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Résumé

Les anciennes oliveraies du Liban : un des points-chauds du Levant

Considérés parmi les plus anciens arbres du bassin méditerranéen, les oliviers monumentaux sont
présents dans de nombreux pays de la rive orientale de la Méditerranée. Leur longévité témoignant de
I'importance historique, culturelle et écologique (Terral et al. 2004; Chalak et al., 2015), questionne sur
leur capacité a surmonter des chocs climatiques, environnementaux et anthropiques. Depuis des
millénaires comme aujourd’hui, I’olivier est considéré comme élément clé de I'agriculture. Les
changements climatiques globaux sont inquiétants dans la rive sud de la Méditerranée surtout en termes
de réduction des précipitations. Afin de mieux anticiper leur impact sur les oliviers, il est important de
comprendre les adaptations des oliviers actuels et ceux du passé aux sécheresses extrémes. Cette
problématique est bien entendu tres complexe et la compréhension des impacts des changements
globaux (climats, Homme) sur les oliviers du présent et du passé doit faire appel a différentes disciplines
car seule I’approche holistique peut nous laisser espérer comprendre le fonctionnement de ces agro-
écosystemes. Dans le cadre de ma thése, j’apporte une nouvelle pierre a I’édifice en utilisant des
méthodes empruntées a la biogéochimie des isotopes stables et radiogéniques et que j’applique en
dendrologie.

Le Levant est aujourd’hui confronté a de nombreux facteurs tels que la croissance démographique, les
conflits armés, les caractéristiques géographiques, la transition sociale et économique (Giorgi, 2006;
Lange, 2018). L'impact du changement climatique qui se traduit par l'augmentation des vagues de
chaleur, la sécheresse, la disponibilité de I'eau et la sécurité énergétique dans les pays du Levant (Giorgi,
2006; Lange, 2018) nous amene a qualifier cette région comme un point chaud du changement
climatique ou des changements globaux. Les modéles de climat suggerent un réchauffement de 3,5°C
a 7°C pour la période entre 2070 et 2099, une augmentation de la température diurne et des étés tres
chauds au milieu et a la fin du 21e siécle (Lange, 2018). Une diminution des précipitations est prévue,
avec une baisse de plus de 20% au Liban, en Syrie, a Chypre et en Turquie, alors qu'une augmentation
des précipitations est attendue dans la région du Golfe (Lelieveld et al., 2012; Lange, 2018).
L’augmentation de la durée de la saison séche prédite par les modéles, pourrait étre responsable de la
diminution des zones agricoles, réduisant les paturages pour les animaux. Ces reconstructions des
précipitations sont toutefois caractérisées par une grande incertitude (Telelis, 2000). A ces conditions
climatiques inquiétantes, s’ajoutent les changements liés aux pratiques globales (ie. Industrielles,
agriculture, utilisation des terres) qui causent des transformations de la qualité de l'air et des
écosystemes terrestres et marins. Compte tenu de cette situation difficile, il est nécessaire de
comprendre comment les oliviers qui ont régné au Levant sous différents climats au cours des derniers

millénaires (ie. Début de I’Holoceéne, fin de la période humide Africaine, des événements d’aridification
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autour de 4200 ans BP, période dite de « réchauffement médiéval », ou le « Petit Age de Glace »
(Telelis, 2000).

L'olivier comme indicateur des taxons méditerranéens
L'olivier (Olea europea L.) est considéré comme l'arbre le plus emblématique de la Méditerranée

(Besnard et Rubio de Casas, 2016) et I'un des premiers arbres fruitiers a avoir été cultivé par I'homme
et utilisé pour ses fruits comestibles et son huile. L'exploitation des oliviers sauvages a commencé avant
leur culture comme le suggérent des morceaux carbonisés de bois d'olivier ou de noyaux d'olives trouvés
dans les colonies levantines au moins depuis le Paléolithique (Oflaz et al., 2019), alors qu’ils ont été
présents depuis le Néolithique, du Proche-Orient a I'Espagne, et que la domestication a commencé au
Proche-Orient il y a environ 6000 ans (Besnard et al., 2013). Fuller, (2018) montre une augmentation
du nombre de noyaux d'olives dans le sud du Levant lui permettant d’énoncer 1’hypothése de la
domestication de I'olivier a partir de la fin du Néolithique/Calcolithique. Ces données corroborent les
résultats de Langgut et al., (2019) obtenues a partir de données palynologiques et archéologiques
montrant que le sud du Levant a servi de lieu de domestication et développement de 1’horticulture de
I'olivier dés ~6500 ans BP. Ces travaux sont corroborés par Langgut & Garfinkel (2022) démontrant
que I'horticulture de I'olive (Olea europaea) et de la figue (Ficus carica) était pratiquée des 7000 ans
dans la vallée centrale du Jourdain, en Israél. Ces auteurs suggerent une gestion précoce des oliviers et
qu’ils attachent a la mise en place d’une « économie villageoise méditerranéenne » mettant fin a la
période plus ancienne faisant 1’usage des produits des oliviers « révolution des produits secondaires ».
La domestication de I’olivier en Créte en Mer Egée suivra quelques 500 ans aprés. A partir de ces zones
d'origine, la culture de l'olivier dans le sud du Levant et en Egée s'est répandue dans toute la
Méditerranée (Langgut et al., 2019, 2022).

De nombreux oliviers monumentaux ont été étudiés dans la région méditerranéenne pour leur age et
leur résilience au stress climatique. Les oliviers sont connus pour leur adaptation aux conditions
extrémes, leur capacité a pousser sur des sols rocheux et arides, et leur capacité a survivre dans des
conditions de sécheresse et de vents forts (Cherubini & Lev-Yadun, 2014; Yazbeck et al., 2018).

Les oliviers sont également connus pour leur tronc creusé di au pourrissement du bois avec le temps,
et des cernes irréguliers et difficilement détectables. De nouveaux troncs peuvent se développer autour
de la base de I'arbre d'origine et comme ils grandissent & proximité, une pression physique finira par
s'exercer entre eux. Cette pression peut provoquer la rupture de I'écorce, exposant ainsi les cellules
vivantes du parenchyme, qui peuvent créer des "ponts tissulaires” pour finalement former un anneau de
cambium continu (Ehrlich et al., 2017). La disponibilité en eau a un effet positif sur la taille des
vaisseaux et la circonférence dans le bois d'olivier, montrant que le bois initial et le bois final sont

détectés dans les arbres pluviaux contrairement aux arbres irrigués (Ehrlich et al., 2017).
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Les oliviers monumentaux au Liban
Le Liban fait partie de la région du Levant ou la culture de I'olivier remonte a une époque

ancienne (Mahfoud, 2007). Le pays benéficie d'un climat méditerranéen modéré et
d'abondantes réserves d'eau qui permettent aux oliviers de pousser et de prospérer. Des oliviers
centenaires poussent encore dans différentes localités du Liban, témoignant de la longue
histoire de cette espéce dans le pays. Certains d'entre eux ont actuellement une importante
valeur historique et ornementale et sont déja classés comme monumentaux. La conservation
des oliviers monumentaux libanais devient une tache prioritaire tandis que des études sont
recommandées pour comprendre comment ces arbres ont survécu au cours des siecles a divers
stress (Chalak et al., 2015). Les études évaluant les &ges des oliviers monumentaux du Liban
sont rares. Yazbeck et al. (2018) ont estimé I'age de certains oliviers centenaires poussant dans
le Nord a 1400 ans, mais ont suggeré d'utiliser des méthodes plus adéquates pour estimer I'age
des centenaires libanais.

Isotopes climatiques et dendrochimie
Afin de comprendre comment les oliviers ont été affectés par les changements climatigques dans le passé,

il faut d'abord comprendre la réaction de ces arbres aux paramétres climatiques au présent. L'analyse
des isotopes stables du carbone sur les oliviers peut aider a comprendre la réponse physiologique des
oliviers a la variation de la disponibilité en eau, qui serait principalement affectée par le niveau de
conductance stomatique et la capacité photosynthétique (Basheer-Salimia et Ward, 2014). Les arbres
plus anciens semblent avoir un rapport isotopique différent de celui des plus jeunes, ce qui refléte une
adaptation au climat passé qui n'est plus dans la région méditerranéenne (Basheer-Salimia and Ward,
2014). 8C et 5N dans le feuillage des arbres ont été utilisés afin d'identifier I'efficacité d'utilisation
de l'eau. Aussi, les isotopes stables de I'nydrogéne et de I'oxygéne sont de bons outils pour étudier le
chemin de I'eau dans les plantes et pour identifier la source d'eau utilisée par ces plantes (Barbeta et al.,
2019; Amin et al., 2021).

En outre, la dendrochimie de certains éléments comme le mercure peut aider a étudier les impacts passés
du mercure sur les écosystemes terrestres et peut également aider a prédire les changements futurs dans
le cycle du mercure dans les foréts (Yanai et al., 2020). Les études récentes sur I'absorption du Hg par
la végétation ont mis en évidence le réle important de différents parametres tels que le déficit de pression
de vapeur, la teneur en eau du sol, les conditions climatiques, la date d'échantillonnage, la surface de la
masse foliaire, les groupes fonctionnels de l'arbre et la conductance stomatique affectant
potentiellement I'absorption par les racines du Hg dissous dans I'eau du sol et le taux d'absorption par
les stomates et finalement la teneur en Hg des feuilles (Wohlgemuth et al., 2021). 1l est donc important
de comprendre le comportement sur place de I'olivier & la pollution par le Hg dans son environnement

naturel de culture méditerranéen.
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Estimation de I'age des oliviers
L'un des principaux problémes de la datation a I'aide des cercles d'arbres en Méditerranée est que les

arbres ne forment pas toujours des cercles de croissance annuels distincts et peuvent produire des
fluctuations de densité intra-annuelles supplémentaires lors de changements de température ou de
périodes de sécheresse. La structure anatomique du bois de I'olivier est caractérisée par une disposition
diffuse de vaisseaux poreux, ce qui entraine des limites de cercles de croissance plutot indistinctes, en
plus d'une croissance cambiale asymétrique qui est problématique pour l'identification des cercles
annuels (Cherubini et al. 2013; Ehrlich et al. 2017). L’utilisation a la fois de la datation au radiocarbone
et I'estimation du nombre de cernes manquants dans la cavité interne du tronc a permis d’estimer les
dates de plantation de trois oliviers anciens a Jerusalem autour des années 1200, 1109 et 1184
respectivement (Bernabei, 2015). Plus récemment, Ehrlich et al. (2021) ont pu identifier ’age d‘une
branche de bois moderne en combinant la datation au radiocarbone avec l'imagerie micro-CT a haute
résolution tout en se référant au bois annuel identifié par le schéma des isotopes stables du carbone
(Ehrlich et al. 2021).

Objectifs de cette étude
Cette étude a été menée sur l'olivier, arbre le plus emblématique de la Méditerranée (Kaniewski et al.,

2012 ; Besnard et al., 2013) et composante majeure de I'agriculture d'aujourd'hui et de demain. 1l est
donc important, non seulement de préserver ce patrimoine, mais aussi de comprendre le comportement
sur place de l'olivier aux différents changements environnementaux et climatiques, en se basant sur
deux temporalités : étudier le présent pour comprendre le passé qui nous apprendra l'adaptation de cet
arbre aux chocs climatiques et anthropiques. La combinaison des différentes méthodologies de cette
these, la concentration en Hg et I'analyse isotopique (C, N, S, H, O) a différentes méthodes d'études
dendrologiques (radiocarbone, microtomographie), a été appliquée sur des oliveraies monumentales
libanaises, comme une approche multi-proxy pour mieux comprendre comment ces arbres fonctionnent

et construisent leur résilience a différents stress climatiques et environnementaux.

Principaux résultats
Le chapitre | a introduit les oliviers monumentaux objet de cette étude dans I'oliveraie village de

Bchaaleh au Nord Liban, 1300 m a.s.l. et I'oliveraie village de Kawkaba au Sud Liban, 673 m as.l.,
avec les différentes méthodes utilisées dans cette étude, depuis les analyses isotopiques jusqu'a la
dendrologie.

Suivi mensuel des isotopes stables du carbone, azote et souffre des oliviers du Liban
Le chapitre Il étudie la saisonnalité de la concentration en mercure (Hg) du feuillage des oliviers, un

arbre emblématique du bassin méditerranéen. Les concentrations de Hg du feuillage, des tiges, de la
surface du sol et de la litiere ont été analysées mensuellement chez des oliviers centenaires poussant
dans deux bosquets au Liban, Bchaaleh et Kawkaba (respectivement 1300 et 672 m a.s.l). Une

concentration significativement plus faible a été enregistrée dans les tiges (~7-9 ng/g) par rapport au
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feuillage (~35-48 ng/g) dans les deux sites avec la plus forte concentration de Hg dans le feuillage a la
fin de I'hiver et au début du printemps et la plus faible en été. 1l convient de noter que les olives ont
également une faible concentration en Hg (~ 7-11 ng/g). Le sol a la teneur en Hg la plus élevée (~62-
129 ng/g) probablement héritée de la biomasse cumulée de la litiére (~63-76 ng/g). Une bonne
covariation observée entre notre analyse des séries chronologiques de Hg du feuillage et celles des
concentrations atmosphériques de Hg disponibles pour le sud de I'ltalie dans le bassin ouest de la
Méditerranée confirme que la pollution au mercure peut étre étudiée a travers les oliviers.
L'échantillonnage printanier est recommandé si l'objectif est d'évaluer la susceptibilité de I'arbre a
I'absorption de Hg. Notre étude établit une base de référence adéquate pour la Méditerranée orientale et
la région avec des inventaires climatiques similaires sur I'absorption de Hg par la végétation. En plus
d'étre une base de référence pour de nouvelles études sur les oliviers en Méditerranée pour reconstituer
les concentrations régionales de pollution au mercure dans le passé et le présent.

Le chapitre 111 se concentre sur la Méditerranée orientale au Liban. Deux sites d'oliveraies sont l'intérét
principal de notre étude, Bchaaleh au Nord et Kawkaba au Sud. Les techniques isotopiques stables du
carbone, de l'azote, du soufre, de I'nydrogéne et de l'oxygéne dans I'écologie végétale se sont
développées au cours des derniéres années, servant de technique non radioactive et non destructive
importante pour étudier comment les plantes du présent et du passé interagissaient et répondaient aux
milieu biotique et abiotique. Afin de comprendre comment nos oliviers ont été affectés par les
changements climatiques dans le passé, il faut d'abord comprendre comment ces arbres sont aujourd'hui
affectés par les paramétres environnementaux et climatiques. Cette étude est la premiére a étudier toutes
les différentes compositions isotopiques (813C, 8'°N, 3**S, 3D et 5'*0) chez les oliviers monumentaux.
Tout d'abord, il a abordé la fagon dont les différentes compositions isotopiques du feuillage, des tiges,
de la litiére et du sol des oliviers varient entre elles. Deuxiemement, comment les compositions
isotopiques du feuillage et 8D, 5'®0 des précipitations varient annuellement et saisonnierement entre
Bchaaleh et Kawkaba et entre chaque site étudié. Troisiemement, la réponse du feuillage aux paramétres
climatiques en utilisant les différents marqueurs isotopiques stables comme indicateurs du climat.
Dans cette étude, nous pouvons voir que 8*C dans les deux sites a montré une corrélation entre le
feuillage et les tiges, contrairement a 8°N et *S du feuillage et des tiges qui n'avaient aucune
corrélation. Un effet altitudinal est enregistré pour la plupart des compositions isotopiques (8*3C, 5*°N,
8D et 5'80) des tissus végétaux, de la litiere et du sol. Alors que %S a montré un effet géologique sur
les éléments aériens et souterrains. L'année 2020 a Bchaaleh et Kawkaba a montré des valeurs plus
appauvries dans les compositions isotopiques étudiées du feuillage. Tandis qu'une légére saisonnalité
est montrée pour les 83C et 6°N du feuillage, et une plus forte saisonnalité pour le feuillage 5D. A
Bchaaleh et Kawkaba, les parameétres climatiques variaient dans leur corrélation significative avec les
compositions isotopiques du feuillage. pCO, a montré une corrélation négative avec 83C du feuillage,

les précipitations ont montré une corrélation négative significative avec 8'°N, %S n'a montré aucune
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corrélation significative avec aucun des parametres climatiques, tandis que le feuillage 6D a Bchaaleh
a montré une corrélation significative avec tous les paramétres climatiques contrairement & Kawkaba.
Ces résultats peuvent principalement indiquer que les oliviers étudiés au Liban sont tolérants toute
I'année a tous les changements des paramétres climatiques sans étre radicalement affectés. En plus de
cela, nous pouvons voir que les tiges et le feuillage §!3C et SD ont une bonne corrélation la ot il y a un
transport de la composition isotopique du sol vers le feuillage a travers le bois et les tiges et vice versa.
Cela peut confirmer que les tiges peuvent nous aider a comprendre le bois des oliviers monumentaux
et indique que les noyaux de bois peuvent, espérons-le, étre un bon indicateur des données climatiques
passées grace a des études isotopiques. Nous avons également montré dans cette étude que la matiere
organique en vrac du feuillage, des tiges, de la litiére et du sol peut étre une technique fiable et moins
codteuse pour récupérer des données sur la saisonnalité et la composition isotopique du feuillage.
Feuillage et tiges de Bchaaleh 8*3C valeurs moyennes (-26.6 + 0.7 %o, -25.7 * 0.9 respectivement) par
rapport a celles de Kawkaba (-28.1 = 1.2 %o, -26.7 = 0.6 %o respectivement) significativement plus
élevées. Pour le feuillage de Bchaaleh, les valeurs moyennes de &N (2.4 + 1.0 %o) sont
significativement plus élevées par rapport a celles de Kawkaba (0.2 £ 1.2 %o). Alors que les tiges de
Bchaaleh 3*°N, les valeurs moyennes (1.5 + 3.4 %o) comparées a celles de Kawkaba (5.4 + 2.8 %o) sont
nettement inférieures. La valeur moyenne 5*S du feuillage de Bchaaleh (6.2 + 5.7 %o) par rapport a
celle de Kawkaba (9.9 £ 2.4 %o) est significativement différente, tandis que les valeurs moyennes de
5%S des tiges de Bchaaleh (11.3 + 3.7 %o) et de Kawkaba (11.4 + 1.6 %o) sont similaires. Le feuillage
signifie des valeurs de 8D et §'®0 a Bchaaleh (-79.7 + 3.6 %o et 26.1 + 3.3 %o respectivement) et
Kawkaba (-74.8 + 4.9 %o et 31.2 £ 1.6 %0) sont significativement différentes, tandis que les tiges
signifient des valeurs de 8D et 0 de Bchaaleh (-69.2 + 5.9 %o et 28.0 £ 7.7 %o respectivement) et de
Kawkaba (-68.4 + 4.2 %o et 25.3 + 1.1 %o respectivement) ne sont pas significativement différents.
Annuellement, les valeurs annuelles moyennes de 83C du feuillage de Bchaaleh et Kawkaba montrent
une différence significative entre les années 2019 et 2020 avec des valeurs plus enrichies en 2019 (-
26.4 + 0.8 %o et -27.8 £ 1.0 %o respectivement) qu'en 2020 (-27.0 £ 0.5 %o et — 28.4 £ 1.3 %o
respectivement). Les valeurs de 8*°N du feuillage a Bchaaleh et Kawkaba ne montrent pas de variations
significatives entre les périodes étudiées 2019 (2.5 + 1,1 %o et 0.3 = 1.0 %o respectivement) et 2020 (2.4
+ 0.9 %o et 0.07 + 1.5 %o respectivement). La valeur moyenne annuelle du feuillage de Bchaaleh §*S a
enregistré une différence significative entre 2019 (7.7 = 7.4 %o) et 2020 (4.4 £ 1.3 %o). Les valeurs
annuelles moyennes de 6D des feuillages de Bchaaleh et Kawkaba n'ont enregistré aucune différence
significative entre 2019 (-80.0 + 3.3 %o et -75.3 £ 5.6 %o respectivement) et 2020 (-79.2 + 4.0 %o et -
74.1 £ 3.4 %o respectivement).
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Dendrologie
Approche multi-proxy et résultats préliminaires des isotope
Aprés ces chapitres centrés sur le présent, le chapitre 1V est venu examiner le passé a travers un

ensemble de carottes de bois prélevées a l'intérieur des oliviers monumentaux pour évaluer I'age et les
éventuels changements climatiques, en utilisant différentes techniques de dendrochronologie,
densitométrie, tomographie a rayons X, datation radiocarbone et analyse isotopique du carbone.
L'utilisation de la tomographie a rayons X a permis d'identifier un grand nombre de cernes annuelles
dans les carottes échantillonnées, ce qui a facilité la sélection des échantillons pour la datation
radiocarbone et I'évaluation des différentes dates en fonction du nombre et de I'orientation des cernes.
L'application de la tomographie a rayons X dans le cas de cernes trés complexes, comme c'est le cas
pour les oliviers, s'est avérée étre un grand succes et un pas en avant dans I'identification des cernes de
croissance annuelle (bois précoce et tardif). Cette technique a été une clé principale pour comprendre
les structures des piéces de bois (différentes branches) et pour la sélection des échantillons de datation
radiocarbone. Ainsi, la tomographie a rayons X et le radiocarbone combinés ensemble ont permis
d'améliorer nos connaissances sur I'age des oliviers au Liban. Nos résultats préliminaires du 13C ont
montré une variabilité a I'échelle interannuelle. Ces résultats semblent confirmer le potentiel de
reconstruction du paléoenvironnement et du paléoclimat a partir des isotopes stables des cernes de
croissance de l'olivier, bien que des analyses plus poussées du 13C soient encore nécessaires. Nous
avons obtenu un 4ge minimum plus ancien de 7400 ans BP a partir du bois existant échantillonné sur le
tronc de I'un des oliviers monumentaux de KW, et d'environ 1800 ans pour BC. Ces ages devraient étre
confirmés en élargissant le nombre de carottes analysées par la tomographie a rayons X et le

radiocarbone.

Conclusion
Cette thése est la premiére recherche dans la région du Levant rapportant I'utilisation de I'analyse multi-

proxies sur les oliviers monumentaux pour comprendre la résilience présente et passée de ces arbres
aux stress climatiques et environnementaux dans les conditions agroclimatiques libanaises. Des
résultats majeurs ont conclu que les oliviers monumentaux au Liban sont tolérants toute I'année a tous
les changements des parameétres climatiques sans étre radicalement affectés. D'autre part, la saisonnalité
a été enregistrée dans la concentration de Hg du feuillage, tandis que les faibles valeurs de concentration
de Hg enregistrées dans les deux sites d'étude confirment I'absence de contamination. En comprenant
comment le présent enregistre les compositions isotopiques dans les tissus végétaux, nous pourrions
comprendre le passé en étudiant les compositions isotopiques dans le vieux bois. Les analyses de
carottes de bois ont indiqué que la tomographie aux rayons X et la datation au radiocarbone sont des
proxies complémentaires pour dater les oliviers centenaires indiquant un &ge de 7400 avant JC a
Kawkaba, ce qui en fait I'dge le plus ancien enregistré a priori dans la région du Levant.

Des recommandations peuvent étre considérées comme un pas en avant pour améliorer la

compréhension de I'état actuel et passé des oliviers monumentaux, notamment : Poursuivre I'analyse
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isotopique sur une plus grande échelle de temps afin de confirmer I'effet du climat sur les différents
marqueurs isotopiques ; augmenter la résolution de la datation au radiocarbone en analysant un grand
nombre de carottes de bois suffisamment anciennes pour déterminer avec précision I'age des arbres
monumentaux ; augmenter la résolution du 8*3C sur le bois massif afin de permettre I'évaluation de la
relation entre la largeur des cernes et le 3*C et comprendre I'impact des données climatiques sur la
croissance des arbres.

Mots-clés : Oliviers monumentaux, §C, 8N, §%S, 8D, §'®0 Hg concentration, Dendrologie,

Densitométrie, Tomographie par rayons X, Datation au radiocarbone
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General Introduction

The Mediterranean basin which represents 1.5% of the earth surface is considered one of the hotspots
to climate change in the northern hemisphere region (Giorgi, 2006; Tuel and Eltahir, 2020). Itisahome
to almost all catastrophic issues facing the planet such as global warming, change to soil and vegetation
functions, natural risks, change in the water cycle, biodiversity damages and unequal distribution of
resources. The Mediterranean was the first to register the greenhouse effect, with scenarios predicting
that these changes will continue to exist due to various anthropological pressures (Tuel and Eltahir,
2020).

Challenges in the Mediterranean basin

The Mediterranean is known to be one of the regions with the strongest human occupation and the
oldest too. The region can provide information on the resilience capacity and the ability to take benefit
of environmental requirements. Human activities and occupation, in addition to the climate variation
caused a degradation in the ecological and biological resources. Due to the intense use of these
resources, there was a strong pressure on the hydrological and biogeochemical cycle of the
Mediterranean which in return increased to a greater extent the degradation of the environment
(Alliance nationale de recherche pour I’environnement and Nations Unies, 2016).

Climatic disasters such as droughts, floods and hurricanes, accompanying the Earth’s atmosphere
warming shows the need for understanding the future climatic scenarios and its impact on the
environment and human (Telelis, 2000). Two recent climatic periods have been of an interest, the
Medieval Warm Period (A.D 1000-1200) and the Little Ice Age (A.D 1550-1850) for their relation to
modern climatic trends and the response of the societies to the climatic shifts now and in the future.
Those two phases build the second millennium A.D background, where the human activity had an effect
on the globe and on the ecosystem balance (Wigley et al., 1981; Telelis, 2000). Both physical and
anthropogenic data can support the hypothesis that the Eastern Mediterranean and Middle East were
also affected by the Medieval Warm Period and the Late Ice Age period (Telelis, 2000).

The different models used to predict the changes in the Mediterranean area during this century suggest
an increase of greenhouse gases causing an overall warming in all the seasons in addition to a decrease
in the annual precipitation about 20-25 % of winter precipitation which will accentuate the limitation
of water resources (Gibelin and Déqué, 2003; Giorgi, 2006; Tuel and Eltahir, 2020). The Mediteranean
basin is presently facing important climatic challenges and anthropogenic pressures mainly caused by
the increase in temperature. There was a temperature change between 1975-2005 and 2070 - 2100 for
the four seasons. Where an increase of up to 3.5 °C over the Eastern sub-basin of the Mediterranean
Sea is recorded (Hawkins, 2018; Drobinski et al., 2020). In Lebanon, in the recent years there is a rapid
heating. IPCC, 2021 predicts a rise in temperature up to 5 °C by 2100, associated to a decrease in
precipitation of about 4% which will be reflected in an increase in drought and water scarcity and food

stress and extreme weather events.
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The Levant region as a hot spot
The Levant region (Figure 1) is normally characterized by the importance of its rainfall seasonality.

Southern Greece, Libya and the Middle East contributes to an annual total of more than 50% of the
winter precipitation. Lebanon, Jordan, Egypt and other countries contributes to 60 to 80% of winter
precipitation (Xoplaki, 2002; Lelieveld et al., 2012). Today the Levant is challenged by many factors
such as population growth, armed conflicts, geographical characteristics, social and economic
transition. The impact of climate change is high due to the increase in heat waves and decline in water
availability due to drought (Giorgi, 2006; Lange, 2018). The region is predicted to face climatic changes
in the future leading it to be considered as a climate change hot spot on a global scale. This climate
change will have an effect on the water availability and energy security in the Levant countries (Giorgi,
2006; Lange, 2018). A strong warming of 3.5°C to 7°C between 2070 and 2099 is expected, with an
increase in daytime temperature and very hot summers occurring by the mid and end of the 21 century,
while the highest temperature increases are to be in the northeastern Mediterranean countries (Zhang et
al., 2005; Lelieveld et al., 2012; Lange, 2018). Also a decrease in the overall precipitation is predicted
with more than 20% decrease in Lebanon, Syria, Cyprus and Turkey vs. an increase in precipitation
expected in the Gulf area (Lelieveld et al., 2012; Lange, 2018). In addition to water scarcity, drying and
poor air quality will be prevalent in the Levant (IPCC, 2007; Kitoh et al., 2008; Lelieveld et al., 2012).
A decrease in the rainfed agricultural areas will take place, with an increase in dry seasons reducing
graze lands for animals (Evans, 2009; Lelieveld et al., 2012). Taking into account this challenging
situation, it would be interesting to have a clear understanding of the climatic conditions that revived in
the Levant during the Medieval Warm Period and the Late Ice Age (Telelis, 2000).
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Figure 1 Map of the Levant region (Rashid's Blog: An Educational Portal).
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Olive tree as an indicator of the Mediterranean taxa
Olive tree (Olea europea L.) has been a big indicator of the expansion of the Mediterranean taxa which

is mainly used to define the boundaries of the Mediterranean region (Carrion et al., 2010; Oflaz et al.,
2019). It is considered the most iconic tree in the Mediterranean (Besnard and Rubio de Casas, 2016).
Cultivated olive trees are an important element in the lives of human race which made it a symbol in
the ancient literature and being a controversies subject concerning its origin (Kaniewski et al., 2012;
Besnard et al., 2013). Olive is said to be one of the first fruit trees to be cultivated by man and used for
its edible fruit and oil although hard to know when its cultivation actually began since it is hard to
distinguish between wild and cultivated olive trees (Liphschitz et al., 1991). It is a symbol of the
Mediterranean world (Newton et al., 2014). Although there is no specific agreement on the development
of the olive cultivation or domestication, botanical data shows archeological evidence since the Bronze
age and onwards, where olive has been extensively used and economically significant (Oflaz et al.,
2019). Olive isalong lived evergreen that is tolerant to drought, poor soil and salinity stress (Maldonado
etal., 2016.; Oflaz et al., 2019). Today it has spread beyond its natural range (altitude, latitude), and its
pollen is considered one of the most abundant air-born pollen in the Mediterranean region (Tormo-
Molina et al., 2010; Mercuri, 2015; Oflaz et al., 2019). It is assumed that wild olives exploitation began
before their cultivation due to the appearance of olive wood charred pieces or olive stones found in the
Levantine settlements at least since the Palaeolithic (Oflaz et al., 2019). It is also said that wild olive
trees has been there since the Neolithic from the Near East to Spain and the domestication started in the
Near East around 6000 years ago (Kaniewski et al., 2012; Besnard et al., 2013). Starting the late
Neolithic/Calcolithic, the number of olive stones increased in the southern Levant making the
assumption that the olive domestication began afterwards this period (Fuller, 2018; Oflaz et al., 2019).
Other studies through genetic evidence showed that the primary domestication in the eastern
Mediterranean was on the north-eastern Levant territory on the Syrian-Turkish borders (Besnhard et al.,
2013; Besnard & Rubio de Casas, 2016; Oflaz et al., 2019). In the Early Bronze age (3300-2200 BCE),
timber and olive stones were recorded with higher frequency in the Near East in dry farming regions
(Liphschitz et al., 1991). For the northern Levant, there is not much archaeobotanical or archeological
or genetic evidence supporting that the olive domestication originated in the eastern Mediterranean,
leading to the assumption that before the Bronze age olive had a minor economical and alimentary role
(Janick, 2010; de Gruchy et al., 2016; Oflaz et al., 2019). It was also presented that the earliest evidence
of table olive production was from the mid 7" millennium BP at the Carmel coast (Galili et al., 2021) .
Olive tree is a good indicator of climate change for all the Mediterranean basin due to the good relation
between the Mediterranean climate and the olive growing areas, in addition to no existence of any
competition with other species and the human role in reducing the time lag between the crop distribution
and the spatial changes in climate (Moriondo et al., 2008). Adding to that, in the coming decades the
olive is predicted to face much greater climatic changes, yet it is expected to adapt to these changes

(Moriondo et al., 2013). During the last two millennia, the olive tree cultivated area changed most
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probably due to the climate (Moriondo et al., 2008), where it was observed that with warmer climatic
conditions there is an increase in olive tree cultivation. This was noticed for example in Northern Italy,
and was also confirmed by the use of fossil pollen data analysis (Neumann, 1985).

Many monumental olive trees have been studied in the Mediterranean region throughout the years for
their age and climatic resilience. Olive trees are known for their adaptation to extreme conditions, ability
to grow in rocky and arid soil, and ability to survive under drought conditions and strong winds
(Cherubini & Lev-Yadun, 2014; Yazbeck et al., 2018). Olive trees are also known for their un-existing
pith that rots with time, and irregular and not easily detected tree rings. New trunks may develop around
the base of the original tree and as they grow in close proximity, physical pressure will eventually be
exerted between them (Lavee, 1996). This pressure can cause bark breakage, exposing live parenchyma
cells, which can create “tissue bridges” eventually forming a continuous cambium ring (Ehrlich et al.,
2017). Water availability has a positive effect on the vessel size and the girth in olive wood, showing
that the earlywood and latewood are detected in rainfed trees unlike in irrigated ones (Ehrlich et al.,
2017).

Monumental olive trees in Lebanon

Lebanon is a part of the Levant region where olive cultivation dates back to an old era (Thalmann, 2000;
Beayno et al., 2002; Mahfoud, 2007). The country has a moderate Mediterranean climate and is blessed
with plentiful supplies of water that allow olive tree to grow and flourish. Monumental olive trees are
still growing in different localities in Lebanon witnessing to the long history of this species in the
country. Some of them currently have an important historical and ornamental value and are already
classified as monumental (Chalak et al., 2015). Many of them are still producing and exploited for
family consumption. Unfortunately, some ancient groves are threatened due to various human pressures
particularly to their progressive transformation into new commercial orchards with varieties originating
from Greece, Spain and Italy. Hence, the conservation of the Lebanese monumental olive trees become
a priority task while studies are recommended to understand how these trees have survived over
centuries to diverse stresses (Chalak et al., 2015).

Studies assessing the ages of monumental olive trees of Lebanon are rare. Yazbeck et al. (2018)
estimated the age of some centennial olive trees growing in the North to 1400 years, but suggested to

further investigate more adequate methods to estimate the age of the Lebanese centennials.

Integrative methodological approaches
Hg concentration
The studies of the Hg cycle in forest ecosystems showed that gaseous elemental Hg(0) is the main

source taken up by plants (Bishop et al. 2020; Zhou et al. 2021). The atmospheric deposition that has
declined in recent decades can be shown in the declining concentration from the older to newer tree
rings suggesting a more important uptake through the foliage than the roots. Hg dendrochemistry can

help investigate Hg past impacts on terrestrial ecosystems and can also help predict future changes in
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the cycle of Hg in forests (Yanai et al., 2020a). The recent studies on Hg uptake by vegetation have
highlighted the important role of different parameters as vapor pressure deficit, soil water content,
climatic conditions, date of sampling, leaf mass area, tree functional groups, and stomatal conductance
affecting potentially the root uptake of Hg dissolved in soil water and the absorption rate via stomata
and eventually the Hg leaf content (Rea et al., 2002; Blackwell and Driscoll, 2015; Yang et al., 2018;
Wohlgemuth et al., 2021).

It is important to understand the on-site behavior of the olive tree to Hg pollution in its natural
Mediterranean growing environment. The Hg source in foliage varies with respect to the amount of
contamination. In polluted sites the soil is the main source of Hg, while away from those sites the
atmosphere is the most important source (Naharro et al. 2018).

Isotopic analysis (C, N, S, H, O)
In order to understand how were olive trees affected by the climatic changes in the past, first it should

be understood how are those trees affected today by the climatic parameters. This is usually studied
using isotopic analysis of carbon, nitrogen, oxygen, hydrogen, and sulfur which is rarely studied (Amin
et al., 2021b). Using stable carbon isotope analysis on olive trees can help understand the physiological
response of olive trees to the water availability variation, which is said to be mainly affected by the
stomatal conductance level and the photosynthetic capacity (Gonzalez-Meler et al., 2009; Rossi et al.,
2013; Basheer-salimia & Ward, 2014). Older trees seem to have a different isotopic ratio from the
younger trees, which reflects an adaptation to the past climate that is no longer in the Mediterranean
region (Basheer-Salimia and Ward, 2014). §*C and 8N in tree foliage have been used in order to
identify the water use efficiency. The hydrogen and oxygen stable isotopes are good tools investigating
the water pathway in plants and to identify the water source that is used by those plants (Barbeta et al.,
2019; Amin et al., 2021b).

Age estimation of olive trees
There is a number of methods used around the Mediterranean basin to detect the age of the monumental

olive trees, starting with the most classical (dendrochronology) to the newest (densitometry), and
moving to the most up to date and effective method (X-ray tomography and radiocarbon dating)
(Friedrich et al., 2006; Arnan et al., 2012; Ehrlich et al., 2017; Yazbeck et al., 2018). One main problem
for dating using tree rings in the Mediterranean, is that the trees do not always form distinct annual
growth rings and may produce extra intra-annual density fluctuation during changes in temperature or
drought periods. These conditions lead to the formation of false rings which are mainly common in
olive tree rings due to their ability of forming wood after being affected by an induced stress of radial
growth(Cherubini & Lev-Yadun, 2014). The wood-anatomical structure of olive trees is characterized
by a diffuse porous vessel member arrangement resulting in rather indistinct growth-ring boundaries,
in addition to an asymmetric cambial growth which is problematic for identifying the annual rings
(Cherubini et al. 2013, Ehrlich et al. 2017). Olive trees in Santorini were sampled and dendrochronology

and wood density by Neutron-Imaging Radiography were used and resulted in unsuccessful counting
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of tree rings due to their anatomical nature and inability to easily distinguish between the annual growth
rings and the false rings (Cherubini et al. 2013).

Eleven samples of radiocarbon were extracted from a cross section of an olive tree in Zippori that was
cut down post-mortem in 2013. These samples were visually analyzed for annual rings counting
(dendrochronology) and radiocarbon dated at different points, taking into consideration the growth
pattern. Multiple piths were identified which indicated a new branching within the same trunk. The
cross section was dated to 200 years old which was in agreement with most internal wood radiocarbon
dates of living olive trees that was not much older than 300 years. The datable wood of the Zippori tree
was not older than 1879 CE (Ehrlich et al., 2017).

The Jerusalem Gethsemane’s olive trees age was analyzed and estimated using both radiocarbon dating
and the estimation of the number of missing rings from the inner cavity of the trunk. The three ancient
dated olive trees were estimated to be planted around the years 1200, 1109 and 1184 (Bernabei, 2015).
Modern wood branch was obtained from Zipporini in 2013 and was used for radiocarbon dating, high
resolution micro-CT imaging, and 83C, and was compared with a reference pine species. This analysis
confirmed that annual wood is produced by olive trees and that it can be identified by stable carbon
isotope pattern (Ehrlich et al. 2021).

Objectives
Considered among the oldest trees in the Mediterranean basin, monumental olive trees are still growing

in many countries along both the eastern and western shore, surviving to various stresses and witnessing
the historical, cultural and ecological importance of this tree (Terral et al. 2004; Chalak et al., 2015).
Furthermore, the olive tree remains a key component of agriculture today and in the future. Therefore,
it is important to understand the present on-site behavior of the olive tree to the different environmental
and climatic changes.

This study is conducted in Lebanon, this small country at the Eastern Mediterranean that is facing
important anthropogenic pressure within a changing environment (Gérard and Nehmé 2020) and where
monumental olive trees are still growing. Our main objective is to understand how are these trees
overcoming the climatic, environmental and anthropogenic shocks in order to understand how they
faced the past circumstances. The main challenging problematic is the cavity and irregular tree rings of
old olive trees requesting the use of multiproxy analysis. Our methodology is based on two timeframes:
studying the present to understand the past which will teach us about adaptation of this tree to climatic
and anthropogenic shocks. Stable isotopes of carbon, nitrogen, oxygen and hydrogen are used to
construct the present climatic and environmental changes recorded by the tree, mercury content is
studied to trace the impact of pollution in the trees, X-Ray tomography and radiocarbon dating are used
to assess the structure and date the tree rings while dendro-isotopy measurements are considered to

assist in reconstructing the dynamics recorded by trees (Figure 2).
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Figure 2 Scheme showing inter complementarity of the multi proxie approachapplied to the olive
tree and their inter-relation with climate and pollution parameters for present and their potential
applications for the past.

As to the structure of this manuscript, and after the “Introduction”, the manuscript continues with
Chapter | which is a general presentation of the “Materials and Methods” where the two study groves
sites are described in addition to the different techniques used in the different parts of this study. Then,
three chapters are presented in the form of articles followed by a general discussion and conclusion.
Chapter Il examines the possible Hg contamination in the two study olive groves sites by following the
monthly concentrations variation of Hg during 2019 and 2020 in the foliage and stems of olive trees,
soils and litter. The main objectives of this study are to examine and compare Hg levels measured in
the foliage, stems, fruits, litter, and soil in each of these two olive groves, which we monitored monthly
for 18 months. The second objective is to analyze the relative importance of Hg uptake by the soil and
foliage in comparison with the atmospheric mercury.

Chapter Il investigates how does the olive tree foliage respond to climatic parameters using C,N,S,H
and O stable isotopic markers as indicators of the climate, and how the fractionation of the different
isotopic compositions are exchanged between foliage, stems, litter and soil, aiding in grasping the wood
isotopic composition to allow studying the wood of monumental olive trees and understand the past. In
addition to confirming that bulk dry matter of the plant tissues can be good candidate for less time
consuming and cost-effective analysis giving similar and reliable information on foliage and stem

isotopic compositions in comparison to cellulose.
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Chapter IV studies the wood cores of the monumental olive trees in order to estimate their age and to
analyze the possible climatic changes, in addition to comparing the different used techniques and
technologies of dendrochronology, densitometry, X-Ray tomography, radiocarbon dating and 3*3C of
tree rings.

Chapter V consists of a general discussion and conclusion of the results achieved in the different parts
of this thesis with the major outcomes relevant to the Hg concentration and the different isotopic
compositions (C, N, S, H and O). Finally, the efficiency of X-Ray tomography along with radiocarbon
for dating irregular olive tree rings is discussed and &'3C of tree rings to understand the past, while

recommendations for future steps are formulated.
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Chapter I. General Materials and Methods

I.  Monumental olive groves and sites major characteristics

This study is focusing on two monumental olive groves in Lebanon, where trees are believed to be
thousands of years old with respect to their important foot circumference and cavity diameter and also
as to the information given by the elderly villagers and municipalities. Bchaaleh monumental trees are
called the “sisters” or the Olive trees of Noah with a biblical origin (LEBANONUNTRAVELLED,
2021). Kawkaba with its monumental olive trees, is said to be the land of Christ and his apostles and
the prophets (discover Lebanon, 2020). Figure 1a presents the two groves on Lebanon map while Figure
1b and 1c shows an overview of the monumental olive trees considered in the study.

Geologically, Lebanon consists mainly of limestones of Cretaceous origin and Jurassic limestones in
some areas. In the North basaltic rocks may appear (Faour, 2004).

Monumental olive groves were targeted for Hg concentration and isotopic analyses in order to
understand the climatic and environmental changes registered in the present through the plant tissues
(Foliage and stems), soil and litter and the past using the wood cores of the monumental olive trees, in
addition to the different dendrology and radiocarbon dating approaches to identify the tree rings and

date the monumental olive trees.

Elevation (m)
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p 73 I 1200-1600
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Figure 1 (a) Site locations of the two selected focus areas (modified after Shared Water Resources of
Lebanon, Nova Science Publishers 2017). (b) Bchaaleh (BC) and (c) Kawkaba (KW).
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Bchaaleh site- North Lebanon
Bchaaleh grove is situated in Batroun district with a latitude 34°12°06°’N, longitude 35°49°23”’E, and

altitude of 1300 m a.s.l (Figure 1a). The olive trees are grown in a sandy loam texture soil with grain
size analysis of sand, silt, and clay percentages of 52.8%, 38.7%, and 10.7% respectively. The soil pH
is 7.07 £ 0.26 with organic matter and calcium. The carbonate contents are 1.7% and 38.3% respectively
(‘Yazbeck et al. 2018). An analysis of the carbon and nitrogen contents in the soil profiles show that
organic carbon contents decreased with soil depth from about 4 % at 0-1 cm (Soil surface) to 2.7% at
30-60 cm. The total nitrogen is about 0.3% at 1cm depth and 0.2 % at 30-60 cm depth.

Average precipitation ranged between 0 and 426 mm/year, while the average temperature 4.1 and 24
°C between 2019 and 2021. Relative humidity averaged between 40 and 83% per year between 2019
and 2021 (data extracted from LARI climatic data) (Table 1).

Kawkaba site - South Lebanon
KW grove is situated in South Lebanon at latitude 33°23°856°°N, longitude 35°38°588°’E, altitude 672

m a.s.l. (Figure 1a). The soil is characterized as clay loam with pH of 7.5 +0.5. Soil organic material
and calcium carbonate average are 1.7 % and 59.0 % respectively (Al-Zubaidi et al., 2008). The sand,
silt and clay percentage of the grain size analysis are 6%, 28% and 66% respectively. The organic
carbon and nitrogen analysis at the 0-1 cm and at 0-30 cm decrease from about 9.0 % to 2.2% and from
0.9 % to 0.3 % for the carbon and nitrogen respectively (Tabaja et al., 2022).

The annual average precipitation from 2019 to 2021 ranges between zero and 398 mm/year while the
annual average temperature is between 7 and 27 °C, while annual average relative humidity is between
38 and 81% (data extracted from LARI climatic data) (Table 1).

Table 1 Study sites geographic location and climatic data collected from the meteo stations installed
by LARI.

Village Location Latitude Longitude Altitude | Temperature Annual SD Annual SD (1)
name (Lebanon) (N) (E) (m.as.l) min-max mean () mean
(°C) Temperat rainfall
ure (°C) (mm)
Bchaaleh North 34°12°06" | 35°49°23" 1300 4-23 14 6.81 1631 110.17
Kawkaba South 33°23°85" | 35°38°58" 672 7-27 17 6.76 1311 295.29
I1.  Trees of the study

A total of 21 olive trees from Bchaaleh were sampled of which 16 are monumental olive trees, three
medium young olive size trees measuring up to 1 m and two young olive trees (40-80 cm circumference)

from Bchaaleh were selected for sampling. In Kawkaba, a total of 20 olive trees were selected, among
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which 16 are monumental olive trees, three medium sized olive trees (40-60 cm circumferance), while
only one young olive tree (40 cm circumference) was sampled. In Bchaaleh, Tree 1 to 16 are sampled
(BCO1, BCO2, BCO3, BCO4, BCO5, BCO6, BCO7, BCOY, BCO10, BCO11, BCO12, BCO13,
BCO14, BCO15, BCO16, BCOY1, BCOY2, BCOY3, BCOY4 and BCOYS5; Figure 2a and Table S
1). In Kawkaba grove, the following trees are sampled (KWO1, KWO2, KWO3, KW0O4, KWO4,
KWO06, KWO7, KWO8, KO12, KWO013, KWO14 and KWO15, KWO16, KWO17, KWO18, KWO18,
KWOY1, KWOY2, KWOY3 and KWOY4; Figure 2b and Table SI 1).
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Figure 2 Map of (a) Bchaaleh site and sampled tree locations. Upper terrace plot 2292 are under the
endowment of the church. While Lower terrace plot 549 and 547 are a private property. (Y for young
trees) (b) Map of Kawkaba site and sampled tree locations. (T for Tree, Y for young).

I11.  Hg concentration and isotopic analyses
1.1 Sampling plant tissues, soil, litter and rain
Four trees from each site were selected as a representative of the studied sites. In Bchaaleh, the selected
trees were BCO1, BCO4, BCO9 and BCO12 where these trees are spread along the different terraces
(Figure 2a). In Kawkaba, the selected trees were KWO1, KWO02, KWO3 and KWO4 (Figure 2b).
Foliage, stems and fruits were collected from the trees, while litter and soil were sampled directly under
the trees, starting from February 2019 and ending by May 2021. For each monumental olive, both sun
exposed and shaded foliage (olive tree bears foliage from three different years) and stems (terminal
portions of 20 cm) with no evidence of pathogens were randomly taken and merged from the upper,
middle, and lower canopy position of the olive trees on a monthly basis using a manual pruner. The
litter and soil surface were separately collected on the whole surface area of the olive groves and stored
in different paper bags once every four months (Figure 3). Collected foliage and stems were rinsed with
distilled water and then dried for 48 hours in an oven at a temperature of 50°C. The dried foliage, stems,
litter, and olive fruits samples were grinded using an electrical stainless grinding machine with no
heating system for 5-10 minutes (Figure 4). Soil samples were dried using the same mentioned
procedure and prepared with a manual natural agate grinder. All samples were later sieved using an
inox stainless-steel 125-micron sieve mesh to collect homogeneous powders for analysis (Pleijel et al.,
2021). These samples were used for Hg analysis and isotopic analysis (C,N,S,H and O).

In parallel, soil sampling was performed using a bucket auger to a maximum depth of 60 cm. In
both sites, the soil showed uniform color and texture. Soil cores were fractioned in soil surface (0-1
cm), 0 to 30 cm depth and from 30 to 60 cm depth. To avoid contamination, gloves were worn while

collecting samples, and the equipment was rinsed with methanol between every sample. Thus, a set of
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453 powder samples, prepared for Hg concentration and C,N,S,H and O isotopic analyses were

prepared.

Foliage and stems Litter Soil

Figure 3 Collected foliage, stems, litter and soil samples from Bchaaleh and Kawkaba olive groves.

Figure 4 Sample preparation of foliage, stems, litter and soil for Bchaaleh and Kawkaba.

As for rain collection, a specific collector was installed underground in Bchaaleh and Kawkab to
be able to collect rainwater from both sites during raining seasons that ranges between November and
May for the three-year study (2019-202)1. The collector was filled with paraffin in order to separate the
water from any other elements inside the collector and during the sampling. A duplicate for oxygen and
hydrogen samples were collected in a 5ml bottle. These samples where then sealed using parafilm and

stored at a temperature of 4°C.

111.2  Analytical method for Hg analysis

A total of 150 mg for dried grinded foliage and soil (50 mg/analysis), and 300 mg of litter and stems
(100 mg/analysis) were considered in triplicates for the analysis of Hg concentration. Hg elemental
analysis was performed using an advanced Hg analyzer AMA 254 (Altec) as described in previous
works (Barre et al. 2018; Duval et al. 2020). An amount of 50 to 100 mg is weight using a nickel boat
and a 10 g precision balance was used. Samples are first dried for 60 seconds at 120°C and thereafter
pyrolyzed for 150 seconds at 750°C, under oxygen flow. The resulting gaseous Hg produced during the
sample decomposition is amalgamated on a gold trap and then released to an Atomic Absorption
spectrometer after a thermal desorption step at 950°C (Figure 5). The AMA 254 instrument was

calibrated using several external matrix-matched calibration procedures using the following certified
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reference materials: IAEA-456 sediment (77 + 5 ng/g), NIST-1575A pine needles (39,9 + 0,7 ng/g) and
IAEA336 (200 + 40 ng/g). The QA/QC evaluation of the analytical procedure was completed after
every 15 analyzed samples, using a continuous monitoring of the blank’s values (Nickel boat Hg
background noise). The measurement precision was assessed using replicated analyses (n=2) of 13% of
the total amount of samples (n=453). Average relative standard deviations of 5% and 2.5% are thus
associated to the reported Hg concentrations for the 2019 and 2020 samples batches, respectively. The

detection limit of the analytical method has been assessed to 0.7 ng/g, for analytical sessions.

Figure 5 Advanced mercury analyzer AMA 254 at (IPREM).

I11.3  Isotopic analysis

Soil samples were decarbonated overnight using HCL 0.5 ml followed by a second overnight treatment
with HCL 0.1 ml then rinsed five times using distilled water before being dried in oven for 48 hours at
50°C, grind again and seized into 125-micron mesh.

Powder samples of 2 mg foliage and stems and 5 mg of decarbonated soil and litter powders were
weighed into tin capsules and then sent to LEHNA to be measure C,N,S by dry combustion in Pyrocube
Elemental Analyser (EA, Elementar GmbH) connected on line in continuous flow mode to an Isoprime
100 IRMS (Elementar) (Figure 6), and following the analytical approach of Fourel et al., (2014).

Data for soil C and N content and isotopic ratio of carbon were calibrated against international reference
material IAEA-601. 3'°C values are expressed in & notation, deviation from standards in parts per
thousand (%), relative to Vienna Pee Dee Belemnite (V-PDB), using the conventional delta (J)
notation: & (%o) = [(Rsample/Rstandard) — 1] x 1000, where R sample and R standard are the 13C/12C
ratios of the sample and standard, respectively. Results of elemental analysis are expressed as C, and
N,S in % and C/N ratios.

For O and H isotopic analysis, samples of 2 mg bulk, foliage, stems, soil and litter powders into tin

capsules were sent to LEHNA for the measurement of the oxygen and hydrogen stable isotope ratio,
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using an Isoprime 100 isotopic mass spectrometer (IRMS). Four international standards were used
giving a precision for 3D better than 0.73%. (B2203, B2205, IAEA 601 and IAEA CH7).

Rainwater collected samples were analyzed at ECOTRON using A Picarro L2140i laser spectrometer
as well as Delta V Plus IRMS to access 6D values of liquid water. Hydrogen stable isotopic in rain
water was analyzed using 8D = [(2H/1H sampie)/(2H/1H standara) -1 ]* 1000 (Edwards & Vandenabeele,
2016).
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Figure 6 Isoprime 100 IRMS (Eleentar).

IV.  Dendrology analyses
IV.1  Wood collection

Monumental olive trees were sampled in both Bchaaleh and Kawkaba. Additionally, olive trees of 80-
100 years old (according to the owners), growing in young plantations next to the ancient groves, were
also considered in both sites. Olive tree’s wood coring was conducted in March - May 2019. A coring
strategy was designed using an electric drill (Bosch GSB 18 VE-2-LI Combi Drill with two batteries)
with a mech of 22 cm length and diameter of 0.7 cm diameter which is a non-destructive sampling
method (Tenzin & Dukpa, 2017). The sampling was based on the accessibility through the tree and the
visual investigation of the wood anatomy and potential core depth from the inner to the outer side of
the tree for trees with accessible cavity. Trees with no direct access to the cavity were sampled from the
outside of the trunk towards the center of the tree. About three to six cores per tree were taken in
different positions. For monumental trees, three main cores were taken in positions to be accessible and
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continues in terms of the width of the available trunk with a duplicate of each of these three main
samples taken right above or under the main core in order to widen the precision of the collected data
and overlapping of rings. While from younger olive trees three cores were sampled covering the full
trunk, at breast height from the trunk towards the center of the tree. A total of 216 cores were collected

from 32 monumental olive trees and nine young trees (Figure 7).

Behaaleh-Drill Core-16/03/2019
04.1-Height: 124em-Sample LengthL 19.5cm

Kawkaba-02.4-Drill Core-30/04/2019
Height:130cm-Sample Length:18cm

© i,

Figure 7 Wood core sampling using electrical driller.

Wood cores are fragile and need to be handled carefully. Before pulling the sample out of the mesh, a
piece of paper is prepared to place the core slowly and carefully when extracted from the mesh. After
the extraction, the core is left to dry in case of any moist, the cores are then inserted and secured in a
transparent straw, closed and labelled with the necessary information to represent the core. Label
includes the site name, tree number and core number, the length of the core, the bark and center side,
in addition to the collection date (Dendro Manual., 2003.) The location of the sampled core is labelled
on the tree to be able to go back to the source of the core. The opening is closed using an organic wax
to protect the tree from any infection. Wood samples preparation was dependent on the analysis

procedure and technique used.

1IV.2  Dendrology methods for dating and ring identification

A multi-proxy analysis was done to study the wood cores tree rings, dating the monumental olive trees
and understanding the past climate.

X-Ray tomography. This technique was used, in a non-destructive way, using an EasyTom 150KV
machine core at ISEM plateform. Thirty-one wood cores with 9 to 22 cm length and 0.7 cm width were
selected from 13 trees in Bchaaleh and 11 trees in Kawkaba (Figure 8a). For data analysis, “Xact” was
used for the tomographic reconstruction in order to have an image post processing which help us do
corrections for our samples such as bad pixels, contrast, geometry form and 3D optimization of the

reconstruction volume. This was followed by FIJI/IMAGESJ for complete reconstruction of the X-
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rayed images tree rings for the best ring detection, counting and width measurements depending on the
late and earlywood boundaries.

Densitometry. This technique required a first treatment of the samples for microdensitometer analysis,
a very time-consuming step and destructive for the wood cores, where cores were cut with a double-
bladed saw to a thickness of 1.4 mm to be scanned. Two olive cores, one from Bchaaleh and the other
from Kawkaba with a length of 7 cm for the first and 14.4 cm for the second (Figure 8b), afterwards,
the rings were identified and rings width were measure.

Dendrochronology. This required a wood base to support the wood core and a sanding machine
(Seheppach bsm 2000) and three sand papers (300, 600, 1000nm) to get a good visual ring detection.
Three cores from Bchaaleh site were selected for the trial of this method, including two young and one
monumental olive wood core of length ranging between 19 and 21 cm (Figure 8c). Microscopic and
Coorecorder were used for tree ring reading and double checking to ensure the correct results of the
ring detection and counting, followed by TSAP-win and COFECHA programs.

Radiocarbon dating (**C). Five wood core samples of 10 mg each were prepared using a manual
cutting blade, a microtome machine with a resolution of 11 pg and an electrical driller depending on
the accessibility of the core length (Figure 8d). The samples are sent to the Carbon 14 Measurements
Laboratory (LMC14) that performs measurements of **C using accelerator mass spectrometry (SMA
ARTEMIS) (Figure 8e). The samples are transformed into CO- gas and transported in sealed tubes. The
raw form is mechanically or chemically treated in the laboratory to remove any contaminations.
Afterwards, the carbon is extracted in CO, form (LMC14, n.d.). For radiocarbon data analysis, the
OxCal 4.4 Project program was used to calibrate the results of C14 dates retrieved. This program used
for application has different ranges of chronological research, it performs simple calculations on
ordinary numbers and on different parameters such as R_Date function that calibrates the radiocarbon

dates.
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a. X-Ray tomography

b. Densitometry

d. Radiocarbon dating and dendro-isotopes analysis preparation

¢. Dendrochronology

e. Accelerator mass spectrometry

Figure 8 multi-proxy analysis and dendrositopes for dating and studying the climatic and environmental
data on tree rings using (a) X-Ray tomography, (b) Densitometry, (c) Dendrochronology, (d)
Radiocarbon dating and dendro-isotopes analysis preparation, (e) Accelerator mass spectrometry.

Dendro-isotopes. Wood rings from the monumental olive trees in Bchaaleh (BCO4.4 and BC09.1D)

were cut using the microtome machine with 20 pg resolution to extract samples used for a high

resolution isotopic analysis of Carbon with a weight ranging between 1-2 mg (Figure 8d) in order to

analyse the climatic and environmental data in the past using the Isoprime 100 IRMS (Elementar).This

approach will allow to compare the past climatic and environmental data and compare it to the present

isotopic data extracted for plant tissues.

Supplimentary Information

Table SI 1 Bchaaleh and Kawkaba sampled trees, age class and cored samples.

Site Bchaaleh Olive Altitude 1300 m a.s.l.
Tree no. | Core reference no. | Height core position (cm) | Length of Core (cm) | Age class
011 60 10.2
01.1D 64 10.5
01.2 70 15.6
Treel 012D 64 173 Monumental
013 56 7.9
01.3D 72 9.5
02.1 147 9.6
02.1D 143 11.2
Tree 2 02.2 127 11.8 Monumental
02.2D 119 7
023 73 15.8
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024 133 6.8
03.1 55 7.1
03.1D 57 11.3
03.2 140 8.4
Tree 3 03.2D 143 12 Monumental
03.3 141 18
03.3D 148 13.7
04.1 124 19.5
04.1D 132 14.8
04.2 132 11.4
Tree 4 043 105 55 Monumental
04.3D 110 13
04.4 124 17.4
05.1 40 7.7
05.1D 47 6.3 Monumental
Tree s 05.2 90 7.9
05.2D 95 9.4
05.3 24 8.8
05.3D - 43 10.3
06.1 28 12
06.1D 35 10.8
06.2 40 3.9
Tree 6 06.2D 37 5 Monumental
06.3 100 17.2
06.3D 106 12.5
07.1 115 35
07.1D 97 9.4
07.2 94 15.1
Tree7 07.2D 71 6.0 Monumental
07.3 60 11
07.3D 75 13.9
08.1 117 8.2
08.1D 105 9.4
08.2 104 18.3
Tree 8 082D 105 157 Monumental
08.3 120 12.5
08.3D 107 12.6
09.1 12.5
09.1D 120 12.2
09.2 130 12.6
Tree9 092D 120 8 Monumental
09.3 40 9.4
09.3D 50 6.1
010.1 63 6.9
010.1D 70 6.1
Tree 10 010.2 112 13 Monumental
010.2D 117 18
010.3 67 12.7
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010.3D 65 16.8
011.1 105 17.8
011.1D 110 18
011.2 175 16
Tree 11 011.2D 180 158 Monumental
011.3 150 12.6
011.3D 130 10.5
012.1 35 11
012.1D 30 9.8
012.2 50 17.1
Tree 12 012.2D a5 10 Monumental
012.3 130 17.9
012.3D 122 155
013.1 60 15.1
013.1D 56 10.2
013.2 55 9.2
Tree 13 013.2D 20 168 Monumental
013.3 145 135
013.3D 140 12.3
014.1 80 17
014.1D 86 12.3
014.2 38 16.3
Tree 14 014.2D 6 118 Monumental
014.3 78 11.8
014.3D 70 14.1
015.1 53 13.2
015.1D 55 10.5
015.2 57 16.2
Tree 15 015.2D 56 178 Monumental
015.3 110 17.2
015.3D 97 15.2
016.1 57 17.9
016.1D 56 14.8
016.2 125 16.7
Tree 16 0162D 130 13 Monumental
016.3 55 15.4
016.3D 50 16.3
YO1l.1 94 18.4
Treel YO1.2 90 20.5 Medium
YO1.3 77 16.2
Y02.1 70 21.2
Tree 2 YO2.2 75 19.8 Medium
Y02.3 62 17.3
YO03.1 75 17
Tree 3 Y03.2 85 15.2 Medium
YO03.3 88 19
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Tree 4 YO4 20 16 Young
Tree5 YO5 20 19 Young
Site Kawkaba Olive Altitude 672 m a.s.l.
Tree no. | Core reference no. | Height core position (cm) Length of Core (cm) | Age class
011 60 21.5
01.1D 55 15.8
01.2 73 14.4
Treel 012D 7 106 Monumental
01.3 103 12.9
01.3D 100 14
O2-Trial 100 2.3
02.1 100 6.5
02.2 93 9.7
02.2D 103 12.8
Tree 2 023 130 10.9 Monumental
02.3D 135 35
02.4 130 18
02.4D 125 13
03.1 90 17.3
03.1D 80 17.4
03.2 102 16.3
Tree 3 03.2D 98 131 Monumental
03.3 70 20.5
03.3D 69 6.8
04.1 60 17.3
04.1D 55 5.6
04.2 40 16.2
Tree 4 04.2D 37 117 Monumental
04.3 114 13.1
04.3D 110 8.5
05.1 143 13.7
05.1D 135 9.5
05.2 131 13.8
Tree5 052D 127 18.6 Monumental
05.3 108 16.5
05.3D 98 15.7
06.1 110 11.7
06.1D 98 16.2
06.2 130 8.5
Tree 6 06.2D 124 116 Monumental
06.3 76 12.5
06.3D 70 15.7
07.1 57 16.1
Tree7 07.1D 63 16.9 Monumental
07.2 105 11.5
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07.2D 100 55
07.3 130 10.6
07.3D 127 18.2
08.1 114 19.5
08.1D 108 18
08.2 98 20.3
Tree 8 082D 90 18 Monumental
08.3 103 12
08.3D 95 13.6
012.1 24 17.3
012.1D 30 15.2
012.2 120 4
Tree 12 012.2D 140 8.8 Monumental
012.3 130 12.3
012.3D 115 135
012.4 120 10
013.1 126 14.7
013.1D 122 14.8
013.2 138 5.9
Tree 13 013.2D 135 9. Monumental
013.3 138 19
013.3D 129 13.3
014.1 70 175
014.1D 74 12.3
014.2 108 19.7
Tree 14 014.2D 101 15.3 Monumental
014.3 122 10.5
014.3D 118 9.5
015.1 115 7.4
015.1D 108 16.3
015.2 111 17.4
Tree 15 O152D 106 19 Monumental
015.3 108 175
015.3D 105 16.8
016.1 50 16.7
016.1D 47 18
016.2 70 16.5
Tree 16 016.2D 63 202 Monumental
016.3 87 18
016.3D 91 14.3
017.1 83 20.5
017.1D 84 15
017.2 103 10.5
Tree 17 017.2D 95 20 Monumental
017.3 112 18.3
017.3D 106 10.6

40




018.1 85 20
018.1D 78 13.9
018.2 95 21

Tree 18 018.2D 88 20 Monumental
018.3 60 20
018.3D 54 19
019.1 67 15.8
019.1D 68 20
019.2 80 19.5

Tree 19 019.2D 73 20 Monumental
019.3 58 20.6
019.3D 50 21
YO1.1 75 9.5

Treel YO1.2 68 20 Medium
YO1.3 42 175
Y02.1 55 15.8

Tree 2 Y02.2 62 12.4 Medium
YO02.3 82 18.2
Y03.1 70 14.9

Tree 3 Y03.2 70 20 Medium
Y03.3 71 19.5

Tree 4 YO4 20 12.2 Young
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Abstract. This study invistigates the seasonality of the mercury (Hg) concentration of olive trees
foliage, an iconic tree of the Mediterranean basin. Hg concentrations of foliage, stems, soil surface, and
litter were analyzed on monthly basis in ancient olive trees growing in two groves in Lebanon, Bchaaleh
and Kawkaba (1300 and 672 m.a.s.l respectively). A significantly lower concentration was registered
in stems (~7-9 ng/g) with respect to foliage (~35-48 ng/g) in both sites with the highest foliage Hg
concentration in late winter-early spring and the lowest in summer. It is hoteworthy that olive fruits also
have low Hg concentration (~7-11 ng/g). The soil has the highest Hg content (~62-129 ng/g) likely
inherited through the cumulated litter biomass (~ 63-76 ng/g). A good covariation observed between
our foliage Hg time-series analysis and those of atmospheric Hg concentrations available for southern
Italy in the western Mediterranean basin confirms that mercury pollution can be studied through olive
trees. Spring sampling is recommended if the objective is to assess the tree's susceptibility to Hg uptake.
Our study draws an adequate baseline for Eastern Mediterranean and the region with similar climatic
inventories on Hg vegetation uptake. In addition to being a baseline to new studies on olive trees in the
Mediterranean to reconstruct regional Hg pollution concentrations in the past and present.

Keywords: Eastern Mediterranean, ancient groves, Olea europaea L., mercury pollution, plant tissues,
soil and litter
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l. Introduction

Mercury (Hg) is among the most widely distributed potentially toxic metals polluting the Earth (Briffa
et al. 2020). It is found as all heavy metals naturally on the Earth’s crust reservoir and in the atmosphere
through the natural long-term Hg biogeochemical cycle (i.e., volcanic activities, geological weathering).
This metal is easily modified into several oxidation states and it can also be spread through many
ecosystems (Boening 2000). The natural Hg cycle has been modified due to anthropogenic activities
(i.e., mining, smelting, soil erosion due to deforestation, gold extraction, agriculture-fertilizers, manure)
(Patra and Sharma 2000). Among natural and anthropogenic Hg emissions, inorganic elemental Hg
(Hg(0)) is the most dominant chemical form. It is primarily transferred through the atmosphere by air
mass movement and can undergo long-range transport. Because of its high volatility and susceptibility
to oxidation, elemental Hg(0) is the predominant form of Hg in the atmosphere that can be accumulated
into foliage. This highly diffusive Hg can easily pass biological barriers (i.e. cell membranes, foliage,
skin). Mercury has three oxidation states, namely, Hg(0) (elemental mercury), Hg(l) (mercurous), or
Hg(1l) (mercuric), although Hg(l) mercurous form is not stable under typical environmental conditions
and, therefore, is rarely observed. It is likely that the Hg(I1) high binding affinities bind covalently with
organic groups (Du and Fang, 1983; Clarkson and Magos 2006; Pleijel et al., 2021). The exchange of
Hg between the soil and plants is not stable and is variable dependent (e.g. cation-exchange capacity,
soil pH, soil aeration, and plant species) (Patra and Sharma 2000). Forests are known to act as a sink of
atmospheric Hg. Plant foliage takes up of Hg deposited on leaf surfaces through the stomata (i.e. Leaf
gas exchange) and leaf cuticles (Hanson et al. 1995; Jiskra et al. 2018; Li et al. 2017; Lodenius et al.
2003; Maillard et al. 2016; Rea et al. 2002; Yanai et al. 2020) where it accumulates with minimal
mobility and small portions released back into the atmosphere or transferred to other plant organs
(Cavallini et al. 1999; Hanson et al. 1995; Li et al. 2017; Lodenius et al. 2003; Schwesig and Krebs
2003). All together these authors contributed to highlight the dynamic role of the foliar surfaces in
terrestrial forest landscapes acting as a source or sink dependent on the magnitude of current Hg
concentrations. Hanson et al. (1995) suggested a species-specific compensation concentrations (or
compensation points) for Hg deposition.

Hg is redistributed to the forest floor through litter and throughfall and hence passes to the soil (Rea et
al. 1996). The Hg input through the litter is greater than the input from that of the wet deposition (Wang
et al., 2016). Litter has been estimated to constitute 30 to 60 % of the Hg atmospheric deposition in
Europe and North America forests (Rea et al. 1996; Blackwell and Driscoll 2015; Zhou et al. 2018).
According to Wright et al., (2016) the litter Hg is the dominant pathway in forests where it contributes
53 t0 90 % of the dry deposition to the forest. In terrestrial ecosystem, soils have the highest Hg reservoir
(Obrist et al., 2018; O’Connor et al., 2019) followed by trees (Yang et al., 2018). This Hg is provided
by natural geological sources and natural events such as forest fires, volcanic eruptions (Ermolin et al.
2018; Obirist et al. 2018; O’Connor et al. 2019) and anthropogenic sources (UNEP, 2019). Though
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variable from year to year, Hg emission to the atmosphere from biomass burning is considered as an
important driver of the global Hg biogeochemical cycle (Friedli et al., 2009; De Simone et al., 2015;
McLagan et al., 2021; Dastoor et al., 2022). Soil can also release Hg to the atmosphere (Luo et al., 2016;
Assad, 2017; Yang et al., 2018; Schneider et al., 2019; Gworek et al., 2020; Pleijel et al., 2021) and also
behave as a source of Hg to the plants. Hg of the soil is is taken up by the roots along with the water ,
it is translocated to other parts (ie. Stems, Leaves) of the plant using the xylem sap (Bishop et al., 1998;
Lietal., 2017). This pathway-have has been described on several plant species in Hg contaminated sites
(Assad et al. 2017). Trees are hence considered as important drivers of Hg exchange between the
atmosphere and the soil (Yang et al. 2018). The recent studies on Hg uptake by vegetation have
highlighted the importance of the role of different parameters as vapor pressure deficit, soil water
content, climatic conditions, date of sampling, leaf mass area, tree functional groups, stomatal
conductance, affecting potentially the root uptake of Hg dissolved in soil water and the absorption rate
via stomata and eventually the Hg leaf content (Rea et al., 2002; Obrist et al., 2011; Blackwell &
Driscoll, 2015; Yang et al., 2018; Wohlgemuth et al., 2021). In polluted sites the soil is the main source
of Hg to the vegetation while away from those sites the atmosphere is the most important source
(Naharro et al., 2018). The Hg source in foliage varies with respect to the amount of contamination
(Hanson et al., 1995).

The studies of the Hg cycle in forest ecosystems show that gaseous elemental Hg(0) is the main source
taken up by plants (Bishop et al. 2020; Zhou et al. 2021). Analysis of long term atmospheric Hg(0) and
CO: concentrations are very informative to understand the role of the vegetation in the global Hg cycle
(Jiskra et al., 2018). Emission reduction measures adopted in Europe and North America since the 70s
are corroborated by Hg dendrochemistry analysis showing a declining Hg concentration trend from the
older to newer tree rings. Indeed, tree ring Hg (dendrochronology) is a powerful archiving tool for
atmospheric Hg(0). After Hg(0) oxidation inside the leaves, Hg(Il) bind to organic compounds and then
is transported to the bole wood via the phloem (Beauford et al., 1977; Lindberg et al., 1979). This is
corroborated by the recent study of McLagan et al., (2022) showing the benefit of the stable Hg isotope
analysis on dendrochemistry. Several studies have evidenced seasonal variations of the atmospheric
Hg(0) contents (ie. in temperate Northern Hemisphere by Jiskra et al., 2018; in Western Mediterranean
Basin in South Italy (Martino et al. 2022) with high values in winter and low values in summer.
Interinstingly, Jiskra et al., (2018) show also a significant positive correlation between the monthly
Hg(0) and CO; concentrations. They highlighted a one-month offset in Hg(0) summer time minima
happening in September in comparison to the CO, minima value occurring in August, this trend is not
observed in winter time. The uptake of Hg(0) by the vegetation continues during CO; respiration periods
during the fall and night when the ecosystem exchange of CO; turns from being a sink to becoming a
source (Wofsy et al., 1993; Jiskra et al., 2018).

The total gaseous Hg (TGM) in the Mediterranean atmosphere is similar to Northern Europe (1.3to0 2.4

ng m3) (Kotnik et al. 2014). In the case of a semi-closed sea such as the Mediterranean basin with warm
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summers, high sea-water evaporation, solar radiations and Hg anthropogenic sources, the
Mediterranean Sea acts as a net source of Hg to the global atmosphere (Kotnik et al. 2014) making the
Mediterranean an air-pollution emission area (Baayoun et al. 2019; Borjac et al. 2019).

The olive tree (Olea europaea L.) is one of the most distinctive Mediterranean agro-ecosystems tree
species (Besnard et al., 2013), and is adapted to drought (Sghaier et al. 2019). Considered to be among
the oldest trees in the Mediterranean basin, centennial olive trees are still growing in many countries
along both the eastern and western shore, surviving numerous stresses and are of considerable historical,
cultural and ecological importance (Terral et al. 2004). The olive tree still remains a key component of
agriculture today and will be into the future. Therefore, genetic characterization of olive varieties and
genetic resources (Khadari et al., 2019; Galatali et al., 2021), description based on morphological
characters and phenology of growth stages of olive trees (Sanz-Cortés et al., 2002), experimentation
through field irrigation and/or more rarely through drought stress treatments (Alcaras et al., 2016) have
been conducted to avoid genetic erosion, optimize the water use for irrigation and hence improve
orchard management, and solely to better understand the biodiversity. Only few studies have focused
on the response of the olive tree to Hg pollution in its natural Mediterranean environment (Higueras et
al., 2012; Higueras et al., 2016; Guarino et al., 2021; Labdaoui et al., 2021).

Lebanon, a small country at the Eastern Mediterranean, is facing important anthropogenic pressure
within a changing environment (Gérard and Nehmé 2020). The air quality in Lebanon all over the
country is noted to be moderately unsafe with an annual mean concentration of 31 pug/m®of PM2.5
(Particulate Matter) which is above the maximum recommended value (10 pg/m3®) (Lebanon: Air
Pollution IAMAT 2020). Adding to that, soil samples collected from different areas in southern
Lebanon showed values of Hg concentration ranging between 160-6480 ng/g showing a high
contamination levels (Borjac et al. 2020) as indicated by World reference Senesil et al., 1999; Kabata-
Pendias & Pendias, 2000. The main contributors of the air pollution include cement industries, mineral
and chemical factories, vehicles emissions, food processing and oil refining. Ancient olive groves are
found across different agroclimatic areas at different altitudinal belts, still producing olives and oil for
consumption with these various pollution pressures.

In this study two sites, known for their century-old olive groves and located at two different altitudes in
Lebanon, were selected to assess the Hg contents. In these remote areas, no direct sources of mercury
contamination are reported and hence we expect very low Hg concentrations. However, due to
atmospheric transport of Hg, dry or wet deposition of Hgcan be expected in remote areas (Grigal, 2003).
The main objectives of this study are to examine and compare Hg levels in foliage, stems, fruits, litter
and soil measured in each of these two olive groves, which we monitored monthly for 18 months. The
second objective is to analyze the relative importance of Hg uptake by the soil and foliage in comparison
with the atmospheric Hg. Since the distribution of Hg pollution is by nature geographically widespread,
and given the extent of Hg pollution in the Mediterranean and the transfer of pollution by wind and the

Mediterranean Sea, long-distance contamination occurs over large areas. This study may draw an
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adequate baseline for Eastern Mediterranean and region of similar climates inventories on Hg
vegetation uptake and new studies on olive trees in the Mediterranean to reconstruct regional Hg
pollution concentrations in the past and present.

II.  Materials and methods
Two monumental olive groves were chosen in the context of their historical and agricultural

importance, since these two sites are considered to contain olive trees more than 1400 years old and are
still productive.

11.1.1 Bchaaleh site - North Lebanon

This grove is situated in Batroun district (Latitude 34°12°06”’ N, Longitude 35°49°23"” E, Altitude 1300
m.a.s.l.) (Figure 1). Olive trees are growing rainfed in a sandy loam texture soil of grain size analysis
of sand, silt and clay percentages are 52.8 %, 38.7 % and 10.7 % respectively. Soil pH is 7.07 + 0.26
with organic matter and calcium carbonate contents are 1.7 % and 38.3 % respectively (Yazbeck et al.
2018). In this study, soil profiles of carbon and nitrogen contents were analyzed. Organic carbon
contents decreased with soil depth from about 4 % at 0-1 cm (Soil surface) to 2.7 % at 30-60 cm. The
total nitrogen is about 0.3 % at 1cm depth and 0.2 % at 30-60 cm depth. The olive trees are located on
two terraces. The first terrace is at 1.5 meter above the road level while the second is at the road level.
They are maintained by the municipality for the last four decades as an endowment property.
Precipitation average ranges between 229 and 392 mm in winter and between zero and less than 2
mm/season in summer, while average temperature is between 4 and 8 °C in winter and between 20 and
23 °C in summer and average relative humidity of 63% (data extracted from LARI climatic data) (Table
S1, Figure S1).

The village is at about 36 km from Chekka town located at a lower altitude (0-200 m.a.s.l.) nearby the
sea (Figure 1), and which is classified as a source of air pollution (EJOLT 2017). Chekka is the site of
an important national cement factory responsible of carbon dioxide, sulfur dioxide, nitrous oxides,
carbon monoxide and particulate material emissions causing respiratory and health issues (Kobrossi et
al. 2002) and water pollution (Nassif et al. 2016). At 28 km from Bchaaleh, the small commercial port
of Selaata (0-37 m.a.s.l.) emits many pollutants (ie. Phosphogypssum, heavy metals, radionuclides)
expanding via water and air pathways (Petrlik et al. 2013; Yammine et al. 2010). To our knowledge no
direct Hg pollution is reported at Chekka and Selaata sites. However a dissolved gaseous Hg from
natural and human activities is saturated in the upper Eastern Mediterranean Sea, Gardfeldt et al., (2003)

have evidenced that Mediterranean Sea is a source of airborne elemental Hg.
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Figure 3 Site locations of the two selected focus areas (modified after Shared Water Resources of
Lebanon, Nova Science Publishers 2017).

11.1.2 Kawkaba site - South Lebanon

The second grove is located in the village of Kawkaba, South Lebanon (Latitude 33°23°856°” N,
Longitude 35°38°588”’ E, Altitude 672 m.a.s.l. (Figure 1). Kawkaba soil is characterized as clay loam
soil of pH 7.5 £ 0.5. Soil organic material and calcium carbonate average are 1.7 % and 59.0 %
respectively (Al-Zubaidi et al., 2008) and grain size analysis of sand, silt and clay percentages are 6 %,
28 % and 66 % respectively. The analysis of organic carbon and nitrogen at the 0-1 cm and at 0-30 cm
decrease from about 9.0 % to 2.2 % and from 0.9 % to 0.3 % for the carbon and nitrogen respectively.
Average precipitation ranges between 215 and 374 mm in winter and drop to almost zero mm in
summer, while average temperature is between 7 and 11 °C in winter and between 21 and 27 °C in
summer and relative humidity of 61% (data extracted from LARI climatic data) (Table S1, Figure S1).
The village has to its east the Hasbani river, originated from the north-western slopes of Mount Hermon
in Hasbaya (36 km away from Kawkaba and located at 750 m.a.s.l.) (Badr et al. 2014; Jurdi et al. 2002).
On the other hand, the Litani River (170 km long and located at 800 to 1000 m.a.s.l) (Figure 1) rising
in the south of the Bekaa valley is about 29 km away from Kawkaba (Abou Habib et al. 2015, Khatib
et al. 2018). These two rivers are polluted and for these reasons they are not used for irrigating crops in
Kawkaba and surrounding areas while the olive trees are growing rainfed as per indicated by the

municipality of Kawkaba. Here as well, we did not find indication of direct Hg pollution.
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Climatic data in both Bchaaleh and Kawkaba were collected from meteorological station and manual
rain gauge installed in the villages by LARI (Lebanese Agricultural Research Institute). CO. data used
in this study are from NOAA Global Monitoring Laboratory
(https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_trend_gl.txt ).

1.2 Field sampling

For the Hg concentration analysis, four olive trees (3-5 m in diameter and an average height of 4-6
m) were sampled in each of the two groves from February 2019 to September 2020. Within Bchaaleh
two trees were selected from the upper terrace (BCO1-Bchaaleh-Tree 1, BCO4-Bchaaleh-Tree 4) and
two other trees were sampled from a lower terrace located 1.5 m below the upper one (BCO9-Bchaaleh-
Tree 9, BCO12-Bchaaleh-Tree 12) (Figure S2). In Kawkaba, four trees were selected and sampled
(KWO1-Kawkaba-Tree 1, KWO2-Kawkaba-Tree 2, KWO3-Kawkaba- Tree 3, KWO4-Kawkaba-Tree
4). For each olive tree, both sun exposed and shaded foliage and stems (terminal portions of 20 cm)
with no evidence of pathogens were randomly taken and merged from the upper, middle, and lower
canopy position of the olive trees on a monthly basis using a manual pruner. The phenological growth
stages of olive trees described by Sanz-Cortés et al.,( 2002) in Spain suggest leaf development from
March to November. Hence it should be mentioned that the Hg concentration measured on monthly
collected foliage represents an average of Hg accumulated in young foliage (year N of collection where
N is equal to 2019 and 2020) and older foliage (N-1 year and N-2 years). Fruits were collected in April
2019. Litter and soil surface were separately collected on the whole top surface area of the olive groves
and stored in different paper bags once every four months. In parallel, soil sampling was performed
using a bucket auger to a maximum depth of 60 cm. In both sites Bchaaleh and Kawkaba, the soil
showed uniform color and texture. Soil cores were fractioned in soil surface (0-1 cm), 0 to 30 cm depth
and from 30 to 60 cm depth in order to study the effect and accumulation of Hg concentration on the
different depth layers. To avoid contamination, gloves were worn while collecting samples, and the
equipment was rinsed with methanol between every sample. A set of 453 samples were collected and

stored in paper bags until further preparation for the Hg analysis.

1.3 Sample preparation for Hg analysis

Collected foliage and stems were rinsed with distilled water and then dried for 48 hours in an oven at a
temperature of 50°C at maximum (Demers et al., 2013; Li et al., 2017; Pleijel et al., 2021). This
procedure likely eliminate any Hg(0) present in the samples. The dried foliage, stems, litter and olive
fruits samples were grinded using an electrical stainless grinding machine with no heating system for
5-10 minutes, while soil samples were prepared with a manual natural agate grinder. All samples were

later sieved using an inox stainless-steel 125-micron sieve mesh to collect homogeneous powders for

49



analysis. A total of 150 mg for foliage and soil (50 mg/analysis), and 300 mg of litter and stems (100
mg/analysis) were considered in triplicates for analysis of Hg concentrations.

1.4  Analytical method

For the Hg elemental analysis, a total of 453 powder samples from foliage, stem, grain, litter and soil
were analyzed using an advanced Hg analyzer AMA 254 (Altec) as described elsewhere (Barre et al.
2018; Duval et al. 2020). A known amount of sample (50-100 mg) is weight in a nickel boat, using a
10 g precision balance. The sample aliquot is first dried at 120°C for 60s and subsequently pyrolyzed
at 750°C for 150s, under oxygen flow. The resulting gaseous Hg produced during the sample
decomposition is amalgamated on a gold trap and then released to an Atomic Absorption spectrometer
after a thermal desorption step at 950°C. The AMA 254 instrument was calibrated through several
external matrix-matched calibration procedures using the following certified reference materials:
IAEA-456 sediment (77 £ 5 ng Hg/g), NIST-1575A pine needles (39,9 £ 0,7 ng Hg/g) and IAEA336
(200 £ 40 ng Hg/g). The QA/QC evaluation of the analytical procedure was completed with a
continuous monitoring of the blank’s values (Nickel boat Hg background noise), every 15 analyzed
samples. The precision of the measurements was assessed through replicated analyses (n=2) of 13 % of
the total amount of samples (n=453). Average relative standard deviations of 5 % and 2.5 % are thus
associated to the reported Hg concentrations for the 2019 and 2020 samples batches, respectively. The
absolute detection limit (ADL) of the analytical technique (AMA 254) was estimated at 0.04 ng Hg. As
a consequence, the method detection limit (MDL) for samples analyzed were 0.7 ng Hg/g for soil, litter
and foliage and 0.4 ng Hg/g for stem and wood. These MDL were much lower than the measured Hg
concentration in the various samples.

Susbamples of soil were used for carbon and nitrogen elemental contents (%) analysis. A 2 mg
(acid washed soil and bulk soil) of powders were weighed into tin capsules and measured by dry

combustion using a Pyrocube Elemental Analyser (EA, Elementar GmbH).

1.5  Statistical analysis

For the statistical analysis we used the R 4.1.0 program. Our data are not normally distributed, so for
the effect of tissue type on Hg concentration, Wilcoxon test was used with the tissue type (foliage and
stems) as the main effect. Pearson correlation analysis was used to examine the inter-individual
correlation of Hg concentration between the trees. Correlation between Hg concentration of soil surface,
litter and foliage was studied using a correlation test. For the seasonal effect (Winter: Mid December
till Mid-March, Spring: Mid-March till Mid-June, Summer: Mid-June till Mid-September, Autumn:
Mid-September till Mid-December) on Hg concentration, Wilcoxon test was used considering the
unequal data available for the different seasons. Finally, the effect of climatic factors (Temperature,

precipitation, pCO;) on Hg accumulation was examined using a Wilcoxon test.
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I11. Results

I11.1  Hg concentrations in plant tissues, litter and soil at Bchaaleh and Kawkaba groves

Hg concentrations measured in the different sampled materials (plant tissues, litter and soil) varied
generally according to both tree tissues and groves agroclimatic conditions (Table 1). Hg values in the
foliage varied significantly between the two groves (p-value=1.581*10°), where the highest
concentration was recorded in Bchaaleh (48.1 + 10.6 ng/g) vs. (35 + 12.4 ng/g) in Kawkaba. Soil surface
also recorded a difference in Hg concentration between Bchaaleh and Kawkaba, with 61.9 + 20.0 ng/g
in Bchaaleh and 128.5 + 9.4 ng/g in Kawkaba. Soil 0-30 cm samples taken from Bchaaleh and Kawkaba
groves, values ranged between 31.8 + 4.7 ng/g and 70.2 + 23.4 ng/g respectively. In soil 30-60 cm Hg
concentrations recorded 19.5 £ 6.73 ng/g at Bchaaleh. No significant differences were recorded for litter
and stems Hg concentrations (p-value= 0.0915 and p-value=0.2215 respectively) between the groves,
with litter values of 62.9 + 17.8 at Bchaaleh and 75.7 + 20.3 ng/g at Kawkaba vs. stem values of 7.9 +
2.8 ng/g at Bchaaleh and 9.0 £ 4.7 ng/g at Kawkaba. Positive correlations were observed between soil
and litter in Bchaaleh (r=0.60) and Kawkaba (r=0.95) though statistically insignificant (p-value= 0.40
and 0.13 respectively).

The comparison between Bchaaleh and Kawkaba soil surface Hg contents showed significant difference
between the two groves (p-value=0.04746). We observe the same significant difference when
comparing the soil horizon of 0-30 cm of both groves. In descending order of Hg concentrations and
considering the different sites, plant tissue, soil and litter samples, the Hg concentrations could be
ranked in Bchaaleh, soil surface > litter> foliage > soil 0-30 cm > soil 30-60 cm > stems > fruits; and

in Kawkaba, soil surface > litter > soil 0-30 > foliage > soil 30-60 > stems > fruits (Table 1).

Table 2 Overall mean values of Hg concentration (ng/g) of the different studied material in both
Bchaaleh and Kawkaba olive groves

. Bchaaleh (BC) Kawkaba (KW)
Sample material Average | SD N Average SD | N
(ng/g) (ng/g)
Foliage 48.1 106 | 66 35.0 12.4 | 67
Stems 7.9 2.8 66 9.0 4.7 | 67
Litter 62.9 17.8 7 75.7 203 | 6
Soil Surface 61.9 20.0 8 128.5 94 | 6
Soil 0-30cm 31.8 4.7 6 70.2 234 | 5
Soil 30-60cm 19.5 6.7 5 28.0 1
Fruits 7.0 3.5 3 11.0 1

51



I11.2  Seasonal variation of Hg concentration in plant tissues, litter and soil

Hg concentrations recorded between February 2019 and September 2020 (Table 2) reflected a
significant seasonal variation in both sites (p-value<2.2*10%)

In Bchaaleh grove, foliage registered its highest Hg concentration during winter and spring with 61.8 £
7.6 ng/g and 55.1 + 12.5 ng/g respectively, and its lowest Hg amount during summer and autumn with
41.5+12.7 ng/g and 44.4 + 6.2 ng/g, respectively. A seasonal effect on foliage and stems was registered
(p-value<2.2*107%; Figure 2a,c). The stems and soil 0-30cm highest values was registered in autumn.
Significant differences were found in foliage Hg values between summer and winter (p-value=0.00020),
and autumn and winter (p-value= 0.00014). Similarly, stems Hg values varied significantly between
spring and winter (p-value=0.030), autumn and winter (p-value=0.047). Litter highest Hg content occur
in summer in Bchaaleh olive groves (79.3 = 26.5 ng/g) and the lowest in winter (48.6 £ 13.3 ng/g) (p-
value = 0.2286). Highest Hg contents in the soil surface of Bchaaleh is recorded in summer (84.5 £ 21.2
ng/g).

In Kawkaba, the highest Hg concentrations for foliage and stems were registered in spring with 51.8 +
4.5 ng/g, 11.7 £ 6.7 ng/g respectively (Table 2, Figure 2b,d). Significant differences were found in
foliage Hg values between summer and winter (p-value=0.013), autumn and winter (p-value= 0.00067),
autumn and spring (p-value=1.589*10"%), spring and winter (p-value= 9.383*10"%°) and spring and
summer (p-value=2.327*10%). Similarly, stem Hg values varied significantly between spring and
winter (p-value=0.006), spring and summer (p-value=0.0036) and autumn and spring (p-value=0.011).
There is no seasonal variation between the litter different seasons for Bchaaleh nor for Kawkaba.
Bchaaleh and Kawkaba groves soil surface, 0-30 cm and 30-60cm Hg values varied significantly
between seasons, (p-value < 0.05). A seasonal variation is observed in both olive groves especially in

the foliage.
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Table 3 Seasonal mean Hg concentration (ng/g) and standard deviations of the different studied
material in both Bchaaleh and Kawkaba olive groves. Grey color indicated the highest Hg
concentration values among the different material during the different seasons.

Hg (ng/g)

Bchaaleh | Spring | SD | N | Summer | SD | N |Autumn | SD | N | Winter | SD | N
Foliage 55.1 |125]|16 41.5 12.7 |24 | 444 6.2 |12 | 61.8 7.6 |18
Stems 7.8 3.8 |16 7.61 39 |24 8.3 2.7 |12 6.4 29 |18
Litter 793 265 3 64.7 4 4 55.5 354 2 | 486 |133]| 3

Soil 58.3 13 | 3 84.5 212 | 4 50 1 506 |235]| 3

Surface
0-30cm 336 | 62 |2 32.2 43 | 2 34.5 779 2 27 0.7 | 3
30-60cm | 231 | 91 | 2 20.7 10.32 | 2 19.6 9.05] 2 11 1

Kawkaba | Spring | SD | N [ Summer | SD | N |Autumn| SD | N | Winter | SD | N
Foliage 51.8 | 45 |16 28 72 24| 285 72 |16| 339 5.6 |18
Stems 11.7 | 6.7 |16 6.5 14 |24 7.7 2.1 | 16 6.9 1.6 |18
Litter 90.1 293 2 67 24 | 2 70 14 | 2

Soil 132 85 | 2 118 42 | 2 135.6 22 | 2

Surface
0-30cm 579 [11.2] 2 65.8 1 84.8 364 | 2
30-60cm 28 1
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Figure 4 Seasonal variations of foliage Hg concentration in(a) Bchaaleh (BC) and (b) Kawkaba
(KW) olive groves and stems Hg concentration in (c) Bchaaleh and (d) Kawkaba olive groves.

Shaded green horizontal bars represent the leaf development of olive trees during the growing season
of cultivars in Spain according to the BBCH scale (Sanz-Cortes et al., 2002).
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I11.3  Inter-individual variability between trees for each site

In the upper terrace of Bchaaleh grove, the foliage average Hg concentration of BCO4 and BCO1 varied
between 42.4 + 11.5 ng/g and 44.6 * 13.3 ng/g respectively showing no significant difference (p-value
= 0.8225). In the lower terrace of the same site, foliage average Hg concentrations of trees BCO12 and
BCO9 were found to vary from 45.6 + 12.7 ng/g to 60.7 = 12.7 ng/g respectively (Figure 2a) exhibiting
a significant difference ((p-value=0.0059). Tree BCO9 is significantly different to each of the three
trees (p-value< 0.0059) while BCO1, BCO4 and BCO12 have very similar Hg contents (p-value= 0.46).
In the upper terrace of Bchaaleh grove, the stems average Hg concentration of BCO4 and BCOL1 varied
between 7.0 £ 2.8 ng/g and 7.1 £ 2.9 ng/g respectively showing no significant difference (p-value=
0.94). In the lower terrace, stems average Hg concentrations of BCO12 and BCO9 are 6.4 + 2.2 ng/g
and 11.2 £ 5.2 ng/g respectively showing a significant difference (p-value= 0.0054; Figure 2c). For
BCO1 and BCO12 there was no significance difference (p-value= 0.5725), the same goes for BCO4
and BCO12 (p-value= 0.523).

The average concentration per tree in foliage and stems were 32.4 + 12.2 ng/g and 8.5 + 4.0 ng/g
respectively for KWOQO1, 32. 8 £ 14.7 ng/g and 8.9 + 6.0 ng/g for KWO2, 37.6 £ 14.0 ng/g and 9.3 + 6.7
ng/g for KWO3 and 37.7 £ 13.6 ng/g and 9.6 + 4.0 ng/g for KWO4 (Figure 2b,d). In Kawkaba grove,
comparison of the foliage Hg concentration between the four studied trees shows no significant
difference (0.22<p-value<1), neither for the stems (0.21<p-value<0.96).

I11.4  Hg concentration and agro-climatic effect

At first glance, seasonal variations of the Hg concentrations of the foliage of both sites suggest a
covariation with climatic parameters (Precipitation amounts, Relative Humidity and Temperature)
(Figure Sl 1) and atmospheric pCO.. Foliage Hg content increased with higher precipitation and lower
temperature (Autumn and Winter) while during the warmer and dryer seasons (May to mid-October),
the Hg concentration of foliage decreased (Figure SI 1). However, the Wilcoxon test for a non-normal
distribution shows no significant correlation between Hg concentration of foliage and precipitation (p-
value= 0.95). While temperature, relative humidity and atmospheric CO; (pCO_) shows a significant
correlation (p-value = 2.2e7°). For the stems, Hg concentration also showed no significant correlation
with precipitation (p-value= 0.1147), and a significant correlation with temperature, relative humidity
and pCO; (p-value= 2.2¢e%),
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IV. Discussion

IV.1  Hg concentration in plant tissues, soil and litter in the studied groves

In both groves our values showed a higher Hg concentration in the olive foliage (Bchaaleh average of
48.1 + 10.6 ng/g; Kawkaba average of 35.0 + 12.4 ng/g), than that of the stems (Bchaaleh average of
7.9 + 2.8 ng/g; Kawkaba average of 9.0 £ 4.7 ng/g) and that of olive fruits (7 £ 3.5 ng/g at Bchaaleh,
n=3 and 11 ng/g in Kawkaba, n=1). Our data corroborates previous studies (Bargagli 1995; Higueras et
al. 2016) showing that olive foliage has the highest Hg concentration of plant tissues. Our values are
lower than 200 ng/g considered as Hg pollution threshold (Kabata-Pendias & Pendias, 2000) and
implying no pollution effect for both Bchaaleh and Kawkaba groves (Table Sl 2; Figure SI 3a,b). This
suggests that our sites are good remote bioindicators of the uptake of Hg through the plant, although
more prolonged time range study is needed. However, in an overview of vegetation uptake of mercury
and impacts on global cycling, Zhou et al., (2021) suggested lower values for unpolluted sites (litterfall
43 ng/g > foliage 20 ng/g and branch 12 ng/g). Knowing that our sites correspond to unpolluted areas
of Lebanon, the lower values of Zhou et al., (2021) obtained from an ensemble of various species (trees
and grasses) and not specifically on olive trees, we considered that the threshold value of 200 ng/g
(Kabata-Pendias and Pendias 2000) is more adapted to our comparison.

As described in several studies, Hg in foliage originates predominantly from the atmospheric gaseous
Hg(0) through stomatal uptake (Ericksen et al., 2003; Lindberg et al., 1979; Zhou et al., 2021). Adding
to that, the atmospheric Hg uptake in foliage excedes Hg stomatal re-emission (Pleijel et al., 2021; J.
Zhou et al., 2021). Inside the leaves the oxidized Hg(ll) has high affinities to bind covalently with
organic groups (Du & Fang, 1983; Clarkson & Magos, 2006; Pleijel et al., 2021). The Hg can be
translocated by phloem transport to the stems and eventually into roots and potential release into soils
may also be contributing to Hg accumulation in soils (Giesler et al., 2017; Schaefer et al., 2020).

The soil surface and litter registered the highest Hg concentration (62 to 129 ng/g) among all samples
(foliage, stems, fruit) in both groves (Table 1) suggesting that the soil is the main Hg reservoir through
the Hg throughfall and litter-inputs (Tomiyasu et al., 2005). Our findings are in agreement with studies
on evergreen forest ecosystems reporting that soil can hold more than 60 % of Hg input to the forest
floor (Wang et al. 2016). Our soil surface sites values (61.9 + 20.0 ng/g in Bchaaleh and 128.5 £ 9.4
ng/g in Kawkaba) show higher Hg concentration in Kawkaba compared to the general background level
of Hg as defined by uncontaminated soil world reference mean Hg contents (20 to 100 ng/g; Kabata-
Pendias and Pendias 2000; Senesil et al. 1999; Gworek et al. 2020). However, both sites have
significantly lower values compared to known industrial and mining contaminated sites (> 1000 ng/g ;
). Nevertheless, studies conducted in different sites show a wide range of natural background Hg levels
(ie. topsoils in Europe, India, Brazil, Norwegian Arctic, New Zealand have values of 40, 50, 80, 110,
230 ng/g respectively) (Gworek et al. 2020) making it difficult to set a specific Hg threshold value for

uncontaminated soil (Table S2; Figure SI 3c). Due to the differences registered in different countries
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and sites of sampled soil, this indicates a link with chemical and mineralogical soil properties (ie. pH,
humic acid, soil grain size distribution, organic matter type and clay percentage) affecting Hg in soil
and its transport (Richardson et al., 2013; Chen et al., 2016; O’Connor et al., 2019). Nitrogen can also
be a factor affecting the Hg content in soil depending on its characteristics. Nitrogen increase can change
the equilibrium of soil solution and the morphology of roots, causing a possible increase in Hg
availability in soil and increases the Hg uptake by the plant (Alloway, 1995; Barber, 1995; Carrasco-
Gil et al., 2012). The increase in Hg availability in the soil is due to the organic Nitrogen that provides
a high absorption capacity, retaining the atmospheric Hg deposition (Obrist et al., 2009). Nitrogen
supply prevents oxidative stress in roots, but also can improve root development and increase the uptake
of Hg from the soil (Carrasco-Gil et al. 2012). Hence, we suggest that lower values in Bchaaleh soils
are likely explained by the low clay, organic carbon and nitrogen contents (10.7 %, 4 % and 0.3 % in
soil surface respectively). While Kawkaba higher Hg soil contents can be explained by the higher clay
proportion (66 %) and organic carbon and nitrogen contents (9 % and 0.92 %). On such clay loam soils
and rich organic matter, Hg binding is facilitated explaining higher content (O’Connor et al. 2019).
The litter showed higher Hg concentration than that in foliage in both Bchaaleh (62.9 + 17.8 ng/g) and
Kawkaba (75.7 = 20.3 ng/g) (Table 1). This has been also described by Rea et al., (1996) and Zhou et
al., (2021) in uncontaminated and contaminated sites where litterfall Hg contents were systematically
higher than the foliage Hg contents. The bacterial and chemical decomposition of the litter decrease
significantly the amount of C compared to the Hg that conversely may continue to increase due to the
continued absorption of Hg from precipitation and throughfall (Obrist et al., 2011; Pokharel & Obrist,
2011; Zhou et al., 2021). Another possible explanation is that the leaves shed as litter are likely to
mostly be the oldest leaves which have accumulated Hg during the longest period of time and thus have
higher Hg concentrations than the remaining foliage have on average since they consist of both younger
and older foliage (Rea et al. 1996; Pleijel et al. 2021).

IV.2  Seasonal foliage Hg content versus seasonal atmospheric Hg and CO;

The late winter-early spring registered the highest Hg concentration for foliage in both groves, while
summer and early fall to a less extent recorded the lowest concentrations. This seasonal change is
explained by the seasonal tree physiology variations such as the Hg accumulation in leaves after
stomatal uptake (Pleijel et al., 2021; Wohlgemuth et al., 2021). We can suggest that during winter-early
spring, water is available and photosynthetic activity is not limited, hence both CO; and Hg diffuse
through opened stomata inside the foliage. As shown on figure 2, Hg in foliage is low in summer-fall
and hence act as a sink of Hg. A clear seasonal pattern of Hg concentration in foliage is evident, despite
being based on three generation of olive leaves (1-3 years old), with youngest leaves known to have
low concentrations (Pleijel et al., 2021), the seasonal signal is still very remarkable. Therefore, one can

speculate that the mercury levels would have been higher if we had avoided the recently formed foliage
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during spring and early summer. This may also explain the large difference in Hg levels between litter
and foliage.

Evergreen olive foliage at our sites show a decrease in Hg contents from end of March to late August,
with minimum values centered in August suggesting a decline of the plant Hg uptake likely explained
by the reduction of the stomatal conductance (Lindberg et al., 2007; Pleijel et al., 2021). This minimal
photosynthetic activity occurs during the driest season (0 mm precipitation) and hottest temperatures
(above 25°C) at our sites. For the period 2018-2020, Martino et al. (2022) showed an atmospheric GEM
depletion when NDVI1 values increased (normalized difference vegetation index). This can explain the
lower foliage Hg content in 2019 compared to 2020 at our study sites in Lebanon. This was also
collaborating Jiskra et al., (2018) for the Northern Hemisphere site. Since no data of atmospheric
mercury in Lebanon or surrounding countries are available we used the atmospheric Hg time series data
of Martino et al. (2022) (Figure 3a). We observed opposite trends between foliage Hg concentration
and air Hg (negative covariation in 2019 and positve covariation in 2020) (Figure a,d,e).

Alternatively other studies reported a positive correlation between atmospheric Hg and crops (Niu et
al. 2011) as observed in our study between the Hgroliage and the atmospheric Hg in 2020 (Figure 3a,d,e).
This suggest the hypothesis where our groves seasonally exposed to high atmospheric Hg, accumulate
Hg in their foliage (Lindberg et al. 2007; Pleijel et al. 2021). According to Hanson et al. (1995), a
compensation point for Hg uptake by plant foliage can be considered but no information to our
knowledge is available for the specific case of the olive trees. The tight link between foliage Hg uptake
and stomatal conductance seasonal variations can be also deduced from the analysis of the partial
pressure of the pCOzam Seasonal variation (Obrist, 2007; Jiskra et al., 2018; Obrist et al., 2018; Pleijel
et al., 2021) (Figure 3b,d,e). Very good covariation between olive foliage Hg and pCOzam are shown
for Bchaaleh and Kawkaba despite a notable offset of one month at Kawkaba to two months at Bchaaleh
can be deduced (Figure Sl 4). Taking into account our calculated time lags, we obtained significant
correlations between our foliage Hg content and pCOzam 0f 0.718 and 0.704 in Bchaaleh and Kawkaba
respectively. Interestingly a one month time-lag between atmospheric Hg and pCO2am is also reported
by Jiskra et al. (2018) for most northern hemisphere sites. The offset of one to two months between
maxima of Bchaaleh and Kawkaba foliage Hg (March/April) and pCO.am (May) suggests that the
minimum of Hg in the foliage occur during the decreasing phase of the pCO2am When the global northern
hemisphere tend to become a net sink of CO,. When minimum values of pCOzam are reached at the end
of the dry summer (Figure 3b), concomitant to minimum atmospheric Hg (Figure 3a), end of the drought
and increase of precipitation (Figure 3c), Bchaleh and Kawkaba olive trees show a recovery in the Hg
uptake rates. The photosynthetic activity and the stomatal conductance related to the climatic
parameters (temperature, precipitation, humidity, pCO,) as shown by Ozturk et al. (2021) and the
atmospheric Hg explain our foliage Hg seasonal cycle. At a regional scale, our sites show different time
lags between Bchaaleh and Kawkaba that we cannot explain fully except their altitudinal differences,

which can suggest that Bchaaleh grove benefits of less drought in summer.
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Figure 5 Seasonal variations of (a) atmospheric Hg(0) (Martino et al. 2022), (b) pCO, (NOAA Global

Monitoring Laboratory), (c) precipitations and temperature of Bchaaleh and Kawkaba respectively

and (d) and (e) foliage Hg concentration in Bchaaleh and Kawkaba olive groves respectively. Shaded

green horizontal bars represent the leaf development of olive trees during the growing season of
cultivars in Spain according to the BBCH scale (Sanz-Cortés et al., 2002). Shaded colored lines
correspond to the Winter (Blue) and Summer (Red).
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IV.3  Hg cycling in the stems, litter and soil system

For each site, Hg contents in stems exhibit a narrow range between the different trees except tree BCO9,
which had the highest stem values. We speculate that this higher Hg content is the adjunction of
chemical products as fertilizer on the plot 549 belonging to a different owner (Figure SI 2) likely
between fall and winter. It was observed by (Zhao & Wang, 2010) that the fertilizer used and its source
of phosphorous may affect the Hg content in the product and thus affect the amount of Hg transported
into the fertilized soil.

At a seasonal scale, the averaged Hg values of soil system show statisticaly significant differences
between the four seasons, while stems show statisticaly significant differences between winter (lowest
values) and spring (p-value= 0.030) and winter-autumn (p-value= 0.047) in Bchaaleh grove mostly
similar to foliage changes. While litter shows no significant difference between seasons. The same
behavior was registered in Kawkaba in litter and soils, while stems showing statistical significance
differences between autumn and spring (p-value= 0.011), spring-winter (p-value= 0.006) and spring-
summer (p-value= 0.004) (Table 2). Despite the small amount of Hg content in the stems, the
statistically significant seasonal changes may suggest that small amount of Hg move from the foliage
to the lignified tissues as stems. However, we cannot neglect the Hg transport in xylem sap from the
roots to the aboveground plant tissues even if minimal (Yang et al. 2018).

We can suggest the following Hg cycling in the system of the olive grove/soil. In winter-early spring
the highest concentrations in foliage continuously feed the litter and can explain the following maximal
spring Hg content of the litter. The decomposition of the litter organic matter during the wettest
conditions likely liberate Hg in the Hg(0) or Hg(ll) forms or MeHg either towards the atmosphere or
the surface soil (see Table 2) respectively (Gworek et al., 2020). A fraction of the degraded organic
matter is transferred through gaseous evaporative processes towards the atmosphere while another
fraction of the Hg is leaching towards the deeper soil in addition to dry Hg deposition during dry season
(Teixeira et al. 2017). We can also speculate that the small Hg decrease observed in soil 0-30, 30-60
cm during the winter season in Bchaaleh can be due to the minimal absorption of total Hg and MeHg

through the roots and xylem sap to the above ground tissues (Johnson and Lindberg 1995).

V. Conclusion

This is the first study conducted on monumental olive trees in a-remote site of the MENA region
without local contamination and followed at a monthly basis over 18 months. Findings of our study
indicate a higher uptake of Hg in the olive foliage compared to stems, fruits items and a remarkable
Hgroiiage S€ASONAl Variation in both studied groves. Winter and Spring were particularly suitable for Hg
accumulation in foliage in both sites. The significant correlation between our Hgroliage CONtents and the
atmospheric Hg content and pCO,, despite the one to two months’ time lag, suggests that the main source

of Hgroliage IS the atmospheric Hg as observed in different species and studies (conifers and hardwood).
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Hg is absorbed by the foliage, via the open stomata, driven by the interaction of high vegetal activity,
temperature, water availability and the processes that control transpiration, which is likely to be
seasonal. Hence physiological and climatic processes explain the seasonal Hg accumulation in foliage.
Thus, a more intensive study taking account the phenological dynamics of olive tree foliage must be
focused on. Further comparison and studies on the seasonal atmospheric Hg in the eastern
Mediterranean basin are necessary to test our hypothesis of the reversed seasonality of Hg in 2019 and
positive covariation in 2020 since contrary to the global Northern Hemisphere and western
Mediteranean region vegetation, our olive groves act as a sink of Hg and CO; when global Northern
and western Mediteranean vegetation is emitting. This relationship Hgroliage — Hgam-pPCO2am Should be
further investigated along the season and locally to better understand the observed time lags. Soil
surface registered the highest Hg concentration among all studied compartments due to well-known
processes of litter and throughfall that incorporate Hg to the soil surface. Moreover, this study highlights
significant differences between Hgsoil in Bchaaleh and Kawkaba groves due to differences in soil
characteristics. In this study we worked on the present time samples in order to have a better
understanding of the Hg cycle in the olive tree. Our main contribution in this study is to see how the
present-day olive trees records some elements such as Hg to better understand how the Hg in tree rings
could be used for the past accumulation records.

Supplementary Information

Table SI 2 Study sites geographic location and climatic data collected from the meteo stations
installed by LARI.

Village | Location | Latitude | Longitude | Altitude | Temperature Annual SD | Annual SD
Name (N) (E) (ma.s.l) min-max mean () | mean (%)
(°C) Temperature rainfall
(°C) (mm)
Bchaaleh North 34°12°06" | 35°49'23" 1300 4-23 14 6.81 | 1631 | 110.17
Lebanon
Kawkaba South 33°23’85" | 35°38'58" 672 7-27 17 6.76 | 1311 | 295.29
Lebanon

Table SI 3 Detailed synthesis of the Hg concentration values in different studies.

Table S2 in an Excel Format
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Figure SI 1 Bchaaleh and Kawkaba (a) (b) Hg(ng/g) and Temperature(°C), (c) (d) Hg(ng/g) and
Precipitation(mm) and (e) Hg(ng/g) and Relative Humidity (%).
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Figure SI 2 Map of Bchaaleh site and sampled tree locations. Upper terrace plot 2292 are under the
endowment of the church. While Lower terrace plot 549 and 547 are a private property.
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Figure Sl 3 Synthesis of Hg concentration for a) the Olive grove of the Mediterranean basin including
foliage, stems, litter and soil. Our sites are indicated in red; b) the foliage of different species around
the world; ¢) soil studies in different countries and d) litter, roots and stems of different species and
countries. All the references are listed in Table Sl 3. The gray dashed lines referrer to the threshold limit
above which soil and plants are not contaminated.

BC-foliage

Hg & Prec

ACF
00 02 04
1 |
— 1
H
|
H
H
— i
L
|
i
I
|
I
H
i
ACF

Lag
Hg & RelHumd
w fre=—===—m—=me=m=
o
7 ‘ “ ’ ‘ |
o
PR W
2 o T 2
o~
S
=4
P
[ B B B B B
3 2 10 1 2 3
Lag

00 02 04

04

KW-foliage
Hg & Temp Hg & Prec
—| R R e s o
w 4 w
T | I 2 5 g
d o | T
I ittty Rl Sl b
?
T T T T T T T T T T T T T T
3 240 1 2 3 32 40 1 2 3
Lag Lag
Hg & pCO2 Hg & RelHumd
@
o
A A R PR S
N O i
- o«
] y 3 L
l 2 g §
1
B * |
T T T T T T T Q T T T T T T T
3 2410 1 2 3 32 40 1 2 3
Lag Lag

Hg & Temp

06

02
Il

02
[
-
1
_ ]
1
'
1
P—

-06

3 2 4140
Lag
Hg & pCO2
o | ¢ ’ “ l ‘ I
L
A e s e e e |
2 <1 0 1 2 3

Figure SI 4 Time lag test (R, Cross correlation) between the dependent variable (Hg) and the
independent climatic variables in the foliage of BC and KW.
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Abstract
Our study is focused in the Eastern Mediterranean in Lebanon. Two olive grove sites are the main

interest of our study, Bchaaleh in the North and Kawkaba in the South. The Stable isotopic techniques
of carbon, nitrogen, sulfur, hydrogen and oxygen in plant ecology have been growing during the past
years, serving as an important nonradioactive and non-destructive technique to study how plants in the
present and the past interacted and responded to the biotic and abiotic environment. In order to
understand how were our olive trees affected by the climatic changes in the past, first it should be
understood how are those trees affected today by the environmental and climatic parameters. This study
is the first to investigate all the different isotopic compositions (8"C,5"N,5**S,6D and 3'30) in
monumental olive trees. First, it tackled how the olive tree foliage, stems, litter and soil different
isotopic compositions are varying between one another. Second, how are the foliage isotopic
compositions and 8D, 30 of precipitation varying annually and seasonally between Bchaaleh and
Kawkaba and between each individual studied site. Third, the respond of the foliage to climatic
parameters using the different stable isotopic markers as indicators of the climate.

Keywords: Olive groves, plant tissues, litter, soil, 3°C, §'°N, §**S, 8D, 80, climatic parameters.
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I.  Introduction
The Stable isotopic techniques in plant ecology have been growing during the past years, serving as an

important nonradioactive and non-destructive technique to study how plants in the present and the past
interacted and responded to the biotic and abiotic environment (Dawson et al., 2002).
Carbon stable isotope known as §'*C in plant material had been used for ecological, climatological, or
biochemical research in plant science, in addition to the evaluation of the plant performance under
different environmental conditions (Barbour & Farquhar, 2000; Dawson et al., 2002; J. L. Araus et al.,
2003; Barbour, 2007; J. Araus et al., 2013; Gessler et al., 2014; Sanchez-Bragado et al., 2019). It is also
normally used to estimate stomatal activity, photosynthetic rates and water use efficiency of Cs plants
(Farquhar et al., 1989; Matteo et al., 2010; Cabrera-Bosquet et al., 2009; Rossi et al., 2013). Rossi et
al., (2013) investigated irrigated and rainfed olive trees, and showed that irrigated trees has more
negative &*C values than those that are rainfed. Isotopic results show that the rainfed plants regulate
the stomatal activity and limit wood formation during drought seasons (Tognetti et al., 2004, 2005,
2009; Rossi et al., 2013). The long term hydraulic adaptation of plant reduces the stomatal conductance
and acclimatize to water stress (Silva & Horwath, 2013; Rossi et al., 2013). The pCO; in the atmosphere
represents the availability of carbon for plant growth on the land (Schubert & Jahren, 2012). The plant
tissues show a depletion in &'3C in relation to the atmosphere due to the preferential of the *2C for the
fixation as CO; is converted into sugar in the foliage (Park & Epstein, 1960; Schubert & Jahren, 2012).
The carbon stable isotope natural abundance in plants can be an indicator of the environment
temperature, and also an indicator of the changes in 3C/*2C ratio of the pCO. (Leavitt & Long, 1983).
The plant photosynthesis discriminates against 3*3C when the pCO; passes through the stomata during
the phase of CO; carboxylation in RuBisCo (Farquhar et al., 1989; Ogaya & Pefiuelas, 2008). The 3C
discrimination decreases with the decrease in intercellular CO, concentration that is due to the closure
of stomata and the water use efficiency (WUE), in which, higher 8%C is found in drier sites and years
(Pefiuelas et al., 2000).
The 3%C of soil organic matter is known to increase by 1-3%o with the soil depth relative to the litter
layer in the forest ecosystem (Wynn et al., 2005; Bostrém et al., 2007). This increase in the &'3C in soil
can be explained by the decrease in the 3*3C of the pCO, that started since the 18" century due to the
burn of fossil fuel and deforestation (Bostrom et al., 2007; Francey et al., 1999). The increase in 8°C
in soil can also be explained by other factors such as the preferential composition of certain components,
variable mobility of dissolved organic carbon with variable isotopic values, kinetic discrimination
against $3C during respiration and microbes as precursors of stable organic matter (Bostrom et al., 2007;
Ehleringer et al., 2000; HAgberg et al., 2005; Tu & Dawson, 2005).
81N has been used for the past decades in order to assess the ecosystem N cycling and its status in
addition to defining the species differences (Pardo et al., 2006, 2013). Nitrogen usually has an important

role in the biogeochemical cycling within a forest. Species composition has been proven to be a
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determinant of the ecosystem nitrogen cycling dynamics (Templer et al., 2007; Pardo et al., 2013),
where the species composition can influence the soil C/N, NO loss in hardwood forests, and
nitrification rates (Lovett et al., 2004; Pardo et al., 2013). Plant 8N have normally a negative
correlation with the soil bulk and rainfall (Heaton, 1987; Amundson et al., 2003; Swap et al., 2004;
Hartman & Danin, 2010); but the relation between the §'°N and rainfall is not straightforward, for when
plant fix C directly from the atmosphere, it gets N from the soil or through symbiotic relationship with
N-fixing microorganisms. In addition to that, the variability in soil N source, plant metabolism and the
activity of soil microorganisms also influence the plant §'°N values (Hogberg, 1997; Hartman & Danin,
2010). The discrimination in **N also happens in some of the ecological processes as such N transfer
from mycorrhizal fungi to plants, or the loss of N from the ecosystem that enriches the N in **N like
gaseous N losses and the NO* leaching when the nitrification is not complete. The rain exclusion
changes the N use, since a decrease in the water availability causes significant changes in the
biochemical cycles of the ecosystem that reduce nutrient availability and soil nitrogen content (Pefiuelas
et al., 2000; Hartman & Danin, 2010). The foliar or whole plant 8°N data is complicated due to the
existence of many sources of nitrogen in the soil and a possibility of variable discrimination against >N
during the identification of each source (Cernusak et al., 2016).

Sulfur is known to be an important element for plant growth (De Kok, 1990; Trust & Fry, 1992).
Normally the total sulfur in plants is the amino acid organic form and sulpholipids, but when there is
excess in sulfur the inorganic sulfur can become the main sulfur form (ALLEN & Raven, 1987; Trust
& Fry, 1992). 32S and 3S are the most abundant isotopes that are mostly used for stable isotopes studies
(Trust & Fry, 1992). In a study done by Isshi (1953) on laboratory cultures of Chlorella and field grown
mustard plants, it has shown that there is very little isotopic discrimination during the assimilation of
sulphate and plant reduction (Trust & Fry, 1992). Usually plants have values averaging to about 1.5%o
less than the sulphate in the environment (Trust & Fry, 1992). The small discrimination resulting from
the uptake of environmental sulfur sources are characteristics of the pathway of sulphate reduction. This
pathway is used by plants and the bacteria to meet there biosynthetic sulfur needs and it covers all of
the biological synthesis of the sulfur amino acid (Kaplan & Rittenberg, 1964; Rennenberg et al., 1990;
Trust & Fry, 1992). Mostly, inorganic sulphate and atmospheric SO, are major sulfur sources for the
plants, but some studies indicated that sulphide sulfur from sediments can also be part of the plants
under certain circumstances (Howarth & Teal, 1979; Trust & Fry, 1992). Sulfur is absorbed by plants
as water soluble SO,* from soil through the root and also as atmospheric sulfur through the stomata
(Krouse, 1977; Kawamura et al., 2006). The &*S values in the plants reflect the absorbed sulfur which
helps identifying the sulfur source (Krouse, 1991; Kawamura et al., 2006).

Water cycle in plants starts with precipitation hitting the foliage and other plant surfaces before reaching
the soil. Some of that water evaporates from the plant surface, and the remaining water goes to the soil

and down to the plant roots. The plant uses the water for its own metabolism. This water travels upwards
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through vascular tubes and evaporates through the stomata on the foliage back into the atmosphere
(Sheil, 2018). This water cycle can be described by the isotopic cycle of hydrogen and oxygen isotopic
composition. The hydrogen and oxygen isotopic ratios in precipitation are related through the well-
known global meteoric water line or GWML (Gat et al., 2001; Marshall et al., 2007) which can be
affected by local meteorological conditions such as temperature and relative humidity (Hervé-
Fernandez et al., 2016) giving rise to local meteoric water lines (LMWL). The 8D and 50 of the
rainwater vary in relation to altitude, temperature, latitude, amount of precipitation falling and distance
from the coast (Munksgaard et al., 2012; Cernusak et al., 2016). Any precipitation event mixes with the
soil pre-existing water pool, hence there is a variation in §¥0 and 8D from one rainfall to another
(Munksgaard et al., 2012, 2015; Cernusak et al., 2016). Evaporation is another well-known factor
affecting the soil water isotopic composition (Cernusak et al., 2016) leading to an enrichment in 50
and 8D in comparison to deeper soil (Allison et al., 1983). The stable isotopes of deuterium (3D) and
oxygen (5'80) of extracted water of plant tissue are usually used to identify and quantify the plant water
sources (Barbeta et al., 2019; Amin et al., 2021) and according to Barbera et al., (2018) are reflecting
the isotopic signature of soil water which is not directly the rain-water. It is often assumed that there is
no hydrogen isotopic fractionation during soil water absorption through the plant roots up to the twigs,
although some new studies show that isotopic fractionation can take place due to various environmental
conditions (Amin et al., 2021) . Since 580 of foliage is influenced by climatic (i.e., temperature and
relative humidity) and geographical factors (i.e., altitude) and there is no isotopic fractionation during
water uptake, 50 in foliage water represents the geographical origin of plants even with the
evapotranspiration, while 8D is also influenced by kinetic isotopic fractionation during different
biosynthesis pathways (i.e., photosynthesis, amino acid synthesis) and exchange of isotopes with
biomolecules (Schmidt et al., 2003; Khatri et al., 2021). Studying the drivers causing the leaf water §'80
and 8D variations, Cernusak et al., (2022) observed that leaf water §'80 but not the 3D was significantly
correlated to relative humidity, the latter being strongly correlated to 320 of atmospheric vapor, while
xylem water 8D was a much stronger driver of variation in leaf water 6D than was the case for xylem
water 8180 as a driver of variation in leaf water 3'80. In perspectives of paleoclimate reconstructions,
plant bulk organic matter and organic compound specific (ie. cellulose, lipids) 380 and 8D are
recognized as good climate drivers assuming that 5*30 and 8D reflect the isotopic signature of the water
source though affected by isotopic fractionation during processes such as evapotranspiration between
foliage water and water source (Khatri et al., 2021). In the foliage, evapotranspiration is responsible
for isotopic fractionation giving usually enriched 8D and 20 isotopic ratios (Barbour, 2007; Barbour
& Farquhar, 2000; Zhang et al., 2010; Sanchez-Bragado et al., 2019). §'%0 and 6D of bulk organic
material (ie; leaf, stems, tree ring wood) or specific compounds represent the isotopic compositions of
O and H elements present in an ensemble of molecules produced through complex reactions during

plant physiological activities (ie. Photosynthesis, photorespiration, transpiration, biomolecules
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synthesis...). 'O and 8D reflect the isotopic signature of source water. Both hydrogen and oxygen
atoms, entering in the composition of the organic molecules during photosynthetic activity, will reflect
foliage water isotopic signature and part of those atoms exchange with water during the synthesis of
compounds (ie. sucrose cellulose) in foliage, stems or roots (Yakir, 1992; Roden et al. 2000). Sucrose
is produced during photosynthesis in foliage, and then it is transported through the phloem via a
translocation process to the different tissues such as roots, stems and vegetation organs in order to
provide the carbon and energy needed for the growth.

The Mediterranean environment is characterized by a dry summer and low precipitation, high
temperature, high water vapor pressure deficit and high irradiance (Mitrakos, 1980; Pereira & Chaves,
1995; Hartman & Danin, 2010). The rain exclusion is considered a main factor in the Mediterranean
environment. With low photosynthetic rates during the summer due to the stomatal control of
transpiration water loss (Llusia” & Pen uelas, 2000; Hartman & Danin, 2010). Due to the decrease in
stomatal conductance which is higher than that in the photosynthetic rates increases the WUE (Hartman
& Danin, 2010). In the Mediterranean conditions, hydraulic function maintenance under drought stress
is important for survival (Fonti & Jansen, 2012). The characterization of the Eastern Mediterranean
climate is known to have a strong seasonal rainfall pattern where rain is mainly falling in winter season
(Goldreich, 2003; Hartman & Danin, 2010).

Olive tree (Olea europea L.), a Csplant, is an evergreen commonly cultivated tree in the Mediterranean
countries that is known for its resilience to drought and the importance of olives and olive oil production
(Chalak et al., 2015). In Lebanon, ancient olive trees (of about 1400 years old according to Yazbeck et
al., 2018) continue to grow along new plantations witnessing the long history of these trees in the
country (Chalak et al. 2015). By understanding the present of those ancient trees, we can understand
better the past climate through the tree rings and have a more thorough understanding of how the wood
anatomy structure and the hydraulic process adapt and change in those trees (Rossi et al., 2013). Olive
trees are not yet extensively studied for the different stable isotopes, which aids in understanding the
seasonality of stable isotopes, pathway of water and the plant water source (Beyer et al., 2016; Barbeta
etal., 2019; Amin et al., 2021).

In this study, we focus on monumental olive trees growing at two different altitudes in Lebanon with
the aim of understanding how the olive tree foliage, stems, litter and soil different isotopic compositions
are varying between one another. Second, how are the foliage isotopic compositions and 5D, 580 of
precipitation varying annually and seasonally between Bchaaleh and Kawkaba and between each
individual studied site. Third, the respond of the foliage to climatic parameters using the different stable
isotopic markers as indicators of the climate. Also, since 6'C, 8"N, 6*S,8D and &'®0 cellulose are good
indicator of environment and climate, we make the hypothesis that the bulk dry matter of the plant
tissues can be good candidate for less time consuming and cost-effective analysis giving the similar and

reliable information related to foliage mainly, stems, litter and soil compared to other methods.
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Materials and Methods
I1.1  Study sites and climatic conditions
Two groves were selected for this study at different altitudes. The first grove is situated in

Batroun district, North of Lebanon, Bchaaleh village (BC) (Latitude 34°12°06°°N, Longitude
35°49°23”°E, Altitude 1300 ma.s.l.; Figure 1). The olive trees are growing rainfed in a sandy
loam texture soil of sand, silt and clay percentages are 52.8%, 38.7% and 10.7% respectively
(Yazbeck et al., 2018). Olive trees are growing rainfed in a sandy loam texture soil of grain
size analysis of sand, silt and clay percentages are 52.8 %, 38.7 % and 10.7 % respectively
(Tabaja et al., 2022). They are maintained by the municipality for the last four decades as an
endowment property. Precipitation average ranges between 229 and 392 mm in winter and
between zero and less than 2 mm/season in summer, while average temperature is between 4
and 8 °C in winter and between 20 and 23 °C in summer and average relative humidity of 63%
(data extracted from LARI climatic data) (Figure S1) (Tabaja et al., 2022).

The second site is located in the South of Lebanon, Kawkaba village (KW) (Latitude 33°23’856°°N,
Longitude 35°38°588”’E, Altitude 672 m a.s.l.; Figure 1). Kawkaba olive is also rainfed as indicated by
Kawkaba municipality, in a clay loam soil with 6% sand, 28% silt and 66% clay. Precipitation average
ranges between 215 and 374 mm in winter and almost zero mm in summer, while the average
temperature is between 7 and 11 °C in winter and 21 and 27 °C in summer and a 61% of relative
humidity (data extracted from LARI climatic data) (Figure S1). CO. data used in this study are from
NOAA Global Monitoring Laboratory (https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_trend_gl.txt

).

Figure 1.Shared Water Resources of Lebanon, Nova Science Publishers 2017
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Figure 6 Site location of the two selected studied sites (modified after Shared Water Resources of
Lebanon, Nova Science Publishers, 2017).
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1.2 Field sampling
Olive trees

Four main olive trees were sampled in each of the two groves for carbon, nitrogen, sulfur, hydrogen
and oxygen isotopic analysis. In Bchaaleh, two trees are taken from the upper terrace (BCO1-Tree 1,
BCO4-Tree 4) and two others in a 1.5 m lower terrace (BCO9-Tree 9, BCO12-Tree 12). In Kawkaba,
four trees were selected from the same terrace (KWO1-Treel, KWO2-Tree 2, KWO-Tree 3, and
KWO4-Tree 4).

Foliage, stems, soil and litter

During the experiment that lasted 16 months, foliage (103 samples) and stems (103 samples) were
collected from the trees, for each of those sampled olive trees, sun-exposed and shaded foliage and
stems with no evidence of pathogens were collected randomly from the upper, middle, and lower canopy
sides of the olive on monthly basis using a manual pruner. While litter (18 samples) and soil (45
samples) were sampled directly under the trees. The Litter and soil surface were collected from the
surface area of the olive groves and stored in separate paper bags every quarter of a year. In addition, a
manual bucket auger was used for sampling soil reaching a maximum depth of 60 cm. In both sites, the
soil cores were divided into soil surface (0-1 cm), 0-30 cm depth, and 30-60 cm depth. The studied
samples range from February 2019 till September 2020.

Rainwater

A rainwater collector was installed underground in both studied sites (Bchaaleh and Kawkaba) to collect
rainwater during rainy seasons that range between November and May for the three-year study 2019-
2021 (22 samples). The rain collector was filled with paraffin to separate the water from any other
material inside the collector and during the sampling. Duplicates for oxygen and hydrogen samples

were collected in a 5 ml bottle each that was then sealed and stored at 4°C temperature.

I1.3  Sample preparation and analytical method
Collected samples of foliage and stems were rinsed with distilled water and oven-dried for 48 hours at

a temperature of 40°C. Foliage, stems and litter were grinded using an electrical stainless grinding
machine with no heating system for 5-10 minutes, while soil samples were manually grinded using a
natural agate grinder. Afterward, the grinded samples were sieved using an inox stainless-steel of 125-
micron sieve mesh aiding in collecting homogeneous powders for analysis. An HCL treatment (0.5 M
HCI for 12 hours and three thorough deionized water rinsing before drying at 50°C for 24 to 48 hours)
was implemented on the soil samples analyzed for carbon isotopes to remove the carbonates present in
the samples. Around 2 mg of bulk powders of foliage, stems, litter and soil material were weighed into
tin capsules and measured for the carbon, nitrogen, hydrogen and oxygen stable isotope ratios. While

for sulfur isotopic analysis a 12mg for the soil and 5 mg for the foliage, stem and litter was weighed,
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capsuled and analyzed using Flash Elemental Analyser connected to Isoprime 100 isotopic mass
spectrometer (IRMS) ( Fourel et al. 2014; Fourel et al. 2019).

In this article, a conventional delta notation was used, where the isotopic composition of a material
relative to that of a standard on a per mil deviation basis is given by & = [(R sample)/(Rstandard) -1 ]* 1000,
where § is the isotopic ration of §°N, §'3C, *S, 6D and 5§80 and R is the ratio of heavy vs. light
isotope forms. Four standards were used for 8*°N and 8*3C (B2157-2, ASP-3, B2203-2 and IAEA N2-
2) giving values expressed in %o versus the VPDB. Using also four international Standard for sulfur
(IAEA SO5, IAEA S4, IAEA S2 and B2203), and four international Standard for D and %0 (B2203,
B2205, IAEA 601 and IAEA CH7) giving a precision for 8D better than £0.73%o and +£0.10 %o for 5'20.
Monthly rainwater collected samples were analyzed at ECOTRON using A Picarro L2140i laser

spectrometer as well as Delta V Plus IRMS to access dD values of liquid water (OSU-OREME).

I1.4  Statistical analysis
R 4.1.0 program was used for the statistical analysis; Shapiro test is used to check for the data normality

distribution. To check the significant difference between the two studied sites and the annual significant
difference and seasonal difference for each site individually for C,N,S,H and O isotopic composition,
the t-test is used for normally distributed data, while Wilcoxon test is used for the not normally
distributed data. The ggplot is used to plot the foliage seasonal variation in Bchaaleh and Kawkaa for
year 2019 and 2020 for the isotopic compositions. While for the effect of climatic parameters on the

different isotopic compositions of foliage, a Kendall correlation test and correlation plot are used.

I11. Results

1.1 Plant tissues, soil and litter C,N,S,H,O isotopic compositions in Bchaaleh and Kawkaba
The 35C, 6°N, &*S, 8D and &80 of foliage, stems, litter and soils measured for year 2019-2020 at

both Bchaaleh and Kawkaba sites are presented on Table S1. Bchaaleh foliage, stems, soil surface and
0-30 cm 3%C mean values (-26.6 £ 0.7 %o, -25.7 £ 0.9 %o, -22.9 + 7.2 %0 and -22.9 + 6.2 %o respectively)
compared to those of Kawkaba (-28.1 + 1.2 %o, -26.7 £ 0.6 %0, -26.6 = 1.2 %o and -26.0 + 1.0 %o
respectively) (Figure 2 a,b) are significantly higher (p-values = 2.7711e*3, 2.655¢%°, 0.03 and 0.003
respectively for foliage, stems, soil surface and 0-30 cm). While the average 6*°C in litter in Bchaaleh
(-26.4 £ 0.7 %o) and Kawkaba (-26.9 £ 0.6 %o) showed no significant difference between the two sites
(p-values = 0.1) (Figure 2 a,b).
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Figure 7 Mean average of 5**C for 2019-2020 of olive trees for foliage, stems, litter, soil surface, soil

0-30 cm and 30-60 cm in (a) Bchaaleh and (b) Kawkaba.

Bchaaleh foliage 6°N mean values (2.4 + 1.0 %o) compared to those of Kawkaba (0.2 = 1.2 %) are
significantly higher (p-value: 2.2e%6) while Bchaaleh stems 3*°N mean values (1.5 + 3.4 %o) compared
to those of Kawkaba (5.4 + 2.8 %o) are significantly lower (p-value: 4.778e%) (Figure 3 a,b). Regarding
Bchaaleh, the litter average 8'°N (1.2 £ 1.5 %o) is lower than that of Kawkaba (2.1 + 1.0 %o) though not
significantly different (p-value: 0.1). No significant differences are observed between Bchaaleh (3.4 £
1.2 %o) and Kawkaba (3.2 £ 0.7 %o) mean 8°N of soil surface (p-value: 0.6) and between Bchaaleh (1.9
+ 3.4 %o) and Kawkaba (3.5 + 1.5 %o) mean 8'°N of soil 0-30cm (p-value: 0.5) (Figure 3 a,b). The C/N
ratios of foliage, stems, litter and soil surface in Bchaaleh (23.8 £ 7.7 %o, 67.0 £ 17.9 %o, 24.7 £ 2.1 %o
and 8.0 £ 5.5 %o respectively) and Kawkaba (28.4 £ 2.7 %o, 76.2 £ 16.5 %o, 28.4 + 1.6 %o and 14.8 +
9.5 %o respectively) showed significant differences with p-values of 0.0017, 4.445e%, 0.001 and 0.03
respectively for foliage, stems, litter and soil surface (Figure 4 a,b). In general, the soil 0-30 cm mean
C/N ratios of both Bchaaleh (8.6 + 7.1 %o respectively) and Kawkaba (7.6 + 2.0 %o respectively) sites

showed no significant differences with p-values = 0.5 (Figure 4 a,b).
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Figure 8 Mean average of 815N for 2019-2020 of olive trees for foliage, stems, litter, soil surface, soil

0-30 cm and 30-60 cm in (a) Bchaaleh and (b) Kawkaba.
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Figure 9 Mean average of C/N ratio for 2019-2020 of olive trees for foliage, stems, litter, soil surface,
soil 0-30 cm and 30-60 cm in (a) Bchaaleh and (b) Kawkaba.

Bchaaleh foliage §%*S mean value (6.2 + 5.7 %o) compared to that of Kawkaba (9.9 + 2.4 %o) is
significantly different (p-value = 2.2¢7), while Bchaaleh (11.3 + 3.7 %o) and Kawkaba (11.4 = 1.6 %o)
stems &%S mean values are similar (p-value = 0.6) (Figure 5 a,b). Regarding Bchaaleh, the litter average
5%S (8.2 £ 3.9 %o) is slightly higher compared to that of Kawkaba (7.3 + 0.5 %) though not significantly
different (p-value = 0.4). On the other hand, significant differences are observed between Bchaaleh
(19.9 + 5.1 %o) and Kawkaba (10.6 + 2.0 %o) mean &**S of soil surface (p-value = 1.183e%) and between
Bchaaleh (23.2 + 3.8 %o0) and Kawkaba (12.6 + 2.3 %0) mean 8*°N of soil 0-30cm (p-value = 3.652¢e"%)
(Figure 5 a,b).
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Figure 10 Mean average of §*S ratio for 2019-2020 of olive trees for foliage, stems, litter, soil
surface, soil 0-30 cm and 30-60 cm in (a) Bchaaleh and (b) Kawkaba.

Foliage means 8D and 880 values in Bchaaleh (-79.7 & 3.6 %o and 26.1 + 3.3 %o respectively) and
Kawkaba (-74.8 + 4.9 %o and 31.2 + 1.6 %o) are significantly different (p-value = 1.34e"% and 0.02
respectively) while stems mean 8D and 320 values of Bchaaleh (-69.2 + 5.9 %o and 28.0 + 7.7 %o,
respectively) and Kawkaba (-68.4 +4.2 %o and 25.3 + 1.1 %o, respectively) are not significantly different
(p-value > 0.6) (Figure 5 a,b). The litter in Bchaaleh shows the most depleted mean 8D and 50 values
(-91.0 = 8.2 %o, 22.8 = 1.1 %o). At Kawkaba, litter 8D and &0 values are -78.6 %o and 23.0 %o

respectively. No significant difference is registered for 3D and 830 between the litter of Bchaaleh and
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Kawkaba (p-value = 0.7 and 1) (Figure 5 a,b). Mean 3D and 520 values of the soil surface in Bchaaleh
(-81.2 = 8.9 %o and 23.5 + 2.9 %o respectively) and Kawkaba (-67.6 = 3.5 %o and 16.5 + 1.7 %o
respectively) are significantly different (p-value = 4.435¢% and 4.644e°7). The mean 8D values of soil
0-30cm in Bchaaleh (-76.4 + 17.8 %o) and Kawkaba (-77.9 £ 5.3 %o) are not significantly different (p-
value = 0.09). While a significant difference (p-value < 0.05) is observed between mean 520 values of
the soil 0-30cm of Bchaaleh (23.5 + 2.4 %o0) and Kawkaba (17.2 + 2.8 %o) (Figure 5 a,b).
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Figure 11 Mean average of 8D ratio for 2019-2020 of olive trees for foliage, stems, litter, soil surface,

soil 0-30 cm and 30-60 cm in (a) Bchaaleh and (b) Kawkaba.
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Figure 12 Mean average of 5'*0 ratio for 2019-2020 of olive trees for foliage, stems, litter, soil

surface, soil 0-30 cm and 30-60 cm in (a) Bchaaleh and (b) Kawkaba.

I11.2  Annual variation of C,N,S,H isotopic composition for foliage and 8O, 6D of

precipitation in Bchaaleh and Kawkaba .
Bchaaleh and Kawkaba mean annual §'*C foliage values shows a significant difference between years

2019 and 2020 (p-value = 0.0003 and 0.05 respectively) with more enriched values in 2019 (-26.4 £ 0.8
%o and -27.8 + 1.0 %o respectively) than 2020 (-27.0 £ 0.5 %o and -28.4 + 1.3 %o respectively) (Figure

8). In 2019, Bchaaleh spring 83C mean value (-26.8 + 0.6 %o) is the most depleted among all seasons,
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and significantly different in comparison to summer and fall (-25.9 + 0.8 %o and -26.2 =+ 0.7 %o

respectively; p-value< 0.05), unlike the winter, summer and fall that register no seasonal significant

difference (p-value> 0.3) (Table 1). The seasonal pattern observed in 2019 is not confirmed in 2020,

showing the most depleted values in summer (-27.1 + 0.4 %o0) and highest in spring (-26.7 £ 0.4 %o)

(Figure 8). Though no significant difference is reported between seasons (p-value > 0.3) (Table 1). In

Kawkaba, foliage highest mean 8*3C value in 2019 is registered in fall (-27.4 + 1.1 %) and is statistically

significantly different from spring and summer (p-value = 0.007) (Table 1). Noting that winter (-28.1 £

1.7 %) is the most depleted although not significantly different compared to all the other seasons (Table

1). Interestingly, summer 2020 3*3C foliage values are highly variable as 2019 and the mean 5*3C value

is the most depleted (-28.8 £ 1.7 %o0) compared to the other seasons (Figure 8), but not statistically

significantly different (p-value > 0.06; Table 1).
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Figure 13 Foliage 8'°C for 2019 vs. 2020 of olive trees in Bchaaleh and Kawkaba.
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Table 4 Foliage 8*C for 2019 vs. 2020 significant difference between seasons in Bchaaleh and

Kawkaba.

Site

B BC
B KW

8"C Foliage

BC Winter 2019

BC Spring 2019

BC Summer 2019

BC Fall 2019

BC Spring 2020

BC Summer 2020

BC Fall 2020

BC Winter 2019

0.4

0.4

0.7

BC Spring 2019

0.007

0.09

BC Summer 2019

0.4

BC Winter 2020

0.4

0.5

0.7

BC Spring 2020

0.1

0.6

BC Summer 2020

0.3

BC Fall 2020

8"C Foliage

KW Winter 2019

KW Spring 2019

KW Summer 2019

KW Fall 2019

KW Spring 2020

KW Summer 2020

KW Fall 2020

KW Winter 2019

0.3

0.9

0.3

KW Spring 2019

0.9

0.007

KW Summer 2019

0.007

KW Winter 2020

0.5

0.06

0.07

KW Spring 2020

0.2

0.6

KW Summer 2020

0.3

KW Fall 2020
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Foliage 8'°N values in Bchaaleh and Kawkaba (Figure 9) show no significant variations (p-value = 0.5

and 0.6 respectively) between the studied periods 2019 (2.5 + 1.1 %o and 0.3 + 1.0 %o respectively) and

2020 (2.4 £ 0.9 %o and 0.07 + 1.5 %o respectively). For Bchaaleh, no seasonal differences for both years

2019 and 2020 are observed (p-value > 0.3), while Kawkaba registered a statistically significant

seasonal variation in 2019 between spring and summer (p-value = 0.0005) and spring and fall (p-value

= 0.01) unlike 2020 (p-value > 0.3; Table 2). Despite the lack of statistically significant seasonal

differences in 2020, we notice on figure 9 that both years 2019 and 2020 recorded the most depleted

8N values in spring (-0.6 + 0.8 %o and -0.4 + 1.9 %o respectively) and the most enriched in summer
2019 and fall 2020 (0.8 + 0.9 %o and 0.4 £ 0.7 %o respectively) (Figure 9).
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Figure 14 Foliage 8N for 2019 vs. 2020 of olive trees in Bchaaleh and Kawkaba.

Table 5 Foliage 8°N for 2019 vs. 2020 significant difference between seasons in Bchaaleh and

Kawkaba.

8"N Foliage

BC Winter 2019

BC Spring 2019

BC Summer 2019

BC Fall 2019

BC Spring 2020

BC Summer 2020

BC Fall 2020

BC Winter 2019

0.5

0.9

0.9

BC Spring 2019

0.4

0.4

BC Summer 2019

0.96

BC Winter 2020

0.

97

0.8

0.98

BC Spring 2020

0.8

0.99

BC Summer 2020

0.8

BC Fall 2020

8"N Foliage

KW Winter 2019

KW Spring 2019

KW Summer 2019

KW Fall 2019

KW Spring 2020

KW Summer 2020

KW Fall 2020

KW Winter 2019

0.08

0.5

0.5

KW Spring 2019

0.0005

0.01

KW Summer 2019

0.4

KW Winter 2020

0.6

0.8

0.7

KW Spring 2020

0.7

0.4

KW Summer 2020

0.6

KW Fall 2020
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Bchaaleh foliage %S annual mean value recorded a significant difference (p-value = 0.002) between
2019 (7.7 = 7.4 %0) and 2020 (4.4 + 1.3 %0) (Figure 10). A seasonal significant difference (p-value >
0.02) was registered in 2019 between winter (4.6 £+ 1.5 %o) and spring (13.5 + 11.7 %0) and spring and
fall (4.9 = 1.2 %o, Table 3). While 2020 recorded no significant difference (p-value > 0.08; Table 3).
Winter 2019 and 2020 seasons registered the lowest mean §**S values, while the highest %S values
occur in spring in 2019 (13.5 £ 11.7 %o) and in summer in 2020 (4.8 = 1.4 %o) (Figure 10). In Kawkaba,
the foliage means annual &**S value recorded no statistically significant difference (p-value = 0.5)
between 2019 (9.9 + 2.4 %o) and 2020 (9.8 + 2.4 %) (Figure 10). In 2019, significant statistical seasonal
differences (p-value <0.05) are observed between the spring (7.7 + 0.2 %o) and fall (10.7 2.8 %o) and
spring and summer (9.4 £ 2.0 %o0) mean 6*S values (Figure 10, Table 3). While in 2020, no evidence
of mean seasonal 33*S differences (p-value > 0.2) is reported (Table 3). However, summer mean §3*S
(10.3 £ 2.9 %o) registered the highest value and spring (9.2 £1.9 %.) the most depleted value (Figure
10).
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Figure 15 Foliage &**S for 2019 vs. 2020 of olive trees in Bchaaleh and Kawkaba.
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Table 6 Foliage 5**S for 2019 vs. 2020 significant difference between seasons in Bchaaleh and

Kawkaba.

5%S Foliage BC Winter 2019 BC Spring 2019 BC Summer 2019 |BC Fall 2019 BC Spring 2020 BC Summer 2020 |BC Fall 2020
BC Winter 2019 0.05 0.2 0.7
BC Spring 2019 0.1 0.02
BC Summer 2019 0.2
BC Winter 2020 0.5 0.09 0.5
BC Spring 2020 0.8 0.8
BC Summer 2020 0.5
BC Fall 2020

5°*S Foliage KW Winter 2019 |KW Spring 2019  |KW Summer 2019 |KW Fall 2019 KW Spring 2020  |KW Summer 2020 |KW Fall 2020
KW Winter 2019 0.1 0.8 0.7
KW Spring 2019 0.03 0.005
KW Summer 2019 0.5
KW Winter 2020 0.7 0.5 0.6
KW Spring 2020 0.5 0.9
KW Summer 2020 0.3
KW Fall 2020

Bchaaleh and Kawkaba foliage 8D mean annual values recorded no significant differences (p-value =
0.4 and 0.5 respectively) between 2019 (-80.0 + 3.3 %o and -75.3 + 5.6 %o respectively) and 2020 (-79.2
+4.0 %o and -74.1 £ 3.4 %o respectively) (Figure 11). In Bchaaleh, the foliage 8D mean value registered
no seasonal significant statistical difference in 2019 (p-value > 0.1) while a difference is observed in
2020 between winter and summer (p-value = 0.03) and winter and fall season (p-value = 0.02) (Table
4). Noting also that winter 2019 and 2020 have the highest seasonal mean 3D value (-76.6 £ 4.5 %o and
-75.7 £ 3.7 %o respectively), while summer 2019 and fall 2020 recorded the lowest 3D mean values (-
81.4 £ 3.0 %o and -82.9 & 2.1 %o respectively) (Figure 11).

In Kawkaba, year 2019 registered significant seasonal differences between spring and winter (p-value
= 0.05) and spring and fall (P-value = 0.003; Table 4) while year 2020 showing a seasonal difference
between winter and spring (p-value = 6.592e°%; Table 4), winter and summer (p-value = 0.003) and
spring and summer (p-value == 0.01). Interestingly, Kawkaba has also shown that winter 2019 and
2020 have the highest mean & D value (-68.6 £ 6.6 %0 and -69.7 £ 0.5 %o respectively), while spring
2019 and 2020 (-78.8 = 4.8 %o and -78.2 £ 0.007 %o respectively) registered the most depleted values
(Figure 11).

The same seasonal variation study was performed for the stem values for §*C, §'°N, %S and 8D (Table
Sl 1). The main trends observed on foliage are mostly also found on stems. For Bchaaleh and Kawkaba,

an offset between foliage and stems with an average of 1 + 0.2 %o for 83C, 1 + 0.3 %o for 8'°N, 3 + 1

%o for 3%S, and an average offset of 8 + 8 %. for 3D between foliage and stems is observed.
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Figure 16 Foliage oD for 2019 vs. 2020 of olive trees in Bchaaleh and Kawkaba.

Table 7 Foliage 8D for 2019 vs. 2020 significant difference between seasons in Bchaaleh and

Kawkaba.

3D Foliage BC Winter 2019 BC Spring 2019 BC Summer 2019 |BC Fall 2019 BC Spring 2020 BC Summer 2020 |BC Fall 2020

BC Winter 2019 0.3 0.2 0.3

BC Spring 2019 0.3 0.8

BC Summer 2019 0.5

BC Winter 2020 0.3 0.03 0.02

BC Spring 2020 0.3 0.2

BC Summer 2020 0.2

BC Fall 2020

3D Foliage KW Winter 2019 |KW Spring 2019  |KW Summer 2019 |KW Fall 2019 KW Spring 2020  |KW Summer 2020 |KW Fall 2020

KW Winter 2019 0.05 0.4 0.3

KW Spring 2019 0.1 0.003

KW Summer 2019 0.7

KW Winter 2020 6.592e%% 0.003 0.0004

KW Spring 2020 0.01 0.07

KW Summer 2020 0.08

KW Fall 2020

For the studied period lasting from March 2019 until April 2021, the most depleted Dp (-54.8 %o and -
71.6 %o respectively in Bchaaleh and -41. 3%o and -54.8 %o respectively in Kawkaba) and 8*Op (9.9 %o
and -11.44 %o, in Bchaaleh and -8.0 %o and -9.3 %o in Kawkaba) values in Bchaaleh and Kawkaba
occurred in January 2020 and 2021(Figure 12), concomitantly with the highest precipitation (> 350
mm), relative humidity (> 80 %) and low air temperatures (< 5 °C).

The highest 8Dp values in Bchaaleh are registered during the months of September and December 2019
(-12.6 %o), February 2020 (-30.1 %0) and April 2021 (-17.1 %o). While for &'*0Op, September and
December 2019 (-4.0 %o), April 2020 (-6.4 %o) and April 2021 (-4.5 %.). Kawkaba registered the highest
dDp values during the months of December 2019 (-3.16 %.), March 2020 (-21.6 %.) and April 2021 (-
11.5 %o). While for &0, December 2019 (-2.5 %o), March 2020 (-5.2 %.) and April 2021 (-4.1 %o)
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(Figure 12), along with the lower precipitation (< 225 mm), relative humidity (< 75 %) and low air
temperature (> 5 °C).

The mean average values of both 8D (8D of precipitation) and 6™0p (80 of precipitation)
for Bchaaleh (-35.7 £ 17.1 %o vs. V-SMOW and -7.14 + 2.2 %o vs. V-SMOW respectively) and
Kawkaba (-27.7 + 15.4 %o vs. V-SMOW and -6.2 + 2.0 %o vs. V-SMOW respectively) are not
significantly different (p-value = 0.3 and p-value = 0.4 respectively). On figure 13, the local water
meteoric lines show a d-excess value varying between 17.9 %o at Kawkaba and 18.4 %o at Bchaaleh.
Joining the two data set we obtained for North and South Lebanon a LMWL as follows: 8D = 7.58*
5180, + 18,17 (R2 = 0.98).
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Figure 17 Precipitation 8D and 30 for 2019-2021 for the olive groves in Bchaaleh and Kawkaba.
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Figure 18 Local meteoric water lines in two sites of Lebanon Bchaaleh (BC) and Kawkaba (KW):

relationship between 8D and &0 of precipitation.
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111.3  Bchaaleh and Kawkaba foliage C,N,S,H isotopic composition in relation to
climatic parameters ( temperature, precipitation, relative humidity and pCO2)
In Bchaaleh and Kawkaba, 5**C of foliage registered no significant correlation with air temperature (r

= 0.05, p-value = 0.6 and r = -0.06, p-value = 0.5 respectively), precipitation (r = -0.07, p-value = 0.4
and r = 0.1, p-value = 0.4 respectively) and relative humidity (r = -0.07, p-value = 0.4 and r = 0.05, p-
value = 0.5 respectively). While pCO; registered at both sites, Bchaaleh and Kawkaba a low but
significantly negative correlations with pCO.are observed (r = -0.2, p-value = 0.04 and r =-0.2, p-value
= 0.01 respectively; Figure 14).

Bchaaleh and Kawkaba 8*°N of foliage and air temperature (Correlation = -0.04, p-value = 0.6 and r =
0.1, P-value = 0.1 respectively), precipitation (Correlation = 0.05, P-value = 0.6 and r =-0.2, P-value =
0.03 respectively), relative humidity (Correlation = 0.04, p-value = 0.6 and r = -0.1, p-value = 0.2
respectively) and pCO; (Correlation = 0.01, P-value = 0.9 and r = -0.1, p-value = 0.2 respectively)
mostly registered no significant correlation, except in Kawkaba 3°N of foliage and precipitation that
showed a low negative significant correlation (Figure 14).

Bchaaleh and Kawkaba 534S of foliage showed no significant correlation with air temperature (r = 0.05,
p-value = 0.5 and r = 0.05, p-value = 0.5 respectively), precipitation (r = -0.1, p-value = 0.3 and r = -
0.04, p-value = 0.7 respectively), relative humidity (r = -0.05, p-value = 0.6 and r = 0.05, p-value = 0.6
respectively) and pCO- (r = -0.05, p-value = 0.5 and r = -0.1 and p-value = 0.1; Figure 14).

Bchaaleh 8D of foliage showed a negative moderate significant correlation with air temperature (r = -
0.4, p-value < 0.05), and a positive moderate significant correlation with precipitation (r = 0.3, p-value
< 0.05) and relative humidity (Correlation = 0.3, P-value < 0.05). While a positive low significant
correlation was registered between 6D of foliage and pCO2 (r = 0.2, P-value = 0.03; Figure 14a). While
Kawkaba 6D of foliage recorded no significant correlation with any of the climatic parameters, air
temperature (r = -0.1, p-value = 0.3), precipitation (r = 0.05, p-value = 0.7), relative humidity (r = -
0.006, p-value = 0.9) pCO- (r = 0.001, P-value = 0.9; Figure 14b).

Bchaaleh Kawkaba
a b

a a
$
§ 8

pCO;
Temp.
precip.
RH
pCO;

d15Nave d15Nave
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02
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Figure 19 Correlation between 83C, §'°N, §*S and 8D of foliage and climatic parameters in (a)
Bchaaleh and (b) Kawkaba.
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V.

Discussion

1v.1 Comparative C,N,S,H,O isotopic composition difference between plant tissues, soil and
litter in Bchaaleh and Kawkaba
A strong positive correlation between the 3*3C of foliage and stems was recorded in Bchaaleh and

Kawkaba (r=0.53, p-value = 4.437e1% Figure 2) as also seen in different species (ie. Beech, Peuke et
al., 2006). An intercept equivalent to a carbon isotopic fractionation of 0.9 and 1.3 %o between foliage
and stems (Table 1; Figure 2) is observed for Bchaaleh and Kawkaba respectively. The higher isotopic
composition in the stems likely results from different organic compound composition and sugar export
from foliage to stems (Hobbie & Werner, 2004; Damesin & Lelarge, 2003; Peuke et al., 2006).

Litter 33C in Bchaaleh showed a small and insignificant enrichment (-0.3 %o) compared to the foliage
(p-value = 0.32; Figure 2) suggesting that the organic carbon of the litter layer dominated by the shedded
foliage preserves the isotopic signature of the foliage as observed by Badeck et al., (2005). In Kawkaba,
a higher and significant difference is registered between litter and foliage §'*C (-1.2 %o, p-value < 0.05)
(Figure 2) that can be explained by the lower altitude in Kawkaba and characterized by slightly higher
temperature/lower precipitation which leads to a faster decomposition of litter into the soil layers
(Marian et al., 2017). The more depleted 83C of plant tissues, soil and litter measured at Bchaaleh is
likely due to its higher altitudinal position (1300 m.a.s.l) compared to Kawkaba (672 m.a.s.l).

In Bchaaleh olive groves, the 3'3C increase from the litter ( -26.36 + 0.75 %o) to the soil layers (soil
surface: -26.05 + 0.82 %o, 0-30 cm: -25.00 = 1.91 %o, and 30-60 cm: -24.33 £+ 2.13 %o) (Figure 2a). In
Kawkaba, the litter §'°C is -26.88 = 0.62 %o while the soil surface and 0-30 cm layer registered values
of -26.96 + 0.88 %o and -26.37 + 0.57 %o respectively. As we go deeper into soil depth the §!3C values
are more enriched (Figure 2b). This is mainly due to the biological activity decrease with the increasing
soil depth and in parallel with the root biomass decrease with an increase in root depth (Hégberg et al.,
2005; Bostrom et al., 2007, Kaler et al., 2018). This is proven by different evidences, first the
disappearance of plant biomarkers during the decomposition of plant material and microbially derived
markers appear. Second, production of mycorrhizal hyphae in the soil substantial (Ekblad et al., 1995;
Gleixner et al., 1999, 2002; Wallander et al., 2003; Gleixner, 2005; Bostrém et al., 2007). Also, the
production of mycelia down to a depth of 30cm. These Mycelia were most probably mycorrhizal, this
is supported by the similarity between 5*C of mycelia and the mycorrhizal fungi on a study done by
Bostrom et al., (2007).

Foliage and stems 8™N in Bchaaleh and Kawkaba showed no significant correlation (r=-0.10, p-value
= 0.25). The decrease observed in Bchaaleh for the "N from foliage (2.44 + 1.06 %o) to stems (1.56 =
3.38 %o) registered a difference of 0.9 %o (Figure 3a). While for Kawkaba, 8"N increased from foliage
(0.21 £ 1.24 %o) to stems (5.45 +2.78 %o) with -5.2 %o difference (Figure 3b). The more depleted values
in the foliage of Kawkaba can be explained by the low availability of nitrogen which makes them

depend on the mycorrhizal fungi for nitrogen acquisition than those having high nitrogen availability
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such as Bchaaleh. Thus, plants obtaining more nitrogen through mycorrhizal fungi is usually more
depleted in 8'*N (E. A. Hobbie & Colpaert, 2003; Neff et al., 2003). In Bchaaleh, the more enriched
d'>N values in foliage in comparison to stems can also be related probably to the foliage use of the
nutrients available in the stems in order to cover their nutrition limitation (Heineman et al., 2016; Tang
etal., 2017).

In Bchaaleh, 6N of litter (1.21 + 0.17) recorded a more depleted value in comparison to soil surface
(3.05 + 1.49 %o) (Figure 3a). Litter is integrated in to the soil in the form of organic matter, microbial
transformed organic matter or as dissolved organic compounds (Klotzbiicher et al., 2016; Zheng et al.,
2021). With large mass loss of the litter there is large fraction of nitrogen (Asada et al., 2005), usually
meaning higher values in soil than in litter. While as we go deeper in to the soil layers, more depleted
values are recorded in 0-30 cm and 30-60 cm (0.79 =+ 3.45 %o and -0.70 + 3.29 %o respectively; Figure
3a) which is due to a downward transport process and the soil organic matter transformation
(Baumgartner et al., 2021). Adding to that, the leaching and microbial assimilation of depleted NOs™ as
we go in to lower soil depth causes more depleted 6'*N values at lower soil depth than those of more
intermediate depth (Craine et al., 2015; Baumgartner et al., 2021). In Kawkaba, litter registered the most
depleted 6'*N values in comparison to soil surface and 0-30 cm (2.12 £ 0.98 %o, 3.32 & 0.89 %o and 3.34
+ 1.62 %o respectively; Figure 3b). 3'°N usually shows an enrichment trend with the increase in soil
depth that is related to aging and the turnover of organic matter (Trumbore, 2009; Lorenz et al., 2020).
The enrichment of the &'°N in the soil depth is determined as the difference between the highest
enrichment of the 8'°N in the mineral soil and the litter, and the 8'*N development in the soil depth is
due to the nitrogen cycling processes that are related to the soil organic matter turnover (Emmett et al.,
1998; Lorenz et al., 2020). In addition to that, the type and degree of the mycorrhizal associations, N
losses after ammonification, enzymatic hydrolysis, denitrification and nitrification, atmospheric
deposition and the soil N mixing through bioturbation, all contribute to the 8'*N enrichment in the soil
profile (Lorenz et al., 2020). Altitudinal effect has also an effect on the 3N in the soil, where with
higher elevation such as that in Bchaaleh, more depleted values are registered (Baumgartner et al.,
2021). The higher C/N ratio in Kawkaba indicates a higher efficient nutrition use than that in Bchaaleh
(Zhang et al., 2019).

Foliage 5*S in Bchaaleh and Kawkaba are significantly different (p-value of 2.2e7%), while the 6S of
stems had no significant difference between the two studied sites (p-value = 0.61). A higher §*S in
foliage and stems was registered in Kawkaba, indicating a higher deposit of sulfur in Kawkaba than in
Bchaaleh. Foliage and stems &*S in both Bchaaleh and Kawkaba showed no correlation (r= -0.035, p-
value = 0.71), but we can see an increase from foliage to stems in both studied sites, registering a
difference of -5.2 %o in Bchaaleh and -1.5 %o in Kawkaba (Figure 4). The higher %S in the stems in
both sites is mainly due to the main transfer of sulfate from the roots to the shoots through the phloem

and xylem (Gigolashvili & Kopriva, 2014).
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The pattern of increased §**S values in deeper depth, is due to the mineralization of the soil organic
matter. Since the organic matter moves downwards as they decay, thus the old proportion of sulfur is
higher in deeper soil in comparison to the soil surface (Zhang et al., 1998; Novéak et al., 2003).
Geologically, Lebanon consists mainly of limestones of Cretaceous origin and Jurassic limestones in
some areas. While in the North basaltic rocks may appear (Faour, 2004). This may also affect the sulfur
content in soil and thus affect the isotopic sulfur in foliage. It is indicated that §*S values of soil from
moderately stressed sites ranges between 7 to 12%0 (Winner & Bewley, 1978; Case & Krouse, 1980),
while the values in both our studied sites show higher values ranging between 7 and 38 %o indicating
that the soil is loaded with sulfur.

Foliage means 8D and 80 values in Bchaaleh (-79.7 + 3.6 %o and 26.1 + 3.3 %o respectively) and
Kawkaba (-74.8 = 4.9 %o and 31.2 + 1.6 %o) are significantly different (p-value = 1.34e% and 0.02
respectively) while stems mean 8D and &0 values of Bchaaleh (-69.2 + 5.9 %o and 28.0 + 7.7 %o,
respectively) and Kawkaba (-68.4 = 4.2 %o and 25.3 = 1.1 %o, respectively) are not significantly different
(p-value > 0.6) (Figure 5 a,b). The litter in Bchaaleh shows the most depleted mean 8D and 520 values
(-91.0 £ 8.2 %o, 22.8 = 1.1 %o). At Kawkaba, litter D and 530 values are -78.6 %o and 23.0 %o
respectively. No significant difference is registered for 3D and 520 between the litter of Bchaaleh and
Kawkaba (p-value = 0.7 and 1) (Figure 5 a,b). Mean 8D and 830 values of the soil surface in Bchaaleh
(-81.2 = 8.9 %o and 23.5 = 2.9 %o respectively) and Kawkaba (-67.6 + 3.5 %o and 16.5 + 1.7 %o
respectively) are significantly different (p-value = 4.435e % and 4.644e 7). The mean 8D values of soil
0-30cm in Bchaaleh (-76.4 = 17.8 %o) and Kawkaba (-77.9 £ 5.3 %o) are not significantly different (p-
value = 0.09). While a significant difference (p-value < 0.05) is observed between mean 520 values of
the soil 0-30cm of Bchaaleh (23.5 + 2.4 %o) and Kawkaba (17.2 + 2.8 %o) (Figure 5 a,b).

Bchaaleh foliage 6D had more depleted values than in Kawkaba (Figure 5). This can be explained by
the altitudinal effect (Gat et al., 2001; Singh, 2017; J. Liu et al., 2021) that was also observed by Liu et
al., (2021), where values decreased significantly with increase of altitude as seen in Bchaaleh (1300
m.a.s.l). As seen previously, the 8Dy (-34.1 £ 15.0 %o) at Bchaaleh is more depleted than that at Kawkaba
(-27.7 £ 15.8 %o) due to various processes and one among them is the lower air temperatures at higher
altitude. The 8D of stems in Bchaaleh and Kawkaba show more enriched values in comparison to foliage
(Figure 5). Since our stems are a mixture of young and mature samples, Thus the more enriched values
in stems can be due to the gas exchange (CO, and H,O) that mainly occur in young stems that are still
green (Comstock & Ehleringer, 1992; Dawson & Ehleringer, 1993).

Bchaaleh litter 3D had more depleted values than soil surface 8D, soil 0-30cm and 30-60cm (Figure
5a). The more depleted values in the litter can be due to the input of rainwater and foliage oD to the
litter layer. While the more enriched values in the soil can be caused by the litter layer that is preventing
or decreasing the rainwater passage in to the soil which would influence the infiltration process affecting

the soil properties from soil surface to 60 cm depth (Han et al., 2019). Another factor that can cause the
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more enriched 8D in soil in comparison to litter is the evapotranspiration and the root absorption of
water. Kawkaba soil surface registered more enriched values than 0-30 cm soil layer (Figure 5b). As
per Han et al. (2019), in forest lands the 6D of soil layers up usually increases with depth and then
decreases followed by another increase. This can also be seen in Bchaaleh and Kawkaba as we move
from the soil surface into more depth.

Noting that we have a limited data for foliage 520 in the both studied sites (February till May 2019),
the 580 of foliage in Kawkaba registered higher values than those registered in Bchaaleh (Figure 6)
with a significant difference between the studied sites (p-value = 0.001). The more depleted values
recorded in Bchaaleh is mainly related to the higher altitude (1300 m.a.s.l) (J. Liu et al., 2021) than that
of Kawkaba (672 m.a.s.l). While for the 50 of stems, Bchaaleh recorded higher values than Kawkaba
(Figure 6) but with no significant difference (p-value = 0.6). There is no significant difference between
foliage and stems in Bchaaleh and Kawkaba since there is no fractionation during the transport of water
from the roots to the stems through the xylem and that the water can diffuse to the phloem (Han et al.,
2019; Amin et al., 2021).

A slight increase of 80 is observed from Litter 5'20 in Bchaaleh into soil surface, 0-30 cm and 30-60
cm. The same trend was observed in Kawkaba, where there was a slight and insignificant increase from
soil surface to 0-30 cm (Figure 6). The surface soil water mixing that occurs during plant water uptake
(Han et al., 2019), in addition to the soil water evaporation at a soil surface layer up to 50 cm, causing
an enrichment in 580 (Han et al., 2019; Pingyuan et al., 2010).

IV.2  Adaptability mechanism registered through annual and seasonal variability of C,N,S,H
isotopic composition of foliage
The more depleted values of 2020 registered in Bchaaleh and Kawkaba §'°C of foliage in comparison

to year 2019 (Figure 8) can be due the decrease of wind speed and solar radiation from year 2019 to
2020 over time that can cause an increase in the stomatal conductance which can induce stomatal
opening leading to a decrease in leaf surface water stress, in addition to an increase in the ratio of
substomatal to atmospheric CO- (ci/ca) that regulates the stomata, and thus a decrease in the 3*3C of
foliage (Cernusak & Marshall, 2001; Betson et al., 2007). Another factor that can cause more depleted
foliage values in 2020 might be the lower chlorophyll and photosystem activity in addition to a higher
Rubisco activity in the younger foliage collected in 2020 in comparison to the more mature foliage from
the previous year (Gielen et al., 2000; Jach & Ceulemans, 2000). Normally, the most depleted 5*3C
values in foliage are usually during rainy seasons (Winter) and the most enriched is during dry seasons
which is summer in our case. In Bchaaleh, summer 2019 (-26.0 + 0.8 %o) registered the most enriched
813C values in foliage, while summer 2020 (-27.1 + 0.5 %o) registered the most depleted values among
all the other seasons. While in Kawkaba, summer of 2019 and 2020 both registered the most depleted

values in comparison to the other seasons (Figure 8). This observed depleted values of 3°C in foliage
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during most of the summer seasons in Bchaaleh and Kawkaba may be explained by the CO, leakage
increase from the bundle sheath cells when faced by water stress (Buchmann et al., 1996; Saliendra et
al., 1996; Yoneyama et al., 2010).

Both Bchaaleh and Kawkaba had a more depleted 3*°N values in foliage for year 2020 in comparison
to 2019 but with no significant difference (p-value = 0.5 and p-value = 0.7 respectively; Figure 8) as
also seen in a study done by Driscoll et al. (2021). In Bchaaleh, 8°N of foliage during the summer
season of 2019 and 2020 had depleted values (2.4 £ 1.2 %o and 2.3 + 1.1 %o respectively) that where
close to the winter season values of 2019 and 2020 (2.2 + 1.4 %o and 2.4 + 0.9 %o respectively) with no
significant different between summer and winter seasons for both years (p-value = 0.9). While the !°N
of foliage in Kawkaba, the summer of 2019 (0.8 £ 0.9 %o) registered slightly more enriched values in
comparison to winter 2019 (0.5 £ 0.8 %o) with no significant difference (p-value = 0.4). Summer 2020
(0.05 + 1.9 %o) registered a slightly more depleted values than winter 2020 (0.18 + 1.15 %o; Figure 9)
with no significant difference (p-value = 0.76). Hobbie & Colpaert, (2003) in his study on pine trees,
showed that with the increase of mycorrhizal colonization, a more depleted 5'°N values in the needles
is observed in comparison to the nitrogen source. Noting that olive trees roots are occupied by
arbuscular mycorrhizal fungi (AMF) (Barbaro & Gonzélez Basso, 2022), the depleted values in summer
in both Bchaaleh and Kawkaba might be in association with AMF. Normally roots have higher §'°N
than foliage, suggesting that the AMF transfers lighter N to the foliage (E. A. Hobbie & Colpaert, 2003;
Tatsumi et al., 2021). The mycorrhizal fungi provides N content to the plant as N limitation and drought
stress increases (Hobbie & Hobbie, 2006; Begum et al., 2019).

The higher and significant foliage 5**S annual mean value for Bchaaleh and Kawkaba registered in 2019
(Figure 10) can be an indication of a higher sulfur stress in the olive tree than in 2020 (Trust & Fry,
1992). Another explanation can be that in 2019, the foliage which is considered a sink organ, is
receiving more enriched 5**S from the proteins (Tcherkez & Tea, 2013) than that in 2020. The highest
values of foliage 5**S in Bchaaleh spring 2019 and Kawkaba fall 2019 (Figure 10), can be due to the
lowest organic matter content and lower sulfide concentrations (Oakes & Connolly, 2004) available
during those season.

Foliage oD seasonal variability in Bchaaleh and Kawkaba (Figure 11) is affected by the water source
such as soil water and leaf water transpiration, in addition biochemical factors. The leaf water
enrichment through leaf surface transpiration is affected by wind, photosynthetically active light, leaf
water transpiration, in addition to biochemical factors such as soil nutrients, topography, sunlight and
rainfall (Hartsough et al., 2008; J. Liu et al., 2021). Most probably due to drought stress, there is a water
soil uptake to the foliage leading a depletion in foliage oD (Y. Li et al., 2022) in Bchaaleh and Kawkaba
in 2019 and 2020 (Figure 11). In addition to the depleted 5D of available cellulose, lipid or starch in
foliage (Sanchez-Bragado et al., 2019). The more enriched foliage 6D values registered in winter season

for both sites (Figure 11) are mainly related to the lower temperature showing a more enriched leaf
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water, caused by an increase in fractionation between the liquid and vapor phases during leaf lipid
biosynthesis (Y. Zhou et al., 2011).

IV.3.1  Effect of climatic parameters on the isotopic composition of C,N,H in foliage
Kawkaba and Bchaaleh §'3C of foliage displayed a negative low correlation with pCO; (Figure 14)

confirming the effect of the atmospheric CO, on &3C. The COy is considered the ultimate source of the
plant carbon, meaning that pCO> has control over the **C amount in plant tissues (Schubert & Jahren,
2012). In C3 plants, 8**C discrimination occurs during CO, diffusion from the air to the intercellular air
space through the boundary layer and stomata, and the carboxylation reaction by Rubisco (Farquhar et
al., 1982; Sanchez-Bragado et al., 2019). The changes in §*C composition are assumed to be related to
change in the water use efficiency due to the variation in water availability (Chapin, 1980; Ogaya &
Pefiuelas, 2008). Drought stress is a major determinant for carbon isotopes fractionation in Cs plants
(Swap et al., 2004; Hartman & Danin, 2010), leading to an increasing 8*3C due to the low stomatal
conductance driven CO- diffusion (Condon, 2004; Sanchez-Bragado et al., 2019).

Although the results for foliage 5*°N in Bchaaleh showed no correlation with any of the climatic
parameters (Figure 14a). The increase in pCO; has an effect on plant growth and functions such as the
decrease in photosynthetic rate, increase in CO; assimilation rate and seedling growth, decrease in
stomatal density and nitrogen content in foliage and an increase in water-use efficiency (Greer et al.,
1995; Royer, 2001; Fitter & Hay, 2002; Gagen et al., 2011; Schubert & Jahren, 2011, 2012). In
Bchaaleh, 5°N values in dry and wet season plants were identical, showing that there is a year around
stability in the 3*°N values of Cs plants. For Kawkaba foliage, 5'°N showed a low negative significant
correlation with precipitation (r = -0.2, p-value = 0.03; Figure 14b) as also shown in other studies such
as Houlton et al., (2007). The warmer environment at lower altitudes such as Kawkaba, have a slightly
lower precipitation, this reinforces the nitrobacteria and ammonifier activities in soil accelerating the
soil mineralization/nitrification ratio, thus increasing NO flux in the soil (Aranibar et al., 2004; Liu &

Wang, 2010) which results in an increase in foliage 6*°N.

Foliage 5**S and climatic parameters in Bchaaleh and Kawkaba, showed no significant correlation, thus
no conclusions can be drawn (Figure 14).

Bchaaleh 3D of foliage and the climatic parameters showed a significant correlation (Figure 14a).
Normally, increase in relative humidity and decrease in temperature affect the 5D of foliage enrichment
caused by evapotranspiration (Cooper et al., 1991; Collins et al., 2013; Niedermeyer et al., 2016; J. Liu
et al., 2021). The positive significant correlation between 3D of foliage and precipitation is also in
consistence with Liu et al., (2021) that showed that the water source such as precipitation and soil water
is recorded in leaf water. pCO; effect on 6D of foliage can be related to CO, stomatal conductance

sensitivity and its effect on the evaporative 6D enrichment of leaf water (Cernusak et al., 2016; Cormier

99



et al., 2018). Thus, the more enriched Bchaaleh 6D of foliage at higher pCO; can be explained by the
stomatal conductance reduction and transpiration. While for Kawkaba, no conclusions can be drawn
between the 6D of foliage and the climatic parameters since no significant correlation was recorded
(Figure 14b).

IV.3.2 8D and 8"0 precipitation and 8D foliage variation
Most groundwater and precipitation samples plot close to the global meteoric water line (GMWL)

defined by the relationship between the stable isotopic ratios of hydrogen (8D) and oxygen (5'0) of
the precipitation following the equation §°H=8*5'80+10 (Craig, 1961). The isotopic ratios we obtained
in precipitation of Bchaaleh and Kawkaba (Figure 13) are closer to the Lebanon LMWL equation (8D
= 7.13*3%0 + 15.98) described in Saad et al., (2005). Adding the data collected from the Global
Network of Isotopes in Precipitation (GNIP) in Lebanon and the Near East region to ours, we obtained
a LMWL for the Levant sub-region (8D = 7.57*3%0 + 18.48) very similar to that obtained at Bchaaleh
(Figure 15). The shift we observe between the GMWL and the later defined LMWL (Figure 15) suggests
important processes (e.g. rock-water interaction, evaporation, mixing with seawater) leading to the
observed shift.

The precipitation is depleted in both & D and & *80 during wet seasons and more enriched as we move
to dry seasons affected by the temperature (Dansgaard, 1964). In Bchaaleh, we have some snowy
seasons, when the precipitation is in snow form the compensation is not direct since it is stored before
going through the soil (Aouad et al., 2004).

Our data alines on the local water meteoric water line equation defining our values for both sites are
adjacent to the LMWL and in parallel and upper to the GMWL (Figure 15). The offset from LMWL

describes the influence of evaporation on water and indicates evaporation enrichment.
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Figure 20 Relation between 8D and 580 for precipitation in BC and KW and other sites in Lebanon
and neighbouring countries (GNIP).
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Figure 16 shows the pattern of d-excess values of precipitation we measured in Bchaaleh and Kawkaba
during the period of the study. At Bchaaleh, d-excess is slightly higher than in Kawkaba. In both sites,
d-excess is progressively lower from winter to the end of the spring end. Our values range from about
16.9 to 25.5 %o with an annual mean value of 20.9 £ 2.5 %o in agreement with the well-known uniquely
high eastern Mediterranean d-excess values (~20%o) relative to the global average (~10%o) (see
Bershaw, 2018; Gat & Carmi, 1970). In both sites, the seasonal variation of the d-excess is related to
the evaporation taking place over the Mediterranean Sea (Saad et al., 2000; Aouad et al., 2004; Koeniger
& Margane, 2008).
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Figure 21 6D of foliage and d-excess of rainwater in Bchaaleh and Kawkaba.

V.  Conclusion
In Lebanon, the monumental olive trees plant tissues, litter and soil different isotopic composition are

studied at two different altitudes in Bchaaleh and Kawkaba. §'*C in both sites showed a correlation
between foliage and stems, unlike §'°N and 84S of foliage and stems that had no correlation. An
altitudinal effect is registered for most of the isotopic compositions (8*C, 3°N, 8D and §'®0) of plant
tissues, litter and soil. While §*S showed a geological effect on the above ground and underground
elements. The year 2020 in Bchaaleh and Kawkaba showed more depleted values in the studied isotopic
compositions of foliage. While a slight seasonality is shown for the §**C and §'°N of foliage, and a
higher seasonality for the foliage 6D. In Bchaaleh and Kawkaba, the climatic parameters varied in their
significant correlation with the isotopic compositions of the foliage. pCO; showed a negative correlation
with 3*3C of foliage, precipitation showed a negative significant correlation with '°N, §*S showed no
significant correlation with any of the climatic parameters, while foliage 6D in Bchaaleh showed a
significant correlation with all the climatic parameters unlike Kawkaba. These outcomes can mainly
indicate that the studied olive trees in Lebanon are tolerant all year long to all the changes in the climatic

parameters without being drastically affected. In addition to that we can see that the stems and foliage
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813C and 8D has a good correlation where there is a transport of the isotopic composition from the soil
to the foliage through the wood and stems and vice versa. This may confirm that stems can help us
understand the wood of monumental olive trees, and indicates that wood cores can hopefully be a good
indicator for the past climatic data through isotopic studies. We have also shown in this study that bulk
organic material of foliage, stems, litter and soil can be a reliable and cheaper technique to retrieve data

on the seasonality and isotopic composition of foliage.

Acknowledgements: The authors would like to acknowledge the National Council for Scientific
Research of Lebanon (CNRS-L) and Montpellier University for granting a doctoral fellowship to
Nagham Tabaja. The authors would also like to thank the Franco-Lebanese Hubert Curien Partnership
(PHC-CEDRE) project 44559PL for the funding provided. The authors would also like to thank ISEM
at Montpellier University and PRASE at the Lebanese University led by Dr Fouad Haj Hassan for their
support of the laboratory work. We also acknowledge Mr R. Geagea, Bchaaleh mayor, and Ms. Mira,

Kawkaba mayor deputy, for the support kindly provided during this study.

Supplementary Information

w
o

i %07 Bchaaleh
400 4 —*Humidity —=~Temperatue
~+-Precipitation

N
wn

80 4

w
(=]
o
N
o

Temperature (°C)

~
o

N

(=]

o
Humidity (%)

(=]
o

Precipitation (mm)

[
(=]
(=]

50 4

o- 40 +——+r+r+ <P+ —+—+F+—+ 0
1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Month
20 30
Kawkaba
400 4 -+~Humidity —==Temperatue

—+—Precipitation 25
80

w
o
o

N

o

~
o

[
wn

200 4

Humidity (%)

)
o

Precipitation (mm)
-
o

Temperature (°C)

[
(=}
o

50

wn

o4 40 +—7T7"—71m—-"7+4%v~—t+—4+—+"""-+f=~+—+ 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Month
J FM AMIJ J ASOND J FMAMIJ J AS OND

Figure Sl 1 Climatic data of Precipitation, Temperature and Humidity collected from the
meteostations installed by LARI for 2018 and 2020 in Bchaaleh and Kawkaba.

102



Table SI 1 Monthly 83C, 61°N, 5%S,8D and 80 of foliage, stems, litter and different soil depths in
Bchaaleh and Kawkaba over the years of 2019 and 2020.
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Chapter 1V: Disentangling the monumental olive tree rings at the Eastern
Mediterranean using different techniques of dendrology.

'I/A'\t?esggr?lfmental olive trees had been an important cultural heritage in the Eastern Mediterranean. The
identification of annual rings and reconstructing the environmental and climatic changes in olive trees
is not an easy task. That is why in this study we used multiple approaches to detect the annual tree rings
in two olive groves in Bchaaleh (North Lebanon) and Kawkaba (South Lebanon). Such approaches are
dendrochronology, densitometry, X-ray tomography, radiocarbon dating and carbon isotopic
composition of tree rings (8'*C). The X-ray tomography and radiocarbon dating proved to be
complementary techniques to detect the tree rings and the age of those centennial olive trees. While

513C of tree rings shows the difference between the climatic parameters in the past and the present.

Keywords: Monumental olive trees, Dendrochronology, Densitometry, X-ray tomography,

Radiocarbon dating, §*C
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I.  Introduction
Olive tree (Olea europaea L.) is undoubtedly the most iconic species of the Mediterranean basin. It is

characterized by remarkable longevity and strong resistance to drought and fires, mainly due to different
forms of anatomical and physiological adaptation, so much that it can survive and provide a certain
production even in rainfed conditions (Schicchi et al., 2021). On top of that, the olive tree has a
significant ecological, economic and cultural value (Carrién et al., 2010; Zohary et al., 2012). The olive
tree is exploited at least since the Mesolithic (Kaniewski et al., 2012) and is cultivated for the production
of oil at least since the Bronze Age (Caracuta, 2020). The olive tree has accompanied the emergence of
Early Mediterranean civilizations and has a wide distribution in all countries neighboring the
Mediterranean basin (Besnard et al., 2013). According to Zohary & Hopf, 2000, the olive tree was one
of the first fruit plants to be domesticated within the Mediterranean countries, perhaps as early as the
5th millennium BC (Ehrlich et al., 2017). Therefore, the contemporary olive varieties would be the
result of an ancient selection process (Guerci, 2005; Chalak et al., 2015) established by Syrian, Lebanese
and Palestinian farmers and probably also those from the vast area extending from the Southern
Caucasus to the Iranian highlands, starting from the wild olive tree, widespread in that time period to
today cultivars rich in oil and without thorns (Castiglioni & Maniscalco, 2008; Besnard et al., 2018).
Numerous monumental olive trees are still standing across the Mediterranean landscape which is
characterized with a dry and hot summer and a wet and cold winter, where the trees need to tolerate
both environmental conditions (Ehrlich et al., 2017). These trees are known to have large foot and trunk
circumference (Schicchi et al., 2021). Many monumental olive trees have been studied in the
Mediterranean region for their age and climatic resilience. They are known for their adaptation to
extreme conditions, growing in rocky and arid soil, surviving under drought conditions and also strong
winds (Yazbeck et al., 2018). They are known for their un-existing pith that rots with time, irregular
and not easily detected tree rings. It is possible that new trunks are created around the main base of the
tree (Lavee, 1996) and with time a breakage can take place in the bark due to physical pressure. A tissue
bridge can be formed with time which forms a “continuous cambium ring (Ehrlich et al., 2017).
Determining the precise age of olive trees is a complicated procedure, especially when it comes to olive
trees in the Mediterranean region due to asymmetric cambial growth. The use of olive tree rings for
dating is very challenging since the trees do not always form distinct annual growth rings and may
produce extra intra-annual density fluctuation during changes in temperature or drought period creating
false rings due to their ability of forming wood after being “affected by an induced stress of radial
growth” which is a problematic by itself for identifying the annual rings (Cherubini and Lev-Yadun,
2014; Ehrlich et al., 2017). A more advanced study that used isotopic analysis in addition to the X-ray
tomography which provides a three-dimensional imaging of a wood core with a non-destruction effect
and radiocarbon dating, showed a good outcome in revealing the age of olive tree upon using these

three different methods combined. In addition, the results showed that there could exist an intra-annual
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fluctuation pattern of 33C for tree species in response to environmental stresses (Van den Bulcke et al.,
2014; Ehrlich et al., 2021).

Lebanon, a small country at the Eastern Mediterranean shore, is home to several monumental olive
trees, testifying to the ancient history of olive growth in this part of the world. These trees are found
alone, or in mixture with young trees, growing mostly in calcareous soils, along the coast and up to
1300 m a.s.l. where the temperature could drop for few days below 0°C (Chalak et al., 2015). Some of
these monumental olive trees are believed by elderly villagers to be more than 7000 years old. Certain
municipalities have recently undertaken actions for the preservation of this patrimony in certain
localities. In Lebanon, ancient olive trees have not been studied extensively for their age. Yazbeck et
al. (2018) conducted tree’s age estimation using the growth rate method approximating the olive tree
age to be around 1400 years.

The significance of this study is it being the first study in Lebanon of a set of wood cores taken from
the interior of the monumental olive trees from two different sites (North and South) at different
altitudes. This allowed the collection of a big data set of the available interior of the olive tree in order
to study the age and the possible climatic changes, using dendrochronology, densitometry, X-ray

tomography, radiocarbon dating (**C) and isotopic analysis (§**C).

Il. Materials and Methods

1.1 Study area and sampling procedure
Monumental olive trees were sampled from two ancient olive groves located in Lebanon. The first

grove is situated in Bchaaleh (BC), North Lebanon (1300 m a.s.l.), while the second grove is located in
the village of Kawkaba (KW), South Lebanon (672 m a.s.l.) (Figure 1a,b,c).
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Figure 22 (a) Site locations of the two selected focus areas (modified after Shared Water Resources
of Lebanon, Nova Science Publishers 2017). (b) Bchaaleh site, (c) Kawkaba site.

The climatic data, precipitation and temperature from Bchaaleh and Kawkaba were collected from the

meteorological stations installed by the Lebanese Agricultural Research Institute (LARI).
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In Bchaaleh, precipitation average ranged between 229 and 392 mm/year in winter and between zero
and less than 2 mm/year in summer, while the average temperature was between 4 and 8 °C in winter
and between 20 and 23 °C in summer (data extracted from LARI climatic data).

In Kawkaba, average precipitation ranged between 215 and 374 mm/year in winter and dropped to
almost zero mm in summer, while the average temperature was between 7 and 11 °C in winter and
between 21 and 27 °C in summer (data extracted from LARI climatic data).

Olive tree’s wood coring was conducted in March-May 2019. A coring strategy was designed using an
electric drill (Bosh GSB28VE2LI with a mesh of 22 cm length and 0.7cm width), based on the
accessibility through the tree and the visual investigation of the wood anatomy and potential core
depth from the inner to the outer side of the tree. For each ancient tree, six cores were collected, with
three main cores and three duplicates located above or below the first collected wood core. The samples
were taken from the inside of trees that were empty from the pith and accessible (Figure Sl 1a) or from
the bark towards the pith for ancient trees that were inaccessible from the pith, noting that those trees
were also empty from the inside (Figure Sl 1b). For considered medium young trees, three cores were
collected from the bark towards the pith that was believed to still be available, these cores were taken
from three different sides of the tree, in a way that the cores cover the whole surrounding of the trees
(Figure SI 1c). For the few considered very young trees, one core was retrieved from the bark to the
other end of the bark, covering the whole dimension of the tree (Figure SI 1d). A total of 216 cores (107
cores from Bchaaleh and 109 wood cores from Kawkaba) were collected from 41 trees of which 32 are
monumental olive trees, six are young to medium trees and three are young trees (Table SI 1). It is
important to note that the extracted wood cores were found divided into different parts per core upon
sampling, and that the number of broken parts varied between 3 to 14 pieces (Table Sl 1).

In parallel to monumental trees, young olive trees of 20-100 years old (tree age according to the owners),
growing in young plantations next to the ancient groves, were also considered in both Bchaaleh and
Kawkaba sites in order to use them for calibration and comparison with the monumental trees ring

formation.

1.2 Sampling design

11.2.1  Classical approach
Dendrochronology

Using a wood base to support the wood core, a sanding machine (Seheppach bsm 2000) and three sand
papers (300, 600, 1000 nm) were used to get a good visual ring detection. A set of three cores (BCO4.1,
BCOY3.3 and BCOY2.2) (Table SI 1) from the Bchaaleh site was selected for the trial of this method,
including two young and one monumental olive core of lengths ranging between 18 and 20cm.

After the sample preparation, the wood cores are identified under a microscope in order to have a better
visual identification for the detection and manual counting of the tree rings. For the two young wood

cores, the bark was identified as the last year before sampling, which in this study is 2018. Afterwards,
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a scan of the wood core was done using Coorecorder followed by TSAP-win and COFECHA for tree
ring reading, where it is possible to digitally select the tree rings for counting and width measurement
between the different identified rings and identify the years for each ring.

Micro-Densitometry

This method requires first treatment of the samples for microdensitometer analysis. This is the most
time-consuming step and destructive for the wood cores where the cores are cut with a double-bladed
saw to a thickness of 1.4 mm to be scanned. A total of two olive cores were analyzed, one from Bchaaleh
(BCO2.2D) and the other from Kawkaba (KWQO1.2) with a length of 7 cm and 14.4 cm respectively
(Table SI 1).

This method is used for density profiling of the tree wood cores (De Mil et al., 2016) and for detecting
intra-annual density fluctuation (Gonzalez-Benecke et al., 2015; De Mil et al., 2016). It can be used for
cross dating (Polge, 1966, 1970; Allen et al., 2012; Drew et al.,2013) cores (De Mil et al., 2016) were
ring width is matched and anomalies detected to be able to match every ring to a calendar year (Fritts,
1976; De Mil et al., 2016). Noting that with density profiles, cross-dating can be improved (De Mil et
al., 2016).

11.2.2  New-approach
X-ray computed tomography

In total, 33 wood cores out of 216 cores of length range between 9 and 22 cm and width of 0.7 cm were
selected. They were selected from 12 monumental olive trees, two medium trees and two young trees
from Bchaaleh. In addition to 8 monumental trees, two considered medium trees and one young tree in
Kawkaba.

The cores were first placed on a 2 cm sample holder suitable for a 12 um resolution and then a dental
glue is used to connect the different parts of wood (Table SI 1).

The samples were placed in the EasyTom 150 kV machine core (ISEM plateform), between an X-ray
source and a detector on a rotating platform (Figure 2a) and the protocol would be selected and settings
calibrated for the scan. X-rays are emitted and the number of X-ray reaching the detector is collected
for a short while resulting into the production of a radiographic image. Then the platform is rotated
through a small angle (average of 0.75 °), and the process is repeated for many times (few hundred
times to reach a total rotation of 360°). One part of one wood core can take up to two hours to produce

around 800 images.
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Figure 23 (a) X-ray tomography, (b) Xact program, (c) microtone.

After scanning the 33 wood cores, Xact program is used to fix the resolution of the wood cores (Figure
2b). The third step was using FIJI program on a total of 23 samples (10 from Kawkaba, and 13 from
Bchaaleh) in order to reconstruct and connect the different parts of the wood cores and detect the tree
rings, in addition to measuring the ring width. To do so, it is first needed to rotate the wood core imaging
in 360° to get the highest possible resolution of the wood part where the maximum number of tree rings
is possible to detect and visualize. In a second step, algorithms are used to transform the radiographies

into virtual slices.

11.2.3  Radiocarbon dating
A first set of 36 wood samples (18 from Bchaaleh and 18 from Kawkaba) using a manual blade to

collect five to 10 mg of wood at the base of the wood cores in march 2019. These samples were cut
from the assumed to be the oldest side of the wood core that was mainly collected from the inside of
the tree. In 2020 and 2021, using the X-ray tomography microstructure reconstructions of our cores
made it possible to select very precise positions on the wood cores at the ring level resolution. A new
set of 92 samples (54 samples from Bchaaleh and 38 samples from Kawkaba) of two to six mg of wood
was weighed and prepared using a driller by selecting different points from the wood core according to
the visualization done using the tomography in order to select the samples for dating. In 2022, a set of
seven samples from Bchaaleh were prepared using the microtone with high resolution of 20 pum (Figure
2c). A total of 135 wood samples (Table SI 1) were sent to the Carbon 14 Measurement Laboratory
(LMC14-ARTEMIS) to be dated using the accelerator mass spectrometry. An OxCal v 4.4 was used to
calibrate the radiocarbon dates using the IntCal20 (for pre-bomb) or Bomb 13 NH2 (for post-bomb)
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calibration curves. A last set was sent in June 2022 constituting of 19 new samples prepared using a 20

pm resolution microtone machine.

I1.2.4  Stable carbon and deuterium isotopic ratios of bulk wood samples 8*Cgw)
After the X-ray tomography and **C step, 8C samples were selected. Since §'*C preparation and

analysis is time consuming, a decision had to be made regarding the sample selection. The selected
samples were BCO9.1 (Part one and two) and BCO4.4 (Part one and four) from Bchaaleh site (Table
Sl 1). These samples were selected due to the clarity of the tree rings in the wood cores, and the available
age retrieved using radiocarbon dates. A part with a recent age was selected in order to compare the
C14 records with the modern condition such as the temperature, precipitation and pCO,. Another part
was selected according to a C14 date of an old period.

The selected part from BCO4.4 was sliced with an 11 um resolution and due to a time-consuming
process, the resolution was reduced to 20 um (Each ring is cut in around 4 pieces). Each slice (weighing
between 5 and 10 mg on average) is transferred in a cleaned vial. Between 2 to 3 mg of each wood
sample are transferred into a tin capsule for 8°C and 8D analysis using an elemental analyser
(FlashEA1112- Thermo Scientific) coupled to an Isoprime 100 isotopic mass spectrometer. The
precision of the analysis was 0.51%.. A conventional delta notation was used, where the isotopic
composition of a material relative to that of a standard on a per mil deviation basis is given by 6 = [(R
sample)/(Rstandard) -1 ]* 1000, where § is the isotopic ratio 5*3C and R is the molar ration of heavy to
light isotope forms. Three international Standard for §*C were used (ASP3, B2215 and IAEA CH6)
giving values expressed in %o versus the VPDB.

More than 700 samples have been prepared and sent for analysis, however the results of the three

mentioned parts from two wood cores are presented here only.

I11. Results

I11.1  Dendrochronology and densitometry
For dendrochronology, a trial was done on three olive wood cores including two assumed to be young

wood cores (BCOY2.2-Length:19.8 cm, BCOY3.3, Length: 19 cm) and one monumental wood core
(BCO4.1-Length: 19.5 cm) from Bchaaleh (Figure 3a). With the microscope, it was not only difficult
to clearly identify the true and false tree rings, but also to clearly point out all the available rings.
Afterwards, the Coorecorder was used for tree ring reading. Using this more advanced dendrological
technique still did not give the needed information in order to have a good identification and counting
for the tree rings. The trial done on the three olive wood cores using dendrochronology showed
irregularity of the tree rings and difficulty in detecting the rings visually using the classical methods
even in a full young tree with an existing pith.

A total of two olive cores were selected for densitometry method, one from Bchaaleh (BC02.2D wood

core) and the other from Kawkaba (KWO1.2 wood core), with a 7 cm and 14.4 cm respectively. In
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sample BCO2.2D and KWOL1.2 a total of 44 and 118 tree rings respectively were detected. The detected
rings were not completely accurate due to the difficulty in identifying the tree rings and realizing the
true or false tree rings using the density of the rings (Figure 3b).

b.

Bchaaleh-02.2D-Drill Core 3/042019
Height: 119cm, Sample Length: 7cm

Kawkaba O1.2-Drill Core-15/03/2019
Height: 73cm-Sample Length: 14.4cm

Figure 24 (a) Sanded samples prepared for dendrochronology from Bchaaleh, (b) samples done using
densitometry from Bchaaleh and Kawkaba.

I11.2  X-ray tomography
Each tree ring represents one year and constitutes of two layers. The first is a light-colored layer (Early

wood) which forms in the spring and early summer, and is usually thicker since the tree is growing. The
second layer is a dark colored layer (Late wood) which forms in late summer and fall, it is thinner since
the tree growth is slower (Figure 4a). The tree rings and ring width are identified and measured using
the early and late wood, were these two layers constituted one tree ring.

It is worth noting that some tree rings are unclear even after using the X-ray tomography technique.
Other wood cores are partially clear and some shows full clarity. Some wood parts seem continuous to
other parts of the wood core (Figure 4a) and the analysis of the tree rings show a full path from the bark
to the pith. In other cases, even when we cross from the bark to the pith in medium to young trees, it

seems that the different wood parts are not always connected (Figure 4b).
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BCO9.1D

BCOY2.1

Figure 25 Wood cores prepared using X-ray tomography (a) BC09.1D, (b) BCOY2.1 from
Bchaaleh.

Tree Rings

As an example of young trees of Bchaaleh, BCOY4 registered different number of tree rings for the
different seven parts of the wood core (Figure 5a, Table Sl 1). This sample was taken from the bark into
the pith with no cavity in the tree. The starting date at the bark is assumed to be 2019, with the
tomography it was possible to hypothesize that the center of the tree can be identified in such a core
and that the first three parts of the wood core are connected. Based on the visualization detected from
the X-ray tomography and the rings identification using the early and late wood, the age of BCOY4 is
expected to date back to the year 1994 with 28 tree rings.
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Figure 26 X-ray tomography samples for ring counting (a) BCOY4, (b) KWOY4, (c) BCO4.1D, (d)
KWO04.3.

In Kawkaba, the same hypothesis can be made, were for example, KWOY4 has six separated parts, of
which the core was taken from the Bark (2019) till the pith. The X-ray tomography showed that the first
two parts of the wood core are hypothesized to be continues to one another, with 47 rings in part one
and 16 rings in part two of the wood core, dating back to year 1956. However, it was difficult to identify
tree rings of the other parts of the core since the rings are of different directions and formation, and as
such it was assumed that a new trunk has developed within this young tree, thus creating a new age
range (Figure 5b).

Another example providing a different hypothesis is BCO4.1D, a monumental tree from Bchaaleh,
where the wood core is divided into five parts (Figure 5¢, Table SI 1). Through the tomography, it was
hypothesized that different parts of the wood core are related to a different branch or new developed
trunk of the same tree. In this case it was possible to identify the tree rings and have a counting per
wood part, however it was not possible to determine the age of the core by only using the X-ray
tomography technique. This core has five different parts with different tree ring directions per part,
showing 22 rings, 10 rings, 14 rings, 30 rings, and 17 rings per part respectively (Figure 5c).

As an example, for a monumental olive tree from Kawkaba, KWO4.3 of five different parts, shows
disconnected parts with different tree ring direction and formation. This confirmed the hypothesis that
different parts in this monumental tree in Kawkaba is a combination of different trunks entangled in the

same tree (Figure 5d).
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Tree rings width

The tree rings width for BCOY4 from a considered young tree in Bchaaleh, were measured separately
for each part of the full wood core. Part one of the wood core had an average of 2.18 mm between two
rings, while part two registered an average ring width of 2.44 mm, part three had an average of 1.49
mm, part four registered an average of 4.07 mm, the fifth part indicated an average ring width of 1.83
mm, the sixth part had an average width of 1.80 mm and the final part has an average of 1.95 mm (Table
Sl 2). For Kawkaba, KWOY4 wood core from a considered young tree had six identified parts with
1.06 mm average ring width for part one, 2.40 mm for part two, 2.48 mm registered for part three, 1.95
mm regarding part four, 2.34 mm and 1.95 mm respectively for part five and six (Table Sl 2).

A monumental olive tree in Bchaaleh (BCO4.1D) on the other hand had five parts, with the first part
having an average ring width of 2.09 mm, part two registering an average of 1.22 mm, part three having
an average of 0.87 mm, part four with an average tree ring of 0.90 mm and the fifth part with an average
of 1.24 mm (Table Sl 2). The monumental olive tree in Kawkaba (KWO4.3) had five different parts,
part one with an average ring width of 0.94 mm, 2.52 mm for part two, 1.93 mm was registered for part

three, 0.94 mm and 1.42 mm for parts four and five respectively (Table SlI 2).

I11.3  Radiocarbon dating
After all of the above-mentioned steps, final results were retrieved in order to partially select samples

for radiocarbon dating (}*C). As mentioned in the material and methods, different sampling has been
selected and dated using the **C technique, and the data is summarized in Table SI 3.

The 135 *C samples were mainly from the beginning of each part of the wood core and/or the end of
the same piece, assuming that by dating those points the ring counting between those two ages can be
confirmed. All dates have been calibrated using IntCal20, which gave the calibrated ages. These ages
show that 36% range between the age of 1801 and 1900 AD, 25% are between 1701 and 1800, while
the rest of the ages varied between less than 1600 or more than 1900 AD (Figure SI 2, 3).

For example, the uncalibrated **C from a considered young tree in Bchaaleh (BCOY4) from part one,
ring one (Figure 6a) revealed a date of 35+ 30 BP, while the third dated part where it was radiocarbon
dated at the end of the selected part (Ring 10) revealed a post bomb date of 109.56 + 0.29 MC. Part four
was dated in two different points, revealing a date for ring one of 108.93 + 0.28 MC and ring eight of
108.71 £0.28 MC. Part five was radiocarbon dated at ring 1 with a post bomb date of 108.21 + 0.28
MC, part six had two dates, for ring one the date retrieved was post bomb of 106.89 + 0.31 MC and
ring seven was 103.83 + 0.31 MC. The last seventh part was dated at the last ring (Ring 12), and revealed
a date of 100.30 £ 0.29 MC (Figure 6a).

KWOY4 is an example of one of the young wood cores selected from Kawkaba. It is divided into six
disconnected parts (Figure 6b). Part one was dated at Ring one (Beginning of the part) and Ring 47
(End of the part) dating back to 445+ 30 BP and 147.16 £0.33 MC respectively. The second part is 4.1

cm long with no dated rings. Part three (2 cm) was dated at ring three and gave a result of 101.96+0.27
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MC. The fourth part of 1 cm was dated at the ring that was assumed or detected visually to be the center,
dating back to 130+£30 BP. Part five (1.8cm) and part six of 2.7 cm were both not dated (Figure 6b).
BCO4.1D a monumental tree from Bchaaleh that was radiocarbon dated at various points, showed the
following results (Figure 6c). For part one, ring one date was 865 + 30 BP. Ring one from part two had
a date of 1025 + 30 BP, while part four had two dated points, ring one with a date of 940 + 30 BP and
the end of the same part (Ring 30) with a date of 315 + 30 BP. The last part had one date at the end of
the piece (Ring 17) with a date of 440 + 30 BP.

The monumental olive tree KWO4.3 in Kawkaba, was sampled at ring one of part one dating back to
1030 £ 30 BP (Figure 6d). Part two, ring one registered a date of 85 + 30 BP, while the fourth part was
dated at the last ring (Ring 15) giving a date of 175 £ 30 BP, and the last part (Part five) was dated at
the end of the core with a date back to 235 + 30 BP.

Wood core KWO016.2D from a monumental olive tree in Kawkaba gave the oldest age during the second
collected batch for “C, were Ring one of part one was dated back to a very old age of 7440 + 40 BP
(Figure 6e). Another set of samples were collected to confirm this age, where two more samples of the
same core part were selected directly after Ring one. This batch came back with dates of 115 + 30 BP
and 65 + 30 BP respectively. Another batch was sampled using the microtone to have a higher resolution
giving dates of 165, 135 and 335 + 40 BP (Table Sl 2).

A set of 19 samples were selected even more precisely in order to improve the precision of the dating
using the microtome of resolution 20 um from BCO4.4, BC9.1D and KWOY4.

BCOY4

A:35+30BP B: 109.56+ 0.29 MC  C: 108.93+ 0.30 MC 3 .. . G:103.83+ 0.31 MC

D:108.71+ 0.28 MC F:106.89+ 0.31 MC H:100.39% 0.29 MC

b. KwoY4

A: 445+ 30 BP B:147.16+0.33 MC (:101.96+ 0.27MC D:130+ 308P

C.

A:865£ 30 BP BCO4.1D

d B: 1025+ 30 BP K C:940+308BP D:315£30BP E: 440+ 30 BP

B: 85+ 30BP D: 235+ 30BP

A:1030+ 30 BP
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Figure 27 Uncalibrated radiocarbon dates of the X-ray tomography wood cores from Bchaaleh and
Kawkaba.

1.4 8C analysis
The available results of 83C bulk wood are related to the Bchaaleh monumental olive trees collected

samples from BCO4.4 (Part one and four) and BCO9.1D (Part one and two) and corresponds to 300
analysis. The available results showed that the values range between -25.60 and -23.96 £ 0.37%o for
BCO4.4 part one and -26.41 and -23.17 + 0.4 %o for part four. For BC0O9.1, part one ranged between -
26.11 and -25.07 + 0.38 %o and -22.88 and -25.91 £ 0.66 %o for BCO9.1D part two. It is observed that

there is no 8*3Cgw Vvariation within the ring width (Figure 7).
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Figure 28 Correlation between ring width and 3*3C of the sampled wood cores.

In a second step, due to Suess effect (declining §*C of atmospheric CO- since the beginning of the

industrial period over the last 200 years; Francey et al., 1999; Sidorova et al., 2008), the average §'°C
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was corrected. Figure 8 presents the corrected and uncorrected raw data, where a rise can be observed

in the values of 313C after correction.
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Figure 29 The raw and corrected 8*3C series for wood. The series was corrected using 5*3C of
atmospheric COx.

IV. Discussion

IV.1  The different methodologies used for tree ring identification
Olive wood is not usually dated using dendrochronology or densitometry techniques due to the

difficulty in identifying the annual tree rings. In this study, existing ancient olive trees and young trees
were used in order to identify the annual rings in the olive wood and create a data set that can be used
as a chronological reference of other olive trees around the world, by combining X-ray tomography,
14C and carbon stable isotopes.

The study has shown that tree rings in the ancient and young olive trees can be identified. Each ring
represents one year of growth identified through early and late wood. The ring boundaries are detected
when there is an increase in density (white streaks) while the intra-annual density fluctuation (IAFDs)
is found as white narrow streaks between thicker areas of increased density which are identified as
rings. These, have thinner and uncontentious rings (Ehrlich et al., 2021). In order to detect these tree
rings, different methodologies and techniques were used to assist this objective. However, it is more
difficult to identify annual tree rings in olive trees using the more classical technique of
dendrochronology or even densitometry. X-ray tomography proved to be the most effective on olive
wood cores. Tomography helped identify the tree rings and helped in determining a counting for the
number of rings per part, specifying the direction of the rings per wood part and understanding the
connection or disconnection of the different wood parts through the ring identification and formation
(Figure 5).
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IV.2  Tree rings identification and radiocarbon dating
Olive trees shows from a young age the possibility of creating and deviating into more branches within

the tree even with a full available interior wood (Lavee, 1996; Ehrlich et al., 2017), and this was seen
in the considered young trees that also showed old ages using **C in comparison to their circumference
and formation (Figure 6a,b). After X-ray tomography and **C, wood cores in some cases showed that
the orientation of the growth ring differs and does not follow the main assumption that the inner is the
oldest in some cases and this can be attributed to the fact that there can be more than one branch and

pith within the same tree.

IV.2.1  Young olive trees
BCOY4, a wood core from a considered young tree from Bchaaleh, constitutes of seven parts (Figure

6a). The first part is 2.7 cm long with 10 identified rings. Ring one was dated and although it was
expected to give a young age of 2018-2019, it turned out to be much older (35 = 30 BP). As such, this
refutes the previous assumption, disconnecting this part from any part that comes afterwards. Part three
(1.8 cm) with 10 identified tree rings gave a date of 109.56 + 0.29 MC (1957.62 - 2001.8 AD) at Ring
10. With this date, it was possible to count back this part at Ring one to 1967 — 2011.8 AD confirming
that this part of the wood core is a young branch. Part four of 2.7 cm with 8 rings was dated at Ring one
and Ring 8 and gave a *C of 108.93 + 0.30 MC and 108.71 + 0.28 MC respectively. This outcome
assumes that both dated parts have the same date although eight rings separate them, making the
possible assumption that two branches of the same age is formed in the fourth part (Figure 6a).
KWOY4 is an example of one of the young wood cores selected from Kawkaba. It is divided into six
parts (Figure 6b). Piece one has a length of 5.6 cm with 47 detectable rings. This part was dated at Ring
one (Beginning of the part) and Ring 47 (End of the part) dating back to 445 + 30 BP and 147.16 + 0.33
MC respectively, indicating two different trunks in this first part unlike expectations shown using the
X-ray tomography. Were it would be assumed that Ring one would be at year 2019 and date back till
Ring 47 to year 1972. This confirms the second assumption that within the same part, a new trunk
formation is created within the same tree. The second part is 4.1 cm long with 16 rings and no dated
parts, but according to the tree rings formation and direction it seems to be a continuity of the previous
part. Part three (2 cm) has seven identified rings, and was dated at ring three and gave a result of 101.96
+ 0.27 MC, this part formation is complex which makes it difficult to count any rings to date back this
part. The fourth part of 1 cm and three rings was dated at the ring that was assumed or detected visually
to be the center, dating back to 130 + 30 BP, which gave a more recent age than that of part one (Ring
one). An assumption can be made that this part is a formation of a new branch on its own. Part five (1.8
cm) had two rings that seemed to have a very different ring direction and was not dated. The last part
of 2.7 cm length and 12 rings seems to be disconnected from the previous parts and was also not dated
(Figure 6b).
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In such case of both young wood cores, more dates are needed to confirm any assumption. However, it
definitely confirms that the use of both methods, the X-ray tomography and **C complement each other
especially in olive trees.

1vV.2.2 Monumental olive trees
A set of monumental olive trees were selected from Bchaaleh for both X-ray tomography *4C. Wood

core BCO4.4 is constituted of five disconnected parts. The first part of 1.2cm was dated at the beginning
of the core part which resulted in a date of 900 + 30 BP having 14 identified rings with tilted direction
(Figure 9a). The second part of 3.3 cm, this part seems to be connected to part one, were visually it can
be assumed that ring 13 and 14 in piece one is the same first and second ring in piece two. Ring five in
piece two was radiocarbon dated and it gave a date of 405 + 30 BP, which denies the visual assumption
of the continuity of the rings of part one to the second part (Figure 9a). In part two, 33 rings were
identified where the last identified ring was dated, giving a radiocarbon date of 425 + 30 BP. Part three
of 3.1cm length had a total of 30 visually identified rings. This part is assumed to be a continuity of the
second part, were ring one, two and three are the same rings as part two, ring 31,32 and 33. Part four
had 41 identified rings with a length of 6.1 cm, Ring one in this part was radiocarbon dated giving a
date of 855 + 30 BP. The last sampled part of 3.6 cm and 35 identified rings, gave a result for Ring one
that was dated back to 375 + 30BP and ring 35 dated back to 390 £ 30BP. These outcomes result in 15
rings between the two dates unlike the 35 rings count that were visually identified (Figure 6c). This
confirms the possibility of identifying false rings or the need for more radiocarbon analysis to confirm
the outcome.

a.

BCO4.4

A:900£30B D: 855 +30BP F :390 +30BP

ih ke

B:405 +30BP C :425 £30BP

E:375 £30 BP

b. BCOS.1D

A:101.74£0.28 MC B:100 +35BP C:120 £30BP E:155+30BP BP
=] VAN —

—

Y ;
D:145 +30BP

KWO04.3

B: 85+ 30BP D: 235+ 30BP

S
A:1030+30BP 1175+ 30BP

Figure 30 Set of wood cores radiocarbon dated and X-ray tomographed.
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Another example of Bchaaleh monumental olive tree was sample BCO9.1D. This core constituted of
seven parts (Figure 9b). Part one was of 0.6 cm in length and zero detectable rings. Part two (4.7cm)
had 66 identified rings, with two dates, one at the very beginning (Ring one) dating back to 101.74 +
0.28 MC which is post year 1950. Ring 66 was also dated to 100 + 35 BP, assuming as per the ring
direction and formation that this piece is one continuous trunk. Part three (0.9cm) had five visualized
rings and assumed to be connected to part two and was not dated. Part four also seeming to continue
part three with the same ring direction with nine rings. Part five of 1.2cm length had five rings, with the
fifth ring being dating back to 120 + 30 BP. Looking at the direction of the rings and the connection
with part four, it seems that Ring one and three are a continuity for ring eight and nine in the fourth
part. With the date in part two and part five, it seems to be a new trunk with 17 rings in between which
is close to the visual ring counting that was observed (16 rings) (Figure 9b). Part six (0.9cm) had 11
rings and was only dated in ring one giving a date of 145 +3 0 BP disconnecting this part from the other
previous parts, leading to the assumption of a new trunk formation. The last part is number seven of 1.9
cm length and nine visually identified rings, dated back to 155 + 30 BP, and seems to be a continuation
of part six, with Ring one and four to be possibly identified as ring 10 and 11 in part six giving a close
estimation of rings (10 Rings) with what was visually identified (13 Rings). This wood core was
assumed to be old, but with the X-ray tomography and **C it was concluded that it is from a young time

range.

A set of centennial trees were also selected from Kawkaba for tomography and detailed **C. As an
example, we take KWO4.3 of 13 cm total length was considered. This wood core constitutes of five
separated parts (Figure 9c). Part one was dated at Ring one, at the beginning of the wood core, giving a
date of 1030 + 30 BP with 41 rings in a 4.9 cm length part. Part two of 1.2 cm and four identified rings
had been dated at ring one of this part dating back to 85 + 30 BP. Part three of the wood core was
identified with 12 rings in 3.2 cm with no dating. Part five of 1.8 cm had 15 counted rings with a 1“C of
ring 15 going back to 175 £ 30 BP. The last sixth part of length 1.9 cm had 5 identifiable rings with a
dating at the fifth ring of 235 + 30 BP. Part two, three and four seems to be one trunk with the same
ring directions and continuity between the different parts (Figure 9c¢). 17 rings were counted in between
the date of part two and that of part four, which indicates some missing rings between the different
parts.

KWQO16.2D, a centennial olive tree of 19.9cm total length was tomographed and radiocarbon dated.
This wood core is divided into seven parts, part one of 5.6 cm length had 25 identified rings, it was
dated extensively (six dates) at the beginning of this part. The first date gave an age of 7440 + 40 BP.
In order to confirm this age, we radiocarbon dated consecutive points after the first dated point but the
dates retrieved were very different from the first date (Figure 6e). This indicates the possibility that

much more *“C needs to be done close to the first dated point to confirm more the age retrieved.
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The rings that were identified with X-ray tomography were correlated with the rings confirmed by #C.
However, it was shown that some rings can be masked and not identified through the tomography
images, or microscopic identification, since the expected rings between the **C was not fully met
through the X-ray tomography which might lead to misdating olive trees sometimes with many years.
It has been proven through modern living olive branch that the outer wood towards the bark can be off
by decades form the expected date, which means that the outer wood towards the bark that is supposed
to represent the last year of growth may be very old due to the fact that olive wood can grow in one area
of the branch and at the same time continue to grow in another different branch (Ehrlich et al., 2017).
Based on this observation, the same issue was considered and observed in ancient olive wood cores
through the X-ray tomography and confirmed by the *C that showed a gap of years in comparison to
the number of rings between the different dates. This should confirm and emphasize on the difficulty
of visually detecting the oldest tree just depending on the size and circumference of a tree and the need
of big set of wood samples from different positions of the monumental trees considering the complex
architecture of the unseen interior of the tangled branches within a single tree. Additionally, a very high-
resolution *C of the wood cores is required to detect the age range and not miss the investigation of the
highest possible existing wood age.

In the dating model, the range of ages of the radiocarbon dated wood cores were shown (Figure 9). The
ages range between 800 and 2001 AD in Bchaaleh and back to 6000 BC to 2001 AD in Kawkaba after
calibration using IntCal20.

IV.3  8%C and ring width
Thanks to tree ring width, *C, and X-ray tomography, we have been able to reconstruct a preliminary

chronological frame for the last 60 years. We show that very thin sliced wood core allow the
reconstruction of high resolution §*C which is a good indicator of water stress (Ehleringer & Cooper,
1988). 8'3Cew is higher when temperature is higher (Figure 10). This is usually detected in Cs plants
(Liu et al., 2017) such as the olive tree. In water limited conditions such as in this case, that can be

usually attributed to the soil moisture that is impacted by the temperature (Liu et al., 2017).
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Figure 31 3'*C in relation to temperature and precipitation. The red rectangle indicates the year range
of the cold annual seasons for temperature.

A good covariation between §'°C and tree ring width of Bchaaleh is identified (Figure 11). This must
be more thoroughly studied since we were more expecting the opposite indeed when tree ring growth
increase a decrease of §'*C resulting from Photosynthetic activity (Fichtler et al., 2010). However, the

late and early wood width would have been better indicator of 5'*C.
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Fig. 32 Covariation of 3*3C and Ring width of wood cores.

During the period from 1960 to early 1980 temperatures were low compared to the period from 1980
onwards. The annual spring temperature rose by 1.23°C while the summer and autumn warmed by 1.5
(ie. 1.23°C respectively (El-Kadi, n.d.). In this study, a cooler time range between 1970 and 1980 can
be observed, which might have been reflected by the §**C in the olive wood tree rings (Figure 10), **C
increasing with a decrease in temperature.
The rings identified by X-ray tomography were not always correlated with the dates of the rings
confirmed by *“C due to the lack of high-resolution dates to confirm this relation. Nonetheless, §!*C and
14C in some cores with the ring width confirmed the radiocarbon dated rings, noting that some rings
along the wood core are masked when checking with the tomography scans and that was evident by *C
and 83C. Wood is a complex material chemically, it consists of cellulose, lignin, resin and other
extractives. So, it is considered difficult to use bulk wood in isotopic analysis (Taylor et al., 2008), but
the 813C in bulk wood and in cellulose showed very similar trends of offset between 1.45 and 2%o
(Sidorova et al., 2008). Thus, bulk wood can be a good indicator of the interannual variability of §'°C.
It is also known the 8°*C of wood is usually less negative than in foliage that is the source of
photosynthate (Cernusak & Ubierna, 2022). The variation in 8**C of foliage exported and the transport
of sugar through phloem can affect the 33C of the cellulose of the tree rings (Gessler & Ferrio, 2022),
thus the link between leaf processes and wood §**C.
The 8°C of wood tree rings in the Middle age showed higher 8*3C values than those in the modern
days. Even in the modern days, the past registered higher 63C values in comparison to the present
values of 2020.
The mean values of 83C of foliage in olive trees registered an average of -26.63 +0.72 %o in Bchaaleh.
The stems registered an average of -25.75 + 0.93 %o which indicates that the wood samples 5*3C are

close to the stems registered values.
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V. Conclusion
The use of X-ray tomography helps the identification of a great number of annual rings in the sampled

cores, which assists in selecting the *C samples and asses the different dates in relation to the ring
numbers and orientation. The application of the XrRay tomography in the case of very complex tree
ring as known for the olive trees proved to be a very successful and a step forward in identifying the
annual growth rings (early and late wood). This technic was a main key for understanding the structures
of the wood pieces (different branches) and for the selection of the 4C samples. Hence these two
techniques (X-ray tomography and radiocarbon) combined together allowed to improve our knowledge
on olive trees age in Lebanon. The preliminary 8*C results of this work show a variability at an
interannual scale. These results seem to confirm the potential of reconstructing paleoenvironment and
paleoclimate with the tree ring stable isotopes of the olive wood cores though more analysis of §'°C is
still awaiting. We obtained a minimum oldest age of 7,400 years BP from the existing wood sampled
from the trunk of one of the monumental olive trees in Kawkaba and around 1800 years for Bchaaleh.

These ages should be further confirmed with more extensive wood cores, *4C and tomography.
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Figure S1 5 Sampled olive trees and extracted wood cores from Bchaaleh and Kawkaba (a) accessible
monumental olive trees from the inside (towards the pith) towards the outside (bark), (b) accessible
monumental olive trees from the bark towards the pith, (¢) medium young olive trees, (d) young olive

trees.
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Figure SI 6 Modeling dating outcomes for the olive wood cores from Bchaaleh.
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Figure SI 7 Modeling dating outcomes for the olive wood cores from Kawkaba.
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Table SI 4 Wood core samples analyzed using 8'*C, radiocarbon dating, densitometry and X ray

tomography (X) indicates the analysis done to the mentioned sample.

Site Bchaaleh Olive Altitude:1300 m.a.s.1
Tree no. |Core reference no. |Height of| Length of Core Number of parts|Date of collection |d13C Cl4 X Ray D X-Ray Tomography
01.1 60 10.2 3(3/04/2019
011D 64 12.1 3]3/04/2019 X X
Treel 01.2 70 15.6 2|3/04/2019
01.2D 64 173 5(3/04/2019 X
013 56 79 4)3/04/2019
01.3D 72 95 3/04/2019
021 147 9.6 2|3/04/2019
02.1D 143 112 5|3/04/2019 X
Tree 2 22 127 11.8 1[3/04/2019
02.2D 119 7 2|3/04/2019 X
013 73 158 6)3/04/2019 X
024 133 6.8 2|3/04/2019
03.1 55 7.1 3|3/04/2019
03.1D 57 113 3|3/04/2019 X
Tree3 03.2 140 8.4 6(3/04/2019
143 12 8|3/04/2019
141 18 4(3/04/2019 X
148 13.7 3|3/04/2019
041 124 195 5|16/03/2019
041D 132 14.9 5(3/04/2019 X X
Tree d 042 132 114 5|16/03/2019
043 105 55 3|16/03/2019
043D 110 13 3]16/03/2019
044 124 173 5)3/04/2019 X X X
40 7.7 2|3/04/2019
47 6.3 2|3/04/2019
Tree s o 90 79 3|3/04/2019
95 04 2(3/04/2019
24 88 3)3/04/2019 X
05.3D 43 103 3]3/04/2019 X
06.1 28 12 3|4/04/2019 X
06.1D 35 10.8 3|4/04/2019
Tree 6 06.2 40 390 2|4/04/2019
062D 37 6 2|4/04/2019
063 100 17.2 4]|4/04/2019
063D 106 125 4|4/04/2019 X
071 115 35 1|16/03/2019
07.1D 97 04 1|16/03/2019
Tree 7 72 94 151 5|16/03/2019 X
07.2D Iil 6.2 2]|4/04/2019
073 60 11 4|4/04/2019
07.3D 75 13.9 4|4/04/2019 X
08.1 117 82 7[4/04/2019
081D 105 o4 4]|4/04/2019
Trees 082 104 133 4|4/04/2019
082D 105 64/04/2019 X
083 120 §|4/04/2019
083D 107 7)4/04/2019
001 12.5 5|4/04/2019
091D 120 11.7 7]|4/04/2019 X X X
Tree ® 092 130 12.6 10]4/04/2019
092D 120 8 2|4/04/2019
093 40 04 4|4/04/2019
023D 50 6.1 4|4/04/2019
010.1 63 6.9 6]26/04/2019
010.1D 70 6.1 6|26/04/2019
Tree 10 010.2 112 13 4]26/04/2019 X
010.2D 117 13 7[26/04/2019
0103 67 12.7 5|26/04/2019
010.3D 65 16.8 12|26/04/2019
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011.1 105 17.8 7|26/04/2010
011.1D 110 18 4|26/04/2019
9 5 26/04/20190
Tree 11 0112 175 16 8|26/04/201¢
011.2D 180 16.3 5|26/04/2019 X
0113 150 12.6 6[26/04/2019
0113D 130 10.5 2|26/04/2019
012.1 35 11 6|26/04/2019
012.1D 30 98 11]26/04/2019
29 5 26/04
Tree 12 0122 50 17.1 6|26/04/2019
012.2D 45 10 3[26/04/2019
0123 130 17.9 4|26/04/2019
012.3D 122 16.5 7|26/04/2019 X
013.1 60 15.1 5|26/04/2019
013.1D 56 10.2 5|26/04/2019
32 55 9.2 26/04 9
Tree 13 013 55 4|26/04/201
013.2D 40 16.8 4|26/04/2019
0133 145 135 5|26/04/2019
013 3D 140 123 6|26/04/2019
014.1 80 17 5|26/04/2019
014.1D 86| 123 3|26/04/2012
2 26/04
Tree 14 0142 38 16.3 §|26/04/2019
014.2D 46 118 4|26/04/2019
0143 78 11.8 9/20/04/2012
014.3D 70 14.1 7|20/04/2019
015.1 53 13.2 6(20/04/2019
015.1D 55 10.5 4|20/04/2019
- [0152 57 16.2 6(20/04/2019
Tree 15
015.2D 56 183 5|20/04/2019 X
0153 110 172 6[20/04/2019
0153D 97 152 3|20/04/2019
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03.1 920 17.7 7(30/04/2019 X X
03.1D 80 17.4 2|30/04/2019
Tree 3 032 102 16.3 5|30/04/2019
T 032D 28 131 10/30/04/2019
033 70 21.2 8|30/04/2019 X X
033D 69 6.8 4|30/04/2019
04.1 60 173 1[15/03/2019 X
04.1D 55 3.6 1]15/03/2019
Tree 4 042 40 16.2 5|15/03/2019
042D 37 1.7 2
04.3 114 13 X X
043D 110 85
051 143 13.7 10 X
05.1D 135 9.5
Tree s 05 131 138
© [052D 127 18.6
053 108 16.5 8 X
053D 28 157 117/
06.1 110 1.7
06.1D 98 16.2
06.2 130 8.5
Tree 6
ree? 962D 124 116
06.3 76| 125 5 2016 X
06.3D 70 157 7/05/2019
Q7.1 57 16.1 10/30/04/2019
07.1D 63 16.9 6|30/04/2019
Tree 7 07.2 105 115 10[30/04/2019
07.2D 100 35 10[30/04/2019
073 130 10.6 5|30/04/2019 X
07.3D 127 18.2 8|30/04/2019
08.1 114 19.5 6|30/04/2019
08.1D 108 13 12[30/04/2019
Tree§ 082 98 203 6|30/04/2019
08.2D 920 18 19/30/04/2019
083 103 12 4|30/04/2019
08.3D 95 136 15/30/04/2019 X
012.1 24 173 52019
012.1D 30 152
120 4
Tree 12 140 88
0123 130 123 X
Q123D 115 135
0124 120 10
016.1 57 179 7]20/04/2019
016.1D 56| 148 3[29/04/2019
016.2 125 16.5 5]20/04/2019 X X
Tree 16
016.2D 130 13 4]20/04/2019
0163 55 154 §[29/04/2019
016.3D 50 163 8[29/04/2019
YO1.1 94 18.4 0[4/05/2019
Treel |yo1.2 20 204 5]4/05/2019 X X
YOL3 77 1438 5]4/05/2019 X X
Y021 70 21 6{4/05/2019 X X
Tree2 |v022 75 198 6|4/05/2019
Y023 62 173 13(4/05/2019
Y03.1 75 17 7[4/05/2019
Tree3 |YO3.2 85 152 4(4/05/2019
Y03.3 88 19 7|4/05/2019
Tree 4 [BCOY4 [ 100 16 7[20/09/2020 X X
Tree 5 |BCOYS 100 158 lOlE0.0Q-,‘[IiO X X
Site Kawkaba Olive Altitude: 672 m.a.s.1
Tree no. |Core reference no. (Height of| Length of Core Date of collection Cl4 Xray Densitometry X-Ray Tomography
01.1 60 21.5 4]15/03/2019
011D 55 158 3]30/04/2019
Tree1 912 73 144 1[15/03/2019 X
01.2D 72 10.6 1[15/03/2019
013 103 129 4{30/04/2019
013D 100 13.6 4]30/04/2019 X X
02-Trial 100 23 1|15/03/2019
021 100 6.5 3[15/03/2019
022 93 9.7 2[15/03/2019
, |022D 103 128 1[15/03/2012
Tree2 T
013 130 100 12[15/03/2012
013D 135 33 2]30/04/2019
024 130 18 5130/04/2019 X
014D 125 12.7 4]30/04/2019 X
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013.1 126 147
013.1D 122 148
0132 138 50
Tree 13 157355 135 92
0133 138 19
013.3D 120 133 X
014.1 70 175
014.1D 7 123 X
0142 108 197
Tree 14
e o1 101 153
0143 12 105
014.3D 118 05
0151 115 74 4
015.1D 108 145 5 X X
o152 111 174 5
TreelS G150 106, i 2
0153 108 175 }
015.3D 105 168 5
016.1 50 167 2
016.1D 17 18 10
0162 70 165 5
Tree 16
R 3T B 195 7 X X
0163 87 18 5
016.3D 01 143 10
017.1 5 205 13[12/05/2019 X
017.1D 84 15 6[12/05/2010
Tree 17 [0T72 103 105 5[12/05/2010
017.2D 05 0 3[12/05/2010
0173 112 183 5[12/052010
017.3D 106 106 2[12/05/2010
0181 85 20 8[12/052019
018.1D 78 139
0182 05 2
Tree18
¢ % lo1s.2p 58 20
0183 50 20 X X
018.3D 54 19
010.1 7 158
010.1D 68 20
0102 50 195
Tree 19 157095 73 20
0103 58 206 712052019
0103D 50 a1 9[12/05/2010 X
YO11 75 95 512052010
Treel [YO12 68 189 812052010 X X
Y013 [5 173 10]12/05/2010
Y021 55 158 11]12/052010 X
Tree2 [Y022 62 124 5[12/052010
Y023 52 152 12]12/05/2010 X
Y031 70 129 13]12/05/2010
Tree3 [Y032 70 0 9[12/052010 X
Y033 71 195 §[12/052010
Treed [YO4 100] 129 6]15/09/2020 X X

Table SI 5 Ring width and calibrated dating of tomographed and radiocarbon dated wood cores.
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Table SI 6 Radiocarbon dated wood samples with celebrated dates using Oxcal.

N° Sach Tree number Reference echantillon | Natwre | meC | Delta C13 pMC Err pMC Aze BP FCl4 | FCl4 Error Unmodelled BC/AD from | to | BCAD mu_| siemn | median
58553 BC2 BC-02.1D Wood 1.02 E5N] 07.673% 0.23417 190 R Date 5553 1649 AD 1778 6] 1769
58554 BC3 BC-03.1D Wood 124 312 10424014 026193 | Postérieur 4 1950 10424014 00026193 R_Date(1.0424.0 0026193) 1956|  2009|AD 1974 25| 1956
58556 BCS BC-053 Wood 113 235 11054415 0.28607 _ | Postérieur 4 1950 1.1054415]  0.0028607| R Date(1.10544.0.0028607) 1957|  1999/AD 199 8| 1997
58557 BC-6 BC-06.1 Wood 0.79 218 112.05179 026113 | Postéricur 4 1950 11205179 0.0026113|R_Dare(1.12052,0.0026113) 1958]  1996|AD 1992 9
58558 BC7 BC-072 Wood 124 243 984447 024461 125 30 R Datc 5558 1675 1942]AD 1818
58559 BC-S BC-082D Wood 12 206 978298 025359 175 30 R Datc 5559 1658 AD 179
58561 BC-10 BC-0102 Wood 119 217 9731251 024159 220 30 R Date 5361 1639 AD 1742
58562 BC11 BC-011.2D Wood 119 N 0751344 0.25221 200 30 R Date 5362 1643 AD 1763
58564 BC-13 BC133 Wood 108 309 9798157 165 30 R_Date 5564 1661 AD 1797
58565 BC-14 BC-0142 Wood 125 24 9776115 0 180 30 R_Date 5565 1655 AD 1786
58567 BC-16 BC-0162 Wood 126 24 9740366 0 210 30 R_Date 5567 1642 AD 1756
63202 BCL BCOLID/RL Wood 125 8.7 98.69 105 30 R_Date 63202 1683 AD 1821
63203 BCOLIDR2 Wood 110 262 93.92 505 30 R_Date 63203 1396 AD 1420
63204 BCOLIDR3 Wood 1.02 26.1 95.65 360 30 R Date 63204 1456 AD 1545
58552 BCOLID Wood 051 350 9830 140 30 R Date 5855 1672 AD 1812
62836 BCA-1 BCO4.IDRL Wood 126 208 89.70323 0 365 30 R Date 62856 1050 AD 1182
62857 BCO4.1DR2 Wood 104 264 11360366 028259 1025 30 R Datc 62857 902 AD 1020
62858 BCO4.1D/R3 Wood 114 255 8895605 02434 940 30 R _Datc 62858 1028 AD 1102
62859 BCO4.1D/R4 Wood 124 25 9614263 025426 315 30 R_Date 62859 1490 AD 1366
58353 BC-041D 108 226 9469142 02363 30 R Dae 58555 1419 AD 1455
62860 BCA4 BCO4ARL T13 365 89.38553 0.25719 30 R_Date 60860 1042 AD 1134
62861 BCO44R2 0.59 355 9507877 026203 30 R_Date 62861 1436 AD 1498
62862 BCO44R3 11 197 0486504 026028 30 R_Darc 62862 1425 AD 1472
62863 BCO44R4 118 242 89.92208 025479 30 R_Date 62863 1053 AD 1194
65936 BCO44/114 122 23 946596 022845 30 R_Date 65936 1419 AD 1455
62864 BCO44R5 122 245 9545974 026568 30 R_Date 62864 1450 AD 1533
62863 BCO44RG 1 249 9525196 026308 30 R Date 62865 1442 AD 1517
63133 BCO BCOO.IDRL 0.93 24.70 10174244 027381 | Postéricur & 1950 101742 | 0.0027581 |R FI4C(1.01742.0.0027581) 1953 AD 1955
63136 BCO9.1DR2 Wood 028 25.50 0875343 040781 100 35 R Datc 63136 1681 AD 1820
63137 BCOY.1D/R3 Wood 101 26.10 98.53669 027642 120 30 R_Datc 63137 1679 AD 1819
63138 BCO9.1D/R4 Wood 095 2250 98.18766 028187 145 30 R_Date 63138 1669 AD 1809
55237 BC02.10/52A Wood 12476201 0.269 | Postéricur 8 1930 1.2476201 0.00269| R_F14C(1.24762.0.00269) 1959 1983]AD 1978
55938 3C0%.10/51 Wood 13375526 07585 _| Postérieur 3 1050 13375526 00027583|R_F14C(133755,0.0027585) 1962  1978]AD 1976
55935 BC0%.10/142 Wood 10064249 02375 310 30 R_Dare 65939 1642 AD 1756
58560 BC-09.1D Wood 9809507 023553 155 30 R_Datc 58560 1665 AD 1304
63147 BC12 BCO12 3DR1 Wood T11 B 9977849 020473 20 30 R_Daic 63147 1695  1917]AD 1819
63148 BCOI12 3DR2 Wood 1 07 9765805 031108 190 30 R_Datc 63148 1649 AD 1778
63149 BCOI23DR3 Wood 092 247 9813195 030225 150 30 R Datc 63149 1667 AD 1807
63150 BCOI12.3DR4 Wood 1.04 23 9735088 0.27841 215 30 R_Date 63150 1641]. AD 1749
63151 BCO12 3DR5 Wood 1.08 165 07.41449 027081 210 30 R Date 63151 1642 AD 1756
63152 BCO123DR6 Wood 102 239 97.64191 025554 190 30 R Datc 63152 1649 AD 1778
58563 BC-0123D Wood 125 21 9824987 024072 140 30 R Date 38363 1672|  1944]AD 15D
63153 BC15 BCOI5 2DR1 Wood 103 24 9751699 0.30066 200 30 R_Date 63153 1643 AD 1768
63154 BCOI5.2DR2 Wood 092 31 0745718 027457 205 30 R Date 63154 1643 AD 1762
63155 BCO152DR3 Wood 0.84 355 97,6588 028436 190 30 R Date 63155 1649 AD 1778
63156 BCO152DR4 Wood 081 251 97.98939 02734 165 30 R_Dare 63156 1661 AD 1797
63157 BCO152DR5 Wood 079 264 9808587 027204 155 30 R_Datc 63157 1665 AD 1804
38566 BC-0152D Wood 132 256 9770054 025619 185 30 R_Datz 58566 1653 AD 1782

173



BCY12 BCOYL2R1 E_Date 6311 7 1392]AD 954
BCOYLYR2 134865 | 00033236 R _F14C(134865,0.0033236) 1962]  1978|AD 954
BCOYLYR3 E_Date 63119 1526].. AD 954
BCOYLYR4 E_Date 63120 892]  1023]AD 954
COVLD 705 E_Date 63121 252]  a1slal 954
BCY13 BCYO1.3/ Postésiens 4 1950 105488 | 0.0029764 | R F14C(1.05488,0.0029764) 1956]. 954
BCYOL3/R2 160 R._Date 63140 . Al 954
BCYOL3/R3 105 R._Date 63141 1936/ AT 954
BCYOL3/R4 9325816 140 R._Date 63142 1944/ AD 954
BC-YO1 3 _10.9 08 38033 130 E_Date 58550 1942) AD 95.4|
BCY2 BCOY2 1/R1 -151 Postérien 1950 1119918 | 00032834 |R_Date(111992 0 0032834) 1996/ AD 954
BCOY2 1/R6 243 Postérien 1950 10340713 | 00029555 |R Date(1 03407.00029555) 1956/ AD 954
BCOY2 1/R7 230 165 R_Date 63185 ] AD 954
BCOY2 1/R9 200 210 R_Date 63186 ] AD 954
BCYO2D 3038 [Postérienr 4 1950 121662 | 00030042 [R F14C(121662.0.0030042) AD 954
BCY4 BCOY4R1 2520 33 R_Date 63122 AD 954
BCOY4R2 26,70 109,55544 Postérien 1950 109355 | 000291 |R_F14C(109555,000291) AD 954
BCOY4R3 2490 108 92941 Postérien 1950 108929 | 000299 |R_F14C(108929,000299) AD 954
BCOY4R4 2710 108,70719 Postérien 1950 000284 | R_F14C(1 08707 0.00284) AD 954
BCOY4RS 10821217 Postérien 1950 108212 | 000285 |R_F14C(1082120.00285) AD 954
BCOY4R6 10689402 Postérien 1950 10689 | 000309 |R_F14C(106894000309) AD 954
BCOY4RT 103 82826 Postérien 1950 103828 | 000307 |R_F14C(1038280.00307) AD 954
BCOYVARS 100,30000 Postériens 31050 Loosor | 000280 | R F14C(1.00391.0.00289) AD 954
BCYS BCYOSR1 93,56298 533 R_Date 63130 AD 954
BCYOSR3 113,21977 Postésiens 4 1950 11327 | 00029766 |RF14C(1.1322,0.0029766) AD 954
BCYOSR6 158,30917 Postésiens 4 1950 158309 | 0.0035414 | R F14C(1.58309,0.0035414) AD 954
BCYOSRT 75,33266 Postésiens 4 1950 175333 | 0.003761 | R F14C(1.75333,0.003761) AD 954
BCYOSRIO 2460 115 60714 Postériens 4 1950 115692 | 00031320 |R F14C(1.15692.00031329) AD 95 4
KW.05 1 223 97 50147 205 R_Date 3375 AD 954
KW 063 223 98 76380 100 R_Date 5376 AD 954
KW 073 233 97 97643 165 R_Date 5577 AD 954
KW 08 3D 218 98 17069 150 R_Date 5378 AD 954
KW 0123 217 98 97153 85 R_Date 5579 1924[AD 954
KW 013 3D 239 98 89152 90 R_Date 5380 1976/ AD 954
KW 014 1D 209 98 30358 135 R_Date 5381 1674]  1943[AD 954
KW 015 1D 214 158 80765 Postérien a 1950 15880265 00027959 |R_Date(1 58803 0 0077950) 1963  1969AD 954
KW 017 1 215 98 81075 027539 95 R_Date 5581 1685 1978[AD 954
KW 0183 212 101 12385 073347 _|Postérienr a 1950 10112395 00023342| R_Date(1 01124.0 0023342) 1055  1956/AD 954
KW 019 3D 98 51991 025162 120 R_Date 3386 1941AD 954
EW.0v32 97,9827 0,22068 165 E_Date 3587 - AD 254
KWOL.3DRR1 3 99.50 40 B_Date 63198 1917]AD 954
KWOL.3DR2 249 9843 125 R_Date 63199 1942 AD 954
KWOL.3D/R3 258 9845 125 E_Date 63200 1942 AD 954
KWOL.3DR4 254 9847 125 R_Date 63201 1942 AD 954
KW.013D 203 9807 160 R_Date 38571 - AD 954
KW2 KWO2 ADR1 190 9886 90 R _Date 63179 1926/ AD 954
KWO2 ADR2 Wood 131 159 9786 175 R _Date 63180 ] AD 954
KWO2 ADR3 Wood 107 236 7803 1900 B _Date 63181 25[AD 954
KWO2 ADRA Wood 107 166 9453 R _Date 63182 1413]  1480[AD 954
KW 024D 1 D 99.07334 E_Date 58572 1691 1920/AD 954
KW3-1 ERER 0.99 252 988031 _Date 63158 Te85] 1908 AD 554
KWO3.L/R2 0.99 -26 98.20423 145 B _Date 63159 1668 AD 954
KWO3.L/R3 1.06 263 9861519 0.26819 110 R _Date 63160 1682 1938[AD 954
KWO3.1/R4 0.69 282 98.23705 0.26641 145 R_Date 63161 1669, AD 954
KWO3.1RS 0.98 -26 110.15843 02806 |Postériew 4 1950 110158 | 0.002806 |R_F14C(1.10158,0.002806) 1957 2000[AD 954
KWO3.L/R6 119 9808 02675 155 R_Date 63163 1665.. AD 954
KWO3.L/R7 105 261 99.05647 02049 R_Date 63164 1691]  1920/AD 954
KWO3.1/RS 0.85 0.28482 R_Date 63163 1643].. AD 954
KWO3.L/R9 0.99 0.28585 R_Date 63166 1523].. AD 954
KWO3.L/R10 0.96 0.30047 R_Date 6316 1638]  1924/AD 954
KW.03.1 0n R _Date 38573 1680 1040[AD (]
KW3-3 KWO3.3R1 1 R. Date 63168 1693  1918/AD 954
KWO3.3R6 0.98 R. Date 63169 1643]. AD 954
KWO3.3R10 0.2 E_Date 63170 1660 AD 954
KW KWO4.3/RL 105 F_Date 63105 ] I VL ) 9541013 37
KWO4 3/R2 039 R._Date 63196 1688]  1924/AD 954 1821 7
KWO4 3/R3 099 1638]. AD 954] 1790
KW.043 106 E._Date 38574 . AD gs4l 1712
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KW16 RWO16 2D/RT Wood 265 39 61 0.20 7440 40 R_Date 63187 T30 631]BC 3 6
KWO16.2D/A1 Wood -24.6 9794151 0.2609 165 30 R_Date 64736 1661 4 1797
KWO016.2D/A2 Wood -24.5 98.33504 0.25837 135 30 R_Date 64737 1674 1943 4 1814
KWO016.2D/A3 Wood -235 9593429 0.2462 335 30 R_Date 64738 1475 1640 4 1559
KWO016.2D/R1.1 Wood -21.9 98.57 0.23 115 30 R_Date 64454 1680 1940|AD 4 1820
KWO16.2D/R12 Wood 238 9921 0.23 165 30 R Date 64455 1661 A 1797
KWO16.2D/R4 Wood -19.0 97.03 0.31 240 30 R_Date 63188 1526|. AD 4 1699
KWO016.2D/R6 Wood -21.7 97.45 0.29 205 30 R_Date 63189 1643|. AD 4 1762
KWO016 2D/RT Wood -24.0 96.71 0.29 270 30 R_Date 63190 1510 1798 AD 4 1612
KW-0162D Wood 200 5735018 023332 215 30 R_Date 58553 1641 AD 1749
KWl KWOY1.2/R1 a -25.2 wo.ﬂ 0.29 265 30 R_Date 63191 1513 —.Elw AD 4 1625
KWOY1.2/R2 Wood -24.0 96.92 0.30 250 30 R_Date 63192 1522]. AD 4 1670]
KWOY1.2/R3 Wood -21.6 96.40 0.31 295 30 R_Date 63193 1495 1659|AD 4 1576
KWOY1.2/R4 Wood -25.9 99.09 0.29 75 30 R_Date 63194 1691 1920/ AD 4 1821
_Em‘ﬁ: 2 Wood -21.9 102.24429 0.24258 Postérieur a 1950 1.02244 0.0024258 | R_Date(1.02244.0.0024258) 1955 Homb AD 4 ucmh_
Kwyd KWOY4RI Wood 782 54.60855 02635 Fr 30 R_Date 63171 1316] _ 1450]AD 3 1eel
KWOY4/R2 Wood -21.8 147.16247 0.33058 Postérieur 4 1950 1.4716247 0.002806 |R_F14C(1.4716247.0.002806) 1962 1973|AD 4| 1970}
KWOY4/R4 Wood -26.7 101.96258 0.26938 Postérieur i 1950 1.01963 0.0026938 [ R F14C(1.01963.0.0026938) 1955 1956|AD 4 1955
KWOY4/R5 (4@ -23.4 wwlmmmAw 0.26303 130 _ 30 R UFm 63174 1675 1942 AD 95.5 1816
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Chapter V. General Discussion and Conclusion

This study is conducted on the olive, most iconic tree in the Mediterranean (Kaniewski et al., 2012;
Besnard et al., 2013) and which remains a key component of agriculture today and in the future.
Therefore, it is important, not only to preserve this heritage, but also to understand the on-site behavior
of the olive tree to the different environmental and climatic changes, based on two timeframes: studying
the present to understand the past which will teach us about adaptation of this tree to climatic and
anthropogenic shocks.

The combination of the different methodologies in this dissertation, from Hg concentration, isotopic
analysis (C, N, S, H, O) to different methods of dendrology studies (radiocarbon, microtomography),
was applied on Lebanese monumental olive groves, as a multi-proxy approach to better understand how
these trees function and build resilience to different climatic and environmental stresses.

In chapter I, the monumental olive trees subject of the study, and which have survived many climatic
and environmental conditions for centuries in Bchaaleh village in North Lebanon, 1300 m a.s.l and in
Kawkaba village in South Lebanon, 672 m a.s.l., were presented. Also, the different methods used in
this study from the isotopic analyses to the dendrology were described in details. Chapter Il assessed
the Hg concentration in the monumental olive groves, which are quietly recognized as nonpolluted
areas, on a monthly basis over 18 months in 2019-2021. Chapter Il investigates how does the olive tree
foliage respond to climatic parameters using C,N,S,H and O stable isotopic markers as indicators of the
climate, and how the fractionation of the different isotopic compositions are exchanged between foliage,
stems, litter and soil. After these chapters focusing on the present, Chapter IV came to examine the past
through a set of wood cores taken from the interior of the monumental olive trees to assess the age and
the possible climatic changes, using different techniques from dendrochronology, densitometry, X-Ray

tomography, radiocarbon dating, and carbon isotopic analysis.

Hg concentration

Hg concentration registered higher values in foliage than in stems, with the soil having the highest Hg
content among plant tissues and litter. A good covariation was observed between the foliage Hg time
series analysis and those of pCO- and Hg concentration of the atmospheric Northern Hemisphere. Hg
concentration seasonality was well detected in the foliage of the olive trees. The late winter-early spring
registered the highest Hg concentration for foliage in both groves, while summer and early fall to a less
extent recorded the lowest concentrations. This seasonal change is explained by the seasonal tree
physiology variations such as the Hg accumulation in leaves after stomatal uptake (Pleijel et al., 2021;
Wohlgemuth et al., 2021). We can suggest that during winter-early spring, water is available and
photosynthetic activity is not limited, hence both CO. and Hg diffuse through opened stomata inside

the foliage. Evergreen olive foliage at our sites show a decrease in Hg contents from end of March to
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late August, with minimum values centered in August suggesting a decline of the plant Hg uptake likely
explained by the reduction of the stomatal conductance (Lindberg et al., 2007; Pleijel et al., 2021). This
minimal photosynthetic activity occurs during the driest season (0 mm precipitation) and hottest
temperatures (above 25°C) at our sites. The significant correlation between our Hgrliage CONtents and
the atmospheric Hg content and pCO,, despite the one to two months’ time lag, suggests that the main
source of Hgroiiage IS the atmospheric Hg as observed in different species and studies (conifers and
hardwood). Hg is absorbed by the foliage, via the open stomata, driven by the interaction of high vegetal
activity, temperature, water availability and the processes that control transpiration, which is likely to
be seasonal. Hence physiological and climatic processes explain the seasonal Hg accumulation in
foliage. This study also highlights the significant differences between Hgseii in Bchaaleh and Kawkaba

groves due to differences in soil characteristics.

33C, 8N, 8*S, 8D, 80

In Lebanon, the monumental olive trees plant tissues, litter and soil different isotopic composition are
studied at two different altitudes in Bchaaleh and Kawkaba. 3*3C in both sites showed a correlation
between foliage and stems, unlike §'°N and 84S of foliage and stems that had no correlation. An
altitudinal effect is registered for most of the isotopic compositions (8%°C, §'°N, 8D and 5*80) of plant
tissues, litter and soil. While 8%S showed a geological effect on the above ground and underground
elements. The year 2020 in Bchaaleh and Kawkaba showed more depleted values in the studied isotopic
compositions of foliage which can be due to the decrease of wind speed and solar radiation from year
2019 to 2020 over time that can cause an increase in the stomatal conductance which can induce
stomatal opening leading to a decrease in leaf surface water stress, in addition to an increase in the ratio
of substomatal to atmospheric CO- (ci/c,) that regulates the stomata, and thus a decrease in the §**C of
foliage (Cernusak & Marshall, 2001; Betson et al., 2007). Another factor that can cause more depleted
foliage values in 2020 might be the lower chlorophyll and photosystem activity in addition to a higher
Rubisco activity in the younger foliage collected in 2020 in comparison to the more mature foliage from
the previous year (Gielen et al., 2000; Jach & Ceulemans, 2000). The depleted values of 3C in foliage
during most of the summer seasons in Bchaaleh and Kawkaba may be explained by the CO, leakage
increase from the bundle sheath cells when faced by water stress (Buchmann et al., 1996; Saliendra et
al., 1996; Yoneyama et al., 2010).

The depleted values of in the 8°N of foliage during summer in both Bchaaleh and Kawkaba might be
in association with AMF (E. A. Hobbie & Colpaert, 2003; Tatsumi et al., 2021). The mycorrhizal fungi
provides N content to the plant as N limitation and drought stress increases (Hobbie & Hobbie, 2006;
Begum et al., 2019). The higher and significant foliage 5**S annual mean value for Bchaaleh and
Kawkaba registered in 2019 can be an indication of a higher sulfur stress in the olive tree than in 2020

(Trust & Fry, 1992). Another explanation can be that in 2019, the foliage which is considered a sink
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organ, is receiving more enriched %S from the proteins (Tcherkez & Tea, 2013) than that in 2020.
Noting no important seasonality registered for foliage %S in both studied sites.

While foliage 8D seasonal variability in Bchaaleh and Kawkaba is affected by the water source such as
soil water and leaf water transpiration, in addition biochemical factors (Hartsough et al., 2008; J. Liu et
al., 2021). Most probably due to drought stress, there is a water soil uptake to the foliage leading a
depletion in foliage 8D (Y. Li et al., 2022) in Bchaaleh and Kawkaba in 2019 and 2020. In addition to
the depleted 5D of available cellulose, lipid or starch in foliage (Sanchez-Bragado et al., 2019).

While a slight seasonality is shown for the 3*3C and §'°N of foliage, and a higher seasonality for the
foliage 8D. In Bchaaleh and Kawkaba, the climatic parameters varied in their significant correlation
with the isotopic compositions of the foliage. These outcomes can mainly indicate that the studied olive
trees in Lebanon are tolerant all year long to all the changes in the climatic parameters without being
drastically affected. In addition to that, we can see that the stems and foliage 5*3C and 5D has a good
correlation, which may confirm that stems can help us understand the wood of monumental olive trees,
and indicates that wood cores can be a good indicator for the past climatic data through isotopic studies.
We have also shown in this study that bulk organic material of foliage, stems, litter and soil can be a
reliable and cheaper technique to retrieve data on the seasonality and isotopic composition of foliage.

X-Ray tomography and radiocarbon dating

Finally, the X-Ray tomography and radiocarbon dating are successful technigues to identify the annual
tree rings and date the wood cores in relation to the ring numbers and orientation. This technique
resulted in giving us the oldest age of 7400 years from the existing wood sampled from one of the
centennial olive trees from Kawkaba, and the age back to 1800 years from Bchaaleh.

Olive wood is not usually dated using dendrochronology or densitometry techniques due to the
difficulty in identifying the annual tree rings. In this study, both monumental olive trees and young trees
were used in order to identify the annual rings in the olive wood and create a data set that can be used
as a chronological reference of other olive trees around the world, by combining X-Ray tomography,
radiocarbon dating and carbon stable isotopes.

Tomography helped identify the tree rings and helped in determining a counting for the number of rings
per part, specifying the direction of the rings per wood part and understanding the connection or
disconnection of the different wood parts through the ring identification and formation

The use of X-Ray tomography was a main key for the selection of the radiocarbon dating samples.
These two techniques combined together, proved to be a very successful and a step forward in
identifying the annual growth rings (early and late wood). Additionally, they help detect a great number
of annual rings in the sampled cores, which assists in selecting the radiocarbon dating samples and thus

asses the different dates in relation to the ring numbers and orientation.
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Similar studies conducted on olive tree are rare. In Santorini, (Ehrlich et al., 2021) were able to detect
a verifed annual growth in a modern olive branch for the frst time, using stable isotope analysis and
high-resolution radiocarbon dating, identifying down to the growing season in some years. The verifed
growth was largely visible by X-Ray tomography, both in the branch’s fresh and charred forms. Authors
observed some chronological anomalies in modern olive and thus simulated possible date range
scenarios of the volcanic eruption of Santorini. Their findings offer a way to reconcile this longstanding
debate towards a mid-sixteenth century BCE date (Ehrlich et al., 2021). In our study, we didn’t have
high resolution radiocarbon dating as per Ehrlich to be able to compare the 3*3C values of wood samples
with the radiocarbon dates to support the assignment of each minimum point of §!3C values between
growth rings. However, a variability at an interannual scale was found. The X-Ray tomography helped
in identifying the tree rings with the assistance of the radiocarbon dating, where it was also possible to
identify new developed branches within the same tree. This was done through using wood cores
extracted from the actual living monumental olive trees. There is a need to further have a high resolution
radiocarbon dating to reliably identify annual and even seasonal growth in olive wood.

Conclusion

This dissertation is the first research in the Levant region reporting the use of multi-proxies analysis on
monumental olive trees to understand the onsite present and past resilience of these trees to climatic
and environmental stress in the Lebanese agroclimatic conditions. Major results concluded that the
monumental olive trees in Lebanon are tolerant all year long to all the changes in the climatic parameters
without being drastically affected. On the other hand, seasonality was registered in foliage Hg
concentration, while the low Hg concentration values recorded in both study groves sites confirm the
absence of contamination. By understanding how the present registers the isotopic compositions in the
plant tissues, we would be able to understand the past through studying the isotopic compositions in the
old wood. Wood cores analyses indicated that X-Ray tomography and radiocarbon dating are
complementary proxies to date centennial olive trees indicating an age of 7400 BC in Kawkaba, which

makes it the oldest age recorded a priori in the Levant region.

By the end of this work, several recommendations could be foreseen as a step forward in order to
improve the understanding of present/past situation of monumental olive trees, and how olive trees in
general will act in the future vis-a-vis any climatic and environmental changes:
- to continue with the isotopic analysis along a larger time scale in order to confirm the effect
of climate on the different isotopic markers.
- to increase the resolution of radiocarbon dating through analyzing a large set of adequate old
wood cores in order to determine accurately the age of monumental trees.

- to increase the resolution of 3*3C on bulk wood to allow assessing the relation between the

ring width and the 6**C and understanding the impact of climatic data on tree growth.
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In addition to that, the ultimate future perspective of this work is to understand how the monumental
olive trees of Lebanon have contributed to the domestication process of the olive trees in the
Mediterranean. Thus, it would be important to have studies using archeological sites and carbonized
seeds. In addition to including ancient DNA in comparison to other kinds of trees, and collaborating
with different countries of the Mediterranean shore to be able to have a good data collection that could

be useful for the region.
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