ecologia ... ..

Revue internationale d’écologie méditerranéenne
International Journal of Mediterranean Ecology

Editors-in-Chief: Dr Elise Buisson & Dr Brigitte Talon



ecologia mediterranea

Editrices en chef: D Elise Buisson
et D Brigitte Talon

UMR CNRS IRD IMBE

Université d'Avignon, IUT

Site Agroparc, BP 1207

84911 Avignon cedex 09

France

Comité éditorial

D' Pierre CHEVALDONNE, CNRS, Université
Aix-Marseille, Marseille, France

D" Marc CHEYLAN, EPHE, Montpellier,
France

Dr Cécile CLARET, Université Aix-Marseille,
Marseille, France

D" Bruno FADY, INRA, Avignon, France

Pr Thierry GAUQUELIN, Université Aix-
Marseille, Marseille, France

Dr Grant WARDELL-JOHNSON, Université
Western, Australie

DrRaphaél GRos, Université Aix-
Marseille, Marseille, France

Dr Frédéric GUITER, Université Aix-
Marseille, Marseille, France

Pr Serge KREITER, SupAgro, Montpellier,
France

Dr Audrey MARCO, Ecole nationale
supérieure du paysage, Marseille,
France

P Frédéric MEDAIL, Université Aix-
Marseille, Marseille, France

Pr Frangois MESLEARD, Université
Avignon-Tour du Valat, France

D" Tom PARKER, /San Francisco State
University, Etats-Unis

Dr Philippe PONEL, CNRS, Université Aix-
Marseille, Marseille, France

Dr Roger PRODON, EPHE, Montpellier,
France

Dr Sandra SAURA-MAS, Autonomous
University of Barcelona, Espagne

D' Isabelle SCHWOB, Université Aix-
Marseille, Marseille, France

Dr Thekla K. TSITSONI, Aristotle University
of Thessaloniki, Gréce

D" Errol VELA, Université de Montpellier,
France

D" Eric VIDAL, IRD, Nouvelle-Calédonie

D" Mercedes VIVAS, Universidad
of Concepcidn, Chili

D' loannis VOGIATZAKIS, Open University
of Cyprus, Chypre

ISSN 0153-8756

http://ecologia-mediterranea.
univ-avignon.fr

Instructions aux auteurs

ecologia mediterranea publie des articles de recherche originaux
sur des sujets se rapportant a I’écologie fondamentale ou appliquée
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Editorial — Editorial

How to deal with the progression of invasive alien species? Ailanthus altissima has
invaded all continents except Antarctica, to the point that it is considered one of the
most dangerous invasive species. Its expansion linked to activities for the past fifty
years in the Chréa National Park in Algeria is very worrying (Kacimi and Sbabdiji).
Encouraged by global warming, the tree colonize higher in altitude and threatens
the cedar forest. Scientists are trying to describe its progression and its mode of
progression, along the ravines and roads, in order to offer management solutions.
The development of new methodologies advances our knowledge of species and
ecosystems. The photo-identification method, which is based on the recognition
of the particular traits of individuals thus allowing them to be recognized, has

been applied to the monitoring of ocellated lizards in the south-east of France
(Belaud et al.). The number of individuals in a population of the Var River Valley was
assessed using this very precise capture-mark-recapture method and its annual
and seasonal survival rate estimated. Another methodological advance is the use of
various multivariate analyzes to better identify and understand the tipping points
of biotic and abiotic variables in response to fire disturbance (Baboin et al.). The
concentration of microcharcoals in lake cores can be linked to plant diversity, in the
short and long term. Applied to paleoecological studies, multivariate analyzes are
likely to make the most of paleoecological data and complete the understanding
of long-term dynamic trajectories, with many applications in modelling. Charcoals
and fires are the subject of another article in this same issue (Gamba et al.). This

is the very first study of the history of the vegetation of Mont Ventoux based on

the identification and dating of charcoals in soils. This mountain, completely
deforested in the 12th century, was the subject of major reforestation projects in
the 19th century. The significant erosion that followed this deforestation spared
certain soils, which have kept the memory of fire episodes that are over 4,000 years
old. Some taxa were found beyond their current altitudinal limit, such as fir, and
the question of the climatic or anthropogenic determinism of the lowering of this
limit will require further study. Today there is a tendency to want to preserve what
we still have, and this is where satellite monitoring of the state of vegetation comes
in. In Morocco, in the famous cork oak forest of Maamora, one of the largest in the
world, as well as in the province of Benslimane, the evolution of temporary ponds
and land use have been studied diachronically (from 1989 to 2019, per decade) using
Landsat satellite imagery which provides a water index (NDWI) (Oulghazi et al.).
This method highlights open water features amidst a mosaic of bare or vegetated
soil. The conclusion is clear: without support from public policies and scientists, the
disappearance of temporary ponds promises to be rapid.

Comment faire face a la progression des especes exotiques envahissantes ? L'ailante
(Ailanthus altissima) a envahi tous les continents, sauf I'’Antarctique, au point

qu’elle est considérée comme une des especes invasives les plus dangereuses.

Son expansion liée aux activités depuis une cinquantaine d’années dans le parc
national de Chréa en Algérie est trés préoccupante (Kacimi et Sbabdji). Encouragé
par le réchauffement climatique, I'arbre monte en altitude et menace la cédraie. Les
scientifiques tentent de dresser un état des lieux de sa progression et de son mode
de progression, le long des ravins et des routes, afin de proposer aux gestionnaires
de cet espace protégé des solutions de gestion. Le développement de nouvelles
méthodologies fait progresser notre connaissance des especes ou des écosystémes.
La méthode de photo-identification, qui s’appuie sur la reconnaissance des traits



particuliers des individus permettant ainsi de les reconnaitre, a été appliquée au suivi des
lézards ocellés dans le sud-est de la France (Belaud et al.). Le nombre d'individus d’une
population de la vallée du Var a pu étre évalué grace a cette méthode capture-marquage-
recapture trés précise et son taux de survie annuelle et saisonniéere estimé. Autre avancée
méthodologique, I'utilisation de diverses analyses multivariées pour mieux identifier et
comprendre les points de bascule des variables biotiques et abiotiques en réponse a

la perturbation feu (Baboin et al.). La concentration en microcharbons des carottages
lacustres peut étre reliée a la diversité végétale, a court et long terme. Appliquées aux
études paléoécologiques, les analyses multivariées sont susceptibles de mieux exploiter les
données paléoécologiques et de compléter la compréhension des trajectoires dynamiques
sur le long terme, avec de nombreuses applications en modélisation. Les charbons de

bois et les feux font I'objet d'un autre article de ce méme numéro (Gamba et al.) Il s’agit
de la toute premiére étude de I'histoire de la végétation du mont Ventoux a partir de
I'identification et de la datation des charbons de bois dans les sols. Cette montagne,
completement déboisée dés le Xii° siécle, a fait I'objet d'importantes campagnes de
reboisement au Xix¢ siecle. L'érosion importante qui a suivi cette déforestation a ménagé
certains sols, qui ont gardé en mémoire des épisodes de feu vieux de plus de 4000 ans.
Certains taxons ont été retrouvés au-dela de leur limite altitudinale actuelle, comme le
sapin, et la question du déterminisme climatique ou anthropique de I'abaissement de
cette limite nécessitera une étude plus poussée. Il existe aujourd’hui une tendance a
vouloir préserver ce que nous possédons encore. Et c’est la que la surveillance par satellite
de I'état de la végétation intervient. Au Maroc, dans la célebre suberaie de la Madmora,
une des plus grandes au monde, ainsi que dans la province de Benslimane, I'évolution

des mares temporaires et de I'occupation du sol ont été étudiées de facon diachronique
(de 1989 a 2019, par décennie) a I'aide de I'imagerie satellitaire Landsat qui fournit un
indice d’eau (NDWI) (Oulghazi et al.). Cette méthode met en évidence les éléments d'eau
libre au milieu d'une mosaique de sol nu ou couvert de végétation. La conclusion est sans
appel : sans soutien des politiques publiques et des scientifiques, la disparition des mares
temporaires promet d'étre rapide.
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Résumé

Les especes exotiques envahissantes sont
aujourd’hui considérées comme I'une des plus
grandes menaces pour la biodiversité. Le parc
national de Chréa (situé a 50 km au sud-ouest
de la wilaya d'Alger) a subi dernierement un
phénoméne d’invasion par l'Ailante (Ailanthus
altissima (Mill.) Swingle). Notre objectif était de
faire un premier constat sur la propagation de
cette espéce dans ce parc pour apporter aux
gestionnaires les éléments d'information pouvant
aider a atténuer cette propagation, notamment
en cartographiant les sites envahis a I'aide du
logiciel ArcMap 10.8. Des mesures de diametre,
d'dge et de positionnement ont été effectuées
dans le but de déceler la dynamique de I'invasion
d’'un site a l'autre et au sein du méme site. Les
résultats ont révélé I'existence d'un total de 38 sites
envahis, dont la majorité longent les ravins et les
intersections entre ravins et routes. Ils montrent
également que I'espéce a été introduite depuis
plus de 50 ans. L'invasion des sites a beaucoup
accéléré d'une décennie a l'autre avec une ten-
dance de propagation a partir des lieux d'origine a
proximité des bordures des routes vers I'intérieur
des peuplements naturels. Le travail souléve une
préoccupation inquiétante liée a l'invasion d’un

Revised: 27 Oct., 2022; Accepted: 2 Dec., 2022

site naturel classé par une espéce a fort potentiel
invasif. Il pourrait servir de base a de futurs suivis,
intégrant notamment la surveillance de la dyna-
mique de la biodiversité, et a la mise au point d'un
éventuel programme de lutte.

Abstract

Invasive alien species are now considered one of
the greatest threats to biodiversity. The National
Park of Chréa (located 50km southwest of the
wilaya of Algiers) was recently invaded by the
Ailanthus (Ailanthus altissima (Mill.) Swingle). The
objective of this study was to determine propa-
gation of this species in the park. Therefore, it is
interest to provide managers with information that
can help mitigate its spread, including mapping
the invaded sites using ArcMap 10.8 software.
Diameter, age, and position measurements were
taken in order to detect the dynamics of the
invasion from one site to another and within the
same site. Results revealed a total of 38 invaded
sites, the majority of the invaded sites being
along ravines and intersections between ravines
and roads. They also show that the species have
been introduced for over 50 years. The number
of invaded sites has greatly accelerated from one

Mots-clés: espéce exotique, invasion biologique,
cartographie, réserve de biosphere, biodiversité.
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decade to the next, with a trend of spreading
from original locations near road edges to natural
stands. This work raises a disturbing concern
related to the invasion of a listed natural site by
a species with high invasive potential. It could be
used as a basis for future monitoring, including
monitoring changes in biodiversity, and the
development of a possible control program.

Version abrégée

Invasive species pose a major threat to bio-
diversity and ecosystem services. Ailanthus
(Ailanthus altissima (Mill.) Swingle) is an
aggressive invasive species worldwide owing
to its rapid spread, high seed production, and
dual reproductive strategy (Collin & Dumas
2009). It was first introduced to Europe in the
1740s as an ornamental plant, and since its
cultivation as an ornamental plant, it has been
acclimatized and spread in almost all Europe,
as well as on the American continent. The
present study provide new knowledge on the
spatial dynamics of Ailanthus in Algeria, parti-
cularly in a forest area classified at the national
scale as “National Park of Chréa” and at the
international scale as a “Biosphere Reserve”.
This work is therefore of great interest for the
protection of local biodiversity in general, and
the management of this protected area in par-
ticular. Furthermore, it could serve as a basis
for future monitoring, including monitoring of
biodiversity dynamics, and the development
of a possible control program.

The study area is located on the northern slope
of the central part of the park, between 650
and 1,100m above sea level, and includes
the areas of Bni Ali, Hakou Ferraoune and
Glaciers. The methodology adopted was
based, on the one hand, on the identification
of invasion sites and mapping them using
ArcMap10.8 software, and on the other hand,
on dendrometric measurements to describe
the propagation trend of the species within
the forest stand.

Determining the age of the largest individual
at each site using coring allowed us to des-
cribe the history of the sites invasion and the
chronology of spread between sites and the
dynamics of extension of Ailanthus indivi-
duals at the same site. Accordingly, we used
the relationship between the tree diameter
(age index) and the distance from the road.
We sampled along transects two invaded sites,
one located in a shaded and wet ravine (Site 1),
and one along the road (Site 35). At Site 1,

measurements were taken along transects
spaced 10m apart perpendicular to the axis
of the ravine. Each individual of Ailanthus
located less than 0.25m on either side of the
transect was taken into account by measuring
its diameter and the distance from the road. At
Site 35, the same sampling method was used,
considering the position of the individuals in
relation to the road axis, following transects
from the edges of the road perpendicular to
the interior of the stand.

To study the ability of Ailanthus to propagate
into new spaces currently occupied by natural
stands, we sampled transects from the roadside
edge into the stand interior at a site dominated
by dense 80% covered holm oak coppice.
Proliferation was described using the prolife-
ration index (the difference between the dis-
tances of the Ailanthus altissima farthest from
the road and the Holm oak closest to the road).

The results revealed 38 invaded sites, and
the oldest Ailanthus individuals where over
50 years old. The majority of the inven-
toried sites are along the National Road
37 connecting Blida to Chréa. For sites located
at altitudes of less than 900m, the occurrence
of Ailanthus altissima was mainly limited to
the ravines. However, for high altitude sites,
the plant species occurred not only in the
ravines but also along the roadsides.

The number of invaded sites had much acce-
lerated from one decade to the next with an
orientation of spread from the original loca-
tions near the roadside to natural stands, after
a slow rate of spread during the 30 years of
establishment, with an average of 0.2 sites/
year. Then, the spread marked important
jumps during the last two decades 1996-2005
and 2006-2015, with propagations of 1.88 and
1.66 site/year, respectively. The chronological
order of occurrence of site invasion showed
that the spread occurred randomly.

Further investigation is required to understand
the behavior of this plant species in relation to
global warming and the consequences of its
progression to higher elevations in the central of
cedar forests. Given climate change, we expect
a large extension of the potential range of this
species in Algeria. To this end, it is essential
to monitor the area over several years to cut
the suckers and shoots that could emerge after
the elimination of the mother plants. Effective
forest management practices can reduce the
invasion of felling mature female trees in order
to reduce or eliminate seed dispersal.
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Introduction

Les invasions biologiques sont reconnues
comme 'une des plus importantes causes de
dégradation des écosystemes et de perte de la
biodiversité dans le monde (Lorena & Charles
2008). La mondialisation a déclenché une
introduction massive d’especes végétales dans
des zones situées en dehors de leur aire de dis-
tribution d’origine (Van Kleunen et al. 2015).
Certaines especes exotiques ne s’installent
que temporairement dans la nouvelle zone,
tandis que d’autres peuvent surmonter les bar-
rieres abiotiques et reproductives locales pour
établir des populations autonomes et ensuite
invasives (Wagner et al. 2017).

En Algérie, il a été recensé 211 plantes vascu-
laires exotiques. La plupart d’entre elles sont
originaires d’Amérique du Nord (31,3 %) et
du Bassin méditerranéen (19,4 %). Une forte
proportion de ces plantes exotiques (43,6 %)
a été introduite volontairement a des fins
ornementales et d’aménagement. Plus de la
moitié (51,2 %) de ces especes est natura-
lisée, dont environ 16 % considérées comme
envahissantes ou potentiellement invasives
(Meddour et al. 2020). Une de ces especes,
I’ Ailante glanduleux (Ailanthus altissima
(Mill.) Swingle) (Simaroubaceae), est un
arbre dioique a feuilles caduques, originaire
de I’est de la Chine et du nord du Vietnam.
Elle est envahissante a 1’échelle mondiale
et en expansion sur tous les continents sauf
I’ Antarctique (Kowarik & Sdumel 2007).
Cette espece a été listée parmi les especes
végétales exotiques envahissantes ou poten-
tiellement envahissantes les plus répandues en
Alggérie, en Afrique du Nord, en France médi-
terranéenne, dans les iles de la Méditerranée,
en Europe et d’autres régions du monde, ou
elle a été classée comme dangereuse, c’est-a-
dire causant des dommages ou des altérations
écologiques (Meddour et al. 2020).

Elle cause actuellement un probléme crucial
d’invasion en raison de sa propagation
rapide, de sa forte production de graines et de
sa capacité a se reproduire a partir de rejets
de souches (Casella & Vurro 2013; Vila et
al. 20006). Sa capacité a supporter différents
milieux et conditions facilite davantage sa pro-
pagation. Elle supporte également la salinité
et la pollution atmosphérique (Kowarik &
Sdumel 2007). L’espece colonise essentiel-
lement les sites perturbés, mais elle colonise
également certains milieux naturels ouverts
tels que les terrains sablonneux du littoral
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et les ripisylves (Office de génie écologique
[OGE], 2012). Bien qu’elle soit connue pour
son intolérance a I’ombre et pour ses diffi-
cultés a coloniser des milieux a canopée
fermée, elle montre toutefois quelques adap-
tations. Malgré ses préférences pour les sols
acides, elle se rencontre aussi sur sols acides
et calcaires (Kowarik & Sdumel 2007). Sa
propagation est également favorisée par sa
dispersion par le vent et par I’eau (Kowarik
& Sdumel 2008). De plus, elle est capable
de se disperser sur de longues distances
dans les champs et dans les foréts matures
(Landenberger et al. 2007). L’ Ailante repré-
sente une menace réelle ou potentielle pour la
flore indigéne dans les habitats semi-naturels
et naturels, en particulier ceux qui présentent
une forte densité locale (Meddour et al. 2020).
Cette espece exsude des composés chimiques
allélopathiques qui ont un effet d’inhibition
sur de nombreuses especes indigenes dont
celles d’intérét économique (Kowarik &
Sdumel 2007 ; Agence méditerranéenne de
I’environnement [AME], 2010; Gomez-
Aparicio & Canham 2008 ; Heisey 2010). Ces
composés modifient les propriétés chimiques
du sol et sa teneur en nutriments (Kowarik &
Sdumel 2007 ; Felker-Quinn et al. 2009). Le
probleme que pose I’ Ailante en tant qu’espece
envahissante ne réside pas seulement dans son
effet sur ’environnement, mais également
sur un plan socio-économique. En effet, son
éradication ou son confinement nécessitent
une main-d’ceuvre importante et du matériel
spécifique. Le fort potentiel de reprise par dif-
férentes voies (graines, boutures, drageons,
rejets) impose la répétition du traitement sur
plusieurs années, ce qui conduit a des cofits
de gestion tres importants (OGE, 2012). C’est
ainsi que le développement de la lutte contre
cette espece est I’un des objectifs majeurs de
I’actuelle stratégie européenne pour la bio-
diversité (Radtke et al. 2013). Bien qu’elle
colonise visiblement un large éventail d’ha-
bitats (Kowarik & Sdumel 2007), peu d’infor-
mations sont disponibles dans le Bassin médi-
terranéen sur les effets interactifs des facteurs
anthropiques, écologiques et géographiques
sur sa capacité a devenir envahissante (Motti
etal.2021).

A 1’échelle du continent africain, 1’ Ailante
est introduit dans six pays (Afrique du Sud,
Lesotho, Algérie, Tunisie, Maroc et Libye),
dont trois ou il est actuellement naturalisé
(Afrique du Sud, Lesotho et Algérie). En
Algérie, le probleme de 1’ Ailante n’est pas
lié uniquement a sa vitesse de propagation
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(Lefeuvre 2006 ; Castro-Diez et al. 2014),
mais également a sa propagation dans cer-
taines aires protégées telles que les parcs
nationaux de Chréa et de Gouraya (Meddour
et al. 2020). Sa plasticité écologique lui a
permis de gagner toutes les régions et tous
les étages bioclimatiques du pays, du sub-
humide a I’aride (Aflou, el-Bayadh et Biskra)
(Soltani-Amri 2014).

Le parc national de Chréa, reconnu pour
son importance patrimoniale, a subi dans
certaines zones l’invasion de cette espece.
En empruntant la route nationale 37 reliant
Chréa a Blida, qui traverse le versant nord du
parc national, on constate a premiere vue sa
forte présence et, en conséquence, la nécessité
de I’exploration que suscite la progression
de I’Ailante dans ce parc jusqu’a 1200 m
d’altitude en pleine cédraie. Aujourd’hui, sa
prolifération rapide lui a permis de s’étendre
en supplantant les especes indigenes.

En Algérie, le probleme des especes envahis-
santes est insuffisamment documenté. 1l a fait
I’objet de rares travaux, tels ceux de Meddour
et al. (2020) sur la flore exotique d’ Algérie
(Afrique du Nord), de Soltani-Amri (2014)
sur I’écologie de 1’ Ailante dans la région de
Constantine, et de Ben Meddour (2010) sur le
pouvoir allélopathique de I’ Ailante au regard
de la germination de quelques mauvaises
herbes des céréales. Excepté ces études, en
ce qui concerne I’invasion biologique dans
sa globalité ou pour I’ Ailante en particulier,
aucune synthese n’a été entreprise. Par consé-
quent, il se révele urgent d’entreprendre des
recherches pour répondre au probléeme de
I’invasion et de la propagation de cette espece
qui demeure tres peu prospectée, voire tota-
lement ignorée.

La présente étude cherche des lors a apporter
de nouvelles connaissances sur la dynamique
spatiale de I’ Ailante en Algérie, plus préci-
sément dans une zone forestiere reconnue
pour son importance patrimoniale : le parc
national de Chréa. Ce travail est donc d’un
intérét certain pour la protection de la biodi-
versité et la gestion de cette aire protégée en
particulier, en mettant a la disposition du ges-
tionnaire des éléments d’information pouvant
aboutir a la prise de mesures pour minimiser
ou arréter la prolifération de I’Ailante. La
localisation et I’identification des conditions
etdes sites de propagation pourront faciliter la
détection précoce des nouvelles populations
et de leur éradication des le plus jeune age.

Méthodes

Site d'étude

La zone d’étude fait partie du parc national
de Chréa, qui est classé « Réserve de la bios-
phere » depuis 2002 (Mekideche et al. 2018)
et couvrant 26 587 ha des hauteurs de I’ Atlas
blidéen entre les paralleles 36°36° et 36°00’ et
les méridiens 3°20° et 2°40” & 50 km au sud-
ouest d’Alger (Sahli 2016).

Le climat est dominé par le subhumide et
I’humide. Les précipitations annuelles varient
entre 600 et 800 mm. Leur cumul peut dépasser
1000 mm (Rabhi et al. 2018). Durant la période
hivernale, les températures varient de 4,6 a
5 °C; pour la période estivale, les moyennes
des températures sont comprises entre 20,5
et 24,1 °C (Morsli 2008). Le substrat, est
homogene et constitué de schistes du crétacé
supérieur (Rabhi efal. 2018). En ce qui concerne
le couvert végétal, la mosaique de variantes
microclimatiques résultant de 1’état tres acci-
denté du relief a favorisé un couvert boisé dense
et diversifié abritant plus de 1200 especes
végétales et 674 especes animales.

La zone d’étude se situe sur le versant nord
de la partie centrale du parc, entre 650 et
1100 m d’altitude, ou elle occupe 223 ha.
Elle regroupe de nombreux sites restreints
connus par des appellations locales, a savoir
Bni Ali, Hakou Ferraoune, Oued Blat et
Glacieres. Cette partie du parc, qui bénéficie
d’un microclimat particulierement favorable
(exposition fraiche et altitude moyenne), est
tres réputée pour sa riche biodiversité repré-
sentée par plus de 5 formations végétales dif-
férentes (suberaie, yeuseraie, cédraie et des
formations mixtes).

La zone est sillonnée par de nombreux ravins
qui s’entrecroisent avec la route nationale 37
reliant Blida a Chréa, laquelle traverse la zone
en forme serpentée (figure 1).

Cartographie des sites envahis

Le travail cartographique a nécessité 4 mois
de prospection (avril-juillet) durant lesquels
I’ Ailante s’est trouvé en pleine phase de feuil-
laison, de floraison et par la suite de fructifi-
cation. Ces dernieres permettent de distinguer
de loin I’ Ailante parmi d’autres essences. La
délimitation de la zone d’étude a été faite selon
la présence de I’espece sur le versant nord de la
partie centrale du parc. De ce fait, la premiere
phase de prospection a consisté a balayer le
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Figure 1 - Localisation de la zone d'étude (Y. Kacimi).
Figure 1- Location of the study area.

versant a I’ceil nu et a I’aide de jumelles en
repérant les zones de Bni Ali, Hakou Ferraoune
et les Glacieres. La deuxieme phase de pros-
pection a consisté en une visite des zones aux
alentours des sites détectés précédemment,
pour vérifier la présence ou non de jeunes bou-
quets non visibles de loin. Ces derniers repré-
sentent plusieurs rejets d’ Ailante sous forme
de petits peuplements (de 1 a 3 individus a un
peuplement couvrant quelques ares).
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La cartographie des sites envahis a été réa-
lisée en trois étapes : 1) référencement des sites
envahis al’aide du GPS ; 2) matérialisation des
sites sur I'image Google Earth et conversion
de cette derniere a 1’aide de Global Mapper;
3) élaboration et mise en forme de la carte sur
ArcMap 10.8. Cette démarche a été adoptée
pour I’élaboration des différentes cartes de
localisation. Les sites envahis ont été identifiés
par numérotation, selon I’altitude, de 1 a 38.
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Propagation intersite

Pour déterminer I’historique de propagation,
I’age de chaque bouquet a été déterminé par
le carottage du ou des plus gros individus
de chaque site. Le prélevement des carottes
a été réalisé€ a I’aide d’une tariere de Presler
a 1,30 m du sol. Apres nettoyage et pongage
des carottes, le comptage des cernes a été
effectué a ’aide d’un micrometre a agran-
dissement x 10. La détermination de 1’age du
plus gros individu de chaque bouquet a permis
de retracer la chronologie de 1’apparition des
sites envahis.

Propagation intrasite

Le choix des sites d’expérimentation (site
envahi situé dans le ravin n° 1 et site lon-
geant la route en dehors du ravin n° 35) s’est
porté sur leur accessibilité. La méthodologie
adoptée a été basée sur le positionnement
des individus d’Ailante au sein des sites
envahis. Cela a nécessité 1’enregistrement

des diametres des individus et leur distance
d’éloignement par rapport a la route. Cet
échantillonnage a été opéré pour décrire la
dynamique spatiale d’ Ailante au sein du peu-
plement naturel.

Le dispositif d’échantillonnage pour le site
n° 1 est en forme de transects espacés de
10 m et perpendiculaires a 1’axe du ravin
(figure 2). Pour chaque transect, chaque
individu d’ Ailante situé a moins de 0,25 m de
part et d’autre du transect a été pris en compte
en mesurant son diametre et sa distance par
rapport a la route. Cela a permis de déceler la
relation entre le diametre de 1’ arbre (indice de
I’age) et sa distance d’éloignement de la route.

Dans le site n° 35, le peuplement de 1’ Ailante
longe de part et d’autre un trongon de route tra-
versant un taillis de Chéne vert (Quercus ilex
L.) renfermant d’autres essences éparpillées,
comme le Cedre de I’ Atlas (Cedrus atlantica
Manetti.) et le Pin d’ Alep (Pinus halepensis
Mill.). Le méme type d’échantillonnage a
été effectué suivant des transects allant des
bordures de la route perpendiculairement

Figure 2 - Schéma des mesures effectuées sur le site n° 1 (Y. Kacimi).
Figure 2 - Diagram of measurements carried out on Site 1.
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Figure 3 - Schéma des mesures effectuées sur le site n° 35 (Y. Kacimi).
Figure 3 — Diagram of measurements carried out on Site 35.
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vers I’intérieur du peuplement. La longueur
du transect correspond a la distance entre la
bordure de laroute et I’ Ailante le plus éloigné
(figure 3).

Les analyses statistiques effectuées lors de

cette étude se sont appuyées sur la variance
ANOVA.

Prolifération a I'intérieur
des peuplements naturels

La prolifération a I’intérieur des peuplements
naturels a été évaluée au niveau du site n° 35,
un site bordant la route et couvert a 80 %
d’un taillis de Chéne vert (Quercus ilex)
pur et dense. Pour décrire la relation entre le
positionnement d’ Ailante et son éloignement
par rapport a la route goudronnée, des tran-
sects ont été pris tous les 10 m perpendicu-
lairement a I’axe de la route. En parallele,
les individus de Chéne vert les plus proches
de la route sur le transect ont été également
notés et positionnés par rapport a la limite de
laroute (b = distance entre la route et le Chéne
vert le plus proche de la route). La longueur
du transect correspond a la distance entre
la limite de la route et I’individu d’Ailante
le plus éloigné (a). Cette partie du travail a
pour objectif de déterminer la distribution des
individus d’Ailante en fonction de leur dia-
metre et de leur éloignement par rapport a la

route, et d’étudier la capacité de I’espece a se
propager dans de nouveaux espaces occupés
actuellement par des formations ou des peu-
plements naturels, d’ou la distance de propa-
gationd = a—b (figure 4).

Résultats

Répartition des sites envahis

Les résultats ont révélé la présence de
38 sites envahis, dont la majorité longent la
route nationale 37 reliant Chréa a Blida et les
chemins secondaires, ol ils occupent essen-
tiellement des intersections entre chemins et
ravins (figure 5). Les dimensions des sites
envahis présentent une plus grande variation
de densité, avec une superficie variant de 10
22508 m? (moyenne de 475 m?), et couvrant
un total de 18043 m?, soit 0,82 % de la super-
ficie étudiée (annexe 1).

Pour une grande proportion, soit 11 sites surles
15 envabhis situés a moins de 900 m d’altitude
(zones de Bni Ali et Hakou Ferraoune), leur
répartition se limite exclusivement aux ravins
et aux milieux ombragés. En revanche, pour
les sites de haute altitude, le positionnement
ne concerne pas uniquement les ravins, mais
englobe aussi les bordures des routes.

Transect 7

[Limite de 1o route |

Au-dessous D
de la route C} Q C,)

CD?

O @ o

5 —
@

2

d=distance de propagation=a-b

a= distance entre la route et"Ailante le plus &loigné de la route
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Figure 4 - Schéma indiquant la méthode d'évaluation de la prolifération.

Figure 4 — Diagram showing the method of proliferation assessment.
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Figure 5 — Répartition des sites envahis par formation végétale (Y. Kacimi).

PA: Pin d'Alep; E: Eucalyptus; CL: Chéne-liége; CV: Chéne vert; M: Merisier sauvage; C: Cédre de I'Atlas;

O: Olivier sauvage; S: Sapin de Numidie; CZ: Chéne zéen; V: vergers.

Figure 5 - Distribution of invaded sites by plant formation.

PA: Pinus halepensis; E: Eucalyptus; CL: Quercus suber; CV: Quercus ilex; M: Prunus avium; C: Cedrus atlantica;
O: Olea europea; S: Abies numidica; CZ: Quercus canariensis; V: Orchards.

Il est constaté que la présence de cette espece
se localise sur une large tranche altitudinale
allantde 706 a 1 146 m, soit 440 m de dénivelé
et plus de 2000 m de versant ou plusieurs for-
mations végétales se succedent. L’invasion a
donc touché la totalité des formations végé-
tales (figure 5), les deux formations mixtes
Pin d’Alep (Pinus halepensis)-Chéne-licge
(Quercus suber L.) (12 sites sur 38) et Pin
d’ Alep-Chéne vert (13 sites sur 38) demeurant
les plus touchées. En revanche, les formations
contenant le Cedre (Cedrus atlantica) et le
Sapin de Numidie (Abies numidica L.) sont
moins affectées. Néanmoins, il est a signaler
en particulier I’existence d’un site envahi en
plein peuplement dominé par le Cedre au
niveau des Glacieres.

Propagation intersite
(historique de propagation)

L’age des plus gros individus des différents
sites indique que 1’individu le plus ancien,
datant de 1965, appartient au site n° 18 (situé
dans la zone de Hakou Ferraoune) (annexe 2);
il s’agit d’un individu de 57 cm de diametre et
25 m de hauteur. L’historique de I’apparition
des sites suggere que la vitesse de propa-
gation a pris une tendance ascendante d’une
décennie al’autre (figure 6). Apres un rythme
de propagation lent durant les 30 ans suivant
I’installation, avec une moyenne de 0,2 site/
an, la propagation a marqué des sauts impor-
tants durant les deux dernieres décennies,
1996-2005 et 2006-2015, avec des propaga-
tions de 1,88 et 1,66 site/an, respectivement.

L’ordre chronologique de I’invasion des sites
montre que la propagation s’est produite de
facon aléatoire (figure 7). Autrement dit, le
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Figure 6 - Nombre de sites envahis par décennies.
Figure 6 — Number of invaded sites per decade.
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Figure 7 - Ordre chronologique des sites envahis (Y. Kacimi).

Figure 7 - Chronological order of invaded sites.

site classé en deuxieme dans I’ordre chro-
nologique n’est pas forcément adjacent au
premier. Néanmoins, la carte laisse apparaitre
que la propagation s’est produite pendant
deux phases correspondantes, dans des direc-
tions distinctes en fonction de I’altitude. La
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premiere phase correspond a la propagation
vers les basses altitudes (2, 3 et 4) a Bni Ali et
Oued Blat, la deuxieme correspond a la pro-
pagation vers les hautes altitudes de Hakou
Ferraoune (5 et 6) puis les Glacieres ou elle
a atteint la cédraie (7) a 1 150 m d’altitude.

13
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Propagation intra sites
(par rapport a I'axe routier)

Les résultats révelent que les bouquets
d’Ailante tendent a se propager a partir des
lieux de leur naissance, pres de la route (a
savoir le point d’intersection entre ravin et
route pour le site n° 1, et bord de la route pour
le site n°® 35), pour s’enfoncer a I’intérieur
du couvert boisé (figure 8). Dans les deux
cas, la plus grande partie des transects (83 %
pour le site n° 1 et 61,53 % pour le site n° 35)
refléte une tendance régressive de diametre en
fonction de I’éloignement du lieu de naissance.

Prolifération a l'intérieur
du peuplement

La position des individus d’Ailante les plus
éloignés de la route (site n° 35) et celle des
individus de I’essence naturelle (Chéne vert)
les plus proches laissent apparaitre que 1’ Ai-
lante s’est développé profondément a I’inté-
rieur du peuplement naturel, et ce de part et
d’autre de la route, c6té amont et coté aval
(tableaux 1 et 2). Sa présence est beaucoup
plus importante du c6té aval, dont elle dépasse
15 m en moyenne pour atteindre 24 m pour
le maximum. Cette propagation correspond a

Site n”1
40
1%
T dizmétre (cm)
£
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15
10
5 oy — e
o L — T
= ™ = = = = = = = =
Distance Iml
Diamétre (em) = 6,64 _|1- D_.‘rS Distance (m) HN=104
FD NHJ l?‘a -
Site m"35 : En dessous de la route
5
- diamétre (cm)
Ex
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[ —Mﬁﬁ_ﬁ
= W = ] =2 >4 g
i Distance (m)
Digmitre (em)= 425 - 0,18 Distance (m) N=133

(2600  (-3.972)%
(0.000)*  (0.000) ==

Bile W38 | Au-dessas de s route
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Figure 8 - Régression du diamétre des individus d’Ailante en fonction de I’éloignement de la route, site n° 1
et site n° 35 (en dessous et au-dessus de la route).

Figure 8 — Regression of diameter of Ailanthus individuals as a function of distance from the road, Site 1 and
Site 35 (below and above the road).
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Tableau 1 - Récapitulatif de la prolifération a I'intérieur du couvert naturel a partir de la route (c6té aval).
Table 1 - Summary of the proliferation inside the natural cover starting from the road (downstream side).

Transect Distance (m) entre la route et Distance de Distance
: - - prolifération totale de
le sujet le sujet le sujet alintérieur  propagation
de I'Ailante de l'Ailante de Chéne vert du peuplement (m)
le plus proche le plus éloigné le plus proche (m)
1 0,8 n 10 1 10,2
2 1,5 26 9 17 24,5
3 53 18 10 8 12,7
4 2 12,4 7 54 10,4
5 4 16 13 3 12
6 78 21 12 9 13,2
7 14 24 20,5 35 22,6
Moy. 3,26 18,34 11,64 6,70 15,40
Ecart 1,83 3,99 2,64 3,48 4,66

Tableau 2 - Récapitulatif de la prolifération a I'intérieur du couvert naturel a partir de la route (c6té amont).
Table 2 - Summary of proliferation inside the natural cover starting from the road (upstream side).

Transect Distance (m) entre la route et Distance de Distance
- - : prolifération totale de
le sujet le sujet le sujet a l'intérieur propagation
de 'Ailante de l'Ailante de Chénevert gy peuplement (m)
le plus proche le plus éloigné le plus proche (m)
1 0,8 8 7 1 72
2 0,6 26 24,8 12 25,4
3 1,2 16,3 >16,3 0 15,1
4 55 14,3 12,5 1,8 8,8
5 12 16,8 2 14,8 15,6
6 0,6 1,2 >1,2 0 0,6
Moy. 1,65 13,77 11,58 313 12,12
Ecart 1,10 5,24 5,66 3,33 5,64

une prolifération a I’intérieur du peuplement
naturel dépassant 6 m en moyenne et attei-
gnant 17 m.

Pour le coté amont, les valeurs de propagation
correspondantes sont de 12 m en moyenne et
de plus de 25 m pour le maximum, celles de
la prolifération a I’intérieur du peuplement
dépassant 3 m en moyenne et atteignant 14,8 m.

Discussion

L’examen de 1’age des plus gros individus
suggere que la présence de 1’ Ailante dans la
zone d’étude remonte a plus de 50 ans. En effet,
I’individu le plus agé, datant de 1965, a été
inventorié dans la région de Hakou Ferraoune,
dans une intersection entre un ravin et une
piste forestiere voisinant des vergers. Ce posi-
tionnement laisse supposer que cette invasion
est en relation avec I’activité humaine liée
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aux populations riveraines et/ou aux travaux
d’aménagement des pistes. Cette supposition
est fondée sur la réputation de I’ utilité de I’ Ai-
lante dans la fixation des terrains (Wunder et
al. 2014) et sur les affirmations des auteurs
reliant la quasi-totalité des invasions a I’ac-
tivité humaine (Pascal et al. 2010).

Actuellement, cette espece colonise sous forme
de bouquets d’une superficie de 18043 m?,
soit 0,82 % de I’étendue prospectée. Bien
que la proportion envahie demeure faible, la
vitesse de propagation indiquée est rapide, il
est possible que I’espece soit en phase d’éta-
blissement, et le risque d’expansion peut étre
sévere voire aboutir a des conséquences €co-
logiques, économiques et sociales (Dairain et
al. 2012).

Pour la majorité des sites envahis, le position-
nement longe les bordures des voies de com-
munication. Cette distribution est en concor-
dance avec celle constatée par Knusel et al.
(2020) et Motti et al. (2021), qui mentionnent

15



YAMINA KACIMI, MOHAMED SBABDII

que cette espece colonise le plus souvent les
routes et les couloirs de transport, lesquels
combinent probablement une forte pression
de propagules et des conditions de croissance
favorables en matiere de ressources dispo-
nibles, a savoir la lumiere, 1’eau et les nutri-
ments minéraux, qui permettent a 1’ Ailante
de s’établir et de se propager le long des axes
routiers.

La situation de la majorité des sites envahis
dans des endroits ombragés et relativement
humides suscite un questionnement sur la
capacité d’adaptation de 1’ Ailante a des bio-
topes différents. En effet, ce positionnement
est probablement en relation avec 1’écologie
de I’espeéce. Bien que cette derniere soit
décrite en Europe comme étant une espece
de lumiere et d’ensoleillement (Kowarik &
Sdumel 2007), sa distribution a Chréa suggere
qu’elle préfere les endroits ou I"humidité et
la durée d’ombrage sont élevées. Cette hypo-
these est appuyée encore davantage par I’ exis-
tence de sites envahis en dehors des ravins,
uniquement en altitude, a plus de 1000 m,
alors que I’ensemble des sites situés a basse
altitude se trouve exclusivement au niveau des
ravins, lieux ombragés et frais. Cette consta-
tation est a attribuer au fait que 1’ Ailante, en
altitude, trouve suffisamment de fraicheur
et d’humidité, alors qu’a basse altitude, ce
microclimat ne peut étre procuré qu’au niveau
des ravins. Ce constat indique probablement
que ’espece peut avoir des comportements
de distribution adaptés suivant le climat de
la région; cependant, cette méme relation
positionnement/climat peut expliquer la
différence du comportement de 1’espece
entre I’Europe et I’ Algérie. En effet, il est
fort possible qu’en Europe, ou le climat est
plus frais et humide, elle s’adapte a des sites
ensoleillés. Par contre, a Chréa, en Algérie,
I’ensoleillement est plus intense, et I’humidité
relativement faible rend difficile sa survie en
dehors des sites frais et ombragés. Cet aspect
se révele important, car il aide a apprécier les
risques d’invasion des formations forestieres
en dehors des ravins.

La propagation a travers les formations pourra
se produire par I’apparition de nouveaux sites
(propagation par saut) ou par I’extension
des sites actuels (propagation par rampe).
L’analyse rétrospective de la chronologie de
I’invasion des sites existants actuellement
montre que la propagation de cette espece
d’un site a I’autre a beaucoup accéléré. En
effet, apres avoir été lente au début et durant
30 ans (entre 1965 et 1995), avec une vitesse

de 0,2 site/an, soit deux sites par décennie,
elle a atteint par la suite environ 2 sites/an
(1,88 site/an durant 1996-2005 et 1,66 site/
an durant 2006-2015), soit une multiplication
par 10.

La propagation en deux phases vers deux
orientations distinctes — vers les altitudes
basses au nord, puis vers les hautes altitudes
au sud —, demeure difficile a expliquer, car
elle implique deux influences non contrdlées.
L’influence anthropique, liée principalement
aux déplacements quotidiens des proprié-
taires des vergers entre ces derniers et la ville,
a favorisé la propagation de I’espece vers le
nord a basse altitude (sites n® 1, 2 et 3). 11
est probable que durant leurs déplacements,
les hommes transportent involontairement
les graines (anthropochorie) par le biais de
leurs véhicules, de leurs objets ou de leurs
productions qu’ils destinent au marché. De
plus, et a titre d’exemple, le site n° 2 dans la
chronologie de propagation renferme une
source d’eau, il est donc tres convoité par les
utilisateurs de la route, y compris les proprié-
taires des vergers avoisinant le site mere, qui
s’y arrétent pour s’approvisionner en eau. En
parallele, la propagation vers le haut a été défa-
vorisé€e durant les premieres décennies par le
climat de I’époque, qui était plus frais et plus
enneigé, notamment en altitude au-dela de
900 ou 1000 m (Sbabdji 2012). En revanche,
le réchauffement climatique au cours des der-
nicres décennies a favorisé la progression de
I’Ailante en altitude jusqu’a 1100 m, ou le
plus jeune bouquet se trouve en pleine cédraie
(site n°® 7). Toutefois, cet aspect nécessite plus
d’investigations afin de comprendre le com-
portement de I’espece par rapport au réchauf-
fement climatique et les conséquences qui en
résultent quant a sa progression en altitude en
pleine cédraie.

En ce qui concerne la propagation intrasite,
les résultats indiquent qu’elle s’ oriente a partir
des lieux d’origine, a proximité des bordures
delaroute ou du litduravin, vers I’intérieur des
formations forestieres naturelles. Néanmoins,
méme si I’amplitude des distances de propa-
gation a I’intérieur des peuplements naturels
reste limitée actuellement, le risque li€ & son
extension dans 1’avenir demeure inquiétant.
La majorité des transects ont révélé 1’enfon-
cement de I’espece a l’intérieur du peuplement
naturel par 1’apparition de jeunes individus.
Différents auteurs s’accordent pour préciser
que cette propagation conduit a la constitution
de peuplements tres denses qui éliminent la
flore locale par compétition vis-a-vis de la
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lumiere et de I’espace en produisant des subs-
tances allélopathiques qui s’accumulent dans
le sol et qui inhibent la croissance des autres
végétaux (Lawrence et al. 1991 ; Poggi 2013).

Etant donné son potentiel de propagation et sa
forte multiplication végétative, 1’ Ailante est
difficile a controler. Sur la base des résultats
de ce travail, il est impératif de suivre les
sites envahis sur plusieurs années en ciblant
principalement I’élimination de toutes les
jeunes plantules et les rejets d’ Ailante sur les
surfaces de coupe avoisinantes, et le retrait
préventif des individus femelles (les arbres
semenciers), ces mesures servant a réduire la
quantité excessive de graines pour endiguer
la propagation.

Conclusion

Cette étude présente un premier constat sur
le probleme causé par I’ Ailante dans le parc
national de Chréa. Ce dernier constitue une
réserve biologique d’importance nationale
et mondiale, et la présence de cette espece
invasive peut entraver sa valeur biologique.

La propagation de cette plante et I’extension
des sites prennent un rythme croissant rapide,
et compte tenu des changements climatiques
annoncés, on s’ attend a une large extension de
I’aire potentielle de répartition de cette espece
en Algérie. Eu égard a son fort potentiel de
propagation, a son intense fructification et
a sa croissance rapide, les menaces de cette
espece peuvent peser lourd a I’avenir. Sa pré-
sence sur une large amplitude altitudinale,
jusqu’a 1150 m, ou elle touche la cédraie,
reflete d’une facon plus claire la lourdeur des
menaces. Il est primordial de couper les dra-
geons et les rejets qui pourraient émerger apres
I’€élimination des individus meres. De bonnes
pratiques de gestion forestiere peuvent éga-
lement ralentir I’invasion, comme 1’abattage
des arbres femelles matures pour réduire ou
éliminer la dispersion des graines.
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Annexes

Annexe 1- Classement des sites envahis en fonction de I'altitude.
Appendix 1 - Ranking of invaded sites by elevation.

N°site  Altitude Position Formation végétale Surface N° site Altitude Position Formation végétale Surface
(m) (m?) (m) (m?)
1 706 Ravin PA + CL 15 20 921 Route PA+CV+M 25
2 710 Ravin PA + CL 168 21 928 Route \ 70
3 712 Ravin PA+CL 140 22 932 Route \ 90
4 719 Ravin PA+CL 352 23 944 Route PA+CV+M 160
5 726 Ravin PA + CL 63 24 952 Route CV+CL 2508
6 728 Ravin PA+CL 84 25 955 Route PA+CV+M 80
7 729 Ravin PA + CL 128 26 964 Route PA+CV+M 15
8 730 Ravin PA+ CL 18 27 966 Route PA+CV+M 10
9 751 Ravin PA+CL 338 28 970 Route PA+CV+M 6
10 757 Ravin PA + CL 80 29 972 Route PA+CV+M 400
1 759 Ravin PA+ CL 1408 30 974 Route CV+CL 150
12 863 Route PA+CL 50 31 977 Route PA+CV+M 1000
13 864 Route PA+CV+M 120 32 979 Route CV+CL 9
14 867 Route O+C+CZ+CV+CL 2808 33 983 Route PA+CV+M 150
15 875 Route PA+E+CL 442 34 986 Route PA+CV+M 100
16 906 Route PA+CV+M 100 35 987 Route CV+CL 3200
17 910 Route PA+CV+M 225 36 1019 Route CV+M 20
18 915 Ravin PA+CV +CL 980 37 mz Route Ccv+C 460
19 920 Route PA+CL 35 38 1146 Route CvV+C 2 000
PA: Pin d'Alep; E: Eucalyptus; CL: Chéne-liege; CV: Chéne vert; M: Merisier ; C: Cedre; O: Olivier; S: Sapin de Numidie; CZ: Chéne zéen; V: vergers

Annexe 2 - Nombre d’Ailantes mesurés par sites, leur diamétre et le nombre de cernes.
Appendix 2 - Number of Ailanthus trees measured by site, their diameter and the number of rings.

N° Site Arbres Diamétre Nombre N° Site Arbres Diamétre Nombre
mesurés (cm) de cernes mesurés (cm) de cernes
75 10 19 1 75 12
! 2 7 9 20 1 55
2 1 8 10 21 1 5 4
3 1 9 10 22 1 6,5 12
4 1 14,5 30 23 1 45 5
5 1 12 30 24 1 20 19
6 1 7 10 25 1 4 5
7 1 75 19 26 1 3
8 1 4,5 4 27 1 5 4
9 1 6 7 28 1 3,5
10 1 8,5 15 29 1 9 12
11 2 b 30 30 2 >
10 14 7
12 1 7 9 31 1 8 14
13 1 2 2 6,5 4
14 1 12 27 32 2 1,5 1
15,5 20 33 1 7 12
15 3 17,5 16 34 1 9,5 12
15 31 35 1 10 19
16 1 4 3 36 1 8,5 14
17 1 8 12 37 1 9,5 12
18 1 16 50 38 1 10 12
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Annexe 3 - Mesures (diamétre/distance) effectuées sur le site n° 1.
Appendix 3 - Measurements (diameter/distance) taken on Site 1.

N° Site  Profil Distance Diamétre | N° Site  Profil Distance Diamétre | N° Site  Profil Distance Diamétre
(m) (cm) (m) (cm) (m) (cm)
1 Profil 1 0 2 36 Profil 4 3 3 71 Profil 3 6,9 2
2 Profil 2 0,1 3 37 Profil 6 3,2 8 72 Profil 5 6,9 15
3 Profil 3 0,1 7 38 Profil 3 33 23 73 Profil 3 7 1
4 Profil 6 0,1 2 39 Profil 5 33 2,5 74 Profil 5 7 2
5 Profil 6 0,2 4 40 Profil 2 3,5 2 75 Profil 5 7 1
6 Profil 3 0,3 2 41 Profil 2 37 6 76 Profil 3 7,2 7
7 Profil 5 0,3 30 42 Profil 3 4 3,5 77 Profil 3 72 2
8 Profil 1 0,4 1 43 Profil 3 4 2 78 Profil 5 74 3
9 Profil 4 04 0,5 44 Profil 6 4 12 79 Profil 6 76 0
10 Profil 3 0,5 2 45 Profil 3 41 8 80 Profil 3 77 6
n Profil 6 0,5 5 46 Profil 5 4,1 1 81 Profil 3 8 3,5
12 Profil 2 0,6 2 47 Profil 2 4,2 8,5 82 Profil 4 8 3
13 Profil 2 0,8 4 48 Profil 5 43 1 83 Profil 3 8,05 4
14 Profil 4 0,9 5 49 Profil 1 4,4 0,8 84 Profil 3 8,2 2,5
15 Profil 6 0,9 6 50 Profil 3 4.4 3 85 Profil 3 8,2 2
16 Profil 1 1 2 51 Profil 6 44 12 86 Profil 3 8,4 5
17 Profil 4 1 12 52 Profil 1 4,5 0,7 87 Profil 2 8,5 2
18 Profil 5 1 5 53 Profil 4 45 3 88 Profil 3 8,5 9
19 Profil 3 1.2 9 54 Profil 1 4,7 1 89 Profil 5 9 15
20 Profil 1 14 10 55 Profil 6 5 3 20 Profil 3 9,3 4
21 Profil 2 14 4,5 56 Profil 6 5 1 91 Profil 3 9,4 5
22 Profil 3 14 377 57 Profil 3 5,2 2 92 Profil 2 9,5 1
23 Profil 4 1,5 2 58 Profil 1 53 4 93 Profil 3 9,5 2
24 Profil 3 1.7 3 59 Profil 3 55 2 94 Profil 5 10 2,5
25 Profil 1 1,8 0,8 60 Profil 5 5,5 15 95 Profil 3 10,3 1
26 Profil 1 2,2 3 61 Profil 6 55 6 96 Profil 1 10,4 3
27 Profil 2 2,2 9,5 62 Profil 3 5,6 3 97 Profil 2 10,5 1
28 Profil 5 2,3 15 63 Profil 4 5,6 17 98 Profil 2 12,5 1
29 Profil 3 2,5 3 64 Profil 6 56 5 929 Profil 4 12,5 2
30 Profil 1 2,6 1,5 65 Profil 6 5,7 7 100 Profil 3 13,2 2,5
31 Profil 2 2,6 20 66 Profil 1 5,8 1 101 Profil 3 15,1 6,5
32 Profil 1 2,8 2,2 67 Profil 4 59 6 102 Profil 3 15,2 4
33 Profil 2 2,9 3 68 Profil 3 6,3 2 103 Profil 5 16,5 1,5
34 Profil 1 3 4,5 69 Profil 3 6,7 1 104 Profil 5 17 2
35 Profil 3 3 7 70 Profil 3 6,7 9
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Constat de la propagation d'un arbre envahissant,
[‘Ailante (Ailanthus altissima (Mill.) Swingle), dans le Parc national de Chréa (Algérie)

Annexe 4 — Mesures (diamétre/distance) effectuées sur le site n° 35 (en dessous de la route).
Appendix 4 — Measurements (diameter/distance) taken on Site 35 (below the road).

N° Site  Profil Distance Diamétre | N° Site  Profil Distance Diamétre | N° Site  Profil Distance Diamétre
(m) (cm) (m) (cm) (m) (cm)
1 Profil 1 0,8 1 46 Profil 5 9,5 1,5 91 Profil 5 14,9 1
2 Profil 7 14 23 47 Profil 2 9,6 15 92 Profil 7 14,9 1
3 Profil 1 15 0,5 48 Profil 5 9,7 1 93 Profil 3 15 0,5
4 Profil 2 1,5 3 49 Profil 7 9,8 3 94 Profil 5 15 1
5 Profil 7 1,6 1 50 Profil 2 10 2 95 Profil 3 15,2 0,5
6 Profil 4 2 3 51 Profil 3 10 5 96 Profil 7 15,2 0,6
7 Profil 1 2,6 6 52 Profil 5 10,3 0,8 97 Profil 7 15,4 0,3
8 Profil 1 2,8 6 53 Profil 7 10,3 2 98 Profil 7 15,45 1
9 Profil 4 3,3 4 54 Profil 5 10,5 1,5 99 Profil 7 15,5 1
10 Profil 7 34 3 55 Profil 5 10,9 1,5 100 Profil 2 15,6 0,8
n Profil 1 3,5 12 56 Profil 1 n 0,5 101 Profil 7 15,8
12 Profil 5 4 0,5 57 Profil 3 1,2 2 102 Profil 3 16 3
13 Profil 1 4.6 10 58 Profil 5 4 1 103 Profil 5 16 2
14 Profil 5 4.6 1,5 59 Profil 2 1,5 5 104 Profil 6 16 0,5
15 Profil 7 4,6 7 60 Profil 2 1,6 1,5 105 Profil 3 16,4 1,5
16 Profil 2 49 1,5 61 Profil 7 1,6 1 106 Profil 5 16,4 1,5
17 Profil 3 53 1 62 Profil 5 n7 10 107 Profil 7 16,4 0,5
18 Profil 4 53 2 63 Profil 4 12,1 1 108 Profil 7 16,5 0,5
19 Profil 1 6 9 64 Profil 3 12,2 0,8 109 Profil 3 16,6 2
20 Profil 1 6,5 2 65 Profil 3 12,3 2 110 Profil 7 16,8 2
21 Profil 4 6,7 2 66 Profil 2 12,4 0,5 m Profil 3 17 0,5
22 Profil 2 6,8 9 67 Profil 4 12,4 1 12 Profil 7 17 1
23 Profil 4 6,8 2 68 Profil 2 12,5 1 13 Profil 6 17,2 0,8
24 Profil 5 6,8 3 69 Profil 3 12,5 2 14 Profil 7 17,4 5
25 Profil 2 6,9 15 70 Profil 7 12,5 0,5 15 Profil 2 17,8 3
26 Profil 1 7 0,5 7 Profil 3 12,6 2 116 Profil 2 18 4
27 Profil 2 7 2,5 72 Profil 7 12,8 0,5 n7 Profil 3 18 2
28 Profil 3 7 2 73 Profil 7 12,9 0,8 118 Profil 6 18 0,6
29 Profil 1 71 0,8 74 Profil 7 13,15 0,5 19 Profil 6 18,4 0,4
30 Profil 2 71 1 75 Profil 5 13,2 0,5 120 Profil 7 18,5 1,5
31 Profil 1 7,6 3 76 Profil 7 13,2 0,5 121 Profil 7 18,6 8
32 Profil 6 7,8 1,5 77 Profil 5 13,3 0,5 122 Profil 6 18,7 0,5
33 Profil 1 7.9 1 78 Profil 5 13,4 0,5 123 Profil 6 19,1 0,8
34 Profil 6 7,9 0,8 79 Profil 2 13,9 0,8 124 Profil 6 19,2 0,4
35 Profil 1 8,1 0,5 80 Profil 3 14 0,5 125 Profil 6 19,4 0,5
36 Profil 2 8,1 1 81 Profil 2 14,15 1 126 Profil 6 19,6 0,3
37 Profil 1 8,3 1 82 Profil 2 14,2 1,5 127 Profil 7 19,8 6
38 Profil 7 8,9 3 83 Profil 3 14,2 0,5 128 Profil 6 20,2 0,5
39 Profil 1 9 3 84 Profil 3 14,2 0,5 129 Profil 6 21 0,5
40 Profil 5 9 8 85 Profil 6 14,2 1 130 Profil 7 21,6 0,5
M Profil 2 9,2 0,5 86 Profil 3 14,3 0,5 131 Profil 7 21,8 0,7
42 Profil 4 9,2 2 87 Profil 7 14,3 0,8 132 Profil 7 234 3,5
43 Profil 6 9.3 2 88 Profil 3 14,4 0,5 133 Profil 7 24 2
44 Profil 2 9,4 1 89 Profil 3 14,5 2
45 Profil 2 9,5 1 90 Profil 7 14,5 0,5
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Annexe 5 - Mesures (diamétre/distance) effectuées sur le site n° 35 (au-dessus de la route).
Appendix 5 - Measurements (diameter/distance) taken on Site 35 (above the road).

N° Site Profil Distance Diamétre N° Site Profil Distance Diamétre
(m) (cm) (m) (cm)
1 Profil 6 0,7 1 36 Profil 3 12 0,5
2 Profil 6 0,75 2,5 37 Profil 2 12,3 2
3 Profil 1 0,8 2 38 Profil 3 12,5 1
4 Profil 6 0,8 4 39 Profil 2 12,9 2,5
5 Profil 6 0,85 1 40 Profil 3 14 0,5
6 Profil 1 1,2 4 4 Profil 3 14,1 0,5
7 Profil 6 1,2 1,5 42 Profil 4 14,3 0,5
8 Profil 6 1.2 13 43 Profil 2 14,4 4
9 Profil 3 1,3 0,5 44 Profil 3 15 0,5
10 Profil 6 2 2 45 Profil 2 15,1 0,5
n Profil 2 2,4 2 46 Profil 3 15,1 15
12 Profil 6 2,7 1,5 47 Profil 3 15,6 0,5
13 Profil 1 3 2,5 48 Profil 2 15,7 1,5
14 Profil 1 3,15 3 49 Profil 2 15,8 1
15 Profil 1 34 6 50 Profil 2 15,9 1
16 Profil 2 41 3,5 51 Profil 3 16,3 1
17 Profil 1 4.4 2 52 Profil 5 16,8 1
18 Profil 1 47 1 53 Profil 2 17,8 5
19 Profil 2 5 1 54 Profil 2 18 1
20 Profil 2 51 1 55 Profil 2 18,5 0,5
21 Profil 1 54 1,5 56 Profil 2 18,85 0,5
22 Profil 4 55 0,5 57 Profil 2 19,2 2
23 Profil 1 5,6 15 58 Profil 2 19,3 0,6
24 Profil 2 5,85 4 59 Profil 2 19,6 0,5
25 Profil 2 6,1 3 60 Profil 2 20,1 4
26 Profil 2 6,8 12 61 Profil 2 20,6 0,5
27 Profil 3 7 2 62 Profil 2 20,85 0,5
28 Profil 2 7,6 2 63 Profil 2 21,7 1
29 Profil 1 8 1 64 Profil 2 21,9 1,5
30 Profil 2 8,6 4 65 Profil 2 221 0,5
31 Profil 2 9,4 10 66 Profil 2 22,7 0,5
32 Profil 3 10,1 2 67 Profil 2 22,8 2
33 Profil 2 10,3 1 68 Profil 2 24 2
34 Profil 3 10,8 1 69 Profil 2 25,7 1
35 Profil 2 11,8 2,5 70 Profil 2 26 2
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Abstract

This study used photo identification “capture-
recapture” to monitor a population of ocellated
lizards (Timon lepidus Daudin, 1802), providing
the first data on the demography of this species
in the wild. The monitoring was conducted over
a period of six years in a valley of the Var River in
southeast France, with an average rate of 25 visits
per year. This resulted in 1870 exploitable photo-
graphs that allowed the identification of 138 dif-
ferent individuals along a 1,600m linear path. For
the 114 lizards that were over the age of one, the
life history data was analysed with MARK software
using the Cormack-Jolly-Seber (CJS) model. This
analysis enabled survival estimates — both annual
and seasonal (mid-May to end of September
versus October to mid-May) — for both sexes.
Annual survival appears to be higherin males than
in females (0.65 versus 0.48), with a life expectancy
of 2.3 years for adult/subadult males and 1.4 years
for adult/subadult females. During the winter
period, monthly survival is close to 1 for both sexes.
Itis lower during the summer period: 0.92 in males
and 0.87 in females. These survival and longevity
rates are surprisingly low for a species of this size.
However, they can be considered reliable given

the high “recapture” (via photo identification)
rates (between 0.465 + 0.053 and 0.986 + 0.014 in
spring, lower in autumn) and the isolation of the
study site.

Résumé

L'étude utilise la photo-identification pour suivre
une population de lézards ocellés (Timon lepidus
Daudin, 1802) dans le sud-est de la France. Les
données de capture-marquage-recapture (CMR)
issues de la photo-identification fournissent les
premiéeres données sur la démographie de cette
espéce dans la nature. Le suivi a été réalisé sur
une période de six ans dans la vallée du fleuve
Var (Alpes-Maritimes), avec un rythme moyen
de 25 visites par an. Mille huit cent soixante-dix
photographies exploitables ont permis d’iden-
tifier 138 individus différents le long d’un parcours
linéaire de 1600 metres. Les données d'histoire
de vie ont été analysées pour 114 |ézards 4gés de
plus d’un an, avec le logiciel MARK en utilisant
le modeéle Cormack-Jolly-Seber (CJS). L'analyse
permet d’estimer la survie annuelle et saison-
niére (de mi-mai a fin septembre versus octobre
a mi-mai) chez les deux sexes. La survie annuelle

Keywords: Timon lepidus, demography, CMR,
south of France, photo identification, monitoring,
ocellated lizard.
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semble étre plus élevée chez les méles que chezles
femelles (0,65 contre 0,48), avec une espérance de
vie de 2,3 ans pour les méles adultes et subadultes
(>1an) et de 1,4 an pour les femelles adultes et
subadultes. Pendant la période hivernale, la survie
mensuelle est proche de 1 pour les deux sexes.
Elle est plus faible pendant la période estivale:
0,92 chez les méles et 0,87 chez les femelles. Les
taux de survie mis en évidence sont étonnamment
bas pour une espéce de cette taille. lls peuvent
cependant étre considérés comme fiables étant
donné I'isolement du site d'étude et les forts taux
de « recapture » obtenus via la photo d'identifi-
cation (entre 0,465+ 0,053 et 0,986 + 0,014 au prin-
temps, plus faibles en automne).

Introduction

Knowledge of the demographic parameters of
a species — age at maturity, adult survival, mean
generation time — is fundamental to under-
standing its population dynamics, especially
when modelling the viability of a threatened
population (Akcakaya & Sjogren-Gulve
2000; Brook et al. 2000; Beissinger 2002).
Unfortunately, acquiring this information is
laborious, especially for discreet and uncap-
turable species: the case of many reptiles.
Estimating the survival rate or life expectancy
of a species in the wild requires multi-year
monitoring involving recognition of indi-
viduals — generally by individual marking —
which is difficult to put into practice for
most lizard species. As a result, demographic
studies on lizards mainly concern abundant and
easily captured species such as, for example,
in Europe, Zootoca vivipara, Lacerta agilis or
Podarcis sp. (Barbault & Mou 1988; Strijbosch
& Creemers 1988; Galan 1999; Berglind 2000;
Le Galliard et al. 2010; Rotger et al. 2020;
Diego-Rasilla et al. 2021).

The ocellated lizard (Timon lepidus Daudin,
1802) is a shy species that is difficult to capture
except in very specific situations: rabbit
burrows allowing the use of traps, artificial or
natural shelters facilitating the manual capture
of lizards (Grillet ef al. 2010; Cheylan et al.
2011; Doré et al. 2015). The demographic data
available on this species is therefore almost
non-existent, apart from information derived
from skeletochronology almost four decades
ago (Castilla & Castanet 1986), an invasive
technique that can only be performed on dead
animals or on an amputated phalange (Comas
etal.2016). Furthermore, this technique does
not provide information on survival rates,
which require multi-annual monitoring by

capture-mark-recapture surveys. As a result,
no reliable data is available on the demog-
raphy of this threatened species (Grillet et al.
2006; Cheylan et al. 2011) (near threatened
species on the IUCN species list; Pleguezuelos
et al. 2009).

To improve demographic knowledge of this
species, this study used a technique that has
not yet been widely used on reptiles: photo
identification (Jackson et al. 2006; Bengsen
et al. 2011; Bolger et al. 2012; Cruickshank
& Schmidt 2017). It was possible to use it in
this case because of the distinctive patterns of
this species, but also because of the singular
configuration of the study site (the site is iso-
lated; see site description below). The findings
allow the first estimates of survival rates and
longevity in the wild for this species.

Materials and methods

The study site

The monitoring was carried out at a site located
in the valley of the Estéron River, which flows
into the Var River in the south of France, about
16km north of Nice (43.821°N/7.183°E). The
study area covered a length of 1,600 m and an
average width of about 50m along the western
bank of the Estéron River, stretching south
from the Nucera bridge (Figure 1). It was
embanked between 1920 and 1970 to protect
the valley from recurrent severe flooding of
the Var River, although the exact date of these
works on this part of the river is unknown.
The embankment consists of a concrete foun-
dation covering the side of the embankment at
an approximate 45° angle, with a 70cm wide
horizontal lip at the top (Figure 2). Concrete
blocks are stacked on the slope. Since the end
of 2014, the top of the embankment has been
made into a cycle path with a railing on the
river side to make walking and cycling safer.

Due to its configuration, the study area is vir-
tually isolated: to the east by the river bed,
to the west by a road with heavy traffic and
then a water body, all in a highly urbanised
context. Exchanges with the surroundings
are therefore very limited and, although the
species is present at the edge of the water body
on the other side of the road, no individuals
have ever been observed alive or dead on the
road despite regular visits to the site. The ocel-
lated lizards at the site shelter in the maze of
concrete blocks lining the bank and venture
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Figure 1- View of the study site. The route taken to photograph the lizards is indicated in red

(photo M. Belaud).

Figure 2 - View of the study site — Details of the dike with the blocs and cycle path (photo M. Belaud).

little outside this refuge. This zone has the
advantage of being relatively inaccessible
to humans due to the incline of the bank and
a safety barrier separating the embankment
from the cycle path. The concrete blocks
provide valuable hiding places for the lizards,
especially the gap that has developed over
time between the blocks and the concrete base.

ecologia mediterranea — Vol. 48 (2) — 2022

Lizards cross the cycling path to assess grassy
areas between the cycling path and the road
where they feed (one lizard was found dead
on the cycle path, probably due to a collision
with a bike over the study period). Excluding
the area of the cycle track, which is not used
by lizards for feeding, the site exactly covers
81,400m?.
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Data collection

The cycle path provides an ideal vantage point
to view and photograph the lizards below.
Accustomed to frequent human traffic, they
are much more confident here than elsewhere.
Over a period of six years (2015-2020), from
March to November, an observer (MB) walked
the cycle path from the Nucera bridge and
then back (a distance of 3,200m), generally
in the morning (between 9:00 and 13:00),
equipped with 10x40 binoculars and a 300mm
lens mounted on a digital SLR camera (Canon
7D mark II — 20.2 megapixels). The observer
walked slowly along the railing, stopping
every 10m. The immediate vicinity along the
track was examined first, as that would offer
the closest view of any lizards hidden in the
grass. Attention was then focused on the con-
crete blocks to the left and right and then on
the lower part of the embankment.

During the six-year study, the number of
annual monitoring visits varied between a
minimum of 4 (2015) and a maximum of
38 visits (2019) (Table 1), representing a total
of 315 hours of prospecting over a cumulative
distance of 451km. During the 150 visits of
the site, 996 ocellated lizards were observed
and 4026 photographs were taken of indi-
viduals. The precise time of the photograph
was also noted so that it could be referenced
to the previously calibrated time-stamped
photos, which were then labelled with the
specific code for the lizard.

Identification of individuals

Photo identification is a commonly used
monitoring technique today, especially for
mammals (Kelly 2001; Nipko et al. 2020).
It is less frequently used for reptiles, due to
the difficulty of photographing these animals

from a distance and of detecting distinguishing
marks between individuals (Steinicke et al.
2000; Perera & Perez-Mellado 2004; Sacchi
etal.2016). From this point of view, the ocel-
lated lizard has the identification advantage
that individuals have varied lateral patterns.
Moreover, the size of this lizard allows an
image resolution that is sufficiently satis-
factory to examine the colouration details
(see photo examples in Figure 3). During
the survey visits, whenever possible lizards
were photographed from both sides, so that
the right and left side patterns were available.
Individuals photographed only on one side
were excluded from the results to allow for
unambiguous subsequent identification.

For the identification of individuals, we did
not use image recognition software (Matthé et
al.2017), given the relatively small number of
individuals (138 different individuals over the
six years of the study). The identification was
carried out by directly comparing the photos
onscreen. This allowed us to use several cri-
teria to identify individuals: size, sex, side pat-
terns (blue markings, flank reticulation), head
scales and wounds. Flank patterns are a good
means of recognition (as shown in Figure 3),
as well as both the number and arrangement
of lateral blue markings and some dorsal
patterns. Head scales, particularly the labial
scales, can also be used as an identification
criterion given their variability. They also have
the advantage of being very similar on both
sides of the head. Wounds, which are quite
common in males due to fighting, are also an
aid to identification, as is the state of regener-
ation of the tail if it has been severed (14% of
individuals in our study). The main difficulty
lies in the identification of juveniles under
one year of age, for which profound marking/
colouration changes are observed. Without
obtaining frequent close-up photographs over

Table 1 - Sampling effort during the multi-year survey: number of annual visits; distance travelled during
visit; time spent on site (hours: minutes); number of photographs taken and used; number of
ocellated lizard individuals seen; number of different individuals observed.

Year # of visits km Time spent # of photographs | # of lizards # of individuals
taken used seen different total
2015 4 1 3:10 66 14 4 4 4
2016 10 16 12:08 267 68 28 19 19
2017 36 15 98:12 1225 431 286 53 66
2018 34 109 78:39 1034 407 283 64 100
2019 38 122 71:20 925 543 252 58 125
2020 28 88 52:15 509 407 143 36 138
150 451 315:04 4,026 1,870 996 138
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28/09/201%

Figure 3 - Example of patterns allowing the identification of the same adult individual over three years

(photo M. Belaud).

21/09/2017

Figure 4 — Change in the pattern of a juvenile photographed on four occasions over less than a year

(photo M. Belaud).

time, for example from week to week, their
identification is almost impossible, as shown
in the photographs (Figure 4). For this reason,
juveniles under the age of one were excluded
from the demographic analyses.

Demographic analyses

Only capture histories of adult and subadult
lizards (age > 1 year) observed during the
period 2016 to 2020 were used for the analyses.
Each “recapture” corresponded to an obser-
vation validated by at least one photograph. To
estimate apparent survival (¢) and recapture
rates (p), we used the Cormack-Jolly-Seber
model (CJS: Lebreton et al. 1992) implemented
in program MARK (White & Burnham 1999).
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The recapture probability for autumn 2016
was fixed at p = 0 (no sampling was carried
out during this period; Table 2). In order to
distinguish between summer and winter sur-
vival, we selected observations made in spring
(April to June) and autumn (September to
October) and eliminated observations from
July and August (Table 2). The time interval
between spring and autumn of each year was
set at 4.5 months to estimate summer sur-
vival (mid-May to end of September), and the
interval between autumn and the following
spring was set at 7.5 months to estimate winter
survival (October to mid-May). In this way, the
monthly survival estimates (¢) were directly
comparable between summer (su«) and winter
(wi). In the survival modelling, we tested dif-
ferent biological hypotheses: variation due
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Table 2 - Number of ocellated lizards identified in each season
and the seasonal observation effort.

Year

Season

Observation effort (hours) | Lizards identified

2016

Spring

9 18

Autumn

0 0

2017

Spring

61 40

Autumn

7 8

2018

Spring

38 45

Autumn

17 24

2019

Spring

32 38

Autumn

12 17

2020

Spring

18 24

Autumn

12 8
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to (1) sexual differences (s), (2) differences
between seasons and years (¢), and (3) differ-
ences between summer and winter (season),
but without year differences for each season
(i.e. no difference between years for a given
season). We also assessed the existence of a
linear relationship between observation effort
(e: number of hours spent searching for lizards
each season) and recapture probability. Factors
and covariates were tested with interactions
(noted by *) or as additive effects (noted by +).

The average life expectancy for lizards older
than one year was calculated with the formula
LE =-1/In(¢), where ¢ was the annual survival
probability of each sex. Annual survival was
calculated from seasonal survival ¢, =

¢ * * ¢ 7° and the variation in ¢, ., Was
estimated by the Delta method (Seber 1982).

Because the site is considered as isolated,
population size (spring data only) was cal-
culated with closed population models (Otis
et al. 1978), using the Huggins design in the
program MARK (White & Burnham 1999) (to
make sure, open population models were also
tested (Jolly-Seber model, POPAN program in
MARK) but did not provide good estimates).
We evaluated models that were constant (M),
time dependent (M), dependent on behaviour
on first capture (M,), with individual hetero-
geneity between capture probability (M, ), and
a combination of these models (M, M, and
M, ; Otis et al. 1978; Williams et al. 2001).

Prior to the survival analysis, we verified the
goodness-of-fit of the overall model (¢,.,,
p,+,) and the CJS model with U-Care software
(Choquet et al. 2009). The selection of sur-
vival and population size models was carried
out with the Akaike information criterion
corrected for small samples (AICc; Burnham
& Anderson 2002). The difference between
the AICc of each model and the AICc of the

model with the smallest value (AAICc) and
the Akaike weight (w,) were used to select the
best model.

The graphs were made with R software (R
Core Team 2018) and the package tidyverse
(Wickham et al. 2019).

Results

Recapture rate

Recapture rates varied according to the obser-
vation effort made in each season (Figure 5;
Table 1). In all cases, they were higher in
spring than in autumn (between 0.465 +0.053
and 0.986 + 0.014 in spring and between
0.219 = 0.052 and 0.439 + 0.052 in autumn;
first model in Table 4), reflecting both the
intensity of lizard activity and the frequency
of site visits.

1.00- I

e
o
o
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o
o
o

0.25-
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Figure 5 - Resighting probability in spring (S) and
autumn (A) over 2017-2020 as estimated
from the model 9., p, (resighting
probabilities can only be estimated from
2017 onward). The bars show the 95%
confidence intervals.

Population size and density

Autumn sampling did not allow for reliable
population estimates (Table 2). The popu-
lation estimates are therefore based on spring
2017 to 2020, using closed population models.

The population size varied between a maximum
de 54.0 = 4.9 (= SE) lizards in spring 2018
and a minimum of 34.2 + 7.8 lizards in spring
2020 (Table 3), with no significant difference
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between the four analysed years of monitoring
(2017-2020). Based on the most reliable popu-
lation estimate (54 individuals in 2018), the
density of individuals older than age one is
estimated to be in the range of a minimum of
5.98 ind/ha and a maximum of 8.59 ind/ha.

Sex ratio

In spring 2018, 25 adult females and 21 adult
males were identified, resulting in a balanced
sex ratio (1 female to 0.84 males; x*> = 0.044,
df = 1, p = 0.835). In the same season, the
estimated population size was 34.2 + 7.4
females (= SE; model Mh) and 30.4 + 11.2
males (model Mb), i.e. also a balanced sex
ratio (1 female to 0.89 males; x> = 0.031,
df =1, p =0.860).

Survival rate and life expectancy

Survival rates were calculated from the life
histories of 114 lizards older than one year
(66 females and 48 males). The data fitted
the CJS model satisfactorily (global GOF
test X2 = 29.514, df = 30, p = 0.491). The
retained survival model was supported with
an Aikake weight of 89.1% (Table 4). It shows
that the survival rates were higher for males
than females and, for both sexes, lower in
summer than winter (Figure 6). The annual
survival was 0.480 + 0.062 (= SE) for females
and 0.650 + 0.064 for males. From the second
year, average life expectancy was 1.4 years for
females and 2.3 years for males.
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Figure 6 — Monthly survival probability in summer
(mid-May to September) and winter
(October to mid-May) estimated from
the model 9., p.. The bars show 95%
confidence intervals.
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Table 3 - Estimated ocellated lizard population size (n) in spring 2017-2020.
Models: M, = capture probability varies with individual; M,, = capture
probability varies with individual and behavioural response to

capture; and M,

= capture probability varies with behavioural
response to capture, time and individual (Otis et al. 1978). SE = 95%

confidence interval.
Spring | Model n SE Inf95 Sup95
P2017 Mh 53.08 10.88 44.80 99.43
P2018 Mh 54.04 4.88 48.68 70.12
P2019 Mtbh 43.37 6.54 38.83 72.79
P2020 Mbh 38.84 43.63 24.78 307.70

Table 4 - Models of apparent survival (?) and recapture probability (p) for the
ocellated lizard population in the study site from 2016 to 2020. Models
were evaluated by comparing the AAICc, w, is the Akaike weight
and k is the number of estimable parameters. Subscript notations
in the models: t = time; s = sex; season = summer and winter;

e = observation effort for recapture; and constant = no variation.

Model AlCc AAICc w, k Deviance
Prseason” Pe 407.993 0 0.891 5 166.846
Psrscason P 413.166 5173 0.067 10 161.224
Peonson’ Pr 415.156 7163 0.025 9 165.415
9., P, 417.975 9.982 0.006 9 168.235
Purer P 418.953 10.959 0.004 15 155.670
@0 Pase 420.168 12175 0.002 10 168.226
®er Py 420.468 12.475 0.002 13 161.790
Perer Pase 420.748 12.755 0.002 16 155.128
Peonstant Pt 421.210 13.217 0.001 8 173146
Dpr Pent 422546 14.552 0.001 14 161.577
Peonstant Pere | 422.886 14.893 0.001 9 173146
@prer Pose 428170 20.176 0 20 152.959
@per P 436.455 28.462 0 24 151.248

Discussion

The unique conditions of this study — good

visibility of the animals, their habituation

to human presence, and the isolation of the

population — allowed a multi-year survey

via photo identification of this shy species,

which has been little accessible to population

dynamics studies. The study also allowed the

reliability of photo identification to be tested

as a long-term population monitoring method.

We found that the technique was effective for

the identification of subadults and adults older

than one year, but was problematic in juve-

niles, due to rapid changes in their colouration

pattern. In contrast to capture, which is gen-

erally traumatic for individuals and difficult to

carry out on this species, photo identification

offers the advantage of not disturbing the
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animals. However, the quality of the photos
can lead to significantly less information
compared to physical capture, and only pho-
tographing both sides of an individual’s body
allows for unambiguous subsequent identifi-
cation. The use of this method with other pop-
ulations of ocellated lizards or other species
of lizards may be problematic, except in very
specific situations allowing good visibility of
the animals.

Given the sampling effort (an average of
25 visits per year, with a maximum of 38 visits
in 2019), recapture rates per season were high,
ranging from a minimum of 29% in autumn
2017 to a maximum of 98% in spring 2017.
As would be expected, the findings show that
the “recapture” probability of an animal is
closely linked to the “capture” effort as well
as to the activity of the animals, which is more
intense in spring (April, May and June) than
in autumn (September and October). These
high “recapture” rates provide satisfactory
survival estimates, allowing an analysis of
whether these are differentiated by sex and
by season. Seasonally, there was a strong
contrast between apparent winter survival
(October to mid-May) and apparent summer
survival (mid-May to late September). Both
sexes taken together, survival was 99% in the
winter and 89% in the summer, showing that
the mortality risk, mainly due to predation,
is almost nil in the lizard’s winter phase and
higher during its active period. During the
active period (in this case, mid-May to end
September), females have a survival rate of
around 86%, while that of males is 92%, a dif-
ference of 6%. This difference in survival can
probably be explained by the risks involved in
reproduction: e.g. high food and thermoreg-
ulation requirements during the gestation
phase and less agility during pregnancy. In
our study site, the main predator could be
the Montpellier snake (Malpolon monspes-
sulanus), as it was frequently observed on
site and is a great consumer of lizards, in
particular ocellated lizards (Pleguezuelos
2021). The other potential diurnal predators
(corvids, gulls and a pair of short-toed snake
eagles nesting nearby) do not hunt on this site
because the cycling path, which is highly fre-
quented, is a disturbance.

Based on the estimated survival rates, the
average life expectancy of subadult and adult
ocellated lizards in this population is only
1.4 years for females and 2.3 years for males,
which are very low values for a lizard of this
size. Indeed, these are similar survival rates

to most small lacertid species, which have
a body mass 40 times lower than the ocel-
lated lizard. However, we found that one male
reached the age of 7, two reached the age of 6,
and two reached the age of 5.

Two studies using the skeletochronology
method allow comparisons with our findings.
In the south of France, the examination of
16 individuals resulted in an average age of
4.6 years (taking into account animals older
than one year) and a maximum age of 10
(Cheylan 1984). In central Spain, an average
ageof4.9years was foundinasample of 76 indi-
viduals over the age of one, with a maximum
age of at least 11 (Castilla & Castanet 1986).
In captivity, the longest recorded life spans are
14 and 17 years (Decaux 1897; Flower 1925).
Skeletochronology studies therefore indicate
much higher life expectancy and longevity
than the survival rates we obtained, which
could be due to either (1) strong predation
pressure at the site or (2) an underestimation
of the estimated survival rate. Although it is
impossible to conclusively determine which
of these two hypotheses is at play in our case,
it should be noted that apparent survival rates
estimated by capture-mark-recapture are
always intrinsically lower than the reality,
since they do not distinguish between an indi-
vidual that has died and one that has left the
study site. Despite the fact that our study site
is highly isolated, it can be assumed that a few
individuals leave the site, especially subadult
individuals during the dispersal phase.

The size of the subadult and adult population,
estimated at between 48 and 70 individuals,
shows that this is a small population, although
we know that this estimate is low given that
some insufficiently photographed individuals
were excluded from the analysis. Due to the
small size and the isolation of this popu-
lation, it can be considered vulnerable in the
medium term. The risk of its disappearance is
exacerbated by the fact that the possibility of
exchange with the closest populations is near
non-existent. Previous studies on the ocel-
lated lizard in Liguria in Italy and the French
region of Alpes-Maritimes show the extent
to which these populations are threatened
— several have already become extinct (Deso
etal.2015). As major redevelopment work on
the Var River is currently being considered, it
is to be feared that this will hasten the disap-
pearance of the ocellated lizard in this eastern
part of its distribution.
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Abstract

Paleorecords are replete with examples of long-
term biotic responses to past climate change, and
disturbances such as fire, herbivores, insect out-
breaks or ice storms. The now frequent challenges
in palaeoecological studies are to better under-
stand both the trends and the breaking points of
biotic variables in response to disturbances. The
aim of this article is to expand the capacity of new
and existing methods to provide greater insight
into ecosystem trajectories and functioning.

Our analyses focus on biomes where fire is a
key structural disturbance for vegetation estab-
lishment and evolution. We aim to determine: 1)
explanative variances between biotic and abiotic
variables at both short and millennial time scales,
and 2) whether a temporal relationship exists
between fire regimes and plant diversity change
in both systems.

Our statistical approach focused on PCA (Principal
Component Analysis), co-inertia, MFA (Multiple
Factor Analysis) and Hill & Smith methods, which
provide us new information about our data, and
bring new conclusions to the former studies.

We advise to preferentially use the MFA when the
environmental variables are numerous, while the
co-inertia is a better tool to explain variance of
the datasets.

Keywords: vegetation, fire, long-term,
co-inertia, MFA, PCA.
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Introduction

Paleorecords are replete with examples of
long-term biotic responses to past climate
change, and disturbances such as fire, herbi-
vores, insect outbreaks or ice storms to cite a
few (Whitlock et al. 1997; Whitlock & Larsen
2002; McLauchlan et al. 2014). One particu-
larly useful set of records are those preserved
in lake and marine sediments, recording
both past environmental changes and cor-
responding biotic responses (e.g. Leys et al.
2018; Genet et al. 2021).

The now frequent challenges in palaeo-
ecological studies are to better understand
both the trends and the breaking points of
biotic variables in response to disturbances.
Recently there has been increasing focus on
the need for conservation of ecological and
evolutionary processes in the face of climate
change based on long-term records.

The lake sedimentary archives, due to their
anoxic environment, preserve the biotic and
abiotic factors of the ecosystems particularly
well (McLauchlan et al. 2014). Generally,
the sediments are deposited since the for-
mation or the outcrop of the wetland, i.e.,
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around 20,000 years for most moraine lakes
in Europe, and continuously. They are cut into
thin slices (0.5cm or 1cm) to reconstruct past
environments over time steps ranging from
a few years to a few decades depending on
the rate of sedimentation (which depends on
the production of organic matter in the lake,
and inputs from the watershed) (Scheffer et
al. 2001; Leys et al. 2013, 2018). Thus, it is
possible to quantify both the post-disturbance
response of the vegetation, and the millennial
trajectories (stability and changes) of the veg-
etation and the disturbance regimes.

For instance, the simple analysis of correlation
between the biomass burned (through charcoal
records) and the vegetation (by pollens) of the
last millennia in central and southern Europe
has clearly shown that fires have been a major
factor in the change of vegetation 4,500 years
ago leading to the establishment of meadows
and scrubland, the reduction of mesophyte
forests and the extension of arable and pas-
toral land (Connor et al. 2012). Recent work
on the Iberian Peninsula has shown more
precisely that some of the changes observed
in the millennial trajectories of vegetation in
response to the fire regime constitute change
points. Quasi-permanent transitions in veg-
etation status are characterized by shifts from
wooded to open vegetation and from a fire-
adapted system (xerophilic bushes and fire-
adapted pines) to a fire-resistant system fire
(Pinus nigra J.F.Arnold. and the mesophytes)
(Connor et al. 2012).

The challenge is to expand the capacity of
new and existing methods to provide greater
insight into ecosystem trajectories and func-
tioning. Here we examine Mediterranean and
grassland fire and vegetation diversity his-
tories by developing alternative approaches
based on multivariate analyses. These two
case studies allow to analyze temporal datasets
at both decennial and millennial scales. Our
analyses focus on biomes where fire is a key
structural disturbance for vegetation estab-
lishment and evolution. We aim to determine:
1) explanative variances between biotic and
abiotic variables at both short and millennial
time scales, and 2) whether a temporal rela-
tionship exists between fire regimes and plant
diversity change in both systems. To achieve
these aims, we will present different and
complementary statistical approaches using
objective criteria. Finally, we discuss the likely
drivers of fire regime and diversity change on
millennial and decennial timescales at the light
of the different multivariate analyses.

Material and methods

Study sites

The two site cases have been chosen to under-
stand the charcoal production used to illustrate
the relationships between fire and vegetation
diversity, at both short and long-time scales.

(1) The Flint Hills ecoregion (37°17°00”N
96°40°317°W) is the largest remaining con-
tiguous tallgrass prairie ecosystem in North
America, encompassing over 50,000km?.
The current climate conditions provide
enough moisture to support woody plants,
and grassland is frequently and extensively
burned throughout the region to maintain
open conditions (Reichman 1987). The study
site of Konza Prairie (39°05’N, 96°35’W)
is in the Flint Hills region of northeastern
Kansas (hereafter, “Konza”). Konza is a
3,500 hectares native tallgrass prairie pre-
serve. Sediments in traps from Konza Prairie
(LTER) represents the last 4 years of veg-
etation composition, fire activity and other
environmental parameters (climate, herbi-
vores) in the charcoal production (table 1).

(2) Lac de Creno (1,310m a.s.1.; 42°12°17”N,
08°56’45”E) is in the southeastern part of
the Rotondo massif (western Corsica, west
Mediterranean basin). Macrofossils of Pinus
laricio Poir. provide evidence for its growth
around the Lac de Creno since 13,200 cal year
BP, which is consistent with its natural origin
in Corsica. Sediments from Lac de Creno in
Corsica (France) expend the Holocene period
and from which a reconstruction of vegetation
composition and fire history is available
(table 2).

All details are available in (Leys et al. 2014)
and (Leys et al. 2016).

Statistical approaches

PCA

Principal component analyses (PCA), stand-
ardized by taxa with log-transformed con-
centration data, were used to visualize the
relationships among taxa inferred from mac-
rofossils accumulation rates (table 2). The
log-transformation allow to minimize extreme
value and stabilize the variance within the
data, which is particularly required in this case
study where number of macroremains can
vary of a factor 25 from one taxa to another
(Ammann ez al. 2000). To limit the biases of
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Table 1 - Groups of data used for statistical analyses for the site of Konza Prairie: charcoal measurements, fire parameters, vegetation

and landscape data, and climate.

Parameter Name Unit Formula Sources
types
Charcoal Morphotypes: Cell, pieces Trap content
Porous, Fibrous,
Sponge, Branch, Dark
Non-Arboreal pieces Cell + Porous + Fibrous
Total pieces Sum of all morphotypes
Non-Arboreal/Total pieces Ratio of non-arboreal charcoal pieces on total
amount of charcoal pieces
125pm-250pm pieces Trap content
250pm-1mm pieces Trap content
Fire 100 to 500m km? Sum of area burn of watershed within the 100 Konza website
buffer area burn (to 500) m radius of a trap
watershed burn kmZzwatershed-1 Konza website
Konza area burn km? Sum of area burn of watersheds
FlintHills area burn km? FlintHills annual report
month of burn Konza website
Fire return interval years Average fire return intervals of watersheds within | Konza website
the 500m radius distance of a given trap
Fire frequency fire.100years-1 Inverse of fire return interval multiplied by 100
Type of fire 3 classes Konza website
Time since last fire year Average number of years since last fire of
watershed burn within the 500m radius distance
of a given trap
Fuel burn index Sum of 500m buffer area multiplied by time
since last fire
Vegetation Woody 5 classes Field survey
and landscape | o ceous 5 classes Field survey
Shrubbery yes/no Field survey
Height dm and 2 classes Field survey
Bare Soil 5 classes Field survey
Limestone rocks yes/no Field survey
Bison Manure yes/no Field survey
Elevation m Field survey
Landscape position 3 classes Field survey
Climate Wind Speed m.s-1 Average on 8 days following the date of burn Konza Prairie
Meterorological station
Relative Humidity % Average on 8 days following the date of burn Konza Prairie
Meterorological station
Precipitation mm Average on 8 days following the date of burn Konza Prairie
Meterorological station
Solar Radiation W Average on 8 days following the date of burn Konza Prairie
Meterorological station
Air temperature °C Average on 8 days following the date of burn Konza Prairie
(min and max) Meterorological station
Mean Air temperature | °C Average on 8 days following the date of burn Konza Prairie
Meterorological station
Soil temperature °C Average on 8 days following the date of burn Konza Prairie
(min and max) Meterorological station
Evapotranspiration mm Average on 8 days following the date of burn Konza Prairie
Meterorological station

erosions events that could have created arte-

factual increase of taxa abundances though
increase of matter in the lacustrine system, we
used the taxa accumulation rate, which correct
the taxa abundance by the accumulation rate
of sediments through time. To visualize the
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relationships between the local fire-episodes
regime and the local vegetation inferred from
macrofossil assemblages, CHARbackgrouncl
(proxy of the burning area) and FRI (proxy
of local fire episodes) were added passively
in the PCA ordination plots. All ordinations
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Table 2 - Description of all variables used in the following analyses for Lac de Creno.

Parameter |Name Description Unit
types
Age Z°Pb and ¥Cs measurements were cal. year BP
used to build an accurate age-depth model
Charcoal |CHAR_ _ Charcoal particles > 250um? were identified. Charcoal mmz2 cm-2 year-1
measurements are reported as charcoal accumulation rates
(CHAR)
CHARba(kground 2 Components were derived from Chararea: CHAR which mm?2 cm-2 year-1
represents the charcoal peaks for local fire episodes. (CHAR
CHARbackground which indicated the charcoal background
for regional area burned. (CHAR,)
Fire Fire Return Interval (FRI) | Number of fire between two consecutive years (derived from | year.fire-1
CHARP)
Fire Frequency (FF) Number of fires per unit of time, smoothed over a 1000-year |year
smoothing window.
Vegetation | Plant macrofossil Plant macrofossils were extracted by number of fragments cm-2.year-1
water-sieving (250-pym mesh size) and identified to genus,
species when possible
were carried out in R Studio (version 4.1.1), MFA
p}flclfmge gdeg ((ll?ray & Dufour 2007), using All the variables (table 1) were grouped in
the function dudi.pca(). four categories: Charcoal (8 variables), Fire (2
] _ variables), Climate (4 variables), Vegetation
Co-inertia (5 variables) (table 1).
We performed a co-inertia analysis (Dray et To represent the relationships among all
al.2003) based on a Correspondence Analysis  groups of individual variables, we performed
(CA) on vegetation data and a normalized a multiple factor analysis [MFA, (Escofier
Principal Component Analysis (PCA) onfire & Pages 1994; Bécue-Bertaut & Pages
data to assess the covariance between these  2008)] using the MFA() function from the
two components (table 2). The PCA was  FactoMineR package (Husson et al. 2007).
performed using the CA’s rows weight 0 The MFA is a symmetrical ordination based
match co-inertia analysis requirement. The correlation, and this particular analysis was
co-inertia analysis was performed with the ¢, ifically chosen to ordinate the different
coinertia() function from the ade4 package  y,riables (not assumed to be explanative in
(Dray & Dufour 2007) on the last 6,000 years  ¢he first place) with no risk of overfitting.
of history were fire and vegetation data were e plotted the MFA results using the fviz_
the most complete. mfa() function from the factoextra package
To enhance the interpretation of co-inertia  (Kassambara & Mundt 2019). We graphically
results we performed a Monte-Carlo test (Heo  presented the quality of the representation
& Ruben Gabriel 1998) with 9,999 permu-  (cos2) of each variable for the four first axes
tations on both CA and PCA. It allowed us  of the MFA, i.e. the proportion of the variable
to assess the correlation between vegetation  represented by each axis using the corrplot()
and fire data. The function RV.rtest() from the  function from the corrplot package (Wei et
ade4 package was used. al.2017). To analyze the relationships among
the four groups of variables, we extracted the
Hill and Smith RV coefficients from the MFA, measuring the
We used multivariate analyses to visualize sumlarlty (squared correlation) between each
. . . pair of groups. Then, we tested these coeffi-
the relationships among environmental . . .
cients using the coeffRV() function from the
parameters, fire parameters, and charcoal FactoMineR package
measurements. Because our dataset included p £e:
both quantitative and qualitative variables
(table 1), we used a Hill and Smith analysis
(Hill & Smith 1976) to identify a specific set
of variables that avoid redundancy.
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Results and discussion

MFA pinpointed new relationship
between fire and climate parameters

At Konza Prairie, from the precedent study,
the Hill and Smith analysis (Figure 1) dem-
onstrated no direct relationships between
charcoal production and fire variables < 500m
around the trap, as indicated by non-signif-
icant correlations (i) between different meas-
urements of charcoal and (ii) between total,
non-arboreal charcoal or NA/T ratio and fire
parameters (burn area at 500m distance from
the trap, fuel burn estimation, fire frequency

listed variables except solar radiation and air
temperature for climate parameters). MFA
axis 1 (hereafter MFA 1) 1 is represented by
vegetation at 21.50%, while the second axis
(hereafter MFA 2) is represented by charcoals
at 14.15%.

The relationships between the fire and climate
groups follow two different trajectories given
the explanative variables of interest. First, the
fire variables were positively correlated with
the evapotranspiration variable which brings
together the measurements of maximum tem-
perature, minimum temperature, solar radi-
ation rate and evapotranspiration. Conversely,
the variables negatively correlated to fires

Comp. 2

Comp. 1

Figure 1- Ordination plots from Hill and Smith multivariate analysis of numerical data in function of fire
type. (WU = wildfire burn unplanned for a given year; PP = prescribed burn planned; WP = wildfire

burn planned for a given year).

and time since last fire). In addition, the
authors performed a random forest analysis
(more details in Leys et al. 2016) which high-
lighted that total charcoal or NA/T ratio are
most strongly predicted using fire parameters
at a larger spatial scale and with environ-
mental variables, both of which varied during
each of the four years of the study. Charcoal
variables, including Total charcoal count and
NA/T ratio, did not correlate with other fire
parameters, vegetation cover, landscape, or
climate variables.

Here, we performed an MFA (Figure 2) to
test whether the charcoal data (all morpho-
types and 125um) in one hand and the fire
parameters (buffer at 300m, all other param-
eters were strongly correlated) on the other
hands are explained by the two other cat-
egories: climate and vegetation (table 1, all
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Figure 2 - Multiple factor analysis (MFA) of 4 parameters: charcoal, climate,

fire and vegetation.
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were humidity and precipitation measure-
ments. In addition to precedent results, the
MFA pinpoint different relationships between
charcoal, vegetation and climate groups. A
positive correlation between the charcoal
variables and the wind measurement appears
positively correlated with charcoal variables.
A positive correlation appears between the
charcoal variables and the wind measurement.

The RV coefficient, which measures the
similarity between pairs of variables, were
12% between the vegetation and fire variable
groups, and 7% between the climate and veg-
etation groups. Thus, fire parameters seem to
correlate more the vegetation parameters than
does the climate.

Co-inertia allows to identify time
period where fire played a major role
in the vegetation assemblage

The onset of the Holocene in Corsica (~11,700
cal year BP) was marked by a rapid shiftin the
treeline, the establishment of P. laricio-dom-
inated woodlands with low species turnover,
and a long-term increase in taxa richness as
a result of successive expansions of broad-
leaved deciduous trees. In spite of fire-return
intervals (FRIs) fluctuating between 30 and
490 years during the Holocene, P. laricio-
dominated woodlands persisted for several
millennia, and fires likely played an eco-
logical role in the functioning of these wood-
lands. The 12,000-year record of mean FRI
is of 80 years between fires; i.e., frequency
of 12.5 fires 1000 year-1 (Leys et al. 2014).
Previous analysis with PCA method on the

d=5| (g) q=02

FRI

relationship among fire and vegetation dis-
plays a weak explanative percentage of var-
iance explained (4%).

The co-inertia explores the covariances
between both fire and vegetation categories,
based respectively on PCA for charcoal
parameters (FRI and CHARa) and CA for
vegetation data. From the PCA, axis 1 is well
explained by the Fire Return Interval (FRI)
while axis 2 is well explained by the charcoal
accumulation rate (Figure 3 B). From the CA,
axis 1 is explained positively with Quercus
and negatively with Alnus glutinosa (L.)
Gaertn and Juniperus communis L., while axis
2 is positively correlated with Alnus cordata
(Loisel.) Duby and negatively with Berberis
(Figure 3 A). Combined, co-inertia axis 1
explained 60% of the variance, the second
axis explained 11%.

The graphical representation of the co-inertia
results allows to associate at each observation
represented by the score of the CA in the ordi-
nation plot, with an arrow representing the pre-
dicting trend from PCA ordination (Figure 4).
The longer the arrow, the more the obser-
vation (sample with vegetation assemblage)
was unexpected given the fire condition at this
time. For instance, the fire conditions were
consistent over the last millennia (Leys et al.
2014), although the vegetation assemblages
at 127 (125-129) cal year BP differed by the
presence of Juniperus communis (Figure 4 B).
Besides, at 5,422 (5,344-5,579) cal year BP,
the charcoal accumulation rate was particu-
larly high given the vegetation assemblage.
This result suggests that the vegetation is not
following the expected assemblages given
the fire regime recorded, maybe reflecting the
beginning of a fire regime change appearing
before a vegetation change (Figure 4 B). On
the other side, at 4,148 (4,045-4,230) cal year
BP, the arrow is not even visible, meanings
that the vegetation was consistent with the fire
regime (Figure 4 B).

To strength the results statistically, we can
calculate a p-value through Monte-Carlo test
on the RV-coefficients (RV.rtest() in ade4
package). Given the non-significance of our
results of our analysis we decided to notshow
this part here.

[Fagus] > quercus sp]

Abies.alba

g

Juniperus

chararea

Figure 3 - Direction of the CA variables (A) and the PCA variables (B).
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Figure 4 — Scores of all the observations on the co-inertia axis (A); scores of the observations n° 20, 198 and 244
on co-inertia axis (B).
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Conclusion

Multivariate analyses can bring new infor-
mation on palaeoecological data, and com-
plete efficiently the description of long-term
trajectories. These analyses found their spot
to answer key questions relative to ecological
questions, on both long- and short-time
windows studied. We advise to preferentially
use the MFA when the environmental vari-
ables are numerous, while the co-inertia is a
better tool to explain variance of the datasets.
We presented chosen multivariate analyses,
although we strongly encourage the use of all
multivariate analyses that answer the best to
the dataset studied and their related questions.
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Résumé

La suberaie de Madmora et la province de
Benslimane sont caractérisées par une forte
densité en mares temporaires favorisant la bio-
diversité a I'échelle nationale. Ces mares sont
malheureusement soumises a d’'importantes
pressions liées aux activités humaines, paturage,
mises en culture et surtout aux changements
climatiques causant d'importantes périodes de
sécheresse. Ces pressions impactent largement
leurs caractéristiques locales (hydrologie, chimie
du sol...) ainsi que leurs composantes biotiques
(flore et faune). Afin d’évaluer I'évolution de ces
mares temporaires au fil des années (1989, 1999,
2009, 2019) et de mieux comprendre le réle des
facteurs naturels et anthropiques contrélant
'occupation du sol, nous avons réalisé une étude
diachronique portant sur des données satellitaires
(images Landsat 4, 5 et 7-8) dans la suberaie de
Maémora et la province de Benslimane. Des cartes
d‘occupation du sol ont été produites par une
classification supervisée a l'aide du logiciel ArcGlS.
Quatre classes d’occupation du sol pour Madmora
et sept classes pour Benslimane ont ainsi été

Mots-clés: suberaies Madmora-Benslimane,
mares temporaires, étude diachronique, cartes
d'occupation du sol, classification supervisée,
Maroc.
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déterminées. Concernant la Madmora, les mares
temporaires, la forét et les terrains nus (terrains
dépourvus de toute intervention humaine) ont
connu une nette régression avec des taux de 94 %,
54 % et 43 % respectivement. Pour Benslimane, les
mares temporaires, la forét et les habitations ont
diminué, respectivement, de 89 %, 45 % et 22 %,
alors que les terrains nus ont progressé de 30 %.
En revanche, les terres agricoles dans la Madmora
et les barrages d’eau a Benslimane ont connu une
progression treés importante. L'étude confirme la
régression des mares temporaires au fil de ces
années.

Abstract

The cork oak forests of Madmora and the province
of Benslimane are characterized by a high density
oftemporary ponds promoting biodiversity at the
national scale. Unfortunately, these ponds are
experiencing significant constraints related to
human activities, grazing, agriculture and espe-
cially climate change causing significant periods
of drought. These pressures have a significant

Keywords: Maamora and Benslimane cork oak
beds, temporary pond, diachronic study, land
cover maps, supervised classification, Morocco.
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impact on their local characteristics (hydrology,
soil chemistry, etc.) as well as their biotic compo-
nents (flora and fauna).

In orderto assess the evolution oftemporary ponds
over the years (1989, 1999, 2009, 2019) and to better
understand the role of natural and anthropogenic
factors controlling land uses, we conducted a dia-
chronic study of satellite data (Landsat 4, 5 and
7-8 images) in the cork oak forests of Madgmora
andthe province of Benslimane. Land cover maps
were produced by a supervised classification using
ArcGIS software.

Four land use classes for Madmora and seven
classes for Benslimane were thus determined.
Concerning Madmora, Temporary Ponds, Forest
and Land without Human Activities have experi-
enced a clear regression with rates of 94%, 54%
and 43% respectively. For Benslimane, Temporary
Ponds, Forest and Housing have decreased by
89%, 45 % and 22% respectively, while Land
without Human Activities has increased by 30%.
On the other hand, Agricultural Land in the
Maamora and Water Dams in Benslimane have
experienced a very significant increase. The study
confirms the regression of temporary ponds over
these years.

Introduction

Les mares temporaires dites « méditerra-
néennes » sont des milieux particuliers,
composés d’une partie terrestre et aquatique,
cette derniere étant définie par la succession
d’une phase d’assechement et d’une phase
d’inondation (Grillas et al. 2004).

Le Maroc est le premier pays a I’échelle du
Bassin méditerranéen pour sa richesse en
mares temporaires, appelées localement dayas
(Rhazi 2001) ; ces dernieres sont tres présentes
au niveau de la suberaie de Maamora et de
la province de Benlismane. La diversité des
situations climatiques, géologiques et géo-
morphologiques est la source d’une variété
remarquable de dayas (Thiéry 1987).

Différents types de mares temporaires médi-
terranéennes se distinguent selon leur origine,
le substrat sur lequel elles se sont formées,
leur morphologie et leur formation. Des subs-
trats différents leur confeérent des caractéris-
tiques physico-chimiques distinctes. Elles
sont présentes sur des roches basaltiques
(calcaires...) ou acides (granit, rhyolite...)
comme sur des roches compactées ou des
substrats plus ou moins filtrants. Elles sont
situées dans des plaines littorales ou per-
chées sur des piliers rocheux. Une partie de
ces mares sont naturelles, résultant de divers
processus géomorphologiques (Boutin ez al.

1982). Cependant, il existe de nombreuses
mares créées artificiellement a des fins spéci-
fiques (par exemple abreuvoirs pour les trou-
peaux, extraction de matériaux) (Lorenzoni
etal. 1997).

Que ce soit a I’échelle nationale ou interna-
tionale, ces mares sont des habitats vitaux
pour une variété d’especes rares ou menacées
(Ramdani 1986 ; Costanza et al. 1997 ; Rhazi
2001 ; Ichen et al. 2012 ; Ichen 2020). Ces
habitats sont particulierement importants
a ’échelle du paysage et contribuent tout
autant a la biodiversité régionale que les lacs
et rivieres. De plus, ils forment des « relais »
qui assurent la connectivité entre les nom-
breux habitats d’eau douce (Mathevet 2006).

Le présent travail a pour principal objectif
d’analyser I’évolution de I’occupation du sol
de la suberaie de Maamora et de la province
de Benslimane sur une période de trente ans
avec un regard particulier sur les mares tempo-
raires, habitat vulnérable soumis a de profonds
changements au cours des dernieres décennies.

Matériel et méthodes

Site d'étude

La Madmora est considérée comme la plus
grande étendue de forét suberaie au monde
(Abourouh et al. 2005) située dans la partie
nord-est du Maroc (34°07’N — 6°36’W). Le
climat est thermo-méditerranéen, subhumide
chaud a tempéré (Aafi et al. 2005). La pro-
vince de Benslimane fait partie de la région
de Casablanca-Settat avec une superficie de
2400 km? caractérisée par des populations
urbaine et citadine relativement équivalentes
en nombre (HCP 2020), le climat de la pro-
vince de Benslimane est tempéré et humide au
niveau des cotes et plus sec et froid au niveau
des montagnes (Keeley & Zedler 1998).

Cartes d'occupation du sol

L’analyse de I’occupation du sol de la suberaie
de Maamora et de la province de Benslimane
a été effectuée en réalisant, a partir d’images
satellitaires, des cartes d’occupation a inter-
valle de dix ans de 1989 a 2019, ainsi qu’une
carte des changements d’occupation des sols
identifiant les zones les plus vulnérables.
Les images satellitaires Landsat 5 Thematic
Mapper (TM), 7 Enhanced Thematic Mapper
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Plus (ETM+) et 8 Operational Land Imager
(OLI), prises pendant la période hivernale,
ont subi des prétraitements consistant en la
compression et la restauration ou la correction
des défauts dus au systeme d’acquisition. Ces
prétraitements ont notamment porté sur trois
corrections :

— la correction radiométrique, qui précede la
calibration radiométrique. Cette calibration
consiste en la normalisation de 1’intensité
du signal permettant une analyse multi-
temporelle et la comparaison des images ;

—la correction atmosphérique qui permet
de réduire les effets dus aux composants
atmosphériques (la quantité de vapeur
d’eau, la distribution des aérosols...) sur le
rayonnement électromagnétique ;

—la correction géométrique qui consiste a
projeter dans le systeme de coordonnées
souhaité une image raster dépourvue
d’informations géographiques ou contenant
des informations géographiques non
compatibles avec celles souhaitées ;

—avec ’extraction de la zone d’étude qui
permet de réduire le temps d’exécution des
traitements et de rendre le processus plus
efficace et rapide.

Ces traitements ont été réalisés au moyen
du logiciel de cartographie ArcGIS 10.8. La
méthode de classification utilisée est celle
par K plus proches voisins (KNN) (Russel &
Norvig 2010). L’algorithme de classification,
calculé selon une fonction de probabilité
multidimensionnelle, permet de déterminer
la probabilité de chaque pixel d’appartenir a
I’une des catégories correspondant aux signa-
tures spectrales (Caloz & Collet 2001).

Une classification a ensuite été effectuce.
Evaluer la précision de la classification
représente une étape clé du processus per-
mettant de quantifier la qualité de la carte
obtenue et la possibilité d’effectuer des
traitements supplémentaires (la fusion des
classes, I’échantillonnage de nouveaux sites
d’entrainement, etc.).

Ainsi, pour calibrer et valider cette classifi-
cation, celle-ci a été comparée a des données
de référence au moyen d’une matrice de
confusion. L’ évaluation de précision est déter-
minée par le calcul de I’indice Kappa, qui varie
de 0 a 1, exprimant la réduction de I’erreur
obtenue par la classification par rapport a une
classification aléatoire (Congalton 1991) ainsi
que par la précision globale qui correspond a
la diagonale de la matrice et donne une pro-
portion d’objets bien classés.
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Afin d’affiner la cartographie, un post-
traitement a été réalisé en fusionnant des
classes présentant une forte ressemblance
spectrale et en supprimant les pixels isolés.
Les cartes d’occupation du sol constituent une
premiere étape pour la réalisation de la carte
des changements d’occupation du sol.

Indice NDWI

L’indice de teneur en eau par différence norma-
lisée (NDWI) (Normalised Difference Water
Index) est utilis€ pour mettre en évidence les
éléments d’eau libre dans une image satellite,
permettant 2 un plan d’eau de se démarquer du
sol et de la végétation. Cet indice est calculé
par les canaux NIR et vert, il doit &tre compris
entre — 1 et 1 (Ceccato et al. 2002).

NDWI = (Green — NIR)/(Green + NIR)

Les valeurs NDWI correspondent aux plages
suivantes :

¢(,2al:surface de’eau;

¢ (0,0 2 0,2: inondation, humidité ;

*—0,320,0: sécheresse modérée, surfaces
non aqueuses;

e_1a-0,3:sécheresse, surfaces non
aqueuses.

Résultats

Maamora

Cartes d'occupation du sol

Plusieurs classes d’occupation du sol ont été
déterminées : mare temporaire, forét, terrain
nu (terrain dépourvu de toute intervention
humaine) et agriculture. La précision globale
obtenue varie de 79 % en 1989 a 86 % en
2019. Le coefficient Kappa varie de 0,68
pour I’année 1989 a 0,80 pour I’année 2019
(tableau 1). Les valeurs, toujours supérieures
a 50 %, soulignent la fiabilité de ces classifi-
cations (Pontius 2000).

Tableau 1 - Précisions globales et coefficients Kappa pour les différentes dates

de classification.

Table 1 - Global details and Kappa coefficients for the different classification

dates.
1989 1999 2009 2019
Précision globale 79 % 87 % 92 % 86 %
Coefficient kappa 0,68 0,78 0,86 0,80
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Figure 1 - Carte d'occupation du sol de la suberaie de Maamora

en 1989.

Figure 1 - Land use map of Madmora cork oak beds in 1989.

Figure 2 - Carte d’occupation du sol de la suberaie de Maamora
en 1999.

Figure 2 - Land use map of Madmora cork oak beds in 1999.
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Figure 3 - Carte d’'occupation du sol de la suberaie de Maamora

en 2009.

Figure 3 - Land use map of Maamora cork oak beds in 2009.
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La cartographie d’occupation du sol met en
évidence une régression de plusieurs classes
d’occupation du sol entre les années 1989
et 2019, a savoir: mare temporaire, forét et
terrain nu (figures 1, 2, 3 et 4). Une seule
classe a connu une progression, il s’agit
de I’agriculture. Entre 1989 et 1999, trois
classes d’occupation du sol connaissent une
progression : mare temporaire, forét et terrain
nu (figures 1 et 2). Entre 1999 et 2009, deux
classes connaissent une progression: mare
temporaire et terrain nu. La classe forét connait
par contre une régression (figures 2 et 3).
Entre 2009 et 2019, trois classes d’occupation
régressent, il s’agit de mare temporaire, forét
etterrain nu; I’agriculture elle est marquée par
une progression (figures 3 et 4).

Figure 4 - Carte d'occupation du sol de la suberaie de Maamora
en 2019.

Figure 4 - Land use map of Madmora cork oak beds in 2019.

Analyse spatiale de la dynamique
de l'occupation du sol

Entre 1989 et 2019 (figures 5 et 6, tableaux 2,
3 et 4), les superficies en mares temporaires
régressent fortement (94 % sur la période) ainsi
que celles en forét (54 % sur la méme période).
De méme, les terrains nus connaissent une
régression (43 % sur la période).

Deux principales pratiques agricoles ont
connu un développement en termes de super-
ficie dans la Maamora (figure 6): les terrains
agricoles avec une progression de 230 % et
les serres avec une progression de 100 %. Ces
pratiques ont occupé un espace croissant au
cours de la période considérée aux dépens des
mares temporaires, de la forét et des terrains
nus, qui ont respectivement régressé de 94 %,
54 % et 43 %.
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Figure 5 - Carte de changement de I'occupation de Maamora entre 1989 et 2019.
Figure 5 — Map of change in occupation of Madmora between 1989 and 2019.

Tableaux 2, 3 et 4 - Taux d'évolution et superficies des types d’occupation du sol
entre 1989 et 1999, 1999 et 2009, et 2009 et 2019.
Tg: taux global d'évolution spatiale; Tc: taux moyen annuel d'évolution
spatiale; (-): régression; (+) : progression.
Tables 2, 3 and 4 - Rate of change and areas of land use types between 1989 and 1999,
1999 and 2009, and 2009 and 2019.
Tg: global rate of spatial change, Tc: mean annual rate of spatial change;
(-): decrease; (+): increase.

Type Superficie (ha) | Tg Tc

d’occupation 1989 | 1999

Mare temporaire | 7758 | 10486 | +35 | +3 R

Forét 97829 103784 | +6 | +0,59 q

Terrain nu 5775 | 18223 | +216 |+12

Terre agricole 21132 NA NA NA

Type Superficie (ha) | Tg Tc g

d'occupation | 1999 | 2009 |

Mare temporaire | 10486 | 13815 | +32 | +3

Forét 103784 | 74700 | —28 | -3

Terrain nu 18223 | 43973 | +141 | +9
E f'T TER' NU TERRE SERRE

TEMAORAIRE AGRICOLE

Type Superficie (ha)| Tg | Tc 3 I

d'occupation 2009 | 2019 -

Mare temporaire | 13815 464 | —-97 | -34 .

Forét 74700 | 44614 | -40 -5

Terrain nu 43973 | 3267 | -93 | -26 Figure 6 - Evolution de I'occupation du sol entre 1989 et 2019 dans la suberaie

Terre agricole NA 69832 | NA NA de Maémora (en %).

Serre NA | 14309 | NA NA Figure 6 — Land use change between 1989 and 2019 in the cork oak forests of
Maéamora (in %).
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Cartes d'indices NDWI

Entre 1989 et 2019, le NDWI connait une
nette diminution caractérisant une présence
de milieux en eau de plus en plus réduits au
profit des foréts, des terrains nus et de 1’agri-
culture (figures 7, 8, 9 et 10).
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Figure 7 - Carte de NDWI dans Madamora en 1989.
Figure 7 - Map of NDWI in Madmora in 1989.

Figure 8 - Carte de NDWI dans Madmora en 1999.
Figure 8 - Map of NDWI in Madmora in 1999.
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Figure 9 - Carte de NDWI dans Maamora en 2009.
Figure 9 - Map of NDWI in Madmora in 2009.

46

Benslimane

Cartes d'occupation du sol

Plusieurs classes d’occupation du sol ont été
déterminées : mare temporaire, forét, terrain
nu, agriculture, habitation, barrages d’eau. La
précision globale obtenue varie de 83 % en
1989 a 74 % en 2019. Le coefficient Kappa
varie de 0,73 pour I’année 1989 a 0,68 pour

Figure 10 - Carte de NDWI dans Maamora en 2019.
Figure 10 - Map of NDWI in Madmora in 2019.

I’année 2019 (tableau 5). Les valeurs, supé-
rieures a 50 %, soulignent la fiabilité de la
classification (Pontius 2000).

Entre 1989 et 2019, plusieurs classes d’occu-
pation du sol connaissent une régression de
leur superficie, a savoir: mare temporaire,
forét et habitation (figures 11, 12, 13 et 14).
Les classes terrain nu, agriculture et barrages
d’eau connaissent, elles, une progression.
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Entre 1989 et 1999, cinq classes d’occupation
du sol sont marquées par une progression :
mare temporaire, habitation, barrages d’eau,

Tableau 5 - Précisions globales et coefficients Kappa pour les différentes
dates de classification.

Table 5 - Global details and Kappa coefficients for the different classification

dates.
terres agricoles et plage. Les classes forét et
terrain nu subissent une régression (figures 11 1989 1999 2009 2019
et 12). Entre 1999 et 2009, quatre classes Précision globale 83 % 63 % 81% 74 %
connaissent une progression : forét, terrain nu, Coefficient kappa 0.73 0,54 0.75 0,68
barrages d’eau et plage. Par contre, les classes
mare temporaire, habitation et terres agricoles
présentent une régression (figures 12 et 13).
Entre 2009 et 2019, les superficies de quatre
classes d’occupation du sol progressent: Légende
habitation, barrages d’eau, terre agricole et Mare tem poraire
L - Forét
aéroport. Par contre, les classes mare tempo- B roranns
raire, forét, terrain nu et plage connaissent une I avitaton
régression (figures 13 et 14). [ rerre agricoe
- Barrages et retenues d'eau
- Plage
- Aéroport
. N ) 5 . <¢>E 5
: : g B
= Légende - Légende
E_ - ::rrée‘wmpora\re _; g- = :::‘xemporave _§
[ Terain nu H [ Terrain nu g
= Habitation ‘ = Habitation ‘
105 0 10 Km Eveneagncowe 05 0 10 Km ] Te"egaum‘e
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Figure 11 - Carte d'occupation du sol de la province

de Benslimane en 1989.

Figure 11 - Land use map of Benslimane province in 1989.

Figure 12 - Carte d'occupation du sol de la province
de Benslimane en 1999.

Figure 12 — Land use map of Benslimane province in 1999.
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Figure 13 — Carte d'occupation du sol de la province

de Benslimane en 2009.

Figure 13 — Land use map of Benslimane province in 2009.
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Figure 14 - Carte d'occupation du sol de la province
de Benslimane en 2019.

Figure 14 - Land use map of Benslimane province in 2019.
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Analyse spatiale de la dynamique
de l'occupation du sol

Entre 1989 et 2019 (figures 15 et 16,
tableaux 6, 7 et 8), les superficies en mares
temporaires régressent fortement (89 % sur
la période) ainsi que celles en forét (45 %
sur la méme période) et celles occupées par
les habitations (22 % sur la période étudiée).
A 1’opposé, une forte progression est constatée
pour les barrages d’eau (17500 %) et les ter-
rains nus (30 % sur la période), ainsi qu’une

Tableaux 6, 7 et 8 - Taux d'évolution et superficies
des types d'occupation du sol
entre 1989 et 1999, 1999 et 2009,
et 2009 et 2019.
Tg: taux global d'évolution
spatiale; Tc: taux moyen annuel
d'évolution spatiale;
(-): régression; (+) : progression.
Tables 6,7 and 8 - Rate of change and areas of land
use types between 1989 and 1999,
1999 and 2009, and 2009 and 2019.
Tg: global rate of spatial change, Tc:
mean annual rate of spatial change;
(-): decrease; (+): increase.

faible progression pour les terres agricoles Type Superficie (ha)| Tg | Tc
(1 %). d'occupation 1989 | 1999
Mare temporaire | 1436 | 25965 | +1707 | +29
Forét 97977 | 48774 -50| -7
Terrain nu 10753 31| —100| —58
I — — = = = Habitation 4696 | 7237| +54| +4
“‘@' Barrages d'eau 227 | 8357 |+3587| +36
Terre agricole 136253 (160584 +18| +2
. < Plage 2011 | 2400 +19| +2
Type Superficie (ha) | Tg Tc
d’occupation 1999 | 2009
g_ § Mare temporaire | 25965 607 -98| —-38
’ i Forét 48774 | 86454 | +77| +6
Terrain nu 31| 22289 |+70682| +66
Habitation 7238 | 1409 -81 —-16
g— § Barrages d'eau 8357 | 12229 | +46| +4
) E;dg.:ffmht i Terre agricole 160584 | 126189 =21 -2
e — E A Plage 2400 | 2435 +1/+0,14
ponn pomon pon v prm e e Aéroport NA 1737 | NA NA
Figure 15 — Carte de changement de I'occupation de Benslimane entre 1989 .
et 2019. Type Superficie (ha) | Tg Tc
Fi 15 — Map of change in occupation of Benslimane between 1989 and 2019. d'occupation 2009 | 2019
gure P g P
Mare temporaire 607 154 | =75 | —-14
Forét 86454 | 53686 | —38 -5
Terrain nu 22289 | 14027 | -37 -5
Habitation 1409 | 3665 | +160 | +10
Barrages d'eau 12229 | 39899 | +226 | +12
Terre agricole 126189 | 137651 +9 +1
Plage 2435 2316 -5|-049
Aéroport 1737 | 1952 | +12 +1

Figure 16 - Evolution de I'occupation du sol entre 1989 et 2019 dans la province
de Benslimane (en %).

Figure 16 — Evolution of land use between 1989 and 2019 in the province of
Benslimane (in %).

48

Trois composantes principales de 1’occu-
pation du sol régressent dans la province de
Benslimane (figure 16) ; les mares temporaires
avec 89 %, la forét avec 45 % et les habita-
tions avec 22 %. A 1’opposé apparaissent des
barrages et un aéroport qui représentent une
couverture importante de la superficie de la
province de Benslimane.
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Cartes d'indices NDWI

Entre 1989 et 2019, le NDWI connait une
nette diminution, la présence de milieux en
eau se faisant de plus en plus rare au profit des
autres classes (foréts, terrain nu, agriculture,
habitation) (figures 17, 18, 19 et 20).
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Figure 17 — Carte de NDWI dans Benslimane en 1989.
Figure 17 - Map of NDWI in Benslimane in 1989.

Figure 18 — Carte de NDWI dans Benslimane en
Figure 18 - Map of NDWI in Benslimane in 1999.

1999.
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Figure 19 - Carte de NDWI dans Benslimane en 2009.
Figure 19 - Map of NDWI in Benslimane in 2009.

Discussion et conclusion

Cette étude cartographique révele des change-
ments profonds intervenus dans les deux sites
d’étude au cours des trente dernieres années.

Ainsi, concernant la suberaie de Maamora, la
décennie 1989-1999 correspond notamment
a une progression des mares temporaires
(+ 35 %), de 1a forét (+ 6 %) et des terrains
nus (+ 216 %).
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Figure 20 — Carte de NDWI dans Benslimane en 2019.
Figure 20 - Map of NDWI in Benslimane in 2019.

La décennie 1999-2009 est, elle, plus parti-
culierement caractérisée par une progression
des mares temporaires (+ 32 %) et des terrains
nus (+ 141 %) mais une régression de la forét
(=28 %);

Au cours de la décennie 2009-2019,
trois classes connaissent une importante
régression : les mares temporaires (— 97 %),
les foréts (—40 %) et les terrains nus (— 93 %).
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Pour la province de Benslimane, la décennie
1989-1999 correspond a une régression de la
forét (— 50 %) et des terrains nus (— 100 %)
mais a une progression des mares temporaires
(+ 1707 %), habitations (+ 54 %), barrages
d’eau (+ 3587 %), terres agricoles (+ 18 %)
et plages (+ 19 %).

La décennie 1999-2009 est, elle, caractérisée
par une progression de la forét (+ 77 %), des
terrains nus (+ 70682 %), barrages d’eau
(+46 %) etplage (+ 1 %) et par une régression
des mares temporaires (— 98 %), habitations
(- 81 %) et terres agricoles (- 21 %).

Au cours de la décennie 2009-2019, une
régression caractérise notamment les mares
temporaires (— 75 %), forét (— 38 %), ter-
rains nus (— 37 %) et plage (- 5 %) alors
que I’habitation (+ 160 %), les barrages
d’eau (+ 226 %), les terres agricoles (+ 9 %)
et I'aéroport (+ 12 %) connaissent une
progression.

Le caractere régressif des classes d’occu-
pation du sol dans la forét de Maamora est
a mettre en relation avec la croissance des
activités socio-économiques sous la pression
démographique et certaines formes d’exploi-
tation, qui modifient les équilibres écolo-
giques (Pale 2000 ; Atta ef al. 2010). Ainsi
que I’ont montré Ech-Chadi et al. (2022),
cette expansion démographique ne concerne
pas seulement la Madmora mais également
d’autres formations forestieres comme celles
avoisinant la ville de Kenitra au nord-ouest
du Maroc.

Larégression dans la province de Benslimane
concerne surtout la forét et les mares tempo-
raires, tres probablement causée par le déve-
loppement agricole et différentes formes de
pression des activités socio-économiques
qui operent dans le domaine (exploitation
forestieére abusive, création de nouvelles
plantations, urbanisation, défrichement des
terres pour le développement, etc.) (Atta et
al. 2010). Ainsi, Chillasse & Dakki (2004),
Bouahim (2010) et Ichen (2020) considerent
que la croissance démographique et certains
modes d’exploitation sont responsables de la
dégradation de nombreux milieux, en parti-
culier la détérioration des mares temporaires.

Ce phénomene est particulierement remar-
quable en Afrique subsaharienne, ou les fortes
densités de population et la crise de 1’espace
agricole poussent les populations a rechercher
de nouvelles terres (Abotchi 2002). Cette
dégradation a pour conséquence de boule-
verser les équilibres écologiques, notamment

dans les zones humides, en majorité tres sen-
sibles aux aléas climatiques (Rhazi 2001 ;
Rhazi et al. 2006 ; HCEFLCD 2015).

La conservation des mares temporaires repose,
toutd’abord, sur la sensibilisation des sociétés
locales, et aussi sur I’investissement des €éco-
logues et des environnementalistes afin de
limiter la disparition des mares temporaires
du Maroc. Une approche multidisciplinaire,
écologique et sociale, soutenue notamment
par les politiques publiques, doit étre rapi-
dement élaborée et se focaliser sur des axes de
conservation et de gestion. Dans un premier
temps, il s’agira de préciser des objectifs de
conservation et de développement/usage de
ces milieux et, par la suite, de définir collecti-
vement les objectifs de gestion et les activités
de recherche, de valorisation et de controle
qui y contribuent.
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Résumé

Cette étude vise a reconstituer la composition de
la végétation ligneuse passée du versant nord
du mont Ventoux en fonction du gradient alti-
tudinal ainsi que I'altitude maximale atteinte par
les arbres avant la déforestation des versants, qui
fut intense a partir du xii° siecle, en lien avec des
perturbations passées telles que le surpaturage
et les feux de gestion sylvo-pastorale. Profitant
de la mise en place d'un transect du suivi écolo-
gique ORCHAMP en 2019, six fosses pédologiques
réparties depuis 925 m (hétraie sapiniere) jusqu‘a
1860 m d'altitude (pins a crochets prostrés) ont fait
I'objet de prélevements pédoanthracologiques
(identification et datation des charbons de bois du
sol). Toutes les fosses contenaient des charbons
de bois. La richesse taxonomique diminue signi-
ficativement a mesure que I'on s‘éléve le long
du gradient altitudinal. Certains taxons ont
été trouvés a des altitudes auxquelles ils sont

aujourd’hui absents, comme le sapin (Abies
alba) qui s’élevait jusqu'au sommet et formait
avec les pins la limite supérieure des arbres. Le
hétre (Fagus sylvatica) est bien représenté a basse
altitude mais aucun charbon de cette essence
n‘a pu étre trouvé au-dela de 1340 m, alors que
I'espéce atteint aujourd’hui 1700 m d‘altitude.
Les datations montrent que les sols du versant
nord du mont Ventoux ont conservé, malgré
I'érosion des versants, plus de 4000 ans d’his-
toire. La période couverte par les 6 datations *C
AMS obtenues s'étend de I'dge du bronze (3576-
3729 cal BP) a la période moderne (346-460 cal
BP), soit avant les reboisements de 1860 (RTM,
restauration des terrains en montagne). Cette
premiére étude pédoanthracologique se révéle
novatrice et parfaitement complémentaire des
études paléoenvironnementales préexistantes
mais encore insuffisante pour reconstruire I'his-
toire de la végétation passée du mont Ventoux et
anticiper son avenir.

Mots-clés: paléoécologie, limite supérieure des
arbres, charbons de bois dans les sols, gradient
altitudinal, Abies alba, Fagus sylvatica.
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Keywords: palacoecology, treeline, soil charcoal,
altitudinal gradient, Abies alba, Fagus sylvatica,
radiocarbon dating.

53



EMMA GAMBA, SEBASTIEN AURELLE, CLEMENTINE VERGNAUD, BRIGITTE TALON

54

Abstract

This study aims at reconstructing the late Holocene
vegetation dynamics and the maximum altitu-
dinal limit of forest trees on northern slopes of
Mont Ventoux before the intense deforestation
of the 12th century, in relation to natural envi-
ronmental changes and anthropogenic distur-
bances including fire history and sylvo-pastoral
practices. Six soil pits were studied out along an
altitudinal transect from 925m to 1,860m a.s.l.
This transect crosses the beech-fir forests in the
lower elevations to open woodlands containing
the prostrate hooked pine (Pinus uncinata) near
the summit. The study was performed within the
framework of the ecological monitoring program
ORCHAMP. Pedoanthracological data (identified
charcoals and their*C ages) were further explored
by numerical analyses. Charcoal was found in all
pits with concentrations significantly decreasing
with altitude, as does the proportion of charcoal
of deciduous trees over conifers. Some woody
species were found at altitudes where they are
absent today, notably fir (Abies alba) at high ele-
vations, (up to 1,860m). In contrast to fir, the beech
(Fagus sylvatica) charcoals were not found beyond
1,340m, although the species currently reaches
elevations as high as 1,700m a.s.l. Radiocarbon
dating results suggest that the soils on northern
slopes of Mont Ventoux have not been signifi-
cantly eroded since at least 4,000 years ago. The
period covered by the six obtained AMS C dates
extends from the Bronze Age (oldest “C age:
3576-3729 cal BP / 1779-1626 BCE) to the Modern
Era (youngest “C age: 346-460 cal BP / 1490-1604
CE), all pre-dating the 1860’s reforestation pro-
jects (RTM, Restoration of Mountain Land). This
preliminary pedoanthracological study proved to
be promising and complementary to other pal-
aeoecological approaches but is still insufficient to
provide a complete picture of the past vegetation
history of Mont Ventoux.

Introduction

During the last 10,000 years, climatic changes
and human activities have deeply impacted
and shaped the mountain landscapes on most
of the Earth’s surface. The long co-evolution
of human societies and these landscapes can
partly explain their current diversity and frag-
mentation (Swenson & Franklin 2000) and
particularly the altitudinal and taxonomic vari-
ations of the treeline, one of the most important
ecotones in mountain environments (Treml et
al. 2016). From a given elevation upward,
bioclimatic conditions and particularly the
regional temperatures become too constraining
for the optimal growth and establishment of
tree populations (Holtmeier 1994; Korner
1999; Holtmeier & Broll 2005). However, it
has been shown that the treeline was higher

and displayed more tree diversity in most of
the European mountain systems (e.g. Pyrenees
and the Alps) but lowered almost everywhere
due to the agro-sylvo-pastoral pressure (Cunill
et al. 2013; Finsinger et al. 2021; Carnelli et
al. 2004; Talon 2010). This has particularly
been demonstrated by soil charcoal analysis
(pedoanthracology) in a number of sites
(Carcaillet & Thinon 1996; Di Pasquale et al.
2008; Talon 2010). Recently, the agro-pastoral
abandonment and global warming have been
inducing the upward movement of numerous
woody taxa, which were restricted to lower
elevations. Lenoir et al. (2010) have shown
that in the case of French mountains, the alti-
tudinal optimum of several forest trees, such as
the common hornbeam (Carpinus betulus L.),
or the common hazelnut (Corylus avellana L..)
have elevated by approximately 30m per
decade since 1980s. In the Spanish Pyrenees,
the beech forest upper limit has moved 70m
to higher elevations in only 50 years (Labonne
etal.2019).

A better understanding of this ecological phe-
nomenon necessitates investigating the long-
term dynamics (centennial to millennial) of
the upper tree limit in response to climatic
variations and human activities. The research
presented here belongs to the ORCHAMP
monitoring program (www.orchamp.osug.
fr). This pluri-disciplinary research project is
aimed at studying the links between climate
change, land-use and biodiversity along
altitudinal gradients in the Alpine territory.
ORCHAMP sites are characterized by regu-
larly monitored quadrats located at 200m alti-
tudinal intervals and along an approximately
1,000m-long transect. Monitoring efforts are
focused on the fauna (soil DNA), vegetation
(flora, forest cover, decaying wood), climate
(temperature and relative humidity), and soil
(https://orchamp.osug.fr).

The imprints of past human activities on the
structure and dynamics of current vegetation
of mountain forest ecosystems will be par-
ticularly investigated. More than 30 tran-
sects have already been established along
N-S altitudinal gradients over Mont Blanc,
Maritime Alps, and the Mediterranean massif
of Mont Ventoux with alpine characters. The
present study takes advantage of the eco-
logical transect of ORCHAMP established
by Institut méditerranéen de biodiversité et
d’écologie in 2019 on the northern slopes of
Mont Ventoux. In the absence of wetlands
and lakes for pollen-based vegetation recon-
structions, we explored the soil archives of
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the experimental pedological pits and apply
pedoanthracology to investigate the history
of vegetation in relation to human activities.

The main objectives of this study are to recon-
struct (i) the composition of woody taxa in
forest vegetation of Mont Ventoux and (ii) the
altitudinal position of the upper limit of forest
(treeline) on the northern slopes in relation to
past human disturbances, such as deliberate
landscape burning and tree cutting for sylvo-
pastoral management purposes. We will spe-
cifically focus on two forest species, European
silver fir (Abies alba Mill.) and beech (Fagus
sylvatica L.), which are characteristic of
montane forest belts and form well-established
populations on the Mont Ventoux northern
slopes as well as the Lure Mountain. Together,
they form the southernmost mixed beech-fir
populations of Provence region in Southern
France. In the face of ongoing global warming,
the future of these forests at their southernmost
distribution area remains uncertain (Tinner et
al. 2013; Hendrik et al. 2020; Morales-Molino
et al.2021). Investigating their history is thus
necessary to better predict their current and
future ecological trajectories. This study aims
at testing two working hypotheses: 1) the flo-
ristic composition of the upper forest limit was
different in the past from today, 2) the treeline
was located in higher altitudes, and 3) both
fir and beech forests occupied more extended
altitudinal extensions.

Study Site

Physical setting

Mont Ventoux (44.172912° N, 5.278177° E)
culminates at an elevation of 1,910m. It is
25km long (east-west axis) and 15km wide
(north-south axis) and is at the confluence
of the Alpine and Mediterranean phytogeo-
graphical zones (Rouveyrol & Leroy 2021).
The northern slopes, steeper than the southern
slopes, are subjected to very harsh eco-
logical conditions. The average annual pre-
cipitation (from 1994 to 2007) is 1,270mm
at the Mont-Serein meteorological station
(1,445m altitude). Characteristic of the
Mediterranean-type of climate, the annual
precipitation is irregularly distributed along a
year and mainly falls in autumn-winter-spring
with presence of summer droughts (Cailleret
2007). The average annual temperature is
6.6°C (Ladier 2004).

ecologia mediterranea — Vol. 48 (2) — 2022

Forest vegetation of Mont Ventoux:
past and present

Today, a mosaic of forest composed of dif-
ferent coniferous and deciduous species
occupies the two slopes of Mont Ventoux,
showing a vertical zonation mainly controlled
by the altitudinal temperature gradient. The
history of the vegetation of Mont Ventoux
is very well documented for the Modern
and Contemporary Era thanks to available
historical archives, notably those of the for-
estry services. Before the 13th century, forest
exploitation was practiced on the northern
slopes while the southern flanks were culti-
vated and grazed. The Great Plague (1347-
1348 CE) and the Hundred Years’ War (1337-
1453 CE) caused demographic decline and
agro-pastoral abandonment that favored forest
recolonization. Forest clearing was resumed
from the 16th century with the increase in
population and the growing need for wood
(timber, firewood, charcoal) and agro-pastoral
lands (Martin-Gousset et al. 2019). The defor-
estation of the mountain continued until the
19th century. The consequences of the ancient
deforestation, dating to as early as the Bronze
Age, on the current distribution of forest veg-
etation on the northern slope of Mont Ventoux
have been described by L. Martin-Gousset e?
al. (2019) for the Mont Ventoux Biological
Reserve (Réserve biologique intégrale du
mont Ventoux - RBI-MV) officially created in
2010 by the French National Forestry Office
(ONF) (Terracol et al. 2017). The RBI-MV
(906ha), situated slightly northeast, covers an
altitudinal gradient of 1200 m, from supra-
Mediterranean to subalpine bioclimatic belts
(680-1880 m). The current forest stands are
largely the result of the mountain land refor-
estation program termed RTM (Restauration
des Terrains de Montagne) in the 19th to
early 20th centuries. Indeed, in the 1860s, the
RTM service undertook the reforestation of
Mont Ventoux with various coniferous and
deciduous species to fight against soil erosion
(Ningre 2007).

Thanks to a vertical vegetation zonation
scheme within the RBI-MV located to the
east of our transect and elegantly drawn and
described by C.F. Martins (Martins 1838, in
Martin-Gousset et al. 2019), it is possible
to get an idea about the state of the forest
vegetation of the northern slope before the
RTM reforestations. On this sketch, while
the supra-Mediterranean zone seems to be
occupied by lavender and thyme heaths
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instead of deciduous oak forests, the montane
zone still presents in its lower part (1,000-
1,250m) stands of wild maple (Acer opalus
Miller) and beech, and in the upper part (up to
1,800m), fir, hooked pine (Pinus mugo Turra
subsp. uncinata (Ramond ex DC.) Domin)
and common juniper (Juniperus communis
L. subsp. nana (Hook.) Syme). The upper
treeline is depicted at 1,650m. From this
sketch, the forest above 1,400m is very open.
The distinctive silhouette of some of the fir
and beech trees in the sketch, which are today
considered as relict stands, confirms this
graphic representation by C.F. Martins. Their
candelabra-like aspect and well-developed
low branches indicate conditions of growth
without inter-individual competition and
thus a certain degree of openness. The oldest
stands of the RBI-MYV, left to evolve naturally
for more than a century, owe their survival
to their hardly accessible position above the
steep rock cliffs. Indeed, it is in these relic
stands that the oldest known trees in Vaucluse
are found (> 400-year old firs and 300-year
old beech trees) (Terracol ef al. 2017).

Although the vegetation of the mountain slope
corresponding to our transect is not as well
documented prior to the 19th century RTM
plantations, it is clear that the absence of steep
slopes and rock cliffs allowed an easier access
to forest stands compared to the RBI-MV. This
fact facilitated the deforestation that was much
greater there as is evident in the photographs
taken at the late 19th century by the agents of
the Eaux et Foréts (Collective 2004). In the
northern slope of Mont Ventoux, there are
numerous caves and cavities in the rock cliffs
containing the accumulations of biological
remains, which have been used by prehisto-
rians for palaeoenvironmental reconstructions
(Crégut-Bonnoure et al. 2005). For instance,
the charcoal assemblages collected in the

infilling of the René Jean cave (1,650m), in
particular, also rich in bear bones dated from
the Neolithic to the Middle Ages, has made it
possible to recognize three species: fir, Scots
pine (Pinus sylvestris L.) or hooked pine and
birch leaf maple (Acer opalus) (Thinon 2007).
They indicate wildfires that occurred between
1,650m and the summit, which is equivalent to
the topmost part of our transect located one to
two kilometers to the west. Only hooked pine
is still thriving in this altitudinal belt today.
Finally, the last data likely to provide precise
spatial information on the forest species that
colonized the summit of Mont Ventoux come
from an exploratory pedoanthracological
study carried out by M. Thinon (1978) on the
southern slope. A pit dug in a summit lithosol
at 1,810m altitude, on the crest, yielded a
beech charcoal, which has not been dated
(Thinon 2007). All these works indicate that
since at least the Middle Neolithic (Crégut-
Bonnoure er al. 2005), Mont Ventoux, even
at its summit, has been covered by forest
species such as fir, beech and Scots/hooked
pine, which later disappeared mostly as a
result of fires at least partly linked to pastoral
management. Our study aims to complete this
information, both spatially and temporally.

The current forest vegetation covering the
northern slopes of Mont Ventoux in which
our study transect was set up is the result
of both RTM reforestation and spontaneous
regeneration of the original species over the
last few decades, thanks to the forest cover
provided by these reforestations. The species
used in plantations are the Austrian black pine
(Pinus nigra J.F. Arnold subsp. nigra), Scots
pine (P. sylvestris) and downy oak (Quercus
pubescens Willd.) in the supra-mediterranean
and lower montane, Scots pine, loblolly pine
(Pinus mugo subsp. uncinata), and larch

Table 1 - Main tree species observed on the current plots. The star* indicates species remained from RTM plantations.
Tableau 1 - Principales essences arborescentes présentes sur les placettes actuelles. L'étoile* indique les essences issues

de plantations RTM.
VTN1 VTN2 VTN3 VTN4 VTNS VTNé6
925m 1,130m 1,340m 1,510m 1,675m 1,860m
Abies alba* A. alba* A. alba* A. alba* P. mugo subsp. P. mugo subsp.
Pinus sylvestris* P. sylvestris* Pinus mugo subsp. | uncinata* uncinata
Juniperus communis uncinata*
Quercus ilex Fagus sylvatica F. sylvatica F. sylvatica
Q. pubescens B. sempervirens S. aria
Buxus sempervirens A. opalus
Acer opalus S. aria
Sorbus aria V. lantana
Viburnum lantana
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(Larix decidua Mill.) in the middle montane,
and finally loblolly pine in the upper montane
(Martin-Gousset et al. 2019).

The main trees and shrub species currently
present on our plots are summarized in Table 1.

L VINSTIE75m)-

VTN4 (1510m) O

VTN3 (1340m) @

Materiels and methods o VN2 (1130m) 9

Sampling sites

In 2019, an altitudinal transect containing
six permanent plots (VIN1 to VTN6) was
established on the northern slopes of Mont
Ventoux, from 925 to 1,860m elevation
(Figure 1). Within each plot, a 900m? (30m x
30m) quadrat was delimited for applying dif-
ferent monitoring protocols of the ORCHAMP
project (https://orchamp.osug.fr/Protocoles).
A pedological pit was dug outside each per-
manent plot but at the immediate proximity of
one of its four corners in order to describe the
physico-chemical properties of soil profile.
Once the pedological properties of the six soil
profiles were described, we sampled them for
our soil charcoal analysis to reconstruct the
fire history and woody vegetation dynamics.

Wood charcoals are organic materials with
high resistance to biological degradation and
once buried in the soil, are preserved for very
long periods of time (Thinon 1992, Talon ef
al. 2005; Marguerie et al. 2010). After car-
bonization, wood anatomy is well-preserved
making its taxonomic identification possible
(Chabal 1997). Despite this, many charcoals
are difficult to identify whether because they
are covered by different deposits (clays, sands,
crystals) or show a vitrified aspect (McParland
et al. 2010) i.e. the wood structure can be
distinguished but the anatomic elements are
fused together preventing the identification
(Marguerie et al. 2010).

The study of charcoals coupled with their
AMS radiocarbon dating allows recon-
structing the dynamics and composition of
vegetation with high spatial precision and on
the millennial time scale (Carcaillet & Thinon,
1996; Touflan et al. 2010; Robin et al. 2013).

Pedoanthracological sampling
and laboratory preparation

Soil samples were taken continuously from
the bottom to the top of the profile at 10cm-
thick levels (Saulnier et al. 2015). In total,
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Figure 1 - Map showing the location of the study site and the sample plots
located on the ubac of Mont Ventoux (Google Maps and Google

Earth).

VTN1 (925m)

Figure 1 - Carte de localisation du site d’étude et des placettes
d‘échantillonnage situées a I'ubac du mont Ventoux (Google Maps

et Google Earth).

81 samples weighing about 135kg were
taken from the six soil pits and transferred
in 34 bags to the laboratory. The sieving
protocol is described in a number of papers
(e.g. Carcaillet & Thinon 1996, Saulnier et
al. 2015). The soil samples are dried and
then weighed to obtain the dry weight in kg.
Each sample is then stirred in water with the
addition of a small amount of deflocculant
(sodium hexametaphosphate) to facilitate the
suspension of organic elements. The super-
natant (including plant debris and charcoal)
and then the mineral elements are poured onto
a column of 4 sieves (1cm, 1.25mm, 800um,
and 400um), rinsed, and dried in oven (40°C).
Coarse material > lcm is weighed and its
weight subtracted from the total soil weight
for the calculation of specific anthracomass
(SA). In this study, the mineral fractions and
the organic fraction between 400 and 800um
were not studied.

Charcoals were picked one by one using
flexible forceps under a stereomicroscope
and put into micro-tubes labeled by level,
fraction (organic or mineral) and size class
(e.g. VIN2 20-30 Root > 800um). For each
depth, given the limited time available for this
study, 20 charcoals were randomly picked
from the largest size class (> 1.25mm). If the
considered size class had fewer than 20 char-
coals or nothing, the rest of charcoals were
picked from the smaller size class (> 800um).
Charcoals were identified using an episcopic
microscope (Olympus model BX41) with dark
field and magnification range of x100 to x500.
Identifications were based on observation of
transverse, radial longitudinal, and tangential
longitudinal sections and using the available

o
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literature on wood and charcoal anatomy
(Jacquiot 1955; Schweingruber 1990; Vernet
et al. 2001) as well as the charcoal reference
collection of pedoanthracology of the Institut
méditerranéen de biodiversité et d’écologie.

The identification of charcoal can be more
or less easy because it depends on the state
of conservation of the extracted fragments.
The worst case is that of indeterminable “‘vit-
rified” charcoal. To this should be added the
problem of differential identification; some
genera or species are more difficult to identify
than others, especially on small charcoals,
because they are anatomically very close,
such as Scots pine and hooked pine or, in the
case of juvenile structures, fir and juniper. In
such cases, they are named Pinus sylvestris/
uncinata or Abies/Juniperus. In some cases,
it may not be possible to go beyond the genus
(e.g. Acer), family (e.g. Rosaceae) level and
even to distinguish the deciduous from conif-
erous trees.

Radiocarbon dating

The selection of the charcoal pieces to achieve
4C dating was performed according to their
significance to the overall charcoal taxonomic
spectrum. Six single charcoal fragments
weighing at least 2mg were selected for radio-
carbon dating from the set of taxonomically
identified charcoals and shipped to Poznan
Radiocarbon Laboratory, Poland. The radio-
carbon ages were calibrated and the prob-
ability distribution curves were graphically
created in R package “clam” run in RStudio
version 4.1.0 (Blaauw 2010; R Core Team
2021) using the IntCal20 calibration curve
(Reimer et al. 2020). The results are reported
in Appendix 2.

Calculation of specific
anthracomasses

All the sorted charcoals are weighed in order
to calculate the specific anthracomass (SA)
and to make the quantities of charcoals com-
parable from one pit to another. In our study,
the specific anthracomass corresponds to the
ratio between the mass in mg of extracted
coals (fraction > 800um) and the total mass
in kg of dry soil (fraction < Icm), expressed
in mg.kg-1 or in parts per million (ppm).
Three types of specific anthracomass were
calculated:

The Specific Anthracomass per Profile (SAP)
which corresponds to the mass of all charcoals
(identified and unidentified) in a pit (in mg),
related to the total mass of soil (in kg).

The Specific Anthracomass per Level (SAL),
which corresponds to the mass of all the coals
contained in a level (in mg), compared to the
total mass of soil in that same level (in kg).

The Taxonomic Specific Anthracomass
(TSA), which corresponds to the mass of all
the charcoal of a given taxon contained in a
level or pit (in mg), related to the total mass
of soil of this level or pit (in kg).

Statistical tools

The results of the identifications, expressed
as TSA, were processed graphically using C2
data analysis software, version 1.7.7, deve-
loped by Steve Juggins, in order to present
them as anthracological diagrams. A loga-
rithmic scale was applied to the SA values
in order to compare them more easily. The
dataset resulting from this study is partly based
on qualitative data of the “Presence/Absence”
type for charcoal identifications as well as for
the current vegetation surveys (carried out as
part of the ORCHAMP protocol in 2019) on
all plots. Two Correspondence Analysis (CA)
were conducted to compare the diversity of
woody species currently present on the plots
with the taxonomic composition of the anthra-
cological results. The data are expressed in
“Presence/Absence”. Beforehand, as regard
charcoal data, taxa encountered several times
on all the plots and so-called “rare” taxa, i.e.
those identified only in one plot, must be dis-
tinguished. These rare taxa are included in the
analyses as additional qualitative variables.
The CA function of the “FactoMineR”
package (Le et al. 2008) was used to perform
these analyses. The package was run in
RStudio version 4.1.0 (R Core team 2021).

Diversity measures on the surveys are sum-
marized as measures of taxonomic richness.
Specific diversity was assessed on the anthra-
cological data. Indeed, the sum of taxa present
as charcoal for each soil level in each pit was
calculated. In order to test the variation of
the number of taxa with altitude, a one-factor
ANOVA followed by a Bonferroni test. The
objective was to compare two-to-two plots
and to demonstrate a significant difference or
not in the number of taxa against the altitude.
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Results

Anthracological diagrams

A total of 458 charcoals were identified and
attributed to 15 woody taxa (Appendix 1,
Figure 7): Abies, Abies/Juniperus sp.,
Juniperus sp., Pinus sylvestris/uncinata, Pinus
sp., Taxus baccata, Fagus sylvatica, Acer
sp., Prunus sp., Amelanchier sp., Sorbus sp.,
Rosaceae, Quercus sp., Betula sp., Fraxinus
sp. Analysis of the soil charcoals revealed
great diversity in the anthracological record
between pits, both quantitatively and quali-
tatively. Charcoal was found in all pits and in
all levels, with a clear decrease in taxonomic
diversity towards higher elevations. Conifers
were identified along the entire transect. Fir
is the most represented and frequent conifer
in terms of quantity: it is found in all pits.
At 1,860m (VTNG6), it is even the only taxon
identified. Yew (Taxus baccata L..) was iden-
tified twice, in the deepest level of VIN1
(90-110cm) at 925m, and at the middle of
VTN4 profile (30-40cm) located at 1,510m.
No hardwood was identified above 1,340m
elevation (VTN3). In terms of quantitative
values, beech remains the most represented
hardwood, particularly in VIN1 where it is
found throughout the profile.

Statistical analysis of qualitative data

The correspondence analysis (CA) of the soil
anthracological results (Figure 2) differen-
tiates the pits according to the taxa identified.
The CA axes 1 and 2 explain 72.45% of the
variability of the data set (48.88% for axis 1
and 23.57% for axis 2). The CA scatter plot
spatially separates pits located below 1,510m
(VTNI1, VTIN2 and VTN3) from those higher
than 1,510m (VTN4, VTINS5 and VTNG).
Above 1,510m of altitude (VTN4), the taxa
found are mostly conifers such as fir, pine, yew
and juniper. Below this altitude, charcoal from
deciduous trees such as beech, oak (Quercus
sp.), maple (Acer sp.), ash (Fraxinus sp.),
birch (Betula sp.) and Rosaceae (Rosoideae
Prunoideae and Maloideae) are more
abundant. In a more specific way, we were
able to identify taxa such as Taxus at 925m
and Pinus up to 1,340m as well as Juniperus,
and Pinus sylvestris/uncinata up to 1,510m.
Note also the significant proportion of vitrified
charcoals present in all pits. Small in size and
mostly cylindrical in shape, these charcoals
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Figure 2 - Scatter plot of the Correspondence Analysis (CA) performed on
identified charcoals data per pit (presence/absence per pit). The pits
are shown in black, the identified charcoals in grey and the “rare”
taxa in italic. VTN = Ventoux Nord. Inertia percentages: 48.88%

(axis 1) and 23.57% (axis 2).

Figure 2 - Diagramme de dispersion de I’Analyse factorielle de
correspondance (AFC) réalisée a partir des données d’identification
de charbons par fosse (présence/absence par fosse). En noir sont
représentées les placettes; en gris, les charbons de bois identifiés;
en italique les taxons « rares ». VTN = Ventoux Nord. Pourcentages
d’inertie: 48,88 % (axe 1) et 23,57 % (axe 2).

seem to result from the carbonization of very
small diameter twigs, perhaps from micro-
chamaephytes (5-15cm).

The second CA applied to modern vege-
tation data also helps to distinguish between
plots (Figure 3). The two CA axes account
for 95.27% of the variability in the dataset
(68.72% for axis 1 and 26.55% for axis 2).
The three lower altitude plots are spatially
separated from the three higher altitude
plots. Nevertheless, plots VIN3 and VTN4
are relatively close. This proximity is due to
the presence of beech and fir in both plots.
According to these surveys, deciduous trees
are mainly present at lower elevations and
become less abundant from 1,510m upward.
Species not shown on the scatter plot are
those present only in plot VTN i.e. common
juniper (Juniperus communis), false cherry
(Prunus mahaleb L.), holm oak (Quercus ilex
L.), downy oak (Quercus pubescens), glossy
buckthorn (Rhamnus alaternus L.), alpine
buckthorn (Rhamnus alpina L.), sessile-leaved
laburnum (Cytisophyllum sessilifolium (L.)
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Figure 3 - AFC réalisée a partir des données d'identification de végétation
actuelle par placette (présence/absence par placette). En noir
sont représentées les placettes; en gris, les espéces identifiées;
en italique les taxons « rares ». VTN = Ventoux Nord. Pourcentages
d’inertie: 68,72 % (axe 1) et 26,55 % (axe 2).
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Figure 4 - Temporal distribution of the probability distribution curves of the six
identified and dated charcoals against the main historical periods.
(AB) Bronze Age (4200-2750 BP); (MA) Middle Age (1500-500 BP);
(M) Modern Era (450-150 BP). The historical periods are based on the
chronology adopted by INRAP (www.inrap.fr).

Figure 4 - Distribution temporelle des courbes de distribution de probabilité des
six charbons identifiés et datés par rapport aux principales périodes
historiques. (AB) Age du bronze (4200-2750 BP); (MA) Moyen-Age
(1500-500 BP); (M) Période moderne (450-150 BP). Voir I'INRAP pour la
chronologie (www.inrap.fr).

60

0. Lang), daphne laurel (Daphne laureola L..),
and hedge honeysuckle (Lonicera xylosteum
L.) up to 1,130m (VTN2) and birch leaf
maple (Acer opalus), boxwood (Buxus sem-
pervirens L.), wayfarer (Viburnum lantana
L.), oval-leaved serviceberry (Amelanchier
ovalis Medik.), and Scots pine were recorded.
Whitebeam (Sorbus aria L.) is present up to
1,340m (VTN3). Conifers were present on
all plots, such as common juniper (VIN1),
Scots pine (VIN1 and VIN2) and fir (VIN1
to VIN4). Plots VINS5 and VTNG6 are very
different from the others in terms of factors.
They are distinguished by the fact that they are
occupied only by hooked pine. It is possible to
interpret axis 2 as a gradient of closure of the
environment. It distinguishes closed environ-
ments (VIN3, VIN4) from more open envi-
ronments (VIN1, VTN2, VTIN5, VTNOG).

Radiocarbon dates

The soils of the northern slope of Mont
Ventoux have recorded nearly 4,000 years of
vegetation history (Appendix 2). The earliest
radiocarbon dates back to the Bronze Age
(VTN2,3903-4088 cal BP/1953-2138 BCE)
and the latest one to the Modern Era (VTN2,
346-460 cal BP/1604-1490 CE). Fir charcoal
was dated to the Bronze Age (VIN2 and
VTN3) and the Middle Ages (VTN4), pine
to the Bronze Age (VIN2), and beech to the
Modern Era (VTN2). The time distribution of
the ages is illustrated in Figure 4 as the prob-
ability distribution curves which represent the
calibrated ages with 2-sigma errors. The total
absence of radiocarbon ages dating to the Iron
Age and Classical and Late Antiquity is also
noted.

Discussion

The anthracological analysis of the
ORCHAMP transect plots on the northern
slopes of Mont Ventoux revealed the presence
of charcoal in all pits from 925m (VTN1) to
1,860m (VTNG6) and at all depth levels. Our
interpretation is that the erosion following the
historical deforestation of the slopes of Mont
Ventoux could not wash away the entire soil
cover. In fact, the dates obtained in this study
all predate the RTM plantations of the late 19th
and early 20th centuries. The scree deporits
clearly visible on RTM photographs from the
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beginning of the 20th century (Collectif 2004)
have protected the relatively deep, charcoal-
rich soils. Woody species (phanerophytes to
chamaephytes) have thus reached as high as
the 1,860m elevation corresponding to the
top of our transect but slightly lower than the
summit (1,910m). Numerous similar studies
have demonstrated the presence of charcoal
up to very high altitudes, in currently open
montane steppes and grasslands mostly under
grazing (e.g. Carcaillet & Thinon 1996; Tinner
& Theurillat 2003; Ali ez al. 2005; Talon 2010,
Cunil et al. 2012). These results help to illus-
trate the important role of fire, both natural
and anthropogenic in the establishment of
current ecosystems and the current position of
the altitudinal tree line (Theurillat & Guisan
2001).

To clarify the elevation at which the upper
forest limit was located on this slope of Mont
Ventoux prior to its deforestation, we com-
pared the total charcoal richness of different
pits, and more specifically, the decrease in
general specific anthracomass (GSA) with
increasing elevation (Talon 2010; Cunill ez
al. 2012). The comparison of GSAs shows
a significant decrease from 1,675m (VTNS)
upwards. Combining qualitative (taxonomic
composition) and quantitative (SA) data
allows us to suggest that the upper forest
limit on the north slope of Mont Ventoux was
around 1,510m (VTN4) and that the tree limit
reached 1,860m (VTNG6). While the upper
limit of the forest is higher today, largely due
to RTM plantations, the upper limit of the
trees is essentially the same.

Comparing the specific SA values of conifers
and hardwoods, the latter becomes less
abundant from 1,130m and the maximum SA
value of conifers is encountered at 1,510m
(VTN4). These results are consistent with
the current ecological distribution pattern of
hardwoods and softwoods along an altitudinal
gradient. Indeed, as temperature decreases
with altitude (about 0.55°C every 100m), it
directly affects the physiology and biology
of mountain woody species (Ozenda 1985).
With regard to the modern vegetation of Mont
Ventoux, the pedoanthracological results accu-
rately reflect the current distribution between
deciduous and coniferous trees according
to altitude. Indeed, from 1,675m (VTNS)
upward, the number of taxa decreases sig-
nificantly: averagely, four taxa are reduced to
one in the topmost pits located in the summit.
This decrease corresponds to the transition
from the montane zone (1,100 to 1,600m) to
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the subalpine zone (1,600 to 1,800m) on the
northern slopes of Mont Ventoux (according
to Gobert & Pautou 1968). The data also shed
light on the role played by beech and fir.

Comparison of the current surveys (woody
vegetation only) (Table 1) of the VTNI1 and
VTN?2 plots with the corresponding anthraco-
logical assemblages reveals a good agreement
between taxonomic diversity, despite the
fact that the anthracological identifications
(Appendix 1) often stop at lower taxonomic
levels (genus or family e.g. Rosaceae). For
plots VIN1 and VIN2, Buxus and Viburnum
are the only taxa not identified at all in the
charcoal assemblages. On the contrary, plot
VTN3 appears to have had higher taxonomic
richness in the past than present. In this plot
we found Acer and Betula, which are absent
from the modern vegetation. These prelim-
inary results suggest that some species have
had different altitudinal ranges than today.

Beech is currently present in the vegetation
of plots VIN1 to VIN4, up to 1,510m
elevation (Table 1). However, it was not
found in the anthracological assemblages of
VTN4, but only in those of plots VINI to
VTN3. Considering that a larger sampling
effort (> 20 charcoals) might have revealed
it in VTN4, before publishing this work, we
randomly picked up another 20 charcoals
(> 1.25mm). But we did not find any beech.
However, we did find yew. Since beech is
currently present in plot VIN4, represented
by a few old individuals scattered throughout
the stand and formerly exploited in coppicing
mode, we can assume that there has been no
fire for several centuries (indeed, the dates
obtained for this pit do not go back beyond
the Middle Ages) or that the fire, if there was
any, did not affect the beech trees. The last
hypothesis is that there were no beech trees on
this plot at the time of the last fire events. Only
conifers provided charcoal. The absence of
beech charcoal does not mean that beech was
absent on the plot. In pedoanthracology, as in
all paleoecological disciplines, the absence of
a taxon may not mean a true absence of the
taxon in the landscape and must always be
interpreted with great caution (Birks & Tinner
2016)

The presence of yew charcoal is more sur-
prising. This gymnosperm, acomponent of the
beech-fir forest, is present today occasionally
in association with beech in the communal
forest of Beaumont-du-Ventoux, west of the
Grand Vallat (Martin-Gousset et al. 2019), i.e.,
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in our study area, but not at this altitude. It is
also found further east, in the cliffs of the RBI
as well as on the southern slopes. Yew (7axus
baccata) must therefore have played a more
important role in vegetation in the past than
today. Palynological and archaeoanthraco-
logical data show that yew expanded rapidly
in Provence around 5500-5000 BC, when
the agro-pastoral economy of the Neolithic
period was being established but rapidly after,
it started declining perhaps because of human
intervention to cut it for its toxicity (Martin &
Thiébault 2010). Unfortunately, the few char-
coals found in Mont Ventoux do not allow us
to go further than confirming its presence on
the slope in the past.

These first results indicate that, in the past,
beech and yew, along with fir, occupied an
altitudinal range between 900 and 1,300m
altitude on the northern slopes of Mont
Ventoux. The absence of old radiocarbon dates
makes it difficult to propose the exact timing
of the establishment of this “beech-fir forest”
on Mont Ventoux. On the basis of palyno-
logical data, beech was present in Provence
in low- and mid-altitude areas as early as the
Atlantic period with a strong expansion in
the Subboreal period, as early as 4,700 years
BP (Andrieu-Ponel et al. 2000; Azuara et al.
2018). However, the location of these beech
forests in Provence could never be accurately
specified by palynologists due to the regional
character of pollen data and good pollen dis-
persal of beech. At 1,130m elevation (VTN2),
we identified a beech charcoal dated to the
Modern Era (346-460 cal BP / 1490-1604
CE). This date, although recent, confirms the
presence of beech on Mont Ventoux before
the 1860s reforestation activities. It is thus
supposed that the species was truly present in
Mont Ventoux as suggested by Andrieu-Ponel
etal. (2000). However, in the absence of more
radiocarbon-dated beech charcoals, it is not
still possible to confirm its presence on Mont
Ventoux since the Atlantic period.

Fir tree has been found at all altitudes, from
925m to 1,860m. It represents about 35% of
the identifications. Its presence up to 1,860m
(VTNG6) indicates that its upper limit was
higher than today which does not exceed
1,510m (VTN4). The four dates obtained
on fir fragments reveal that it was present on
the northern slope of Mont Ventoux between
3,729 cal BP (Bronze Age) and 900 cal BP
(Middle Ages), at an altitudinal range of
1,130m to 1,340m. The fragments found in
VTNG6 are too small to be dated. Therefore,

it is not known when fir tree occupied the
highest elevation of the transect (1,860m). It is
also not known whether it occupied this slope
well before the Bronze Age although this is
quite possible. Indeed, the presence of fir in
southern France dates from the end of the last
glaciation (Younger Dryas) (Terhiirne-Berson
et al. 2004). One of the charcoals found in the
René Jean cave (but not identified), between
an upper level dated to the Middle Ages and a
base level dated to the Middle Neolithic, has
been dated to 3025 + 40 BP, i.e. the Middle
Bronze-Final Bronze transition (Cregut-
Bonnoure et al. 2005). The fir charcoal
found in this same cave infill can therefore
be attributed to this period (Thinon 2007).
Fir pollen has been recorded in Provence as
early as the Atlantic period at low altitude
in the Baux marshes (Andrieu-Ponel et al.
2000), but the geographical provenance of its
pollen has never been elucidated. As Abies
pollen is very heavy, it seems unlikely that
it comes from the fir trees on the north face
of the Ventoux, 60km away; it could rather
come from the neighbouring Alpilles area.
Multiplying the pits supported by additional
radiocarbon dates will allow us to complete
the phytogeographical history of these two
species in Provence.

We have not obtained any date posterior to the
reforestation of the 19th century (RTM). The
soils have not therefore been totally eroded
despite successive deforestations, and still
retain a lot of paleoecological information.
However, this information is not chrono-
stratified. Three of the six dates come from the
same pit (VTN2): the beech and fir extracted
from the same sample (20-30cm) however,
are of very different ages (Modern Era and
Bronze Age, respectively), while the fir and
pine, both dated to the Bronze Age, come
from two very different depths (20-30cm and
50-70cm, respectively). This observation
common in most of pedoanthracological
studies (e.g.Brasseur et al. 2022), reminds us
that the existence of a chronostratigraphy for
soil profiles that might spontaneously come
into mind is far from obvious (Appendix 1
Figure 7). The pedological analysis carried
out within the framework of the ORCHAMP
protocol, in particular the granulometric
analysis, could contribute to a better under-
standing of the burial patterns of charcoal in
the soils.
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Conclusion

Although being exploratory and preliminary,
this study contributed to improve our under-
standing of the long-term vegetation history
on the northern slopes of Mont Ventoux.
Despite heavily impacted by intensive defor-
estation since the 13th century and particularly
in Modern Era, most of the soils developed
under the former forest vegetation have sur-
vived centuries of torrential erosion. Their
charcoal content has thus been preserved and
can be used to depict the fire history linked to
the natural and anthropogenic processes.

Fir trees occupied the entire slope from 925m
(VTNI1) to the summit (VTNG6) at 1,860m.
Today, they do not exceed the altitude of
1,600m. The presence of charcoal of this taxon
in the highest pit suggests that the summit cap,
currently occupied by a few scattered pros-
trate hooked pines, would have had a more
closed canopy than today. It is worth to recall
that a beech charcoal was also found on the
summit ridge (Thinon 2007). The upper tree
line, today composed of only hooked pine,
would have thus been more diverse (with
fir and beech) and the treeline position was
higher than today. Our results also confirm
that the forest species such as beech and fir
that have been growing spontaneously in the
1860s RTM plantations, particularly in the
understory of the VIN4 hooked pine, are
those that occupied this altitudinal zone before
the deforestation. The upper altitudinal limit
of the forests was higher in the past, around
1,510m (VTN4), and consisted of stands of fir
and yew (VTN4).

The spatial resolution of pedoanthracology
thus appears to be relevant for reconstructing
the altitudinal fluctuations of the upper veg-
etation boundary of Mont Ventoux as well as
its floristic composition. Wood charcoal and
its dating provide much valuable information
about the important role of forest fires in
establishing present-day vegetation patterns.
Higher spatial resolution of pedoanthraco-
logical data is however needed to confirm this:
use replicates at similar elevation and sample
every 100m of elevation instead of 200m, but
this was the grid of the Orchamp protocol.

It remains to study how the woody vegetation
of Mont Ventoux, in particular beech and fir,
will react to ongoing global warming. Some
authors predict a progression of fir towards
higher altitudes, but with a more restricted
range (Cailleret & Davi 2008). Our work
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shows that fir has already colonized the upper
part of the slope in the past, so it is natural that
it will return there regardless of the climate
warming. Beech has probably also colonized
the upper part. The analysis of the pit transect
on the southern slope (ORCHAMP VTS)
will certainly provide answers to these ques-
tions. This work has allowed us to take a step
back on the potential of the forest species to
understand the future. It is necessary to con-
tinue this work, particularly with other dating
methods (dendrochronology) and obtaining
further radiocarbon dates, in order to correctly
and more precisely retrace the history of the
past vegetation of Mont Ventoux.
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Appendix

Appendix 1 - Anthracological diagrams. Figures 1to 7: depth (m) on the ordinate and specific anthracomass
in logarithmic scale on the abscissa. Hardwoods in green and conifers in red. ASN: Specific
Anthracomass by Level and ASP: Specific Anthracomass by Profile/Pit.

Annexe 1- Diagrammes anthracologiques. Figures 1a 7 : profondeur (m) en ordonnée et anthracomasse
spécifique en échelle logarithmique en abscisse. Feuillus en vert et coniféres en rouge. ASN :
Anthracomasse spécifique par niveau et ASP : Anthracomasse spécifique par profil/fosse.
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Figure 1 - Pedoanthracological diagram of the soil pit VTN1 (925m). The number of identified charcoals
represents 25% of total charcoals.

Figure 1 - Diagramme anthracologique de VTN1(925m) (25 % de charbons identifiés).
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Figure 2 - Pedoanthracological diagram of the soil pit VTN2 (1,130m). The number of identified charcoals
represents 22% of total charcoals.

Figure 2 — Diagramme anthracologique de VTN2 (1130m) (22 % de charbons identifiés).
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Figure 3 - Pedoanthracological diagram of the soil pit VTN3 (1,340m). The number of identified charcoals
represents 10% of total charcoals.

Figure 3 - Diagramme anthracologique de VTN3 (1340m) (10 % de charbons identifiés).
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Figure 4 — Pedoanthracological diagram of the soil pit VTN4 (1,510m).
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charcoals.
Figure 4 — Diagramme anthracologique de VTN4 (1 510m) (9 % de
charbons identifiés).
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Figure 5 - Pedoanthracological diagram of the soil pit VTN5 (1,675m). Figure 6 — Pedoanthracological diagram of the soil pit
The number of identified charcoals represents 27% of total VTN6 (1,860m). All extracted charcoals of the
charcoals. profile are identified and presented in the
Figure 5 — Diagramme anthracologique de VIN5 (1675m) (27 % de diagram.
charbons identifiés). Figure 6 — Diagramme anthracologique de VTN6 (1 860m)
(100 % de charbons identifiés).
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Figure 7 - Pedoanthracological diagram of all the soil pits. The pits are arranged in order of increasing altitude.
Figure 7 - Diagramme anthracologique toutes fosses confondues. Les placettes sont rangées par altitude croissante.
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Appendix 2 - Radiocarbon dates (Poznan Radiocarbon Laboratory). Calibrated in calendar years using the “clam” package of the R
software. BP = before present = before 1950 ; BC = before christ = before our era ; AD = Anno Domini = 1950-BP (inrap.fr).

Annexe 2 - Datations radiocarbones (Poznan Radiocarbon Laboratory). Calibrées en années calendaires a I'aide du package « clam »
du logiciel R. BP = before present = before 1950 ; BC = before christ = avant notre ére ; AD = Anno Domini = 1950-BP (inrap.fr).

Pit
VTN 2
VTN 2
VTN 2
VTN 3
VTN 4
VIN 4

Depth (cm)
20-30
20-30
50-70
30-40
50-60
60-75

mg
3,7
17
2
2
5,8
4,7

Taxa
Abies alba

Fagus sylvatica
Pinus sp.
Abies alba
Abies alba
Abies alba

Lab. no.
Poz-136796

Poz-136797
Poz-136798
Poz-136800
Poz-136158
Poz-136801

Age 'C
2710 + 30 BP
315 + 30 BP
3670 + 30 BP
3435 + 35 BP
1190 + 30 BP
1010 + 30 BP

Calib BCE/CE Calib BP Time period
908-808 cal BCE 2757-2857 cal BP  Bronze Age
1489-1604 cal CE  346-460 cal BP Modern period

2139-1954 cal BCE 3903-4088 cal BP  Bronze Age
1780-1627 cal BCE 3576-3729 cal BP Bronze Age
774-895 cal CE  1055-1176 cal BP  Middle Age
992-1048 cal CE ~ 902-958 cal BP Middle Age
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L’intensiﬁcation de I’agriculture est une menace majeure
pour la biodiversité. L’homogénéisation des paysages
et les changements de pratiques réduisent la quantité et la
qualité des habitats disponibles. Dans ce contexte, 1’écolo-
gie des paysages peut étre utilisée dans le but de proposer
des modes de gestion agroécologique favorables a la bio-
diversité. Dans cette these, j’ai étudi€ les effets des interac-
tions entre les bordures de parcelles et les pratiques agricoles
ainsi qu’entre les bordures de parcelles et les milieux semi-
naturels. J’ai pris pour modele d’étude les paysages rizicoles
du delta du Rhone en Camargue. Les paysages camarguais
se caractérisent par de grands espaces de zones humides
protégés en réserve, des zones de paturage extensif et de
marais a vocation cynégétique et des parcelles de grande
culture. Selon leur localisation, ces cultures sont entou-
rées de milieux semi-naturels ou de paysages d’openfields.
Comme il s’agit d’une zone humide majeure du bassin médi-
terranéen, il existe dans le delta du Rhone des enjeux de
conservation de la biodiversité tres importants. La Camargue
est donc une zone d’étude intéressante pour travailler sur
des modes de gestion agroécologique qui permettent de
concilier la production alimentaire et la conservation de
la biodiversité. En étudiant I’effet de 1’hétérogénéité du
paysage le long d’un gradient d’intensité d’utilisation de
produits phytopharmaceutiques, je montre que la présence
de milieux semi-naturels surfaciques et de bordures de par-
celles a un effet positif plus important pour la biodiversité
dans les paysages agricoles intensifs. Ces milieux sont uti-
lisé€s comme des zones refuges par différentes especes. J’ai
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ensuite étudié I’effet des surfaces de bordures de parcelles
le long d’un gradient de surface de milieux semi-naturels
dans des paysages en agriculture biologique. J’ai ainsi mis
en évidence le role d’habitat de substitution que peuvent
avoir les bordures de parcelles pour les oiseaux nicheurs
ainsi que leur utilisation comme habitat complémentaire
pour les oiseaux hivernants. Cependant, la diversité des
niches des especes rencontrées dans les milieux agricoles
camarguais induit des réponses contrastées aux variations
de la quantité des différents types d’infrastructures agro-
écologiques. Afin de prendre en compte ces variations, j’ai
modélisé I’effet de la plantation de haies dans le but d’opti-
miser la conservation de la biodiversité et la fourniture de
services écosystémiques. En conclusion, I’intensification
agricole est une menace majeure pour la biodiversité, mais
I’adoption de pratiques agroécologiques peut permettre de
réduire ces impacts et méme d’offrir des milieux favorables
aux especes. La prise en compte des milieux agricoles dans
les programmes de conservation de la biodiversité en Europe
est donc nécessaire.
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Mots-clés: plante nurse, facilitation, compétition, hydro-
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General introduction

The Mediterranean Basin, including Lebanon at its eastern
end, is considered a hot spot of biodiversity with a high
diversity of habitats accumulating around 25,000 plant spe-
cies, of which half are considered endemic. Modern human
colonization of the basin 10,000 years ago led to permanent
modification in the ecosystem. This pressure has since not
relented, particularly in Lebanon, where quarries are one
of the most severe and pressing environmental issues, with
approximately 1,300 quarries scattered throughout. After a
literature review on the relevancy and limits of hydroseed-
ing as a restoration practice in degraded semi-arid Mediter-
ranean areas, the general goal of the Ph.D thesis is to pro-
pose an alternative practice based on the possibility of using
potential nurse plants as a nature-based ecological tool for
quarry restoration. To start, a general introduction with an
extensive literature review encompassing various research
concerning the theory of facilitation vs. competition in plant
communities and a thorough examination of the nurse plant
concept as a facilitation tool is proposed. Then, the used
methodological approach is also presented, highlighting the
purpose of experimenting in an ex-situ setting, and illustrat-
ing why and how various measurements have been calcu-
lated. The first chapter is an extensive literature review of
the pros and cons of adopting the hydroseeding technique
as a restoration tool in semi-arid Mediterranean environ-
ments. The second chapter focuses on the potential role of
a native legume, Trifolium subterraneum L., as a potential
nurse plant to assist various saplings of native plants to
establish in degraded areas. The third chapter evaluated yet
another nurse plant, Melica inaequiglumis, a tussock peren-
nial grass to aid saplings of native plant species. Following
these chapters, a third, and final section, sums up the thesis
by highlighting perspectives, delivering a general discus-
sion, and eventually summing up various suggestions for
any projected future work.

Chapter 1

Is the Hydroseeding technique suitable for restoring
degraded semi-arid Mediterranean environments? What are
the challenges facing it? What are some recommendations
for its utilization in such a harsh environment?
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A literature review (spanning the last three decades 1990-
2020 and covering about 100 of the most relevant published
papers) assessed that hydroseeding is not a suitable resto-
ration technique in semi-arid Mediterranean Environments
(Shaiban et al., 2021. Lebanese Science Journal). Several
variables, either biotic or abiotic factors, hindered its suc-
cess. In the discussion, those variables are dissected further
into natural-environmental or human-influenced. Several of
those restrictions were related to slope aspects and steepness,
water problems (high runoff and its availability), mixing
solutions used, and the high implementation costs.

Chapter 2

Can Trifolium subterraneum, a native legume, play the role
of a nurse plant by assisting other plants for restoration pur-
poses?

The outcomes of chapter one raised a legitimate question of
whether ecological restoration in semi-arid Mediterranean
environments could employ a more suitable nature-based
solution. Accordingly, in the second chapter, a natural res-
toration technique was investigated — the nurse plant. The
assessment, undertaken in an ex-situ setting, analyzed the
contribution of a potential nurse plant to various soil proper-
ties and to neighbor plants established in soil collected from
a quarry and a nearby reference grassland ecosystem. With
T. subterraneum as the suggested nurse plant, a proposed
hypothesis assessed its potential in improving the properties
of degraded soil vs. reference soil. The same experiment was
repeated the following season after incorporating the nurse
plant dried biomass (being an annual) in both soil types.
Soil physical and chemical properties were tested, at vari-
ous stages, to evaluate whether neighbor plants benefited
from the treatments. The results revealed that after incorpo-
rating 7. subterraneum dried organic matter into degraded
soil, there was a significant increase in its carbon, nitrogen,
and phosphorus contents, along with an increase in C.E.C
and the C:N ratio. Still, this improvement in the degraded
soil was not enough to attain the levels present in the refer-
ence soil. Another important finding revealed that although
competition dominated the interaction between 7. subter-
raneum and various target plants, especially in degraded
soil, significant facilitation of T. subterraneum as a nurse
plant towards 7. subterraneum as target plants was evident
in both degraded and reference soils.

Chapter 3

To further approach a natural plant community setting,
another set of questions was developed: What is the effect
of neighbor plants on two different nurse plants? At three
varied community complexity levels? When planted in two
different soil types? At varying planting dates?

Having tested the potential nurse plant 7. subterraneum in
assisting the growth of neighbor plants of the same species, a
step forward would be investigating a setup resembling more
natural plant communities. This proposal was approached
by assessing the effect of neighbor plants on two potential
nurse plants (the leguminous 7. subterranean and the grass
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Melica inaequiglumis), questioning the impact at different
densities (low, medium, and high plant concentrations), in
two diverse soil types (reference and degraded type), along
with the variation in planting time, testing the “priority effect
concept”. Results revealed that plant biomass (the tested
parameter) with respect to soil type (reference or degraded)
and planting dates (sown together or 45 days apart) indicated
that T. subterraneum was negatively affected due to the pres-
ence of neighbor plants, especially in reference soil when
T. subterraneum was planted simultaneously with neighbor
plants. Other results also showed M. inaequiglumis signifi-
cantly reduced in biomass, particularly when both nurse and
neighbor plants were established on reference soil at the
same date vs. 45 days later.

General discussion

Several outcomes emerged from this thesis: A better con-
tribution and understanding of the quarries status in Leba-
non, enabling better tackling of this chronic environmental
problem. Furthermore, a profound comprehension of the
challenges facing hydroseeding practices in restoring semi-
arid Mediterranean environments was accentuated, practical
solutions to aid in its improvement were proposed. Another
outcome was an in-depth discussion of facilitation and com-
petition among plants. Where facilitation, as a mechanism,
has been noted to shift roles with competition amidst a varia-
tion in environmental stresses, with facilitation prevailing in
communities under high-stress factors, and on the contrary,
competition dominating in relatively benign conditions
with less pressure. Also, the role and means by which vari-
ous nurse plants assist other plant species to flourish were
extensively discussed. Furthermore, another outcome was
evaluating the use of native plant species as potential nurse
plants in restoring degraded quarries by investigating the use
of two plant species, a legume (7Trifolium subterraneum —
Fabaceae) and a grass (Melica inaequiglumis — Poaceae).
The experiment, accomplished in a semi-controlled interspe-
cific interaction, demonstrated that competition, rather than
facilitation, dominated the interaction amongst the studied
nurse plants species, confirmed through measurements of
various indicative traits.

Implications for practice

The outcomes of this study could be utilized in practical res-
toration practices, as a soil restoring technique, by capital-
izing on the “priority effect concept” through creating a time
window of one growing season between plantings. The nurse
plants are to be established in the first year independently,
to be later incorporated as dried biomass into the topsoil.
As a second step, the seed mixture intended for restoration
be introduced at the beginning of the next growing season.
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Résumés de theses

Kurt VILLSEN 2022

Les relations entre le régime
alimentaire d’un prédateur,
son habitat et la communauté
de ses proies : des perspectives
pour la conservation de [’apron

Thése de doctorat d’Aix-Marseille Université, soutenue le
16 décembre 2022.

Jury - Jean-Nicholas BEISEL (Professeur, Ecole nationale du génie
de I’eau et de I’environnement de Strasbourg), Elsa BONNAUD
(Maitre de conférences, Université Paris Sud), rapporteurs ; Jacques
LABONNE (Chargé de recherche, INRAE), Diane ZARZOSO-
LACOSTE (Maitre de conférences, Université de Picardie), Chris-
tine ARGILLIER (Chargée de recherche, INRAE), Leah BECHE
(Docteur, EDF - Centre d’ingénierie hydraulique environnement
& société), examinateurs ; Alexander ERESKOVSKY (Docteur,
CNRS), directeur ; Vincent DUBUT (Docteur, ADeNeko), co-
directeur.

Dans le contexte de I’augmentation des facteurs de stress
anthropiques sur les poissons d’eau douce, il est essen-
tiel de mieux comprendre leur écologie trophique pour gui-
der les actions et les politiques de gestion et de conservation.
Cette these vise a améliorer la compréhension des proces-
sus a I’origine des variations de la niche trophique d’une
espece menacée d’extinction, I’apron du Rhone (Zingel
asper L.). J’ai ainsi reli€ la variation des traits trophiques
individuels a I’ontogénie et a la compétition intraspécifique.
En combinant 1) des données robustes de régime alimentaire
obtenues par metabarcoding, 2) un échantillonnage et une
caractérisation détaillés de la communauté de proies et de la
structure de I’habitat, et 3) des approches de modélisation et
simulation individu-centrées, j’ai pu mettre en évidence les
relations complexes liant la variation intra-spécifique aux
changements spatio-temporels des opportunités écologiques
et de la structure de I’habitat. L’approche bayésienne et les
analyses causales ont permis d’identifier et de caractériser
les liens de causalité entre variation temporelle et spatiale
des opportunités écologiques et de la structure de 1’habi-
tat et la variation intraspécifique des traits trophiques de
I’apron. Alors que les proies préférées de I’apron sont le
moteur principal de la variation de sa largeur de niche indi-
viduelle, les analyses causales ont révélées que la variation
de niche inter-individuelle est déterminée principalement
par la structure de I’habitat. Enfin, a partir de cette base de
connaissances nouvelles, j’ai développé un indice de qua-
lité de la ressource trophique pour orienter la gestion et la
conservation de I’apron.
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