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Résumé en francais
Introduction

Les foréts de 1’archipel Malaise représentent une opportunité intéressante
pour la recherche sur I’histoire évolutive de la biodiversité tropicale en raison de
leur richesse exceptionnelle en espéces végétales. Dans ces foréts, de nombreuses
especes végétales fournissent des ressources uniques trés utiles pour 1'homme
(Middleton et al., 2019). L'interaction entre les humains et les foréts tropicales de
l'archipel Malaise remonte a au moins quinze siecles (Reid, 1995), la forét étant une
source primaire de nourriture et de subsistances pour les communautés locales.
Cependant, comme les activités humaines continuent de faconner le paysage et
d'influencer l'utilisation des ressources foresticres, il est inévitable que la
composition de la biodiversité dans la région subisse des transformations.

Parmi les especes d'arbres forestiers collectées ou récoltées dans les foréts
naturelles plutot que cultivées en milieu agricole, Myristica fragrans et Myristica
argentea (regroupées dans cette thése sous le vocable ‘noix de muscade
indonésiennes’) se distinguent comme deux exemples notables utilisés a des fins
diverses. La distribution naturelle de ces deux espéces est géographiquement
limitée. Myristica fragrans se trouve principalement dans la région de Wallace
(notamment I'archipel des Moluques), tandis que M. argentea est originaire de 1'ile
de Papouasie (de Wilde, 1995, 2014).

L'aire de répartition étroite de ces especes insulaires est caractérisée par un
paysage fragmenté composé d'iles. En conséquence, 1'isolement géographique et la
petite taille des populations influencent la distribution de la diversité génétique de

ces especes, et I’attendu théorique serait une forte différenciation génétique entre



les iles et une faible diversité génétique au sein de chaque ile (Barret, 1996;
Frankham, 1996).

A Tlorigine, M. fragrans et M. argentea étaient précieuses pour les
communautés locales en raison de leur importance en tant qu'arbres a épices (noix
et macis). Prélevées dans leur milieu naturel, elles n'étaient pas soumises a des
pratiques culturales et commerciales a grande échelle. Cependant, en raison de la
demande croissante pour les épices qu’elles fournissent, elles ont été introduites et
cultivées en dehors de leur aire de répartition d'origine depuis le XVIlle siccle
(Brixius, 2015). Le déplacement délibéré de matériel végétal au-dela des frontieres
géographiques a facilité 1'établissement de nouvelles populations. Cette dispersion
par 'homme et 'expansion concomitante de 1'aire de répartition de l'espeéce posent
la question du niveau de diversité génétique introduit au sein de ces populations.

L'évaluation de l'impact de la dispersion anthropique sur les flux génétique
dans les aires de répartition naturelles pose des problémes en raison de l'interaction
complexe entre les processus de dispersion naturelle et anthropique. 11 est difficile
de déméler les contributions des deux processus lorsqu'ils se produisent
simultanément (Einfeldt et al., 2020). Les caractéristiques géographiques et la
gestion de la culture de ces deux especes pourraient constituer des ca d’études
particulierement pertinents pour notre compréhension de la distribution de la
diversité génétique et de I'histoire évolutive des arbres a épices. D'autre part, il a été
suggéré que l'interaction humaine avec les especes d'arbres cultivées affecte
I'évolution des espéces (Cornille et al., 2015; Sanchez-Robles et al., 2022; Soares
et al., 2019). Par conséquent, les caractéristiques géographiques uniques, 1’histoire

de leurs interactions avec I’Homme et les pratiques culturales associées a M.

vi



fragrans et M. argentea offrent des indications précieuses sur la répartition de la
diversité génétique et 1'histoire de I'évolution des especes végétales dans la région.

Par ailleurs, la compréhension de la dynamique spatio-temporelle de la
diversité génétique de ces especes est cruciale pour la mise en place de stratégies
de conservation, de gestion et d’utilisation durable face aux changements
environnementaux et anthropiques en cours. Il est ainsi nécessaire d'étudier les
mécanismes précis qui ont fagonné I'histoire évolutive de la noix de muscade
indonésienne, en tenant compte des impacts des fluctuations climatiques passées,
des barri¢res géographiques, des pratiques culturales et des interactions humaines.
En utilisant les noix de muscade Indonésiennes comme espéces modele, nous
pouvons obtenir des informations précieuses sur la maniere dont ces facteurs ont
influencé leur diversité génétique, la structure et la dynamique de sa population tout
au long de sa trajectoire évolutive.

Des facteurs environnementaux et anthropiques ont trés probablement
contribu¢ a I'histoire de 1'évolution des espéces de Myristica. L'évolution de la flore
locale en relation avec 1'évolution du climat, les modifications tectoniques et les
pratiques de gestion humaine restent peu documentées. Les pratiques de gestion
humaine des noix de muscade indonésiennes ont contribué a leur histoire évolutive.
Par exemple, 1'abattage des arbres de M. fragrans par la Compagnie Néerlandaise
des Indes orientales (Vereenigde Oostindische Compagnie en Néerlandais ou
VOC) pour maintenir un monopole sur la ressource, a probablement eu des
conséquences sur les niveaux de diversité génétique de I’espeéce. En outre, des
événements fondateurs ont pu se produire en raison de la propagation des noix de

muscade indonésiennes en dehors de leur distribution d'origine. Cependant, I'impact
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des facteurs environnementaux et anthropiques sur la distribution de la diversité
génétique des muscadiers indonésiens n'a pas été étudié a ce jour. Ce manque de
connaissances est trés préoccupant, car la diversité génétique est cruciale pour
l'adaptation et la résilience aux environnements changeants. En outre, la
compréhension de la structure de la population et de I'histoire démographique des
muscadiers indonésiens peut fournir des informations précieuses sur leur histoire
évolutive et éclairer les stratégies de conservation. Il est donc urgent de réaliser une
é¢tude compléte sur la structure génétique et l'histoire démographique des
muscadiers indonésiens, en tenant compte de l'impact potentiel des facteurs
environnementaux et anthropiques. Une telle ¢étude peut contribuer au
développement de pratiques culturales plus efficaces et durables, ainsi qu'a la
conservation et a la gestion de cette culture importante.

Dans cette thése, j'ai cherché a élucider l'histoire évolutive des noix de
muscade indonésiennes, en me concentrant sur les deux espéces M. fragrans et M.
argentea. J'ai divisé cette thése en cinq chapitres différents présentés sous forme
d'articles. La mise en page et le format de référence de ces chapitres ont été modifiés
a partir des manuscrits originaux afin d'assurer une meilleure cohérence
typographique au sein de cette thése.

Le chapitre 1 décrit les marqueurs microsatellites (SSR) développés dans le
cadre de mes travaux chez M. fragrans. Nous fournissons les premicres
informations sur ses caractéristiques ainsi que sur sa transférabilit¢ a d'autres
especes sceurs. Comme point de départ de ma theése, ces marqueurs génétiques

servent d'outil pour acquérir des informations sur la structure génétique et 1'histoire
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démographique des noix de muscade indonésiennes. Cet article a été¢ publié¢ dans
Molecular Biology Reports (2020).

Le chapitre 2 présente la séquence complete de 'ADN chloroplastique
(cpDNA) de M. argentea et M. fatua. De 'assemblage de novo a l'annotation, nous
décrivons pour la premiere fois le génome de I'ADN chloroplastique chez ces deux
especes. L'importance de ces ressources génomiques constitue une référence
précieuse pour 1'é¢tude de la distribution phylogéographique des espéces focales. Ce
manuscrit fait I'objet d'une révision mineure dans le journal Mitochondrial DNA
Part B

Le chapitre 3 traite de l'origine de M. fragrans dans les Moluques. Ce
chapitre se concentre sur la génétique des populations et sur l'histoire
biogéographique de la noix de muscade dans les Moluques. Plus précisément, nous
avons cherché a déterminer si I'espéce était originaire des seules iles Banda ou de
I'ensemble des Moluques. Ce manuscrit est en cours de soumision a Molecular
Ecology.

Le chapitre 4 présente l'histoire de l'introduction de M. fragrans en dehors
de son aire de distribution naturelle. Il est bien documenté que l'espeéce est
maintenant répandue dans les zones tropicales du monde, et nous tentons de retracer
ici ’histoire de son introduction ainsi que la distribution de la diversité génétique
de l'espece dans le monde.

Le chapitre 5 décrit la distribution spatiale de la diversité génétique de M.
argentea. Nous avons testé l'influence de différents facteurs (barricres historiques
aux flux de genes, pratiques de gestion récentes) sur la structure génétique et la

dynamique historique des populations de I'espece.
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Résultats

Avant le début de 1'étude, la compréhension globale de 'histoire évolutive de
M. fragrans et de M. argentea était difficilement réalisable du fait de la rareté des
marqueurs génétiques spécifiques chez ces especes. Une recherche bibliographique
approfondie menée en 2019 n'a révélé que deux ressources génétiques disponibles,
a savoir des SSR chez I’espece M. malabarica et la séquence incompléte du génome
de I'ADN chloroplastique (voir (Hemmila et al., 2010; Tallei & Kolondam, 2015)).
En particulier, pour les SSR de M. malabarica, 1'auteur n'a pas testé la transférabilité
des marqueurs chez d'autres especes de Myristica. Ces limitations ont mis en avant
la nécessité d'approfondir les recherches et de développer des marqueurs génétiques
plus fiables et mieux adaptés pour atteindre les objectifs de la these.

Par conséquent, il y avait une motivation pour développer de nouvelles
ressources génomiques, comme détaillé dans les chapitres 1 et 2 de cette étude.
Les marqueurs SSR développés présentent un polymorphisme intéressant pour
I’¢tude de la répartition de la diversité génétique chez M. fragrans et leur
transférabilit¢ a d'autres espeéces de Myristica (M. fatua, M. argentea et M.
crassipes) et a un autre genre de la famille des Myrsiticaceae (Horsfieldia
palauensis) a ét¢ démontrée. En outre, cette étude a permis d'assembler et d'annoter
de novo les génomes de I'ADN chloroplastique (ADNc) de deux especes de
Myristica (M. argentea et M. fatua) avec des couvertures de 41,2x et 31,8x,
respectivement. Cette réalisation est importante car les séquences annotées du
génome de 1'ADN chloroplastique sont intéressants pour retracer l'histoire de

I'évolution des especes a 1’aide de marqueurs transmis maternellement (c’est-a-dire



uniquement par voie de graines). De plus, la reconstruction phylogénétique qui en
résulte, basée sur l'ensemble du génome de I'ADN chloroplastique, a confirmé une
relation monophylétique des espéces de Myristica, comme indiqué précédemment
(Sauquet et al., 2003), ce qui fournit des informations précieuses sur 1'évolution et
la classification du genre.

En utilisant ces SSR développés de novo et des génomes chloroplastiques
entiers, l'histoire évolutive de M. fragrans dans son aire de répartition d'origine
(I'archipel des Moluques) a été reconstituée (chapitre 3). Les populations de M.
fragrans dans les Moluques se sont subdivisées en deux groupes génétiques
intraspécifiques distincts, I'un situé dans le groupe des Moluques du Sud et l'autre
dans celui des Moluques du Nord. Le groupe des Moluques du Nord présente une
diversité génétique nettement plus grande que celui des Moluques du Sud. 11 est
probable que la diversité génétique plus faible au niveau des Moluques du Sud
résulte des pratiques de gestion de I’espece par les Néerlandais, ayant menées a une
réduction drastique de la taille de population de I’espéce dans cette région. Au
contraire, les populations des Moluques du Nord n’ont a priori subi aucune pratique
de gestion. L'inférence démographique bayésienne a fourni des arguments
convaincants en faveur d'une origine de I'espéce dans les Moluques du Sud, d'une
colonisation des Moluques du Nord au cours du Pléistocéne moyen a tardif, et d'un
déclin démographique relativement récent (au cours du Pléistoceéne tardif, il y a
environ 20 000 a 15 000 ans) dans les Moluques du Sud.

Dans le chapitre 4, nous avons ¢largi notre échantillonnage afin de couvrir
au mieux la distribution mondiale de M. fragrans (populations naturelles et

introduites) et de fournir une compréhension compléte de Il'histoire de la
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propagation de l'espece dans le monde. Outre I'utilisation de SSR et de génomes
entiers cpDNA, nous avons également utilisé des séquences nucléaires ciblées pour
renforcer nos déductions sur l'histoire évolutive de l'espéce. En analysant des
données provenant de diverses sources, y compris des spécimens d'herbiers, 1'étude
présente un compte rendu détaillé de la répartition mondiale de M. fragrans. Nos
résultats suggerent que les populations de noix de muscade introduites proviennent
principalement de matériel de propagation collecté dans les Moluques du Sud, mais
aussi et dans une moindre mesure, des Moluques du Nord.

Enfin, dans le chapitre 5, nous avons démontré que la noix de muscade de
Papouasie, M. argentea, présentait des discontinuités génétiques évidentes dans une
aire de répartition aussi étroite que celle de la péninsule de Fakfak, sur l'ile de
Papouasie. Les analyses de regroupement bayésiennes ont révélé la présence de
trois groupes génétiques distincts dans 1'aire de répartition naturelle de 1'espéce. Les
populations introduites de I’espéce en dehors de son aire de distribution naturelle
ont probablement dérivé principalement d'une population indigene (Raduria, au
Sud de la région de Fakfak). Les populations de la péninsule de Fakfak partagent
une distribution différente de la diversité génétique, tout en présentant
généralement des niveaux de diversité génétique plus élevés que leurs homologues

introduits.

Discussion
Cette étude visait a examiner les origines de M. fragrans et M. argentea a
l'aide d'une approche génétique. Les hypotheéses précédentes sur leurs origines

¢taient basées sur des données historiques mais manquaient de preuves génétiques.
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Grace a une analyse génétique utilisant des approches de ‘Approximate Bayesian
Computation’ (ABC), 1'é¢tude a révélé que les populations de M. fragrans dans la
région des Moluques du Sud représentent les populations ancestrales de ’espece.
La dispersion par l'eau est le mécanisme probable de colonisation de l'archipel des
Moluques, comme le prouvent les preuves de la dispersion des graines par la mer
chez la noix de muscade.

La dispersion des graines sur de longues distances joue un rdle crucial dans
la colonisation des iles, les especes végétales dispersées par I'eau ou les animaux
atteignant des iles séparées par des centaines de kilometres des populations
d'origine. La divergence des pools génétiques chez M. fragrans suggere que la
colonisation des Moluques du Sud vers les Moluques du Nord a probablement été
facilitée par la dispersion par 1'eau. Le moment de la colonisation correspond aux
fluctuations marines passées, il y a environ 150 000 - 100 000 ans. La
différenciation génétique et les différences de composition florale entre les
Moluques du Sud et du Nord supportent le réle d'une barriére géographique.

La présence de noix de muscade dans les Moluques du Nord souléve la
question de la désignation des iles Banda comme source unique de 1’épice a
'époque du commerce des épices. Les documents historiques indiquent la présence
de muscadiers dans les Moluques du Nord, mais pour des raisons que nous
ignorons, ils n'ont pas été cultivés de manicre extensive. Les raisons pour lesquelles
l'accent a été mis sur les iles Banda et le manque d'intérét pour les sources
alternatives dans les Moluques du Nord doivent étre étudiées plus en détail.

Pour M. argentea, 1'étude a révélé un schéma de divergence influencé par les

fluctuations climatiques au cours du dernier maximum glaciaire en Papouasie
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occidentale. Le dernier maximum glaciaire a déclenché des changements
climatiques importants, entrainant 1'émergence de nouvelles lignées chez des
especes confinées a des aires de répartition limitées. Les refuges forestiers ont servi
de réservoirs génétiques et, lorsque le climat s'est réchauffé au cours de 'Holocéne,
les populations se sont étendues et ont recolonis¢ d'autres régions.

Les influences humaines, telles que la coupe massive des pieds de M.
fragrans au cours du XVle siecle, ont eu un impact sur la diversité génétique dans
les Moluques du Sud. En revanche, les populations natives de M. argentea dans la
péninsule de Fakfak présentent des niveaux ¢élevés de diversité génétique, ce qui
indiquerait une pression par ’Homme sur cette ressource relativement réduite.
L'identification de populations génétiquement diverses est précieuse pour les efforts
de conservation et les programmes de sélection visant a développer des variétés

résistantes.

Conclusion

En conclusion, cette étude fournit des preuves génétiques des origines
géographiques de M. fragrans et de M. argentea, soulignant le rdle de la dispersion
par ’'Homme dans l'histoire de leur introduction et des fluctuations climatiques
dans leur colonisation et leur divergence. Les différences dans les niveaux de
diversité génétique et la dynamique des populations ont des implications
importantes pour la compréhension de I'histoire évolutive et la conservation de ces

especes d'arbres.
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1. Introduction
1.1 Global context

There is nothing quite as captivating as the tapestry of biodiversity that
envelops our planet. From its inception as “biological diversity” by Harris (1916),
it has attracted our attention, spurring a quest to unravel the intricate ways in which
biodiversity shapes living communities. As the world advances with unmaintained
nature, concerns raised by Dasmann (1968), underscored the imperative necessity
of safeguarding the natural riches of our world. In the realm of land plants, Myers
(1988) introduced the concept of “hotspots”, paving the way for targeted
conservation strategies. These “hotspots” highlighted regions of exceptional plant
diversity that require special attention and conservation measures.

One of the most important hotspots regions is the Malay Archipelago. The
Malay Archipelago contains three distinct biodiversity hotspots: Sundaland,
Wallacea, and East Melanesian Islands (Hall, 2009a, 2009b, 2013; Figure 1). A
staggering 15% of the world’s forest cover finds its home in this region (Stibig et
al., 2014), underscoring its ecological importance. The forests of the Malay
Archipelago are not only important in terms of their size but also in relation to the
incredible diversity of plant species they are hosting (Camara-Leret et al., 2020;

Estoque et al., 2019), making them a crucial component of biodiversity.



Figure 1. Malay Archipelago and its biodiversity hotspots. The Sundaland region is
represented by the dark green color, the Wallacean region by yellow, and the East Melanesian
Islands by blue. Light-green indicate other hotspots regions.

Despite its unique value, the biodiversity of the Malay Archipelago remains
poorly documented. In a comparative analysis of research publications, various
biodiversity hotspots, including the Congo Basin, African tropical forests, and the
Amazonian Forest, were examined. The results were astounding, with the scarcity
of biodiversity-related scientific literature dedicated to the Malay Archipelago is
nothing short of startling (Figure 2). This research deficit calls for renewed efforts
to delve into the region’s unique ecosystems, unravel its hidden treasures, and shed

light on its conservation needs.
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Figure 2. Comparative analysis of biodiversity studies and its derivatives in the Malay
Archipelago, Congo Basin or African tropical forests, and the Amazon. The comparative analysis
on biodiversity-related research was done in Web of Science and data plotted using R (R Core Team,
2022).

The forests of the Malay Archipelago present an exceptional opportunity for
biodiversity research due to the rich array of plant species. Within these forests,
numerous plant species contain unique substances that hold great significance for
human use (Middleton et al., 2019). Historically, there was a huge interdependence
between humans and the rainforests of the Malay Archipelago. It dates back at least
fifteen centuries ago (Reid, 1995), with the forest acting as a primary source of food
and sustenance for local communities. However, as human activities continue to
shape the landscape and influence the utilization of forest tree species, it is
inevitable that the composition of biodiversity in the region is undergoing
transformative changes.

Among the forest tree species collected or harvested from natural forests,
rather than being cultivated in agricultural settings, Myristica fragrans and

Mpyristica argentea (referred as Indonesian nutmeg in this thesis) stand out as two



notable examples used for various purposes. The native distribution of the two
species is geographically limited. Myristica fragrans is primarily found in the
Wallacean region (notably the Moluccas archipelago), while M. argentea is native
to Papua Island (de Wilde, 1995, 2014).

The narrow range of these insular species is characterized by a fragmented
landscape consisting of discrete islands. As a consequence, the geographical
isolation and small population sizes influence the distribution of diversity in both
species, with potentially strong differentiation patterns among islands and low
genetic diversity within each island (Barret, 1996; Frankham, 1996).

However, Frankham (1997) argued that certain island populations may
nevertheless exhibit patterns of high genetic diversity thanks to high migration
rates. There are several important considerations where migration rates are
sufficiently high to counteract the effects of isolation and promote genetic diversity.
In certain cases (see Tsumura & Ohba, 1993; Frankham, 1997), island populations
have served as refuges during glacial periods, giving rise to smaller mainland
populations that are derived from them. As a result, these refugia populations
exhibit a higher genetic diversity compared to their continental counterpart. Thus,
island species (such as Indonesian nutmegs, M. fragrans and M. argentea) offer
unique insights to enhance our understanding in evolutionary processes.

Originally, M. fragrans and M. argentea were valuable to local communities,
given their importance as spice species. They were initially not subject to large-
scale commercial cultivation practices. Instead, they were typically harvested
sustainably from their natural habitats. However, due to the growing demand for

these species, they have been introduced and cultivated outside of their native range



since the 18" century (Brixius, 2015). The deliberate movement of plant material
across geographic boundaries has facilitated the establishment of new populations
in previously unoccupied areas. This human-mediated dispersal and the expansion
of the species’ range might have created new genetic lineages in these introduced
populations.

Assessing the impact of human-mediated dispersal on gene flow in native
ranges poses challenges due to the intricate interplay between natural and human-
mediated dispersal processes. Disentangling the contributions of both processes
becomes challenging when they are concurrently occurring (Einfeldt et al., 2020).

The geographical characteristic and cultivation management of these two
species might provide paradigmatic examples on our understanding of the
distribution of genetic diversity and evolutionary history. On the other hand, it has
been suggested that human interaction with cultivated tree species will affect the
species’ evolution (see Cornille et al., 2015; Sanchez-Robles et al., 2022; Soares et
al., 2019).

Therefore, the unique geographical characteristics, historical human
interaction, and cultivation practices associated with M. fragrans and M. argentea
offer valuable insights into the distribution of genetic diversity and evolutionary
history of plant species in the region. Understanding the genetic dynamics of these
species is crucial for their conservation and sustainable management in the face of
ongoing environmental and anthropogenic changes. I contend that there is a need
to investigate the precise mechanisms that have shaped the evolutionary history of
the Indonesian nutmeg, taking into account the impacts of past climate fluctuations,

geographical barriers, cultivation practices, and human interactions. By utilizing



the Indonesian nutmegs as a model species, we can gain valuable insights into how
these factors have influenced their genetic diversity, population structure and

dynamics throughout their evolutionary trajectory.

1.2 Biogeography of the Malay Archipelago

1.2.1 Geological history

The Malay Archipelago, an archipelagic sequence located between the
Australian continent and mainland Asia, comprises approximately 25,000 islands
(Figure 3). The emergence of the Malay Archipelago is a complex process that has
occurred over millions of years. While the precise timeline is still subject of
scientific debate, it is hypothesized that the fragments that make up the Malay
Archipelago were rifted from the Gondwana supercontinent over the past 300
million years, and then were accreted to the Eurasian subduction margin (Hall,
2009a). This means that the archipelago did not emerge at a specific point in time

but that the process of its formation took place over a period of 300 million years.



Figure 3. The Malay Archipelago (sensu Wallace, 1886), indicated in green color, situated
upon the equator between mainland Asia and Australia. Credit pictures, with color modification
from the original: Wikimedia Commons licensed under the Creative Commons Attribution-Share
Alike 4.0 International license.

The geological origin of the Malay Archipelago can be understood through
the three main continental shelves that make up the archipelago: the Sunda Shelf,
the Sahul Shelf, and the Wallacean region (Figure 4A; Atkins et al., 2020; Haddon
et al., 1892; Raes & Van Welzen, 2009; Van Welzen et al., 2011; Wallace, 1862,
1886). The Sunda Shelf is a region that includes the western and central parts of the
archipelago, including the islands of Sumatra, Java, and Borneo. In this thesis, |
will specifically concentrate on two prominent regions within the Malay
Archipelago that are respectively the centers of origin of M. fragrans and M.
argentea: the Wallacean region and the Sahul Shelf. The Wallacean region (Figure
4B) is a transitional zone between the Sunda and Sahul shelves. It includes the
islands of Sulawesi, the Moluccas (locally known as “Kepulauan Maluku”), and the

Lesser Sunda Islands. The Wallacean region is believed to have formed through a



combination of tectonic and climatic processes, including the collision of the Sunda

and Sahul shelves and changes in sea levels.
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Figure 4. A. The approximate positions of the Sahul and Sunda shelves during the Last
Glacial Maximum (in dark yellow) and current time (in light yellow). This region, at the South
margin of the Southeast Asian region, have been subdivided in three biogeographical areas. These
areas, namely Sahul, Sunda, and Wallacea (sensu Van Welzen et al., 2011), each exhibit a distinct
flora and fauna due to their unique geological and biogeographical histories. B. The Wallacean
region, a group of islands indicated in light blue area. Credit pictures, with color modification from
the original: Wikimedia Commons licensed under the Creative Commons Attribution-Share Alike
4.0 International license.



Since the past 10 million years, the island groups in the Moluccas have
undergone significant tectonic movements, although the nature of these movements
has varied between the North and South Moluccas. Tectonic and volcanic activities
are believed to have played significant roles in the shaping and emergence of these
islands. Several islands such as Ternate and Tidore in the North Moluccas have
remained submerged until 3 to 5 million years ago (Hall, 2013). The geological
processes responsible for the formation and emergence of the islands in the
Moluccas, have not yet been fully elucidated.

According to Wallace’s concept of ‘Island life’ (Wallace, 1880), the
Wallacean region is characterized as a group of islands without any continental
connection. This region is distinct from the neighboring Sunda Shelf due to the
absence of Sundaic groups and the presence of numerous endemic and Australasian
species (Welzen & Raes, 2011).

Three hypothetical lines (demarcation boundaries) have been defined in the
Wallacean region, namely the Wallace Line, the Weber Line, and the Lydekker
Line (for a historical overview see Wallace, 1862; Lydekker, 1896; Weber, 1902).
They were initially proposed as hypothetical boundaries to differentiate faunal
populations. However, van Welzen et al. (2005) revealed that these lines also hold
significant importance in delineating floral distributions and boundaries, supporting
the independently unique tectonic history of the region.

The Sahul Shelf, encompassing the eastern portion of the archipelago, is an
intriguing region with a rich geological history closely tied to climate dynamics. It
forms part of the expansive Australian Plate, which, according to geological

evidence, underwent a significant separation from the Gondwana supercontinent



approximately 180 million years ago (Ben-Avraham, 1973; Hall, 2013). Within this
region lies the Papua Island (Figure 5), alternatively known as the New Guinea
Island, which was once directly connected to the Australian continent.

Present
Pleistocene

Papua Island

Australia

Figure 5. Papua Island, situated in the eastern part of the Malay Archipelago, were once
connected to Australia during the Last Glacial Maximum. Credit pictures, with color modification
from the original: Wikimedia Commons licensed under the Creative Commons Attribution-Share
Alike 4.0 International license.

According to various reports (Hill & Gleadow, 1989; Weiland & Cloos,
1996), it is believed that the separation of Papua Island with Australia occurred
relatively recently, possibly within the past few million years of Earth’s history.
Approximately 50 million years ago, the Indo-Australian continental plate
underwent significant tectonic activity (Baldwin et al., 2012; Hill & Gleadow,
1989). During the late Miocene to early Pliocene, around 5 to 7 million years ago,
a significant portion of western Papua Island was submerged due to rising sea levels

(Gold et al., 2017). This dynamic geological environment has contributed to the
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formation of diverse terrains on the island. The interaction between tectonic plates
has resulted large-scale faults, and has facilitated the formation of the mountain
range (Holm et al., 2015, 2016).

As the Pleistocene epoch progressed, there was a gradual rise in sea levels
from ~80,000 to ~10,000 years ago (Fairbairn et al., 2006). These conditions have
conducted to the isolation of Papua Island from the Australian mainland (O’Connell
et al., 2010). After the end of the Pleistocene period, the island underwent further
geological and environmental changes. There was a continued rise in sea levels
globally that affected the coastal areas leading to the inundation of low-lying
regions and the formation of new coastlines, particularly in the Bird’s Head area of
West Papua (Oliver et al., 2017).

The West Papua mountainous range has undergone active tectonic
movements, resulting in the creation of multiple ancient river networks (Fairbairn
et al., 2006). However, the exact role of these tectonic activities in shaping the
coastal landscape is still not fully understood (Hill & Gleadow, 1989; Hill & Hall,
2003). Similar to the Wallacean area mentioned earlier, it is crucial to investigate
the impact of the island’s active landmass (portion of land that is geologically
active) on its floral biodiversity. Extensive research is necessary to gain a deeper
understanding of how tectonic activities, environmental changes, and the interplay
between these factors have shaped the development of distinctive plant life on the

island.
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1.2.2 Floristic history — The Moluccas and Papua Island
The Moluccas Archipelago

As the region has one of the most complex geological histories in the world
(Ben-Avraham, 1973; Metcalfe, 2001), the Malay Archipelago exhibits a high
degree of floral complexity. This region is characterized by its unique
biogeographical status, being part of both the Malesia and Papuasia biogeographic
region (Figure 6; Brummit, 2001). In the eastern boundary of Malesia, the

Wallacean region acted as a biogeographical midpoint between Asian and

Australian flora.

[ Malesia biogeographical region
Papuasia biogeographical region

Figure 6. Biogeographic regions of the Malay Archipelago. The archipelago, situated
between mainland Asia and Australia, exhibits a unique biogeographical condition. This archipelago
is divided into two distinct biogeographic realms, Malesia (indicated in green) and Papuasia
(indicated in orange).
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Based on generic distributions, van Steenis (1950) did not considered the
Wallacean region as a distinct phytogeographical area. More recent studies based
on van Welzen et al. (2003) have suggested the importance of considering the
Wallacean region as a distinct phytogeographical unit rather than combining it with
the neighboring Sunda and Sahul regions. Van Welzen et al. (2011) have elucidated
the plant families that exhibit a central distribution in the Wallacean region,
highlighting the presence of herbaceous and woody plants within species-rich
families. Furthermore, their study emphasizes the notable strong dispersal capacity
exhibited by these plant groups.

One of the major archipelagos in the Wallacean area is the Moluccas
archipelago (locally known as Maluku; Figure 7). The distribution of plants in the
Moluccas is greatly influenced by past climatic events (Trethowan et al., 2022) , as
they were highly sensitive to hydroclimatic changes (Wicaksono et al., 2017). The
region has experienced significant fluctuations in sea levels, which have had a
considerable impact on the amount and location of exposed land surface. During
glacial periods, sea levels were up to 120 m lower, resulting to the connection of
different Moluccas islands (Hanebuth et al., 2000). However, sea passages
remained between major island groups in the Moluccas, thus maintaining dispersal
barriers (Morley & Flenley, 1987). The events of sea level changes occurred
continuously during the middle Miocene, early Pliocene, and the Holocene

(Woodruft, 2003).
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Although the Moluccas is considered as a single biogeographical unit
(Welzen et al., 2005), Rutgrink et al. (2018) suggested that the Moluccas should be
divided into two different biogeographic groups (the North Moluccas and the South
Moluccas). Actually, these authors show that the North and South Moluccas differ
greatly in plant species composition, sharing only 50%—-65% of their species.
Continuous dispersal barriers and complex tectonic history of the islands might
explain these differences.

Moluccas might be considered as ‘true oceanic islands’ because they

probably have had no terrestrial connection to any surrounding land since their
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emergence. Stuessy et al. (2014) proposed that factors influencing the genetic
variation of plant species on oceanic islands are physical characteristics of the
islands, biological features of the species, modes of speciation, hybridization and
human-caused disturbances. The dispersal of plants by wind and bird/bat, coupled
with the seasonal sea currents (Barmawidjaja et al., 1993), are not likely to get
across sea barriers (Rutgrink et al., 2018). Thus, vicariance speciation is likely to
have played a significant role in the formation of its floral diversity, since the
presence of sea barriers has likely prevented long-term gene flow between
populations. This isolation, combined with other factors such as founder events,
may have led to the formation of new species through the process of allopatric
speciation.

The origin of the floral diversity in the Moluccas is still unknown. The South
Moluccas seems to be more diverse than the North Moluccas (1440 vs. 1133
species, Rutgrink et al., 2018). The first floral documentation in the Moluccas was
done by Rumphius (1755a, 1755b), but he was mainly focusing on one particular
island (Ambon) in the Southern Moluccas. Recent investigations (see Irmayanti et
al., 2022) on an island in the Northern Moluccas (Bacan) reveals 40 tree species
from 25 families, dominated by Neolamarckia macrophylla, Celtis spp., and Aglaia
spp. In spite of an extensive search, no other literature on the floral composition of
the Moluccas archipelago could be found.

Despite the importance of the Moluccas archipelago for the study of
biogeographic patterns in the Malay Archipelago, its floral composition remains
poorly documented. Compared to other regions in the world, the Moluccas have

received limited attention from botanical researchers. Furthermore, the few

15



available data on the Moluccan flora are often fragmentary, making it difficult to
draw definitive conclusions about the distribution and evolution of plants in this
area. It is clear that further investigation is needed to fully understand the unique
plant diversity and evolutionary history of this important region. Improved
documentation of the Moluccan flora will not only provide insights into the
evolution of plants in the region but will also inform conservation efforts for this

unique and valuable ecosystem.

Papua Island

The geological origin of Papua Island is different from Moluccas archipelago.
The gradual isolation of Papua Island during the Pleistocene fostered unique
evolutionary processes, allowing for the development of diverse and endemic
species adapted to local environmental conditions. This period of geographic and
ecological separation played a crucial role in shaping the present-day biodiversity
and ecological dynamics observed on Papua Island (Hartemink, 2010; Heads,
2001).

As the second largest island on Earth and the largest in the tropical region,
Papua Island carries one of the most diverse and abundant floras on the planet
(Camara-Leret et al., 2020). According to this study, Papua Island would be ‘the
world’s most floristically diverse island’, with an astonishing number of ~13,000
species. This is 19% larger than the number of species recorded in Madagascar
island. This floral diversity results from various factors, including its past
geological events. As a consequence of island’s notable tectonic activity, it gave

rise to the emergence of mountain ranges that serve as both barriers and corridors
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for the dispersal of plants. Heads (2001) proposed that there is a correlation between
the tectonic history of Papua Island and its floral diversity, revealing the presence
of numerous micro-endemic species within the mountainous ranges. These
geological processes, coupled with changing sea levels during past glacial and
interglacial periods, have influenced the migration and adaptation of plant species
on the island.

The diverse climatic conditions in Papua Island encompass a range of factors,
including variations in monsoons and the dynamic interplay between the Pacific
and Indian Oceans (McAlpine, 1983). This has led to the development of diverse
vegetation types, ranging from tropical rainforests in lowland areas to montane
forests and alpine vegetation in the highlands. Throughout the Pleistocene period,
the rise in temperatures gave rise to distinctive vegetation types characterized by a
multitude of broadleaf species (Fairbairn et al., 2006).

The evolutionary history of Papua Island’s flora represents a captivating
enigma, with numerous unanswered questions. It remains unclear what are the
forces behind their diversification and adaptation to the island’s unique
environment. Understanding the evolutionary trajectories of Papua Island’s plant
species is not only intellectually stimulating but also crucial for effective
conservation strategies. This knowledge can guide conservation efforts aimed at

preserving the island’s rich biological heritage.

1.3 Spatio-temporal dynamics of nutmeg: the emblematic spice tree species

Myristicaceae are a family of flowering plants containing 21 genera native to

Africa, Asia, Pacific islands, and the Americas. Among the genera found in the
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Myristicaceae family, the genus Myristica contains the highest number of species,
with around 170 species described to date in Indonesia and neighboring countries
(de Wilde, 2014). Myristica spp. present a considerable ecological and
ethnobotanical significance, as they are important food for many animals and are
harvested by humans for timber (Soepadmo et al., 2004), spices, dart/arrow poison,
medicine (Abourashed & El-Alfy, 2016) and a hallucinogenic snuff employed in
medico-religious ceremonies (Steeves, 2011). As indicated by de Wilde (2014), the
Malay Archipelago serves as the primary hub for Myristica species, with a

significant concentration found within the Moluccas and Papua Island.

1.3.1 Myristica fragrans Houtt.

The most important species in the genus Myristica is nutmeg (Myristica
fragrans Houtt.; Figure 7). The tree is usually 5-15 m tall, but can occasionally
reach 20 or 30 m (de Wilde, 2014; Houttuyn et al., 1774; USDA, 2023). Nutmeg is
a dioecious and entomophilous tree that thrives in warm and humid conditions with
an annual rainfall of at least 150 cm. Myristica fragrans can grow up to 1300 meters
above sea level and begin to yield fruit eight years after sowing. After reaching their
optimal age of production around 25 years old, nutmeg trees continue to bear fruits
for at least 60 years.

The fruit of M. fragrans is a strikingly beautiful pendulous drupe, resembling
an apricot in appearance (Figure 8). When the fruit is fully mature, it opens from
the base, revealing a brilliant crimson-colored aril, known as mace, which

surrounds a single shiny brown seed, the nutmeg. The nutmeg seed is particularly
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prized for its distinct aroma and flavor, making it a valued ingredient in numerous

culinary dishes and spice blends around the world.
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Figure 8. Myristica fragrans in Ternate, North Moluccas (a). Leaves and male flower features
(b). Longitudinal cut of nutmeg fruit, exposing its seed covered with red aril (c). Seed and aril of
nutmeg harvested by local farmers in Aceh, Sumatra Island (d). They will sort and grade the nutmeg
before separating them into two different products, the nut (seed) and the mace (aril). © Jakty
Kusuma, 2019.

Mpyristica fragrans is widely cultivated across the tropics notably in China,
Taiwan, Indonesia, Malaysia, Grenada, India, Sri Lanka and South America (Figure

9). The native range is believed to be in the Moluccas. Rumphius (1755b) believed
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that the species has its origin in the Banda archipelago in the Moluccas, although
he mentioned that nutmeg might also be present in the whole Moluccas. It appears
that this hypothetical origin in the Banda archipelago has been adopted uncritically
by all authors since this first description (see for example de Wilde, 2014). An
archaeological survey recently demonstrated that nutmeg was already used by

humans 3,000 years ago in Ay (or Ai) island, Banda archipelago (Lape et al., 2018).

Figure 9. The recent worldwide distribution of Myristica fragrans indicated with black dots.
It is widely believed that the native distribution of M. fragrans is the Wallacean region in the Malay
Archipelago (de Wilde, 2014). Note that distribution in the temperate region might correspond to
national botanical gardens. Data retrieved from GBIF (2023).

The history of its native distribution is difficult to find. The earliest records
dated back from Constantinople in the 6™ century (Weiss, 2002). The Chinese,
Arabs, and Indians contributed on trading the nutmeg to Europeans since 7% to early
13" century (Loewe, 1971). This uncertainty of the cradle place is supported by
some 13" century Chinese writings, where “Banda” is mentioned, but where the
word seemed to refer to the whole area of eastern Indonesia rather than to the Banda
Island itself (Rockhill, 1914). Andaya (1991) also reported that the Moluccans took

their spices (including nutmeg) from many islands during the local trade on spice
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in 14"-15" century. Centuries later, it is known that Banda archipelago remain the
ultimate source of nutmeg, spreading the products to Java (mainly Batavia; now
called Jakarta, the capital of Indonesia) before being exported to other parts of the
world through the Silk Road (Barjiyah, 2011; Mansyur, 2017; Taim, 2022).

Due to its very high commercial value during the medieval era, the Europeans
started to obtain the direct source of nutmeg in the Moluccas, pioneered by the
Portuguese in the 16" century (Ptak, 1992). Subsequently, with the arrival of Dutch
traders in Banda Island, stringent measures were implemented to control the
number of nutmeg trees, by frequent extirpation practices (Wright, 1958). These
measures were taken to establish a monopoly on the resource and ensure that prices
of nutmeg remained high. Thus, the nutmeg tree population from Banda
archipelago was strongly managed by the Dutch East India Company (Vereenigde
Oostindische Compagnie; VOC) for three centuries long (Bentley & Trimen, 1880).
VOC was the public-trading company established by the Dutch government to
manage spice cultivation and trade in Asia.

Pierre Poivre in the 18™ century was one of the first to attempt to propagate
M. fragrans outside of its native distribution. According to Brixius (2015), Poivre
proposed to the Compagnie des Indes Orientales (CIO) to collect spices from
different parts of the world in 1748. Poivre was determined to smuggle nutmeg
from the Dutch-possessed Moluccas and introduce these spices to the Bourbon
Island (ile de la Réunion) with the aim of cultivating them for the French spice
trade. However, the cultivation of nutmeg in Bourbon Island was not as successful
as Poivre hoped to, leading to the importation of nutmeg from other regions such

as Grenada in the Caribbean. It remains unclear how cultivators were instructed
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during the first attempts of acclimatization. Yet, we do know that, prior to Poivre’s
departure in 1773, he printed and circulated ‘Instruction sur la maniere de planter
et de cultiver avec succes les plantes et les graines de Géroflier et de Muscadier’
to local colonists.

Since the era of Spice Trade and through centuries after, this species has
experienced various management practices. The cultivation of nutmeg in Indonesia
is still using traditional methods. Particularly in the Moluccas, M. fragrans is
treated as a wild tree in abandoned or neglected plantations, or was intentionally
planted in wild forest (de Wilde, 2014). To upscale the production, breeding
practices and vegetative propagation were applied during the middle of the 20™
century (Flach, 1966). Being a dioecious species, farmers tend to avoid growing
male trees as they do not produce fruits. To date, farmers or ‘tree owners’ often cut

down male trees to reach a 1:10 male/female ratio in their plantations (Figure 10).

* Female trees
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Figure 10. The figure illustrates the composition of a typical nutmeg forest plantation. It often
involves intentional planting by farmers or the utilization of existing nutmeg trees within the forest.
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Upon discovering a new forest area with nutmeg trees, farmers will typically assess the sex
composition and actively limit the proportion of male trees. Every nutmeg tree often intercropped
with other species (e.g., cloves, cinnamon, coconut, or Ficus) that are taller than the nutmeg trees
and provide shade.

Some of nutmeg farmers, called ‘seedling seller’, collect seeds from a single
highly-producing mother tree, grow seedlings in a nursery and sell them to other
islands. In a specific administrative area such as a village, there is typically one
nutmeg forest that serves as a seed source, and a particular mother tree can be
identified as the main contributor (Rifany, 2016). Nowadays, as a result of their
economic value, the species has been widely propagated, introduced, and mostly
cultivated in wildcrafting system in Indonesia and across the tropical regions in the
world.

The nutmeg is probably the most socio-economically important species from
the Myristica genus. Its mace and nut are utilized as spices, medicine, and in the
perfume industry. In Indonesia alone, production quantity is reaching around
40,000 tons/year (Ministry of Agriculture of the Republic of Indonesia, 2023).
Mpyristica fragrans has contributed to more than US$ 111,000,000 to smallholder
farmers in 2021 (Central Bureau of Statistics of the Republic of Indonesia, 2023).
Despite of its popularity, the nutmeg industry is still facing severe supply problems
in both raw material and oil products (Juwita & Tsuchida, 2017), with a shortage
of around 3,000 tons per year (Central Bureau of Statistics of the Republic of

Indonesia, 2019).

1.3.2 Myristica argentea Warb.
To fulfill the nut and mace demand on a local and national scale, other species

are utilized by farmers, even if they are recognized as a lower grade quality
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compared to M. fragrans. Myristica argentea, widely known as Papuan nutmeg, is
one of them. It has a slighter importance compared to M. fragrans. The species is
probably native from Papua Island (de Wilde, 2014). Despite its low popularity
compared to M. fragrans, this species became a leading commodity in West Papua
(Musaad et al., 2016), and has started to be cultivated outside Papua. Similar to M.
fragrans, M. argentea, or Papuan nutmeg, is a dioecious species that starts bearing
fruits at the age of 7 years (Figure 11). The species’ fruit stands out with its larger
size compared to M. fragrans, showcasing an egg-shaped form instead of a round
one. Traditionally, it served as a substitute when the yield of M. fragrans could not
meet the demand. However, in present times, M. argentea has carved out its own
distinct market segment. The taste of M. argentea fruit flesh is also sweeter and
does not leave a bitter aftertaste. As a result, M. argentea yields two distinct

products, specifically the fruit and its husk.
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Figure 11. An old Myristica argentea tree in a Papuan forest (a). A Papuan nutmeg farmer
with his old tree (b). Ripe fruit (c) and harvested mace (d) of Papuan nutmeg. © Jakty Kusuma,
2019.

The highest production is achieved around the age of 25 years, continuing
until the plants are aged 60 - 70 years or more. Fruit harvest occurs several times a
year, predominantly in March - April, June - July, and November - December, with
a smaller harvest occurring outside these months. The range of fruit production is

450 — 4,750 fruits per tree, with an average production of 2,000 fruits per tree per
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year. To maximize yield, trees with production rate of >2,000 are selected as seed
sources (Wahyuni & Bermawie, 2020).

Despite its significance, botanical studies on this species remain elusive.
There is very little information available about the biology, ecology, and
ethnobotanical uses of M. argentea, making it challenging to establish sustainable
management and use strategies. The majority of information found on the internet
relies on interviews or local newspaper sources.

Mpyristica argentea is endemic to the Fakfak peninsula, in the Western Papua
Island (or the Bird’s Head region, Figure 12). Despite the scarcity of information,
there is some available data on the dispersal mechanisms of this species. Correlated
with the high number of bird species in the region (Mongabay, 2019), the natural
dispersal of Papuan nutmeg seeds has been facilitated by the activities of birds over
the course of centuries. The main dispersal agent for this species is Rhyticeros
plicatus (Bucerotidae) or Blyth’s Hornbill (BBKSDA, 2022) and the migration
pattern of this bird is related with season in the West Papua (Kemp & Kirwan,

2020).
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Figure 12. The distribution of Myristica argentea in the Western Papua Island (or the Bird’s
Head region) indicated with black dot. De Wilde (de Wilde, 1995, 2014) suggest that the native
distribution of M. argentea is Fakfak Peninsula, West Papua. He also noted that the species is
endemic in the Fakfak Peninsula. Data retrieved from GBIF (2023a).

The Fakfak people have long recognized and made used of the root
characteristics of M. argentea as a proactive measure to mitigate the risks of
landslides and flooding in their hilly region. By firmly anchoring itself into the soil,
this species helps maintain the integrity of the land, preventing potentially
devastating slides and protecting vulnerable areas from the ravages of flooding. The
profound understanding and utilization of the species’ root system by the Fakfak
people exemplify their deep-rooted knowledge of their environment and their
resourceful approach to harmoniously coexist with the natural forces that shape
their landscape.

Today, Papuan nutmeg continues to be a symbol of heritage and cultural
significance, particularly in the Fakfak district. Its cultivation and trade remain

important economic activities for local farmers and communities. The stories
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shared by farmers and the long-standing tradition of nutmeg exports highlight the
enduring legacy of this spice and its impact on the livelihoods of those involved in
its production. In order to enhance the production of Papuan nutmeg and expand its
value chain, the local Indonesian government has undertaken strategic measures. A
key strategy involves increasing the planting area within the native range of this

valuable species (Watts, 2021).

1.4 Evolutionary context

Charles Darwin discovered the variation within species in an island, the
Galapagos archipelago (1859). This ignited an interest in understanding the
mechanisms that generate and influence the evolution of this variation. With the
discovery of DNA as the hereditary molecule (Watson & Crick, 1953), scientists
were able to unravel the molecular underpinnings of evolutionary change. This
allowed for a greater understanding of how genetic units within a species contribute
to the emergence of new lineages and the diversification of life on earth, particularly
in the island.

Among other living organisms, plants have a set of life-history traits that
distinguish them from other life forms. Trees in particular, have a large stature and
are long-lived species that are capable of producing abundant quantities of seeds
throughout their lifetime (Moles et al., 2007; Qiu et al., 2022).

Trees are also capable to outcross with geographically distant individuals
aided by wind, water, and animals (Elleouet & Aitken, 2019; Moreno et al., 2022;
Nakanishi et al., 2021; Solis-Hernandez & Fuchs, 2019; Sujii et al., 2021; Williams

& Barnéoud, 2021). Their fruit and seed characteristics are noteworthy, as they can
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attract frugivorous animals. This can lead to a possible autochory and hydrochory
dispersal (Hampe, 2004; Nilsson et al., 2010).

Trees, by providing timber and Non-Timber Forest Products (NTFPs),
significantly contribute to human wellbeing, notably for health, nutrition, cultural
values, income, energy, and shelter (Shackleton et al., 2020; Timko et al., 2010).
They also play a vital role in broader ecological functioning, indirectly contributing
to human wellbeing (Shackleton et al., 2018).

Those above-mentioned characteristics can have significant impacts on the
distribution of genetic diversity of tree populations. As a consequence, trees are one
of the most interesting groups for studying the mechanisms driving micro-
evolutionary processes and population genetics (Laikre et al., 2020; Razgour et al.,

2019).

1.5 Genetic diversity in tree species
1.5.1 A micro-evolutionary perspective

Mutation

Genetic diversity originates from mutation, which is the process by which
changes occur in the DNA sequence of a genome. Mutations can occur
spontaneously as a result of natural processes, and they can be induced by external
factors such as radiation, chemicals, or errors during DNA replication. They are the
primary source of genetic variation within a population (Lee et al., 2012; Y. O. Zhu
etal., 2014).

The assessment of mutation rates, their types, and molecular spectra plays a

crucial role in advancing our understanding of evolutionary questions. This
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includes determining divergence times (Kumar, 2005), exploring population
genetic diversity and effective population size (Johnson & Barton, 2005; Lynch,
2010; Sung et al., 2012), studying intra-organism mutation rate variations (Wang et
al., 2019), and investigating adaptation to specific environments (Kondrashov &
Kondrashov, 2010).

Differences in mutation rates among flowering plants can be attributed to
various factors, including variations in life forms, plant height, generation times,
genome size, and environmental conditions (Gaut et al., 1992; Lanfear et al., 2013;
Smith & Donoghue, 2008). These variations concern both nuclear and organellar
genomes (Bromham et al., 2015). In nuclear genes, the mutation rate differs
between coding and non-coding regions. Moreover, studies conducted by de la
Torre et al. (2017) suggest a mutation rate of 5.35¢™” in Angiosperms, while a
different mutation rate of 2.5¢® has been observed in Palmaceae (Gros-Balthazard

et al., 2017), indicating variations in mutation rates among different plant groups.

Gene flow

The distribution of genetic diversity is also influenced by gene flow. This
gene exchange contributes to the genetic diversity within populations, and can
notably result in the transfer of certain alleles from one population to another. Gene
flow can occur through dispersal of pollen and seed with agent like wind, insects,
birds, or other animals (Bezemer et al., 2019; Grant et al., 2019; Wessinger, 2021).

Trees are often capable of long-distance gene flow. Several studies suggests
that various dispersal agent are responsible for long-distance gene flow in trees

(Kremer et al., 2012; Latouche-Hallé et al., 2004; Williams, 2010a, 2010Db).
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According to Nathan et al. (2008), there are six primary mechanisms through which
long-distance seed-mediated gene flow occurs in plants: (1) open terrestrial
landscapes, (2) large animals, (3) migratory animals, (4) meteorological events, (5)
ocean currents, and (6) human transportation.

Human-mediated propagation of plant species, such as introduction to a new
habitat, habitat restoration, translocations, or assisted migration, can influence gene
flow patterns. Cultivated species can be introduced to new geographical
areas/habitats outside of their original distribution. These human activities can
artificially facilitate gene flow as individuals from different populations are
intentionally or unintentionally mixed through human intervention (see Aitken &
Whitlock, 2013; Krutovsky et al., 2012). This mixing can occur through various
means such as the intentional transfer of seeds or the transplantation of individuals
to new locations. Theoretically, the pattern in human-mediated gene flow can be
observed. However, this pattern is still poorly documented.

In an example of a Lauraceae tree species (Kameyama et al., 2017), the
pattern of human-mediated gene flow is observed in this cultivated tree population.
According to Kameyama et al. (2017), distinguishing the impacts of human
activities from natural processes is often challenging due to several reasons. Firstly,
human activities and natural processes are interconnected and influence each other,
making it difficult to separate their effects. Secondly, human-mediated
translocation of species often lacks historical documentation, making it challenging
to trace their origins accurately. Lastly, extensive gene flow within species further
complicates the assignment of geographical origin (see Bagnoli et al., 2009; L.

Baldwin et al., 2006; Petit, 2004).
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Genetic drift

In natural conditions, habitat fragmentation could result from environmental
characteristics such as climate changes (e.g. last glaciation). It can occur through a
punctual event, such as a volcanic eruption (Bemmels et al., 2022; Moreno-
Gonzalez, 2022) and colonization through long-distance dispersal (Alsos et al.,
2015) in the context of oceanic islands. These mechanisms create isolated pockets
of surviving individuals with a decrease of genetic diversity. One key evolutionary
force influenced by these activities is genetic drift, which refers to random changes
in gene frequencies within a population due to chance events. Genetic drift can lead
to substantial loss of genetic variation, especially in small populations experiencing
population bottlenecks, thereby limiting their genetic capacity to adapt to
environmental changes.

In natural populations, a founder effect, i.e., the limited genetic diversity of
founding individuals compared to the source population, is observed where a small
group of individuals establishes a new population in a previously unoccupied area.
In the context of oceanic islands, the intensity of the founder effect is influenced by
factors such as distance to the source region, frequency of dispersal events, and
species traits related to dispersal (Alsos et al., 2015). In tree species, Austerlitz et
al. (2000) discovered that the impact of the founder effect is significantly
diminished due to the trees’ long-life cycle, even in cases of limited pollen flow.
This phenomenon can be attributed to the following explanation: upon the
establishment of a tree population, initial growth during the early years primarily
relies on the influx of new juvenile migrants (seed flow) rather than reproduction

(Austerlitz et al., 2000).
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In emerging islands formed through volcanic activities, such as Hawaii
(Wilding et al., 2023) or Ternate and Tidore in the Wallacean region (Faral et al.,
2022), genetic drift may also occur. The founder effect can be observed in a
population that experiences a volcanic eruption. During a volcanic eruption, the
intense heat, ash, and lava can cause widespread destruction of the existing habitat,
leading to the displacement or even extinction of the original population. In such
cases, the surviving individuals that manage to establish new populations in the
aftermath of the eruption are considered the founders of these newly established
populations (Figure 12b; Gallardo et al., 1995; Vandergast et al., 2004).

On the other hand, anthropogenic activities, such as agriculture, can have a
significant impact on the distribution of genetic diversity in plant species. For
instance, the introduction of forest species outside their native range has been
shown to illustrate these effects (Figure 13a; Brundu & Richardson, 2016; Dickie

etal., 2014).
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Figure 13. Founding event process that generates genetic drift, illustrated with human activities (a)
and natural events (b). Individual colored trees represent the proportion of their allele frequencies.
Human intentional selection of preferred traits in a group of tree individuals (1), followed by
planting them outside the native range (2), can result in the loss of alleles in the introduced
population after multiple generations (3). Meanwhile, natural events such as volcanic eruption could
eradicate large proportion of allele frequencies and leaving small percentage of alleles in the
following generations. Created with https://BioRender.com.
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Newly introduced populations might exhibit a decrease in genetic diversity
due to a founder effect. But in some cases (e.g., Thompson et al., 2016), genetic
diversity could increase at the later stages of population establishment, if multiple
introductions occur (i.e. subsequent gene flow). As an example, the introduced
populations of canarywood survived the founding event and gradually increased its
genetic diversity after several generations (Cordeiro et al. 2019).

Furthermore, extensive human activities in the forest (e.g., deforestation, land
clearing, etc.) can lead to breaking down continuous forest into smaller and isolated
fragments. Forest fragmentation can cause genetic drift in tree populations in
several ways. First, when a forest is fragmented, the size and spatial arrangement
of tree populations change. Second, forest fragmentation reduces connectivity
between populations (Fountain et al., 2016). As a result, smaller/geographically-
isolated populations will be more sensitive to genetic drift. It is widely reported that
loss of genetic diversity through genetic drift is common in a fragmented population
(Cueva-Agila et al., 2019; Fountain et al., 2016; Sanchez-Robles et al., 2022). The
evolution of genetic diversity due to forest fragmentation is often linked to human
activities, (e.g., logging, see Soares et al., 2019), but it is worth noting that forest
fragmentation might also occur naturally. The impact of these environmental events
and human activities will thus have a strong impact on species’ diversity and

evolutionary history.

Selection

Another significant factor that influences species’ genetic diversity is natural

and artificial selection. Natural selection acts on genetic variation that exists within
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populations and can drive the evolution of adaptive traits. Selection can be driven
by various abiotic factors (climate, soil, etc.), and biotic factors (Parker et al., 2003).
For example, in temperate forests, natural selection can play a significant role in
shaping the distribution of genetic diversity in plant species due to the strong
selection pressures imposed by seasonal changes in temperature and precipitation
(Hu et al., 2022). Similarly, in tropical forests, natural selection can be influenced
by factors such as frugivorous birds (Assis et al., 2022; Lavabre et al., 2016). For
example, the preference of frugivorous birds for fruits with certain traits (e.g. color,
size, etc.) creates a selection pressure favoring trees that produce fruits with those
desired characteristics. Thus, individuals that produce fruits with desirable traits are
more likely to survive and reproduce, leading to the evolution of those traits over
time.

In contrast to natural selection, artificial selection is a deliberate process
where humans choose which populations or individuals are allowed to reproduce,
resulting in cultivated populations that diverge morphologically and genetically
from their wild progenitors. This phenomenon is also known as the domestication
syndrome (Zohary et al., 2012). In trees, domestication processes mainly aimed to
target particular traits such as vegetative characteristics (Anjarwalla et al., 2017,
Cornille et al., 2019; Ferrer et al., 2020; Julca et al., 2020; Manourova et al., 2019).

When human intentionally select and cultivate plants, it leads to genetic and
phenotypic changes that distinguish them from their wild ancestors. Over time,
domesticated plants undergo genetic divergence from their wild counterparts due
to human-driven selective pressures. Stetter et al. (2017) suggests that while a

significant portion of the early selection exerted by humans on wild species may

35



have been unintentional, as the domestication process progresses, intentional
selection by humans becomes a prominent factor.

During the process of domestication, selection has primarily targeted
polygenic variation rather than focusing on a single gene or locus with a large effect
(Meyer & Purugganan, 2013; Purugganan, 2022). Instead of favoring specific
alleles at individual genes, selection during domestication has acted on the
combined effects of multiple genes, resulting in shifts in the average phenotype of
the domesticated population. This means that the overall expression of traits has
been altered, leading to observable differences between domesticated plants and
their wild ancestors (Stetter et al., 2017). While selection has caused changes in the
average phenotype, it has not completely eliminated genetic variation within
domesticated populations. Despite the selective pressures exerted during
domestication, some degree of genetic variation is likely to persist within
domesticated populations.

The result of the domestication process can be seen in the cultivated plants
that exhibit notable distinction from their wild ancestor. Examples of such
divergence can be observed in species of the grasses family such as rice (Sang &
Ge, 2007), maize (van Heerwaarden et al., 2011), and wheat (Charmet, 2011).
These cultivated species exhibit distinct traits that set them apart from their wild
ancestors. These differences encompass a range of characteristics including grain
size, shape, plant architecture, and texture in rice (Choi et al., 2017; Londo et al.,
2006), seed-bearing ears and kernel properties in maize (Andersson & Purugganan,
2022), and seed size and spike morphology in wheat (Leigh et al., 2022; Zeibig et

al., 2022). Through deliberate improvement efforts, domesticated plants can
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develop a reliance on humans for their survival. This is due to the absence of
adaptations required to compete effectively with wild plants or overcome
physiological limitations that impede their reproductive capabilities (Hufford et al.,
2012).

The focus on grass plants in studies of domestication is largely due to their
life history traits and the relatively short generation times associated with annual
grasses. Annual plants complete their life cycle within a single year, allowing for
rapid accumulation of genetic changes over a few generations. This accelerated
pace of evolution makes it easier to observe and study the effects of artificial
selection and detect clear patterns of domestication.

Trees have much longer lifespans and slower generation times compared to
annual plants. They often take several years or even decades to reach reproductive
maturity, making it challenging to study their domestication processes. The
prolonged time required for trees to reach reproductive age, as well as their complex
mating systems and larger genome sizes, contribute to slower rates of evolutionary
change and less pronounced genetic divergence between cultivated and wild tree
populations. Consequently, the concept of domestication as applied to grass plants
may not be directly applicable to trees, and researchers studying tree domestication
often face difficulties in defining and identifying clear patterns of domestication.

The four evolutionary forces mentioned above are not always operating with
the same proportion in the evolutionary history of species. But gene flow, followed
by genetic drift, are likely to have a larger proportion as reported on some studies.
However, we also need to consider if the relative influence of these evolutionary

forces is equivalent. When examining the evolutionary history of cultivated
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Mpyristica species through the use of neutral genetic markers, two primary
evolutionary forces come into play: gene flow and drift. Migration, whether
facilitated by natural means or human intervention, can introduce new genetic
material into populations, leading to a potential diversification. On the other hand,
drift, particularly during founding events or events of population size reduction, can
result in random changes in allele frequencies due to sampling effects. By
considering these two forces in the study of cultivated Myristica species, a deeper

understanding of their evolutionary dynamics can be gained.

1.5.2 Evaluating the influence of evolutionary processes at an intraspecific
level

If we want to understand how tree populations respond to changing
environmental conditions (e.g., climate change) and human activities (e.g., human
cultivation), their genetic variation is a key factor that we need to assess (Alberto
et al., 2013; Caetano-Andrade et al., 2020; Milesi et al., 2023; Rajora & Zinck,
2021). By analyzing the genetic variation within and among populations, we can
infer the processes that have shaped the genetic makeup of cultivated species over
time. Since their first introduction (S. Wright, 1949), F-statistics (or fixation
indices) have been widely used to quantify the extent and distribution of genetic
variation within and among populations. The different F-statistics look at different
levels of population structure. Fir is the inbreeding coefficient of individuals (I)
relative to the total (T); Fis is the inbreeding coefficient of individuals (I) relative
to the subpopulation (S) and Fisr is the effect of subpopulations (S) compared to the

total population (T).
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Inbreeding coefficient (Fis)

The inbreeding coefficient (Fis) compares expected and observed
heterozygosity (Ho and Hg) within a population and allows to make hypotheses on
the evolutionary processes affecting this population (Nei & Roychoudhury, 1974;
S. Wright, 1949). Several studies pointed out that heterozygosity levels in tree
population are highly correlated with their climatic fluctuation, their distribution
range (Péros et al.,, 2021; Vanden Abeele et al., 2021) and their phenotypical
plasticity (Burkardt et al., 2021). For example, if a tree population experiencing
selective logging, genetic drift will have a strong impact on allele frequencies and,
overtime, we will expect Ho < HE, i.e., a deficit in heterozygotes highlighted by a
positive Fis (also see Kitamura, 2011; Lefeévre et al., 2004; Wagqar et al., 2021).

In addition to the factors mentioned earlier, it is important to consider the
potential effects of crossing between inbred individuals on the observed
heterozygosity within a population. Inbreeding can occur through selfing or when
species have limited dispersal abilities, leading to a local genetic structure and
increased cross between individuals. Such cross-breeding between inbred
individuals can further influence the inbreeding coefficient and impact the genetic
diversity of a population (Slate et al., 2004). It is worth noting that a high Fis may
not solely be attributed to inbreeding. Other factors, such as the presence of null
alleles, can also contribute to the observed patterns (De Meels, 2018).
Distinguishing between these two effects can be challenging, as both inbreeding
and the presence of null alleles can lead to an increase in homozygosity. Further

investigations, including the use of molecular markers and statistical methods, are
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necessary to disentangle the relative contributions of inbreeding and null alleles to
the observed Fis values. But in general, the molecular markers will be affected in a
same way in the population experienced inbreeding.

Moreover, stable regions are likely to exhibit long-term population
persistence, facilitating the accumulation of genetic diversity and promoting high
levels of gene flow across the region (Fjeldsad & Lovett, 1997; Leffler et al., 2012).
Therefore, in such a population, we will expect Ho > Hg and a low level of

inbreeding, highlighted by a negative Fis.

Fixation index (Fsr)

Another complementary way to assess genetic variation is using the fixation
index, Fsr. Indeed, the repartition of genetic variation within and between
populations gives clues on intensity of gene flow between populations. Thus,
species with limited gene flow, will exhibit significant genetic differentiation
among populations, corresponding to a high Fsr value (close to 1). Factors such as
the composition and configuration of the landscape (e.g. a geographical barrier such
as a river, the sea in the case of archipelago, a mountain, etc.) and the absence (or
limited travelling capacities) of pollinator or seed dispersal agents can prevent
genetic exchange among populations which leads to genetic differentiation. The
degree of genetic differentiation and the effective population size are key factors
influencing the strength of genetic drift. Stronger effects are observed in highly
differentiated populations and a gradual reduction of genetic diversity over time is
observed in populations with small effective sizes (Knowles & Richards, 2005;

Toczydlowski & Waller, 2019).
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At the opposite, if we consider several patches of forest with persistent
connectivity between them, we will observe low levels of genetic differentiation
among patches, highlighted by low Fsr values (close to 0). In such a species,
patterns of genetic isolation by distance can be observed. Low genetic
differentiation thus indicates the absence of geographical barriers to gene flow
and/or efficient gene flow (Bors et al., 2019; Branch et al., 2017).

It is important to note that F-statistics (both Fis and Fst) have some
limitations, such as sensitivity to sample size, assumptions of certain population
genetic models (like Hardy-Weinberg equilibrium), and potential confounding

effects of demographic processes (Meirmans & Hedrick, 2011).

1.5.3 Retracing the demographic history of populations

Demographic processes collectively determine the changes in population
size, structure, and composition, which are essential for understanding the patterns
and mechanisms of population dynamics. The population size is expected to
undergo evolutionary changes over time, including decline, expansion and stability.
These changes are influenced by a variety of factors, such as climate change and
human activities (Nieto-Blazquez et al., 2022; Ochoa-Zavala et al., 2019;
Wabhlsteen et al., 2023). Therefore, the characterization of population size evolution
through time can be used to understand the effects of past events, such as glaciation
and climate change events, but also of recent/historical ecological processes and
anthropogenic activities on species evolutionary history (Aoki et al., 2019; Guerrina
et al., 2022; Lu et al., 2020). The study of the demographic history of a species is

based on the analysis of different summary statistics, like allele frequency-based
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statistics (e.g., mean or variance of allele frequencies), genetic diversity-based
statistics (e.g., Ho), and population differentiation statistics (F-statistics)
(Beaumont et al. 2002).

Colonization events are good examples to explore how summary statistics
allow to reconstruct a demographic history. When tree species colonize new
habitats, the demographic history of the population is shaped by factors such as
founder effects, genetic drift and limited gene flow. In this case, colonizing
individuals might present a lower heterozygosity and potentially different allele
frequencies compared to source populations.

Fady & Bozzano (2021) present an insightful argument highlighting the
limitations of solely relying on effective population size (Ne) to understand the
genetic dynamics of tree populations during colonization events. They emphasize
that a reduction in Ne does not necessarily indicate a detrimental loss of genetic
diversity. To comprehensively grasp the complexities of tree population dynamics,
it is crucial to consider additional factors beyond Ne alone. Factors such as genetic
drift, gene flow, and selection pressure play significant roles in shaping the genetic
diversity and structure of tree populations, even if Ne appears to be stable or
recovering (Goncalves et al., 2019; Hematzadeh et al., 2023; Navascués et al., 2006;
Rico et al., 2021; Yoichi et al., 2021; S. Zhu et al., 2020). Determining the timing
of population size changes remains a challenging endeavor despite its feasibility.

Time calibration of demographic analysis is complex due to several factors.
They include mutation rate of genetic markers, generation time (in the context of
the species’ reproductive lifespan), and selection of analytical approaches (e.g.

model specification, genealogy reconstruction; see Beaumont et al., 2002;
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Drummond, 2005). In many cases, very little information is available on the
mutation rate and generation time. However, using widely known mutation rate and
generation time might provide useful insights, but need to be treated carefully
(Catalan et al., 2022; Kamm et al., 2020).

The estimation of historical population size changes can be inferred through
observed and simulated summary statistics through approximate Bayesian
computation (ABC) framework. Posterior probability distributions are estimated
from the collection of parameter values used in the selected simulations (see
Beaumont, 2010). Then we can project this population dynamics using the Skyline
plot (Pybus et al., 2000; Figure 14). This graphical representation consists of several
periods of constant size, with instantaneous changes of sizes between consecutive
periods. Hence, the posterior probability regarding the number of periods can be
employed to distinguish between stable and changing demography. This is achieved
by estimating the Bayes factor (Jeffreys, 1998), comparing the hypothesis of a
single period (constant population size) to multiple demographic periods (variable
population size).

In some special situations, where a small founding (e.g. island) population
splits off from the main population, the estimated bottleneck time (¢) of the derived
population can be used as a proxy for its divergence time (see also Dussert et al.,
2015; Foote et al., 2016; Tamaki et al., 2016). At a temporal scale, it is widely
acknowledged that biological diversification in tropical forests has been
predominantly influenced by climatic fluctuations during the Late Pleistocene
(Haffer, 1969). However, the accuracy of this reconstruction will depend on an

adequate statistical method for demographic inferences.
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Figure 14. Skyline plots illustrating the (a) constant size, (b) population decline, and (c)
population expansion. Median value is in blue color and 95% of highest posterior density (HPD
interval in grey of the posterior probability distribution. Distribution of Bayes factor of each
population history illustrated with boxplot (d). We use Jeffrey’s scale (1998) to easily interpret the
Bayes factor values. We can draw the conclusion that in “constant” there is no evidence of
population size change, in “decline” there is very strong evidence of population size change, and in
“expansion” there is strong evidence of population size change (refer to Jeffreys, 1998, for complete
interpretation). The value described in this plot are hypothetical.

2.  Contextual problem, thesis objectives and outlines

Both environmental and anthropogenic factors have most probably
contributed to the evolutionary history of Myristica species. The species originate
from oceanic islands from the Malay Archipelago. The evolutionary history of the
local flora in relation to the evolution of climate, tectonic modifications and human
management practices remains poorly documented. Human management practices

on Indonesian nutmegs have contributed to their evolutionary history (e.g. cutting
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down of M. fragrans trees by the VOC to maintain a monopoly on the resource).
Additionally, founder events might have occurred due to the propagation of
Indonesian nutmegs outside of their native distribution. However, the impact of
environmental and anthropogenic factors on the distribution of genetic diversity in
Indonesian nutmegs has not been explored to date. This lack of knowledge is of
major concern, as genetic diversity is crucial for adaptation and resilience to
changing environments. Moreover, understanding the population structure and
demographic history of Indonesian nutmegs can provide valuable insights into their
evolutionary history and inform conservation strategies. Therefore, there is an
urgent need to develop a comprehensive study that investigate the genetic structure
and demographic history of Indonesian nutmegs, taking into account the potential
impact of environmental and anthropogenic factors. Such a study can contribute to
the development of more efficient and sustainable cultivation practices, as well as
to the conservation and management of this important crop.

In this thesis dissertation, I aimed to unravel the evolutionary history of
Indonesian nutmegs, focusing on the two species Myristica fragrans and Myristica
argentea. 1 divided this thesis into five different chapters presented in an article
format. The layout and reference format of these chapters were edited from the
original manuscripts to provide a typographic consistency within the manuscript.

Chapter 1 describes newly developed microsatellite markers from M.
fragrans. We provide the initial information on their characteristics as well as their
transferability to other sister species. As a starting point of my thesis, these genetic

markers act as a tool to acquire information on the genetic structure and
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demographic history of the focal species. This paper was published in Molecular
Biology Reports (2020).

Chapter 2 presents the reconstruction of the whole chloroplast (cp) DNA
genome for M. argentea and M. fatua. From de novo assembly to annotation, we
describe the cpDNA genome for the first time in these two species. The importance
of these genomic resources provide a valuable reference for studying
phylogeographic distribution of the focal species. This manuscript is under minor
revision in Mitochondrial DNA part B.

Chapter 3 discusses the origin of M. fragrans in the Moluccas. This chapter
focuses on the population genetic and on the biogeographical history of the nutmeg
in the Moluccas. More specifically, we were testing whether the species originated
from Banda islands only or from the whole Moluccas. This manuscript has been
submitted to Molecular Ecology.

Chapter 4 presents the worldwide history of introduction in M. fragrans. It
is well documented that the species is now widespread in the tropical areas of the
world, and we here describe the genetic diversity distribution of the species
worldwide.

Chapter 5 describes the spatial distribution of the genetic diversity of the
narrowly distributed and micro-endemic M. argentea. We tested the influence of
different factors (historical barriers to gene flow, recent management practices) on
the genetic structure and historical population dynamics of the species.

Finally, the results of these chapters are summarized, combined, and

discussed in a General Discussion section.
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