulted in a higher soil water availability at a given point in 

time. On the other hand, birch was more sensitive to drought than pine and therefore responded to 

drought at a lower threshold of water deficit than pine. Overall, this resulted in a synchronized response 

of sap flux density to drought for the two species. It was then interesting to test if these different 

interacting factors would result in a change in drought exposure for one or both species when grown in 

mixed stands. 

6.2. Irrigation effects on tree functioning in pure plots 

6.2.1. Acclimation to irrigation  

I was interested to test how the summer irrigation treatment set up in 2015 could impact birch and pine 

functioning in pure plots on the mid-term, and how these trees acclimate to these conditions. Indeed, the 

irrigation treatment gave me interesting insights into the origin of the different responses in non-irrigated 

plots and whether they were indeed due to differences in water availability. However, one major limit 

of this approach is that, as irrigation also impacted the growth dynamics of the trees, there are 
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interactions between long-term irrigation effects on growth and light interception and short-term 

irrigation effects on drought response. Indeed, irrigation resulted in a higher growth (in height and DBH) 

for both birch and pine (Fig. III.S 4.3). This, in turn, resulted in a higher basal area in irrigated pure 

plots compared to non-irrigated ones (Fig. III. 3.2) and in an increase in plot level transpiration (Fig. 

III. 3.11). Birch and pine also had lower leaf and needle δ13C in 2019 in the irrigated pure plots compared 

to the non-irrigated pure plots (Fig. III.S 4.2), which indicated a strong physiological acclimation to a 

higher water availability in these plots, or, if looked the other way, it indicated that the trees in the non-

irrigated plots do suffer every year from drought stress.  

Irrigation effects on growth and transpiration were stronger for birch than for pine (Fig. III.S 4.3). 

Consequently, irrigation more strongly impacted the canopy closure of pure birch plots: the leaf area 

index (LAI) in birch plots in 2019 was two times higher in the irrigated plots than in the non-irrigated 

ones (Fig. III.S 3.2). Moreover, there was a decrease in δ13C between before and after the onset of the 

irrigation treatment (i.e., between 2013 and 2016 or 2018) for birch but not for pine (Fig. III. 4.7). For 

birch, this could indicate a higher water availability in these plots and/or a lower light availability for 

their crowns compared to 2013. The second hypothesis seemed more likely as 2013 was a wet year and 

seemed confirmed by the absence of a change for pine. Finally, I observed long-term physiological 

acclimations to the irrigation treatment for birch, but not for pine. Indeed, in the irrigated blocks birch 

was more vulnerable to embolism (higher Ψ50, Fig. III.A 3). The combination of these different 

irrigation effects on birch indicated a stronger water limitation for birch than pine in non-irrigated blocks 

due to a lower drought tolerance for birch, as hypothesized in the previous section. However, because 

of the irrigation effect on canopy closure, I am not certain of the magnitude of the effects, as some of 

them (δ13C, Ψ50) can also be explained by a acclimation to a lower irradiance (Warren et al. 2001; 

Barigah et al. 2006).  

6.2.2. Summer drought exposure in irrigated blocks 

With the irrigation treatment, exposition to summer drought was relieved but not completely removed 

for the trees in this experimental plantation. Indeed, Ψpd values in July 2019 (Fig. III. 2.1) indicated that 

pine trees still were under a water deficit that can be qualified as “moderate”. In addition, I observed 

that sap flux density of both species decreased during the summer drought of 2019 even in the irrigated 

blocks (Fig. III. 3.7, Fig. III. 3.8), albeit later and in a lower proportion than in the non-irrigated blocks. 

Surprisingly, the birch trees in the irrigated pure plots had an earlier and stronger loss of sap flux density 

than the pines in the irrigated pure plots (Fig. III. 3.7, Fig. III. 3.8, Fig. III. 3.9), although it had a less 

negative Ψpd than pine during this period. In the sub-chapter on sap flux density (Chapter III.3, p. 149), 

I had hypothesized that this could be due to a lower efficiency of the irrigation input in the pure birch 

plot, because of a stronger evaporation in the more open birch plots compared to the pine ones. This 

suggests that in this plantation, Ψpd may not be the best indicator of drought stress. Indeed, in 



Chapitre III 

 

268 

 

heterogeneous soil conditions, such as with irrigation, Ψpd might align with the water potential of the 

most humid zone (Améglio et al. 1999). In this case, the variations of sap flux density seem to provide 

a better indicator of drought stress for birch (Remorini and Massai 2003). Therefore, contrary to what 

was expected at the time of the setup of the summer irrigation treatment (H. Jactel, pers. comm.), I found 

that the irrigation input was not sufficient to remove water stress in this plantation.  

6.3. Mixture effects 

6.3.1. Mixture effects on growth dynamics 

In terms of growth, mixing birch and pine resulted in a higher productivity than the one expected from 

the average of the two pure plots after 2014 (Morin et al. 2020; Toïgo et al. 2021a) (see also Fig. III.S 

4.3). This is typically a pattern that can be called “overyielding” (Loreau and Hector 2001). However, 

the mixed plots did not have a higher productivity than the most productive species (here, pine), 

suggesting the absence of “transgressive overyielding” in this plantation (Morin et al. 2020; Toïgo et al. 

2021a). This is also what I observed and discussed in Chapter II with crown volumes and canopy 

packing in 2017. These stand-level observations were the results of an overyielding for pine when mixed 

with birch and of an underyielding for birch when mixed with pine that was not strong enough to 

counterbalance the overyielding effect of pine. Indeed, in mixed plots, pine crowns benefited from the 

competition release of smaller birch crowns and then expanded their crowns laterally (Chapter II), but 

also pine trees grew faster in height than birch after 2014 (Fig. III.S 4.3). These changes in canopy 

closure and light availability for trees are of primary importance as they also impacted mixture effects 

on water use and drought response.  

In irrigated blocks, birch trees were able to maintain a speed in height growth that was similar to pine 

trees in mixed plots until 2018, but diameter growth was always lower for birch in mixed plots compared 

to pure plots (Fig. III.S 4.3). The leaf area index (LAI) in 2019 was higher in the mixed plots than both 

pure plots (Fig. III.S 3.2), showing a positive mixture effect on LAI that was stronger with irrigation 

than in non-irrigated plots. Unfortunately, the overyielding was not yet studied in the irrigated blocks, 

as the currently published papers focused on data before the onset of the irrigation treatment (Morin et 

al. 2020; Toïgo et al. 2021a).  

6.3.2. Mixture effects on water use in the absence of water stress 

In the absence of water stress, there were no mixture effects on individual tree functioning and water 

use. I expected this result, as potential belowground complementarities for water acquisition are less 

likely to be expressed in the absence of water stress (Grossiord et al. 2013a; Forrester 2014). This was 

observed for example with sap flux density in the spring period which was similar in both pure and 

mixed plots for both species (Fig. III. 3.6). Similarly, there were no mixture effects on tree-ring δ13C in 
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2013, a wet year in the early stages of the plantation (Fig. III. 4.5). However, in 2019, leaf and needle 

δ13C was lower, but also more variable, in mixed plots than in pure plots for birch (Fig. III.S 4.2). Since 

this was true in both non-irrigated and irrigated blocks, it was more likely to be an effect of a lower light 

availability for birches in mixed plots with the shading from pine trees. Overall, except for leaf and 

needle δ13C, there was no sign of mixture effects at the tree level in the absence of water stress.  

At the stand scale, water use in mixed plots was higher than in pure birch plots and lower than in pure 

pine plots (Tplot, Fig. III. 3.11). However, it was higher than the expected average from the two pure 

plots (Fig. III. 3.13). This difference from the expected average shows that there were interactions 

between the two species when planted together that modified their functioning compared to the 

monocultures. These results were the consequence of mixture effects on growth and therefore total 

sapwood area in a plot as there were no mixture effects on sap flux density at the individual tree scale. 

In the irrigated blocks, the irrigation effects on growth affected the results of mixture effects on water 

use compared to non-irrigated blocks (Tplot, Fig. III. 3.11). Indeed, while the water use was still 

intermediate between pure birch and pure pine, it was this time lower than the expected average from 

the two pure plots (Fig. III. 3.13). This was the consequence of a stronger negative mixture effect on 

birch basal in the irrigated blocks compared to the non-irrigated blocks (Fig. III. 3.2). A higher 

transpiration in mixed stands can be related to a higher productivity in the absence of water stress 

(Forrester et al. 2010; Kunert et al. 2012; Gebauer et al. 2012), but might be detrimental during droughts, 

making the trees in mixed stands more susceptible to drought (Jacobs et al. 2021). Therefore, from these 

stand-level results, one might have expected that birch would be more stressed in mixed plots because 

of the higher water use of neighboring pine trees. 

6.3.3. Mixture effects on drought response 

Contrary to my initial expectations, there were very few mixture effects on the drought response of birch 

and pine in the non-irrigated blocks. Birch trees showed no mixture effect on the loss of sap flux density 

during the summer of 2019 (Fig. III. 3.8, Fig. III. 3.9), which was consistent with an absence of mixture 

effect on predawn leaf water potential on July 19th, 2019 (Fig. III. 2.2) and on the vulnerability to 

cavitation (Fig. III.A 4). On the other hand, although birch trees had a lower Δδ13C between 2013 and 

2018 in mixed stands than in pure stands, which might indicate a lower drought exposure, the fact that 

the Δδ13C value in mixed stands was negative suggested instead a mixture effect due to a lower light 

availability because of the domination of birch crowns by pine trees in mixed plots (Fig. III. 4.7). 

Similarly, for pine trees, there were no mixture effects on predawn leaf water potential on July 19th, 

2019 (Fig. III. 2.2) and on the vulnerability to cavitation (Fig. III.A 4), but also on drought exposure 

measured with Δδ13C (Fig. III. 4.7). There was however a weak mixture effect on the loss of sap flux 

density during the summer of 2019 (Fig. III. 3.8, Fig. III. 3.9). The loss of sap flux was slightly faster 

for pine in mixed plots than in pure plots, which I explained by a higher exposure of pine crowns to 
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radiation when mixed with birch, because of the lower light interception of birch crowns, but also 

because they reached smaller heights than pine. This hypothesis is confirmed by the absence of mixture 

effect on predawn leaf water potential, indicating that the effect did not originate from belowground soil 

water availability. Because of this faster loss of sap flux density for pine, there was a shift at the plot 

level from a higher water use than expected from the average of the pure plots in the absence of water 

stress to a lower water use than expected from the pure plots at the end of the drought event (Fig. III. 

3.12, Fig. III. 3.13).  

In the irrigated blocks, I observed a few mixture effects, especially for birch. There were no mixture 

effects on Ψpd for either species in the irrigated blocks. However, birch trees had a higher and faster loss 

of sap flux density in the pure birch plot compared to the mixed one (Fig. III. 3.8, Fig. III. 3.10). There 

was also a strong mixture effect on Δδ13C which indicated a lower drought exposure or a lower light 

availability in mixed plots compared to pure plots (Fig. III. 4.7). Finally, there was a small mixture 

effect on birch vulnerability to cavitation (Fig. III.A 4), with a higher vulnerability in mixed plots. The 

fact that most of these effects for birch were not significant in the non-irrigated blocks is interesting 

because, as most water deficit was removed in the irrigated blocks, it confirms that these effects are 

more likely due to aboveground species interactions. For pine, there were no mixture effects in the 

irrigated blocks for all variables (Ψpd, Fd loss, Δδ13C and Ψ50). At the stand scale, the net mixture effect 

on plot-level transpiration shifted from a lower water use than expected from the pure plots in the non-

irrigated block to a higher water use than expected in the irrigated block. I had not expected to find 

mixture effects on drought exposure in irrigated blocks, as I thought that mixture effects would be absent 

when water was not a limiting factor (Grossiord et al. 2013a; Forrester 2014). However, as noted in the 

previous section, the irrigation did not completely remove water stress. But the mixture effects observed 

in the irrigated blocks were more likely to come from canopy structure modifications rather than from 

a higher water availability in mixed plots. Indeed, since all these mixture effects were observed for birch 

and not for pine, and that no mixture effects were observed on Ψpd, this indicated that the mixture effects 

were not related to belowground water availability, but rather due to aboveground effects with lower 

light availability for birch in mixed plots.  

The absence of clear mixture effects on drought response is consistent with a growing body of literature 

that shows that the beneficial effect of mixtures cannot be generalized, being greatly modulated by the 

type of admixture and tree species identity, and depending on site water supply, soil characteristics and 

stand characteristics, such as basal area and age (Ammer 2019; Grossiord 2019; Pardos et al. 2021). In 

our case, we had expected a lower drought exposure in mixed stands for this specific species 

combination due to belowground complementarities in rooting depths between the species, so the 

absence of strong mixture effects on drought exposure suggests an absence of belowground 

complementarity effects. Also, the degree of the water stress might affect the presence or absence of 

mixture effects: mixture effects could be expected at intermediate drought levels, while absent during 
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extreme drought events (de Streel et al. 2020). However, in this case we were not in extreme drought 

conditions so we should have been able to see potential mixture effects in these conditions.  

6.4. Underlying mechanisms 

6.4.1. Belowground complementarity for water uptake 

Overall, the few mixture effects that were found, both in non-irrigated and irrigated blocks, were 

hypothesized to come from canopy closure and shading of birch by pine in mixed plots compared to 

pure plots. There was no strong evidence for a belowground complementarity in water use between the 

two species that could result in a lower drought exposure in mixed stands and a better resistance to 

drought. Because sap flow and δ13C are also directly influenced by light related processes it makes it 

difficult to tease apart belowground and aboveground effects.  

In the last section of the chapter (Chapter III.5, p. 229), I directly estimated the relative contribution to 

root water uptake of soil water sources at different depths, without confounding factors related to light. 

To test whether there was a belowground complementarity in water acquisition between birch and pine 

in mixed plots, I compared water isotopes in the soil at different depths with water isotopes in the xylem 

water of branches to estimate the relative contribution of soil water from different depths.  

Contrary to my initial expectations, there was no evidence for a vertical stratification of water uptake 

between the two species either in pure plots or in mixed plots (Fig. III. 5.2, Fig. III. 5.7, Fig. III. 5.8). 

Both species extracted water mainly from the first few centimeters of soil and from the deeper soil layers 

below 80 cm. Only a very small proportion of the extracted water came from the intermediate soil layers. 

These contributions from the different soil water categories did not vary much between species and 

between pure and mixed plots. The high contribution from the deep soil water category for both species 

was explained by a small number of fine roots taking up water from the unsaturated zone above the 

water table with water coming up by capillary rise.  

The absence of mixture effects was consistent with the results from the other sub-chapters on water use 

and response to drought in which I saw little evidence for a potential belowground complementarity, but 

also with the results from Altinalmazis-Kondylis (2020) on fine root biomass production at ORPHEE 

in March 2018. As mentioned in Chapter III.5, despite potentially contrasted rooting patterns between 

the two species, these were under strong constraints of the soil profile at ORPHEE with a shallow 

fluctuating water table and a hardpan layer in the soil, that both prevented the roots to grow towards 

deeper soil horizons (Danjon et al. 2005; Altinalmazis-Kondylis et al. 2020).  

Although belowground water uptake differentiation between species is often hypothesized as a potential 

mechanism behind mixture effects on productivity or drought resistance, there is actually very little 

evidence of this hypothesis. Two examples come to my mind in which they found species-specific water 
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uptakes in experiments that had also evidenced aboveground overyielding (Mueller et al. 2013; 

Schwendenmann et al. 2015). The other studies that have evidenced vertical stratification of roots 

between species did not have companion papers measuring mixture effects on stand productivity or other 

ecosystem functions (Schmid and Kazda 2001; Bolte and Villanueva 2006). Some studies that did 

associate ecosystem functions and processes were not able to link belowground complementarity to 

mixture effects on ecosystem functions. For example, in Martin-Blangy et al. (2021) (see Chapter I), 

the presence of a vertical stratification between beech and fir did not result in a lower drought exposure 

in mixed stands. In Goisser et al. (2016), mixture induced a shift in spruce rooting patterns but there 

were no consequences on growth in mixed stands. On the contrary, some studies that did find positive 

mixture effects on productivity did not find belowground complementarity (Fruleux et al. 2018, 2020). 

Based on my results and this literature, there is little evidence so far that belowground complementarity 

plays a direct role in positive mixture effects on productivity. However, mixture effects on productivity 

are measured over an integrated period (i.e., one year) while experiments measuring fine root biomass 

distribution or water uptake are representative of a single point in time. In my case, the results that I 

obtained with the water isotope experiment are representative of the dry season conditions only, but not 

for the whole growing season.  

6.4.2. Aboveground mechanisms 

In this chapter, I have shown that canopy structure in pure versus mixed plots can influence water 

relations and drought response in many ways and should not be underestimated when interpreting 

mixture effects. Indeed, mixing birch and pine resulted in higher crown volumes for pine but also a 

higher canopy packing (Chapter II) and a stratification of the two species with birch being dominated 

by pine (Fig. III.S 4.3). This then probably impacted the light availability of birch and pine in opposite 

ways compared to pure plots, with lower light availability for birch and higher for pine in mixed plots. 

Moreover, this is a dynamic process, especially in such a young plantation, and therefore mixture effects 

will change with the evolution of the canopy structure. Such effects of canopy structure on mixture 

effects have been observed in the literature before. For example, Fichtner et al. (2020b) observed that 

microclimate amelioration via facilitative neighborhood interactions might act as a further mechanism, 

on top of resource partitioning, by which the water demand of a focal tree growing in diverse 

neighborhoods is decreased. These effects are possible to interpret only if we study the response of each 

species rather than whole stand response and emphasizes the importance to look at both scales when 

looking to understand mixture effects (Trogisch et al. 2021).  
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6.5. Conclusion 

In this chapter, I found no evidence for belowground complementarity in water use for these two species 

in mixed plots. The absence of belowground complementarity, which is in contradiction with my initial 

expectations based on the functional characteristics of the two species, reflects the outcome of the 

realized interactions between these two coexisting species in this plantation. This absence might be 

related to the specific soil conditions at ORPHEE and could be expressed differently in other site 

conditions. However, the few mixture effects that I found on water use and drought response were 

related to the impact of species interactions on canopy structure. Overall, this species assemblage does 

not have a higher or lower water availability than when planted in monocultures. However, since pine 

was able to grow faster than birch in mixed plots, birch was slightly less exposed to drought because of 

a lower light availability. This also impacted birch growth and might result in a complete domination of 

birch by pine in mixed stands in a few years, and perhaps to birch mortality, as this species is a light-

demanding, shade-intolerant species (Hynynen et al. 2010; Beck et al. 2016). These results highlight the 

importance of considering the species’ functional characteristics (rooting pattern and shade tolerance) 

but also their growth dynamics when the choice of species assemblage in mixed plantations is discussed 

by forest managers. Moreover, my results highlight the importance of the impact of (i) climatic 

conditions, with the irrigation treatment that modified the mixture effects compared to non-irrigated 

blocks, and (ii) site soil conditions, with the presence of a shallow water table which impacted rooting 

patterns, on the expression of potential mixture effects.   
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Appendix III.A 

 

7. Appendix III.A: Xylem embolism resistance 

7.1. Context 

When xylem sap is exposed to large negative pressures, cavitation can occur and air embolism can form 

(Cochard 2002). Widespread cavitation or embolism in xylem (under severe water stress) reduces a 

plant’s capacity to transport water from soil to leaves. This reduction in xylem’s hydraulic conductivity 

can impair the rate of carbon fixation by inducing stomatal closure to prevent further cavitation and 

desiccation of leaf tissues. This may result in premature mortality of roots or twigs and could ultimately 

lead to tree death (Bréda et al. 2006). Vulnerability to drought-induced embolism is therefore a key 

component for drought tolerance of trees. It can be estimated by the xylem tension at which a certain 

percentage loss of hydraulic conductivity occurs, typically a threshold of 50 % loss of conductivity is 

used (Ψ50).  

We investigated whether species interactions and the irrigation treatment impacted the maximum 

conductivity and Ψ50 of branches at ORPHEE. This study was conducted by Bordeaux colleagues (S. 

Delzon, H. Jactel, M. Cambon and members of the Delzon lab) in the context of the ANR-DiPTiCC 

project. As this dataset revealed to be interesting to be analyzed in this chapter, I asked the authorization 

to use it and include it as an Appendix in this chapter. I am very thankful to all of them to allow me to 

include this dataset here. 

7.2. Methods 

7.2.1. Study site 

For this section, please refer to the description of the experimental site at the beginning of this chapter 

(section 1.2). 

7.2.2. Sampling 

For this experiment, a 40-cm long branch was sampled on eight to ten trees per species and per plot. 

Trees were sampled in blocks 1 to 6 (three non-irrigated and three irrigated blocks), in pure birch, pure 

pine and mixed birch and pine plots. Branches were collected in February 2019 for blocks 1 and 2 and 

in March 2019 for blocks 3 to 6. After sampling, the branches were immediately defoliated to prevent 

transpiration loss, conditioned in wet cloth, and sealed in plastic bags to halt moisture loss. They were 
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immediately taken to the Caviplace phenotyping platform (http://sylvain-delzon.com/caviplace/, Univ. 

of Bordeaux, Pessac, France) and kept refrigerated until measurements.  

7.2.3. Vulnerability curves  

Xylem cavitation was assessed with the CAVITRON, a centrifuge technique following the procedure 

described by Cochard (Cochard 2002; Cochard et al. 2005). Centrifugal force was used to generate 

negative pressure into the xylem and induce cavitation. Initially, the maximum xylem-specific hydraulic 

conductivity (Kmax in m2 s−1 MPa−1 ) was calculated under low xylem pressures (close to zero). Then, 

rotation speed of the centrifuge was gradually increased by 0.5 or 1 MPa, to lower xylem pressure. The 

percentage loss of conductivity (PLC) of the stem was determined at each pressure step (see detailed 

method in Delzon et al. 2010). Vulnerability curves (VC) were obtained by plotting increasing PLC with 

decreasing xylem pressure (Fig. III.A 1, Fig. III.A 2). S. Delzon fitted the VC with a sigmoid function 

following the NLIN procedure in SAS (SAS 9.4, SAS Institute, Cary, NC, USA). Ψ50 (MPa), the xylem 

pressure inducing 50 % loss of branch hydraulic conductivity, is a widely used metric representing the 

steepest point of the VC (Fig. III.A 2), meaning that even a small decrease in water potential will cause 

a substantial reduction in hydraulic conductivity (Choat et al. 2012).  

 

Fig. III.A 1 Raw percentage loss of conductivity data at the different xylem pressure steps. This data was used by 

S. Delzon to model the vulnerability curves for each tree.  

http://sylvain-delzon.com/caviplace/
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Fig. III.A 2 Average vulnerability curves calculated by S. Delzon for each species, mixture and irrigation treatment 

combination. Note: the color scale is reversed compared to my usual graphs, the non-irrigated blocks are in blue 

while the irrigated blocks are in red.  
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7.2.4. Statistical analysis 

I tested whether there were differences in Kmax and Ψ50 between species, with or without irrigation, and 

between pure and mixed plots.  

I first tested Species and Irrigation effects on Ψ50 and Kmax in non-irrigated pure plots with the 

following linear mixed model: 

𝑌 ~ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 + 1|𝐵𝑙𝑜𝑐𝑘 (1) 

where Y is either Ψ50 or Kmax, Species is a fixed factor with two levels (birch and pine), and Block is a 

random factor with three levels.  

I further tested Irrigation and Mixture effects on Ψpd for each species separately with the following linear 

mixed model: 

𝑌 ~ 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 + 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 +  𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛: 𝑀𝑖𝑥𝑡𝑢𝑟𝑒 + 1|𝐵𝑙𝑜𝑐𝑘 (2) 

where Y is either Ψ50 or Kmax, Irrigation is a fixed factor with two levels (non-irrigated and irrigated), 

Mixture is a fixed factor with two levels (pure vs. mixed) and Block is a random factor with six levels. I 

used post-hoc multiple comparison tests to identify if pure and mixed plots were statistically different 

from each other within each model and for each species. 

R 3.6.2 language programming (R Core Team 2019) with the Rstudio interface was used for all the 

analyses with the following packages: nlme (“lme” function), MuMIn and emmeans (“lsmeans” 

function). Type “III” ANOVAs were used after linear mixed models. 
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7.3. Results and discussion 

7.3.1. Species effect in non-irrigated pure plots 

There was a strong species effect on xylem vulnerability to embolism (Ψ50) (Fig. III.A 3a) and on 

maximum hydraulic conductivity (Kmax) (Fig. III.A 3b). For Ψ50 the average in non-irrigated pure plots 

was -2.3 ± 0.03 MPa (mean ± standard error of the mean) for birch and -3.6 ± 0.03 MPa for pine. For 

Kmax the average in non-irrigated pure plots was 1.7 10-3 ± 0.1 10-3 m2 s−1 MPa−1 for birch and 0.8 10-3 ± 

0.1 10-3 m2 s−1 MPa−1 for pine.  

The differences between species are consistent with Ψ50 values that have been previously reported for 

birch and pine (Martı́nez-Vilalta and Piñol 2002; Herbette and Cochard 2010; Choat et al. 2012; Lamy 

et al. 2014; González-Muñoz et al. 2018). In fact, in general, angiosperms are known to have a lower 

tolerance to embolism and a smaller hydraulic safety margin than gymnosperms (Choat et al. 2012). 

Furthermore, birch is a species that has a particularly high vulnerability to cavitation compared to other 

angiosperms (Barigah et al. 2006). 

The higher hydraulic conductivity for birch compared to pine can be explained by anatomical differences 

for water transport between the species, with vessel-bearing wood for birch and tracheids for pine 

(Becker et al. 1999). 

For birch, variability levels were much higher for Kmax than for Ψ50 which has been previously reported 

(González-Muñoz et al. 2018). Ψ50 is thought to be a trait under a uniform evolutionary selection leading 

to trait conservatism, while hydraulic conductivity could be more strongly influences by interactions 

between genotype and environment but also vary with sampling position (González-Muñoz et al. 2018).  

 

Fig. III.A 3 Species effect on Ψ50 and Kmax in non-irrigated pure plots. Letters represent the results of linear mixed 

models for Ψ50 and Kmax separately.  
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7.3.2. Irrigation and mixture effects 

For birch, we observed a significant irrigation effect on Ψ50 in pure plots, with less negative values (i.e., 

a higher vulnerability to embolism) in irrigated blocks compared to non-irrigated blocks: Ψ50 went up 

from -2.3 ± 0.03 MPa to -1.9 ± 0.03 MPa with irrigation (an increase of +0.4 MPa) (Fig. III.A 4). 

Similarly, there was a significant increase in Ψ50 with mixture for birch, but only in irrigated plots (-1.7 

± 0.02 MPa in irrigated mixed plots). However, the size of this effect was small (+0.2 MPa). Kmax did 

not increase significantly with irrigation in pure plots, but did increase significantly in mixed plots from 

1.6 10-3 ± 0.1 10-3 m2 s−1 MPa−1 in non-irrigated mixed to 2.9 10-3 ± 0.2 10-3 m2 s−1 MPa−1 in irrigated 

mixed. 

For pine, there were no significant irrigation or mixture effects on Ψ50 or Kmax. 

Therefore, birch showed a higher plasticity for a drought-tolerance related trait (Ψ50) than pine. The low 

variability for Ψ50 was not surprising. In fact, gymnosperms in general, and maritime pine in particular, 

are known to have a lower phenotypic plasticity and acclimation potential for the vulnerability to 

embolism (Lamy et al. 2014; Choat et al. 2018). Angiosperm species, including birch, have a higher 

potential for phenotypic plasticity, although the observed shifts in vulnerability are often small in 

magnitude (Awad et al. 2010; Schuldt et al. 2016; Stojnić et al. 2018; Choat et al. 2018).  

The adaptation of birch Ψ50 to the irrigation treatment is consistent with what we expected: a higher 

water availability in irrigated blocks resulted in the acclimation in the vulnerability to embolism in the 

absence of a water constraint. A decrease in vulnerability to cavitation with increasing drought 

conditions has been observed before for a hybrid poplar (Populus tremula × Populus alba), and was 

correlated with anatomical changes such as decreased vessel diameter and increased vessel wall 

thickness in drier conditions (Awad et al. 2010). Similar anatomical adaptations could explain the 

observed irrigation effect on Ψ50 (i.e., wider xylem vessels in the irrigation treatment).  

The slightly higher Ψ50 in mixed irrigated plots compared to pure ones for birch could indicate a higher 

water availability for pure birch. However, xylem vulnerability to cavitation has also been shown to 

acclimate to other environmental conditions such as irradiance (Barigah et al. 2006), including for birch, 

with a higher vulnerability (i.e., less negative Ψ50) with decreasing irradiance. Therefore, a higher 

canopy closure and shading of birch trees by pine trees in mixed plots could be the source of this mixture 

effect on Ψ50.  

Increasing Kmax with irrigation and mixture for birch indicate that the acclimation of Ψ50 to water 

availability and irradiance levels were partly explained by anatomical changes in xylem vessels that 

would also result in a higher conductivity (vessel diameter, pit membrane structure…) (Lens et al. 2011). 
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Fig. III.A 4 Irrigation and mixture effects on Ψ50 and Kmax by species. Letters represent the results of post-hoc 

tests on linear mixed models testing for irrigation and mixture effects on Ψ50 and Kmax respectively for each species. 
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1. Cheminement de la thèse 

Afin de mieux comprendre l’influence des interactions entre espèces sur le fonctionnement hydrique des 

arbres et les mécanismes aériens et souterrains sous-jacents, cette thèse avait pour objectif de répondre 

aux questions suivantes : 

1. Quels sont les effets du mélange d’espèces sur le fonctionnement hydrique des arbres, 

notamment en conditions de sécheresse ? 

2. Quels sont les effets du mélange d’espèces d’arbres sur le partage des ressources en eau et en 

lumière entre espèces ? 

3. Est-ce que les mécanismes de partage des ressources en eau et en lumière peuvent expliquer les 

effets du mélange sur le fonctionnement hydrique ? 

Pour étudier ces questions, je me suis basée sur des mesures expérimentales en lien avec : les processus 

d’utilisation de l’eau (flux de sève, composition isotopique du carbone dans le bois), l’extraction de 

l’eau par les racines (composition isotopique de l’eau dans le xylème) et l’interception de la lumière 

(volume de houppier, photos hémisphériques). Mes recherches se sont focalisées sur deux dispositifs 

expérimentaux : un dispositif d’observation de terrain en forêts naturelles gérées dans le Sud-Est de la 

France (GMAP) et une plantation expérimentale proche de Bordeaux (ORPHEE). 

Dans le Chapitre I (Martin-Blangy et al. 2021), je me suis focalisée sur le dispositif GMAP afin de 

caractériser le fonctionnement hydrique et carboné pendant des années sèches dans deux types de 

mélange incluant le hêtre (hêtre-sapin et hêtre-chêne pubescent), et de déterminer si une 

complémentarité de profondeur d’extraction de l’eau était possible entre ces espèces.  

Les Chapitres II et III sont centrés sur la plantation expérimentale d’ORPHEE (mélange bouleau-pin 

maritime) qui permettait une caractérisation plus fine des processus du fait du contrôle de nombreux 

facteurs confondants qui rendaient les interprétations plus compliquées dans le Chapitre I (sol, climat, 

topographie, âge des arbres et gestion…). Dans le Chapitre II (Martin-Blangy et al., under review), j’ai 

cherché à caractériser l’influence du mélange sur les volumes des houppiers et l’interception de la 

lumière du peuplement. Le Chapitre III fait en partie écho aux mesures du Chapitre I réalisées dans le 

réseau GMAP, en réalisant des mesures similaires dans la plantation ORPHEE. Dans ce chapitre, j’ai 

étudié le fonctionnement hydrique journalier (Chapitre III.3) et saisonnier (Chapitre III. 4) en 

l’absence et en présence de stress hydrique et j’ai également caractérisé l’origine d’extraction de l’eau 

par les racines en saison sèche (Chapitre III.5).  

Dans ce chapitre de conclusions, je synthétise et discute les résultats majeurs de mon travail et propose 

également des perspectives de recherche sur les suites possibles de ces travaux en recherche ainsi que 

sur les applications possibles à la gestion forestière. 
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2. Effets du mélange sur le fonctionnement hydrique 
des arbres 

2.1. En absence de stress hydrique 

A l’échelle de l’individu, en conditions hydriques non-limitantes, aucun effet du mélange n’a été observé 

sur le fonctionnement hydrique, que ce soit avec les mesures de densité de flux (Fd) journalières 

(Chapitre III.3) ou avec les mesures de composition isotopique du carbone (δ13C) du bois d’été, qui 

traduit l’efficience d’utilisation de l’eau de l’arbre intrinsèque (« intrinsic water use efficiency », WUEi) 

(Chapitre III.4). Ces résultats sont conformes avec mes hypothèses de départ et avec des résultats 

d’études précédentes qui soulignent l’absence d’effets de complémentarité sur le fonctionnement 

hydrique et carboné des arbres en absence de stress hydrique (Grossiord et al. 2013, 2014b; Lebourgeois 

et al. 2013; Grossiord 2014 p.48). En effet, selon le cadre théorique de Forrester et Bauhus (2016), 

lorsque la réserve en eau du sol est non-limitante, la complémentarité entre espèces pour l’utilisation de 

l’eau est peu susceptible d’avoir un effet sur le fonctionnement hydrique des arbres. Ce cadre théorique 

est dérivé de l’hypothèse du gradient de stress (« stress gradient hypothesis », SGH), selon laquelle les 

interactions compétitives seraient remplacées par de la facilitation lorsque les conditions deviennent 

plus stressantes (Bertness and Callaway 1994). En absence de stress hydrique, dans notre cas, l’absence 

d’effets de complémentarité pour l’utilisation de l’eau est donc conforme avec ce cadre théorique. Mon 

étude complète donc les connaissances acquises sur les écosystèmes forestiers dans ce type de situation 

non-stressante. Elle suggère qu’à l’avenir, il est peu intéressant de mettre en place des expérimentations 

testant ce type d’effet sur le fonctionnement hydrique individuel des arbres sans contrainte 

environnementale, sachant que la probabilité d’observer des effets du mélange est très faible. Malgré 

tout, ces mesures en absence de stress restent importantes afin de servir de référence pour observer les 

effets d’une sécheresse. 

A l’échelle du peuplement, on peut s’attendre à des effets du mélange sur l’utilisation de l’eau même en 

conditions hydriques non-limitantes. En effet, la consommation en eau dépend non-seulement du 

fonctionnement hydrique de l’arbre au moment de la prise de mesure – fonctionnement hydrique qui, 

dans le cas d’ORPHEE, n’était pas influencé par le mélange (cf. paragraphe précédent) – mais aussi des 

effets globaux du mélange, accumulés au cours des années précédentes, sur l’extraction de l’eau, 

l’interception de la lumière, etc… et in fine la croissance primaire (hauteur) et secondaire (diamètre) des 

arbres. Ainsi, au moment de la mesure des densités de flux de sève, la surface d’aubier totale du 

peuplement est affectée par l’effet du mélange sur la croissance secondaire des années précédentes, qui 

impacte donc la transpiration totale du peuplement. Dans le cas d’ORPHEE, j’ai en effet observé une 

transpiration totale dans les mélanges qui était intermédiaire entre les peuplements purs de pins et de 

bouleaux, mais supérieure à la moyenne attendue à partir des deux peuplements purs (Chapitre III.3). 

L’explication principale que j’ai pu donner à ce résultat est donc la différence de surface d’aubier entre 
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ces différents peuplements, en lien avec les différences de croissance secondaire. Ce résultat semblait 

bien refléter les effets du mélange sur la croissance lors des années précédentes à ORPHEE (Fig. III.S 

3.2, Fig. III.S 4.3) (Toïgo et al. 2021a). Cependant, il faut noter que ces observations sur la transpiration 

à l’échelle du peuplement n’ont pas pu donner lieu à des analyses statistiques du fait que nous n’avons 

pu équiper des arbres avec des capteurs de flux de sève que dans un seul bloc non-irrigué. Il faudrait 

donc pouvoir renouveler l’expérience sur plusieurs blocs pour pouvoir confirmer ces observations. De 

manière similaire, plusieurs études ont montré qu'une plus grande diversité des espèces d'arbres (Kunert 

et al. 2012; Gebauer et al. 2012) ou que l’interaction de deux espèces aux traits fonctionnels très 

contrastés (Forrester et al. 2010) augmentait la transpiration annuelle des peuplements. Dans ces 

exemples, les auteurs ont à chaque fois observé une plus grande productivité ou surface terrière dans les 

mélanges.  

Il est important de noter que, si la transpiration totale du peuplement était supérieure à la moyenne 

attendue à OPRHEE, c’était le résultat d’une augmentation de la transpiration pour les pins qui était plus 

forte que la diminution de la transpiration subie par les bouleaux dans les peuplements mélangés. Ce 

résultat confirme une tendance souvent observée dans les études sur les effets du mélange, à savoir le 

fait que ces effets sont le résultat d’un effet positif pour une ou quelques espèces seulement, et non pour 

l’ensemble des espèces dans le peuplement. Par exemple, Forrester et al. (2010) ont observé des réponses 

contrastées entre les deux espèces présentes dans le mélange eucalyptus/acacia étudié. Les auteurs ont 

constaté que le fait de mélanger des eucalyptus héliophiles avec des acacias tolérants à l'ombre, 

améliorait la transpiration des eucalyptus mais semblait diminuer celle des acacias. Ces tendances 

confirment la complexité de l’origine de ces effets des interactions des espèces dans les peuplements 

mélangés, quand ils existent. De plus, cela souligne le fait qu’il n’est pas envisageable de tirer des 

conclusions a priori sur les effets du mélange pour chaque espèce à partir des résultats à l’échelle 

peuplement, mais qu’il faut étudier précisément et individuellement la réponse de chaque espèce d’arbre. 

Le résultat à l’échelle du peuplement est donc la conséquence d’un équilibre entre les effets des 

interactions sur les différentes espèces. De plus, cet équilibre peut être modifié par les conditions 

environnementales de croissance de ces arbres. En effet, j’ai observé dans les blocs irrigués à ORPHEE 

que l’effet net du mélange sur la transpiration (c.à.d., la comparaison avec la moyenne des deux 

monocultures) n’était pas positif (Chapitre III.3). Contrairement aux blocs non-irrigués, ces résultats 

étaient dus à une combinaison des effets du mélange sur la croissance (qui étaient plus proches de la 

moyenne attendue que dans les blocs non-irrigués, du fait d’un plus faible effet positif sur les pins et un 

plus fort effet négatif sur les bouleaux), mais aussi à une plus faible densité de flux de sève (Fd) dans le 

mélange pour les bouleaux (lié à un effet positif de l’irrigation sur le LAI des bouleaux en monoculture 

uniquement). Ainsi, les effets du mélange sur la transpiration ont été modifiés par le traitement 

d’irrigation via des effets indirects de l’irrigation sur l’interception de la lumière. Ces résultats 

soulignent à nouveau la variabilité des effets du mélange, qui est la conséquence d’un équilibre entre les 
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effets d’interactions des espèces sur l’acquisition des différentes ressources (eau, lumière…). Il est à 

noter aussi que cette tendance va compliquer la comparaison entre blocs irrigués et non irrigués en 

période de sécheresse, car les résultats observés seront dus à la levée de contrainte hydrique au moment 

de la mesure, mais également dus aux effets de l’irrigation lors des années précédentes sur la croissance 

et la structure du peuplement.  

Enfin, à la lumière de ces résultats, on peut se demander si, en conditions de sécheresse, dans les 

peuplements mélangés, une transpiration plus élevée que la moyenne des peuplements purs pourrait être 

préjudiciable, en rendant les arbres des peuplements mélangés plus sensibles à la sécheresse (Jacobs et 

al. 2021). Ainsi, à ORPHEE, on pourrait s'attendre à ce que les bouleaux soient plus exposés à la 

sécheresse dans les parcelles mélangées en raison de la plus grande utilisation d'eau par les pins avec 

lesquels ils coexistent en mélange. Ces interrogations font partie des points que je discute dans la section 

2.2. 

2.2. En conditions de stress hydrique 

En conditions de stress hydrique, mes travaux ont montré une importante variabilité des effets du 

mélange à l’échelle de l’arbre et du peuplement sur l’exposition et la réponse à la sécheresse à travers 

les différents types de mélanges, ainsi qu’au sein d’un même mélange selon les conditions climatiques. 

J’ai étudié la réponse à la sécheresse grâce à des mesures journalières de densité de flux de sève 

(ORPHEE), des mesures annuelles de δ13C dans le bois d’été (ORPHEE), et des mesures pluriannuelles 

de δ13C dans le bois pendant des années sèches (GMAP).  

Pour le dispositif GMAP (Chapitre I), nous nous sommes focalisés sur le hêtre et avons observé qu’il 

pouvait présenter des réponses contrastées aux interactions selon l’espèce avec laquelle il était mélangé. 

En effet, dans les sites hêtre-sapin, pour le hêtre le mélange avec le sapin n'avait aucun effet sur les 

valeurs de δ13C pendant les années sèches. Cependant, à l’échelle du peuplement, l’effet du mélange 

suggérait une moins grande exposition à la sécheresse dans la moitié des triplets hêtre-sapin (Fig. I. 7). 

Dans les sites hêtres-chênes, les effets du mélange sur le hêtre étaient généralement neutres, mais dans 

quelques sites le hêtre souffrait d'une légèrement plus forte exposition à la sécheresse dans les 

peuplements mélangés quand on considérait les arbres dominés et dominants. Quelques études récentes 

dans le même dispositif viennent confirmer le contraste de résultats entre les deux types de mélange. 

Par exemple, Didion-Gency et al. (2021) ont constaté que, pour le hêtre, le potentiel de base mesuré 

pendant une sécheresse estivale était plus élevé (c'est-à-dire un déficit hydrique plus faible) dans les 

peuplements mélangés avec du sapin, et plus faible (c'est-à-dire un déficit hydrique plus élevé) dans les 

peuplements mélangés avec du chêne pubescent que dans les peuplements purs. Toujours dans le 

dispositif GMAP, il a été démontré un effet positif pour le mélange hêtre-sapin – et pas d’effet pour le 

mélange hêtre-chêne – sur la résistance à la sécheresse (Jourdan et al. 2019b) et sur la stabilité de la 

productivité à l’échelle du peuplement (Jourdan et al. 2020) à l’échelle du peuplement.  
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Par ailleurs, mes résultats à GMAP ont aussi montré que, sur un site donné, les effets du mélange 

pouvaient différer entre espèces. Par exemple, dans un site du nord on observe un effet positif du 

mélange sur les sapins dominants alors qu’il n’y a pas d’effet pour les hêtres dominants, et inversement 

pour un site du sud, où on observe un effet négatif du mélange sur les hêtres dominants et pas d’effet 

pour les chênes dominants. Ces résultats indiquent une variabilité dans les réponses aux interactions 

pendant un stress hydrique selon l’espèce considérée. Ce sont des résultats qui ont également été 

observés dans le dispositif de FunDivEurope, un réseau de six sites dans des forêts naturelles tempérées 

à travers l’Europe, pour lequel les tendances de l’effet de la diversité en espèces sur l’exposition à la 

sécheresse à l’échelle du peuplement ne se retrouvaient pas nécessairement au niveau espèce et variaient 

fortement entre espèces d’un même site (Grossiord et al. 2014d; Forrester et al. 2016). Comme évoqué 

dans la partie précédente, on retrouve donc l’importance d’évaluer les réponses des différentes espèces 

avant de tirer des conclusions à l’échelle du peuplement. 

Dans la plantation ORPHEE (Chapitre III), il y avait très peu d'effets du mélange sur la réponse à la 

sécheresse des bouleaux et des pins dans les blocs non irrigués, peu importe la façon dont elle a été 

mesurée (flux de sève, δ13C). Je n’ai pas non plus observé d’acclimatation aux conditions de mélange 

pour la résistance à la cavitation (Ψ50). Les quelques effets du mélange détectés sur la réponse à la 

sécheresse n’étaient pas non plus identiques entre espèces, avec par exemple une perte de densité flux 

de sève légèrement plus rapide en mélange pour les pins mais pas pour les bouleaux (Chapitre III.3).  

L'absence d'effets clairs du mélange sur la réponse à la sécheresse ainsi que leur variabilité est cohérente 

avec un nombre croissant de travaux qui montrent que les effets du mélange sur la réponse à la 

sécheresse ne peuvent pas être généralisé. Ils sont fortement modulés par le type de mélange et l'identité 

des espèces d'arbres, et dépendent de l'approvisionnement en eau du site, des caractéristiques du sol et 

des caractéristiques du peuplement, telles que la surface terrière et l'âge. Cette variabilité des résultats 

est vraie pour la réponse à la sécheresse mesurée par des variations de δ13C du bois (Grossiord et al. 

2014d; Bonal et al. 2017; Schwarz and Bauhus 2019; de Streel et al. 2020), par la perte de transpiration 

(Grossiord et al. 2014b, 2015), mais aussi par les variations de croissance annuelle (Schwarz and Bauhus 

2019; Steckel et al. 2020; Pardos et al. 2021). 

Cependant, à partir de mes résultats et de récents travaux de synthèse (Ammer 2019; Grossiord 2019; 

Pardos et al. 2021) on peut commencer à dégager quelques grandes tendances et orienter les recherches 

futures autour de ces questions. Premièrement, il a été constaté qu’une majorité des effets du mélange 

sur la réponse à la sécheresse sont plutôt soit positifs soit neutres et plus rarement négatifs à l’échelle du 

peuplement (Grossiord 2019). Un effet négatif, c.à.d. une plus grande exposition à la sécheresse en 

mélange, est moins souvent observé, et concerne le plus souvent seulement une partie des espèces 

présentes dans le mélange (par ex., Jacobs et al. 2021). En effet, dans le cadre de mon travail de thèse 

j’ai observé très peu d’effets négatifs du mélange sur l’exposition à la sécheresse, mis à part pour le 

hêtre (arbres non-dominants) en mélange avec le chêne pubescent à GMAP (Chapitre I) et une perte 
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légèrement plus rapide de flux de sève pour les pins en mélange avec les bouleaux à ORPHEE (Chapitre 

III.3). Deuxièmement, la résistance et la résilience à la sécheresse semblent plus souvent bénéfiques 

dans les mélanges entre des espèces fonctionnellement très contrastées, par exemple entre un feuillu et 

un conifère (Pardos et al. 2021). Ce n’est pas ce qui a été observé dans le cadre de ma thèse, où nous 

avons plutôt observé une absence d’effets pour les mélanges feuillus-conifères à l’échelle de l’espèce 

(bouleau-pin et hêtre-sapin), mais cela pouvait s’expliquer par les caractéristiques des sols (pour le 

mélange bouleau-pin) ainsi que par le degré de stress sur la période étudiée (pour le mélange hêtre-

sapin). En effet, pour le mélange hêtre-sapin, d’autres études sur le même dispositif ont observé des 

effets positifs du mélange sur la croissance ou le potentiel de base (Jourdan et al. 2019b; Didion‐Gency 

et al. 2021). L’absence d’effets dans mon étude, à l’échelle de l’espèce, s’explique peut-être par un degré 

de stress insuffisant ou trop élevé, selon les sites, pour détecter un effet du mélange sur les années que 

j’ai étudiées. Dans le cadre théorique de Forrester et Bauhus (2016), dérivé du SGH, une prévalence des 

effets bénéfiques du mélange, lorsqu’il y a des complémentarités entre les espèces, est attendue dans 

des conditions de stress plus fortes. Cependant, de Streel et al. (2020) proposent d’affiner ce cadre 

théorique en supposant qu’au-delà d’un certain seuil de sécheresse il n’y ait à nouveau plus d’effets 

bénéfiques du mélange. Ces hypothèses pourraient expliquer en partie l’absence d’effets observés dans 

le dispositif GMAP pour le mélange hêtre-sapin alors qu’il présente des complémentarités pour la 

profondeur d’extraction de l’eau (voir section 3.1). Pour étudier cela il faudrait étudier des années avec 

différents degrés de contrainte hydrique dans des mélanges pour lesquels on s’attend à une 

complémentarité entre espèces.  

Un point important à noter parmi les résultats que j’ai obtenus dans la plantation ORPHEE, au cours 

d’étés très secs, est la présence d’effets du mélange sur le fonctionnement hydrique des bouleaux dans 

les blocs irrigués (sur la perte de densité de flux de sève : Fig. III. 3.8, les valeurs de Δδ13C : Fig. III. 

4.7, les valeurs de Ψ50 : Fig. III.A 4), alors qu’il n’y avait pas d’effets du mélange dans les blocs non-

irrigués. Ces résultats allaient dans le sens d’une moins forte exposition à la sécheresse pour les bouleaux 

des blocs irrigués en mélange par rapport aux peuplements purs, mais étaient principalement liés au fait 

que les houppiers des bouleaux étaient moins exposés à la sécheresse du fait d’une plus forte fermeture 

de la canopée que dans les blocs non-irrigués (Fig. III.S 3.2). Ce résultat n’était pas attendu, car nous 

observons dans ce cas-là des résultats contraires aux cadres théoriques développés dans la littérature, 

que ce soit pour des effets de complémentarité qui améliorent l’acquisition de l’eau ou de la lumière. En 

effet, Forrester et Bauhus (2016) indiquent que le long d’un gradient de disponibilité en eau on s’attend 

à trouver des effets de complémentarités aériennes plus fortes lorsque la disponibilité en eau est plus 

forte (voir Fig. 12 dans l’Introduction). On pourrait supposer que dans le cadre de la complémentarité 

pour l’interception de la lumière, on assiste aussi ici à un effet de seuil. En effet, l’apport en eau a 

entrainé une fermeture du couvert, dans une plantation déjà très dense (Chapitre II : Fig. II. 7, Chapitre 

III : Fig. III.S 3.2, Appendix A p. 321), qui ne permet plus l’expression d’une complémentarité entre 
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espèces et où les interactions compétitives prennent le dessus. Ainsi, les effets du mélange observés dans 

les blocs irrigués pour les bouleaux indiquent plutôt une domination progressive des houppiers de 

bouleaux par les pins, donc une interaction négative, qu’un réel effet de complémentarité (Chapitre 

III.4).  

Nous aurions souhaité pouvoir utiliser les sites du réseau de GMAP comme un gradient climatique afin 

de tester ce type d’hypothèses, cependant il y avait trop de facteurs confondants pour l’utiliser à ces fins. 

En effet, nous n’avions que trois sites avec la même composition en espèces puisqu’il y avait un 

changement de composition de l’espèce en mélange avec le hêtre entre les sites du sud (chêne pubescent) 

et les sites du nord (sapin), ce qui reflète la variation naturelle de la composition de ces peuplements des 

pré-Alpes. Parmi les sites, et les triplets, au sein de chaque type de mélange, les résultats de l’effet du 

mélange étaient très variables. Cela a été observé non seulement dans mon étude (Chapitre I) mais aussi 

dans les autres études sur le même dispositif (Jourdan et al. 2019b; Toïgo et al. 2021b). En effet, il 

semble difficile d’observer uniquement un effet du climat sur ce type de gradient de sites alors que de 

nombreux autres facteurs varient entre ces sites. De plus, même si les placettes pures ou mélangées au 

sein d’un même triplet sont sélectionnées proches les unes des autres, la présence d’une ou des deux 

espèces n’est pas due au hasard mais plutôt le résultat de filtres biotiques et abiotiques, et de choix de 

gestion, qui ont influencé cette composition spécifique locale. Hagan et al. (2021) soutiennent que l’on 

ne devrait pas s’attendre à des relations positives entre biodiversité et fonctionnement de l’écosystème 

dans les observations de terrain et que les recherches devraient plus se concentrer sur des plantations 

expérimentales. Pour pouvoir tester les hypothèses de gradient de stress il faudrait donc répéter un 

certain nombre de plantations expérimentales avec les mêmes compositions en essences le long d’un 

gradient climatique, en évitant au maximum des changements de topographie et de type de sol. 

3. Mécanismes de partage des ressources en eau et en 
lumière 

Dans le cadre de mon travail de thèse, je me suis également particulièrement intéressée aux effets du 

mélange sur les mécanismes en lien avec le partage des ressources aériennes et souterraines. Il s’agissait 

d’évaluer si des mécanismes dans ces deux parties d’un écosystème sont en jeu pour expliquer, quand 

ils existent, l’origine des effets des interactions des espèces d’arbres. L’eau et la lumière sont les deux 

ressources qui impactent le plus le fonctionnement hydrique et la réponse des arbres à la sécheresse. 

L’acquisition et l’utilisation des nutriments jouent également un rôle important dans le fonctionnement 

de l’écosystème mais n’ont pas été étudiés dans le cadre de mon travail de thèse. D’autres travaux 

approfondis ont été menés ces dernières années sur la disponibilité des nutriments et la décomposition 

dans les peuplements mélangés (par ex., de Streel et al. 2021), et notamment pour ORPHEE dans le 

cadre du travail de thèse de Tania Maxwell (Maxwell et al. 2020) et d’Andreas Altinalmazis-Kondylis 

(2021). La mise en regard de ces différents mécanismes de partage des ressources sera l’objectif de la 
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synthèse générale du projet ANR DiPTICC dans lequel s’inscrit mon travail de thèse. La mesure directe 

de ces mécanismes de partitionnement des ressources est essentielle afin de progresser dans notre 

compréhension des relations B-EF.  

3.1. Utilisation de l’eau 

Parmi les mécanismes qui peuvent avoir un effet sur la disponibilité de l’eau dans les mélanges, la 

profondeur d’extraction de l’eau est un des facteurs couramment évoqués dans les hypothèses 

explicatives des effets du mélange (Lebourgeois et al. 2013; Grossiord 2019). En effet, une 

complémentarité de profondeur d’extraction de l’eau (par complémentarité de niche, ou différentiation 

de niche) pourrait expliquer une réduction de la compétition pour l’eau dans le peuplement mélangé par 

rapport aux peuplements purs et une meilleure productivité ou une moins grande exposition à la 

sécheresse.  

Je me suis intéressée à ce mécanisme dans les différents dispositifs de recherche de mon travail de thèse. 

J’ai observé des différences d’origine d’extraction de l’eau entre le hêtre et le sapin, mais pas de 

différence entre le hêtre et le chêne pubescent dans les sites de forêts semi-naturelles des pré-Alpes 

(GMAP, Chapitre I). Dans les sites hêtre-sapin, non seulement le hêtre semblait extraire de l’eau plus 

profondément que le sapin dans les peuplements purs (complémentarité de niche), mais la présence du 

sapin a aussi engendré un changement d’extraction de l’eau pour le hêtre, avec une plus grande 

proportion d’eau venant de profondeur dans les mélanges (différentiation de niche). La différence de 

résultat entre les deux types de mélange pourrait s’expliquer par les caractéristiques fonctionnelles de 

l’espèce accompagnatrice du hêtre. En effet, le hêtre et le sapin ont probablement des caractéristiques 

racinaires plus contrastées que le hêtre et le chêne pubescent. Il a d’ailleurs déjà été démontré que le 

hêtre avait une profondeur racinaire plus importante que des conifères en peuplements mélangés (Bolte 

and Villanueva 2006; Grossiord et al. 2014a). Pour le mélange hêtre-chêne, les deux espèces étaient 

probablement en compétition dans les mêmes horizons de sol du fait de profils racinaires similaires, 

d’autant plus que les sols des sites concernés étaient très peu profonds.  

Pour la plantation ORPHEE, dans les blocs non-irrigués, (Chapitre III.5), les bouleaux et les pins 

allaient puiser l’eau dans les mêmes horizons de sol, et le fait d’être en peuplement mélangé n’apportait 

pas de modification majeure à la contribution des différents horizons pour l’extraction de l’eau des deux 

espèces. Ce résultat se démarquait nettement de nos attentes, à partir des connaissances sur les systèmes 

racinaires de ces deux espèces, qui nous laissaient supposer que les pins pourraient puiser l’eau plus 

profondément que les bouleaux. Cependant, nos résultats sur l’origine de l’extraction de l’eau, que nous 

avons obtenus pendant une période de sécheresse estivale, concordent avec les résultats d’Altinalmazis-

Kondylis et al. (2020) dans le même dispositif au printemps 2018. En effet, ils n’observent pas de 

différences de distribution de la biomasse des racines fines entre les deux espèces et en fonction du 

mélange. Cette absence de complémentarité entre pins et bouleaux est peut-être liée aux contraintes 
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fortes du sol à ORPHEE (nappe peu profonde) qui réduit le volume de sol qui peut être exploré par les 

racines dans ce type de sol (Danjon et al. 2005).  

A partir des résultats de ces deux dispositifs, nous pouvons en déduire que l’absence de 

complémentarités racinaires rend la probabilité d’effets du mélange sur la réponse à la sécheresse faible 

(hêtre-chêne à GMAP et bouleau-pin à ORPHEE), mais qu’en revanche, lorsqu’il y a une 

complémentarité pour la profondeur d’extraction de l’eau, cela n’engendre pas nécessairement un effet 

du mélange observable (hêtre-sapin à GMAP). En effet, l’existence de complémentarités pour 

l’extraction de l’eau entre le hêtre et le sapin ne s’est pas traduite par un effet du mélange sur l’exposition 

à la sécheresse mesurée avec le δ13C à l’échelle de l’espèce dans le dispositif GMAP. Cependant, à 

l’échelle du peuplement, l’effet du mélange suggérait une moins grande exposition à la sécheresse dans 

la moitié des triplets hêtre-sapin (Fig. I. 7). La comparaison des résultats concernant l’extraction de 

l’eau avec ceux concernant le δ13C du bois est limitée : avec le δ13C du bois, nous avons mesuré un 

fonctionnement intégré sur cinq années sèches à GMAP ; il est donc difficile de le comparer avec une 

profondeur d’extraction de l’eau à un temps donné pendant une sécheresse estivale. Cette profondeur 

racinaire peut en effet évoluer en fonction des conditions de sécheresse dans le sol (Brinkmann et al. 

2019). La période de cinq ans, utilisée pour le δ13C, intègre des périodes avec une moins forte contrainte 

hydrique en dehors des sécheresses estivales et on pourrait donc s’attendre à ce que l’effet pendant les 

périodes de sécheresse soit modéré par des effets tantôt positifs, tantôt négatifs ou neutres selon les 

années et les saisons malgré des sécheresses estivales. De plus, l’absence de cet effet peut aussi 

s’expliquer par des facteurs confondants, qui auraient masqué les effets de la disponibilité en eau sur le 

δ13C des arbres dans les mélanges hêtre-sapin, tels que des effets liés à la disponibilité de la lumière ou 

des nutriments (Warren et al. 2001). Les résultats d’autres études dans le même dispositif confirment un 

potentiel effet positif de la différence d’origine d’extraction de l’eau entre les racines des hêtres et des 

sapins. En effet, Didion-Gency (2021), qui ont fait des mesures de potentiels de base en 2019, l’été 

suivant nos mesures de profondeur d’extraction de l’eau, montrent une moins forte exposition à la 

sécheresse pour le hêtre en mélange avec le sapin par rapport aux peuplements purs. Ces résultats, établis 

à un moment « t » durant une sécheresse estivale sont sans doute plus comparables à nos données 

d’extraction de l’eau. De plus, Toïgo et al. (Toïgo et al. 2021b) et Jourdan et al. (Jourdan et al. 2019b) 

ont observé une plus grande fréquence d’effets positifs sur la productivité et la résistance à la sécheresse 

dans les mélanges hêtre-sapin que dans les mélanges hêtre-chêne. Pour confirmer les différences de 

profondeur d’extraction de l’eau que suggèrent mes résultats, il faudrait pouvoir reproduire l’expérience 

en utilisant un marquage isotopique de l’eau.  
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3.2. Interception de la lumière 

Les interactions des espèces d’arbre peuvent modifier l’interception de la lumière pour les différentes 

espèces en mélange, mais aussi augmenter le niveau d’interception de la lumière à l’échelle du 

peuplement (Pretzsch 2014). Une augmentation de l’interception de la lumière peut se faire par une 

complémentarité spatiale entre espèces qui résulte en une plus grande occupation de l’espace par les 

houppiers (canopy packing) (Jucker et al. 2015). De manière similaire à la complémentarité pour 

l’utilisation de l’eau par les racines, le canopy packing peut être le résultat d’une stratification verticale 

entre houppiers (complémentarité de niche) ou d’une plasticité de l’architecture des houppiers 

(différentiation de niche). Ces différences d’interception de la lumière pourraient être un des 

mécanismes principaux pour expliquer les effets du mélange sur le fonctionnement hydrique et la 

productivité en absence de stress hydrique (Forrester and Bauhus 2016), mais aussi sur la réponse à la 

sécheresse en l’absence de complémentarités souterraines entre les espèces (Chapitre III).  

A ORPHEE (Chapitre II), j’ai pu caractériser le canopy packing dans les blocs irrigués et non-irrigués, 

mais aussi à deux niveaux de densité contrastés (dans le Chapitre III, seul le niveau de « forte densité » 

a été étudié). Au niveau de forte densité et sans irrigation, nous avons observé un accroissement de 

volume de houppier pour les pins en mélange par rapport aux monocultures et une diminution du volume 

de houppier pour les bouleaux. On retrouve donc un effet du mélange symétrique à ce qui était observé 

pour la surface terrière des arbres dans ces placettes. Cependant, j’ai aussi observé que l’augmentation 

du volume des pins était en partie indépendante de la croissance en diamètre, avec un changement de 

relation allométrique entre le diamètre et le volume des arbres qui démontrait une plasticité de 

l’architecture des houppiers de pins. J’ai donc observé un effet positif du mélange pour les pins grâce à 

une réduction de compétition pour la lumière avec la présence de bouleaux voisins. A l’échelle du 

peuplement, cela s’est traduit par un canopy packing supérieur à la moyenne attendue à partir des deux 

peuplements purs. Ainsi, le mélange bouleau-pin présentait une complémentarité et une différentiation 

de niche dans le compartiment aérien dans les parcelles à forte densité et sans irrigation. Cet effet positif 

du mélange sur le canopy packing ne s’observait plus dans les blocs irrigués (qui avaient une canopée 

plus fermée), ni dans les peuplements à plus faible densité (donc avec une canopée plus ouverte), 

traduisant un effet de seuil de disponibilité de la lumière pour les effets bénéfiques pour la 

complémentarité aérienne entre ces deux espèces. Cet effet de seuil en lien avec la lumière est intéressant 

à mettre en parallèle avec l’effet de seuil de disponibilité en eau identifié par de Streel et al. (2020) pour 

la réponse à la sécheresse.  

Un effet positif du mélange sur le canopy packing a pu être observé précédemment dans d’autres types 

de forêts et de climats (Jucker et al. 2015; Williams et al. 2017; Duarte et al. 2021). Cependant, mes 

travaux montrent pour la première fois que ce résultat peut être dépendant des conditions climatiques et 

de leur influence sur la croissance du peuplement. Mes résultats soulignent l’importance du stade de 

développement du peuplement sur la détection de ces effets. En effet, on a observé une absence d’effet 
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positif sur le canopy packing soit quand le peuplement était encore trop ouvert (modalité à faible densité) 

ou lorsque l’irrigation avait engendré une fermeture de la canopée plus précoce. Il serait donc intéressant 

de réaliser un suivi temporel des volumes de houppiers, à partir d’un stade avant la fermeture de la 

canopée du peuplement, sur plusieurs années afin de caractériser l’évolution de l’effet du mélange sur 

le canopy packing au cours du temps.  

Cet effet net positif du mélange sur l’occupation de l’espace de la canopée à forte densité et sans 

irrigation, s’est accompagné d’une interception de la lumière plus importante en mélange qu’attendu à 

partir des peuplements purs (Chapitre II : Fig. II. 6, Fig. II. 7). On peut donc supposer que c’est cet 

effet-là qui est un des mécanismes principaux à l’origine des effets du mélange sur la productivité et la 

transpiration à l’échelle du peuplement. En effet, pour la transpiration, une augmentation de la surface 

transpirante peut expliquer une consommation en eau plus forte dans les mélanges (Kunert et al. 2012). 

Dans les peuplements irrigués à ORPHEE, l’effet net du mélange n’est plus positif pour la transpiration 

(Chapitre III.3). Ce résultat est similaire à celui observé dans le Chapitre II, où l’effet net du mélange 

sur le canopy packing était significativement positif uniquement dans les blocs non-irrigués à forte 

densité. Ces résultats viennent donc conforter l’idée que dans ce dispositif, ce sont plutôt les interactions 

pour l’interception de la lumière qui déterminent les effets du mélange sur le fonctionnement du 

peuplement. 

Dans le Chapitre III, j'ai pu observer que les effets du mélange sur la structure de la canopée, et en 

particulier la domination des bouleaux par les pins, ont pu influencer les relations hydriques et la réponse 

à la sécheresse de plusieurs façons et ne doivent pas être sous-estimés lors de l'interprétation des effets 

du mélange sur la réponse à la sécheresse. L’effet principal pour les bouleaux était un effet indirect lié 

à une plus faible disponibilité de la lumière, qui a pu constituer un facteur confondant à la réponse à la 

sécheresse pour certaines mesures (δ13C). Mais, par ailleurs, les changements de structure de la canopée 

par rapport aux peuplements purs pourraient aussi jouer un rôle direct sur la réponse à la sécheresse, via 

des effets sur le microclimat subi par les houppiers en période de sécheresse : ainsi les houppiers de pins 

pourraient être un peu plus exposés à des températures plus élevées et à un taux d’humidité plus faible 

en mélange, et vice versa pour les bouleaux. Cela pouvait s’observer également par une chute des feuilles 

plus tardive pour les bouleaux dans les mélanges (Appendix A p. 321 et Appendix B p. 327). Ces 

hypothèses ont été proposées dans des études similaires pour expliquer des effets du mélange sur la 

transpiration ou la résistance à la sécheresse (Jonard et al. 2011; Forrester 2015; Fichtner et al. 2020a). 

Pour confirmer ces hypothèses il faudrait réaliser, de manière simultanée aux mesures de flux de sève 

pendant une période de sécheresse, des mesures d’humidité du sol à différentes profondeurs et de 

microclimat à différents niveaux de la canopée des peuplements purs et mélangés.  

J’ai pu étudier ces questions dans la plantation d’ORPHEE, mais malheureusement pas dans les sites du 

réseau GMAP. En effet, les différentes mesures de houppiers réalisées à ORPHEE étaient initialement 

également prévues à GMAP, mais elles se sont révélées trop compliquées à réaliser dans des 
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peuplements irréguliers. En effet, avec une espèce comme le hêtre qui présente des houppiers 

asymétriques, il était difficile d’envisager l’estimation du volume de houppier de manière simple comme 

sur ORPHEE. Nous n’avons pas eu le temps ni les moyens d’utiliser des méthodes plus élaborées qui 

auraient permis d’obtenir ces volumes (par ex. des mesures de rayons dans plusieurs directions, des 

scans par LiDAR terrestre…). J’ai cependant pu estimer des indices d’éclairement des houppiers à 

GMAP, similaires à l’indice de Dawkins (Clark and Clark 1992), qui montraient une plus forte 

proportion de houppiers qui avaient un indice plus bas en mélange, soit un accès à la lumière plus 

restreint (données non présentées). En effet, la stratification des houppiers était plus importante en 

mélange, avec une plus forte proportion d’arbres dominés. Mais il est difficile de dire si cela dépendait 

de l’interception de la lumière par les houppiers ou de stratégies de gestion sylvicoles différentes dans 

les peuplements mélangés. Une plus forte hétérogénéité de structure du peuplement est un facteur 

important à prendre en compte lors de l’étude de forêts matures, naturelles ou gérées (Forrester and 

Bauhus 2016). En effet, la structure du peuplement peut être différente du fait de la régénération 

naturelle du peuplement ou de la gestion forestière. En peuplements mélangés la densité du peuplement, 

ou bien la proportion d’arbres dominés peut être différente, ce qui va exercer une influence sur le 

fonctionnement à l’échelle du peuplement. Ce sont donc des facteurs importants à contrôler ou prendre 

en compte lors de la mise en place de dispositifs d’observation de terrain.  

3.3. Quel rôle des mécanismes lumière vs. eau  

L’originalité de ma thèse repose sur l’étude de mécanismes aériens et souterrains dans le même 

dispositif. Les effets de la complémentarité dans les forêts mélangées sont généralement dus à plusieurs 

mécanismes simultanés. Cependant, la contribution de chaque mécanisme à l'effet de complémentarité 

total est très difficile à quantifier et cette démarche est rarement tentée (Forrester and Bauhus 

2016). Dans le cadre de ma thèse, je n’ai pas pu mettre en évidence des liens directs entre 

complémentarité racinaire et fonctionnement hydrique, même lorsqu’une complémentarité racinaire 

était effectivement présente. Il existe en réalité peu d’études qui ont pu faire un lien direct entre une 

stratification verticale des racines et un effet positif du mélange sur la productivité ou le fonctionnement 

hydrique (Mueller et al. 2013; Schwendenmann et al. 2015). Ce n’est peut-être donc pas un mécanisme 

aussi important que le laisse sous-entendre le nombre de fois où il est évoqué comme hypothèse 

explicative des effets observés. En effet, cette complémentarité racinaire va être fortement dépendante 

des contraintes sur le développement des racines dans le sol. A contrario, j’ai pu souligner l’importance 

des mécanismes de complémentarité aérienne pour l’interception mais aussi les conditions 

microclimatiques subies par les houppiers. Les études faisant un lien direct entre les complémentarités 

entre houppiers et effets du mélange sur la productivité sont plus nombreuses (Jucker et al. 2014a; 

Sapijanskas et al. 2014; Forrester et al. 2017; Williams et al. 2017; Cattaneo et al. 2020).  



Conclusions et perspectives 

 

297 

 

La comparaison des contributions relatives des différents types de mécanisme reste difficile et très peu 

abordée jusqu’à présent. Quelques articles ont cherché à comparer les effets du mélange entre 

compartiments aériens et souterrains (Martin‐Guay et al. 2020; Jing et al. 2021), même si les effets 

aériens et souterrains du mélange restent interdépendants et peuvent tous deux être le résultat de 

mécanismes aériens ou souterrains, ce qui rend l’estimation des contributions relatives des différents 

mécanismes d’autant plus difficiles (Ammer 2019). Une hypothèse serait que les mécanismes aériens 

serait prédominants en absence de stress hydrique (del Río et al. 2014; Forrester and Bauhus 2016). 

Cependant, j’ai pu observer un effet positif du mélange sur l’interception de la lumière, qui était 

justement plus important en absence d’irrigation à ORPHEE. Ce résultat ne va donc pas dans le sens de 

ces précédentes hypothèses. La question de la part relative des mécanismes aériens et souterrains pour 

expliquer les effets observés dans les mélanges reste donc ouverte et mon travail de thèse a apporté une 

petite contribution à cette connaissance. Afin de progresser dans notre compréhension de ces 

mécanismes, il faudrait réussir à étudier simultanément mécanismes aériens et souterrains et à comparer 

leur importance relative sur le fonctionnement en absence et présence de stress hydrique. Dans le cadre 

de ma thèse, nous n’avons pas forcément réussi à réaliser les mesures sur les différents compartiments 

aériens ou souterrains au cours de la même année de croissance, ce qui a limité les comparaisons 

possibles. Pour cela, il faudra également bien caractériser les conditions de stress hydrique du sol, mais 

aussi les conditions microclimatiques au niveau des houppiers.  

4. Applications à la gestion forestière 

Malgré le nombre limité de cas de figures étudiés, les différentes espèces étudiées au cours de ma thèse 

représentent des essences très importantes économiquement pour les forêts d’Europe, pour lesquelles il 

est essentiel d’évaluer si les peuplements mélangés peuvent présenter un avantage en termes de 

fonctionnement et de réponse à la sécheresse. Ainsi, mes résultats peuvent apporter quelques pistes afin 

de répondre aux questions de gestion forestière qui se posent actuellement autour du sujet des forêts 

mélangées (Coll et al. 2018). Le fait d’avoir étudié des mélanges à deux essences, un nombre limité en 

termes de diversité, permet d’être assez proche d’applications possibles en gestion forestière.  

Nous avons pu observer que globalement, le mélange hêtre-sapin ne résultait pas en une plus, ou une 

moins grande exposition à la sécheresse pour le hêtre, mais que potentiellement l’effet pouvait être 

bénéfique dans certains sites à l’échelle du peuplement (Chapitre I). Le hêtre et le sapin présentaient 

des différences de d’origine d’extraction de l’eau qui pourraient être bénéfiques pendant des conditions 

de stress hydrique intermédiaires. Ainsi, la gestion du hêtre et du sapin en peuplements mélangés dans 

les forêts de montagnes subalpine, qui se pratique d’ailleurs déjà dans ces régions-là (Gauquelin and 

Courbaud 2006), semble être une piste intéressante à poursuivre dans des conditions climatiques futures. 

Dans le cas du mélange hêtre-chêne pubescent, il n’y avait pas d’avantage évident à privilégier le 

mélange en termes de réponse à la sécheresse. Comme les sites étudiés se situent en limite de l’aire de 
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répartition du hêtre sur des stations sèches ou chaudes (Houston Durrant et al. 2016), mes résultats 

suggèrent qu’il est probablement souhaitable de privilégier la présence du chêne pubescent en mélange 

avec le hêtre dans ces régions. En effet, le chêne pubescent étant plus tolérant à la sécheresse que le 

hêtre (Niinemets and Valladares 2006), il a de meilleures chances de faire face à une augmentation de 

la fréquence des épisodes de sécheresse dans ces sites (Ladier et al. 2011). Cependant, le maintien de 

ces peuplements mélangés nécessite des interventions de gestion, car sinon, à terme, le peuplement 

pourrait évoluer naturellement vers une hêtraie pure (Ladier et al. 2011). 

L’exemple de la plantation d’ORPHEE (Chapitre II et III) est particulièrement intéressant d’un point 

de vue de la gestion, car elle se situe dans la plus vaste région d’Europe de plantations monospécifiques. 

En effet, les plantations de pin maritime dans les Landes de Gascogne sont des plantations à but de 

production rapide sur des temps de rotation courts (Mason and Meredieu 2011). La question de 

l’utilisation de mélange d’essences est d’autant plus importante pour les plantations industrielles de ce 

type car elles sont vulnérables aux perturbations, climatiques comme biotiques (Kelty 2006; Nichols et 

al. 2006; Messier et al. 2021). Ainsi, la réflexion sur l’introduction de diversité en essence dans ces 

plantations semble importante, même si difficile à appliquer dans ce type de système intensif.  

Nos résultats du Chapitre II ont montré que la présence de bouleaux avait un effet bénéfique sur le 

développement individuel du diamètre et des houppiers des pins, dans la mesure où les houppiers plus 

étroits des bouleaux libèrent des espaces à coloniser pour les houppiers de pins. Par ailleurs, les pins ne 

subissaient pas de stress hydrique plus fort en mélange, même si j’ai observé une légère perte plus rapide 

de la densité de flux de sève en été (Chapitre III). Il semble donc que la présence de bouleaux en 

mélange avec les pins maritimes n’affectera pas le fonctionnement hydrique des pins, qui sont l’essence 

objectif dans cette région. De plus, la densité de plantation maximale pour laquelle nous avons fait des 

mesures (2500 tiges ha-1) est deux fois plus importante que celle habituellement utilisée dans les Landes 

(1250 tiges ha-1) (Mason and Meredieu 2011). On pourrait alors envisager, plutôt que de substituer des 

pins par des bouleaux, d’ajouter des bouleaux entre les pins plantés à 1250 tiges ha-1. En effet, nous 

avons montré dans le Chapitre II que l’ajout de bouleaux à cette densité-là n’affectait pas le 

développement des volumes de houppiers des pins. Cette solution pourrait donc être intéressante, car 

elle permettrait de ne pas perdre en rendement pour l’essence objectif (le pin), tout en introduisant une 

essence d’accompagnement (le bouleau) qui permettrait d’avoir une plus grande diversité dans ce type 

de plantation. Cette diversité en essences, si elle n’apporte pas d’avantage en termes de fonctionnement 

hydrique ou de réponse à la sécheresse, pourrait alors apporter d’autres types de bénéfices. En effet, le 

bouleau pourrait contribuer à améliorer la fertilité des sols dans les plantations mélangées, grâce aux 

chutes de litière ou de l'activité des micro-organismes (Dubois et al. 2020; Maxwell et al. 2020). De 

plus, il a été démontré que la présence de bouleau dans les plantations de pins entraîne une plus grande 

résistance des pins contre les insectes herbivores tels que la processionnaire du pin et le foreur de la tige 

du pin (Castagneyrol et al. 2019; Jactel et al. 2019). Enfin, la domination des bouleaux par les pins après 



Conclusions et perspectives 

 

299 

 

quelques années de plantation laisse penser que le maintien des bouleaux ne serait peut-être pas possible 

sur toute la durée de rotation de la plantation. Cependant, la biomasse des bouleaux pourrait être récoltée 

lors de la première éclaircie de pin et être commercialisée comme produit d'appoint (Dubois et al. 2020) 

pour compenser le surcoût de la plantation des bouleaux. Ainsi, ces différents bénéfices du mélange 

doivent être vérifiés sur toute la durée de la rotation (Morin et al. 2020) et évalués en termes de coûts et 

de bénéfices pour les gestionnaires. Une évaluation qui n’était pas l’objectif de ce travail, mais qui 

pourrait être une perspective intéressante. En outre, les conditions de site, notamment la disponibilité en 

eau du sol, dans lesquelles ces deux espèces peuvent être plantées en mélange doivent encore être 

déterminées à l'échelle régionale. 

5. Conclusion générale 

Les recherches dans le domaine des forêts mélangées, et plus largement sur le rôle de la biodiversité 

pour le fonctionnement des écosystèmes, ont fortement progressé pendant la dernière décennie, 

particulièrement sur la question de la productivité des communautés végétales (Ammer 2019). 

Cependant, il reste encore de nombreuses questions afin de comprendre les sources de variabilité des 

relations biodiversité-fonctionnement de l’écosystème, mais aussi les mécanismes sous-jacents à ces 

relations (Forrester and Bauhus 2016; Coll et al. 2018). La question du rôle de la diversité pour la 

résistance à la sécheresse est particulièrement d’actualité, dans le contexte actuel de changement 

climatique et d’augmentation de la fréquence des épisodes de sécheresse (Grossiord 2019). Au fil de 

mon travail de thèse, j’ai cherché à répondre à ces questions à travers des exemples d’assemblage 

d’espèces importantes à l’échelle européenne. J’ai pu montrer que le fonctionnement hydrique et la 

réponse à la sécheresse des espèces étudiées étaient peu impactés par les interactions entre espèces. J’ai 

pu étudier dans ces mêmes dispositifs des mécanismes aériens et souterrains qui pourraient expliquer 

des complémentarités entre espèces. Les différences de profondeur racinaire pour l’acquisition de l’eau 

entre les espèces, quand elles étaient présentes, n’ont pas nécessairement engendré une meilleure 

disponibilité de l’eau pour les espèces en mélange en condition de sécheresse. En revanche, les 

mécanismes de complémentarité des houppiers ont engendré des modifications de structure du 

peuplement et d’interception de la lumière et sont apparus comme ayant un fort impact sur le 

fonctionnement du mélange. Les effets du mélange d’espèces sur le fonctionnement hydrique des arbres 

étaient fortement dépendants du contexte et pouvaient être modifiés par les conditions 

environnementales locales et les conditions climatiques pour un même assemblage d’espèces d’arbres. 

L’application de ces connaissances à la gestion forestière est donc dépendante du contexte et ne peux 

pas être généralisée de manière simple. 

Il reste encore beaucoup de travail avant de bien comprendre les mécanismes sous-jacents aux relations 

entre biodiversité et fonctionnement de l’écosystème, les interactions entre ces mécanismes, et comment 

ils varient dans le temps et dans l’espace. Pour la suite des recherches dans ce domaine, il serait 
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intéressant de chercher à caractériser de manière simultanée plusieurs des mécanismes de 

complémentarité aériens et souterrains afin d’évaluer leurs interactions. Ce domaine de recherche est 

très dynamique actuellement, et la maturation de nombreuses plantations expérimentales (cf. réseau 

TreeDivNet, et le projet EU-Biodiversa « MixForChange » 2020-2024) devrait permettre d’éclaircir ces 

questions dans les années à venir. Il est donc essentiel de maintenir ce type de réseau sur le long terme 

pour pouvoir progresser dans notre compréhension des questions abordées au cours de cette thèse. 

 

 



Références bibliographiques 

 

301 

 

REFERENCES BIBLIOGRAPHIQUES 

Abad Viñas R, Caudullo G, Oliveira S, de Rigo D (2016) Pinus pinaster in Europe: distribution, habitat, 

usage and threats. In: San-Miguel-Ayanz J, de Rigo D, Caudullo G, et al. (eds) European Atlas of 

Forest Tree Species. Publ. Off. EU, Luxembourg, p e012d59+ 

Adams HD, Zeppel MJB, Anderegg WRL, et al (2017) A multi-species synthesis of physiological 

mechanisms in drought-induced tree mortality. Nat Ecol Evol 1:1285–1291. 

https://doi.org/10.1038/s41559-017-0248-x 

Albert M, Nagel R-V, Nuske R, et al (2017) Tree Species Selection in the Face of Drought Risk—

Uncertainty in Forest Planning. Forests 8:363. https://doi.org/10.3390/f8100363 

Aldea J, Bravo F, Vázquez-Piqué J, et al (2021) Differences in stem radial variation between Pinus 

pinaster Ait. and Quercus pyrenaica Willd. may release inter-specific competition. For Ecol 

Manage 481:118779. https://doi.org/10.1016/j.foreco.2020.118779 

Allen CD, Macalady AK, Chenchouni H, et al (2010) A global overview of drought and heat-induced 

tree mortality reveals emerging climate change risks for forests. For Ecol Manage 259:660–684. 

https://doi.org/10.1016/j.foreco.2009.09.001 

Altinalmazis-Kondylis A, Muessig K, Meredieu C, et al (2020) Effect of tree mixtures and water 

availability on belowground complementarity of fine roots of birch and pine planted on sandy 

podzol. Plant Soil 457:437–455. https://doi.org/10.1007/s11104-020-04741-8 

Altinalmazis‐Kondylis A (2021) “Tree diversity effects on root production, decomposition and nutrient 

cycling under global change.” PhD Thesis, Université de Bordeaux, Bordeaux 

Améglio T, Archer P, Cohen M, et al (1999) Significance and limits in the use of predawn leaf water 

potential for tree irrigation. Plant Soil 207:155–167. https://doi.org/10.1023/A:1026415302759 

Ammer C (2019) Diversity and forest productivity in a changing climate. New Phytol 221:50–66. 

https://doi.org/10.1111/nph.15263 

Andivia E, Ruiz-Benito P, Díaz-Martínez P, et al (2020) Inter-specific tolerance to recurrent droughts 

of pine species revealed in saplings rather than adult trees. For Ecol Manage 459:117848. 

https://doi.org/10.1016/j.foreco.2019.117848 

Araguás-Araguás L, Rozanski K, Gonfiantini R, Louvat D (1995) Isotope effects accompanying vacuum 

extraction of soil water for stable isotope analyses. J Hydrol 168:159–171. 

https://doi.org/10.1016/0022-1694(94)02636-P 

Augusto L, Bakker MR, Morel C, et al (2010) Is ‘grey literature’ a reliable source of data to characterize 

soils at the scale of a region? A case study in a maritime pine forest in southwestern France. Eur J 

Soil Sci 61:807–822. https://doi.org/10.1111/j.1365-2389.2010.01286.x 

Awad H, Barigah T, Badel E, et al (2010) Poplar vulnerability to xylem cavitation acclimates to drier 

soil conditions. Physiol Plant 139:280–288. https://doi.org/10.1111/j.1399-3054.2010.01367.x 

Bachmann D, Gockele A, Ravenek JM, et al (2015) No Evidence of Complementary Water Use along 

a Plant Species Richness Gradient in Temperate Experimental Grasslands. PLoS One 

10:e0116367. https://doi.org/10.1371/journal.pone.0116367 

Baeten L, Verheyen K, Wirth C, et al (2013) A novel comparative research platform designed to 

determine the functional significance of tree species diversity in European forests. Perspect Plant 

Ecol Evol Syst 15:281–291. https://doi.org/10.1016/j.ppees.2013.07.002 



Références bibliographiques 

 

302 

 

Bakker MR, Augusto L, Achat DL (2006) Fine root distribution of trees and understory in mature stands 

of maritime pine (Pinus pinaster) on dry and humid sites. Plant Soil 286:37–51. 

https://doi.org/10.1007/s11104-006-9024-4 

Baldocchi DD (2005) The role of biodiversity on the evaporation of forests. In: Scherer-Lorenzen M, 

Körner C, Schulze ED (eds) Forest Diversity and Function: Temperate and Boreal Systems. 

Ecological studies. Springer-Verlag, Berlin, pp 131–145 

Balvanera P, Pfisterer AB, Buchmann N, et al (2006) Quantifying the evidence for biodiversity effects 

on ecosystem functioning and services. Ecol Lett 9:1146–1156. https://doi.org/10.1111/j.1461-

0248.2006.00963.x 

Barbeito I, Collet C, Ningre F (2014) Crown responses to neighbor density and species identity in a 

young mixed deciduous stand. Trees 28:1751–1765. https://doi.org/10.1007/s00468-014-1082-2 

Barbeito I, Dassot M, Bayer D, et al (2017) Terrestrial laser scanning reveals differences in crown 

structure of Fagus sylvatica in mixed vs . pure European forests. For Ecol Manage 405:381–390. 

https://doi.org/10.1016/j.foreco.2017.09.043 

Barbeta A, Burlett R, Martín-Gómez P, et al (2020a) Evidence for distinct isotopic composition of sap 

and tissue water in tree stems: consequences for plant water source identification. bioRxiv. 

https://doi.org/10.1101/2020.06.18.160002 

Barbeta A, Gimeno TE, Clavé L, et al (2020b) An explanation for the isotopic offset between soil and 

stem water in a temperate tree species. New Phytol nph.16564. https://doi.org/10.1111/nph.16564 

Barbeta A, Jones SP, Clavé L, et al (2019) Unexplained hydrogen isotope offsets complicate the 

identification and quantification of tree water sources in a riparian forest. Hydrol Earth Syst Sci 

23:2129–2146. https://doi.org/10.5194/hess-23-2129-2019 

Barbeta A, Ogée J, Peñuelas J (2018) Stable-Isotope Techniques to Investigate Sources of Plant Water. 

In: Advances in Plant Ecophysiology Techniques. Springer International Publishing, Cham, pp 

439–456 

Barbeta A, Peñuelas J (2017) Relative contribution of groundwater to plant transpiration estimated with 

stable isotopes. Sci Rep 7:10580. https://doi.org/10.1038/s41598-017-09643-x 

Barigah TS, Ibrahim T, Bogard A, et al (2006) Irradiance-induced plasticity in the hydraulic properties 

of saplings of different temperate broad-leaved forest tree species. Tree Physiol 26:1505–1516. 

https://doi.org/10.1093/treephys/26.12.1505 

Barry KE, Mommer L, van Ruijven J, et al (2019) The future of complementarity: disentangling causes 

from consequences. Trends Ecol Evol 34:167–180. https://doi.org/10.1016/j.tree.2018.10.013 

Barton K (2019) MuMIn: Multi-Model Inference. R package version 1.43.15. 

Baskerville GL (1972) Use of Logarithmic Regression in the Estimation of Plant Biomass. Can J For 

Res 2:49–53. https://doi.org/10.1139/x72-009 

Baumgarten M, Hesse BD, Augustaitiené I, et al (2019) Responses of species-specific sap flux, 

transpiration and water use efficiency of pine, spruce and birch trees to temporarily moderate dry 

periods in mixed forests at a dry and wet forest site in the hemi-boreal zone. J Agric Meteorol 

75:13–29. https://doi.org/10.2480/agrmet.D-18-00008 

Beck P, Caudullo G, de Rigo D, Tinner W (2016) Betula pendula, Betula pubescens and other birches 

in Europe: distribution, habitat, usage and threats. In: San-Miguel-Ayanz J, de Rigo D, Caudullo 

G, et al. (eds) European Atlas of Forest Tree Species. Publ. Off. EU, Luxembourg, p e010226+ 

Becker P, Tyree MT, Tsuda M (1999) Hydraulic conductances of angiosperms versus conifers: similar 

transport sufficiency at the whole-plant level. Tree Physiol 19:445–452. 

https://doi.org/10.1093/treephys/19.7.445 

Bello J, Hasselquist NJ, Vallet P, et al (2019) Complementary water uptake depth of Quercus petraea 

and Pinus sylvestris in mixed stands during an extreme drought. Plant Soil 437:93–115. 



Références bibliographiques 

 

303 

 

https://doi.org/10.1007/s11104-019-03951-z 

Belluau M, Vitali V, Parker WC, et al (2021) Overyielding in young tree communities does not support 

the stress‐gradient hypothesis and is favoured by functional diversity and higher water availability. 

J Ecol 1365-2745.13602. https://doi.org/10.1111/1365-2745.13602 

Bertness MD, Callaway R (1994) Positive interactions in communities. Trends Ecol Evol 9:187–191. 

https://doi.org/10.1016/0169-5347(94)90087-6 

Binkley D, Campoe OC, Gspaltl M, Forrester DI (2013) Light absorption and use efficiency in forests: 

Why patterns differ for trees and stands. For Ecol Manage 288:5–13. 

https://doi.org/10.1016/j.foreco.2011.11.002 

Bolte A, Ammer C, Löf M, et al (2009) Adaptive forest management in central Europe: Climate change 

impacts, strategies and integrative concept. Scand J For Res 24:473–482. 

https://doi.org/10.1080/02827580903418224 

Bolte A, Villanueva I (2006) Interspecific competition impacts on the morphology and distribution of 

fine roots in European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) Karst.). Eur 

J For Res 125:15–26. https://doi.org/10.1007/s10342-005-0075-5 

Bonal D, Bosc A, Ponton S, et al (2008) Impact of severe dry season on net ecosystem exchange in the 

Neotropical rainforest of French Guiana. Glob Chang Biol 14:1917–1933. 

https://doi.org/10.1111/j.1365-2486.2008.01610.x 

Bonal D, Pau M, Toigo M, et al (2017) Mixing oak and pine trees does not improve the functional 

response to severe drought in central French forests. Ann For Sci 74:72. 

https://doi.org/10.1007/s13595-017-0671-9 

Bottero A, D’Amato AW, Palik BJ, et al (2017) Density-dependent vulnerability of forest ecosystems 

to drought. J Appl Ecol 54:1605–1614. https://doi.org/10.1111/1365-2664.12847 

Bravo-Oviedo A (2018) The Role of Mixed Forests in a Changing Social-Ecological World. In: Bravo-

Oviedo A, Pretzsch H, del Río M (eds) Dynamics, Silviculture and Management of Mixed Forests. 

Springer International Publishing, Cham 

Bravo-Oviedo A, Pretzsch H, Ammer C (2014) European Mixed Forests: definition and research 

perspectives. For Syst 23:518–533. https://doi.org/10.5424/fs/2014233-06256 

Bréda N, Granier A, Aussenac G (1995) Effects of thinning on soil and tree water relations, transpiration 

and growth in an oak forest (Quercus petraea (Matt.) Liebl.). Tree Physiol 15:295–306. 

https://doi.org/10.1093/treephys/15.5.295 

Bréda N, Huc R, Granier A, Dreyer E (2006) Temperate forest trees and stands under severe drought: a 

review of ecophysiological responses, adaptation processes and long-term consequences. Ann For 

Sci 63:625–644. https://doi.org/10.1051/forest:2006042 

Bréda N, Lefèvre Y, Badeau V (2002) Réservoir en eau des sols forestiers tempérés : spécificité et 

difficultés d’évaluation. La Houille Blanche 88:24–32. https://doi.org/10.1051/lhb/2002038 

Bréda NJJ (2003) Ground-based measurements of leaf area index: a review of methods, instruments and 

current controversies. J Exp Bot 54:2403–2417. https://doi.org/10.1093/jxb/erg263 

Brinkmann N, Eugster W, Buchmann N, Kahmen A (2019) Species‐specific differences in water uptake 

depth of mature temperate trees vary with water availability in the soil. Plant Biol 21:71–81. 

https://doi.org/10.1111/plb.12907 

Brockerhoff EG, Barbaro L, Castagneyrol B, et al (2017) Forest biodiversity, ecosystem functioning 

and the provision of ecosystem services. Biodivers Conserv 26:3005–3035. 

https://doi.org/10.1007/s10531-017-1453-2 

Camarero JJ, Sánchez-Salguero R, Sangüesa-Barreda G, Matías L (2018) Tree species from contrasting 

hydrological niches show divergent growth and water-use efficiency. Dendrochronologia 52:87–

95. https://doi.org/10.1016/j.dendro.2018.10.003 



Références bibliographiques 

 

304 

 

Cardinale BJ, Duffy JE, Gonzalez A, et al (2012) Biodiversity loss and its impact on humanity. Nature 

486:59–67. https://doi.org/10.1038/nature11148 

Castagneyrol B, Bonal D, Damien M, et al (2017) Bottom-up and top-down effects of tree species 

diversity on leaf insect herbivory. Ecol Evol 7:3520–3531. https://doi.org/10.1002/ece3.2950 

Castagneyrol B, Giffard B, Péré C, Jactel H (2013) Plant apparency, an overlooked driver of 

associational resistance to insect herbivory. J Ecol 101:418–429. https://doi.org/10.1111/1365-

2745.12055 

Castagneyrol B, Jactel H, Moreira X (2018) Anti-herbivore defences and insect herbivory: Interactive 

effects of drought and tree neighbours. J Ecol 106:2043–2057. https://doi.org/10.1111/1365-

2745.12956 

Castagneyrol B, Kozlov M V., Poeydebat C, et al (2019) Associational resistance to a pest insect fades 

with time. J Pest Sci (2004). https://doi.org/10.1007/s10340-019-01148-y 

Catovsky S, Holbrook NM, Bazzaz FA (2002) Coupling whole-tree transpiration and canopy 

photosynthesis in coniferous and broad-leaved tree species. Can J For Res 32:295–309. 

https://doi.org/10.1139/x01-199 

Cattaneo N, Schneider R, Bravo F, Bravo-Oviedo A (2020) Inter-specific competition of tree congeners 

induces changes in crown architecture in Mediterranean pine mixtures. For Ecol Manage 

476:118471. https://doi.org/10.1016/j.foreco.2020.118471 

Charru M, Seynave I, Hervé J-C, et al (2017) Recent growth changes in Western European forests are 

driven by climate warming and structured across tree species climatic habitats. Ann For Sci 74:33. 

https://doi.org/10.1007/s13595-017-0626-1 

Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant responses to drought — from genes to 

the whole plant. Funct Plant Biol 30:239. https://doi.org/10.1071/FP02076 

Cheaib A, Badeau V, Boe J, et al (2012) Climate change impacts on tree ranges: model intercomparison 

facilitates understanding and quantification of uncertainty. Ecol Lett 15:533–544. 

https://doi.org/10.1111/j.1461-0248.2012.01764.x 

Choat B, Brodribb TJ, Brodersen CR, et al (2018) Triggers of tree mortality under drought. Nature 

558:531–539. https://doi.org/10.1038/s41586-018-0240-x 

Choat B, Jansen S, Brodribb TJ, et al (2012) Global convergence in the vulnerability of forests to 

drought. Nature 491:752–755. https://doi.org/10.1038/nature11688 

Choné X, Van Leeuwen C, Dubourdieu D, Gaudillère JP (2001) Stem water potential is a sensitive 

indicator of grapevine water status. Ann Bot 87:477–483. https://doi.org/10.1006/anbo.2000.1361 

Clark DA, Clark DB (1992) Life History Diversity of Canopy and Emergent Trees in a Neotropical Rain 

Forest. Ecol Monogr 62:315–344. https://doi.org/10.2307/2937114 

Clark ID, Fritz P (1997) Chapter 4 : Groundwater. In: Environmental Isotopes in Hydrogeology. CRC 

Press, Boca Raton, pp 79–108 

Cochard H (2002) A technique for measuring xylem hydraulic conductance under high negative 

pressures. Plant Cell Environ 25:815–819. https://doi.org/10.1046/j.1365-3040.2002.00863.x 

Cochard H, Damour G, Bodet C, et al (2005) Evaluation of a new centrifuge technique for rapid 

generation of xylem vulnerability curves. Physiol Plant 124:410–418. 

https://doi.org/10.1111/j.1399-3054.2005.00526.x 

Coll L, Ameztegui A, Collet C, et al (2018) Knowledge gaps about mixed forests: What do European 

forest managers want to know and what answers can science provide? For Ecol Manage 407:106–

115. https://doi.org/10.1016/j.foreco.2017.10.055 

Condés S, Aguirre A, del Río M (2020) Crown plasticity of five pine species in response to competition 

along an aridity gradient. For Ecol Manage 473:118302. 



Références bibliographiques 

 

305 

 

https://doi.org/10.1016/j.foreco.2020.118302 

Corcket E, Alard D, Halder I, et al (2020) Canopy composition and drought shape understorey plant 

assemblages in a young tree diversity experiment. J Veg Sci 31:803–816. 

https://doi.org/10.1111/jvs.12903 

Correia MJ, Pereira JS, Chaves MM, et al (1995) ABA xylem concentrations determine maximum daily 

leaf conductance of field-grown Vitis vinifera L. plants. Plant, Cell Environ 18:511–521. 

https://doi.org/10.1111/j.1365-3040.1995.tb00551.x 

Craig H (1961) Isotopic Variations in Meteoric Waters. Science (80- ) 133:1702–1703. 

https://doi.org/10.1126/science.133.3465.1702 

Cruiziat P, Cochard H, Améglio T (2002) Hydraulic architecture of trees: Main concepts and results. 

Ann For Sci 59:723–752. https://doi.org/10.1051/forest:2002060 

Currie DJ, Paquin V (1987) Large-scale biogeographical patterns of species richness of trees. Nature 

329:326–327. https://doi.org/10.1038/329326a0 

Curt T, Prévosto B (2003) Rooting strategy of naturally regenerated beech in Silver birch and Scots pine 

woodlands. Plant Soil 255:265–279. https://doi.org/10.1023/A:1026132021506 

Danjon F, Fourcaud T, Bert D (2005) Root architecture and wind-firmness of mature Pinus pinaster. 

New Phytol 168:387–400. https://doi.org/10.1111/j.1469-8137.2005.01497.x 

Daux V, Michelot-Antalik A, Lavergne A, et al (2018) Comparisons of the Performance of δ 13 C and 

δ 18 O of Fagus sylvatica, Pinus sylvestris, and Quercus petraea in the Record of Past Climate 

Variations. J Geophys Res Biogeosciences 123:1145–1160. 

https://doi.org/10.1002/2017JG004203 

Dawson TE (1993) Water Sources of Plants as Determined from Xylem-Water Isotopic Composition: 

Perspectives on Plant Competition, Distribution, and Water Relations. In: Ehleringer JR, Hall AE, 

Farquhar GD (eds) Stable Isotopes and Plant Carbon-water Relations. Academic Press, San Diego, 

pp 465–496 

Dawson TE, Pate JS (1996) Seasonal water uptake and movement in root systems of Australian 

phraeatophytic plants of dimorphic root morphology: a stable isotope investigation. Oecologia 

107:13–20. https://doi.org/10.1007/BF00582230 

De Deurwaerder HPT, Visser MD, Meunier F, et al (2021) Robust Estimation of Absorbing Root 

Surface Distributions From Xylem Water Isotope Compositions With an Inverse Plant Hydraulic 

Model. Front For Glob Chang 4:1–14. https://doi.org/10.3389/ffgc.2021.689335 

De Micco V, Saurer M, Aronne G, et al (2007) Variations of Wood Anatomy and δ13C Within-Tree 

Rings of Coastal Pinus Pinaster Showing Intra-Annual Density Fluctuations. IAWA J 28:61–74. 

https://doi.org/10.1163/22941932-90001619 

de Streel G (2021) “Effects of tree species identity and mixing on below-ground resources availability 

and climate-growth relationships. A case study in mixtures of Scots pine and beech across Europe.” 

PhD Thesis, Université Catholique de Louvain, Louvain-la-Neuve. 281 p 

de Streel G, Ammer C, Annighöfer P, et al (2021) Mixing has limited impacts on the foliar nutrition of 

European beech and Scots pine trees across Europe. For Ecol Manage 479:118551. 

https://doi.org/10.1016/j.foreco.2020.118551 

de Streel G, Collet C, Barbeito I, et al (2020) Contrasting patterns of tree species mixture effects on 

wood δ13C along an environmental gradient. Eur J For Res 139:229–245. 

https://doi.org/10.1007/s10342-019-01224-z 

del Río M, Pretzsch H, Alberdi I, et al (2018) Characterization of Mixed Forests. In: Bravo-Oviedo A, 

Pretzsch H, del Río M (eds) Dynamics, Silviculture and Management of Mixed Forests. Managing 

Forest Ecosystems, vol 31. Springer International Publishing, Cham, pp 27–71 

del Río M, Schütze G, Pretzsch H (2014) Temporal variation of competition and facilitation in mixed 



Références bibliographiques 

 

306 

 

species forests in Central Europe. Plant Biol 16:166–176. https://doi.org/10.1111/plb.12029 

Delzon S (2015) New insight into leaf drought tolerance. Funct Ecol 29:1247–1249. 

https://doi.org/10.1111/1365-2435.12500 

Delzon S, Douthe C, Sala A, Cochard H (2010) Mechanism of water‐stress induced cavitation in 

conifers: bordered pit structure and function support the hypothesis of seal capillary‐seeding. Plant 

Cell Environ 33:2101–2111. https://doi.org/10.1111/j.1365-3040.2010.02208.x 

Delzon S, Loustau D (2005) Age-related decline in stand water use: sap flow and transpiration in a pine 

forest chronosequence. Agric For Meteorol 129:105–119. 

https://doi.org/10.1016/j.agrformet.2005.01.002 

Delzon S, Sartore M, Burlett R, et al (2004a) Hydraulic responses to height growth in maritime pine 

trees. Plant, Cell Environ 27:1077–1087. https://doi.org/10.1111/j.1365-3040.2004.01213.x 

Delzon S, Sartore M, Granier A, Loustau D (2004b) Radial profiles of sap flow with increasing tree size 

in maritime pine. Tree Physiol 24:1285–1293. https://doi.org/10.1093/treephys/24.11.1285 

Demarez V, Duthoit S, Baret F, et al (2008) Estimation of leaf area and clumping indexes of crops with 

hemispherical photographs. Agric For Meteorol 148:644–655. 

https://doi.org/10.1016/j.agrformet.2007.11.015 

Didion‐Gency M, Bachofen C, Buchmann N, et al (2021) Interactive effects of tree species mixture and 

climate on foliar and woody trait variation in a widely distributed deciduous tree. Funct Ecol 1365-

2435.13898. https://doi.org/10.1111/1365-2435.13898 

Dieler J, Pretzsch H (2013) Morphological plasticity of European beech (Fagus sylvatica L.) in pure and 

mixed-species stands. For Ecol Manage 295:97–108. https://doi.org/10.1016/j.foreco.2012.12.049 

Dittmar C, Zech W, Elling W (2003) Growth variations of Common beech (Fagus sylvatica L.) under 

different climatic and environmental conditions in Europe—a dendroecological study. For Ecol 

Manage 173:63–78. https://doi.org/10.1016/S0378-1127(01)00816-7 

Dixon HH, Joly J (1895) On the ascent of sap. Proc R Soc London 57:3–5. 

https://doi.org/10.1098/rspl.1894.0126 

Duarte MM, Moral R de A, Guillemot J, et al (2021) High tree diversity enhances light interception in 

tropical forests. J Ecol 109:2597–2611. https://doi.org/10.1111/1365-2745.13669 

Dubois H, Verkasalo E, Claessens H (2020) Potential of Birch (Betula pendula Roth and B. pubescens 

Ehrh.) for Forestry and Forest-Based Industry Sector within the Changing Climatic and Socio-

Economic Context of Western Europe. Forests 11:336. https://doi.org/10.3390/f11030336 

Ehleringer JR, Dawson TE (1992) Water uptake by plants: perspectives from stable isotope composition. 

Plant, Cell Environ 15:1073–1082. https://doi.org/10.1111/j.1365-3040.1992.tb01657.x 

Elton CS (1927) Animal Ecology. Sidgwick & Jackson, London 

Evaristo J, Jasechko S, McDonnell JJ (2015) Global separation of plant transpiration from groundwater 

and streamflow. Nature 525:91–94. https://doi.org/10.1038/nature14983 

Fan Y, Miguez-Macho G, Jobbágy EG, et al (2017) Hydrologic regulation of plant rooting depth. Proc 

Natl Acad Sci 114:10572–10577. https://doi.org/10.1073/pnas.1712381114 

FAO (2020) Global Forest Resources Assessment 2020. Main report. FAO 

Farquhar G, O’Leary M, Berry J (1982) On the Relationship Between Carbon Isotope Discrimination 

and the Intercellular Carbon Dioxide Concentration in Leaves. Aust J Plant Physiol 9:121. 

https://doi.org/10.1071/PP9820121 

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon Isotope Discrimination and Photosynthesis. 

Annu Rev Plant Physiol Plant Mol Biol 40:503–537. 

https://doi.org/10.1146/annurev.pp.40.060189.002443 



Références bibliographiques 

 

307 

 

Farquhar GD, Lloyd J (1993) Carbon and Oxygen Isotope Effects in the Exchange of Carbon Dioxide 

between Terrestrial Plants and the Atmosphere. In: Stable Isotopes and Plant Carbon-water 

Relations. Elsevier, pp 47–70 

Farquhar GD, Sharkey TD (1982) Stomatal Conductance and Photosynthesis. Annu Rev Plant Physiol 

33:317–345. https://doi.org/10.1146/annurev.pp.33.060182.001533 

Fernandez I, González-Prieto SJ, Cabaneiro A (2005) 13C-isotopic fingerprint ofPinus pinaster Ait. 

andPinus sylvestris L. wood related to the quality of standing tree mass in forests from NW Spain. 

Rapid Commun Mass Spectrom 19:3199–3206. https://doi.org/10.1002/rcm.2148 

Ferrio JP, Voltas J, Araus JL (2003) Use of carbon isotope composition in monitoring environmental 

changes. Manag Environ Qual An Int J 14:82–98. https://doi.org/10.1108/14777830310460405 

Fichtner A, Schnabel F, Bruelheide H, et al (2020a) Neighbourhood diversity mitigates drought impacts 

on tree growth. J Ecol 108:865–875. https://doi.org/10.1111/1365-2745.13353 

Fichtner A, Schnabel F, Bruelheide H, et al (2020b) Neighbourhood diversity mitigates drought impacts 

on tree growth. J Ecol 108:865–875. https://doi.org/10.1111/1365-2745.13353 

Forest Europe, UNECE, FAO (2011) State of Europe’s Forests 2011. Status and Trends in Sustainable 

Forest Management in Europe. Oslo 

Forrester DI (2014) The spatial and temporal dynamics of species interactions in mixed-species forests: 

From pattern to process. For Ecol Manage 312:282–292. 

https://doi.org/10.1016/j.foreco.2013.10.003 

Forrester DI (2015) Transpiration and water-use efficiency in mixed-species forests versus 

monocultures: Effects of tree size, stand density and season. Tree Physiol 35:289–304. 

https://doi.org/10.1093/treephys/tpv011 

Forrester DI, Albrecht AT (2014) Light absorption and light-use efficiency in mixtures of Abies alba 

and Picea abies along a productivity gradient. For Ecol Manage 328:94–102. 

https://doi.org/10.1016/j.foreco.2014.05.026 

Forrester DI, Ammer C, Annighöfer PJ, et al (2017) Effects of crown architecture and stand structure 

on light absorption in mixed and monospecific Fagus sylvatica and Pinus sylvestris forests along 

a productivity and climate gradient through Europe. J Ecol 106:746–760. 

https://doi.org/10.1111/1365-2745.12803 

Forrester DI, Bauhus J (2016) A Review of Processes Behind Diversity—Productivity Relationships in 

Forests. Curr For Reports 2:45–61. https://doi.org/10.1007/s40725-016-0031-2 

Forrester DI, Bonal D, Dawud S, et al (2016) Drought responses by individual tree species are not often 

correlated with tree species diversity in European forests. J Appl Ecol 53:1725–1734. 

https://doi.org/10.1111/1365-2664.12745 

Forrester DI, Theiveyanathan S, Collopy JJ, Marcar NE (2010) Enhanced water use efficiency in a 

mixed Eucalyptus globulus and Acacia mearnsii plantation. For Ecol Manage 259:1761–1770. 

https://doi.org/10.1016/j.foreco.2009.07.036 

Fox J, Weisberg S (2019) An {R} Companion to Applied Regression, Third. Sage, Thousand Oaks, CA 

Freyberg J, Allen ST, Grossiord C, Dawson TE (2020) Plant and root‐zone water isotopes are difficult 

to measure, explain, and predict: Some practical recommendations for determining plant water 

sources. Methods Ecol Evol 2020:2041–210X.13461. https://doi.org/10.1111/2041-210X.13461 

Fridley JD (2001) The influence of species diversity on ecosystem productivity: how, where, and why? 

Oikos 93:514–526. https://doi.org/10.1034/j.1600-0706.2001.930318.x 

Fruleux A, Bogeat-Triboulot M-B, Collet C, et al (2018) Aboveground overyielding in a mixed 

temperate forest is not explained by belowground processes. Oecologia 188:1183–1193. 

https://doi.org/10.1007/s00442-018-4278-0 



Références bibliographiques 

 

308 

 

Fruleux A, Bogeat-Triboulot M-B, Collet C, Bonal D (2020) Lack of effect of admixture proportion and 

tree density on water acquisition depth for European beech (Fagus sylvatica L.) and sycamore 

maple (Acer pseudoplatanus L.). Ann For Sci 77:36. https://doi.org/10.1007/s13595-020-00937-1 

Garten CT, Taylor GE (1992) Foliar δ13C within a temperate deciduous forest: spatial, temporal, and 

species sources of variation. Oecologia 90:1–7. https://doi.org/10.1007/BF00317801 

Gartner K, Nadezhdina N, Englisch M, et al (2009) Sap flow of birch and Norway spruce during the 

European heat and drought in summer 2003. For Ecol Manage 258:590–599. 

https://doi.org/10.1016/j.foreco.2009.04.028 

Gauquelin X, Courbaud B (eds) (2006) Guide des sylvicultures de montagne - Alpes du nord françaises. 

Cemagref, CRPF, ONF, Grenoble 

Gause GF (1934) Experimental analysis of Vito Volterra’s mathematical theory of the struggle for 

existence. Science (80- ) 79:16–17. https://doi.org/10.1126/science.79.2036.16-a 

Gavinet J, Ourcival JM, Gauzere J, et al (2020) Drought mitigation by thinning: Benefits from the stem 

to the stand along 15 years of experimental rainfall exclusion in a holm oak coppice. For Ecol 

Manage 473:118266. https://doi.org/10.1016/j.foreco.2020.118266 

Gazol A, Camarero JJ (2016) Functional diversity enhances silver fir growth resilience to an extreme 

drought. J Ecol 104:1063–1075. https://doi.org/10.1111/1365-2745.12575 

Gebauer T, Horna V, Leuschner C (2012) Canopy transpiration of pure and mixed forest stands with 

variable abundance of European beech. J Hydrol 442–443:2–14. 

https://doi.org/10.1016/j.jhydrol.2012.03.009 

Gebhardt T, Häberle K-H, Matyssek R, et al (2014) The more, the better? Water relations of Norway 

spruce stands after progressive thinning. Agric For Meteorol 197:235–243. 

https://doi.org/10.1016/j.agrformet.2014.05.013 

Gentry AH (1988) Tree species richness of upper Amazonian forests. Proc Natl Acad Sci 85:156–159. 

https://doi.org/10.1073/pnas.85.1.156 

Gessler A, Keitel C, Kreuzwieser J, et al (2007) Potential risks for European beech (Fagus sylvatica L.) 

in a changing climate. Trees 21:1–11. https://doi.org/10.1007/s00468-006-0107-x 

Goisser M, Geppert U, Rötzer T, et al (2016) Does belowground interaction with Fagus sylvatica 

increase drought susceptibility of photosynthesis and stem growth in Picea abies? For Ecol Manage 

375:268–278. https://doi.org/10.1016/j.foreco.2016.05.032 

González-Muñoz N, Sterck F, Torres-Ruiz JM, et al (2018) Quantifying in situ phenotypic variability 

in the hydraulic properties of four tree species across their distribution range in Europe. PLoS One 

13:e0196075. https://doi.org/10.1371/journal.pone.0196075 

González de Andrés E, Camarero JJ, Blanco JA, et al (2018) Tree-to-tree competition in mixed European 

beech-Scots pine forests has different impacts on growth and water-use efficiency depending on 

site conditions. J Ecol 106:59–75. https://doi.org/10.1111/1365-2745.12813 

Granier A (1987) Evaluation of transpiration in a Douglas-fir stand by means of sap flow measurements. 

Tree Physiol 3:309–320. https://doi.org/10.1093/treephys/3.4.309 

Granier A, Biron P, Bréda N, et al (1996) Transpiration of trees and forest stands: short and long-term 

monitoring using sapflow methods. Glob Chang Biol 2:265–274. https://doi.org/10.1111/j.1365-

2486.1996.tb00078.x 

Granier A, Bréda N, Biron P, Villette S (1999) A lumped water balance model to evaluate duration and 

intensity of drought constraints in forest stands. Ecol Modell 116:269–283. 

https://doi.org/10.1016/S0304-3800(98)00205-1 

Grinnell J (1917) Field Tests of Theories Concerning Distributional Control. Am Nat 51:115–128. 

https://doi.org/10.1086/279591 



Références bibliographiques 

 

309 

 

Grossiord C (2019) Having the right neighbors: how tree species diversity modulates drought impacts 

on forests. New Phytol. https://doi.org/10.1111/nph.15667 

Grossiord C (2014) “Impact of tree species diversity on water and carbon relations in European forests.” 

PhD Thesis, Université de Lorraine, Nancy. 156 p 

Grossiord C, Forner A, Gessler A, et al (2015) Influence of species interactions on transpiration of 

Mediterranean tree species during a summer drought. Eur J For Res 134:365–376. 

https://doi.org/10.1007/s10342-014-0857-8 

Grossiord C, Gessler A, Granier A, et al (2014a) Impact of interspecific interactions on the soil water 

uptake depth in a young temperate mixed species plantation. J Hydrol 519:3511–3519. 

https://doi.org/10.1016/j.jhydrol.2014.11.011 

Grossiord C, Gessler A, Granier A, et al (2014b) Interspecific competition influences the response of 

oak transpiration to increasing drought stress in a mixed Mediterranean forest. For Ecol Manage 

318:54–61. https://doi.org/10.1016/j.foreco.2014.01.004 

Grossiord C, Granier A, Gessler A, et al (2013a) The influence of tree species mixture on ecosystem-

level carbon accumulation and water use in a mixed boreal plantation. For Ecol Manage 298:82–

92. https://doi.org/10.1016/j.foreco.2013.03.001 

Grossiord C, Granier A, Gessler A, et al (2014c) Does Drought Influence the Relationship Between 

Biodiversity and Ecosystem Functioning in Boreal Forests? Ecosystems 17:394–404. 

https://doi.org/10.1007/s10021-013-9729-1 

Grossiord C, Granier A, Gessler A, et al (2013b) Application of Loreau &amp; Hector’s (2001) 

partitioning method to complex functional traits. Methods Ecol Evol 4:954–960. 

https://doi.org/10.1111/2041-210X.12090 

Grossiord C, Granier A, Ratcliffe S, et al (2014d) Tree diversity does not always improve resistance of 

forest ecosystems to drought. Proc Natl Acad Sci 111:14812–14815. 

https://doi.org/10.1073/pnas.1411970111 

Grossiord C, Sevanto S, Bonal D, et al (2019) Prolonged warming and drought modify belowground 

interactions for water among coexisting plants. Tree Physiol 39:55–63. 

https://doi.org/10.1093/treephys/tpy080 

Grossman JJ, Vanhellemont M, Barsoum N, et al (2018) Synthesis and future research directions linking 

tree diversity to growth, survival, and damage in a global network of tree diversity experiments. 

Environ Exp Bot 152:68–89. https://doi.org/10.1016/j.envexpbot.2017.12.015 

Guillemot J, Kunz M, Schnabel F, et al (2020) Neighbourhood‐mediated shifts in tree biomass allocation 

drive overyielding in tropical species mixtures. New Phytol. https://doi.org/10.1111/nph.16722 

Gutierrez Lopez J, Tor-ngern P, Oren R, et al (2021) How tree species, tree size, and topographical 

location influenced tree transpiration in northern boreal forests during the historic 2018 drought. 

Glob Chang Biol 3066–3078. https://doi.org/10.1111/gcb.15601 

Hagan JG, Vanschoenwinkel B, Gamfeldt L (2021) We should not necessarily expect positive 

relationships between biodiversity and ecosystem functioning in observational field data. Ecol Lett 

1–12. https://doi.org/10.1111/ele.13874 

Hanewinkel M, Cullmann DA, Schelhaas M-J, et al (2013) Climate change may cause severe loss in the 

economic value of European forest land. Nat Clim Chang 3:203–207. 

https://doi.org/10.1038/nclimate1687 

Hansen A, Rotella J (1999) Abiotic factors. In: Hunter M (ed) Maintaining Biodiversity in Forest 

Ecosystems. Cambridge University Press, Cambridge, pp 161–209 

Harja D, Vincent G, Mulia R, van Noordwijk M (2012) Tree shape plasticity in relation to crown 

exposure. Trees 26:1275–1285. https://doi.org/10.1007/s00468-012-0703-x 

Hartmann H, Moura CF, Anderegg WRL, et al (2018) Research frontiers for improving our 



Références bibliographiques 

 

310 

 

understanding of drought-induced tree and forest mortality. New Phytol 218:15–28. 

https://doi.org/10.1111/nph.15048 

Heaton THE (1999) Spatial, species, and temporal variations in the 13C/12C ratios of C3 plants: 

Implications for palaeodiet studies. J Archaeol Sci 26:637–649. 

https://doi.org/10.1006/jasc.1998.0381 

Hector A, Schmid B, Beierkuhnlein C, et al (1999) Plant Diversity and Productivity Experiments in 

European Grasslands. Science (80- ) 286:1123 LP – 1127. 

https://doi.org/10.1126/science.286.5442.1123 

Hegyi F (1974) A simulation model for managing jack-pine stands. In: Fries J (ed) Growth Models for 

Tree and Stand Simulation. Royal College of Forestry, Stockholm, pp 74–90 

Herbette S, Cochard H (2010) Calcium Is a Major Determinant of Xylem Vulnerability to Cavitation. 

Plant Physiol 153:1932–1939. https://doi.org/10.1104/pp.110.155200 

Hewitt G (1999) Post-glacial re-colonization of European biota. Biol J Linn Soc 68:87–112. 

https://doi.org/10.1006/bijl.1999.0332 

Hildebrand M, Perles-Garcia MD, Kunz M, et al (2021) Tree-tree interactions and crown 

complementarity: The role of functional diversity and branch traits for canopy packing. Basic Appl 

Ecol 50:217–227. https://doi.org/10.1016/j.baae.2020.12.003 

Hooper DU, Chapin FS, Ewel JJ, et al (2005) Effects of biodiversity on ecosystem functioning: a 

consensus of current knowledge. Ecol Monogr 75:3–35. https://doi.org/10.1890/04-0922 

Hothorn T, Bretz F, Westfall P (2008) Simultaneous Inference in General Parametric Models. 

Biometrical J 50:346–363 

Houston Durrant T, de Rigo D, Caudullo G (2016) Fagus sylvatica and other beeches in Europe: 

distribution, habitat, usage and threats. In: San Miguel-Ayanz J, de Rigo D, Caudullo G, et al. (eds) 

European Atlas of Forest Tree Species. Publ. Off. EU, Luxembourg, p e012b90+ 

Huang Y, Chen Y, Castro-Izaguirre N, et al (2018) Impacts of species richness on productivity in a 

large-scale subtropical forest experiment. Science (80- ) 362:80–83. 

https://doi.org/10.1126/science.aat6405 

Hubbard RM, Stape J, Ryan MG, et al (2010) Effects of irrigation on water use and water use efficiency 

in two fast growing Eucalyptus plantations. For Ecol Manage 259:1714–1721. 

https://doi.org/10.1016/j.foreco.2009.10.028 

Hutchinson GE (1957) Concluding Remarks. Cold Spring Harb Symp Quant Biol 22:415–427. 

https://doi.org/10.1101/SQB.1957.022.01.039 

Hynynen J, Niemisto P, Vihera-Aarnio A, et al (2010) Silviculture of birch (Betula pendula Roth and 

Betula pubescens Ehrh.) in northern Europe. Forestry 83:103–119. 

https://doi.org/10.1093/forestry/cpp035 

IAEA (1995) Reference and Intercomparison Materials for Stable Isotopes of Light Elements, IAEA-

TECDOC-825. Vienna 

IGN (2020) Le Mémento Inventaire Forestier 

IGN (2017) La forêt plantée en France : état des lieux. La feuille l’IF n°40 

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to 

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva, 

Switzerland 

IPCC (2018) Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 

1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the 

context of strengthening the global response to the threat of climate change,. IPCC, Geneva, 

Switzerland 



Références bibliographiques 

 

311 

 

Irvine J, Perks MP, Magnani F, Grace J (1998) The response of Pinus sylvestris to drought: stomatal 

control of transpiration and hydraulic conductance. Tree Physiol 18:393–402. 

https://doi.org/10.1093/treephys/18.6.393 

Ishii H, Asano S (2010) The role of crown architecture, leaf phenology and photosynthetic activity in 

promoting complementary use of light among coexisting species in temperate forests. Ecol Res 

25:715–722. https://doi.org/10.1007/s11284-009-0668-4 

Ishii H, Azuma W, Nabeshima E (2013) The need for a canopy perspective to understand the importance 

of phenotypic plasticity for promoting species coexistence and light-use complementarity in forest 

ecosystems. Ecol Res 28:191–198. https://doi.org/10.1007/s11284-012-1025-6 

Jacobs K, Bonal D, Collet C, et al (2021) Mixing increases drought exposure through a faster growth in 

beech, but not in oak. For Ecol Manage 479:118593. https://doi.org/10.1016/j.foreco.2020.118593 

Jactel H, Bauhus J, Boberg J, et al (2017) Tree Diversity Drives Forest Stand Resistance to Natural 

Disturbances. Curr For Reports 3:223–243. https://doi.org/10.1007/s40725-017-0064-1 

Jactel H, Gritti ES, Drössler L, et al (2018) Positive biodiversity–productivity relationships in forests: 

climate matters. Biol Lett 14:20170747. https://doi.org/10.1098/rsbl.2017.0747 

Jactel H, Moreira X, Castagneyrol B (2021) Tree Diversity and Forest Resistance to Insect Pests: 

Patterns, Mechanisms, and Prospects. Annu Rev Entomol 66:277–296. 

https://doi.org/10.1146/annurev-ento-041720-075234 

Jactel H, Poeydebat C, van Halder I, Castagneyrol B (2019) Interactive effects of tree Mixing and 

drought on a primary forest pest. Front For Glob Chang 2:. 

https://doi.org/10.3389/ffgc.2019.00077 

Jing X, Muys B, Bruelheide H, et al (2021) Above‐ and below‐ground complementarity rather than 

selection drive tree diversity–productivity relationships in European forests. Funct Ecol 35:1756–

1767. https://doi.org/10.1111/1365-2435.13825 

Jonard F, André F, Ponette Q, et al (2011) Sap flux density and stomatal conductance of European beech 

and common oak trees in pure and mixed stands during the summer drought of 2003. J Hydrol 

409:371–381. https://doi.org/10.1016/j.jhydrol.2011.08.032 

Jourdan M, Kunstler G, Morin X (2019a) How neighbourhood interactions control the temporal stability 

and resilience to drought of trees in mountain forests. J Ecol 1365-2745.13294. 

https://doi.org/10.1111/1365-2745.13294 

Jourdan M, Lebourgeois F, Morin X (2019b) The effect of tree diversity on the resistance and recovery 

of forest stands in the French Alps may depend on species differences in hydraulic features. For 

Ecol Manage 450:117486. https://doi.org/10.1016/j.foreco.2019.117486 

Jourdan M, Piedallu C, Baudry J, Morin X (2020) Tree diversity and the temporal stability of mountain 

forest productivity: testing the effect of species composition, through asynchrony and overyielding. 

Eur J For Res. https://doi.org/10.1101/2020.01.20.912964 

Jucker T, Bouriaud O, Avacaritei D, et al (2014a) Competition for light and water play contrasting roles 

in driving diversity-productivity relationships in Iberian forests. J Ecol 102:1202–1213. 

https://doi.org/10.1111/1365-2745.12276 

Jucker T, Bouriaud O, Avacaritei D, Coomes DA (2014b) Stabilizing effects of diversity on 

aboveground wood production in forest ecosystems: linking patterns and processes. Ecol Lett 

17:1560–1569. https://doi.org/10.1111/ele.12382 

Jucker T, Bouriaud O, Coomes DA (2015) Crown plasticity enables trees to optimize canopy packing 

in mixed-species forests. Funct Ecol 29:1078–1086. https://doi.org/10.1111/1365-2435.12428 

Jucker T, Grossiord C, Bonal D, et al (2017) Detecting the fingerprint of drought across Europe’s forests: 

do carbon isotope ratios and stem growth rates tell similar stories? For Ecosyst 4:24. 

https://doi.org/10.1186/s40663-017-0111-1 



Références bibliographiques 

 

312 

 

Jump AS, Hunt JM, Peñuelas J (2006) Rapid climate change-related growth decline at the southern 

range edge of Fagus sylvatica. Glob Chang Biol 12:2163–2174. https://doi.org/10.1111/j.1365-

2486.2006.01250.x 

Kelty MJ (2006) The role of species mixtures in plantation forestry. For Ecol Manage 233:195–204. 

https://doi.org/10.1016/j.foreco.2006.05.011 

Kelty MJ (1992) Comparative productivity of monocultures and mixed-species stands. In: Kelty MJ, 

Larson BC, Oliver CD (eds) The Ecology and Silviculture of Mixed-Species Forests. Springer 

Netherlands, Dordrecht, pp 125–141 

Kovács B, Tinya F, Ódor P (2017) Stand structural drivers of microclimate in mature temperate mixed 

forests. Agric For Meteorol 234–235:11–21. https://doi.org/10.1016/j.agrformet.2016.11.268 

Kunert N, Schwendenmann L, Potvin C, Hölscher D (2012) Tree diversity enhances tree transpiration 

in a Panamanian forest plantation. J Appl Ecol 49:135–144. https://doi.org/10.1111/j.1365-

2664.2011.02065.x 

Kunz M, Fichtner A, Härdtle W, et al (2019) Neighbour species richness and local structural variability 

modulate aboveground allocation patterns and crown morphology of individual trees. Ecol Lett 

22:2130–2140. https://doi.org/10.1111/ele.13400 

Ladier J, Rey F, Dreyfus P (2011) Guide des sylvicultures de montagne - Alpes du sud françaises. ONF, 

IRSTEA, INRA, CRPF 

Lamy J, Delzon S, Bouche PS, et al (2014) Limited genetic variability and phenotypic plasticity detected 

for cavitation resistance in a <scp>M</scp> editerranean pine. New Phytol 201:874–886. 

https://doi.org/10.1111/nph.12556 

Lebourgeois F, Gomez N, Pinto P, Mérian P (2013) Mixed stands reduce Abies alba tree-ring sensitivity 

to summer drought in the Vosges mountains, western Europe. For Ecol Manage 303:61–71. 

https://doi.org/10.1016/j.foreco.2013.04.003 

Lebourgeois F, Jabiol B (2002) Enracinements comparés du Chêne sessile, du Chêne pédonculé et du 

Hêtre. Réflexions sur l’autécologie des essences. Rev For Française 17. 

https://doi.org/10.4267/2042/4898 

Lehner F, Coats S, Stocker TF, et al (2017) Projected drought risk in 1.5°C and 2°C warmer climates. 

Geophys Res Lett 44:7419–7428. https://doi.org/10.1002/2017GL074117 

Lens F, Sperry JS, Christman MA, et al (2011) Testing hypotheses that link wood anatomy to cavitation 

resistance and hydraulic conductivity in the genus Acer. New Phytol 190:709–723. 

https://doi.org/10.1111/j.1469-8137.2010.03518.x 

Liang J, Crowther TW, Picard N, et al (2016) Positive biodiversity-productivity relationship 

predominant in global forests. Science (80- ) 354:. https://doi.org/10.1126/science.aaf8957 

Lindner M, Fitzgerald JB, Zimmermann NE, et al (2014) Climate change and European forests: What 

do we know, what are the uncertainties, and what are the implications for forest management? J 

Environ Manage 146:69–83. https://doi.org/10.1016/j.jenvman.2014.07.030 

Lindner M, Maroschek M, Netherer S, et al (2010) Climate change impacts, adaptive capacity, and 

vulnerability of European forest ecosystems. For Ecol Manage 259:698–709. 

https://doi.org/10.1016/j.foreco.2009.09.023 

Lintunen A, Kaitaniemi P (2010) Responses of crown architecture in Betula pendula to competition are 

dependent on the species of neighbouring trees. Trees 24:411–424. 

https://doi.org/10.1007/s00468-010-0409-x 

Liu CLC, Kuchma O, Krutovsky K V. (2018) Mixed-species versus monocultures in plantation forestry: 

Development, benefits, ecosystem services and perspectives for the future. Glob Ecol Conserv 

15:e00419. https://doi.org/10.1016/j.gecco.2018.e00419 

Lloret F, Keeling EG, Sala A (2011) Components of tree resilience: effects of successive low-growth 



Références bibliographiques 

 

313 

 

episodes in old ponderosa pine forests. Oikos 120:1909–1920. https://doi.org/10.1111/j.1600-

0706.2011.19372.x 

Loreau M (2010) Linking biodiversity and ecosystems: towards a unifying ecological theory. Philos 

Trans R Soc B Biol Sci 365:49–60. https://doi.org/10.1098/rstb.2009.0155 

Loreau M, Hector A (2001) Partitioning selection and complementarity in biodiversity experiments. 

Nature 412:72–76. https://doi.org/10.1038/35083573 

Loreau M, Naeem S, Inchausti P, et al (2001) Biodiversity and Ecosystem Functioning: Current 

Knowledge and Future Challenges. Science (80- ) 294:804–808. 

https://doi.org/10.1126/science.1064088 

Loustau D, Domec J-C, Bosc A (1998) Interpreting the variations in xylem sap flux density within the 

trunk of maritime pine (Pinus pinaster Ait.): application of a model for calculating water flows at 

tree and stand levels. Ann For Sci 55:29–46. https://doi.org/10.1051/forest:19980103 

Lu P, Urban L, Zhao P (2004) Granier’s Thermal Dissipation Probe (TDP) Method for Measuring Sap 

Flow in Trees: Theory and Practice. Acta Bot. Sin. 46:631-646. 

Lübbe T, Schuldt B, Coners H, Leuschner C (2016) Species diversity and identity effects on the water 

consumption of tree sapling assemblages under ample and limited water supply. Oikos 125:86–97. 

https://doi.org/10.1111/oik.02367 

Maestre FT, Callaway RM, Valladares F, Lortie CJ (2009) Refining the stress-gradient hypothesis for 

competition and facilitation in plant communities. J Ecol 97:199–205. 

https://doi.org/10.1111/j.1365-2745.2008.01476.x 

Magh RK, Bonn B, Grote R, et al (2019) Drought superimposes the positive effect of silver fir on water 

relations of european beech in mature forest stands. Forests 10:. https://doi.org/10.3390/f10100897 

Maherali H, Pockman WT, Jackson RB (2004) Adaptive variation in the vulnerability of woody plants 

to xylem cavitation. Ecology 85:2184–2199. https://doi.org/10.1890/02-0538 

Majoube M (1971) Fractionnement en oxygène 18 et en deutérium entre l’eau et sa vapeur. J Chim Phys 

68:1423–1436. https://doi.org/10.1051/jcp/1971681423 

Mäkelä A (1997) A Carbon Balance Model of Growth and Self-Pruning in Trees Based on Structural 

Relationships. For Sci 43:7–24. https://doi.org/10.1093/forestscience/43.1.7 

Marguerit E, Bouffier L, Chancerel E, et al (2014) The genetics of water-use efficiency and its relation 

to growth in maritime pine. J Exp Bot 65:4757–4768. https://doi.org/10.1093/jxb/eru226 

Martin-Blangy S, Charru M, Gérard S, et al (2021) Mixing beech with fir or pubescent oak does not 

help mitigate drought exposure at the limit of its climatic range. For Ecol Manage 482:118840. 

https://doi.org/10.1016/j.foreco.2020.118840 

Martin‐Guay M, Paquette A, Reich PB, Messier C (2020) Implications of contrasted above‐ and below‐

ground biomass responses in a diversity experiment with trees. J Ecol 108:405–414. 

https://doi.org/10.1111/1365-2745.13265 

Martı́nez-Vilalta J, Piñol J (2002) Drought-induced mortality and hydraulic architecture in pine 

populations of the NE Iberian Peninsula. For Ecol Manage 161:247–256. 

https://doi.org/10.1016/S0378-1127(01)00495-9 

Mason WL, Meredieu C (2011) Silvicultural Strategies, Sustainability, and Adaptation to Climate 

Change in Forests of the Atlantic Region of Europe. J For Plan 16:67–77. 

https://doi.org/10.20659/jfp.16.Special_Issue_67 

Mauer O, Palátová E (2003) The role of root system in silver birch (Betula pendula Roth) dieback in the 

air-polluted area of Krušné hory Mts. J For Sci 49:191–199. https://doi.org/10.17221/4693-jfs 

Maxwell TL, Augusto L, Bon L, et al (2020) Effect of a tree mixture and water availability on soil 

nutrients and extracellular enzyme activities along the soil profile in an experimental forest. Soil 



Références bibliographiques 

 

314 

 

Biol Biochem 148:107864. https://doi.org/10.1016/j.soilbio.2020.107864 

May RM (1986) The Search for Patterns in the Balance of Nature: Advances and Retreats. Ecology 

67:1115–1126. https://doi.org/10.2307/1938668 

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quat Sci Rev 23:771–801. 

https://doi.org/10.1016/j.quascirev.2003.06.017 

McDowell N, Pockman WT, Allen CD, et al (2008) Mechanisms of plant survival and mortality during 

drought: why do some plants survive while others succumb to drought? New Phytol 178:719–739. 

https://doi.org/10.1111/j.1469-8137.2008.02436.x 

Meinen C, Leuschner C, Ryan NT, Hertel D (2009) No evidence of spatial root system segregation and 

elevated fine root biomass in multi-species temperate broad-leaved forests. Trees 23:941–950. 

https://doi.org/10.1007/s00468-009-0336-x 

Meinzer FC, Bond BJ, Warren JM, Woodruff DR (2005) Does water transport scale universally with 

tree size? Funct Ecol 19:558–565. https://doi.org/10.1111/j.1365-2435.2005.01017.x 

Mérian P, Lebourgeois F (2011) Size-mediated climate–growth relationships in temperate forests: A 

multi-species analysis. For Ecol Manage 261:1382–1391. 

https://doi.org/10.1016/j.foreco.2011.01.019 

Messier C, Baeten L, Bauhus J, et al (2021) For the sake of resilience and multifunctionality , let ’ s 

diversify planted forests ! 1–8. https://doi.org/10.1111/conl.12829 

Metz J, Annighöfer P, Schall P, et al (2016) Site-adapted admixed tree species reduce drought 

susceptibility of mature European beech. Glob Chang Biol 22:903–920. 

https://doi.org/10.1111/gcb.13113 

Millennium Ecosystem Assessment (2005) Ecosystems and human well-being: synthesis. Island Press, 

Washington, DC 

Mina M, Huber MO, Forrester DI, et al (2018) Multiple factors modulate tree growth complementarity 

in Central European mixed forests. J Ecol 106:1106–1119. https://doi.org/10.1111/1365-

2745.12846 

Mölder I, Leuschner C, Leuschner HH (2011) δ13C signature of tree rings and radial increment of Fagus 

sylvatica trees as dependent on tree neighborhood and climate. Trees 25:215–229. 

https://doi.org/10.1007/s00468-010-0499-5 

Moore GW, Bond BJ, Jones JA (2011) A comparison of annual transpiration and productivity in 

monoculture and mixed-species Douglas-fir and red alder stands. For Ecol Manage 262:2263–

2270. https://doi.org/10.1016/j.foreco.2011.08.018 

Morin X, Damestoy T, Toigo M, et al (2020) Using forest gap models and experimental data to explore 

long-term effects of tree diversity on the productivity of mixed planted forests. Ann For Sci 77:50. 

https://doi.org/10.1007/s13595-020-00954-0 

Morin X, Fahse L, de Mazancourt C, et al (2014) Temporal stability in forest productivity increases with 

tree diversity due to asynchrony in species dynamics. Ecol Lett 17:1526–1535. 

https://doi.org/10.1111/ele.12357 

Morin X, Fahse L, Scherer-Lorenzen M, Bugmann H (2011) Tree species richness promotes 

productivity in temperate forests through strong complementarity between species. Ecol Lett 

14:1211–1219. https://doi.org/10.1111/j.1461-0248.2011.01691.x 

Mueller KE, Tilman D, Fornara D a., Hobbie SE (2013) Root depth distribution and the diversity–

productivity relationship in a long-term grassland experiment. Ecology 94:787–793. 

https://doi.org/10.1890/12-1399.1 

Naeem S (2002) Ecosystem Consequences of Biodiversity Loss: The Evolution of a Paradigm. Ecology 

83:1537. https://doi.org/10.2307/3071972 



Références bibliographiques 

 

315 

 

Naeem S, Duffy JE, Zavaleta E (2012) The Functions of Biological Diversity in an Age of Extinction. 

Science (80- ) 336:1401–1406. https://doi.org/10.1126/science.1215855 

Naeem S, Thompson LJ, Lawler SP, et al (1994) Declining biodiversity can alter the performance of 

ecosystems. Nature 368:734–737. https://doi.org/10.1038/368734a0 

Nichols JD, Bristow M, Vanclay JK (2006) Mixed-species plantations: Prospects and challenges. For 

Ecol Manage 233:383–390. https://doi.org/10.1016/j.foreco.2006.07.018 

Niinemets Ü, Valladares F (2006) Tolerance to shade, drought, and waterlogging of temperate northern 

hemisphere trees and shrubs. Ecol Monogr 76:521–547. https://doi.org/10.1890/0012-

9615(2006)076[0521:TTSDAW]2.0.CO;2 

Niklaus PA, Baruffol M, He J-S, et al (2017) Can niche plasticity promote biodiversity-productivity 

relationships through increased complementarity? Ecology 98:1104–1116. 

https://doi.org/10.1002/ecy.1748 

Oren R, Phillips N, Ewers BE, et al (1999) Sap-flux-scaled transpiration responses to light, vapor 

pressure deficit, and leaf area reduction in a flooded Taxodium distichum forest. Tree Physiol 

19:337–347. https://doi.org/10.1093/treephys/19.6.337 

Paquette A, Hector A, Castagneyrol B, et al (2018) A million and more trees for science. Nat Ecol Evol 

2:763–766. https://doi.org/10.1038/s41559-018-0544-0 

Paquette A, Messier C (2011) The effect of biodiversity on tree productivity: from temperate to boreal 

forests. Glob Ecol Biogeogr 20:170–180. https://doi.org/10.1111/j.1466-8238.2010.00592.x 

Pardos M, del Río M, Pretzsch H, et al (2021) The greater resilience of mixed forests to drought mainly 

depends on their composition: Analysis along a climate gradient across Europe. For Ecol Manage 

481:118687. https://doi.org/10.1016/j.foreco.2020.118687 

Payn T, Carnus J-M, Freer-Smith P, et al (2015) Changes in planted forests and future global 

implications. For Ecol Manage 352:57–67. https://doi.org/10.1016/j.foreco.2015.06.021 

Peñuelas J, Hunt JM, Ogaya R, Jump AS (2008) Twentieth century changes of tree-ring δ13C at the 

southern range-edge of Fagus sylvatica: Increasing water-use efficiency does not avoid the growth 

decline induced by warming at low altitudes. Glob Chang Biol 14:1076–1088. 

https://doi.org/10.1111/j.1365-2486.2008.01563.x 

Pinheiro J, Bates D, DebRoy S, et al (2019) nlme: Linear and Nonlinear Mixed Effects Models. R 

package version 3.1-143 

Pinto I, Pereira H, Usenius A (2004) Heartwood and sapwood development within maritime pine ( Pinus 

pinaster Ait.) stems. Trees - Struct Funct 18:284–294. https://doi.org/10.1007/s00468-003-0305-8 

Ponton S, Dupouey J-L, Breda N, et al (2001) Carbon isotope discrimination and wood anatomy 

variations in mixed stands of Quercus robur and Quercus petraea. Plant, Cell Environ 24:861–868. 

https://doi.org/10.1046/j.0016-8025.2001.00733.x 

Ponton S, Dupouey J-L, Breda N, Dreyer E (2002) Comparison of water-use efficiency of seedlings 

from two sympatric oak species: genotype x environment interactions. Tree Physiol 22:413–422. 

https://doi.org/10.1093/treephys/22.6.413 

Poorter L, Lianes E, Moreno-de las Heras M, Zavala MA (2012) Architecture of Iberian canopy tree 

species in relation to wood density, shade tolerance and climate. Plant Ecol 213:707–722. 

https://doi.org/10.1007/s11258-012-0032-6 

Pretzsch H (2014) Canopy space filling and tree crown morphology in mixed-species stands compared 

with monocultures. For Ecol Manage 327:251–264. https://doi.org/10.1016/j.foreco.2014.04.027 

Pretzsch H (2009) Description and Analysis of Stand Structures. In: Pretzsch H (ed) Forest Dynamics, 

Growth and Yield: From Measurement to Model. Springer Berlin Heidelberg, Berlin, Heidelberg, 

pp 223–290 



Références bibliographiques 

 

316 

 

Pretzsch H, Bielak K, Block J, et al (2013a) Productivity of mixed versus pure stands of oak (Quercus 

petraea (Matt.) Liebl. and Quercus robur L.) and European beech (Fagus sylvatica L.) along an 

ecological gradient. Eur J For Res 132:263–280. https://doi.org/10.1007/s10342-012-0673-y 

Pretzsch H, del Río M, Ammer C, et al (2015) Growth and yield of mixed versus pure stands of Scots 

pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.) analysed along a productivity 

gradient through Europe. Eur J For Res 134:927–947. https://doi.org/10.1007/s10342-015-0900-4 

Pretzsch H, del Río M, Schütze G, et al (2016) Mixing of Scots pine (Pinus sylvestris L.) and European 

beech (Fagus sylvatica L.) enhances structural heterogeneity, and the effect increases with water 

availability. For Ecol Manage 373:149–166. https://doi.org/10.1016/j.foreco.2016.04.043 

Pretzsch H, Forrester DI (2017) Stand Dynamics of Mixed-Species Stands Compared with 

Monocultures. In: Pretzsch H, Forrester DI, Bauhus J (eds) Mixed-Species Forests. Springer Berlin 

Heidelberg, Berlin, Heidelberg, pp 117–209 

Pretzsch H, Forrester DI, Bauhus J (eds) (2017) Mixed-Species Forests. Springer Berlin Heidelberg, 

Berlin, Heidelberg 

Pretzsch H, Schütze G, Uhl E (2013b) Resistance of European tree species to drought stress in mixed 

versus pure forests: evidence of stress release by inter-specific facilitation. Plant Biol 15:483–495. 

https://doi.org/10.1111/j.1438-8677.2012.00670.x 

Prevosto B (2005) Les indices de compétition en foresterie : exemples d’utilisation, intérêts et limites. 

Rev For Française 

Prior LD, Eamus D, Duff GA (1997) Seasonal and Diurnal Patterns of Carbon Assimilation, Stomatal 

Conductance and Leaf Water Potential in Eucalyptus tetrodonta Saplings in a Wet - Dry Savanna 

in Northern Australia. Aust J Bot 45:241. https://doi.org/10.1071/BT96017 

Puettmann KJ, Coates KD, Messier CC (2009) A critique of silviculture: Managing for complexity. 

Island Press, Washington, DC 

Quintana-Seguí P, Le Moigne P, Durand Y, et al (2008) Analysis of Near-Surface Atmospheric 

Variables: Validation of the SAFRAN Analysis over France. J Appl Meteorol Climatol 47:92–

107. https://doi.org/10.1175/2007JAMC1636.1 

R Core Team (2019) R: A Language and Environment for Statistical Computing. Vienna, Austria 

Reiss J, Bridle JR, Montoya JM, Woodward G (2009) Emerging horizons in biodiversity and ecosystem 

functioning research. Trends Ecol Evol 24:505–514. https://doi.org/10.1016/j.tree.2009.03.018 

Remorini D, Massai R (2003) Comparison of water status indicators for young peach trees. Irrig Sci 

22:39–46. https://doi.org/10.1007/s00271-003-0068-4 

Richards AE, Forrester DI, Bauhus J, Scherer-Lorenzen M (2010) The influence of mixed tree 

plantations on the nutrition of individual species: a review. Tree Physiol 30:1192–1208. 

https://doi.org/10.1093/treephys/tpq035 

Riofrío J, del Río M, Pretzsch H, Bravo F (2017) Changes in structural heterogeneity and stand 

productivity by mixing Scots pine and Maritime pine. For Ecol Manage 405:219–228. 

https://doi.org/10.1016/j.foreco.2017.09.036 

Rissanen K, Martin-Guay M-O, Riopel-Bouvier A-S, Paquette A (2019) Light interception in 

experimental forests affected by tree diversity and structural complexity of dominant canopy. 

Agric For Meteorol 278:107655. https://doi.org/10.1016/j.agrformet.2019.107655 

Rossi S, Anfodillo T, Menardi R (2006) Trephor: A New Tool for Sampling Microcores from tree stems. 

IAWA J 27:89–97. https://doi.org/10.1163/22941932-90000139 

Rothfuss Y, Javaux M (2017) Reviews and syntheses: Isotopic approaches to quantify root water uptake: 

a review and comparison of methods. Biogeosciences 14:2199–2224. https://doi.org/10.5194/bg-

14-2199-2017 



Références bibliographiques 

 

317 

 

Sánchez-Pérez JM, Lucot E, Bariac T, Trémolières M (2008) Water uptake by trees in a riparian 

hardwood forest (Rhine floodplain, France). Hydrol Process 22:366–375. 

https://doi.org/10.1002/hyp.6604 

Sapijanskas J, Paquette A, Potvin C, et al (2014) Tropical tree diversity enhances light capture through 

crown plasticity and spatial and temporal niche differences. Ecology 95:2479–2492. 

https://doi.org/10.1890/13-1366.1 

Saurer M, Siegenthaler U, Schweingruber F (1995) The climate-carbon isotope relationship in tree rings 

and the significance of site conditions. Tellus B 47:320–330. https://doi.org/10.1034/j.1600-

0889.47.issue3.4.x 

Saxe H, Cannell MGR, Johnsen Ø, et al (2001) Tree and forest functioning in response to global 

warming. New Phytol 149:369–399. https://doi.org/10.1046/j.1469-8137.2001.00057.x 

Schäfer C, Grams TEE, Rötzer T, et al (2017) Drought stress reaction of growth and δ13C in tree rings 

of European beech and Norway spruce in monospecific versus mixed stands along a precipitation 

gradient. Forests 8:. https://doi.org/10.3390/f8060177 

Schenk HJ, Espino S, Mendez AN, McElrone AJ (2013) Limitations in the hydraulic pathway: Effects 

of xylem embolisms on sap velocity and flow. Acta Hortic 991:323–332. 

https://doi.org/10.17660/ActaHortic.2013.991.40 

Scherer-Lorenzen M, Körner C, Schulze E-D (eds) (2005) Forest Diversity and Function. Springer-

Verlag, Berlin/Heidelberg 

Schmid B, Hector A, Saha P, Loreau M (2008) Biodiversity effects and transgressive overyielding. J 

Plant Ecol 1:95–102. https://doi.org/10.1093/jpe/rtn011 

Schmid B, Niklaus PA (2017) Biodiversity: Complementary canopies. Nat Ecol Evol 1:0104. 

https://doi.org/10.1038/s41559-017-0104 

Schmid I, Kazda M (2001) Vertical distribution and radial growth of coarse roots in pure and mixed 

stands of Fagus sylvatica and Picea abies. Can J For Res 31:539–548. https://doi.org/10.1139/cjfr-

31-3-539 

Scholander PF, Hammel HT, Bradstreet ED, Hemmingsen EA (1965) Sap Pressure in Vascular Plants 

Published by : American Association for the Advancement of Science Linked references are 

available on JSTOR for this article : Sap Pressure in Vascular Plants Negative hydrostatic pressure 

can be measured in plants . Science (80- ) 148:339–346 

Schuldt B, Buras A, Arend M, et al (2020) A first assessment of the impact of the extreme 2018 summer 

drought on Central European forests. Basic Appl Ecol 45:86–103. 

https://doi.org/10.1016/j.baae.2020.04.003 

Schuldt B, Knutzen F, Delzon S, et al (2016) How adaptable is the hydraulic system of European beech 

in the face of climate change-related precipitation reduction? New Phytol 210:443–458. 

https://doi.org/10.1111/nph.13798 

Schulze E-D, Hall AE (1982) Stomatal Responses, Water Loss and CO2 Assimilation Rates of Plants 

in Contrasting Environments. In: Lange OL, Nobe PS, Osmond CB, Ziegler H (eds) Physiological 

Plant Ecology II. Encyclopedia of Plant Physiology (New Series), vol 12. Springer Berlin 

Heidelberg, Berlin, Heidelberg, pp 181–230 

Schulze E-D, Mooney HA (eds) (1993) Biodiversity and Ecosystem Function. Springer Berlin 

Heidelberg, Berlin, Heidelberg 

Schume H, Jost G, Hager H (2004) Soil water depletion and recharge patterns in mixed and pure forest 

stands of European beech and Norway spruce. J Hydrol 289:258–274. 

https://doi.org/10.1016/j.jhydrol.2003.11.036 

Schwarz JA, Bauhus J (2019) Benefits of Mixtures on Growth Performance of Silver Fir (Abies alba) 

and European Beech (Fagus sylvatica) Increase With Tree Size Without Reducing Drought 



Références bibliographiques 

 

318 

 

Tolerance. Front For Glob Chang 2:1–18. https://doi.org/10.3389/ffgc.2019.00079 

Schwendenmann L, Pendall E, Sanchez-Bragado R, et al (2015) Tree water uptake in a tropical 

plantation varying in tree diversity: interspecific differences, seasonal shifts and complementarity. 

Ecohydrology 8:1–12. https://doi.org/10.1002/eco.1479 

Seidel D, Leuschner C, Scherber C, et al (2013) The relationship between tree species richness, canopy 

space exploration and productivity in a temperate broad-leaf mixed forest. For Ecol Manage 

310:366–374. https://doi.org/10.1016/j.foreco.2013.08.058 

Sellin A, Niglas A, Õunapuu-Pikas E, Kupper P (2014) Rapid and long-term effects of water deficit on 

gas exchange and hydraulic conductance of silver birch trees grown under varying atmospheric 

humidity. BMC Plant Biol 14:72. https://doi.org/10.1186/1471-2229-14-72 

Sevanto S, McDowell NG, Dickman LT, et al (2014) How do trees die? A test of the hydraulic failure 

and carbon starvation hypotheses. Plant Cell Environ 37:153–161. 

https://doi.org/10.1111/pce.12141 

Stahl C, Hérault B, Rossi V, et al (2013) Depth of soil water uptake by tropical rainforest trees during 

dry periods: Does tree dimension matter? Oecologia 173:1191–1201. 

https://doi.org/10.1007/s00442-013-2724-6 

Steckel M, del Río M, Heym M, et al (2020) Species mixing reduces drought susceptibility of Scots 

pine (Pinus sylvestris L.) and oak (Quercus robur L., Quercus petraea (Matt.) Liebl.) – Site water 

supply and fertility modify the mixing effect. For Ecol Manage 461:117908. 

https://doi.org/10.1016/j.foreco.2020.117908 

Steudle E (2001) The cohesion-tension mechanism and the acquisition of water by plant roots. Annu 

Rev Plant Physiol Plant Mol Biol 52:847–875. https://doi.org/10.1146/annurev.arplant.52.1.847 

Stock BC, Jackson AL, Ward EJ, et al (2018) Analyzing mixing systems using a new generation of 

Bayesian tracer mixing models. PeerJ 2018:1–27. https://doi.org/10.7717/peerj.5096 

Stock BC, Semmens BX (2016) Unifying error structures in commonly used biotracer mixing models. 

Ecology 97:2562–2569. https://doi.org/10.1002/ecy.1517 

Stojnić S, Suchocka M, Benito-Garzón M, et al (2018) Variation in xylem vulnerability to embolism in 

European beech from geographically marginal populations. Tree Physiol 38:173–185. 

https://doi.org/10.1093/treephys/tpx128 

Sullivan PF, Brownlee AH, Ellison SBZ, Cahoon SMP (2021) Comparative drought sensitivity of co-

occurring white spruce and paper birch in interior Alaska. J Ecol 1–13. 

https://doi.org/10.1111/1365-2745.13654 

Teskey R, Wertin T, Bauweraerts I, et al (2015) Responses of tree species to heat waves and extreme 

heat events. Plant Cell Environ 38:1699–1712. https://doi.org/10.1111/pce.12417 

Thuiller W, Lavorel S, Sykes MT, Araújo MB (2006) Using niche-based modelling to assess the impact 

of climate change on tree functional diversity in Europe. Divers Distrib 12:49–60. 

https://doi.org/10.1111/j.1366-9516.2006.00216.x 

Tilman D, Isbell F, Cowles JM (2014) Biodiversity and Ecosystem Functioning. Annu Rev Ecol Evol 

Syst 45:471–493. https://doi.org/10.1146/annurev-ecolsys-120213-091917 

Tilman D, Reich PB, Knops JMH (2006) Biodiversity and ecosystem stability in a decade-long grassland 

experiment. Nature 441:629–632. https://doi.org/10.1038/nature04742 

Toïgo M, Castagneyrol B, Jactel H, et al (2021a) Tree diversity effects on forest productivity : 

disentangling the effects of tree species addition vs. substitution. bioRxiv. 

https://doi.org/10.1101/2021.05.07.443133v1 

Toïgo M, Ledoux G, Martin-Blangy S, et al (2021b) Mixture effect on radial stem and shoot growth 

differs and varies with temperature. For Ecol Manage 488:119046. 

https://doi.org/10.1016/j.foreco.2021.119046 



Références bibliographiques 

 

319 

 

Toïgo M, Vallet P, Perot T, et al (2015a) Overyielding in mixed forests decreases with site productivity. 

J Ecol 103:502–512. https://doi.org/10.1111/1365-2745.12353 

Toïgo M, Vallet P, Tuilleras V, et al (2015b) Species mixture increases the effect of drought on tree ring 

density, but not on ring width, in Quercus petraea–Pinus sylvestris stands. For Ecol Manage 

345:73–82. https://doi.org/10.1016/j.foreco.2015.02.019 

Trogisch S, Liu X, Rutten G, et al (2021) The significance of tree-tree interactions for forest ecosystem 

functioning. Basic Appl Ecol 00:1–20. https://doi.org/10.1016/j.baae.2021.02.003 

Trogisch S, Salmon Y, He J-S, et al (2016) Spatio-temporal water uptake patterns of tree saplings are 

not altered by interspecific interaction in the early stage of a subtropical forest. For Ecol Manage 

367:52–61. https://doi.org/10.1016/j.foreco.2016.02.018 

Valkonen S, Ruuska J (2003) Effect of Betula pendula Admixture on Tree Growth and Branch Diameter 

in young Pinus sylvestris Stands in Southern Finland. Scand J For Res 18:416–426. 

https://doi.org/10.1080/02827581.2003.9610645 

Valladares F, Gialoni E, Gómez JM (2007) Ecological limits to phenotypic plasticity. New Phytol 

176:749–763. https://doi.org/10.1111/j.1469-8137.2007.02275.x 

Vallet P, Perot T (2016) Tree diversity effect on dominant height in temperate forest. For Ecol Manage 

381:106–114. https://doi.org/10.1016/j.foreco.2016.09.024 

van der Plas F (2019) Biodiversity and ecosystem functioning in naturally assembled communities. Biol 

Rev 94:brv.12499. https://doi.org/10.1111/brv.12499 

Van Leeuwen C, Trégoat O, Choné X, et al (2009) Vine water status is a key factor in grape ripening 

and vintage quality for red Bordeaux wine. How can it be assessed for vineyard management 

purposes? OENO One 43:121. https://doi.org/10.20870/oeno-one.2009.43.3.798 

Vanhellemont M, Sousa-Silva R, Maes SL, et al (2019) Distinct growth responses to drought for oak 

and beech in temperate mixed forests. Sci Total Environ 650:3017–3026. 

https://doi.org/10.1016/j.scitotenv.2018.10.054 

Vargas AI, Schaffer B, Yuhong L, Sternberg L da SL (2017) Testing plant use of mobile vs immobile 

soil water sources using stable isotope experiments. New Phytol 215:582–594. 

https://doi.org/10.1111/nph.14616 

Verheyen K, Bulteel H, Palmborg C, et al (2008) Can complementarity in water use help to explain 

diversity-productivity relationships in experimental grassland plots? Oecologia 156:351–361. 

https://doi.org/10.1007/s00442-008-0998-x 

Verheyen K, Vanhellemont M, Auge H, et al (2016) Contributions of a global network of tree diversity 

experiments to sustainable forest plantations. Ambio 45:29–41. https://doi.org/10.1007/s13280-

015-0685-1 

Vicente-Serrano SM, Beguería S, López-Moreno JI (2010) A Multiscalar Drought Index Sensitive to 

Global Warming: The Standardized Precipitation Evapotranspiration Index. J Clim 23:1696–1718. 

https://doi.org/10.1175/2009JCLI2909.1 

Vilà M, Carrillo-Gavilán A, Vayreda J, et al (2013) Disentangling Biodiversity and Climatic 

Determinants of Wood Production. PLoS One 8:e53530. 

https://doi.org/10.1371/journal.pone.0053530 

Vincke C, Thiry Y (2008) Water table is a relevant source for water uptake by a Scots pine (Pinus 

sylvestris L.) stand: Evidences from continuous evapotranspiration and water table monitoring. 

Agric For Meteorol 148:1419–1432. https://doi.org/10.1016/j.agrformet.2008.04.009 

Volaire F (2018) A unified framework of plant adaptive strategies to drought: Crossing scales and 

disciplines. Glob Chang Biol 24:2929–2938. https://doi.org/10.1111/gcb.14062 

Warren CR, McGrath JF, Adams MA (2001) Water availability and carbon isotope discrimination in 

conifers. Oecologia 127:476–486. https://doi.org/10.1007/s004420000609 



Références bibliographiques 

 

320 

 

Weiss M, Baret F (2017) CAN_EYE V6.4.91 user manual. https://www6.paca.inrae.fr/can-eye/ 

Weisser WW, Roscher C, Meyer ST, et al (2017) Biodiversity effects on ecosystem functioning in a 15-

year grassland experiment: Patterns, mechanisms, and open questions. Basic Appl Ecol 23:1–73. 

https://doi.org/10.1016/j.baae.2017.06.002 

Wendler R, Millard P (1996) Impacts of water and nitrogen supplies on the physiology , leaf 

demography and nitrogen dynamics of Betula pendula 

West AG, Patrickson SJ, Ehleringer JR (2006) Water extraction times for plant and soil materials used 

in stable isotope analysis. Rapid Commun Mass Spectrom 20:1317–1321. 

https://doi.org/10.1002/rcm.2456 

Williams LE, Araujo FJ (2002) Correlations among Predawn Leaf, Midday Leaf, and Midday Stem 

Water Potential and their Correlations with other Measures of Soil and Plant Water Status in Vitis 

vinifera. J Am Soc Hortic Sci 127:448–454. https://doi.org/10.21273/JASHS.127.3.448 

Williams LJ, Butler EE, Cavender‐Bares J, et al (2021) Enhanced light interception and light use 

efficiency explain overyielding in young tree communities. Ecol Lett. 

https://doi.org/10.1111/ele.13717 

Williams LJ, Paquette A, Cavender-Bares J, et al (2017) Spatial complementarity in tree crowns explains 

overyielding in species mixtures. Nat Ecol Evol 1:0063. https://doi.org/10.1038/s41559-016-0063 

Williams MI, Dumroese RK (2013) Preparing for Climate Change: Forestry and Assisted Migration. J 

For 111:287–297. https://doi.org/10.5849/jof.13-016 

Wullschleger SD, Hanson P., Todd D. (2001) Transpiration from a multi-species deciduous forest as 

estimated by xylem sap flow techniques. For Ecol Manage 143:205–213. 

https://doi.org/10.1016/S0378-1127(00)00518-1 

Zanetti C, Vennetier M, Mériaux P, Provansal M (2015) Plasticity of tree root system structure in 

contrasting soil materials and environmental conditions. Plant Soil 387:21–35. 

https://doi.org/10.1007/s11104-014-2253-z 

Zang C, Hartl-Meier C, Dittmar C, et al (2014) Patterns of drought tolerance in major European 

temperate forest trees: climatic drivers and levels of variability. Glob Chang Biol 20:3767–3779. 

https://doi.org/10.1111/gcb.12637 

Zapater M, Hossann C, Bréda N, et al (2011) Evidence of hydraulic lift in a young beech and oak mixed 

forest using 18O soil water labelling. Trees 25:885–894. https://doi.org/10.1007/s00468-011-

0563-9 

Zhang Y, Chen HYH, Reich PB (2012) Forest productivity increases with evenness, species richness 

and trait variation: a global meta-analysis. J Ecol 100:742–749. https://doi.org/10.1111/j.1365-

2745.2011.01944.x 

Zhu Z, Kleinn C, Nölke N (2020) Assessing tree crown volume—a review. For An Int J For Res 18–35. 

https://doi.org/10.1093/forestry/cpaa037 

 

 



Annexes 

 

321 

 

ANNEXES 

Annexe A 

1. Annexe A : Dynamique annuelle de la fermeture de la 
canopée à ORPHEE 

1.1. Objectif 

L’objectif de cette expérimentation était de suivre la dynamique saisonnière et annuelle de la surface 

foliaire du couvert forestier. Pour cela on mesure la quantité de rayonnement photosynthétiquement actif 

(PAR, photosynthetically active radiation) qui arrive sous la canopée (Guyon et al. 2014). Le PAR est 

un rayonnement dont les longueurs d'onde s'étendent de 400 à 700 nm, qui sont celles que les plantes 

peuvent utiliser dans le processus de photosynthèse. Les mesures de fiPAR (fraction de PAR interceptée) 

directionnel permettent d’estimer la proportion de PAR interceptée par le couvert par rapport au PAR 

incident à ciel ouvert. Nous nous sommes intéressés à cette variable afin de voir l’effet du mélange et 

de l’irrigation sur ces dynamiques d’interception de la lumière. 

1.2. Méthodes 

Un capteur de PAR par placette et par bloc (3 x 6 = 18) a été installé en février 2017 par Sylvia Dayau, 

Dominique Guyon et Alain Kruszewski. Chaque capteur est directionnel (azimut de visée Nord ~-2°, 

angle zénithal= 45°, Champ de visée = ±23°). Deux capteurs incidents ont été installés à ciel ouvert au 

bord de la piste qui traverse la plantation. Le suivi des capteurs a été assuré par Sylvia Dayau pendant 

les 3 années 2017 à 2019.  

Le fiPAR (fraction of intercepted photosynthetically active radiation) est calculé à partir des données 

des capteurs dans chaque placette par rapport aux capteurs incidents (ici avec le capteur incident n°1) tel 

que 𝑓𝑖𝑃𝐴𝑅 = 1 − (𝑃𝐴𝑅𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠 𝑃𝐴𝑅𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡⁄ ) . Une valeur moyenne de fiPAR est obtenue pour 

chaque jour de l’année dans chaque placette à l’aide d’un protocole de traitement des données établi et 

exécuté par Sylvia Dayau et Dominique Guyon (UMR ISPA, Bordeaux) (Fig. A 1). Ces données 

journalières ont ensuite été modélisées par Sylvia Dayau, qui a utilisé une fonction de lissage Spline 

pour observer la dynamique annuelle.  
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1.3. Principaux résultats 

Dans cette annexe j’ai rassemblé des figures de synthèse des résultats de modélisation de la dynamique 

annuelle du fiPAR pour les placettes de bouleau pur (Fig. A 2), pin pur (Fig. A 3) et mélange bouleau 

+ pin (Fig. A 4) des blocs 1 à 6 dans la plantation à ORPHEE. Pour rappel les blocs non-irrigués sont 

les blocs 1, 3 et 6 et les blocs irrigués sont les blocs 2, 4 et 5. L’axe des ordonnées pour la Fig. A 3 et la 

Fig. A 4 est différent de la Fig. A 2, il commence à 0.5 pour pouvoir distinguer les courbes.  

Dans les placettes de bouleau pur (Fig. A 2), la saisonnalité (débourrement : augmentation du fiPAR 

vers le mois de mars, chute des feuilles : diminution du fiPAR en milieu d’été et automne) s’observe 

clairement pour chaque année. On observe également un effet de l’irrigation avec un fiPAR plus 

important dans les blocs irrigués. Ceci est lié à l’effet de l’irrigation sur la croissance et le LAI des 

bouleaux. Le bloc 3 a des valeurs plus faibles que les autres courbes du fait de la mortalité d’un arbre 

dans le champ de mesure du capteur, créant une grande ouverture. 

Dans les placettes de pin pur (Fig. A 3), peu de variations annuelles sont observées. Le couvert est très 

fermé avec un fiPAR entre 0.8 et 1. Les blocs irrigués 2 et 5 ont des valeurs de fiPAR un peu plus élevées 

que les blocs non-irrigués. Cependant le bloc irrigué n°4 a des valeurs similaires aux blocs non-irrigués.  

Dans les placettes mélangées (Fig. A 4), la situation est intermédiaire aux deux peuplements purs avec 

une saisonnalité marquée en 2017 et 2018 mais absente en 2019. 

1.4. Discussion 

Ces données nous ont permis d’observer une forte fermeture de la canopée sur toute l’année dans les 

placettes de pin purs et de mélange à partir de 2018. Elles permettent également de mettre en évidence 

le fort impact de l’irrigation sur les bouleaux en peuplements purs. Enfin, on peut y observer la précocité 

de la chute des feuilles de bouleaux qui démarre en juillet en 2017 et 2018 

Nous n’avons cependant pas pu analyser ces données plus en détail du fait d’un manque de temps, mais 

aussi de l’impossibilité de séparer les effets liés à la réponse des bouleaux ou des pins dans les placettes 

mélangées. En effet, l’objectif était aussi de comparer les dates de point d’inflexion sur les courbes de 

fiPAR avec les dates de suivi phénologiques observées sur le terrain. Mais cette analyse se serait donc 

limitée aux placettes de bouleau pur.  

  



Annexes 

 

323 

 

 

Fig. A 1 Résumé du protocole de traitement des données des capteurs de PAR (rayonnement photosynthétiquement 

actif) afin d’estimer le fiPAR directionnel journalier (fraction de PAR intercepté). Chaine de traitement développée 

et réalisée par Sylvia Dayau et Dominique Guyon (UMR ISPA, Bordeaux).  
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Fig. A 2 Dynamique annuelle du fiPAR pour les placettes de bouleaux purs calculés à partir du capteur incident 1. 
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Fig. A 3 Dynamique annuelle du fiPAR pour les placettes de pins purs calculés à partir du capteur incident 1 
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Fig. A 4 Dynamique annuelle du fiPAR pour les placettes de pins purs calculés à partir du capteur incident 1 
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Annexe B 

2. Annexe B : Phénologie du développement et de la 
chute des feuilles à ORPHEE 

2.1. Objectif 

L’objectif de cette expérimentation était d’observer les effets éventuels du mélange et de l’irrigation sur 

la phénologie foliaire des bouleaux et des pins, afin de tester l’hypothèse d’une meilleure interception 

de la lumière en mélange liée à un décalage temporel de la phénologie entre les deux espèces. Pour cela 

nous avons suivi les dates de débourrement des feuilles de bouleaux et des aiguilles de pins au printemps 

et la date de chute des feuilles de bouleaux à l’automne en 2017 et 2018.  

2.2. Méthodes 

Les suivis de phénologie ont été réalisés pour cinq arbres par espèce dans les placettes bouleau pur, pin 

pur et mélange bouleau + pin des blocs 1 à 6 à ORPHEE par l’Unité Expérimentale Forêt Pierroton 

(principalement par Arnaud Lafitte, Audrey Albet et Frédéric Bernier). Les suivis de débourrement ont 

démarré en février 2017 et ont été effectués une fois par semaine pendant la période de débourrement, 

puis espacés toutes les deux semaines jusqu’en été.  

A chaque passage le suivi des arbres individuel était fait selon le protocole suivant. L’opérateur observe 

globalement le stade phénologique de l’arbre, puis en le comparant aux échelles de notation (Fig. B 1), 

le note sur l’appareil de saisie. Il faut que l’arbre ait atteint un stade sur au moins 25% du houppier pour 

que celui-ci lui soit délivré. Seul le stade 33 du pin maritime est donné dès qu’on observe la présence 

de la seconde pousse à la cime de l’arbre.  

A partir de la moitié du mois de juillet, une autre variable était mesurée : la défoliation (uniquement 

chez le bouleau). L’opérateur observe l’arbre et estime (de 5 en 5) un pourcentage de feuilles tombées 

sur le total des feuilles présentes sur l’arbre. (Ex : 0%, 5%, 10%, 15%...). En 2017, ces mesures ont 

débuté fin août seulement et nous avons donc raté le début de la chute des feuilles de bouleaux (Fig. B 

3). 

2.3. Principaux résultats 

2.3.1. Débourrement des feuilles et des aiguilles 

Plusieurs stades phénologiques de débourrement ont été suivis (Fig. B 1), mais j’ai choisi ici de ne 

représenter les résultats que pour un seul stade représentatif des résultats pour le bouleau et pour le pin. 

Les stades phénologiques représentés dans la Fig. B 2 sont : le stade 19 pour le bouleau (feuilles étalées, 
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pas d’élongation) et le stade 31 pour le pin (élongation des aiguilles, taille supérieure au brachyblaste, 

vert tendre). Que ce soit en 2017 ou 2018 nous n’observons pas d’effet de l’irrigation ni du mélange sur 

les stades phénologiques de débourrement du bouleau et du pin. 

2.3.2. Senescence des feuilles (bouleau uniquement) 

La chute des feuilles de bouleaux démarre de manière très précoce, dès juillet. Cela implique que nous 

avons manqué le début de cette chute des feuilles en 2017. Nous observons un effet de l’irrigation et du 

mélange sur la chute des feuilles de bouleau, qui est similaire entre 2017 et 2018. L’irrigation retarde la 

chute des feuilles : les peuplements irrigués (en bleu) ont une chute de feuille plus tardive que les non-

irrigués (en rouge) (Fig. B 3, Fig. B 4). Les bouleaux en mélange ont une chute de feuille plus tardive 

que les bouleaux en peuplement purs, dans les blocs non-irrigués comme irrigués (Fig. B 3, Fig. B 4).  

2.4. Discussion 

L’absence d’effet de l’irrigation et du mélange sur les dates de débourrement n’est pas surprenante car 

il n’y a pas de stress hydrique à cette période-là de l’année. Nous aurions cependant pu observer des 

effets pour les bouleaux qui auraient été liés à une moins forte exposition à la lumière dans les placettes 

mélangées par exemple.  

La chute des feuilles précoce pour le bouleau indique une réponse à des conditions de sécheresse dès le 

mois de juillet au cours des deux années étudiées. Cette chute des feuilles est plus précoce dans les blocs 

non-irrigué et en peuplements purs. Ces effets indiquent que les bouleaux sont moins exposés à la 

sécheresse (ou à des fortes températures qui provoquent la chute des feuilles) dans les blocs irrigués et 

dans les placettes en mélange avec les pins. 

Ces données n’ont pas pu être analysées de manière plus approfondies du fait d’un manque de temps, 

mais aussi car nous n’avions pas la totalité de la dynamique de chute des feuilles en 2017. 
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Fig. B 1 Protocole de suivi des stades de développement des feuilles et aiguilles au printemps (Issu du rapport de stage d’Arnaud Lafitte) 
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Fig. B 2 Phénologie du développement foliaire des bouleaux (a, b) et des pins (c, d) en 2017 (a,c) et 2018 (b,d). 

Les stades phénologiques représentés ici sont : le stade 19 pour le bouleau (feuilles étalées, pas d’élongation) et le 

stade 31 pour le pin (élongation des aiguilles, taille supérieure au brachyblaste, vert tendre).  
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Fig. B 3 Phénologie de la senescence des feuilles pour le bouleau en 2017 : pourcentage de feuilles mortes en fonction de la date de suivi. Il y a eu peu de dates de suivi en 2017 

pour la chute des feuilles.   
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Fig. B 4 Phénologie de la senescence des feuilles pour le bouleau en 2018 : pourcentage de feuilles mortes en fonction de la date de suivi. Les dates de suivi ont été beaucoup 

plus fréquentes en 2018 qu’en 2017, cependant le début de la chute des feuilles a été manqué, du fait d’une perte précoce liée à la sécheresse. 

 



 

 

 

 

Tree-species interactions in mixed forests: effects on tree drought response and role of water and 

light resource partitioning mechanisms 

 

Abstract:  

Biodiversity, through tree species interactions, can support many ecosystem functions and services in forest 

ecosystems. However, in the current context of climate change, the influence of these interactions on the 

response of forest ecosystems to extreme climatic events, such as drought, is still under debate. Moreover, 

evidence for the underlying above-ground and below-ground interaction mechanisms that can explain these 

relationships between diversity and forest ecosystem functioning is still rare. 

The first objective of my thesis work was to determine the effect of tree species interactions in mixed stands on 

tree water relations and drought response. My second objective was to identify below-ground or above-ground 

mechanisms related to resource partitioning that could explain mixture effects on functioning, such as depth of 

water uptake by roots or canopy space filling by tree crowns. 

This work was carried out, within the framework of the ANR DiPTICC project, in two distinct experimental 

systems: an observational network in mature natural forests in the south-east of France (GMAP) and a young 

experimental plantation near Bordeaux (ORPHEE). I worked on three types of two-species mixtures: beech (Fagus 

sylvatica) - fir (Abies alba) and beech - downy oak (Quercus pubescens) along the GMAP network and birch 

(Betula pendula) - maritime pine (Pinus pinaster) at ORPHEE. My work is based on an empirical approach, with 

ecophysiological and light interception measurements, under contrasting conditions of soil water availability. 

Functions such as transpiration or water use efficiency (estimated by measuring carbon isotopic composition) were 

studied. 

My work shows that in young and old stands, the water relations and drought response of the species studied are 

little impacted by species interactions. Differences among species in water extraction depths, when present, did 

not necessarily result in higher water availability for species in mixed stands under drought conditions. Contrary 

to hypotheses often made in the literature, this suggests that belowground mechanisms would seldom drive the 

effects of species interactions. In contrast, I observed that the mechanisms of crown complementarity generated 

changes in stand structure and light interception and appeared to have a strong impact on the functioning of mixed 

stands. 

My work confirms that, for the same combination of tree species, the species-mixing effects on tree functioning 

are highly dependent on local environmental conditions. It is therefore essential for forest managers to take these 

local conditions into account when making choices about the species composition of future forests. Overall, we 

found no negative mixture effects on water relations, suggesting that managing forests in favor of mixed stands 

remains an interesting option for managers to maintain many other forest ecosystem functions and services under 

climate change. 

 

Keywords: functional ecology, community ecology, mixed forests, species interactions, biodiversity, climate 

change, drought, water use, stable isotopes, light interception 
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Interactions des espèces d’arbres en peuplements mélangés : effets sur la réponse à la sécheresse 

des arbres et rôle des mécanismes de partage des ressources en eau et en lumière 

 

Résumé :  

La biodiversité, via les interactions entre espèces d’arbres, peut favoriser un grand nombre de fonctions et de 

services écosystémiques dans les écosystèmes forestiers. Cependant, dans le contexte actuel de changement 

climatique, l’influence de ces interactions sur la réponse des écosystèmes forestiers à des événements climatiques 

extrêmes, tels que la sécheresse, fait encore débat. De plus, la mise en évidence des mécanismes d’interaction 

aériens et souterrains pouvant expliquer ces relations entre diversité et fonctionnement de l’écosystème forestier 

reste encore rare.  

Le premier objectif de mon travail de thèse était de déterminer l’effet des interactions des espèces d’arbres en 

peuplements mélangés sur le fonctionnement hydrique et la réponse à la sécheresse des arbres. Mon deuxième 

objectif était de mettre en évidence les mécanismes d’interaction souterrains ou aériens de partage des ressources 

pouvant expliquer ces effets sur le fonctionnement, tels que la profondeur d’extraction de l’eau par les racines ou 

l’occupation de l’espace de la canopée par les houppiers.  

Ce travail a été réalisé, dans le cadre du projet ANR DiPTICC, dans deux dispositifs expérimentaux distincts : un 

réseau de forêts naturelles matures dans le sud-est de la France (GMAP) et une jeune plantation expérimentale 

proche de Bordeaux (ORPHEE). J’ai travaillé sur trois types de mélanges à deux espèces : hêtre (Fagus sylvatica) 

– sapin (Abies alba) et hêtre - chêne pubescent (Quercus pubescens) le long du réseau GMAP et bouleau (Betula 

pendula) - pin maritime (Pinus pinaster) à ORPHEE. Mon travail est fondé sur une approche empirique avec des 

mesures expérimentales d’écophysiologie et d’interception de la lumière, dans des conditions contrastées de 

disponibilité en eau du sol. Des fonctions telles que la transpiration ou l’efficience d’utilisation de l’eau (estimée 

par la mesure de la composition isotopique du carbone) ont été étudiées. 

Mes travaux montrent que dans ces peuplements jeunes ou âgés, le fonctionnement hydrique et la réponse à la 

sécheresse des espèces étudiées sont peu impactés par les interactions des espèces. Les différences de profondeur 

d’extraction de l’eau entre les espèces, quand elles étaient présentes, n’ont pas nécessairement engendré une 

meilleure disponibilité de l’eau pour les espèces en mélange en conditions de sécheresse. Contrairement à des 

hypothèses souvent formulées dans la littérature, cela suggère que les mécanismes souterrains seraient peu souvent 

à l’origine des effets des interactions des espèces. En revanche, j’ai observé que les mécanismes de 

complémentarité des houppiers ont engendré des modifications de structure du peuplement et d’interception de la 

lumière et sont apparus comme ayant un fort impact sur le fonctionnement du mélange. 

Mes travaux confirment que, pour une même combinaison d’espèces d’arbres, les effets du mélange d’espèces sur 

le fonctionnement des arbres dépendent fortement des conditions environnementales locales. Il est donc primordial 

pour les gestionnaires forestiers de prendre en compte ces conditions locales dans les choix sur la composition en 

espèces des forêts du futur. Globalement, nous n’avons pas trouvé d’effets négatifs du mélange sur le 

fonctionnement hydrique, ce qui suggère que la gestion des forêts au profit de peuplements mélangés reste une 

option intéressante pour les gestionnaires afin de maintenir de nombreuses autres fonctions et services 

écosystémiques des forêts dans le contexte du changement climatique. 

 

Mots clés : écologie fonctionnelle, écologie des communautés, forêts mélangées, interactions des espèces, 

biodiversité, changement climatique, sécheresse, utilisation de l’eau, isotopes stables, interception de la lumière 
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