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Résumé

L'une des remarquables originalités de la flore-oélédonienne repose sur la présence de nombreuses
lignées correspondant aux premiéres divergences ptieses a fleurs, compte tenu de leurs positions
phylogénétiques.Au sein de ces lignées, certaines espéces sonepdildes de porter des traits morpho-
anatomiques ancestraux. Par conséquent, dans textieomparatif, I'étude de ces espéces peutifodies
informations cruciales pour comprendre les premsi&tapes évolutives des angiospermes. Un premiet de
cette thése vise a étudier des caractéristiquagtstelles et fonctionnelles des groupes représtnta
d’'angiospermes basales. L'étudémborella trichopodaespéce sceur de toutes les angiospermes, nousti@ mo
une covariation des traits fonctionnels (tige-fiediiet une plasticité morphologique en réponsesavdeiations
de I'environnement lumineux. Cela suggére que épsnses plastiques étaient déja présentes cheétian
commun de toutes les plantes a fleurs. En parallétade de I'évolution anatomique des Piperatedre le plus
riche parmi les angiospermes basales, suggéreegquahcétre commun aurait possédé un cambium &ets.
résultats supportent que les premiéres angiospeavaient une forme de vie ligneuse et que la sitract
sympodiale a été acquise dans les premiéres éapkgives des angiospermes.

Les angiospermes basales comptent parmi les Bgd&mgiospermes surreprésentées en Nouvelle-
Calédonie. Cependant, les mécanismes a l'origineette dysharmonie demeurent inexplorés. Un dewxiém
volet de cette thése analyse la répartition enmeomentale des angiospermes basales de l'archipebaf
connaitre leurs préférences en termes d’habitatsi que leurs exigences environnementales. Céttebdition
environnementale a également été analysée au rdgaelr résistance a la sécheresse. Nous morguena
plupart des espéces présentent une préférence ésappur des habitats de forét humide avec desefaibl
variations en température. La vulnérabilité hydoud face a la sécheresse apparait comme un taggumqui
confine la distribution de ces espéeces dans dettmbumides. Ces conditions auraient persisté das zones
refuges dans l'archipel lors de la derniére périgideiaire, permettant ainsi le maintien de cegsilignées
d'angiospermes basales. Une stabilité climatiqueséa pourrait donc étre a l'origine de la surreptésion de
certains groupes d'espéces forestiéres qui onamisians les régions voisines. La distributionategiospermes
basales néo-calédoniennes, ainsi que leur setéibilla sécheresse, supportent I'hypothése sugggranes
premieres angiospermes habitaient des milieux hesred stables.

Mots-clés: anatomie du bois, angiospermes basales, biogéugrapcologie fonctionnelle, écophysiologie,
évolution, Nouvelle-Calédonie, vulnérabilité & éckeresse.

Abstract

One of the remarkable characteristics of the Neale@nian flora is the presence of numerous
angiosperm lineages recognized as the earliestgdimees of the flowering plants, due to their pbgloetic
positions. Within these lineages, some species liagdy to bear ancestral morpho-anatomical features
Therefore, under a comparative perspective, thdystli these species can provide compelling inforomator
understanding the early evolutionary stages of aemgirms. The first part of this thesis aims to wtthie
structural and functional characteristics of reprgstive groups of basal angiosperms. The studynuforella
trichopoda sister species to the remaining flowering plastgws a covariation of functional traits (stemflea
and a morphological plasticity in response to clesnig the light environment. This suggests thasehgastic
responses were already present in the common ancgsangiosperms. In parallel, the study of thatamical
evolution of Piperales, the most diversified basaliosperm order, suggests that their common ancleat an
active cambium. These results support the hypath#tst early angiosperms had a woody habit and that
sympodial growth may have been acquired early duaimgiosperms evolution.

Basal angiosperms are among the over-representgdsaerm lineages of New Caledonia. However,
the mechanisms underlying this disharmony remagxplored. A second component of this thesis analyze
environmental distribution of New Caledonian basagiosperms to know their habitat preferences aed t
environmental requirements. Further, we assesimfhieence of their drought tolerance on their eamimental
distribution. We show that most species have aepeete for rain forest habitats with small variasian
temperature. Drought-induced hydraulic vulnerapgitands as a major trait that restricts the digtidbn of these
species to humid habitats. These stable condiseesn to have persisted in refugial areas in theigglago
during the last glacial maximum, allowing the pstsince of basal angiosperm species. Thereforestalraatic
stability could explain the over-representationsofme groups of forest species that may have disapgen
neighboring regions. The distribution of basal asgerms in New Caledonia, as well as their drought
sensitivity, support the hypothesis suggesting ¢laally angiosperms lived in humid and stable emvirents.

Keywords: basal angiosperms, biogeography, drought vulnésgbiecophysiology, evolution, functional
ecology, New Caledonia, wood anatomy.
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CHAPTER 1

General Introduction

[ Fundamentals and rationale
[ Context of the study
[ Main objectives



CHAPTERL. General Introduction

1.1. A brief summary of the evolutionary history ofvascular plants

The earliest land plants (embryophytes) evolvaaifrcharophycean green algal
ancestors about 475 million years ago during thdoGcian (Wellmaret al, 2003; Steemans
et al, 2009; Fiz-Palacio®t al, 2011). About 45 Myr later, during the Siluro-Denan
transition, a great radiation of land biotas ocedr(Steemanst al, 2009). Plant diversity
increased across an ecologically undersaturated taod low-competition landscape,
producing a radiation that has been compared taCdmabrian explosion of marine faunas
(Batemanet al, 1998). Pioneer land plants struggled with physiaad physiological
problems posed by a terrestrial existence. It hasnbsuggested that lignin was first
synthesized in order to provide protection agasuodar ultraviolet radiation and desiccation
(Lowry et al, 1980). The synthesis of lignin provided structungidity for the first
tracheophytes to stand upright, and strengthenedcéi walls of their water-conducting
tracheary elements to withstand the negative presgenerated during transpiration (Weng
and Chapple, 2010). Tracheophytes had a rapid siparduring the Silurian-Devonian
transition (Gray, 1993). The diversification ofdh@ophytes had far-reaching consequences
on terrestrial ecosystems (Kenrick and Crane, 19B7¢ appearance of secondary growth in
the mid-Devonian ¢ 380 Myr ago) favored water conductance and mecabupport,

prompting diversification in growth forms (Batemaial, 1998).

The photosynthetic activity of megaphyll leavegthvwbranched veins and flat shape,
provided the basis of net primary production fog ttevelopment of land organismas360
Myr ago during the Devonian period (Beerliegal, 2001). During the same periad 370
Myr ago, the earliest known modern trees emergesly@viBerthauckt al, 1999). In parallel,
the late Devonian was also the period during whieh first seed plants (spermatophytes)
evolved (Rothwellet al, 1989). During the Permiawr.(320 Myr ago), modern gymnosperm
trees began to dominate the forest canopy. ThrtugCarboniferous and Permian (340 - 260
Myr ago) the first extensive forests appeared, Hral ecosystem dynamics that control
modern vegetation were established (Batersaral., 1998). Gymnosperms had a long
ecological dominance through the Triassic and 3uwa@50 -150 Myr). During the late
Jurassia. 150 Myr ago the first flowering plants appear8dr{et al, 1998). The rise of the
flowering plants was followed by a major invasiarioi the gymnosperm niche during the
Cretaceous (Bond, 1989), leading to an upset otdmeposition of the terrestrial vegetation
over a relatively short period.
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FIGURE 1.1 Angiosperm phylogeny. The flowering plants systecsais based on APG llI
(2009) relationships. Major clades are indicateddxy boxes. Angiosperm orders present in
New Caledonia are highlighted in green.
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1.2 The flowering plants, evolution and extant linages

Described by Charles Darwin as an "abominable enystand a "perplexing
phenomenon”, the origin and early evolution of fwing plants (angiosperms) is pivotal in
the evolutionary history of terrestrial biota (Leels-Macket al, 2005). The fascination of
Darwin with the early radiation of angiospermsagdndary, and perhaps no other group of
organisms merited Darwin’s attention in such draentgrms (Friedman, 2009). It is not by
chance that one of the most outstanding naturalfsédl times showed much fascination (and
frustration) with the evolutionary history of a pawnlar group of organisms. The origin of
angiosperms was followed by a rapid rise of ecalaigdominance, inducing one of the
greatest terrestrial radiations of life (Davetsal, 2004). Since their origin, angiosperms have
extraordinarily diversified and they currently doraie the vegetation of most terrestrial
ecosystems (Craret al, 1995). Along with their species richness, angiosys also exhibit a
vast morphological, ecological, and functional ey, establishing the structural and
energetic basis of the great majority of curremetgrial ecosystems (Magallén and Castillo,
2009; Crepet, 2013). Angiosperm richness represant® than that of all other groups of
land plants combined. Crepet and Niklas (2009) hesgmated that 89.4% of extant
embryophyte species are angiosperms, having mucé species richness than ferns (3.99%)
or gymnosperms (0.29%). Angiosperms are currergjyrasented by. 350 000 extant
species, and advances in molecular systematicsgraveled strong bases for the recognition
of major angiosperm clades and the establishmethedf relationships (Fig. 1.1) (APG llI
2009). Within flowering plants, eudicots (Fig. 1.d9nstitute the richest group, containing
73% of extant angiosperm species richness (Magall@i, 2015). The largest proportion of
species richness of eudicots is contained in tigelalades Asterids and Rosids (Fig. 1.1),
which represent 35.2% and 29.2% of extant angiospa@hness, respectively (Magalld@t
al., 2015). Monocots, the second largest angiospeoupg(Fig. 1.1) has 23.3% of extant
species richness (Magall@t al, 2015). Preceding the massive monocots-eudicaidecl
"basal angiosperms" are an ensemble of poorly sified lineages, arising from the first

nodes of the angiosperms' phylogeny (Fig. 1.1).

1.3 Basal angiosperms, the earliest diverged lineag) of the flowering plants

Amborellales, Nymphaeales, and Austrobaileyalagehbeen identified by
several studies (using multiple nuclear, plastid] enitochondrial genes) as successive sister
lineages relative to all other flowering plantsdaepresent the earliest diverging branches of
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the angiosperms' phylogeny (Figs. 1.1; 1.2) (Mathemnd Donoghue, 1999; Soltd al,
1999; Qiu et al, 2000; Zaniset al, 2002; Mooreet al, 2007). These orders form a
paraphyletic group which is usually referred tdtees ANA grade (Figs. 1.1; 1.2) (Finet al,
2010). Within this grade, Amborellales is the esstilineage, and diverged about 139.4 Myr
ago (Fig. 1.2) (Magalléet al, 2015).

F e e e e e e e e e e S NS SmmS S SssssssSsss s Monocots/Eudicots (300 000+ sp.)

Magnoliales (2 929 sp.)

127.7

Laurales (2 858 sp.)

Piperales (4 090 sp.)

spiijoubew

126

Canellales (105 sp.)

Chloranthales (75 sp.)

Austrobaileyales (100 sp.) ]

139.4 Nymphaeales (79 sp.) °

VYNV

Amborellales* (1 sp.)

1
23.0 0

100.0

Cretaceous

Paleogene

| Neogene |Q

Mesozoic

Cenozoic

FIGURE 1.2 Basal angiosperm time-tree. Terminals were codldpt represent orders.
Numbers next to nodes indicate median ages for l@asdge. The tree was constructed using
the R package ape (Paradisal, 2004) with node ages estimated in Magallon .e{28115).
The number of species within each group was obdairen Stevens (2001-onwards). Basal
angiosperm orders present in New Caledonia arditiigéd in green. Endemic lineages from
New Caledonia are indicated with an asterisk.

Stem ages of all basal angiosperm lineages datk fvam the early angiosperm
radiation during the Early Cretaceous (Fig. 1.2yelfging immediately after the ANA grade,
Chloranthales and magnoliids form another earlyndinang angiosperm clade (Mooe¢ al,
2007; Mooreet al, 2010) with an estimated common stem age. d34.62 Myr (Fig. 1.2)
(Magallénet al, 2015). These clades do not form a natural graovgnghat they do not share
a direct common ancestdre( they are not monophyletic) (Figs. 1.1; 1.2). Howebwecause
of their early divergence, the grouping of the Algrade + magnoliids + Chloranthales are
considered as "basal angiosperms” (Amborella-Gerrogct, 2013). This nomenclature
will be followed in this work and we will hereafteonsider as basal angiosperms all species
diverging before the monocots/eudicots node (Flgs, 1.2). Basal angiosperms have low
species richness compared to eudicots and mondEays 1.2). For instance, although
Piperales have high species richness (Fig. 1.8)ethire magnoliids clade contains only 3.6%

of extant angiosperm species richness (Magadbral, 2015). The low number of basal
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angiosperm species is probably linked to their aigts given that the age of a clade is

negatively related to its diversification rate mggosperms (Magallon and Castillo, 2009).

Legend
= Amborellaceae | g~ _ . e
Austrobaileyaceae
...... Hydatellaceae
=== Schisandraceae
Trimeniaceae

FIGURE 1.3. Global geographical distribution of families inet®ANA grade. Cabombaceae
and Nymphaeaceae (Nymphaeales) are cosmopolitan nahddisplayed on the map.
Reproduced from Buerlgt al (2014).

Five of the seven families in the ANA grade argtributed in tropical East and South-
East Asia, Australia and the Pacific islands (Fig3) (Buerki et al, 2014). Only
Cabombaceae and Nymphaeaceae, composed of aqlaticspecies, are cosmopolitan.
Families within the magnoliid clade have a muclyéargeographical distribution. However,
they are mostly pantropical, and a great majorittheir lineages are represented by tropical
rainforest species (Liet al, 2014). Although some species-rich magnoliid fasilhave
representatives in temperate regioag (Aristolochiaceae, Lauraceae and Magnoliaceae), the
greatest species richness of these groups is ausenthin the tropics, notably in Asian and
Australasian tropical rainforests (Morley, 2001)ofdover, some magnoliid families such as
Eupomatiaceae, Degeneriaceae, and Himantandraaeaelistributions restricted to tropical
Australia and the Pacific islands (Stevens, 200&awds). Finally, Chloranthales are also
largely restricted to tropical and subtropical haisi distributed predominantly in non-
seasonal montane cloud forests with high rainfailfl et al, 2003; Feildet al, 2004).

1.4 ‘Basal’ but not ‘primitive’, what does basal man?

As shown in the previous section, basal angiospeara the species-poor successive

sister lineages of the highly diversified monocetslicots clade (Fig. 1.2). Differences in the
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diversification rates between these two angiospgmoops result in an unbalanced tree (Fig.
1.1). Unbalance in phylogenetic trees frequentiyltescientists to adopt a linear and cohesive
narrative of evolutionary stories, assuming thag¢ thoorly diversified group is more
‘primitive’ (O'Hara, 1992; Crisp and Cook, 2005;egory, 2008). However, evolution is not
linear, but branched, and evolution does not cqoharediverges (O'Hara, 1992). Moreover,
the tree balance that we observe today may handisantly changed over time (Fig. 1.4). A
linear narrative of evolution prevailed for ovecentury since the ‘great chain of being’ (also
known asscala naturagwas proposed by Charles Bonnet in 1745 (RigatbMimelli, 2013).
The production of the first tree diagram and theamoof ‘evolutionary tree’ contained in the
The Origin of Speciesf Charles Darwin (1859) changed the long-helgtdmvision of

evolution.

FIGURE 1.4. Hypothetical evolutionary tree showing differesde tree balance through time
in two sister groups (blue and red). (a) Both gsoapginate at the same speciation event at
time b, and therefore have the same age. All extant atidce lineages arising within both
taxa are shown until the presend).(fThin lines indicate lineages that are now ettiril)
Reversal of tree balance; at timetie red group was more speciose. (c) Currentvitesre

the blue group is more speciose. Although lineagesd B have the same crown age; clade
B has greater stem age and diverged earlier fromr tmost recent common ancestor.
Redrawn and adapted from Crisp and Cook (2005).

Although the idea of a ‘ladder of progress’ driyi@volution has been left behind since
the end of the 19th century, many biological steadiéning to reconstruct ancestry confuse
present-day descendants and long-dead ancestanssieenf misinterpretation of phylogenetic
trees (Crisp and Cook, 2005; Omlaedal, 2008; Rigato and Minelli, 2013). For instance,
statements such aérhborellais the most ancient angiosperm” (Goremygtral, 2003), or
"Amborella represents the first stage of angiosperm evolut{@iu et al, 1999), denote
linear narratives in evolutionary stories, and caventually confuse unwary readers.

Therefore, to avoid possible misinterpretations, wald like to underline that all extant
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angiosperms are contemporary and 'basal’ angiosgees not mean 'primitive’ angiosperm.
However, a phylogenetic tree can effectively showcessive branching over time (cas@

Fig. 1.4) (Krell and Cranston, 2004). In this seriseembracing ‘tree thinking’, we consider
that basal angiosperms are species belonging to etirdest branching lineages of
angiosperms. Even if they are not primitper se the study of basal angiosperms can provide

insightful information for understanding the eastages of flowering plant evolution.

1.5 What can studying basal angiosperms tell us abbflowering plant evolution?
Under a comparative perspective, basal angiospemasindispensable in studies
interested in the evolutionary patterns of angiospéunctional and structural attributes.

Moreover, it has been suggested that basal angrosgpecies bear primitive features.

1.5.1 Basal angiosperms are fundamental in compaige studies

Comparative biology depends on understanding i$telzlition patterns of organismal
characters across taxa. Using a comparative agpmaaan detect feature that characterize
single clades, pointing to potentiaynapomorphigsor characters that arise repeatedly in
different evolutionary lineagesesulting in evolutionaryconvergences(Losos, 2011).
Comparative studies are stronger to the extent ttie@t include more lineages. The more
representative lineages are included in a study,ntiore "evolutionary opportunities” for
diverging from a given pattern are included (Haramgl Pagel, 1991). When there are many
different ancestral character states, the potenuahber of independent evolutions of the
same feature increases in the dataset, improviatjststal confidence in the result.
Consequently, for comparative studies it is crutiainclude an array of clades as wide as
possible. Given that basal angiosperms represemtstitcessive sister lineages of the
monocots-eudicots clade (Figs. 1.1; 1.2), they s an essential part of the array of
flowering plants. Therefore, sister lineages sucAraborellg when compared with other key
lineages, can provide unique insights into angioapancestral characteristics (Amborella
Genome Project, 2013). In the previous sectiorhisf ¢hapter we have stressed the risks of
using intuitive interpretations of ancestry fromylgdgenetic trees. However, ancestral
features can be inferred from a phylogeny by apglya method that optimizes the
distribution of the states of a character over Wiele phylogenetic tree (Pagel, 1999).
Phylogenetic optimizations help to infer ancesttaracter states at each node of a tree by

using an evolutionary model that provides the fiest-a character distribution along the tree
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(Crisp and Cook, 2005). Examples of case studiggyusich adequate comparative methods

are provided in Box 1.

Box 1. Basal angiosperms in comparative studies tofer evolutionary histories
Tracheids, the ancestral xylem conduits of flowagi plants.
The lack of protoxylem vessels in all non-angioapdineages, as well as in key basal angiosperm
lineages such as Amborellales and Nymphaeales 1F5{,. suggests that the common ancestor of alll
angiosperms had vesselless wood. This was confirbyeéd maximum parsimony phylogenetic
optimization performed by Feild and Brodribb Protoxylem

. . primary xylem element conduits
(2013), which suggests that tracheids are the most

I Lycophytes
# Fems
Jl Cycadales

Ginkgoales
Pineales
Gnetales

Amborellales

parsimonious ancestral state for the common no

of all angiosperms (Fig. 1.5, arrow). These res

suggest that angiosperms are the only vascul

plants that have acquired xylem vessels in the

primary xylem. Furthermore, their results suggest

il

Nymphaeales
{l  Austrobaileyales
{1 Chloranthales
1 ¥ Magnoliids
il * Monocots

% independent origin D % Eudicots

that at least three independent origins of vessel =

elements with simple perforation plates occurr (i

Tracheids

late during flowering plant evolution (Fig. 5, Sar | [l Soiamim sistes

Simple
perforation plates

FIGURE 1.5 Summary of the phylogenetic distribution,
of primary element conduits across vascular plants.
The figure represents a maximum parsimony charatéte reconstruction of primary xylem evolution.
Redrawn from Feild and Brodribb (2013).

1.5.2 Plesiomorphic features are evident in basahgiosperms

In a previous section we have underscored thaal basgiosperm is not equal to
primitive angiosperm. However, while a living speicannot be more primitive in
comparison to another living species, the characteey bear can be primitive (i.e.
plesiomorphy, or derived (i.e.apomorphy (Gregory, 2008). It has been proposed that
primitive structural and functional features ares@ftved in basal angiosperm representatives
(Box 2). For instance, in a recent synthesis of dvanatomical evolution, Carlquist (2012)
states that primitive features are evident in earlier branching@f phylogenetic treés
Moreover, Feildet al. (2004) stated that when several lineages are ssivety sister to a
major clade, as is the case in angiosperms, amgsstiat they share can be inferred to be
ancestral, even if each of these lineages is apamwifor other characters. Examples of
primitive anatomical and physiological featureswcng in basal angiosperms are provided

in Box 2.
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Box 2. Basal angiosperms bear primitive charactertates

Xylem conduits and their physiological implications
The wood anatomy of basal angiosperms is by no smaaifiorm (Metcalfe, 1987). However, it has
been proposed that primitive xylem conduite.(tracheary elements), such as tracheids or narrow
vessels with long scalariform perforation plateig/(E.6A), are frequently evident in basal angiospe
representatives (Carlquist, 2012). It has been shtvat xylem conduit anatomy can strongly
influence hydraulic conductivity (Christman and 8pe2010). Similarly, xylem conduit type seems
to be related to leaf vein density (Fig. 1.6B) [@Feand Brodribb, 2013), secondarily affecting
associated functions such as leaf gas exchangelatdsynthetic capacity. Basal angiosperms have
low vein densities as compared to monocots and emicots (Fig. 1.6C). Moreover, when
considering lineage ages, it has been evidencedtileaANA grade species, Chloranthales, and
magnoliids represent early stages of the angiosgeamnvein escalation that occurred during the
Cretaceous (Fig. 1.6C). The lower vein densitiedbadal angiosperms probably result from their
constrained xylem vasculature (Fig. 1.6B). If atdea observed in basal angiosperm species is
plesiomorphic, or similar to a trait plesiomorpmamost angiosperms, then studying its propertas c
reveal information about the functional performantéhe traits present in early angiosperms.

D UIDA
P UIDA

A non-angiosperms

@ basal angiosperms
Chloranthales

@ magnoliids

e basal eudicots
monocots

@ core eudicots

ot - Alsud

Scalariform
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Vein density (mm mm™)

-
ji.

Tracheids « vesselless »
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lLer] Ecr | urassic [Triassid
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FIGURE 1.6. Anatomical diversity of xylem conduits and assaaibfunctions. (A) Morphological gradient from
tracheids to vessel elements with scalariform antgple perforation plates; redrawn from Nardini afahsen
(2013). (B) Relationship between xylem conduit nmipgy and leaf vein density in angiosperms; repoed
from Feild and Brodribb (2013) . (C) Increase ofjiasperm leaf vein density over evolutionary tin\an-
angiosperms and major groups of angiosperms aldied; redrawn from Brodribb and Feild (2010).
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1.6 Basal angiosperms as modern analogs of earlgwering plants

The early diversification of angiosperms in diwerscological niches, and their
ancestral form and function, are among the aspg#diswering plant evolution that remain
very ambiguous due to gaps in the fossil recordefzd scenarios of the ancestral structure
and ecophysiology of angiosperms have been proposed extant basal angiosperms as
modern analogs. The resolution of the earliestrdemeces of flowering plants has influenced
the formulation of various hypotheses about theesinal ecophysiology of angiosperms. The
traditional representations of early angiospermgppsed by Takhtajan (1969; 1980) and
Cronquist (1988) prevailed during a long time. Thygothesis considers woody magnoliids,
with large multiparted flowers like those of extdmdgnoliales and Winteraceae, as a starting
point for angiosperm evolution (Cramt al, 1995). Based on comparison with these living
taxa, the first angiosperms would be slowly growinges with large leaves having low
photosynthetic rates (Feilét al, 2004). By analogy with the ecophysiology of extan
magnoliid taxa, early angiosperms would have eistagdl in wet and low-light habitats
(Takhtajan, 1969; Cronquist, 1988). Other authagehproposed alternative scenarios that
challenge this traditional vision. For instanceelfins (1974) has suggested that early
angiosperms were weedy xeric shrubs that livedistutbed and sun-exposed habitats of
tropical semi-arid regions. Later, during the niegt Taylor and Hickey (1992; 1996)
performed a cladistic analysis to reconstruct timeeatral form and ecophysiology of
angiosperms. Their analysis placed Chloranthaceak Riperales at the base of the
angiosperm tree. By tracing ancestral charactetestathey proposed the ‘paleoherb’
hypothesis, which holds that the protoangiosperns \@adiminutive, rhizomatous and

perennial herb.

At the beginning of the 21st century, several igsiddentified the ANA grade as the
earliest branching lineages of angiosperms (se¢iosed.3). Following this updated
phylogenetic topology, Suet al (2002) proposed that early angiosperms were axqoeatbs
similar to modern Nymphaeales a@@ratophyllum This hypothesis is supported by lower
Cretaceous fossil evidence of herbaceous aquagiogmerms such asrchaefructugSunet
al., 1998; Suret al, 2002) andMontsechialGomezet al, 2015). However, it has been shown
that aquatic angiosperms were derived from plahtt previously occupied terrestrial
environments (Philbrick and Les, 1996). The mosten¢ hypothesis on the ancestral
ecophysiology of angiosperms has been develop&appr S. Feild and colleagues (Fedd
al., 2003; Feildet al, 2004; Feild and Arens, 2005; 2007; Fedtdal, 2009) by studying

11
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Amborellg Austrobaileyales and Chloranthales in combinatuih fossil records to elucidate
the ancestral ecophysiology of angiosperms. Coriagléhat most basal angiosperms have
low hydraulic capacities, which restrict them tomhd localities, and a photosynthetic
apparatus adapted to dark environments, their wetk them to propose that early
angiosperms were woody plants that inhabited waek,cand disturbed habitats (Fedd al,
2004; Feild and Arens, 2007).

1.7 New Caledonia, study location

As underscored in a previous section of this drapd large proportion of basal
angiosperm families are located in South-East A&iestralia and the Pacific islands (Buerki
et al, 2014). The archipelago of New Caledonia standsamong these territories because,
despite its small surface, it harbors two ANA grafdnilies (Fig. 1.3), along with
representative species from Chloranthales and &tbmmagnoliid orders (Fig. 1.2). Given its
isolation and its distinctive biota, the archipe&ad New Caledonia is considered to be one of
the main Pacific biogeographic regions (Mueller-lbans and Fosberg, 2013). This intrinsic
property, along with its particular richness in &dlagngiosperms, makes New Caledonia an
ideal location for the study of the evolutionargtbry and the ecological behavior of basal

angiosperms.

1.7.1 Geography

New Caledonia is a remote archipelago locatetiersbuth-west Pacific just above the
tropic of Capricorn (17-23°S, 162-169°E), about @ 4éh east of Australia, 2000 km north of
New Zealand, and 250 km south-west of Vanuatu (EigA). The archipelago comprises
Grande Terre which is the main island with a total area of 48 knf, and other smaller
islands (Fig. 1.7B)Grande Terreas about 50 km wide and extends over 400 km frontls
east to north-west (Fig. 1.7B). The Loyalty Islaatds composed of three main islands located
c. 100 km east o6rande Terre North to south, the Loyalty Islands aBeivéa(132 knf),
Lifou (1 207 knf), andMaré (642 knf). Other islands with smaller surfaces Begep andlle

des Pinslocated respectively north and soutiGséinde Terre

1.7.2 Orography and Geology

Grande Terrehas a continuous mountain range that traverseegritiee island. The

highest peaks of the mountain range are Mt. Pa&29 m) in the north and Mt. Humboldt

12
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(1618 m) in the south (Fig. 1.7B) (Bonvallot, 2012he mountain range is closer to the east
coast of Grande Terre constituting a geographical boundary between steep and
mountainous east coast and the large coastal phhitiee west coast. Some isolated massifs
are also present in the northwestern coast witleraéypeaks exceeding 800 m (Bonvallot,
2012). The highest elevations of the other islasfddie New Caledonian archipelago do not
exceed 300 m. Three main types of geological satestroccur in New Caledonia (Fig. 1.7C)
(Fritsch, 2012): 1) ultramafic substrates (UM) aavg the southern third of th&rande
Terre, and some isolated massifs along the north-weastr@®) substrates derived from
volcano-sedimentary rocks (non-UM) covering twadbiof theGrande Terreand occurring
mainly at the northern half of the island; and 8)careous substrates, which are the least

represented type of substrate, prevailing mainlyhenLoyalty Islands.

1.7.3 Climate

New Caledonia has a humid subtropical climate vatpronounced cool and dry
season from May to October, and a warm and rairasae from November to April
(Maitrepierre, 2012). As a consequencesoand Terrés topography and the associated rain
shadow effect, mean annual precipitation (MAP) eanfjom 800 mm Vyt along the western
coastal plains to 4500 mm3on the eastern slopes of the mountain range (Fi){Météo-
France, 2007). Mean annual temperature (MAT) inldo areas is between 27 and 30 °C
(Fig. 1.7E), and it is also influenced by topognap¥ith an adiabatic lapse rate af 0.6°C
/100 m of elevation (Maitrepierre, 2012). Like smletropical regions of the southern
hemisphere, New Caledonia has a south-east trade keigime. These winds have little
annual variability and wind speeds of 10 to 20 knddminate over the year (Maitrepierre,
2012).

1.7.4 Vegetation types

The combination of elevation, substrate, rainfalhd human-induced disturbances
determines the occurrence of different vegetatypes in New Caledonia (Jaffed al, 2012).
Vegetation types are commonly classified into m@ies$t of low- to high-elevations €. dense
humid evergreen forest), summit shrubland, dryrepleyll forest, low elevation shrubland
(known as tnaquis), halophytic vegetation, including mangrove antotal vegetation,
savanna and secondary thickets (Fig. 1.7F) (Ja&frél, 2012). Rainforest is the richest
vegetation of the island with more than 2000 natiecular plant species, and cover8800
km? of the island (1800 kfnon non-UM, 1100 krfon UM, and 900 krhon calcareous
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substrates) (Birnbauret al, 2015). A recent study analyzing the distributimin702 tree
species has shown that most rainforest tree spacgebkely to have a high environmental
tolerance given that 56% of the tree species alguigh with regard to geological substrate,
rainfall and elevation (Birnbauret al, 2015). However, while substrate-generalists seem
be the most represented, many plant species dretex$ to a single substrate. In this sense,
New Caledonian tree species can be classifiedtimee edaphic groupings corresponding to:
UM specialists, non-UM specialists, and substrateegalists (Ibaneet al, 2014).

1.7.5 Characteristics of the flora

The flora of New Caledonia is characterized byigh lhevel of species richness with
3371 inventoried species of vascular plants (Matatal, 2012). Angiosperms account by
themselves for 91% of the New Caledonian vascu&antg withc. 3100 species (Morait al,
2012). The most diverse families in New Caledoni Myrtaceae and Rubiaceae, and the
three most speciose genera in the archipelag@lakanthusL. (116 sp.)Psychotrial. (81
sp.), andSyzygiumGaertn. (70 sp.). Gymnosperms also have a greatesprichness with 46
endemic species (Jaffet al, 1994). Indeed, the archipelago comprises a vistindtive and
diversified conifer flora, representing the largestsemblage in the Pacific region (De
Laubenfels, 1996). The flora of New Caledonia soalery distinctive as reflected by its high
endemism levels. For instance, 74.7% of the vascplant species and 77.8% of the
spermatophyte species are endemic to the archgpélagratet al, 2012). Endemism is also
observed at the supra-specific level with 98 endegenera (13.7%) and three endemic
families (Amborellaceae, Oncothecaceae, and Phebliae). Given its high levels of species
diversity and endemism, and because of its higbsraf habitat loss, New Caledonia is

considered to be one of the global hotspots fosensation priorities (Myerst al, 2000).

A third major characteristic of the New Caledonfbmma is its disharmony. The flora
of New Caledonia is regarded as disharmonic becaus®e groups are either over- or under-
represented compared to the floras of neighboniagsa(Jaffré, 1980; Pilloet al, 2010). For
instance, Cunoniaceae, Rubiaceae, and Sapindaceagea-represented in terms of species
richness compared to the Australian flora; whileeotfamilies such as Asteraceae, Ericaceae,
and Lamiaceae are under-represented (Jaffré, 1B&0abéet al, 2014). Because of its
isolation, the disharmony of the New Caledoniarrafldflas been generally attributed to
different dispersal abilities among plant groupar{Quist, 1974). However, it has also been

hypothesized that the high incidence of ultram@fiM) geological substrates may be another
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main explanation for the over-representation of equtant lineages (Pillort al, 2010).
Because of their chemical and physical properti#d, substrates present several important
constraints to plant growth (Jaffré, 1980). Theyehhigh levels of heavy metals.¢ chrome,
cobalt and nickel), low levels of nitrogen, phosplsgand potassium, and very poor water
retention (Jaffré, 1980; Jaffrét al, 1994; van der Eng¢t al, 2015). In order to cope with
these constraints, plants have specific adaptatoridM substrates such as sclerophyllous
life-form traits or hyperaccumulation of heavy met@affréet al, 2013). Pillonet al (2010)
assessed the two competing hypotheses: a disharchemyo uneven dispersabilityersus
resulting from uneven adaptation to UM substrafése authors concluded that exaptation
(i.e. ‘features that now enhance fitness but wetebnilt by natural selection for their current
role’ (Gould and Vrba, 1982)) of plant species t Wubstrates seems to be a main
mechanism explaining the disharmony observed inNte@ Caledonian flora. For instance,
species ofPhyllanthusand Psychotrig which are among the largest and over-represented
genera in New Caledonia, possess well-known nitkgleraccumulating species (Jaffre,
1980; Reeves, 2003; Pillaat al, 2010; Barrabét al, 2014).

1.8 Geological and natural history of New Caledonia

According to Cluzel et al. (2001; 2012) and Pa&lle(2006) the tectonic evolution of
New Caledonia can be synthesized in the followinge¢ main stages:

1) Early to Late Cretaceous(120-80 Mya): the New Caledonian basin split frim east

Gondwanian margin through a marginal rifting areilesequent spread (Fig. 1.7G).

2) Paleocene to Eocengs2-50 Mya): the New Caledonian basin immersedbably entirely
(Fig. 1.7H). The New Caledonian landmass was subduand covered with oceanic crust,

the addition of ultramafic terranes occurred dyitims period.

3) Middle to Late Eocene(50-34 Mya): the New Caledonian basin reemergethbyaction
of orogenic forces that uplifted the New Caledorieardmass (Fig. 1.71). Previously accreted
ultramafic terranes emerged along with the New @ailean basin originating the ultramafic

soils that we observe today acr&=nde Terre

For a long time New Caledonia has been describeshantact and unchanged piece of
Gondwana. This assumption is linked to the highreggntation of remarkable relictual
endemic taxa such as representatives of basal spegins, gymnosperms and Proteaceae
(Morat, 1993; Lowry, 1998). However, the shaky ggital history of New Caledonia
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invalidates this hypothesis. The geological histofyNew Caledonia implies that the local
biodiversity is not older than its reemergerc87 Myr ago (Cluzeét al, 2012) and that the
local biota is the result of long- or short-distardispersal events (Grandcoktsal, 2008;
Keppelet al, 2009; Espeland and Murienne, 2011; Pillon, 20AXecond plausible scenario
implicates the existence of other intermediatend$a now sunken, during the submersion of
the New Caledonian basin (Pelletier, 2006). Thelmds may have temporarily hosted a part

of the New Caledonian biota during the submersicdh® main New Caledonian landmass.

By abandoning the ‘Gondwanian museum’ model andptlg a new vision
considering the spatio-temporal history of New @alea, recent studies have raised the
guestion of whether the local biodiversity is th@sequence of recent dispersals and local
radiations. Grandcolast al (2008) summarized several studies that providedeace of
post-emersion local radiations in several animadges including insects (Murienet al,
2005; Murienneet al, 2008), freshwater fishes (Wategs al, 2000), and reptiles (Bauet
al., 2006). Similar scenarios have been proposedantplin the gener@odia (Pillon et al,
2009),Diospyros(Paunet al, 2015),Geisois(Pillon et al,, 2014),Psychotria(Barrabéet al,
2014) andPycnandra(Swensonet al, 2015). However, even if we assume that the New
Caledonian flora is the result of post-emergendentpation events and local radiations, there
is a lack of explanations for the spatio-temporgtribution and the macroevolutionary
mechanisms behind the presence of basal angiosjesages with ages older than the
reemergence of the archipelago. A plausible expi@amas that representatives from these
early divergence lineages colonized the island frosarby territories such as Australia,
subsequently disappearing from their lands of or{§illon, 2008).

1.9 New Caledonia, a land of basal angiosperms

Several authors have highlighted that one of tl@nnctharacteristics of the New
Caledonian flora is the significant representatdrrelictual’ groups such as gymnosperms
and basal angiosperms (Morat al, 1994; Pillon, 2008; Moratet al, 2012). Basal
angiosperms are represented by 109 species disdliliu 22 genera and 10 families in New
Caledonia (Table 1.1). Four genera are endemibdatchipelagoAdenodaphné&. Moore,
AmborellaBaill., KibaropsisVieill. ex Guillaumin, andNemuaronBaill.). Ninety percent of
basal angiosperm species are endemic to the alatppand only 11 species are considered
to be autochthonous. A full list of the orders, fiz@s, genera, species, and subspecies of all

currently recognized New Caledonian basal angiospés provided in Table 1.1
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TABLE 1.1List of basal angiosperms from New Caledonia

Amborellales

Amborellaceae(1l genus / 1 species)
Amborella trichopodaaill.

Austrobaileyales

Trimeniaceae(1l genus / 1 species)
Trimenia neocaledonicBaker f.

Canellales

Winteraceae(1 genus / 19 species)
Zygogynum acsmithviink
Zygogynum amplexicautibsp.

amplexicaulevar.amplexicaulgVieill. Ex
P.Parm.) Vink

Zygogynum amplexicautibsp.
amplexicaulevar.isoneuron(Tiegh.) Vink
Zygogynum amplexicausibsp.luteumvink
Zygogynum bailloniTiegh.

Zygogynum bicoloriegh.

Zygogynum comptomviar. angustifolium
Vink

Zygogynum comptomviar. comptonii (Baker
f.) Vink

Zygogynum comptomviar. taracticum Vink
Zygogynum crassifoliutisaill.) Vink
Zygogynum cristaturvink

Zygogynum fraterculurink

Zygogynum mackesubspmackeeivink
Zygogynum mackesubsppaniensecarlquist
Zygogynum oligostigmeaink

Zygogynum panchesubsparrhantumvink
Zygogynum panchesubspdeplanchei
(Tiegh.) Vink

Zygogynum panchesubspelegansvink
Zygogynum panchesubsppancheri(Baill.)
Vink

Zygogynum panchesubsprivulare (Vieill.
ex P.Parm.) Vink

Zygogynum paucifloruraker f.) Vink
Zygogynum pomiferusubspbalansae
(Tiegh.) Vink

Zygogynum pomiferusubsppomiferum
Baill.

Zygogynum schlechteiGuillaumin) Vink

18

Zygogynum stipitaturaill.

Zygogynum tanyostigmank

Zygogynum tieghemsubsp.
synchronanthurwink

Zygogynum tieghemsiubspthuliumvink
Zygogynum tieghemsiubsptieghemiivink
Zygogynum vieillardiBaill.

Zygogynum vinkiSampson

Piperales

Piperaceae(2 genera / 13 species)
Peperomia bauerianstiq.*

Peperomia bland&ar.floribunda (Decne. ex
Mig.) H.Hubef

Peperomia caledonica.nC.

Peperomia insularurig.*

Peperomia kanalensis.DC.

Peperomia leptostachydook. & Arn*
Peperomia lifuanac.pcC.

Peperomia sarasinit.DC.

Peperomia subpallescersdC.
Peperomia tetraphyll&G.Forst.) Hook. F &
Arn.*

Peperomia urvilleana.Rich*

Piper insectifugunt.DC. ex Seert.

Piper staminodiferunc.DC.

Laurales

Atherospermataceaq1 genus / 1 species)
Nemuaron vieillardiiBaill.) Baill.

Hernandiaceae(2 genera / 3 species)
Gyrocarpus americanuscg*

Hernandia cordigeravieill.

Hernandia nymphaeifoligc.Presl) Kubitzkf

Lauraceae(6 genera/ 47 species)
Adenodaphne macrophylikosterm.
Adenodaphne spathulakasterm.
Adenodaphne triplinervigosterm.

Adenodaphne unifloraar. francii (Daniker)
Kosterm.

Adenodaphne unifloraar. uniflora
(Guillaumin) Kosterm.

Beilschmiedia neocaledoni¢asterm.
Beilschmiedia oreophilachitr.
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Cassytha filiformig..*
Cryptocarya aristat&osterm.
Cryptocarya bitriplinerviakosterm.
Cryptocarya chartace&osterm.
Cryptocarya ellipticaschitr.
Cryptocarya gracilisschitr.
Cryptocarya guillauminiikosterm.

Cryptocarya leptospermoidessterm.

Cryptocarya lifuensisuillaumin
Cryptocarya longifoliakosterm.
Cryptocarya mackeedosterm.
Cryptocarya macrocarp&uillaumin
Cryptocarya macrodesnsehitr.
Cryptocarya odoratauillaumin
Cryptocarya oubatchensghitr.
Cryptocarya phyllostemoiosterm.
Cryptocarya pluricostat&osterm.
Cryptocarya schmidikosterm.
Cryptocarya transversgosterm.
Cryptocarya velutinos#osterm.
Endiandra baillonii(Pancher & Sebert)
Guillaumin

Endiandra lecardiiGuillaumin
Endiandra neocaledonic&osterm.
Endiandra polyneurachitr.
Endiandra poueboens@uillaumin
Endiandra sebertiGuillaumin
Litsea deplancheguillaumin
Litsea humboldtian&uillaumin
Litsea imbricataGuillaumin

Litsea lecardiiGuillaumin

Litsea longipedunculatgosterm.
Litsea mackeefosterm.

Litsea mianasuillaumin

Litsea neocaledonica.Moore
Litsea ovaliskosterm.

Litsea paouensisuillaumin

Litsea pentaflorasuillaumin
Litsea racemifloraDaniker

Litsea ripidionGuillaumin

Litsea stenophyll&uillaumin

Notes Native species whose distribution also extendside the archipelago are marked with an

Litsea triflora Guillaumin

Monimiaceae(2 genera /10 species)
Hedycarya aragoensigrémie
Hedycarya baudouirgaill.

Hedycarya chrysophyllgerkins
Hedycarya cupulat&aill.

Hedycarya engleriang.Moore
Hedycarya parvifoliePerkins & Schiltr.
Hedycarya perbracteolataérémie
Hedycarya rivularisGuillaumin
Hedycarya symplocoidesMoore
Kibaropsis caledonicéGuillaumin) Jérémie

Magnoliales

Annonaceae(5 genera / 12 species)
Fissistigma punctulaturgBaill.) Merr.
Goniothalamus dumonte®i.M.K.Saunders &
Munzinger

Goniothalamus obtusatyBgaill.) R. M. K.
Saunders

Huberantha nitidissimé&unal) Chaowaski
Meiogyne bailloniGuillaumin) Heusden

Meiogyne dumetos@ieill. ex Guillaumin)
Heusden

Meiogyne lecardi{Guillaumin) Heusden
Meiogyne tiebaghiens{®aniker) Heusden
Xylopia dibaccataaniker

Xylopia pallescenasiaill.

Xylopia pancherBaill.

Xylopia vieillardii Baill.

Chloranthales

Chloranthaceae(1 genus / 2 species)
Ascarina rubricaulissolms

Ascarina solmsianaar. grandifolia Jérémie
Ascarina solmsiana&ar. solmsianaSchitr.

asterisk. This list of species was extracted fromRLORICAL Database (Morat et al. 2012); an
online checklist of the flora of New-Caledonihttp://botanique.nc/herbier/floricalast update:

27/05/2014

19



All basal angiosperm orders, with the sole exceptf Nymphaeales, are represented
in New Caledonia (Fig. 1.2). Pilloet al (2010) have shown that most of these families are
among the over-represented groups of the New Caiadoflora in comparison to the
Australian flora. Seven out of ten basal angiosptmmilies are among the over-represented
families in the local flora. Only Atherospermatage€hloranthaceae and Hernandiaceae are
not over-represented, although they are not coresidas under-represented (Appendix S1 in
Pillon et al, 2010). Because of the occurrence of basal apegioslineages, New Caledonia
is part of the global region that has been propdsedBuerkiet al (2014) as a potential
refugium that triggered early angiosperm diveratiicn (Fig. 1.3).

Among the basal angiosperms of the archipelage, ahdemic dioecious shrub
Amborella trichopodaBaill., is perhaps the most notorious because t®f prominent
phylogenetic position. Since the end of the lasttuey, several studies have strongly
supportedAmborella as the single living species of the sister line&mgeall other extant
angiosperms (Figs. 1.1; 1.3) (Mathews and Donogh®@9; Soltiset al, 1999; Mathews and
Donoghue, 2000; Qiwet al, 2000; Soltiset al, 2000; Amborella Genome Project 2013;
Poncetet al, 2013), attracting the attention of plant bioldgi this discrete species. Given
that A. trichopodais the only species of the order Amborellales, 8pecies is the single
survivor of a lineage that diverged 140 Mya (Fig. 1.2) (Magalloet al, 2015). Because of
its phylogenetic position, the analysis Afmborella from a comparative perspective can
contribute to the comprehension of the evolutionfloivering plants (Amborella Genome
Project, 2013). However, in spite of its importareeveral aspects of the biology and ecology
of this key species remain to be analyzed.

1.10 Main objectives

The present work aims to increase our understgndinbasal angiosperms form,
function and ecology by giving a special focuspeaes from New Caledonia. By describing
mechanical, anatomical, and morphological featlinkgd to the variation of growth forms in
key basal angiosperm lineages sucmborellaand the globally megadiverse Piperales, this
thesis aims to provide new perspectives for undedshg the ancestral growth form of
flowering plants. Using a trait-based approach,examine variation in functional traits as
well as patterns of trait-trait and trait-environmherelationships, to understand the
fundamental coordination between morphological amdtional traits in basal angiosperms.
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A summary of the methodological approaches usedisnstudy, along with a list of the traits

measured, are provided in figure 1.8 and tabledsgectively.

As previously underscored, New Caledonia has atgned unusual diversity of basal
angiosperms. However, no study to date has propmseeichanism to explain the persistence
and the diversity of basal angiosperms in the pathgo. By assessing the past and present
environmental conditions linked to the distributiof basal angiosperm lineages in New
Caledonia, this thesis aims to test different higpsés that could explain their persistence and
local over-representation. Finally, we assess vdretiiought vulnerability can explain the
patterns of distribution of basal angiosperms @dlchipelago.

o New Caledonian basal angiosperms
ici i ast and present distributions
plasticity of Amborella Plant architecture P %hapter -

Chapter 2
Mechanics
- Stem elasticity

sl ruptgre Environmental data
% : - Rainfall
- Temperature
; - Elevation
™ - Substrate
) - Canopy openness

-LDMC
- LMA
- Vein density

" Leaf traits
- Area - '

Stem traits
i - Density
... - Water content

* Wood anatomy j
= 1ry 2ry features ¢
;" - xylem conduits

/11

Anatomical evolution of Piperales
Chapter 3

Species distribution
- Herbarium and plot occurrences
- Niche modelling

Hydraulics T n
- Xylem embolism < "

vulnerability : -

Ecophysiological traits underlying

basal angiosperms distribution
Chapter 5

FIGURE 1.8 Overview of the methodological approaches useazhih thesis chapter.
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TABLE 1.2List of functional traits and structural featuregasured

Group Attribute (abbreviation) Units References Chapter
. ) Halléet al, 1978;
Whole plant Architecture categorical . )
Barthélémy and Caraglio, 2007
Whole plant Growth form categorical Péréz-Harguindegust al, 2013 2, 3
Primary and secondary ) Esau, 1960; Carlquist, 1975;
Stem categorical )
xylem anatomy Carlquist, 2001
) 3 Chaveet al, 2009;
Stem Wood density (WD) g/cm o )
Péréz-Harguindegust al, 2013
Stem Stem water content (SWC) % Poorteret al, 2010
Stem Stem specific density (SSD) g/cm?® Méndez-Alonzcet al, 2012 2
Stem Xylem conduit type categorical Carlquist, 1975 3,4,5
Stem Modulus of elasticity (MOE) N/mm2 Rowe and Speck, 2005 2
Stem Modulus of rupture (MOR)  N/mm2 Gere and Timoshenko, 1999 2
Xylem embolism
Stem MPa Cochardet al, 2013 5

vulnerability (P12/50/89
Wilsonet al, 1999;

2
Péréz-Harguindegust al, 2013

Poorteret al, 2009;
Leaf Leaf mass per area (LMA) mg mm? 2,5

Péréz-Harguindegust al, 2013
Leaf dry-matter content 1 Wilsonet al, 1999;
Leaf mg g

(LDMC) Péréz-Harguindegust al, 2013
Leaf Leaf vein density (VD) mmmnf  Sack and Scoffoni, 2013 5

Leaf Leaf area (LA) cnt

Note Traits are arranged into different groups acewydio organ categories. References of studies
containing fundamentals and protocols are provid@etailed descriptions of trait measurement
techniques are included in each chapter.

1.11 Thesis outline

This thesis follows an article-based format. lingwises four chapters that have been
published or are in preparation for submissiondertific journals (Fig. 1.8). Each chapter
aims to examine specific aspects of basal angiospésrm, function, and ecology. The main

objectives of each chapter are as follows:

Chapter 2. Describe the growth form &mborella trichopodathe only representative of the
first diverging lineage of angiosperms, and asgisssiorphological and functional plasticity

in response to environmental variation in canopsnmess.
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Chapter 3. Investigate the variations in the degree of cahdméivity and wood anatomical
features underlying the high diversity of forms Riperales, the largest basal angiosperm
order. The evolutionary history of woodiness ind?gles is assessed, and an ancestral form is

proposed.

Chapter 4. Outline the current geographical distribution ofevN Caledonian basal
angiosperms, examine their distribution during thst glacial maximum, and propose

possible Pleistocene refugia in New Caledonia.

Chapter 5. Investigate whether drought vulnerability is ctated with the environmental
distribution of basal angiosperms.

Finally, in Chapter 6 the main conclusions are summarized and researsipgctives
for future studies are provided. Moreover, thispteadiscusses the contributions of our study
to the evolutionary history of flowering plantsethatural history of New Caledonia, and the

conservation of its unique flora.
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CHAPTER 2

Trait coordination, mechanical behavior, and growth
form plasticity of Amborella trichopoda under
variation in canopy openness*

[J Architectural and biomechanical propetties of Amborella
[J Morphological and functional responses to light availability

[l Whole-plant functional coordination in Amborella

1 A version of this chapter has besubmitted for publication. Trueba, S., Isnard, S., Barth8iéb,,
Olson, M.E. (2016)A0B Plants.



CHAPTER2. Amborellagrowth form plasticity and trait coordination

Abstract

Understanding the distribution of traits across éimgiosperm phylogeny can
help map the nested hierarchy of features thatackenize key evolutionary nodes. Finding that
Amborellatrichopodais sister to the rest of the angiosperms has rdiseduestion of whether
it shares certain key functional trait charactarésand plastic responses apparently widespread
within the angiosperms at large. With this in mimee test the hypothesis that local canopy
openness induces plastic responsearitborella We use this variation in morphological and

functional traits to estimate the pervasivenedsaiff scaling, and leaf and stem economics.

We studied the architecture gimborellaand how it varies under different
levels of canopy opennesses. We analyzed the catioh of 12 leaf and stem structural and

functional traits, and the association of this e¢@teon with differing morphologies.

The Amborellahabit comprises a series of sympodial branched mp that
vary in size and branching pattern under diffefem¢ls of canopy openness. Correlations were
found between most leaf and stem functional tr@tsspite substantial modulation of leaf size
and leaf mass per area by light availability, brescin different light environments had similar
leaf area-stem size scalingmborellastems vary from self-supporting mechanical to semi-

scandent. Stem mechanics are not affected by dacalpy openness.

Changes in stem elongation and leaf sizeAmborella produce distinct
morphologies under different light environmentsert tissue mechanics do not differ
significantly across light environments. The sympbdrowth observed ilAmborella could
point to an angiosperm synapomorphy. Our study idesv evidence of intraspecific
coordination between leaf and stem economic spe¥aedation of traits along these spectra
providesAmborellaaxes with adaptive functional strategies unddediht light environments,

and suggests that these plastic responses welepilesent in the angiosperm ancestor.

Keywords: Adaptation,allometry, biomechanics, leaf mass per area, leafnthtter content,

modulus of elasticity, phenotypic plasticity, planthitecture, light environment, trait ecology.
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2.1 Introduction

Comparative biology is built on an understandirighe patterns of distribution of
organismal characters. Those that uniquely chaiaetesingle clades are known as
synapomorphies. The nested hierarchy of synaporespdcross the tree of life helps to
reconstruct the patterns of relationships betwaga {Nixon and Wheeler, 1990). In contrast,
characters that arise repeatedly can reflect ay afrprocesses from convergent evolution to
shared propensities for evolving similar traits @pdndently, reflecting convergence or
parallelism (Harvey and Pagel, 1991; Losos, 201dotl8nd, 2011). To understand the
distribution of traits within a group, it is crutito study as wide an array of lineages as
possible. Among the flowering plant&ymborella trichopodaBaill. (Amborellaceae), a
dioecious woody plant endemic to the moist foredtdNew Caledonia, has attracted the
attention of plant science since the end of thedastury, after several phylogenetic studies
supported the position &mborellaas the single surviving representative of a lieesigter
to all other extant angiosperms (Mathews and Donegh999; Solti®t al, 1999; Mathews
and Donoghue, 2000; Qet al, 2000; Soltiset al, 2000; Amborella Genome Project 2013;
Poncetet al, 2013).

Because of its phylogenetic position, the analg§i&mborellatraits can provide key
elements to understand the evolution of the ecoldgyction, and structure of flowering
plants (Amborella Genome Project 2013). Finding thare are features sharedAyborella
and other flowering plants, but not the gymnosperrosuld point to angiosperm
synapomorphies. On the other hand, finding thatetlage features shared Bynborellaand
the gymnosperms but not the rest of the angiosperowdd reveal useful information
regarding the early sequence of character evolutiinin the flowering plants. This study
focuses on patterns, potentially synapomorphic e & homoplasious, that are currently
being documented all across the woody plants. Tdirothe description ofAmborellas
architectural and biomechanical organization, comtiwith analyses of the coordination of
functional leaf and stem traits and their variatiorder different light environments, we can
provide elements for understanding the evolutiogrofvth forms in the flowering plants and

how these forms vary developmentally under diffefigit conditions.

One of the longstanding questions in the studgrgfiosperm structure concerns the
habit and growth form of the earliest flowering ila Amborellahas a multi-stemmed habit
with stems that have been described as scanddatd teal, 2001; Feild and Wilson, 2012).
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This growth habit is often called "cane-like", asdems to be widespread in the "basal"
lineages of angiospermsg.§. Aristolochia Eupomatia lllicium, Piper, Sarcandra Thottea
and Trimenig (Carlquist, 1996; 2001; Feild and Arens, 2005¢l@tast, 2009; Isnarckt al,
2012), pointing to a potential angiosperm synapqgimgr The cane-like habit is characterized
by a combination of sympodial growth and mecharimahess, with stems relatively long for
their tissue stiffnesses (Feild and Arens, 2007#|qDast, 2009). The sympodiality and laxity
observed in the stems of these cane-like shrubseadirectly assessed by the analysis of
their architectural and mechanical properties. Steethanical properties are significantly
linked to stem anatomical structure and can be tseatharacterize different growth forms
based on the observation of mechanical shiftsratgtral Young's modulu€f and flexural
rigidity (EI) during development (Rowe and Speck, 2005; Latetyal, 2005). Amborella
differs from most of the other "basal" cane-likgonesentatives in that it has a vesselless
wood, an anatomical feature that involves lowerraytic conductivity per unit transectional
area as compared to species bearing vesselled {emltl et al, 2000; Carlquist and
Schneider, 2001; Feildt al, 2001; Hackeet al, 2007). Analysis of the stem mechanical
properties of Amborella can be potentially important in understanding thechanical
organization behind the scandent habit in vesselfgants, as well as in discerning how
widespread mechanical plasticity is within vessasllangiosperms.

Independently of the multiple forms expressed Iangs, several leading dimensions
of trait covariation have been documented (Ackenyd Donoghue, 1998; Enquist, 2002;
Niklas and Enquist, 2002; Westoley al, 2002; Wrightet al, 2004; Olsonet al, 2009).
These apparently highly homoplasious patterns ait tvariation appear to span most
flowering plant lineages given that they are obsdracross species and across habitats. One
of the best documented of these relationshipseiddhf size-twig size' spectrum (Ackerly and
Donoghue, 1998; Cornelissen, 1999; Westebal, 2002; Westoby and Wright, 2003; Sein
al., 2006; Wrightet al, 2007; Olsoret al, 2009), which includes "Corner's Rules" (Corner,
1949). The leaf size-twig size spectrum includestdmdency for plants with large leaves to
have predictably thick twigs made up of tissuesiwoiv specific density (Wrighet al, 2006;
Swenson and Enquist, 2008; Olsetral, 2009). Finding howAmborellafits into these global
patterns is essential for documenting how widespréaese patterns are across the
angiosperms. Although these relationships are gtade, the absolute values of functional
traits can vary across species reflecting diffeemtlogical strategies. Within the context of

these strategies, phenotypic plasticity allowsvittlials to modify developmental trajectories
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in response to specific environmental cues (Su&@0; Chambeeét al, 2005; Pigliucciet
al., 2006; Fusco and Minelli, 2010).

Among the environmental variables that influen@npplasticity, light availability is
one of the most heterogeneous (Valladares and Metee 2008). Light incidence has a very
well documented influence on leaf structure. Fatance, light tends to have a negative effect
on leaf size (Poorter, 1999; Rozendatlal, 2006) and a positive effect on specific mass
(Abrams and Kubiske, 1990). Other changes inducgdidht availability include mass
allocation (Poorteret al, 2012), and overall plant architecture (CharlesdAbuque et al,
2010; 2012). Given that selection seems to favakén twigs as leaf size increases, and
because light has a documented effect on leaf thiea,we can expect that light can indirectly
influence stem size. Hence, plants should be #@blelastically respond to differing light
environments along a given stem-leaf scaling slopeyving” to different degrees along the
leaf size-twig size spectrum. Although the effeofslight on leaf traits have been well
documented, the effect of environmental variationadher traits such as stem mechanical
properties remains poorly explored. A previous warkich assessed the effect of canopy
openness on stem mechanics concluded that lighamadfect on the bending mechanics of
Croton nuntians a liana that exhibits a variety of growth habdaring its ontogeny
(Gallenmdilleret al, 2004). Environmental effects on stem mechanicapgrties have also
been measured by Rosell and Olson (2007) using glawth rate as an indirect estimation
of environmental variation. These authors conclutiat environment does not have an effect
on stem mechanics. Finally, Zhaegal (2011) showed that wood mechanical parameters are
related to mean annual precipitation across a ldiggeibutional range. These contradictory
conclusions lead future studies to explore theceftd environmental variables on stem
mechanics, which is one of the main features belineddevelopment of diverse growth

forms.

A previous study has shown that individualsAmhborellagrowing in different light
environments exhibit variations in leaf thicknessd aorientation (Feildet al, 2001).
Nevertheless, Feilcet al (2001) reported an absence of variation in leafaapecific
hydraulic conductivity, and photosynthetic lighteusoncluding thaAmborellahas limited
developmental flexibility to light flux density. Keever, no study to date has examined
possible plastic responsesAborellain architectural and mechanical organization, af w
as in ecologically informative functional traitscbuas leaf mass per area (LMA), leaf dry

matter content (LDMC), stem specific density (SSBhd stem water content (SWC).
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Analyzing the influence of light on functional ttsiand the coordination between these traits
can help us to understand to what degke®orellais able to respond to light variability. To
the extent thaAmborellastructural variation fits into the currently knowpectra of variation
across the flowering plants, then this would insecaur confidence that the potential for

plastic variation along these axes was presefgrahgiosperm ancestor.

Through our architectural description, we showt #mborellagrowth involves the
stacking of sympodial modules. The axes makinghesd sympodial modules have a pattern
of increasing mechanical stiffness with increasiemeter, corresponding to the mechanical
profile of a self-supporting plant. Canopy opennesftuenced leaf size and leaf mass
investment, and triggered changesAimborellaarchitecture, varying from a long-branched
shrub with pendulous axes under closed canopi@sdioort-branched self-supporting shrub
under open canopies. We use this variation in fmrmnderstand how the scandent and self-
supporting habits are produced developmentally. @®sults show that canopy openness does
not seem to affect the mechanical properties oh sitesues. Therefore, the scandent and self-
supporting forms in Amborella are produced by different stem length-diameter
proportionalities without tissue mechanical difigiation. Moreover, our analyses show that
across light environments, leaf and stem traitslipteone another, following Corner’s Rules,
with stem tissue density negatively correlated Vel area. The documentation of this trait
coordination in the sister to all other flowerintamts reaffirms the pervasiveness of these

traits integrations.

2.2 Materials and Methods

2.2.1 Plant material, study sites, and sampling

Amborella trichopoddaill. is a woody evergreen shrub 6-9 m tall, whighws in the
understory of rainforests in the central mountainge of New Caledonia on acidic substrates
at 100-900 m elevation (Jérémie, 1982mborella is dioecious with small (3-5 mm)
unisexual flowers that are wind/insect pollinatethd it grows in small, male biased
populations with measured densities of 433 indiglduper ha (Thieret al, 2003). Our
architectural observations were carried out onviddials from a population in the natural
reserve of Mount Aoupinié in the northern proviméeNew Caledonia. Mt. Aoupinié has one
of the populations oAmborellawith the highest levels of genetic diversity (Penet al,
2013). A forestry road runs east to west alongritige of Mt. Aoupinié, and the associated

clearing has exposed several individuals to a demnable increase in light conditions.
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Seedlings and young individuals growing in the ghemises of thénstitut Agronomique
Néo-Calédonien(IAC) at Saint Louis, Mont Dore, New Caledonia, revealso used for

architectural observations.

TABLE 2.1Structural and functional stem and leaf traits measl.

Trait Abbreviation  Units
Stem length SL cm
Internode length IL cm
Internode diameter ID cm

Length-diameter ratio LDR -

Number of leaves NL -

Leaf area LA cnt
Leaf mass per area LMA g m?
Leaf dry matter content LDMC mg g*
Stem specific density SSD g cmi®
Stem water content SWC %
Modulus of elasticity = MOE N mm?
Modulus of rupture MOR N mm?

To evaluate stem and leaf economics withmborella we measured 9 stem and three
leaf structural and functional variables (Table)2Quter canopy branches were collected
along a gradient from sun exposed roadside indalgto individuals growing in the shaded
forest understory. We sampled 24 peripheral braadigaring all of their distal leaves for
allometric analysis as well as for stem and leait tmeasurements. We selected branches
bearing fully expanded leaves, avoiding leaves wptithogens or herbivore damage.
Additional segments were collected for mechanical stem trait analyses. Sampled branches
were immediately defoliated and wrapped in moigtgpasealed in plastic bags, and stored in

the dark for transport.

2.2.2 Measurement of canopy openness

Canopy openness (CO, in %) represents the pegsefaopen sky at a given point,
and is a useful index of the light environment eigeed by a given plant (Jenningsal,
1999). CO was measured to assess the effect of #igailability on the structural and

functional properties aAmborella We used hemispherical photographs to charactkrczs
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CO at each sampled branch (Fig. 2.1). Before dntigeach branche, three photographs were
taken above the basal, medial, and apical branctioee using a 180° hemispherical lens
(Samyang fisheye 8 mm f/3,5. Samyang, South Karea)nted on a Canon EOS 7D camera
body (Canon, Japan). The reported CO for a giveanddr is the average of the three
photographs. Photographs were taken between 1100h1300h preferentially on cloudy
days. The resulting images were analyzed usingligap analyzer software (Frazet al,
1999).

Closed canopy Open canopy
5.74% CO 51.21% CO

FIGURE 2.1 Hemispherical photographs used for canopy openmessurements showing
two localities with different values of canopy opess.

2.2.3 Architectural analysis

Plant axes were described morphologically andstitated following the criteria of
Hallé et al. (1978), Barthélémy and Caraglio (2007), and Chdbeminique et al. (2010).
The architectural description focused mainly on #b®veground structure. Axes of each
observed individual were categorized in terms of: gtowth process (monopodial or
sympodial), 2) growth direction (orthotropic or giatropic), 3) branching pattern (whether
branches elongate immediately after bud initiatborbranches originate from dormant buds
with a delayed extension), 4) branch position (Whetbranches are located at a basal
(basitonic), medial (mesotonic) or distal (acrot)mosition on the parent axis), 5) presence
and position of inflorescences, and 6) symmetry efiver the leaves and branches are
disposed radially or bilaterally). Below, we use tierm "module” in describing a structural
unit repeated over time and composed of a singheiint axis and its lateral subordinates
axes. Our architectural analysis was basethasitu observations of individuals at different
growth stages, defineal priori on the basis of morphological criteria (Charlesyiduque et

al., 2010). Some of these criteria included brancling accumulation of relays. "Relay" is
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used here to denote axes that originate from darimashs and that grow into new branching
systems. Relays accumulate over time, providingasisbfor classifying individuals into
different stages (Charles-Dominige¢ al, 2010). Regardless of the environment they are
growing, individuals from older stages have molay® than those of earlier stages. The age
of each individual was estimated by comparison Mighd and greenhouse individuals of
known age. Through architectural and morphologarsdcriptors we described differences

between mature individuals growing in various lighvironments.

2.2.4 Leaf traits and branch dimensions

We measured leaf area (LA), leaf mass per areaAl.Mnd leaf dry matter content
(LDMC) of all the leaves, petioles included, bolnethe 24 branches sampled. This sampling
allowed us to determine the total LA for each brarieeaves were scanned in the field using
a portable scanner (CanoScan LIDE 25, Canon, Jagrash)fresh mass was immediately
measured using an analytical balance. LA was catedl from the scanned images using
ImageJ 1.47v. (NIH Image, Bethesda, MD, USA). Lesawere then oven dried at 70°C for
72 h for the LMA and LDMC calculations. LMA was calated as the ratio of leaf dry mass
to LA; LDMC was calculated as leaf dry mass ovef ligesh mass (Pérez-Harguindegety
al., 2013). Branch measurements included number of&éNL), total stem length (SL),
internode length (IL), internode diameter (ID), ahd ratio of stem length to stem diameter
(LDR), which was calculated as SL over ID of thesdlamost internode. IL and ID

measurements were made at each internode of th@exhbranches.

2.2.5 Stem mechanics

We measured modulus of elasticity (MOE), also kn@asnYoung's modulus, along
with modulus of rupture (MOR) and flexural rigidifil) of stem segments from the same
branches sampled for the measurements of lea$.tflit cover the widest possible range of
stem thickness given our testing apparatus, we leahguditional stems of wider diameters,
which were included in a separate dataset. We medisutotal of 100 stem segments with
diameters ranging from 1.97 to 22 mm. Segments wested in three-point bending (Fig.
2.2A) with an Instron InSpec 2200 test machinedittvith 10 kN, 125 kN, or 500 kN load
cells (Instron Corporation, Norwood, MassachusditSA). Stem segments had length :
diameter ratios of 20 : 1 to avoid shear (Lahayal, 2005; Méndez-Alonzet al, 2012).
The diameter of the tested segments was calcudastéide average of the basal, midpoint, and

apical diameters measured with a digital calipdwat perpendicular points. The axial second
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moment of areal] was calculated by Eq. 1 assuming that the stemsscisection is
approximated as a solid ellipse:

1=(%)-0 ) (1)
wherer is the radius of the stem in the direction of aipplied force and,is the radius in the
perpendicular direction. Stem flexural rigiditil}f, represents the resistance of a beam to
bending forces in terms of size, geometry, and nateroperties. It was calculated using Eq.
2.

El =L @)

T 48m

wherelL is the distance between the supports of the teappgratus anch is the slope of the
initial elastic portion of the deflection vs. foraairve (Fig. 2.2B). For the MOE artl
calculations, a force was applied at a speed & @&y/s, inducing a displacement of 2.5 mm.
MOE is an index of the capacity of a material teisebending assuming that the stem is

made of a uniform material. MOE was calculatechvit. 3:
MOE == 3)

MOR, also known as flexural strength, represengshilyhest stress experienced by the stem
at its moment of rupture. In the MOR tests, loagpldicement was conducted until reaching
maximal force (Fax the maximum load at the moment of breakage ofithié of the elastic
phase in absence of breakage) (Fig. 2.2B)«xWas calculated with the software IX Instron
System (Instron Corporation, Norwood, Massachus&t&A). Fnax was used to calculate
MOR using Eq. 4:

MOR = (Fmax XL x1) (4)
4]

wherelL is the length between the suppontss the averaged radius, ahds the second

moment of area (Gere and Timoshenko, 1999; MéndeazA et al, 2012).
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FIGURE 2.2 Three-point bending test performed with an Instmechanical testing apparatus
(A), illustration of a deflection vs. force curveaving the slope of the elastic portion and the
maximal force before stem breakage (B).

2.2.6 Stem density and stem water content

We collected stem samples 2.5 to 3 cm long fromtrak sections of the segments
tested mechanically. Stem volume was calculatedgutsie water displacement method. We
oven-dried stem samples at 70°C for a minimum oh7ahtil constant mass. Stem specific
density (SSD) was calculated as dry mass/freshmel(Méndez-Alonzat al, 2012). Stem
water content (SWC), an indicator of water capacika was calculated as 100(1 - (dry
mass/fresh mass)) (Poortral, 2010). To test the hypothesis that branches gvitlater leaf
area have stems with lower tissue density, we aesespproach similar to that of Wright et al.
(2006) by measuring SSD of the apical-most branettians, taking exclusively stem
segments collected < 350 mm from the branch tipc#pstem density should reflect the
conditions prevailing during the production of te@nding crop of leaves, and therefore

should correlate well with leaf characteristics.

2.2.7 Data analysis

All of the analyses were conducted in R v.3.1.20&elopment Core Team, 2014).
Functional and structural variables were log-tramsked to meet assumptions of normality
and homoscedasticity. Data were compiled in twaskts. The first, hereafter referred to as
the "branches" dataset, contained arithmeticalbrayed values of all of the measured traits
(Table 2.1) for each of the sampled branches. €beral dataset, hereafter referred to as the
"biomechanics" dataset, contained values for ta shechanics traits along with SSD, SWC

and CO values of 100 measured segments. The "blanes" dataset was used to analyze
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the variation in mechanical properties on a widege of stems diameters, allowing us to test
predictions regarding mechanical variation duriegelopment.

Given that we observed architectural differenaeden different CO, especially in the
terminal branched complexes, we explored whetherethivere changes in scaling between
stem dimensions and total leaf area between lighr@nments. We divided our dataset into
two different light environment sites taking 15% @® a threshold, using a "sun/shade" site
categorical variable. This CO threshold was chdserause all of the branches collected in
the understory (shade sites) had values<©5% CO while branches sampled in forest
clearings along the road (sun sites) had valuesld% CO. Allometric scaling between stem
size (diameter and length) and total leaf area uditierent CO values was estimated in log-
log bivariate relationships using standardized majgis (SMA) regressions using the R
package 'smatr' (Wartogt al, 2012). We built a model predicting total leaf aateased on
stem diameter, site, and a stem diameter - siggaation term. A second model predicted
total leaf area based on stem length, site, aéna length - site interaction term. Using these
models we estimated the relationship between steenasd total leaf area across CO sites,
and we compared scaling slopes of sun branchestlhade of shade branches via likelihood
ratio statistics for common slopes. After findidat there were no slope differences between
sites, we fit models without the site interactienmt. We then used Wald statistics for equal
elevations included in the 'smatr' package to compdercepts between sites. Similar slopes
but different intercepts indicate that stem sizéeds significantly between sites but foliage-
stem scaling is similar. SMA regression was alsedu® assess the relation between apical
SSD and LA. SMA is designed to describe relatigmshietween variables in which the
causality of one on the other is likely mutual eatthan unidirectionally one variable on the

other, making it appropriate for the present situa(Smith, 2009).

We explored relationships between traits usingwpsé Pearson correlations on the
"branches" and "biomechanics" datasets. Separdtayeffect of CO on the modulation of
leaf traits was analyzed with ordinary least sgsiéireear regressions (OLS) on the "branches™
dataset. To document changes in stem mechanigaénies with ontogeny, we measured the
effect of stem diameter on MO and MOR using OLSresgions on the "biomechanics"”
dataset. To explore a possible joint effect of stkameter, SSD, and CO on stem mechanical
properties, we performed multiple regression amaysn the "biomechanics" dataset. The
strength of the contribution of each stem trait &@ was evaluated using semipartial

correlations.
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2.3 Results

2.3.1 Architectural analysis

Stage 1l-small seedlingdmborellaseedlings have a tap root and a single orthotrsf@m
with alternate spiral phyllotaxy (Fig. 2.3A). Aftaabout 12 weeks, as observed in the

greenhouse, seedlings have a stem 5 cm tall aarg@ oot system (Fig. 2.3A).

Stage 2-young saplingés the first orthotropic axis elongates, it beesnplagiotropic (i.e.
becomes a “mixed” axis, with both orthotropic anthgmotropic sections) becoming
pendulous under its own weight (Fig. 2.3B). Phylot is alternate, oriented spirally in the

proximal orthotropic section.

Module

2nd mod

1st mod

BC 2

Apical abscission
X5t mod
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I‘IOcm

Mesotonic relay

BC2

Basitonic relay

FIGURE 2.3. lllustration ofthe ontogenetic architectural stagedAaiborella trichopodaand
architectural variability under closed or open gaas. (A) Seedling and unbranched young
plant 6 months after germination (stage 1). (B)earyold plant (stage 2). (C) 1.5-year-old
plant with a rooted "pseudo-rhizome" (stage 2). Abpund 6-year-old plant (stage 3). (E)
>10-year-old plant growing under a closed canopsgés 4). (F) >10 year-old-plant growing
under open canopy (stage 4). Only some of the saineebranched complexes of stage 4
individuals are represented. Abbreviations: Adwaeatditious root; BC, branched complex;
Co, collar zone; mod, architectural module. Thiitle$ represent structural axes, thin lines
represent lateral branches, arrowhead lines represkys, crosses are dead apices, circles
are inflorescences, and gray shadings indicate BCs.

Leaf orientation is bilaterally symmetrical in tdestal plagiotropic section. A lateral mixed

axis makes up a second architectural module wighstime phyllotaxy as the parent axis.
Branching is sympodial. In most of the individualsserved, a single branch developed after
apical death of the parent axis (Figs. 2.3B,C).cApdeath occurs mainly after the bending of
axes (Fig. 2.3B). Branching is predominantly mesmtoand on the upper surface of the
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bending zone (Fig. 2.3B). The basal diameter ofldteral branch becomes equivalent to that
of the section of the parent axis preceding thadvmg (Fig. 2.4A). As the upper module
develops, the distal part of the parent axis wgheerd decays (Figs. 2.3B,C). Growth of the
sympodium stops after reaching about 25 cm, andsé¢hef modules make up a branching
system, which will be hereafter referred as a diadccomplex (BC) (Figs. 2.3B,C). Relay
branches of fast growth sprout on the first BC ioagng from dormant mesotonic buds
(Figs. 2.3B,C). In some individuals, the first mt@laomes to lie on the ground, this stem can
develop adventitious roots and resprout, then bewpra "pseudo-rhizome™ from which

several stems develop (Fig. 2.3C).

Stage 3-early maturityLarger individuals grow continuously with a syndga branching
pattern (Fig. 2.3D). Only some nodes produce lateenches and there is no obvious regular
distribution of branches in tiers (Fig. 2.3D). Beanproduction seems to be associated with
environmental conditions, given that we observetaases in lateral branch production under
light patches, and after trauma such as fallingndnas. All axes are morphologically similar,
and we did not observe a hierarchical architectwahstruction with distinctive axis
categories (Fig. 2.3D), unlike as in conifers, whitave distinct central and lateral stems.
Modules derived from the relay stem originatingirthe first BC establish a second BC (Fig.
2.3D). At this stage, acrotonic sympodial branchoaa occur in peripheral branches (Fig.
2.4B). The axillary bud of the terminal leaf actes, producing a new module that maintains

the same growth direction as the parent module fubich it originates (Figs. 2.3D; 2.4B).

Stage 4-maturityIndividuals at this stage are built by the segeeaf over four branched

complexes, having thick basal areas and signifibarght (Figs. 2.3E,F). BCs are formed by
a combination of branch-bearing stems and leafbgdateral branches. The sequence of
BCs is repeated by mesotonic relays and basitalays originating from dormant buds

located at the collar zone. As a consequence oatkamulation of iterated complexes, the
plant has a multi-stemmed shrub form and a leagen & not distinguishable (Figs. 2.3E,F).
Flowering is lateral, occurring in axial meristewisboth stems and lateral branches (Figs.
2.3E,F). No architectural differences were obserlsetiveen male and female individuals.

Adventitious roots were frequently observed abdweground at the stem base (Fig. 2.3E).

38



CHAPTER2. Amborellagrowth form plasticity and trait coordination

FIGURE 2.4. lllustration of morphological features dmborella trichopoda (A) Young

individual growing in the understory showing symjaditly by stacking of modules. Note the

changes in diameter of the parent axes (Al, AZrdfte branching of upper modules. (B)

Linear sympodial structure after apical death (&roA second axis produced by the lateral

bud of the more distal leaf continues axis consivadkeeping the same growth direction. (C)

A supernumerary bud is located below an axillarg Bhowing onset of growth. (D) Under

high-light conditions, both axillary buds can aet®, producing small axes. Abbreviations:

Al, A2, A3, axis orders; bl, axillary bud; b2, stpamerary bud; L, axillary leaf; P, parent

axis.
Morphological differences across canopy opennes&agen a lack of recruitment in sun
exposed sites, we observed stages 1 to 3 onlyadeshunderstory conditions. We observed
gualitative morphological variation in branched gexes under different canopy opennesses
in large (stage 4) individuals. The crowns of ptagtowing in more shaded environments
were made up of very elongate and sparsely branekesl (Fig. 2.3E). Plants in open canopy
environments had more lateral branches (Fig. 2.8Riler a closed canopy, several relays
occurred mostly at mesotonic positions, whereaseurh open canopy relays were less
frequent and were usually basitonic. Under opemggarconditions, inflorescences were more
abundant (Fig. 2.3F) and axillary supernumerary istens activated (Fig. 2.4C).

Supernumerary axillary buds produce additional sim@nches (Fig. 2.4D). The lifetime of
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the short axes produced by the supernumerary emlsssto be very short, given that we
observed a frequent abscission of small branchéseicrowns of individuals growing under

open canopies (Fig. 2.3F).
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FIGURE 2.5 SMA regressions showing the scaling of total kv&fa (sum of areas of all leaves
borne by the stem) with stem dimensions of branghesing under open canopy (>15% CO)
and closed canopy (<15% CO). (A) Total leaf ared stem diameter allometry. (B) Total
leaf area and stem length allometry. P*< 0.001.

2.3.2 Foliage-stem scaling in Amborella

Both stem diameter and length were significanghated to total leaf area (Fig. 2.5).
Stem diameter, equivalent to the diameter of theabmost and thickest internode of each
branch, predicted 62% of the variation in totaf l@a across light environments (Fig. 2.5A).
Stem length was also strongly related to total &ah, explaining 81% of its variation (Fig.
2.5B). When assessing differences in the scalingterh diameter and total leaf area among
sites, the model indicated that both types of digge similar SMA slopes (Likelihood ratio
statistics;P = 0.68). SMA slopes ranged from 1.58 (95% Cls RI¥F) for shade branches to
1.82 (95% Cls 0.97-3.41) for sun branches. Assurhmgogeneity of slopes, branches from
shade exposed sites had an elevation of 3.08 (98/@2©6-3.21), which was not quite
significantly higher (Wald's tesP=0.01) than the elevation of sun exposed branch&s;(
95% Cls 2.39-3.32). Biologically, this result indies that similar allometric scaling
relationships are maintained regardless of thet legtvironment, with sun branches having
slightly thinner stems. With regard to stem len@MA slopes of sun branches (1.39; 95%
Cls 0.92-2.10) and shade branches (1.17; 95% 88 166) were not significantly different
(Likelihood ratio statisticsP = 0.48). Elevations were also similar (Wald's tést: 0.18)
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between sun branches (0.16; 95% Cls -0.74-0.92)shade branches (0.66; 95% Cls -0.12-
1.46). In addition to the leaf area and stem sizalirsg, total leaf number was also

significantly correlated with stem length and diaen€Table 2.2).
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FIGURE 2.6 SMA regression showing the relationship between $&Bpical stem sections
and mean LA of the leaves subtended by each st&=*0.008; slope -2.83, 95% CI -4.09

t0 -1.96).

2.3.3 Coordination of leaf and stem functional trais, and effect of canopy openness

Most stem and leaf traits were significantly ctated (Table 2.2). LDMC and LMA
had the strongest relationships with stem traishsas SWC and SSD. LA was strongly
correlated with the remaining leaf traits, but @swot significantly related with any of the
stem traits (Table 2.2). Stem size traits suclots stem length as well as internode diameter
and length were very strongly correlated with lgaifts and stem mechanical traits, but were
not correlated with SSD and SWC. SSD was positigelyelated with both MOE and MOR.
SWC and stem mechanical properties were negatoaiyelated, indicating that stems with
higher water contents had tissues that were botte iitexible and less resistant to breakage.
Branch averaged values of SSD and LA were not fsegmitly correlated (Table 2.2).
However, average LA was negatively correlated w&8D of branch apical segments
(Pearsony = -0.52,P = 0.008) and scaling between both traits was tedefFig. 2.6),

indicating that broad leaved branche#\aiborellahave stem tissues of lower density.
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FIGURE 2.7 Influence of canopy openness on leaf traits vianiat(A) Decrease of leaf area
with increasing canopy openness. (B) Increasealfrigass per area with increasing canopy
openness. (C) Increase of leaf dry matter contetht mwcreasing canopy openness (n = 24)
*** P < (0.001.

CO, which reflects light availability, was signidintly correlated with leaf and stem size traits
(Table 2.2). SWC was negatively associated with (T@&ble 2.2), suggesting lower water
contents in sun exposed branches. Canopy openadss Viery important effect on leaf trait
variation (Fig. 2.7). LA was negatively related @® (Fig. 2.7A) while CO was strongly
positively related to both LMA (Fig. 2.7B) and LDMEig. 2.7C). Sun exposed leaves were
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smaller than shade leaves but had higher massniteofuarea and higher dry matter content

than leaves under closed canopy.

TABLE 2.2 Pairwise Pearson correlations between stem andtlaét and canopy openness.

SL IL ID LDR NL LA LMA LDMC SSD SWC MOE MOR
IL 0.85***
ID 0.74*** 0.77**
LDR  0.74** 0.58** 0.23
NL 0.86*** 0.55** 0.53** 0.62***
LA 0.77** 0.89*** 0.73*** 0.38 0.57***
LMA  -0.49** -0.60*** -0.19 -0.46* -0.29 -0.62***
LDMC -0.39 -0.59*** -0.25 -0.34 -0.14 -0.56*** 0.89***
SSD -0.25 -0.36 -0.11 -0.26 -0.06 -0.33 0.48* 0.53*
SWC 0.26 0.35 0.10 0.25 0.09 0.39 -0.67*** -0.69*** -0.85***
MOE 0.66** 0.59*** 0.67*** 0.36 0.54** 0.59** -0.12 -0.01 0.46***  -0.49***
MOR 0.51* 0.44* 0.34*** 0.34 0.55** 0.48* -0.07 0.03 0.56*** -0.59*** (.72***
CO -0.49* -0.73*** -0.31 -0.35 -0.21 -0.72** 0.88** 0.85*** 0.35 -0.53* -0.21  -0.06

Notes: Correlations based on averaged values of 24 sangdes. Variables were log transformed
prior to analysis. See Table 2.1 for traits ablatens and units. Correlations between MOE, MOR,
ID, SWC and SSD were calculated using the "biomeiclsa dataset(n = 100). Significant
correlations are shown in boldP*< 0.05; ** P < 0.01; *** P < 0.001.

2.3.4 Stem mechanics

Mechanical parameters (MOE arldOR) were significantly predicted by stem
diameter (Fig. 2.8). MOE increased with stem di@négig. 2.8A) from 500—-2000 N nifrin
stems of 1.98-2.5 mm to 7000-9000 N thin stems with diameters of >10 mm. Because
higher values of MOE reflect higher material sif#s, this result indicates that tissues in
thicker basal stems are stiffer than those in mam@ipical ones. As regards MOR, narrower
stems had lower resistance to rupture whereas vgigens were more resistant to rupture
(Fig. 2.8B). Flexural rigidity oAmborellastems was strongly correlated with diametée(r
0.97;P < 0.001), indicating that higher loads were neeiedroduce deflection in stems of

largest diameters.

Light environment did not have an effect on medatemparameters, as suggested by
the lack of correlation of CO with either MOR oraMDE using branch-averaged values
(Table 2.2). However, multiple regressions inclgdihe effect SSD and CO (Table 2.3) on

stem mechanics suggest slight mechanical variatiathsCO.
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FIGURE 2.8 Relationships between mechanical properties aam siameter. (A) Increasing
of stem stiffness (MOE) with increasing diamet&). lncrease of stem resistance to breakage
(MOR) with increasing diameter. n = 100. *F*< 0.001.

When MOR was explained by diameter, SSD, and G©®cbefficient associated with
CO was not significant (Table 2.3). As for MOE dalj the coefficient associated with CO
was significant. Despite the significance of thesefficients, CO was the variable that
contributed least to the models, as shown by thedsemipartial correlation values when
compared to those of the other parameters (TaB)e ROE and EI increased with both stem
diameter and SSD, with shade axes tending to fierstWith regard to MOR, SSD had the
highest semipartial correlation explaining moretloé total variation in MOR than stem
diameter (Table 2.3). The lower association of M@ih stem diameter, as compared to the
association between MOE and diameter, was reaf#gmved in the scatter plots (Fig. 2.8).
SSD also had a significant effect on MOE, but d bdower semipartial correlation than stem
diameter (Table 2.3), suggesting that SSD playsj@mmole in stem resistance to rupture and

a lesser but nevertheless important effect on #eeability.
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TABLE 2.3 Multiple regressions oAmborellamechanical properties predicted by canopy
openness (CO), stem diameter (D), and stem spéeifisity (SSD).

response r° Ftest BD BSSD PBCO PD PSSD PCO

MOE 0.55 F396=39.56*** 0.47** 1.00"** -0.18** 0.47 0.38 0.22
MOR 0.41 F3g6=39.56*** 0.12* 1.02*** -0.07° 0.18 0.54 0.13

El 0.98 F3zg6=1717*** 4.46** 1.00** -0.18" 091 0.08 0.04

Notes: r* = adjusted coefficient of multiple determinatidfD = coefficient associated with stem
diameter; BSSD = coefficient associated with stem specificsitgnBCO = coefficient associated with

canopy openness. PD, PSSD, and PCO are semigantialations indicating the contribution of each
predictor. (N= 100). ns = non significantP*< 0.05; ** P < 0.01; *** P < 0.001.

2.4 Discussion

Amborella trichopoda the sister species to all other flowering plantsyries
predictably in functional and structural traits hwiight environment. Within this variation,
leaf and stem economics are coordinated. For examipbugh axes oAmborellavaried in
LMA and LDMC under variation in canopy opennesgytimaintained similar foliage-stem
scaling. The confirmation of these patterns of cai@n in Amborellg together with their
wide distribution across both the angiosperms amfers suggests that these coordinated
plastic responses were likely part of the basicettpmental toolkit of the ancestral
angiosperm. Here we discuss some of the pattertraibtoordination that are widespread in
plants in the context of thAmborellagrowth form and what these characteristics might

indicate regarding angiosperm synapomorphies opigiomorphies.

2.4.1 Corner's Rules andAmborellagrowth form plasticity

Across species, plants vary from those with thiglgs bearing large leaves to those
with narrow twigs bearing small leaves (Westoby #dght, 2003). Here we show that this
spectrum can be observed among individual®miborellg which exhibit similar foliage-
stem scaling across light environments. It has h@eposed that foliage-stem scaling is a
consequence of the mechanical and hydraulic regeinés of leaves as well as self-shading
avoidance trough leaf spacing (Enquist, 2002; Westt al, 2002). Moreover, if similar
crown areas fix similar amounts of carbon, themgarimitation requires such a foliage-stem
scaling if leaf spacing is greater in larger-leagpécies (Olsomet al, 2009). In addition to
foliage-stem scaling ilmborella we observed an association of low stem spec#itsdy

with rapid stem extension, high leaf area, and Ikgadicing. Across light environments,
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Amborellahas narrow stems of high density bearing smalldsawvith high mass per area or
thick branches of low densities bearing wide leavegh low mass per unit area. Our results
thus converge with the metabolic mechanism propbgedisonet al (2009), suggesting that
if leaves and stems maintain a metabollically driyeoportionality, large-leaved axes with
greater leaf spacing require low density tissued ticker stems as a response of rapid

volumetric extension and stem tissue mechanicsgtaebon limitation.

A second component of Corner's rules implies 8pdcies with larger leaves and
twigs also tend to have less frequent branching witler branching angles, whereas species
with smaller leaves and twigs have more frequeahdining with narrower branching angles
(Corner, 1949; Ackerly and Donoghue, 1998; Westabg Wright, 2003). Our architectural
analysis shows that the crowns Amborellaindividuals have conspicuous morphological
differences depending on light environment. Crowhsndividuals growing under a closed
canopy have sparser branching and few, long labeeaiches, whereas crowns of individuals
growing under an open canopy show an increase anching. This greater branching is
accompanied by the activation of supernumerary themi$ing to a short, densely leaved, and
narrow crown. Similar crown morphological respondes light availability have been
observed across shade-tolerant angiosperm sp&neseglissen, 1993; Niinemets, 1996). The
observed variation in the architecture Amborella individuals under different canopy

opennesses suggests that intraspecific architégliasticity follows Corner's Rules.
2.4.2 Phenotypic plasticity ofAmborellaleaves in response to canopy openness

Numerous studies spanning a wide diversity of plargages have highlighted that
leaf characteristics can be strongly influencedodowl light environment. Here we extend this
documentation téAmborellg whoseleaves vary markedly in size and mass allocatiaeun
different canopy opennesses. This variation in teats in different light environments is
very likely adaptive (Poortegt al, 2009). For instancé&mborellaleaves in shade conditions
have greater area for a given unit of biomass,essing the surface available for light
interception. Lower LMA in understorfimborellaleaves reflects a reduction in the cost of
leaf construction. It has been shown that lowerstoigtion investment is favored in
environments with low photosynthetically active iedihn (Poorteret al, 2006). In addition
to light availability, canopy openness is also pesly related to air temperature and
negatively related to relative humidity (Pineda-Gaet al, 2013). Therefore, the reduction

of leaf area under open canopy conditions, alortp thie increases in LDMC and LMA that
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we observe inAmborellg can also be considered as adaptive responsestamtial
desiccation and water stress (Niinenegdtal, 1999).

Several mechanisms can underlie the variation bgemwed in the absolute values of
LMA in response to light availability (Fig. 2.7Bl}.has been proposed that leaf tissue density
is strongly correlated with LMA in woody plants (§e-Diezet al, 2000; Villaret al, 2013)
and leaf tissue density seems to predict LMA bettan leaf thickness (Villagt al, 2013). A
previous study suggested thamborellaleaf epidermal and hypodermal thickness do not
change in response to varying light levels (Fetlél 2001). Feildet al. (2001) also reported
limited adjustments in total leaf thickness, witindeaves beinga. 10% thicker than shade
leaves. Our results, however, show a very strofecedf light availability on leaf area and
mass investment (LMA and LDMC) (Fig. 2.7). The waility we observe in LMA and
LDMC suggests that whildmborellaleaf thickness is not highly variable, as suggested
Feild et al (2001), light incidence may induce significaniftshin tissue density. Further
studies would be needed to detect potential straicthhanges at the cellular level in both the
epidermis and the mesophyll of leaves. This coutdvige information on the leaf

constituents that drivAmborellaLMA variation under different light environments.

The plastic responses of leaf size and leaf migmsation to light variability observed
in Amborellais consistent with numerous reports for angiospspacies in both tropical
rainforests and temperate forests, as well asapscand domesticated plants (Buisson and
Lee, 1993; Miyajiet al, 1997; Poorteet al, 2006; Lusket al, 2008; Matoset al, 2009).
Similar leaf responses span both eudicots and nm®i¢Buisson and Lee, 1993; Lauragis
al., 2012; Yanget al, 2014). Analogous variation in leaf traits haodieen described at the
intraspecific level inArabidopsis thaliangPigliucci and Kolodynska, 2002; Poortet al,
2009). Further, similar LMA increases in responselight have been recorded across
gymnosperm species (Abrams and Kubiske, 1990; Beindl, 1999) and also within
individuals (Kochet al, 2004). Our documentation of leaf trait varialilgés a consequence
of habitat openings iMmborella highlights the adaptive importance of this phepity

response, which seems to operate in similar waysathe major lineages of vascular plants.

2.4.3 Trait coordination and tradeoffs, different grategies within a single species

The study of key functional traits and their vAda across species can be very
informative regarding plant ecological strategi@gestoby and Wright, 2006). For instance,
the median LMA inAmborella(74.5 g.n¥, n = 409) is very close to the 73 ¢median
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reported for tropical rainforest species in genéPalorteret al, 2009). The LMA observed
here is thus congruent with the habitat preferermeémborella whose distribution is
restricted to rainforest-type habitats (Poneetal, 2013; Pouteawet al, 2015). It is now
broadly accepted that plant functional traits nielde studied in a 'network’ perspective, with
multiple traits correlation and tradeoffs assemésaghaping the ecological strategies of
species (Poortest al, 2014). Our results show that coordination of l@afl stem economic
traits is present at the intraspecific level Amborella Hence, Amborella traits can

coordinately shift as a response to local lightiemments.

Axes growing under open canopies seem to adopsaurce conservation strategy
linked to a slower relative growth rate (RGR). dishbeen shown that plants with higher LMA
have lower RGR, and are favored under high-lighiirenments (Poorter and Van der Werf,
1998). The characteristics of leaves in open caropyronments seem to be coordinated with
stem traits that reflect similar conservation stg&s. Indeed, mass allocation to leaves and
stems seems to be coordinatedmborellaas evidenced by the LDMC/LMA - SSD positive
correlations. A positive correlation between LDM@daSSD has been observed across
angiosperm species (Méndez-Alorioal, 2012), suggesting coordinated evolution between
these leaf and stem traits. A coordinated incr@aseass allocation to stems and leaves may
confer a survival advantage by reducing the prdibalof physical hazards such as wind
mechanical stress and herbivore attack (Zimmereta, 1994; Poorteet al, 2009). At the
other end of the spectrum, plants with low LMA, responding here to closed canopy
Amborellaaxes, tend to have higher photosynthetic ratesupérleaf mass (Wright and
Cannon, 2001) as well as faster resource acquisetil high RGR. Fast stem extension in
internodes can minimize self-shading in large-ledvenches (White, 1983). The fast growth
of the large-leaved shade axes in Amborella iecedld by their longer internodes and their
lower values of SSD. It has been shown that woatitle which greatly contributes to SSD,
iIs negatively related with photosynthetic capaq8antiagoet al, 2004). Accordingly,
efficient acquisition of photosynthates likely all® shade branches to have accelerated

volumetric expansion, lowering stem tissue dersitie

In addition to positively related traits, we alsbserved negatively related traits that
could indicate tradeoffs. Our study suggests intgan tradeoffs irAmborellasuch as the
negative relationship between SSD of apical bragesttions and LA. Apical SSD explained
27% of the variation in leaf size imborella (Fig. 2.6), which is similar to the relations

presented by Wrightt al (2007) when relating leaf area and wood denditsiraple-leaved
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species. The apical SSD-LA tradeoff Amborellais consistent with similar findings of
negative relations of leaf size with both wood dgnsnd branch mechanical stiffness across
species of different habitats (Pickep al, 2005; Wrightet al, 2006; Wrightet al, 2007;
Swenson and Enquist, 2008; Olseinal, 2009). To our knowledge, this is the first eviden
of this tradeoff at the intraspecific level. Wrigkttal. (2006; 2007) explained this tradeoff via
plant hydraulics, suggesting that stems with lowodvadensity enable higher hydraulic
conductivity per sapwood areadKallowing higher leaf surface. However, a pregiciudy
(Feild et al, 2001) has shown thatskvas not different between sun exposed and undgrstor
branches oAmborellg which, as we have shown here, tend to have sgnif variation in
LA. If we assume that similar amounts of photosgtdls are on average produced per unit
crown area among light environments, the apical -B8Dtradeoff could then be a
consequence of the fast primary growth rate of Areltess shade wide-leaved axes (Olsbn
al., 2009). A fast primary growth rate can be deducenh the low SSD and wide pith (data
not shown) observed in stems from closed canopi@mments.

Another tradeoff is likely indicated by the stronggative relation between SWC and
SSD. This pattern seems to emerge as a compromigedn mechanical strength and water
storage (Santiaget al, 2004). Our data were consistent with such a ttide Amborellg
with the observed negative relationship betweerh lstéem mechanical traits (MOR and
MOE) and SWC. Respectively, gains of mechanicangfth are observed as SSD increases.
These results are congruent with studies showiaglthwer density is associated with lower
capacity to resist bending and breakage, but higlylem water conductivity and storage
(Pratt et al, 2007; Onodeet al, 2010; Méndez-Alonzet al, 2012). Roselkt al. (2012)
proposed a possible mechanism for this tradeoffgssting that higher levels of stem water
storage would be associated with greater allocatiencell lumen and less to the cell walls

that are largely responsible for stem material madal stiffness.

2.4.4Amborellaarchitecture and mechanical properties in the corgxt of the evolution of

angiosperm growth form

Flowering plants have evolved into an unparalled@eersity of growth forms and
architectures. The architecture of a plant is aefiby the nature and arrangement of each of
its parts (Barthélémy and Caraglio, 2007). Becamsst of the axes dikmborellaare initially
orthotropic bending secondarily by gravity, its fatecture corresponds to Champagnat's

architectural model (Hallét al, 1978). However, the observed changes in leahti®n,
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from radial to bilateral symmetry according to thposition on the axis, are features of
Mangenot's architectural model (Halkt al, 1978). Amborella may thus represent an
intermediate form suggesting an architectural cantim between these models (Barthélémy
and Caraglio, 2007). Both models are characterizgdthe lack of a main trunk and
construction based on the superposition of modules. absence of a main trunk and the
similar morphologies of its modules characterize tiody of Amborella The lack of a
hierarchical organization in the axes Amborella contrasts with the very hierarchical
architecture commonly observed in gymnosperms (@ldst al, 1999). These observations
suggest that angiosperms may have evolved a lsesscted body construction that could
have promoted the development of a wider rangefip forms.

A possible example of such novel growth forms udels sympodiality, which is
widespread among basal angiosperms. Sympodialdyalso been suggested as a retained
character in Ranunculales, the eudicot order sistére rest of the eudicots (APG I, 2009).
Because of this phylogenetic pattern, and becafigheoabsence of sympodial growth in
gymnosperms, sympodiality has been suggested asmapa@morphy for the angiosperms
(Carlquist, 2009). Carlquist (2009) also suggedtest sympodiality may have provided
angiosperms with numerous competitive advantagesh ss rapid spreading over wider
lateral areas, securing footholds and tapping naWwresources by the rooting of branches,
and escaping hydraulic and mechanical failuresheyproduction of numerous branches that
can potentially root. The production of branchesfrdormant buds confers émborellathe
ability to resprout through basitonic and mesotaslays (Figs. 2.3E,F). Resprouters seem to
have an increased ability to persist after distackaevents (Bond and Midgley, 2001). As
such, sprouting ability has been suggested to keydeature of plant strategies (Bond and
Midgley, 2001). Collar sprouting, as seen in theitoaic relays observed ismborella(Fig.
2.3F), is generally rare in conifers (Del Tred2901). The sprouting ability and sympodial
construction observed limborellaare morphological characteristics observed inrothee-
like basal angiosperm groups (Isnatl al, 2012). This suggests that sympodiality, and
associated sprouting and rooting ability, which che considered as competitive

morphological attributes, were acquired early dyitime evolution of the flowering plants.

The cane-like form oAmborellaand other basal angiosperms is often associatéd wi
the presence of scandent stems (Feild and Areih; 2ZD07). The laxity of these scandent
stems should be reflected by the relationship be&twstem size and stem mechanical

properties. Our work provides a first estimation tbe stem mechanical properties of
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Amborella We show that its vesselless stems have the meahanganization of a self-
supporting plant, with tissue stiffness increasmth stem diameter (Fig. 2.8A; Table 2.3)
(Rowe and Speck, 2005). A previous study analy#iregstem mechanics of cane-like basal
angiosperms has shown a similar mechanical org@mizan shrubs and treelets in
Aristolochig Thottea and Piperaceae (Isnaetlal, 2012). In spite of the indisputable role of
stem tissue mechanical properties in the developuofedifferent forms, plant habits are also
the result of the interplay of stem mechanics witm length and stem diameter (Castorena
et al, 2015). The mechanical organization @imborella and other cane-like basal
angiosperms corresponds to the profile of a sgiperting plant, given that MOE increases
with stem diameter, unlike very long lianas, whdlsgible tissues do not increase in MOE
with increases in stem size. Therefore, the scanfdem of Amborella and other cane-like
basal angiosperms, should be regarded as the wmdsmitreases in stem length without an

offset in stem diameter.

Amborellaaxes can vary morphologically from short axes gngainder open canopy
(Fig. 2.3F) to long pendulous axes developing urdliesed canopy (Fig. 2.3E). Given that
MOE and stem diameter relationship is similar aerc@nopy opennesses (Table 2.3), local
light environment does not seem to have a dirdetebn stem tissue mechanical properties.
This result converges with the conclusions of Raaall Olson (2007), who also found a lack
of environmental effect on stem tissue mechanicapgrties. Our findings are however
contradictory to the conclusions of Gallenmdller at (2004), who stated that canopy
openness has an influence on stem mechanics. How€veton nuntians the species
considered in their work, exhibits ontogenetic tshdf mechanical patterns between juvenile
freestanding and adult climbing individuals. Theref canopy openness may influence the
ontogenetic development &. nuntianswith stem bending as an associated responses|t ha
been suggested that size variations are suffit@egenerate functional diversity even in the
absence of shifts in stem tissue mechanic progefesellet al, 2012). Our results suggest
that light-induced changes in stem length can effely affect the mechanic behavior of
Amborellaaxes, producing habit variations without furtheiftshin stem tissue mechanical
properties. We show here that variation in canopgnoess has a significant effect on leaf

size and leaf mass investment.

Leaf and stem economics are coordinatednmborellaand leaf size shows a strong
association with stem size. Moreover, shifts imst&ze seem to influence the mechanical

behavior and growth habit expressed Amborella Our study on the sister species to the
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remaining flowering plants underscores that theswdinated plastic responses in structural
and functional traits, which likely provide adagifunctional strategies, were likely already

present in the common ancestor of all extant apgioss.
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Evolution of woodiness in Piperales, a mega-diverse
basal angiosperm order*

0 Anatomical organization of Piperales lineages
[ Cambial activity and woodiness evolution

0 Anatomical variation of vessel element perforation plates
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CHAPTERS. Evolution of woodiness in Piperales

Abstract

Piperales, the largest basal angiosperm orderov#f90 species, displays a wide diversity of
growth forms. This diversity in growth forms appe#v be linked with differences in cambial activity
and subsequent derived wood production. To dateveaall synthesis of the evolution of woodiness
in Piperales has been done and few studies hapes®d an ancestral habit (woody/herbaceous). This
chapter provide anatomical data of all lineagehiwiPiperales, and reconstruct ancestral character
states, focusing on the origin of woodiness withi@ order and on the ecological significance of key

anatomical features.

Stem anatomical observations, with special emphasisvood anatomical features, were
performed on 28 species of the Piperales, includilegv CaledoniarPiper species and Piperales
representatives from other regions around the w&ydcombining previously published studies with
original data, we conducted phylogenetic reconsitns of cambial activity and vessel element

perforation plates to assess the origin of woodirse®l vessel evolution in Piperales.

Different patterns of cambial activity are obseriedPiperales, from active secondary growth
in both intra- and interfascicular areas HAristolochiag Thottea (Aristolochiaceae),Saruma
(Asaraceae)ManekiaandPiper (Piperaceae) to cambial activity mainly restrictedascicular areas
in Saururaceae and a complete lack of secondarwtigrin Verhuellia Vessels in Piperaceae,
Aristolochiaceae and Asaraceae present simple nadéido plates while those of Saururaceae are
mostly scalariform. A stem endodermis bearing ap@aan band —an atypical feature in aerial
stems— is reported for all genera within the Pipeag and foiSaururusand Houttuyniain the

Saururaceae.

The common ancestor of the order likely had aivaadambium and woody habit, including
vessel elements withirsple perforation plates. All Piperales woody specshare several wood
features including wide and tall rays, suggestingirgle origin of wood in the order. The high
diversity of growth forms observed in Piperales lanked to frequent shifts in cambial activity and
changes in habit-related features within the d#ffeédineages. In the local context of New Caledpnia
the exceptional climbing and herbaceous forms péRiceae species, which are absent in the rest of
the New Caledonian basal angiosperms, may undédidigh niche marginality of this family. This

suggests that growth form diversity is a promofezamlogical diversification.

Keywords: Growth forms, Piperales, protracted juvenilism, nstendodermis, vessel element
perforation plates, wood anatomy, wood evolutioap#diness.
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3.1 Introduction

Variations in the degree of cambial activity arte tsubsequent production of
secondary tissues are key elements behind thestiveaf forms that we observe in extant
angiosperms (Rowe and Speck 2005; Carlquist 20p@eBand Groover 2010). Flowering
plants present a broad array of growth forms rapgmom massive trees with a high
production of wood, woody herbs with a limited sedary growth production—frequently
localized at the base of the stems—herbs with @ retuced cambial activity limited to the
fascicular areas and genuine herbs which preseotn@lete loss of the cambial activity, with
stems that are exclusively formed by primary tiss(fépicer and Groover 2010; Rowe and
Paul-Victor 2012; Lenst al. 2012). This diversity in the degrees of woodiness hgsably
enabled flowering plants to explore new and divexselogical strategies (Rowe and Speck
2005; Rowe and Paul-Victor 2012; Carlquist 2013).

The transition from woody to herbaceous growthm®randvice versaseems to have
occurred many times within the different lineagdsangiosperms, leading to complex
patterns of woodiness across the flowering plagtqgeny. An increasing number of studies
demonstrates that secondary growth can be highilghla and represents a labile process in
plants (Kim et al. 2004; Dulin and Kirchoff 2010ehset al 2012; 2013). Distributions of
stem anatomical traits within phylogenetic hypodsesan provide meaningful insights about
the evolution of plant's anatomical features (Olsbmal 2003; Lenset al 2009; Pacet al
2009; Wagneet al 2012). Moreover, we are gaining knowledge abbet distribution of
woodiness among angiosperms and the genetic maeoharbehind secondary growth are
being progressively untangled (@h al 2003; Koet al 2004; Groover 2005; Melzet al
2008; Spicer and Groover 2010; Lees al. 201d). In this context, the study of wood
structure and the variations in the degrees of wmsd within the main angiosperm groups
are of great importance in understanding how thesslifications have occurred and

influenced the evolution of plant forms.

Current phylogenetic hypotheses strongly suppwtgrade containing Amborellales,
Nymphaeales and Austrobaileyales as the first ssoge lineages of angiosperms (Zagis
al. 2002; Qiu et al. 2005; Soltis et al. 2008; Mootele 2010; Amborella Genome Project
2013), followed by the Chloranthaceae and the miagagLaurales, Magnoliales, Canellales
and Piperales). This topology is suggested to suippe idea that early diverging lineages of

angiosperms possessed an active bifacial cambiwarigi@st and Schneider 2001; Feild and
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Arens 2005; Spicer and Groover 2010). Becausesgihiylogenetic position and its diversity
of growth forms, Piperales has been consideredkaesy dineage for understanding the early
diversification of angiosperms (Carlquist 2009;dstet al 2012).

Piperales is a pantropical species-rich clade sjbroximately 4300 extant species; it
includes a wide spectrum of growth habits includnegbs, shrubs, treelets and climbers (Fig.
3.1), living in both terrestrial and semi-aquaticvieonments. In the archipelago of New
Caledonia, Piperales are represented by 15 spéTasde 1.1) belonging to the genera
Peperomia(herbs), andPiper (woody lianas; Fig. 3.1B). A broad survey of growthims,
architecture, anatomy, and biomechanics within ialps has recently demonstrated that the
frequent shift in growth forms is probably a magource of diversity within the group (Isnard
et al. 2012). The patterns of growth form evolution wtlPiperales potentially reflect some
overall changes within angiosperms, especiallytedldo transitions in woodiness, diversity

of mechanical organizations and shifts in architesdtdevelopment.

Among the several works that have treated theoamatof Piperales, Sherwin
Carlquist's studies are key references, for desgilihe anatomy of Aristolochiaceae
(Carlquist 1993)Lactoris (Carlquist 1990) and Saururaceae (Carlgeisal 1995; Schneider
and Carlquist 2001). Substantial amounts of inftram on Piperaceae anatomy can be found
in the literature since the $@entury (Schmitz 1871; Debray 1885; Hoffstadt 1946ncker
and Gray 1934; Murty 1959; Ravindran and Remash&88; Souzat al 2004). Datta and
Dasgupta (1977) published the only study attemptong@utline the anatomy of the entire
Piperales order, but this work included only thgeeera out of 16 and merely considered the
general distribution of tissues. More recently, gtem anatomy of the perianth-bearing
Piperales has been investigated with a specialsfatuAristolochia (Wagneret al. 2012;
2014). In addition, Isnard et d2012) briefly explored the stem anatomy of Pipesabut did

not describe the wood anatomy and the differenteainbial activity within the order.

Woodiness in Piperales has long been argued teebendarily derived based on
observations of wood anatomical features pointlmgrbtracted juvenilism (Carlquist 1993;
Carlquist et al. 1995; Spicer and Groover 2010)otrBcted juvenilism (or "wood
paedomorphosissensuCarlquist 1962), is a form of heterochrony whezattires of primary
xylem are observed in the secondary xylem, whichsequently maintains a juvenile
appearance (Carlquist 1962; 2009; Dulin and Kirtt8f10). The presence of protracted
juvenilism in wood has been proposed as indicabifveecondary woodiness, where woody

species are derived from an herbaceous ancestolq@da 2009; 2012). This association

56



CHAPTER3. Evolution of woodiness in Piperales

results from the frequent observation of protragieeenilistic features in insular woody
species, which are supposed to be derived fronedrabeous ancestor (i.e. secondary woody
species)Because protracted juvenilism can't be strictoasted with secondary woodiness
(Lenset al 2013), the origin of woodiness should be evallidteough comparative anatomy

in a phylogenetic context.

FIGURE 3.1 lllustration of the diversity of growth forms ingairales. (APiper hispidinervum
(Piperaceae), treelet with significant wood produgtgrowing in the living collection of the
Xishuangbanna Tropical Botanical Garden, China. F®)er insectifugum(Piperaceae),
overview of this woody liana, growing in the huniatest of Mt. Aoupinié, New Caledonia.
(C) Saruma henryi(Asaraceae), rhizomatous woody herb producing @&e@namount of
wood restricted to the base of the stem, growinipéngreenhouse of the Botanical Garden of
Dresden, Germany. (Dyhottea iddukiangAristolochiaceae), subshrub presenting several
stems with a slight production of wood, growingKerala, India. (E)Peperomia blanda
(Piperaceae), a strictly herbaceous and small-gatedt, growing on a rocky hillside in
Yunnan, China.

The phylogenetic relationships within Piperalegehbeen progressively resolved over

recent years and this provides a well-founded biasm family to generic levels to be used
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for ancestral character state reconstructions rilcaand Manos 2001; Nickremt al. 2002;
Jaramilloet al 2004; Neinhui®t al 2005; Ohi-Tomaet al 2006; Wankest al. 2006; Wanke
et al 20074; 200hb; Samairet al 2009; Naumanet al 2013). This provides the opportunity
to explore the variations in cambial activity andasl anatomy in this large order, and to

reconstruct the putative ancestral cambial actiaitgt wood features of Piperales.

We combine available data from literature with oréd anatomical descriptions of Piperales
representatives. Two New Caledoni&iper species were included in a global dataset
including some poorly known taxa such Manekia, Verhuellisaand Zippelia (Piperaceae)
whose phylogenetic positions have only recentlynlbresolved (Wanket al 200&; 2007).
The main objectives of this study are to (1) corapdue cambial activities and anatomical
features between all main lineages and (2) addheserigin of woodiness in Piperales using

ancestral character state reconstructions ovezeantenolecular phylogenetic hypothesis.

3.2 Material and Methods

3.2.1 Plant material

Piperales comprise two well-supported clades taat be named perianth-less and
perianth-bearing (Naumanat al 2013). The first clade consists of PiperaceBed,
Peperomia Manekig Zippelia and Verhuellig and Saururaceaé\riemopsis Gymnotheca
Houttuynia and Saururu$. The second clade includes Aristolochiaceaestolochia and
Thotteg, Asaraceae Asarum and Sarumg, Lactoridaceae L@ctoris) and Hydnoraceae
(Hydnoraand Prosopanche We adopted the most recent molecular phylogergtpothesis
where all Piperales families are statistically sanpgd as monophyletic (Naumaret al
2013). Stem samples of 28 species belonging teeh&rg were collected during field work in
China, Colombia, India, Mexico and New Caledoniagd &om the living collections of the
Botanical Gardens of Bonn and Dresden in Germanlykarala in India (see Appendix Al
for the species list and collection sites). 2 teanples per species were collected on basal
portions of the stems corresponding to the maiis aximature plants. This allowed us to
ensure that the analysis was done on fully develgtems since wood development can be
restricted to the most basal parts of stems. Praaturity was assessed through the
observation of sexual maturity (flowering and fingf) or through architectural features as the
presence of reiterations and the full developmenhto@nches on large and unpruned

individuals. After collection, all samples were geeved in 70% ethanol.
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3.2.2 Anatomical descriptions and microtecnique

Anatomical sections were carried out on all thddéerent planes: transverse, radial
and tangential for all of the sampled species. Latiooy work was carried out in the UMR
AMAP (Mixed Research Unit, Botanique et Bioinfornoate de I'Architecture des Plantes) in
Montpellier, France. Before sectioning, samples ewenmersed for five minutes in a
histological clearing agent (Histo-clear, Natiomaihgnostics. Atlanta, USA). Histological
sections were cut using a vibratome (Thermo Sdienklicrom HM 650V); the more
resistant samples and stems with diameters gridaer2 cm were sectioned using a sliding
microtome. Hand sectioning using a razor blade alss carried out for some samples. In the
case ofZippelia begoniifoliawe followed the method proposed by Barbesaal (2010),
using a polystyrene foam solution to reinforce Heetion. The latter method as well as
embedding in Agar 6% was used fderhuellia lunariabecause of the small diameter and
softness of its stems. Stem sections were stairni#&dOnl% aqueous Toluidine Blue O for 5-
10 min. Once stained, sections were mounted onostope slides using one of the following
mounting media (Eukitt, Kindler GmbH. Freiburg, @=amy; Isomount, Labonord.

Templemars, France).

Wood macerations were used for observations afefedement morphologies. Pieces
of the outer and most recently produced layers @ddwvere dissected using a double-edged
razor blade. Strips of wood were then chemicallycenated by immersion in capped 2 ml
vials containing a maceration solution (1 : 1 byunee, 35% HO, : glacial acetic acid) and
placed in an oven at 60 °C for 72 h until the wbedame translucent. Wood macerates were
then stained by immersion in 0.1% aqueous Tolui@lue O for 10 minutes; wood macerates
were then shaken in order to loosen vessel elemidteésed and immersed in distilled water.
After settling, a drop of the colored wood macesateas pipetted onto a slide and digital
images of macerated xylem vessel elements wergedaout immediately after mounting.
Anatomical observations were carried using a bifevcstereo microscope (Olympus SZX9.
Japan) and optical light microscope (Olympus BX3&pan). The 21 wood anatomical
characters used in the study follow the IAWA terabagy for microscopic features (Wheeler
et al. 1989). Twelve additional characters of stem angtavere used (see Table 3.1 for the
complete list of characters). IAWA wood featuresuldonot be attributable for species
producing a limited amount of wood, vessel elemdascriptions were based on the
metaxylem tracheary elements for these species.
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3.2.3 Literature review

Our sampling includes representatives of all Rilesr genera, with the exception of
Lactoris, AnemopsisAsarumand the Hydnoraceae family, for which anatomicatdwere
compiled from literature (Appendix A2). We also qaleted our anatomical observations of
species-rich genera though an extensive literagurgey; this allowed us to cover a wide
proportion of infrageneric diversity and to increate number of species for large genera
(see Appendix A3 for a complete list of the projmortof species and infrageneric clades). A
high representativeness was obtained for poorlerdified genera. Species representation
clearly falls to low percentages in very large ganguch asAristolochig Peperomiaand
Piper for which it would be nearly impossible to samplé species. Our work, however,
includes representatives from most of the majaagéneric clades (Appendix A3).

3.2.4 Data processing and character mapping

We adopted the topology of Piperales from a receoiecular phylogenetic analysis
where the internal nodes of the order are well stpd (Naumaneet al 2013). The topology
at the generic level was obtained from previouslgmsnetic studies where the relationships
were statistically supported (Wanke al. 2007; 2007). We scored character states at the
generic level and ancestral character state rewmtisins were carried out using maximum
parsimony (MP) and maximum likelihood (ML) methodsing the StochChar module
(Maddison and Maddison 2006) of Mesquite 2.75 (Mswmld and Maddison 2011). ML
reconstructions estimate the uncertainty of anakstate reconstructions and help to quantify
the inferred ambiguities (Pagel 1999). We employtdreconstructions using a Markdy
state 1-parameter model of evolution, assumingsiep per change with the cost of gains
equal to the cost of losses of a given state foh ednaracter, this is designed to estimate
transition rates of discrete characters over aquerly (Pagel 1994; Jaramilet al. 2004).
The likelihood of each character state is showtnépie chart at each single node of the tree.
ML reconstruction methods do not however allow podyphic states; MP was consequently
used to code polymorphisms when two potential dtarastates were known to occur in
terminal taxa, we employed an unordered parsimomgai with equal gain/loss costs
assuming one step per change. We cl@meella winteranafrom the Piperales sister order
Canellales (Qitet al. 2005; APG-Ill 2009; Massomt al 2014) as outgroup. The anatomical
description of the outgroup was obtained from Fetlal (2002) and from the InsideWood
data base (InsideWood 2004-onwards).
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3.2.5 Cambial activity characterization and charactr states description

Distinguishing the limits between herbaceous anddy species is especially difficult
when dealing with intermediate expressions of cahdutivity leading to different degrees of
wood production as occurring in Piperales (Fig) 8Rlowe and Paul-Victor 2012; Lers al.
2012; Lenset al 2013). We used observations of cambial activvtation and assessments
of wood productivity in order to classify the degseof woodiness in Piperales. We
established 5 possible states of cambial activitychv correspond to herbaceous and woody
conditions following the next criteria: 1) "Absernt"No cambial activity. 2) "Restricted to
fascicular areas" = Cambial activity exclusivelycdted at the intrafascicular areas. 3)
"Woody herb" = Cambial activity in both intra- andterfascicular areas, producing a
complete wood cylinder of determinate thicknessglthan 20 cell layers) and restricted to
the base of the main stem. 4) "Slightly woody" =nt&l activity in both intra- and
interfascicular areas, producing a complete wodohagr of determinate thickness (less than
20 cell layers) extended along the main stem. 5YlyTwoody" = Cambial activity in both
intra- and interfascicular areas, forming a congblebod cylinder with a significant and

indeterminate production of wood (more than 20 legirs).

The threshold of 20 cell layers of secondary #ssproduced by cambium was
established after observing that small-sized speoiePiperales corresponding to poorly
lignified lianas and subshrub forms had a limited determinate wood production that never
exceedca. 20 cell layers. On the other hand, all of the olbs# species exceeding 20 cell
layers corresponded to small trees, shrubs ordiantn a high and indeterminate production
of wood. During literature survey, if the locatiand productivity of cambial activity were not
explicitly reported, we used the descriptions obvgh habit to code character states. For
instance, Anemopsisand Asarumwere coded as "woody herbs" according to ourditee
review (Appendix A2). Secondary xylem Asarum canadensandA. cardiophyllumhave
been declared as forming a wood cylinder restritbeithe base of the aerial stem (Wageier
al. 2014) thus corresponding to the woody herb s@glquistet al (1995) reported that
secondary growth is obvious Binemopsis californican both fascicular and interfascicular
areas, as secondary growth of this species is gixely located to the rhizomes it can be

coded as a woody herb.

MP character optimization in cambial activity rastruction allowed us to code two
possible states for a given genus. This alternatoging concerned\ristolochig Thottea

Peperomiaand Piper, where various degrees of cambial activity mightw. Coding of
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Aristolochiawas supported by a recent evolutionary analysighengrowth forms of the
genus (Wagner et al. 2014), proposing a climbing shrub ancestral habit féristolochia
and rejecting the possibility of an herbaceous stngeln terms of cambial activity these
growth forms correspond to “truly woody” (shrub draha) or “slightly woody” (vine) states.
Piper and Thottea were alternatively coded as "truly woody" or "sligh woody"
corresponding to our own observations (Table 3rig Bterature survey (Appendix A2).
Despite of a low specific representativeness, awkwnclude species of all major clades and
growth forms within these genera (Appendix A3), yidong a good level of confidence.
Cambial activity inPeperomiavas coded as "absent" or "restricted to fascicaleas" as our
literature survey and our anatomical observatiamggssted both possibilities in this large
genus, for which anatomy is known to be homogendénsilly, we performed ML ancestral
character state reconstruction on vessel elemefdrpgon plates, a feature of major interest
in the understanding of the evolution of wood suiue. Perforation plates were coded with
two possible states (“simple” or “scalariform¥erhuellids perforation plates were coded as
"inapplicable” because this species lacks metaxylessel elements.

3.3 Results

3.3.1 Tissue distribution and cambial activity

SaururaceaeAll species present a cambial activity restrictedhe fascicular areas
and producing only a few cell layers. Vascular besdare organized in a single ring.
Tangential alignments of cells are exclusively niewd to the vascular bundles and the
fascicular cambium produces a negligible amountsetondary tissues (Figs. 3.2A,B).
Interfascicular cambium is never active (no radialtangential divisions were observed)
(Figs. 3.2A,B). Aerenchyma is present in both, tiedullar and cortical areas 8aururus
chinensigFig. 3.2A, stars), while iGymnotheca chinensiswas exclusively observed in the
cortical area (Fig. 3.2B, star), aerenchyma is @atbseHouttuynia cordataln G. chinensis
andH. cordataa complete ring of sclerenchyma fibers is preseiside the vascular bundles
with a width of 1-3 cell layers (Fig. 3.2B). A fefibers are present at the adaxial and abaxial

surfaces of the bundles $ chinensisbutnot forming a complete ring (Fig. 3.2A).
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TABLE 3.1.Stem anatomical characters of Piperales

ARISTOLOCHIACEAE ASARACEAE PIPERACEAE SAURURACEAE
> ) N (o}
57 3 22333233 o, 2 33 s FRrg 2 s 5 3 & %
s £ 8 3 8 8 3 7§ 8 & 2 @2 £ 8 8 88 2 & ¢ 5 @ 3 2 3 5 5§
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S § 3 2 g 2 8 g @ 8 & = s 3 8 2 3 5 & < g8 ¢ = g @ o >
£ g = - e » 3 % = 3 - 8 B ® 3 3 § 3 P 5 2 5 3
GENERAL ANATOMY
Number of cycles of vascular bundles 1 1 1 1 1 1 1 1 1 1 1 >2 >2 >2 2 2 2 >2 2 >2 2 - 2 1 1
Medullary bundles - - - - + + o+ + + 0+ o+ o+ + + + +
1 exclusive medullary bundle = - - - - - - - - - - - - - - = - - = - - - + -
. - P, P P,
Presence of mucilage canals - - - - - - - - - - - P,C - P & ¢ - - c - - - - - - -
Active phellogene, bark production ST - + - + o+ o+ + + - - + = + + + o+ o+ o+ + = = = < = < =
Stem endodermis with a Casparian band = - - - - - - - - - - - + + o+ i + - - i - + o+ + + - + +
Sclerenchyma ring geometry c ¢c ¢c ¢c c¢c c ¢ ¢ ¢c c u D C b b U U U U U U U u - U © C D
Width of the sclerenchyma ring (mean no. of cel 4 4 5 2 3 2 2 4 3 3 3 NA 4 NA NA 7 3 4 5 8 4 6 4 NA 4 4 3 NA
Aerenchyma = - - - - - - - - - - - - - - = - - - = - - - - - + - +
Calcium oxalate D D - - - - - - - - - - DPR - DR - - R - - PR - R - R R D -
Cambial activity 5 5 4 5 4 5 4 5 5 5 4 3 5 1 2 5 5 5 5 5 5 4 5 1 2 2 2 2
Cell layers produced by cambium >20 >20 <20 >20 <20 >20 <20 >20 >20 >20 <20 <20 >20 - R >20 >20 >20 >20 >20 >20 <20 >20 <20 R R R
WOOD ANATOMY
Growth rings boundaries distinct (1) = - - + - - - + - - - = - - - + = - - = = = = =
Vessels in diagonal and / or radial pattern (7) S I + + o+ o+ o+ + + o+ + + NA NA + + o+ o+t + + + NA NA NA  NA NA
Vessels exclusively solitary (90% or more) (9) +  + + + o+ - - - - + NA NA - - - + = + + + NA NA NA NA NA
Vessels in radial multiples (10) = - - - - - - + + - - - - NA NA + + - - = - - - NA NA NA NA NA
Vessel clusters common (11) = - + - + - + o+ + + o+ - + NA NA + + o+ i - - - NA NA NA NA NA
Simple perforation plates (13) S I + + o+ o+ o+ + + o+ + + NA NA + + o+ o+t + + + NA o+ - - -
Scalariform perforation plates (14) - - - - - - - - - - - - - NA NA - - - - - - - - NA - + + +
Intervessel pits scalariform (20) - - - - - - - - - - - + + NA NA + - + - + + + + NA + + + +
Intervessel pits opposite (21) - - - - - - - - - - - - NA NA - - - - - - - - NA - + +
Intervessel pits alternate (22) + + + + + + + + + + + + - NA NA - + - + - - - - NA - - - -
Axial parenchyma absent or extremely rare (75) - - NA - NA - - - - - NA + - NA NA - - - - - - - - NA NA NA NA NA
Axial parenchyma diffuse (76) i - NA + NA - + - - - NA - - NA NA - - - - - - - - NA NA NA NA NA
Axial parenchyma diffuse-in-aggregates (77) i + NA + NA + + + + + NA - - NA NA - - - - - - - - NA NA NA NA NA
Axial parenchyma scanty paratracheal (78) + + NA + NA + + + + + NA - - NA NA - - - - = - - - NA NA NA NA NA
Axial parenchyma vasicentric (79) = - NA - NA - - - - - NA - + NA NA + + 0+ o+ o+ + + + NA NA NA NA NA
Axial parenchyma in narrow bands (86) + + NA + NA + + + + + NA - - NA NA - - - - = - - - NA NA NA NA NA
Ray width — commonly 4- to 10- seriate (98) = + - + - - - - - - - - - NA NA - - - - = - - + NA NA NA NA NA
Ray width — commonly > 10-seriate (99) = - + - + o+ o+ o+ + + o+ - + NA NA + + o+ o+t + o+ - NA NA NA NA NA
Wood rayless (117) = - - - - - - - - - - + - NA NA - - - - = - - - NA NA NA  NA NA
All ray cells upright and / or square (105) = - - - + o+ o+ o+ + + o+ - + NA NA + + o+ o+t + + + NA NA NA NA NA
Ray lignification E E E E E E E E E E E - - NA NA - | E E | E E | NA NA NA NA NA




«—TABLE 3.1Notes Analyzed characters for the general anatomy (psirbady) and wood anatomy
of Piperales, indicating the presence (+) or absdrcof each character for each species. NA = not
applicable Presence of canalsP, Peripheral canals, several canals occurring apéneneter of the
stem as seen in transverse secti@rCentral canal, a single canal occurring in th&texeof the stem.
Sclerenchyma ring geometry C, Circular continuous band of sclerenchyma fibeensin transverse
section.D, Discontinuous bands of sclerenchyma, fibers gomyras islands or caps contiguous to
vascular bundledJ, Undulating and continuous band of sclerenchy@scium oxalate D, Druses,

P, Prismatic crystalsk, RaphidesCambial activity: 1, Absent. 2, Restricted to fascicular areas. 3,
Woody herb. 4, Slightly woody. 5, Truly wood®ell layers produced by cambium >20, more than

20 cell layers.<20, less than 20 cell layer®, few cell layers restricted to fascicular areRay
lignification : E, Complete lignification over the entire width dietsteml, Incomplete or partial ray
lignification. Numbers between brackets corresponithe IAWA wood feature numbers.

Aristolochiaceae In Aristolochia and Thottea many species can develop a high
amount of secondary xylem forming large wood cydired (Figs. 3.2C,D). Despite active
secondary growth, the fascicular cambium rarelydpoes rays and the interfascicular
cambium never produces fusiform initials. Vesseh®nts and fibers are consequently absent
in the interfascicular area and we observe exalgiwide multiseriate rays composed of
secondary parenchyma cells (Figs. 3.2C,D). Rays calé lignified in allThotteaspecies
studied (Fig. 3.2C; Table 3.1), ray lignificatiomasvvariable betweeAristolochia species
(Table 3.1). Growth rings were observedTinduchartreiand T. sivarajanii (Table 3.1). A
continuous ring of pericyclic fibers was observedristolochiaandThottea(Figs. 3.2C,D).
This ring of fibers undergoes fragmentation andssghbent repair via parenchyma intrusion
and lignification during secondary growth.

AsaraceaeSaruma henryshows little and determinate production of woodarding
the rest of the woody representatives in the p#riaearing Piperales. Interfascicular
cambium does not produce radial initials (Fig. 3,26nsequently presenting a rayless wood.
Raylessness i%. henryiis a unique feature regarding the remaining woquisces of the
perianth-bearing PiperaleS. henryidoes not present the continuous ring of fibers comiyn
observed in the sister group Aristolochiaceae, meickal support is then provided by

sclerenchyma bundle caps and an external ringso€@i layers of collenchyma (Fig. 3.2E).

Piperaceae All Piperaceae, excepVerhuellia lunarig presented a polycyclic
arrangement of vascular bundles, which is a chanatt of the family. Vascular bundles are
organized in two or more concentric rings Riper, Manekia and Zippelia (Figs. 3.2G-I;
Table 3.1). In species undergoing secondary grosgkpndary thickening is restricted to

peripheral bundles (Fig. 3.2H).
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FIGURE 3.2 Variation in cambial activities and tissues distribution in Pabes species
observed in transverse sections. @gururus chinensisrascular bundle with intrafascicular
cambium producing a limited number of cells, abseat interfascicular cambial activity,
note the presence of aerenchyma (indicated by)stuale bar: 100 um. (B}ymnotheca
chinensis vascular bundles surrounded by a continuous hkanfibers; limited cambial
activity is restricted to intrafascicular areasrdar), absence of interfascicular cambial
activity, cortical aerenchyma is indicated by a,stgale bar: 200 um. (O)hottea barbeti

full cambial activity in both inter- and intrafasalar areas, interfascicular cambium produces
exclusively ray-like secondary parenchyma and \esse arranged in a radial pattern, scale
bar: 500 um. (DAristolochia impudicavessels are predominantly solitary and arrangea i
radial pattern, wide secondary rays, a ring ofrBbgurrounding the vascular system is still
present, scale bar: 500 pm. @ruma henryivessels are arranged in a radial pattern, vessels
are not much wider than the surrounding fiberslesbar: 200 um. (FPiper gorgonillense
wide secondary rays produced by the interfasciazdanbium, vessels solitary or in clusters
and presence of a growth ring, scale bar: 500 |@h.Z{ppelia begoniifolia presents two
cycles of vascular bundles, only the peripheraldiespresent a slight cambial activity (inset,
black arrow), note the presence of a Casparian fiasét, white arrow), scale bar: 1000 um
(100 um for the inset). (HPiper nudibracteatumsecondary production is limited to the
peripheral vascular bundles while the medullary dbes remain inactive, notice the wide
secondary rays formed by parenchyma cells, scate568 um. (I)Manekia sydowijithree
rings of vascular bundles are visible, the intewstrbundles present a procambial inversion
with primary xylem developing externally, partstbé central and peripheral mucilage canals
are visible at the bottom and the top, scale H@0:5m.
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In Peperomia vascular bundles are surrounded by ground payemehand are
scattered throughout the stem section without anoab concentric distribution. Similar to
Aristolochiaceae and Asaraceae, the interfasciadarbium of woody Piperaceae produces

exclusively wide secondary rays composed of seagnuirenchyma (Figs. 3.2F,H).

Rays are entirely lignified in mature wood, excaptclimbing species where ray
lignification is partial or absent. The climbbtanekia sydowiproduces a high amount of
wood and secondary rays remain completely unligdif(Table 3.1). We recorded a
procambial inversion of the most internal medullanndles ofM. sydowij where primary
xylem developed centrifugally while primary phloedeveloped centripetally (Fig. 3.2I).
Peperomia blandaand P. incanashow only a slight cambial activity, where secomdar
production is very limited and is absent in mosthef observed vascular bundles (not shown).
Cambial activity is also very limited i#&ippelia begoniifolia and thefascicular cambium
produces only a tiny amount of secondary tissueg. (8.2G inset, black arrow). Cell
alignments were observed in some sections betwhenbtindles ofZippelia but the
interfascicular cambium can be considered inaa®/é only presents a few divisions of cells
and the observed alignments seem to be the pramfutdngential procambial divisions,
therefore no wood cylinder is present. Cambialvégtis completely absent iWerhuellia
lunaria, and the stem comprises only one exclusively ni@dubundle, which is embedded
in ground parenchyma (Fig. 3.6B). This is composke8s-9 protoxylem elements and a small
amount of primary phloem. A complete ring of scleieyma fibers was observed in
Manekig Piper and Zippelia The ring of fibers is internal to the periphemindles and
presents an undulating pattern (Figs. 3.2G,H; 3.3A)ers are present only as externally-
oriented caps on the vascular bundlesPeperomiaand they are completely absent in
Verhuellia(Table 3.1).

3.3.2 Wood features of Piperales

Rays All of the woody species of Piperales presentyweide and tall multiseriate
rays (Figs. 3.2C,D,F,H; 3.3A; Table 3.1). Most bé tspecies present rays of more than 10
cells wide (Fig. 3.3A), onlyffhottea barberandPiper sp.present rays with a width less than
10 cells but which are nevertheless consideredwdseriate. As mentioned abov@aruma
henryiis the only observed species with rayless wood. (BigE). We observed a few short
lignified bi-seriate rays in some sections 8hkruma henryi however, they become

indistinguishable from the rest of the lignifiedsies by the late stages of development. Ray
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composition is the same for all species with preidamtly upright cells and a few square
cells (Figs. 3.3B-D). For most of the examined sgecray cells become lignified; ray-
lignification is absent or partial in most climbisgecies.
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FIGURE 3.3 Ray features of Piperales. (Ahottea iddukianatangential plane, rays are 10 to
15 seriate, scale bar: 500 um. (Bjottea sivarajanjiradial plane, upright cells of ray tissue
with lignified walls, scale bar: 100 um. (Chottea siliquosaradial plane, rays are composed
of mixed upright and square cells, scale bar: 280 (D) Piper gorgonillenseradial plane,
upright and square cells of ray tissue, scale3@0:um.

Vessel elementsPerforation plates and lateral wall pitting: Adpecies within
Aristolochiaceae, Asaraceae and Piperaceae prsseple perforation plates (Figs. 3.4A-J;
Table 3.1). The metaxylem tracheary elements ofriBaceae presented scalariform
perforation plates (Figs. 3.4K-M). Vessels Afistolochia and Thottea generally present
alternate pitting and only some speciesTbibtteabear vessel elements with opposite to
alternate pits (Figs. 3.4A-D; Table 3.1). We obsdnmostly alternate pitting iSaruma
henryi but a few scalariform pits were also observedame vessel elements (Fig. 3.4E;
Table 3.1). Most of Piperaceae species presenargoam pitting (Figs. 3.4F-J). Finally,
Saururaceae metaxylem vessel elements also presa#atiform pitting (Figs. 3.4K-M) and

only some vessels idouttuynia cordataandSaururus chinensisear opposite pits.
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FIGURE 3.4. Morphological diversity of xylem vessel elementsRiperales representatives.
Simple perforation plates in Aristolochiaceae (A-B)saraceae (E) and Piperaceae (F-J),
scalariform perforation plates in Saururaceae (K-M) Thottea dinghoui B, Thottea
ponmudiana C, Thottea duchartrei D, Thottea barberi E, Saruma henryi F, Manekia
sydowii G, Piper nudibracteatumH, Piper insectifuguml, Piper hispidinervumJ, Piper
sarmentosunK, Saururus chinensid., Houttuynia cordataM, Gymnotheca chinensiScale
bar: 200 pm.

Vessel arrangement and grouping: All the woody Rilgs species present a radial
distribution of vessels, with linear or diagonakasmgements (Figs. 3.2C-F; Table 3.1).
Solitary vessels were predominantly observedrstolochig ThotteaandPiper (Figs. 3.2D;
3.5B,C; Table 3.1), onlyrhottea ponmudianand T. siliquosaexhibit radially distributed
clusters of >4 vessels (Fig. 3.5A), vessel clusteege frequently observed in boltnottea
and the Piperaceae representatives (Table 3.1keVgsouping was very ambiguous as in
some species we observed grouped and solitary Isesgt an almost equal rati®?iper

gorgonillensefor example, presents both solitary and groupedealegFig. 3.2F).

Axial parenchymaAxial parenchyma is one of the wood characters th#er
between woody species of Aristolochiaceae and Bgeare. InAristolochia and Thottea
apotracheal axial parenchyma is sometimes diffuge diffuse-in-aggregates and a
predominance of banded parenchyma forming narrogetatial bands was observed in both
genera (Figs. 3.5A,B, black arrows). Conversgilyer andManekiahave mostly paratracheal
vasicentric axial parenchyma (Fig. 3.5C, arrowd)sénce of axial parenchyma was observed

in Saruma

3.3.3 Degrees of woodiness in Piperales

Piperales species exhibit several degrees of @namtivity, from species with
significant wood production to species completalgking secondary growth (Fig. 3.2). These

shifts in cambial activity arise repeatedly withime different lineages of Piperales. Many
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Piper andManekiaspecies along withactoris fernandeziangroduce a large wood cylinder
along the main axis (Fig. 3.2F; Table 3.1; Apperd®y. Similarly, most of the species within
Aristolochia and Thotteaare truly woody plants with significant secondampwth (Figs.
3.2C,D; Table 3.1; Appendix A2).

FIGURE 3.5 Axial parenchyma in Piperales woody species obseingransverse sections.
(A) Thottea siliquosa apotracheal axial parenchyma in tangential nartamds (black
arrows), occasional parenchyma cells are assoaoigdthdhe vessels (white arrow), scale bar:
100 um. (B)Aristolochia impudicaapotracheal axial parenchyma in tangential natrands
(black arrows), scale bar: 200 um. (Biper hispidinervum paratracheal vasicentric axial
parenchyma forming a narrow sheath around the lge@geows), scale bar: 200 um.

Some shifts towards a decrease of woodiness aenadd within these groups, some
Thottearepresentatives produce narrow wood cylinders aad@ansidered as slightly woody
shrubs (Table 3.1Aristolochia serpentarigresent a few cell divisions in the interfascicular
areas and its wood cylinder is restricted to theeb@orresponding to a woody herb typology
(Appendix A2). The monospecifiSarumaand its related genussarum (Asaraceae), both
present cambial activity in the interfascicular dascicular areas, but they produce a narrow
wood cylinder (Fig. 3.2E) restricted to the rhizooreto the base of its stems and therefore
can be also considered as woody herbs (Table Jpperdix A2). In extreme cases of
reduction of cambial functioning, species suchVashuellia and somePeperomiaspecies
completely lack cambial activity (Table 3.1, AppendA2). Peperomia and Zippelia
(Piperaceae) never form a wood cylinder; when sg@gngrowth is present, it is restricted to
a few tangential divisions in the fascicular arels.Saururaceae, only a few tangential
divisions may occur in the intrafascicular areasGymnothecaHouttuynia and Saururus
(Fig. 3.2B) whileAnemopsipresent secondary growth in both intra- and insertailar areas

forming a narrow wood cylinder at the base of thens (Appendix A2). Finally, the
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holoparasitic generélydnora and ProsopanchgHydnoraceaeplso exhibit a reduction of
cambial activity with a restriction to the fasciauhreas (Appendix A2).

3.3.4 Presence of an endodermis with Casparian bas@h aerial stems of Piperales

Stem endodermis with a Casparian band was obsénedtigenera within Piperaceae
as well as irHouttuynia cordataandSaururus chinensi€Saururaceae). The endodermis was
present as a layer of cells of procambial origenerally located at the limits of the vascular
system and the cortical area. The endodermis shadwsical Casparian band, staining with a
dark blue indicating the presence of suberin andignmin, observed in the radial and
tangential walls of the endodermic cells (Fig. 3.8)em endodermis was external to the
sclerenchyma cap of the peripheral bundles andredderound the entire circumference of
the stem inManekia sydowii, Piper flaviflorum, P. sarmentosufh sp and Zippelia
begoniifolia (Fig. 3.2G inset, white arrow; Figs. 3.6A,C, arrdwStem endodermis was
present surrounding some vascular bundles@peromiaspecies and around the single
bundle ofVerhuellia lunaria(Fig. 3.6B). InHouttuynia cordataa ring of rectangular-shaped
cells contiguous to the peripheral ring of sclelgmea was observed; some of these cells
presented a marked Casparian band&darurus chinensia Casparian band was observed as
a continual layer external to the vascular bundlEsis character was not observed in
Gymnotheca chinensis
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«—FIGURE 3.6 Stem endodermis with a Casparian band in Pipera¢da®iper sarmentosujrtransverse
view of a young stem, note the endodermis withagp@rian band colored in dark blue and visible as a
single layer of cells external to the vascular Besding (arrows), scale bar: 100 um. (B¢rhuellia
lunaria, transverse section showing the central and siwegeular bundle composed exclusively of helical
protoxylem elements, note the endodermis surrognthie vascular bundle and presenting a Casparian
band on its radial walls (arrows), scale bar: 50. |{@) Piper sp radial view of the Casparian band
(arrowed) that contains suberin and lignin, ocagron the radial and tangential anticlinal wallscefis,
scale bar: 200 pm.

3.3.5 Anatomical character state reconstructions

Maximum parsimony reconstruction of five statesjng polymorphisms in large
genera presenting different cambial activities,peufs a “truly woody” ancestral state for the
Piperales (Fig. 3.7A, node 2) with a continuous lo@m producing a complete wood
cylinder of significant development. Cambial adywvieconstruction is also univocal for the
ancestor of the perianth-bearing Piperales (FigA3node 3) where cambial activity is also
reconstructed as “truly woody” (Figs. 3.2C-F). Trestriction of cambial activity to fascicular
areas (Figs. 3.2A,B) was consistently reconstruetedancestral for the Saururaceae (Fig.
3.7A, node 5), while the ancestral state of the lmamactivity remains ambiguous for
Piperaceae (Fig. 3.7A, node 6). MP suggest thabtiyderbs" presenting a wood cylinder
restricted to basal parts of the stem evolved astléwo times within Piperales, in the
Saururaceae Ahemopsis and the Asaraceae. Complete loss of vascular icamihas

probably evolved independently Werhuelliaand in somé&eperomiarepresentatives.

While all Aristolochiaceae, Asaraceae and Piperacpresent simple perforation
plates (Figs. 3.4A-J), scalariform perforation etabccur in all Saururaceae (Figs. 3.4K-M),
with the exception ofAnemopsis(Appendix A2). ML reconstruction indicates thateth
presence of scalariform perforation plates is mmstbably a plesiomorphic feature of
Saururaceae (0.61 proportional likelihood valug) ((tig. 3.7B, node 5), thus suggesting that
simple plates have evolved secondarilyAinemopsisML reconstruction strongly supports
the hypothesis of simple perforation plates as marestral state for the perianth-bearing
Piperales (0.95 pl) (Fig. 3.7B, node 3) as wellfasthe internal node within Piperaceae
excluding the protosteli&/erhuellia (0.94 pl) (Fig. 3.7A, node 7). The simple perfavati
plate is highly supported in the common ancestdtipérales (0.71 pl) (Fig. 3.7B, node 2).
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FIGURE 3.7 Ancestral character state reconstructions of PlipgrdA) maximum parsimony
(MP) reconstruction of the cambial activity in Pigles, MP method is used to code
polymorphisms when two potential character states kamown to occur. (B) maximum
likelihood (ML) reconstruction of the vessel eleh@erforation plates, pie charts indicate
ML probabilities for each character state at eatbrihal nodes. Descriptions of character
states and the employed reconstruction methodspereded in Material and Methods
section. Nodes are numbered for easier refererite text.

3.4 Discussion

3.4.1 Primary woodiness in Piperales

perianth-bearing

perianth-less

Uniformity of wood features in Piperale#\ striking feature of Piperales is the

characteristic and highly conserved kind of woodtamy. Specific combinations of wood

features distinguish woody Piperales from many ot@ups of angiosperms, including:

vessels in radial patterns, vessel elements witiplsi perforation plates, vessel-to-vessel

pitting alternate to scalariform, vessel to axiatgmchyma pitting mainly scalariform, wide

and tall rays composed exclusively of upright agdased cells and storied wood. Among the
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wood features mentioned before, the wide and &3t composed of secondary parenchyma,
which change little over time, and the upright agdared nature of these ray cells, constitute
the main “trademark” of Piperales wood anatomy. mentioned by Carlquist (1993) the
wood of the Aristolochiacead,actoris and Piperaceae is “amazingly similar’. Even the
highly specialized holoparasitdydnora presents "piperalean” anatomical features such as
simple perforation plates and scalariform to akéenvessel pitting (Tennakoa al. 2007),
despite some divergences due to their holoparakdlnit and their highly derived sub-

terranean morphology (Wagnetral 2014).

The uniformity of numerous wood features throughBiperales constitutes a strong
argument supporting a unique origin of wood formratin the order. Some combinations of
features might distinguish woody lineages withipd?ales; these include (a) exclusively
vasicentric axial parenchyma in Piperaceae andokidetceae versus the paratracheal axial
parenchyma in combination with predominantly diffus-aggregates or narrowly banded
axial parenchyma irAristolochia and Thottea (Fig. 3.5; Table 3.1)(Carlquist 1993), (b)
alternate intervessel pitting #ristolochiaand Thotteaversus scalariform intervessel pitting
mostly observed in Piperaceae (Table 3.1). Howeahesse features are not strictly fixed in
each lineage. For instance, we observed predontynaltérnate pitting inPiper flaviflorum
andP. hispidinervumand only scanty paratracheal axial parenchynseueralAristolochia
and Thotteaspecies (Fig. 3.5; Table 3.1). We suggest thatetlmelatively minor anatomical
divergences might thus reflect specific habitat gpowth form adaptations rather than

independent origins of wood formation in the diéfet lineages.

A truly woody putative ancestor of Piperal&espite a wide diversity of cambium
functioning in extant Piperales, owancestral character state reconstruction univocally
supports a strictly woody common ancestor for Rilgs: The uniform wood organization of
Piperales supports this view and suggests thatabedusness is secondarily derived in the
different lineages. Reduction of woodiness in wodaybs and strictly herbaceous habits
might result from a reduction of cambial activitydaits limitation to the fascicular areas.
Canellales the sister group to Piperales is widepresented by woody species, suggesting
that full cambial activity and a woody habit weleeady present in Canellales + Piperales
common ancestor (Fig. 3.7A, node 1). At a largelgdsnetic scale, magnoliids have been
suggested to be evolved from a woody ancestor,ewRiperales have been alternatively
coded as herbaceous or woody (Ketal 2004; Feild and Arens 2005). Our work supports

the view that the herbaceous habit arose severaktindependently within magnoliids.
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3.4.2 Herbaceousness as a derived condition in entd@Piperales

Loss of secondary growth in Piperaceae, a reareangnt of the polycyclic vascular
bundles Verhuellia and Peperomia(Piperaceae) present derived herbaceous condition,
involving the complete loss of the bifacial cambigiang. 3.7A). Stem anatomy &ferhuellia
lunaria is strikingly rudimentary and reduced to a primagscular system with a single
central vascular bundle composed of five to nineuar and helically thickened protoxylem
tracheary elements surrounded by protophloem (Bi§B). In Peperomiathe scattered
vascular bundles are composed of proto- and metaxyracheary elements. Piperaceae
evolved several derived anatomical features, thestnstriking being the polycyclic or
scattered arrangement of their vascular bundlegs(R.2G-1) (Isnarcet al 2012). Debray
(1885) proposed that the vascular bundle®eperomia undergoing little or no secondary
growth, might be homologous to the medullary vascbundles oPiper species, which also
have little or no secondary growth. Intensive seleoy growth indeed occurs preferentially in
the peripheral vascular bundlesPRiper (Fig. 3.2H); consequently the loss of the periphera
cycle of vascular bundles could lead to stems satittered medullary bundles with limited or
no secondary growth, as observedPieperomia The protostelic organization dferhuellia
might represent an extreme rearrangement of theulassystem, where only one single
medullary bundle is produced. In fact, very fewatijgedonous species have completely lost
secondary growth; the pervasiveness of the geabiiity to produce secondary xylem among
dicotyledonous plants suggests a significant gengfbility of the vascular cambium. In
Piperaceae the rearrangement/loss of vascular ésireda source of variation in habits, which
might differ from any irreversibly suppressed caahlactivity since the loss of secondary

growth could result from the loss of the periphewsdcular bundles.

3.4.3 Anatomical particularities in Piperales

Stem endodermis in Piperaceae + Saururacdame of the main clade-specific
anatomical features is the presence of a stem enchglin the aerial stems of Piperaceae and
Saururaceae. A steendodermis bearing Casparian bands has been psgvi@ported in
several genera includingiper, Peperomiaand Saururus(Bond 1931; Carlquisét al 1995;
Lersten 1997; Souzat al 2009). The present study extended the presenca stem
endodermis to other genera within Piperaceae andufaeae Nlanekia, Houttuynia,
Verhuellia and Zippelid) (Fig. 3.6), indicating that the Casparian bandserial stems are

present in all genera of Piperaceae, and in segerara of Saururaceae. To our knowledge,
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stem endodermis has, however, never been repastedtiier Piperales lineages, and the
occurrence of this feature suggests that stem emdosl was present in the common ancestor
of Piperaceae + Saururaceae. Stem endodermis agmonadically in angiosperm phylogeny
(Lersten 1997) and has been attributed to severaitibns associated with water or oxygen
conservation and pathogen protection by acting laaraer (Enstonet al. 2003; Meyer and
Peterson 2011). In Saururaceae, stem endoderdmand in aguatic to semi-aquatic species
(Saururus and Houttuynig. In Piperaceae, stem endodermis is found in @gfiphand
terrestrial species producing adventitious rooigygesting a water storage function. Some
Piper species developed additional water-related adaeptatsuch as mucilage canals, and
Saururaceae possesses aerenchyma, which pointfietointportance of water-related

adaptations in these lineages.

Scalariform perforation plates in the vessel eletseof the Saururacea€elhe
scalariform perforation plates of Saururaceae (@xésmemopsis(Carlquistet al 1995;
Schneider and Carlquist 2001)) is one of the maiarding xylem features in Piperales. The
vessel elements of Saururaceae have been propmbed'telictuals” based on their primitive
nature, according to the Baileyan scheme of woaruéon (Bailey and Tupper 1918), and
on the assumption of an unchanged history of hfeniesic habitats (Carlquist al 1995).
The occurrence of scalariform plates in Saururaceadd be explained as the result of
limited secondary growth, lack of hydrolysis of tp& membrane in the end walls and
retention of primary xylem features. Such relicti@ndition of scalariform plates in
Saururaceae would imply at least three indepenglaittionary lines of simple plates within
Piperales (Fig. 3.7B), despite not being the mi&iy, this evolutionary scenario is still
plausible as simple perforation plates, which pievan enhanced hydraulic conductance
(Christman and Sperry 2007), are found in genezagnting large-bodied and climbing forms
(Aristolochia Thottea and Piper) (Figs. 3.1A,B) which demand an efficient water

conductance

Reversal from simple to scalariform perforatioatp$ {.e. after complete loss of the
structure) in Saururaceae is however supportedunycbaracter reconstruction (Fig. 3.7B,
node 5). Previous works have suggested possibersaé in perforation plates morphology
in a large clade of Ericales and in the geMesyta (Lenset al. 2007; Oskolski and Jansen
2009). These previously documented reversals friomple to scalariform perforation plates
together with the observed widespread occurrencahriform perforation plates along all

major groups of angiosperms (Olson 2014), challetinge vision of irreversibility of the
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Baileyan trend in perforation plates morphology andgest that parallelisms and reversals
resulting in scalariform perforation plates mayrhere common than previously thought.
Further work on the ecophysiology of the Saururacead other angiosperms presenting this
potential character reversal would be needed irrotd understand which are conditions

driving the reversal from simple to scalariformfpeation plates.

3.4.4 Protracted juvenilism in wood in relation toPiperales growth habits

Several paedomorphic wood features, in the Caligui sense, have been previously
reported in Piperales, these include the flat tlermgp-age curve recorded fdflacropiper
excelsum(Carlquist 1962), the rayless wood 8aruma henryi(Dickison 1996) and the
multiseriate rays composed by upright cells whichr&spond to the paedomorphic ray type Il
according to Carlquist (2009). This last paedommrmondition, characterizing the woody
Piperales, involves a slower rate of horizontaldsuibion of cambial initials resulting in
vertically longer ray cells. Additionally, subdiva® of rays that commonly occur through
intrusive growth of fusiform cambial initials doast occur in Piperales, leading to rays that
remain largely unaltered in secondary xylem. Inidgly woody angiosperms the primary
rays are usually wide and composed of upright ¢bbs$ progressively become procumbent,
subdivided and “replaced” by fiber or vessel eleteen the secondary xylem (Carlquist
2009; 2013).

In a recent work, Lenst al. (2013) provide an extended list of primarily wgddxa
which actually exhibit protracted juvenilism in wsbguch as the rays composed by upright
cells. It was proposed that protracted juvenilismmood may be related to specific growth
forms such as small-sized shrubs, rosette tresgamulent stems. The presence of juvenilistic
rays in Piperales may be linked to the sympodialwgin form which is widely represented in
the order and has been recently reconstructedcastaal for Piperales (Isnaed al 2012). A
relationship between the sympodial constructioneoled in early-diverging angiosperms
(including Aristolochiaceae and Piperaceae) andiide and tall rays commonly observed in
their wood was already suggested by Carlquist (ROB@nctional reasons can explain the
widespread occurrence of upright cells in Piperadgs. ManyAristolochig Thotteaand
Piper species present liana and cane-like habits witleraé elongated stems growing from
the base of the plant (Isnaetlal 2012)(Figs. 3.1B,D). Radial transport of photdbgtes in
these relatively narrow stems may not be an impoianstraint for the plant, promoting the
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development of upright cells that enhance a vdrtioaduction (Carlquist 2012) which plays

a more important role in these growth forms.

Mabberley (1974) proposed that the flat age-omtlercurves obtained by Carlquist
(1962) for the vessel elements Macropiperexcelsumare the result of the geometry of its
stems. Indeed, Mabberley (1974) argued Maexcelsunpresents wide piths which become
wider at the higher portions of the stem, considlgrancreasing stem radius. A greater radius
may increase the number of cambial initials foicinmial divisions and therefore diminishing
the intrusive growth from cambial initials from@aler level, as a consequence of this, vessel
element length remains constant (Dulin and Kirct28fi0). In addition, as reported by Lens
et al. (2013), the study of Bailey (1923) presentiad length-on-age curves for vessel
elements of primarily woody species with storiednb&éa. We have observed storied wood
structure inAristolochiaandPiper representatives (not shown) and it is reporte€aslquist
(1993) as a common feature in Piperales, this temdmay also explain the reported curve
for M. excelsunby Carlquist (1962).

Raylessness is also considered as a criterion cafdwuvenilism (Carlquist 2009)
pointing to secondary woodineghe rayless wood observed $aruma henryappears to be
an original feature regarding the rest of Piperales can also be linked to a particular growth
form. The rayless condition @arumahas already been reported by Dickison (1996) who
observed multiseriate and tall rays in the vicimfythe cambium, suggesting that the upright
ray cells become transformed into more elongatetlignified cells (Dickison 1996). Based
on this report, we can interpret the cambiurarumaas not devoid of “piperalean” rays, but
instead, a derived organization where wide andréglé undergo further specialization into
fiber-like elements. Raylessness in the woody h8druma might represent a stem
mechanical adaptation where the fiber elementsigeoadditional structural support for the
stem which undergoes limited secondary growth icéstt to the basal parts of the stems
(Dickison 1996; Carlquist 2001).

3.4.5 Piperales anatomy, a major source of growttofm diversification

A significant challenge in Piperales, as in angems in general, is to identify a
putative herbaceous/woody ancestor, as the stasenaa today may not be the
herbaceous/woody state of yesterday's ancestoesefbine, this chapter focus on cambial
activities and wood anatomical comparisons to iflerthe putative form of Piperales

common ancestor. Our data show that "woodinessicigally homogeneous in Piperales
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while "herbaceousness"” can show diverse anatororgahizations, from the single vascular
bundle ofVerhuelliaand the scattered bundles Réperomiato the single cycle of bundles
with very limited production observed in Saururacesmnd Hydnoraceae; suggesting that
herbaceousness is most probably derived in theerdiit lineages. This hypothesis is
supported by a recent work proposing that the loexdnzs habit irAristolochiaand inAsarum

+ Sarumaevolved independently (Wagnetral 2014).

Large self-supporting forms (Fig. 3.1A) are howewgenfined to few species within
Piperales, where ray lignification could have reztufiexibility of the wood cylinder (Isnard
et al 2012). Since the climbing growth form has beaonstructed as derived Aristolochia
(Wagneret al. 2014), the wide and tall rays which seems to bBgreapomorphy of Piperales
wood, could be an exaptation for the climbing foivide rays in lianas are indeed widely
known to promote stem flexibility and are largebnsidered as an adaptation to the climbing
habit (Putz and Holbrook, 1991; Rowtal 2004, Isnard and Silk 2009). The evolution of the
climbing habit in angiosperms might have promoteeification (Gianoli 2004), while the
evolution of herbaceousness from woodiness is drgoecorrelate with an increase in the
diversification rate and to be implicated as adimause of species richness in angiosperm
families (Doddet al 1999). In the local context of New Caledonia,dPgteae is the only
basal angiosperm family showing liana and herbazegnowth forms. Indeed, with the
exception of the notable herbaceous pardaesythalLauraceae), all of the remaining New
Caledonian basal angiosperm families are repreddijte¢ree and shrub forms. Piperaceae is
the basal angiosperm family that shows the highedte marginality in New Caledonia
(Chapter 4) (Pouteaet al. 2015). Most likely, the growth forms of Piperalegich diverge
from the rest of the local basal angiosperms, naselpromoted the marginalization of this
family. The lability of the cambial activity, allang recurrent shifts in habit from woodiness
to herbaceousness and the “piperalean” wood catistn) promoting highly variable growth
forms, have therefore been key elements in therslii@tions of species and habitat

preferences in Piperales.
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Habitat preferences of New Caledonian basal
angiosperms, past and present species distribution*

Dry forest
Shrubland
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U Environmental distribution of basal angiosperms
[ Mechanisms behind basal angiosperms ovet-representation in New Caledonia

0 Xylem vascularization and habitat preference

1 A version of this chapter has begublished. Pouteau, R., Trueba, S., Feild, T.F., Isnard2815).
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CHAPTERA4. Basal angiosperm species distribution in New Caléedo

Abstract

Basal angiosperm lineages are over-representedeim Caledonia. However, the
mechanisms responsible for such a distribution mneraaclear. This thesis chapter explores
two key hypotheses: (1) the diversity of basali@sgerms reflects adaptation to ultramafic
substrates, which act as ecological filters fonplkeolonists; and (2) the diversity stems from
wet climatic conditions that have persisted in Néatedonia during the late Quaternary while
Australia and some nearby islands likely experidnagdespread extinction events. Given
that basal angiosperms present a high anatomieaitsity of xylem conduits, we estimated if
the presence of different xylem conduit typeskslif to promote ecological differentiation.

We used species distribution models to deterniieeshvironmental correlates for 60
basal angiosperm species. Environmental variab$esl o characterise habitats included
vegetation, substrate, and climate variables. V@ tiested whether the variety of xylem
conduit structures borne by New Caledonian basgioaperms, which is expected to affect
plant hydraulic capacity, was correlated with habgreference. Finally, we analysed species
prevalence on different substrates and projectéddiasize and distribution to the last glacial
maximum (LGM).

We found a clear habitat preference among bagabsmerms for rainforest habitats
located on non-ultramafic substrates, with the ptioa of taxa bearing true vessels with
simple perforation plates which harboured a widabitat breadth. We also show that these
rainforest habitats experienced a range reductimh an eastward shift during the LGM
forming two refugial areas located on the warm aaithy east coast of Grande Terre.
Prevalence of basal angiosperms in habitats cleised by low evaporative demand appears
to be related to xylem hydraulic limitations.

The great representation of basal angiosperm epdoi New Caledonia can be
explained by the persistence of rainforests ingtend despite global Quaternary fluctuations
that affected floras in the region. This study ff@ new model to explain why certain
angiosperm families are disharmonically represemédew Caledonia.

Key-words: climatic refugia; geographic information systemch@ modelling; palaeodistribution;
plant-climate interactions, relictual angiospermgem anatomy.
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4.1 Introduction

Basal angiosperms are frequently considered &g sglecies because of their early
divergence times, and because of their low divieegzibn compared to the eudicots-monocots
group (see section 1.3). Relict species can bedenesl as the extant remains of a larger and
more widespread group of organisms in which masa t@e now extinct (Fig. 1.4). These
relicts have often been incorrectly viewed as iatliig the location of the ancient centre of
diversity of a group (Ladiges and Cantrill, 200Bnds et al, 2009). Such a simplistic
consideration is inherently flawed since it ignodéspersal and extinction events that shape
the biogeographic evolution of most lineages. Alifio relicts can hardly serve as evidence
for permanence in the geographical area they diyreccupy, the habitat distribution of
extant species can help to elucidate how they bamgved in a recent past (Grandcodasl,
2014). Moreover, under the perspective of nicheseovatism, we can expect that modern
basal angiosperms occupy an environment similghéohabitat of their common ancestor
(Losos, 2008).

New Caledonia harbours an impressiiehness in species belonging to early
branching lineages such as the flightless Bhynochetos jubatugymnosperm species, and
the basal angiosperramborella trichopodawhich is the sister group to all other extant
angiosperms (Morat, 1993; Grandcoésl, 2008). Basal angiosperms provide a good model
to understand ancestral ecology because angiosgermghe largest group of relict taxa in
New Caledonia. As mentioned in section 1.9 of thet fchapter of this thesis, basal
angiosperms include 109 species, 22 genera anarilids belonging to the ANA grade,
Chloranthales and magnoliids (Moret al, 2012). Analyses of floristic affinities (Morat,
1993) as well as recent phylogenies (Swenebral, 2014; Thomaset al, 2014) have
identified Australia as the most likely origin fa substantial proportion of the New
Caledonian flora. However, seven of the 10 basgjicsperm families present in New
Caledonia have been recognised as significantly-mmesented compared to the flora of

Australia (see section 1.7).

Disharmony refers to the non-random representatiospecies among colonists of
oceanic islands as compared with the source main{@uarlquist, 1974). A common
explanation for disharmony on island floras is dis@l limitation. In New Caledonia, a recent
work found that dispersal might not be the maincpss that explains the disharmony of the
flora because plant families with low amounts oflemism (used as a surrogate for high
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dispersal capacities) tended to be under-reprase(fdion et al, 2010). Thus, the
disharmony was suggested to stem from particulalogical conditions occurring in New
Caledonia.

The distribution of plant species in New Caledoh&s often been hypothesised as
constrained by New Caledonia's unusual ultramatiossates (Morat, 1993). Ultramafic
rocks possess low amounts of essential plant migriand are rich in toxic heavy metals
(Jaffré et al, 1987; van der Enet al, 2015). Preadaptation of immigrating lineages to
ultramafic substrates has long been consideredavte driven the flora disharmony in New
Caledonia because these lineages would be ablestédlish and radiate on an unusual
substrate (Jaffré&t al, 1987; Pillonet al, 2010). Examples of such ultramafic pre-adapted
lineages include conifers and some angiospermsn$tance the locally diverse Cunoniaceae
(Jaffré, 1995; Pilloret al, 2009; Pillonet al, 2010). However, it is not clear whether basal
angiosperms also possess a distributional preferéorcultramafic substrates (Jaffré, 1995;
Pillon, 2008).

More broadly, the richness in basal angiospermalges such as ANA grade families
and magnoliids in Asia-Australasia (Fig. 1.3) haer hypothesised as arising from the
maintenance of stable climatic conditions suitdbigheir persistence or diversification in the
region (Morley, 2001; Buerket al, 2014). Rapid and extensive climatic shifts, hosvev
affected the Australian flora during the Pleistae@md likely drove the extinction of many
lineages, especially in the rainforest flora (Byree al, 2011). Thus, another possible
explanation of the over-representation of basalcapgrms in New Caledonia is that climatic
stability during this period favoured the persisef basal angiosperms while other nearby
regions became relatively depauperate.

Feild et al (2004; 2009) have demonstrated that basal angiwsplistributions are
significantly hemmed in by drought. In these stadmnly members of the ANA grade as well
as Chloranthales were considered. These taxa possssular systems that are highly
vulnerable to drought-induced xylem cavitation dhdir leaves wilt at relatively mild leaf
water potentials (Feil@ét al, 2009). In addition, the anatomy of their xylermduits confer
high hydraulic resistances in their leaves and stgiem systems (Feild and Wilson, 2012).
In concert, these physiological functions have blegnothesised to limit species to humid

forest habitats where peak transpirational demangow.

The putative drought intolerance of ANA and Chidhales would be mechanistically
linked to their xylem structure and function (Speet al, 2007; Feild and Wilson, 2012).
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Indeed, vesselless basal angiosperms, suchmdsorella occur preferentially in wet, low
evaporative demand rainforest habitats because Itwixylem hydraulic capacities do not
impose lethal leaf water stress versus derived eldssaring angiosperms bearing
hydraulically streamlined vessels with simple peafmn plates (Sperrgt al, 2007). The
xylem conduits found in ANA grade and Chloranthaspgcies suggest that maintance of
stable, wet conditions in New Caledonia may explzsal angiosperm disharmony in New
Caledonia. However, to our knowledge, while a samitlistributional pattern has been
proposed (Morley, 2001), no study has addressedjubstion of whether magnoliids might
possess similar drought-induced limitations onrthabitat distributions. This chapter aims to
analyse the influence of xylem conduit type, whicfluences xylem hydraulic function, on
the distribution of basal angiosperms.

Although functional traits could provide the basigredict a species' habitat, the trait-
based approach is inherently limited due to thesictmable co-variation and trade-offs
among traits that shape plant life-histories (Vs@io and Mutikainen, 1999). In contrast,
species distribution models (SDMs) assess habhatacteristics directly by statistically
correlating the known spatial distribution of sgeciwith a number of GIS (geographic
information system) environmental variables. Instipaper, we determined environmental
correlates of 60 basal angiosperms native to NeldOaia through SDM to complement the
trait-based hypothesis of relict angiosperms agptadato wet forests. We address the
guestions of (i) whether relict angiosperms shawdogjical requirements; and (ii) whether the
over-representation of relict angiosperm familieNiew Caledonia is linked to the presence
of ultramafic substrates versus the persistenceswfable climatic conditions on the
archipelago during the Pleistocene. Further, wesssthe influence of xylem vasculature on

the distribution of plant species.

4.2 Materials and methods

4.2.1. New Caledonia

New Caledonia (Fig. 1.7) has a tropical climaté¢hwannual mean temperature in
lowland areas between 27°C and 30°C from Noventbtarch and between 20°C and 23°C
from June to August. Annual precipitation ranges1fir300 mm to 4,200 mm with greater
precipitation on the windward east coast (Fig. .1ThHree main types of substrates occur: (i)
ultramafic substrates covering the southern thirdscande Terre and isolated ultramafic

massifs along the west coast; (ii) substrates ddrfrom volcano-sedimentary rocks roughly
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covering the northern two thirds of Grande Terrg] £ii) calcareous substrates prevailing on
the Loyalty Islands (Fig. 1.7C) (Fritsch, 2012).eTlandscape is a mosaic composed for half
of secondary vegetation, one quarter of low- to-slelation shrublands omaquis found

on ultramafic substrates below 800 m, another gquant low- to mid-elevation rainforests,
1% of montane rainforests and shrublands found@B0® m, with a few relictual patches of
dry sclerophyll forests scattered along the wesistoand wetlands including tlee 50 km?
marshes of the Plaine des Lacs (Fig. 1.7F) (Jaf®83; Jaffréet al, 2012). A detail of the
main peaks of the central mountain range is preseint figure 4.1. A full description of the

geography and environment of New Caledonia is plevin Chapter 1 (section 1.7).
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FIGURE 4.1 Elevation and toponyms cited in the text. The madaks ofGrande Terrés
mountain range are indicated. Other geographical environmental features of New
Caledonia are presented in the section 1.7.

4.2.2 New Caledonian basal angiosperms; species regentation, anatomical data

We gathered distributional data from locality imf@tion on specimens from the
Herbarium of the IRD Centre of Noumea (NOU) usihg Virot database (http://herbier-
noumea.plantnet-project.org) and from forest inggas of the NC-PIPPN plot network
(Ibanezet al, 2014). Among all basal angiosperm taxa natividéw Caledonia (Moratt al,
2012), we selected those with at least 10 occueremcords separated by more than
one kilometre to avoid duplication of taxa in tlere grid cell. Florical (Moragt al, 2012)
served as taxonomic reference base. Taxa with iqnable taxonomic limits (J. Munzinger,
pers. comm.) and specimens whose identification wasertain were removed from the
sampling. Subspecies and varieties were treatearaepy as the distinction with different

species was sometimes blurred and infraspecifia tdten occupy different habitats. Using
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these procedures, we sampled 60 taxa belonging geiera and 10 families for which 1,851
occurrence records were compiled. Our samplingucagt all basal angiosperm families
native to New Caledonia, between 50% and 100% oégewithin each family and between
27% and 100% of species per family (Table 4.lindluded the two ANA grade taxa present
in the archipelagoAmborella trichopoda(Amborellaceae, Amobrellales) antrimenia
neocaledonica(Trimeniaceae, Austrobaileyales), two Chloranthac@scarina solmsiana
var.solmsianaandA. rubricaulig, as well as 56 magnoliids (Table 4.1).

Since xylem conduit structure affects plant hytdcaoapacity (Sperryet al, 2007;
Christman and Sperry, 2010), variation in xylem dwh structure is hypothesized to
represent an important trait bearing on variatrospecies habitat occurrence. To test whether
conduit structure was correlated with environmemaference, we conducted a literature
survey of xylem tracheary element types possessedssa basal angiosperms of New
Caledonia (Appendix A4). Taxa were coded as to hdrethey bear tracheids, vessel
elements with scalariform perforation plates, @se& elements with simple perforation plates
(Fig. 4.2). These three categories binned thre@migjdraulic designs in angiosperms (Feild
and Wilson, 2012). Tracheid-based xylem conduatsdmounts of water, while xylem with
vessels bearing simple perforation plates oftersgmses high water conduction capacity.
Perforation plates exhibit broad structural divigran angiosperms (Fig. 1.6A). Nevertheless,
two broad categories are recognized: 1) simpleopatibn plates that are a wide and single
apical pore; and 2) scalariform perforation plafest consist of a ladder-like array of pits
varying in number, widths, and bar number (Feild &ilson, 2012). Xylem with vessels
bearing scalariform perforation plates possessdudrcapacities generally lower than xylem
systems with simple perforation plates vesselsi§@han and Sperry, 2010). Moreover, some
angiosperm scalariform plated vessels possess ulidreapacities within the range of
tracheid-based xylem (Feild & Wilson, 2012).

4.2.3 Environmental variables

Current climate data were downloaded from the A@iim database (Hijmanst al,
2005). The 30 arc-second resolutiangne kilometre) of the WorldClim data matched well
with the spatial accuracy of the oldest plant ocenee records. Although WorldClim data are

derived from global climate databases, they weedepred to local data at similar resolution
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TABLE 4.1 Summary of the 60 basal angiosperm taxa and cooreipg modelled distribution area (in km?) and mqukrformance

Biogeographical status: F = Endemic family; G = &mét genus; E = Endemic species; | = Native noreemnd species. Habit: T = Tree; S = Shrub; E =
Epiphyte; L = Liana. Preferred substrate type (rhadgput): V = Volcano-sedimentary substrates oklys Ultramafic substrates only; S = Several typks
substrate. Preferred vegetation type (model out®it)= Rainforest; M = Shrubland; D = Dry forest.

Current CCSM MIROC

. . # of - : : AUC AUC AUC AUC
Family Taxon Status Habit Substr. Veget. ocCUMTences distr. distr. distr. BIOCLIM DOMAIN SVM Ensemble
area area area

Amborellacea Amborella trichopod F ST Vv RF 56 343¢ 117¢ 75 0.94 0.9: 0.91 0.91
Annonacea Goniothalamus obtusat E T \% RF 24 4861 57t 30C 0.71 0.8¢4 0.81 0.8t
Annonacea Hubera nitidissim E T \% D 32 1064( 587t 192¢ 0.47 0.4¢ 0.67 0.7¢
Annonacea Meiogyne bailloni E T U RF 28 674¢ 205( 80C 0.5€ 0.52 0.8t 0.7¢
Annonaceae Meiogyne lecard E T \% RF 13 458 300 75 0.78 0.95 0.97 0.94
Annonacea Meiogyne tiebaghiens E T \ D 53 1183( 240( 85( 0.61 0.5¢ 0.7€ 0.6
Annonacea Xylopia dibaccat E ST S M 14 2912 5C 5C 0.6: 0.7¢ 0.8¢ 0.72
Annonacea Xylopia panche E S U M 56 381¢ 92t 22t 0.77 0.7 0.7 0.8
Annonacea Xylopia vieillardii E T \ RF 58 362¢ 137¢ 45( 0.7t 0.9C 0.8: 0.8¢
Atherospermatace Nemuaron vieillardi G T \ RF 45 524¢ 260( 80C 0.6¢ 0.8C 0.8C 0.91
Chloranthaces Ascarina rubricauli E T S RF 36 3392 207t 92t 0.8¢ 0.7¢ 0.87 0.9t
Chloranthaces Ascarina solmsiar var. solmsiani E T S RF 28 297¢ 177¢ 60C 0.8¢ 0.9¢ 0.9t 0.97
Hernandiace: Hernandia cordiger E T U RF 49 7704 207t 95( 0.67 0.82 0.77 0.8¢
Lauracea Beilschmiedia oreophi E ST S M 16 185¢ 122t 67t 0.97 0.91 0.9t 0.8t
Lauracea Cryptocarya aristat E T \% RF 25 383¢ 147¢ 42t 0.9¢ 0.9¢ 0.9C 0.9
Lauracea Cryptocarya elliptici E T \ RF 45 393( 75C 30C 0.8t 0.8¢ 0.9C 0.8¢
Lauracea Cryptocarya guillaumin E ST U RF 51 5431 70C 27¢ 0.9¢ 0.91 0.94 0.8¢
Lauracea Cryptocarya leptospermoid E T S M 12 390( 202t 72t 0.6t 0.92 0.87 0.8t
Lauracea Cryptocarya lifuens E T S D 11 69¢€ 25 25 0.8( 0.92 0.7¢4 0.97
Lauracea Cryptocarya longifolii E T U M 44 653( 387¢ 180( 0.8C 0.81 0.71 0.8¢
Lauracea Cryptocarya macrodesr E T \% RF 19 239¢ 112¢ 47¢ 0.8¢ 0.9 0.91 0.9z
Lauracea Cryptocarya odorat E T U RF 43 4321 115(C 52t 0.5€ 0.6 0.61 0.81
Lauracea Cryptocarya oubatchen: E T S RF 44 461(C 322t 152¢ 0.8: 0.8¢ 0.87 0.92
Lauracea Cryptocarya phyllostemc E T U RF 14 68¢ 30C 12t 0.8 0.97 0.9¢ 0.9C
Lauracea Cryptocarya pluricostat E T S RF 11 234¢ 60C 75 0.7¢ 0.7¢ 0.8¢ 0.7¢4
Lauraceae Cryptocarya transversa E T U RF 19 2072 150 125 0.83 0.92 0.93 0.82
Lauracea Cryptocarya velutinos E T \Y RF 15 327¢ 45C 25( 0.8( 0.8¢ 0.8: 0.92
Lauracea Endiandra bailloni E T U M 39 119¢ 47¢ 25C 0.84 0.87 0.91 0.9¢
Lauracea Endiandra sebert E ST S RF 21 627¢ 300( 122t 0.5¢ 0.71 0.8C 0.87
Lauraceae Litsea deplanchi E ST U M 39 778 125 75 0.78 0.78 0.80 0.80
Lauracea Litsea ripidior E S U M 12 351¢ 322t 140( 0.9¢ 0.9¢ 0.94 0.9¢
Monimiacea Hedycarya chrysophyl E S \Y RF 40 4571 327¢ 140( 0.81 0.92 0.87 0.8¢
Monimiacea Hedycarya cupulat E S \ RF 13¢ 451¢ 197t 90C 0.7¢ 0.8¢ 0.7¢ 0.8¢
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TABLE 4.1 Continued

Current CCSM MIROC

. . # of X ; - AUC AUC AUC AUC
Family Taxon Status Habit Substr. Veget. oCCUITences distr. distr. distr. BIOCLIM DOMAIN SVM Ensemble
area area area

Monimiacea Hedycarya chrysophyl E S \Y RF 4C 4571 327 140C 0.81 0.92 0.87 0.8¢
Monimiacea Hedycarya cupulat E S \ RF 13¢€ 451¢ 197t 90C 0.7¢ 0.8¢ 0.7¢ 0.8¢
Monimiacea Hedycarya engleriar E ST \ RF 58 764¢ 4328 165( 0.8(C 0.8¢ 0.8¢ 0.94
Monimiacea Hedycarya parvifoli E T S RF 10¢ 189¢ 3178 160C 0.7¢ 0.77 0.7¢ 0.8¢
Monimiacea Kibaropsis caledonic G T \Y RF 48 367¢ 32t 12t 0.8t 0.9: 0.92 0.9¢
Piperaceae Peperomia baueriar I E \% RF 10 4717 1275 600 0.87 0.68 0.90 0.66
Piperacee Peperomia urvillean I E \Y RF 17 762¢ 62E 27¢ 0.6¢4 0.61 0.8¢ 0.8(
Piperacee Piper compton E L S RF 17 1396: 270C 82t 0.51 0.7¢ 0.7¢ 0.72
Piperacee Piper insectifugul I L S D 57 118t 287t  157% 0.51 0.5¢ 0.6¢ 0.5¢
Trimeniacea Trimenia neocaledonit E T \% RF 22 45¢€ 17¢E 12t 0.8 0.9 0.9t 0.9¢
Winteracea Zygogynum acsmitl E T \Y RF 1C 240¢ 1928  65C 0.9¢ 0.97 0.9¢ 0.8¢
Winteraceae i%’qgﬁgiig‘;m B e v RF 11 1658 1725 600 0.67 0.84 093 095
Winteraceae éﬁ%%‘;g:‘m anpedellEpamlaiatizen o RF 22 863 850 225 0.87 093 096 095
Winteracea Zygogynum amplexicausubsp luteurn E S S RF 24 91z 22t 12t 0.8¢ 0.97 0.9¢ 0.9t
Winteracea Zygogynum baillon E T \Y M 28 127 27¢ 15C 0.8¢ 0.97 0.97 0.8¢4
Winteracea Zygogynum bicolc E T S RF 11 125¢ 1328 47¢ 0.9¢ 0.9¢ 0.92 0.9¢
Winteracea Zygogynum comptol var. comptoni E S U RF 2C 180¢ 152t 30C 0.8¢ 0.8¢ 0.9 0.97
Winteracea Zygogynum comptol var. taracticur E S S RF 1€ 228z 2625 97t 0.7 0.67 0.9 0.8¢
Winteracea Zygogynum crassifoliu E T \Y M 37 2271 75C 32t 0.8(C 0.8¢ 0.8¢ 0.8¢
Winteracea Zygogynum panche subsparrhantun E T S RF 1€ 1427 47¢E 27t 0.72 0.8¢ 0.92 0.92
Winteracea Zygogynum panche subspelegan E ST U RF 15 238¢ 90C 27¢ 0.7t 0.8t 0.91 0.8t
Winteracea Zygogynum panche subsp pancher E T S RF 41 82C 50C 25( 0.8¢ 0.8t 0.8¢ 0.91
Winteracea Zygogynum panche subsprivulare E S S RF 1€ 417 1028 15C 0.7t 0.9¢ 0.92 0.9¢
Winteracea Zygogynum paucifloru E T S RF 1C 60¢ 15C 15C 1.0C 0.91 0.9¢ 0.92
Winteracea Zygogynum schlecht E S \ RF 14 373¢ 50C 12t 0.8: 0.9¢ 0.97 0.9¢
Winteracea Zygogynum stipitatu E T \ RF 3€ 91t 72E 35C 0.8¢ 0.91 0.8¢ 0.9z
Winteracea Zygogynum tieghen subsptieghemi E T \Y RF 14 286¢ 22E 75 0.87 0.9¢ 0.9¢ 0.94
Winteracea Zygogynum vieillard E T U M 12 152z 190C 42t 0.92 0.9 0.8¢ 0.91
Winteracea Zygogynum vink E T U RF 1C 627¢ 3000 122f 0.7¢ 0.8¢ 0.8¢ 0.9¢
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but without information orclimate seasonality or extrema, which doette predictors of
species distributiofZimmermani et al, 2009). With the publication aVorldClim, Hijmans

et al. (2005) expressereservation about the reliability of the data feemote islands with

limited meteorologicastations We found, however, that WorldClim dd&rly well mirrored

the orographic control otlimate in New Caledonia and thasymmetrice rainfall and

temperature patterns betwettre west and east coasts resulting fromrtie shadow effect
(Météo-France, 2007)Mear annual precipitation matched well thecal grid of Météo-

France interpolated throughe AURELHY model using records frori991 to 2000 (rz =
0.69;P-value < 0.05) (Métédrance 2007).
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We addressed variable multi-collinearity by examgn cross-correlations (using
Spearman’s). For variables with correlations of> 0.8, we retained only the variable that
decreased model accuracy the most when omitted tinen®0 full models. Such a selection
method identified four climate variables: isothelitgya(BIO3), temperature mean diurnal
range (BIO4), precipitation of the driest month @BH4) and precipitation seasonality
(BIO15). Vegetation and substrate shapefiles phbtisin the Atlas of New Caledonia were
added to climate data after being rasterized aakkddo 30 arc-seconds (Fritsch, 2012; Jaffré
et al, 2012).

TABLE 4.2 Habitat distribution of narrow-range endemic basalgiosperm speciesensu
Wuff et al (2013).

Rainforest & mountain shrubland

Northern Southern Outside midl_—(c)e\ll\(la-vg)'[ion
refugial area refugial area refucial areas  shrubland
CCSM_ MIROC __CCSM__ MIROC : i

Lauraceae

Adenodaphne macrophy X X
Adenodaphne triplinerv X
Beilschmiedia neocaledoni X

Cryptocarya bitriplinervia X
Cryptocarya schmidii

Endiandra poueboen: X

Litsea humboldtian

Litsea imbricat:

Litsea macke:

Litsea ovali:

Litsea paouens X X

Litsea pentaflor

Litsea racemiflor:

Litsea stenophyll

X X X X x

X X X

Monimiaceae
Hedycarya aragoens X X

Winteraceae
Zygogynum cristatum
Zygogynum fraterculum
Zygogynum oligostigma
Zygogynum tanyostigma

X X X X

Notes Crosses indicate whether narrow-range endemics accainforest and mountain shrubland or
in low- to mid- elevation shrubland and, in thenf@r case, whether or not they overlap with last
glacial maximum refugial areas we inferred. Spedlet have not been included in the SDMs
(Zygogynum acsmithiindZ. pauciflorum(Winteraceae)) have not been included in the aealy

We projected habitat size and distribution to ltet glacial maximum (LGM)q, 21
000 yr ago) to test whether species persisteGm@amde Terreduring the Pleistocene climate
changes. Historical LGM distributions were estindatesing climate simulations of the two
coupled global circulation models CCSM (Collies al, 2006) and MIROC (Hasumi and
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Emori, 2004) provided by WorldClim at 2.5 arc-miauesolution. SDMs were re-run with
the four most informative climate variables and shbstrate map (assumed to be identical to
present) upscaled to 2.5 arc-minute resolution.eta&gn was removed from past projection
analyses as no historical vegetation map was &lailnd past vegetation pattern was likely
to have been shaped by climate and soil in thenglesef human impacts. LGM sea level was
considered the same as today since the high amgldéand rapid rises/retreats of the lagoon
during the Pleistocene temporarily formed a calmasecoastal plain (Pelletier, 2006). Such a
habitat is likely to be unsuitable for most of Hasagiosperms because of salinity-induced
water stress (Feiléét al, 2009). Another common approach to infer Pleistec refugia
consists in identifying centres of endemism (Ridtet al, 2001; Webeet al, 2014). To test
for putative LGM refugia inferred through SDM, wested whether refugia overlapped with
occurrences of narrow-range endemic basal angiwmspekccording to the analysis of Wulff
et al (2013), there are 21 narrow-range endemic spegldsh belong to the families
Lauraceae (14 species), Monimiaceae (1) and Witeara (6). We only included 19 of them
in these analyses and did not consider two spé€figgogynum acsmithandZ. pauciflorun)
which satisfied the conditions to be included ia 8DMs (Table 4.2).

4.2.4 Species distribution modelling

We fitted three presence-only SDMsge( without absence or pseudo-absence):
BIOCLIM, DOMAIN and one-class support vector maasnSVM). BIOCLIM is a climate
envelope procedure that computes the suitabilityao$ite by comparing the values of
environmental variables at any site to the pertemdistribution of the values at sites of
known occurrence (Busby, 1986). We used the 5-98%emntile limits as core bioclimate.
The DOMAIN algorithm uses a range-standardisedtgonpoint similarity metric to assign a
classification value to any site based on its protyi in environmental space to the most
similar occurrence (Carpentet al, 1993). We set the similarity threshold at 99% M5 a
machine-learning method that contours the volumeuped by a species in a high
dimensional hyperspace (Dralet al, 2006). The shape of the volume fitted by SVM is
controlled by a kernel functiory, and a regularisation paramet€r, We used the one-class
SVM implementation provided in thel071package (Meyeet al, 2014) developed under
the R software (R Development Core Team, 2014). Tinee’ function searched for the
optimal y and C in the range [2° 2° ..., 29 after 10-fold cross-validation to prevent

overfitting.
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Model accuracy was assessed with the area undecuitve (AUC) of the receiver
operating characteristic (ROC) (Fielding and B&897). We converted continuous maps to
presence/absence maps by selecting for each sgetiesshold where sensitivity was equal
to specificity (Liu et al, 2005). For each species again, the three binatguts were
assembled into a single ensemble model by majedting (a pixel was labelled as to the
class that was chosen by at least two separatels)@hfarmionet al, 2009).

4.2.5 Habitat overlap and marginality

To explore whether basal angiosperms share a conemaronment, we introduced a
habitat overlap indexHO) as the proportion of relict angiosperms expedte@ach site
according to the individual projection of theirtditl habitatHO was implemented by stacking
binary maps so that they expressed the local pateithness of basal angiosperms over each
pixel of the combined map (Guisat al, 1999), which was then converted into a proportion
by dividing that value by the total number of baaabiosperms. To deal with unbalanced
numbers of taxa within genera and genera withinilfasy HO was estimated at three
taxonomic levels: (i) family, (i) genus and (iigpecies and infra-specific levels (hereafter
referred to as the species level). At the genus fandly levels, HO was computed by
merging taxon-based SDMs rather than by buildingv f©DMs from merged taxon
occurrences because it was easier to manage unédlaccurrences and it seemed to be

more consistent with the species-specific concépabitat.

HO was analysed within each vegetation and subsiypteand we built a regression
model to understand hoO varies along environmental gradients on the 23fB86éls of 30
arc-second resolution covering the archipelago.ifeninental variables included the four
selected WorldClim variables as well as mean anraiafall (BIO12) and elevation (SRTM
digital elevation model upscaled to 30 arc-secandsyironmental correlates #1{O were
explored using boosted regression trees (BRTspasting procedure that combines large
numbers of relatively simple tree models to optenmedictive performance (Elitat al,
2008). BRT models were built using the R packdigeno(Elith and Leathwick, 2015). A bag
fraction of 0.5 was used, which means that, at st&h of the boosting procedure, 50% of the
data in the training set were drawn at random withaeplacement. The learning rate
searching for the contribution of each tree tortialel was set at 0.01. The maximal number
of trees for optimal prediction was limited to 200The tree complexity, referring to the

maximal number of nodes in an individual tree, weisto 9.
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We also developed a habitat marginality indeij for each taxon to separate basal
angiosperms as to whether they co-occur in a shamettfonment or occupy a separate

habitat. ThéHM index was calculated as follows:

P HOi
HM =1 — (Z —)
i=0 P

Wherep is the number of pixels where a taxon is predi¢tede present. A value of 100%
reflects a marginal taxon whose suitable habitadltisgether different from the other taxa,
while a value of 0% denotes a gregarious taxon wisogtable habitat overlaps that of all its
relatives. The main difference betwddh and other habitat marginality metrics proposed in
previous works (Hirzekt al, 2002) is that marginality, as expressedH, is quantified
relatively to the habitats of other species rathan to background environmental conditions
available across the study area.

4.3 Results

4.3.1 Modelling assessment

Although SDMs were based on occurrence record$vetkrfrom opportunistic
sampling schemes prone to spatial autocorrelagay, fiear Noumea, at sites of recognised
botanical interest, along walking tracks), we foymodr matching between currgfO© pattern
(Fig. 4.3) and density of points used as SDM in{ypendix A5). Such a result suggests that
our modelling approach provides a good generatisatiThe ensemble model also
outperformed all individual SDMs in predicting bhaagiosperm distribution (mean AUC =
0.877), the difference with BIOCLIM being signifitta(0.790; pairwise comparisartest
with Bonferronipost-hoccorrection;P-value < 0.05) but not with DOMAIN (0.84%®-value
= 0.54) or SVM (0.875P-value = 1.00) (Table 4.1).

4.3.2 Testing for a shared habitat of New Caledonmbasal angiosperms

Similar geographic patterns of basal angiosperverdity were found at the three
taxonomic ranks considered (Fig. 4.3). OccupatibG@nde Terre was asymmetrical with
regard to a gradient of windwardness (diversity \oager along the drier west coast than the
wetter east coast). The area of highest basal spglio richness was broadly rhomboidal,
oriented northwest-to-southeast whose northwesteghe corresponds to Mont Panié (1,628
m a.s.l.) followed in a clockwise direction by tMassif des Levres (1,091 m), Plateau de
Dogny (1,000 m) and Mont Aoupinié (1,006 m), whii@ became maximal (Fig. 4.3A").
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Habitat overlap
0 Ml 100%

FIGURE 4.3 Distribution of the richness (as expressed by the habitat ovartigx) in basal

angiosperm species (A ad), genera (B) and families (C) under currefimate In figure

A': P=Mont Paniél.=Massifdes Lévres, A=Mont Aoupinié, D=Plateauldegny

At all taxonomic levels rainforests harboured a highgroportior of basal

angiosperms than any othexgetatiol type (Fig. 4.4). Sites of highespecie richness O =
62%) were located in lowto mid-elevation rainforests and sitesntainin¢ the greatest
proportion of genera (95%anc families (100%) were almost equalgpresente in low- to
mid-elevation rainforests and montane rainforests and shrublands.aWerage, low- to mid-
elevation rainforestpossesse a greater proportion of basahgiosperr species (38%) as
compared to montaneainforest and shrublands (24%; pairwidees with Bonferroni
correction;P-value < 0.05)However the proportion of genera aridmilies was similar in
both vegetation typesP{value = 0.18 and 0.37, respectively). Lewo mid-elevation
shrublands comprised fesites rich in basal angiosperms but amerag most of shrubland
habitats remained relativeyoor Other vegetation types were manarginally inhabited by

basal angiosperms (Fig. 4.4).

Basal angiospermsccurre( preferentially in rainforests, witbnly a small difference
between lowland anchountair sites. In addition, elevation did notarkedl influenceHO on
BRT plots, although basangiospern were slightly more abundaatoove 1,000 m (Fig.
4.5), especially on Monfoupinié and Mont Panié (Fig. 4.3). Suitabtabitats converged
toward annual precipitatiorangin¢ from 1,500 mm to 2,300 mm witéh more pronounced

abundance of basahgiospermr around 2,000 mm annual precipitation.
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FIGURE 4.5 Joint partialdependenc plots of the interactions betwedsabita overlap and
environmental variablefitted with boosted regression tredSnvironmente variables are
scaled according to thdill range in New Caledonia.
SDMs predicted dnatitat preference for areas where rainfats slightly above 60
mm per month during théry season and where the rainy season waskec as implied by
the increasetHO whenprecipitatior seasonality was between 42% &tdo In parallel with
sensitivity to rainfall regimebhasal angiosperm habitats also varied wditirnal variation in
temperature. Relicangiospernm did not occur in areas exhibitingariatior of diurnal

temperature above 7.5°GHowever we found no clear sensitivitpf HO to diurnal
temperature range whexpresse as a ratio of the annual ran@eothermality)
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In relation to edaphic variables, the richestssite basal angiosperms occurred
predominantly on volcano-sedimentary substrates.dM&rved that 25 species (including
both members of the ANA grade), seven genera amdfémilies occurred only on volcano-
sedimentary substrates; 16 species, two generaomadfamily occurred exclusively on
ultramafic substrates, no species occurred exalysion calcareous substrates, and 19
species, nine genera and five families occurretivonor more substrates (Table 4.1). Overall,
basal angiosperm species occurred more frequentiyoltano-sedimentary substrates (mean
HO = 20%) than on ultramafic (14%; pairwiséest with Bonferroni correctiorP-value <
0.05) or calcareous substrates (FP4alue < 0.05) but at supra-specific levels théedénce
in meanHO between volcano-sedimentary and ultramafic sutestrgradually decreased and
was not statistically significanPfvalue = 0.72 at the genus level adalue = 1.00 at the

family level).

4.3.3 Similarities and differences in habitat

Habitat marginality KIM) expresses the degree to which the environmenhtatihasal
angiosperm inhabits differs from the most-occupgatbitats, i.e. mesic to moist rainforests
with slight precipitation and temperature changed @rimarily on volcano-sedimentary
substrates. ThelM index was not affected by the number of speciesgpaus (F-testP-
value = 0.49; N = 18), the number of species perilfa(P-value = 0.23; N = 10) or the
number of genera per familyP{value = 0.17; N = 10). Species whose suitable taabi
deviated the most from these most-occupied enviesnsnwere members of the family
Lauraceae, includingCryptocarya lifuensigfHM = 94%) which is found in dry to mesic
forests on sedimentary and calcareous substrhttsssa deplanche{78%), widespread in
shrublands along the west coast of Grande Term,Capptocarya leptospermoid€37%),
exhibiting a patchy distribution within low-elevati dry to mesic forests and shrublands in

northwestern Grande Terre (Fig. 4.6; distributicapsiare presented in Appendix A6).

The family Piperaceae was ecologically more maiginl%) than the locally diverse
family Lauraceae (68%). Hernandiaceae were rankied (67.4%) followed very closely by
Annonaceae (66.9%). In contrast, the least margpatiesZygogynum pauciflorurt61%),
Cryptocarya macrodesm®1%) andZygogynum vinki(52%), as well as all taxa within the
least marginal families, Trimeniaceae (54%), Momiocaiae (56%) and Amborellaceae (59%),
were restricted to most-occupied habitats, with #xeeption of Hedycarya parvifolia

(Monimiaceae), also found im‘aquis vegetation (Fig. 4.6).
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FAMILY

GENUS

SPECIES

Piperaceas
Lauraceae
Hemandiaceae
Annonaceae
Winteraceae
Chloranthaceae
Atherospermataceae

Amborellaceae |

Menimiaceae
Trimeniaceae

Litsea

Hubera

Piper
Peperomia
Beilschmiedia
Meiogyne
Hermandia
Xylopia
Endiandra
Cryptocarya
Zygogynum
Ascarina
Gonicthalamus
Nemuareon
Hedycarya
Amborella
Trimenia
Kibaropsis

Cryptocarya lifuensis

Litsea deplanchei

Cryptocarya leptospermoides

Piper insectifugum

Hubera nitidissima

Zygogynum vieillardii

Litsea ripidion

Meiogyne tiebaghiensis

Zygogynum crassifolium

Xylopia pancheri

Meiogyne baillonii

Peperomia baueriana

Piper comptonii

Cryptocarya transversa

Zygogynum acsmithii

Zygogynum tieghemii subsp tieghemii
Zygogynum bicolor

Zygogynum pancheri subsp pancheri
Beilschmiedia oreophila

Xylopia dibaccata

Zygogynum pancheri subsp arrhantum

Endiandra baillonii |

Peperomia urvilleana
Zygogynum baillonii
Hernandia cordigera

Zygogynum pancheri subsp elegans
Ascarina rubricaulis
Hedycarya parvifolia
Cryptocarya longifolia
Zygogynum schlechteri
Cryptocarya odorata
Cryptocarya guillauminii
Cryptocarya phyllostemon
Cryptocarya oubatchensis
Endiandra sebertii
Gonicthalamus obtusatus
Nemuaren vieillardii

Meiogyne lecardii |

Hedycarya engleriana
Amborella trichopoda
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FIGURE 4.6 Habitat marginality of New Caledonian basal angiospermsterisks indicate
whether they bearacheid (*), vessel elements with scalarifoperforatior plates (**) or
vessel elements wiimple perforation plates (***) as indicated in AppendiA.
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The four top-ranked families for marginality (Amaxceae, Hernandiaceae, Lauraceae
and Piperaceae) represented the only basal angiwwsaea in New Caledonia bearing simple
perforation plates in their vessels (Fig. 4.6; Amtig A4). In contrast, vesselless
Amborellaceae and Winteraceae, as well as taxa wahlariform perforation plates
(Atherospermataceae, Chloranthaceae, Monimiacehd mmeniaceae) were on average the
least marginal and tended to be restricted to amnilesic to moist habitats.

2.3.4 Distribution of New Caledonian basal angiospes at the last glacial maximum

Across New Caledonia, the CCSM and MIROC globalutation models predicted a
decrease of annual mean temperature of 1.9°C abhtC2and a decrease of annual
precipitation of 197 mm and 372 mm, respectivelpdér these scenarios, basal angiosperm
habitats shifted eastward during the LGM. Mean tadtdrea also reduced by 44% (CCSM
model) to 78% (MIROC model) (Fig. 4.7; Table 4.IThese contractions predicted the
formation of two potential refugial areas on thetemast of Grande Terre. Using the CCSM
scenario, the northeastern refugium ranged from tMRamié in the north to Gwa Ruviané
(1,089 m) in the south, excluding Massif des Leyvaesl the highest speciBl®© reached 68%
on Mont Aoupinié (Fig. 4.7A). The MIROC scenarielgied a smaller northeastern refugium,
located more easterly and ranging from Roche deidn&in the north to Gwa Padkiriwé
(920 m) in the south, but including Massif des lesv(Fig. 4.7B). The highest specld®
was 53% on Goro Tané (707 m). The southeastergitefuranged from Petit Borindi in the
north to the western Plaine des Lacs in the socatbrding to CCSM, while MIROC again
predicted a smaller refugium with Mont Ouinné (382 as its northern limit (Fig. 4.7).
Overall, these refugial areas overlapped with @ricted distribution of all narrow-range
endemic basal angiosperms that currently occuainfarests (and not inmMaquis vegetation)

with the only exception afryptocarya bitriplinervia(Lauraceae) (Table 4.2).

2.4 Discussion

2.4.1 Habitat characteristics of New Caledonian bas$ angiosperms

We identified a range of rainforest locations gldhe east coast of Grande Terre,
including Mont Aoupinié, Mont Panié, Plateau de Bp@nd the Massif des Lévres, as areas
with the most co-occurring basal angiosperm taxees€ sites, hosting up to 62% of basal

angiosperm taxa included in the SDMs and almosgetiera and families, are characterised
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by stable wet tropicalclimate: that experience moisture-ladesoutt-east trade winds
throughout the year.

. Habitat overlap
B\ 0 Ml 100%

FIGURE 4.7 Distribution of the richness (as expressed by thigitht overlap index) in bas
angiosperm species under the last glacial maximu@M\) climate according to the glob
circulation models CCSM (A) and MIROC (|

One could argue thatur recovered pattern, with the highé#D founc in rainforests,
does not support thbypothesi that basal angiosperms are adaptedlimatically stable
rainforests but simplyeflects the pattern that rainforests harbour thes species in New
Caledonia (Table 4.3)While the maximalHO of basal angiospernspecies equals the
proportion of all NewCaledonia vascular plant species foundrainforest (62%) (Moratet
al., 2012), the maximaHO of basal angiosperm species found in otegetation types is
smaller than expected lmhance which tends to indicate a preferermfebasal angiosperms
for humid environment¢Table 4.3). For instance, only one fifth dfisa angiosperm taxa
occur in low- to midelevatior shrublands, while this vegetation tylpest: a third of the New
Caledonian vascular floreMorai et al, 2012). There are alsmonsiderabl environmental
variations among NewCaledonia rainforests. The broad, simplifiecegetatiol categories
used in Moratt al (2012)are unlikely to capture more than a singleis of a plant’s niche
and preclude testing whethgpecies co-occur or occupy differdmbitat: within the same
vegetation category. Fexample Zygogynum acsmithiZ. pauciflorumard Z. schlechterare
classified as rainforespecialist by Moratet al (2012) yet theidistributions never overlap.
Thus, theHO index probably underestimates the actual proportionbaisal angiosperms
present in the rainforesiategory A clearer preference of basahgiospermr for rainforests
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appears to occur at supra-specific ranks since ®@e genera and 100% of the families co-
occur in the same rainforest sites while only 594he genera and 70% of the families

within the total native vascular flora are foundamforests (Moragt al, 2012).

TABLE 4.3Maximal habitat overlap (HO) of basal angiospermagrfd in the different
vegetation types in comparison to the total vascildsa of New Caledonia.

Marsh Dry & sclerophyll

Taxonomic level Rainforest Low- to mid-elev. shrublan
& other wetland forest

Maximal HO of basal angiosperms (%) / Proportion of the teéaicular flora (%)

Families 100/70 44/54 41/30 33/41

Genera 95/59 32/39 34/18 24/27

Species 62/62 20/34 20/34 11/10
Over-representation rate

Families 1.42 0.81 1.36 0.81

Genera 1.60 0.83 1.94 0.91

Species 1.00 0.59 2.30 1.07

Note secondary forests and anthropogenic grasslands ma presented as they were merged in
Jaffré et al. (2012) and divided into two formasom Moratet al. (2012) which precludes a
comparison.

Similar to Winteraceae anAmborella other basal angiosperm lineages, such as
Trimeniaceae and Chloranthaceae, possess fundyicarad structurally tracheid-like ‘basal
vessels’, that are highly obstructive to hydradlemv versusother perforation plate types
occurring across most derived angiosperm lineagpsr(yet al, 2007; Carlquist, 2012; Feild
& Wilson, 2012). These taxa always co-occur witesedless angiosperms in New Caledonia.
Interestingly, we found a similar distributionakasiation for magnoliids bearing vessels with
scalariform perforation plates. Overall, the highsél angiosperm diversity that occurs in
New Caledonian humid rainforests, where up to 95%® genera and 100% of the families
co-occur, suggests that neither the presence senab of vessels is selected for or against in
such habitats. In contrast, taxa bearing vesseth simple perforation plates displayed
distributions that extended to dry and mesic far@stopen shrublands (Table 4.1; Fig. 4.2).
Relict angiosperms, and especially those possesdingght sensitive xylem hydraulic
characteristics (Feild & Wilson, 2012), appear smstrained by vegetation and climatic
conditions that their abundance @Gnande Terreattests to the prolonged climatic stability in
the region since the time they reached New Caled@uch a conclusion is strengthened by
dated phylogenetic trees of other rainforest-spistitneages in the families Nothofagaceae,
Proteaceae and Arecaceae suggesting that rairfoheste probably been continuously
present in New Caledonia for the last 7 My (Pill2a12).
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2.4.2 Reasons for basal angiosperm over-represeritat in New Caledonia

Because ultramafic substrates represent an ecalbgchallenging environment for
many plants, such substrates have been positedbagriar to taxa immigrating to New
Caledonia from nearby non-ultramafic regions (&eéfral, 1987; Pelletier, 2006). Although
only covering a third of Grande Terre today, ultedilm substrates have been shown to host an
equivalent number of species and more endemicsvblaano-sedimentary substrates, which
cover almost two thirds of the island (Jaffré, 1938wever, we found no evidence that such
a hypothesis is supported for the majority of bamadiosperms. New Caledonian basal
angiosperms occur primarily on volcano-sedimentaybstrates. Rainforests, their
preferential habitats, are two times more prevabentolcano-sedimentary substrates than on
ultramafics (Fritsch, 2012; Jaffedt al, 2012). Thus, we suspect that instead of reflgciin
affinity for a particular substrate, the substrdistribution of basal angiosperms signals a
predominant preference for rainforest habitats wlemcumulated soil organic matter buffers
the ecological effects of underlying bedrock. Imtast, the drought-feeble xylem hydraulic
systems of most basal angiosperms may be moreraomsy in more open and drier
ultramafic shrublands. The hypothesis that basgioaperms would be better adapted to
ultramafic substrates than derived angiosperm stonshould be rejected. Our study
therefore provides evidence that ultramafics atetm® only driver of disharmony in the New
Caledonian flora. Our recovered pattern is cleafistinct from the view drawn from
gymnosperm and some other angiosperm lineages vanehmore diverse in the south of
Grande Terre on ultramafic substrates (Jadfral, 2010; Pillonet al, 2010).

CCSM and MIROC climate simulations appeared to ehactll the LGM distribution
of basal angiosperms in New Caledonia. We concthdebecause the modelled refugia of
basal angiosperms overlaid with a number of Ple&ste rainforest refugia previously
proposed. Indeed, inferences based on the curietribdtion of New Caledonian palm
micro-endemism suggested four Pleistocene rairffoedfsigia on the east half of Grande
Terre (Pintaudet al, 2001). More recently, LGM projections @&mborella distribution
supported by genetic evidence revealed that Pt rainforest refugia overlapped with
those hypothesized from palm chorology (Poneetl, 2013). Moreover, our results are
supported by palynological records showing a camtirs presence of rainforest on the Plaine
des Lacs since. 90,000 BP (Stevenson and Hope, 2005).

The distribution of narrow-range endemics beloggio basal angiosperm lineages

also supports the location of refugia that we ird@@rthrough SDM. In New Caledonia,
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narrow-range endemism has widely been interpretea i@sult of substrate specialisation in
the past. In Nattieet al (2013), all species in the grasshopper gé&alsdonulaoccur in the
southern half of Grande Terre in association watuced seasonality (BIO 15 < 42%). In our
study, most basal angiosperms have poor subspatgasisation and are found in the north-
east of the island in association with substarnsi@sonality (BIO 15 > 42-50%). The
confrontation of both studies using two differemdlbgical models highlights the importance
of climate seasonality as another probable driiefocal endemism in New Caledonia.
Interestingly, most of narrow-range endemics atmain restricted to rainforests, with the
exception of taxa bearing vessels with simple pation plates (Lauraceae) that exhibit wider
habitat breadth. Environmental requirements of lbasgiosperms that we identified from the
most prevalent half of species occurring in Newe@ahia thus appear to applydo75% of

New Caledonian basal angiosperm taxa.

Our study suggests that Pleistocene rainforesigi@f might have influenced the
current over-representation of basal angiospernidemv Caledonia by buffering them from
recent major climate-driven extinction events timatre strongly affected Australia and some
nearby South Pacific islands (Byreeal, 2011). Several other regions of the Pacific where
basal angiosperms are also abundant are also iieedgfor the persistence of rainforests
during the late Quaternary through glacial refuggiah as in south-east Asia, New Guinea and
Queensland (Bowlest al, 1976; Wursteet al, 2010; Byrneet al, 2011).
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CHAPTER 5

Drought vulnerability as a major driver of the
distribution of basal angiosperms in New Caledonia*

[0 Ewvaluation of basal angiosperms trait-environment relations

U Drought sensitivity of basal angiosperms

U Effect of xylem conduit type on drought resistance

L A version of this chapter is ipreparation for submission ttNew PhytologistTrueba, S., Pouteau,
R., Lens, F., Feild, T.S., Isnard, Olson, M.E.,Z0@l, S. (2016)in preparation
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Abstract

Basal angiosperm species in New Caledonia are yndiistributed in rainforest habitats.
Moreover, these habitats may have acted as pdtgaisa refugia for basal angiosperm species from
the archipelago. A main hypothesis is that basalv N&aledonian basal angiosperm species are
restricted to rainforest habitats because of a higherability to drought-induced hydraulic failula
the current context of climate change, increasafrdnght-induced tree mortality are being observed
in tropical rainforests worldwide, and are als@&hlkto affect the geographical distribution of ticzd
vegetation. However, the mechanisms underlying dheught vulnerability and environmental

distribution of tropical species have been littedéed.

We measured vulnerability to xylem embolisRgof of 13 tropical basal angiosperm rainforest
species endemic to New Caledonia with differenierylconduit morphologies. We examined the
relation betweerPs;and a range of habitat variables, along with otttenmonly measured leaf and

xylem functional traits.

Selected basal angiosperm speciesPydalues ranging between -4.03 and -2.00 MPa with
most species falling in a narrow resistivity rangigove - 2.7 MPa. Embolism vulnerability was
significantly correlated with elevation, MAT, ancrgentage of species occurrences in rainforest
geographic areas. Xylem conduit type did not explariation inPs,. Commonly used functional

traits such as wood density and leaf traits weteelated tdPsp.

Xylem embolism vulnerability behaves as a phygjwal trait closely associated with the
distribution of basal angiosperm species in raidts. Our study suggests that ecological
differentiation inPsyis decoupled with wood density in rainforest spgciaeaning that evolutionary
paths between hydraulic safety and wood densitynatdorced to coordinate in wet habitats. Finally,
we underscore the high conservation risk of basaiosperm species from montane rainforest

localities in New Caledonia.

Keywords: basal angiosperms, drought resistance, embolidrerability, functional traits, leaf vein

density, rainforest, vesselless angiosperms, weodity, xylem conduit.
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5.1 Introduction

The previous chapter has shown that basal angiospsn New Caledonia have a
preference for rainforest habitats. Moreover, @ie$ts appear to have acted as refugia for
basal angiosperm diversity in the archipelago (Pawet al, 2015). A major hypothesis is
that drought sensitivity may restrict most basayjiasperm species to humid and stable
habitats. However, the persistence of this padichhbitat may be threatened by changes in
climate. Climate projections predict changes imfidi regimes and soil moisture, forecasting
more severe and widespread droughts in many abeEasZ013). Global changes in rainfall,
combined with increased temperature, are likelgdase tree mortality and biogeographic
shifts in vegetation in many parts of the world &k et al, 2009; Allenet al, 2010).
Moreover, strong shifts in rainfall are expectedafifect forest areas of tropical regions
(Chadwicket al, 2015). Given that an increase in tropical raiesbrtree mortality due to
water stress has already been observed (Phéligd, 2010) and because most species are
operating within a narrow hydraulic safety marg@h¢at et al, 2012), the survival and

distribution of tropical rainforest species cleasbem threatened by drought.

A major goal in plant ecology is to understand lthks between functional traits and
species distribution (Violle & Jiang, 2009). Howevehile the distribution of plant species
along environmental gradients has been well doctederthe plant traits and physiological
mechanisms driving distributions of tropical spscae poorly known (Engelbreckt al,
2007). The identification of plant traits underlginthe distribution of species along
environmental gradients can be very important & $kelection of highly informative key
ecological traits (Westoby & Wright, 2006). Detecii relevant plant traits and their
interactions with environmental variables is espkgirelevant for understanding the likely
fate of current vegetation types in the contexglobal climate change (Bresheatsal, 2005;
Allen et al, 2015). Therefore, analyzing key ecophysiologitraits related to drought
vulnerability and plant water use is essential merstanding current and projected future

distributional patterns of plant species in tropre@nforests.

According to the tension-cohesion theory, watangport through xylem is initiated
by surface tension during leaf transpiration and thtegrity of the water column is
maintained by cohesion between the water mole@rndsadhesion between the water column

and xylem conduit walls (Tyree, 1997; Tyree & Zimmann, 2002). Water movement is
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prone to dysfunction because significant decreasgglem pressure can be caused during a
drought event. Subatmospheric xylem pressures sanpd the cohesion between the water
molecules, producing gas bubbles by cavitation€&\& Sperry, 1989). Cavitation may result
in large embolisms inside the xylem conduits, cqnsetly reducing water flow. According
to the air-seeding hypothesis, such embolisms oapagate from a non-functional conduit to
a functional conduit through the lateral intervéspis (Tyree & Zimmermann, 2002;
Cochardet al, 2009; Delzonet al, 2010). Plant drought resistance can be assesged b
measuring vulnerability to xylem embolism, aRgh, the negative pressure at which 50% of
hydraulic conductivity is lost, is a commonly ugsgrameter in ecophysiological research. It
has been shown that vulnerability to embolism (autlc failure) is strongly related to
drought-induced mortality in gymnosperm and woodgiasperm species in both temperate
and tropical forests (Brodribb & Cochard, 2009;iUst al, 2013; Barigahet al, 2013;
Rowlandet al, 2015).

Given the strong selective force exerted by wsiiesss on vegetation (Brodrile al,
2014), the distribution of plant species along smwnental gradients can be expected to be
strongly influenced by their vulnerability to xyleembolisms (Pockman & Sperry, 2000).
Global meta analyses have shown that embolism raliigy (Psg) is related to climate
variables such as mean annual precipitation (MAR) mean annual temperature (MAT)
(Maheraliet al, 2004; Choaet al, 2012). These studies have shown that angiospemisto
have less negativBso values than gymnosperms, and are thus more vuleetabxylem
embolism. Moreover, within the angiosperms, trop@zergreen taxa native to high rainfall
areas are among the most vulnerable species. Beaduthe relation between embolism
resistance and habitat occupation, it has beenesteg that xylem embolism vulnerability
can be useful for distinguishing plant adaptivatstgies (Len®t al, 2013; Anderegg, 2015).
However, tropical rainforest angiosperms, occurimgigh rainfall habitats with MAP above
2000 mm are currently poorly studied. Among thefaiests of the world, the ecology of wet
rainforests of high-elevation islands is among lgest documented in spite of their high
percentage of endemic species and the vulnerabiityheir floras (Loope & Giambelluca,
1998; Kieret al, 2009; Harteet al, 2015). In this study, we analyze embolism vulbiits
of basal angiosperm rainforest species and itsioaléao environmental distribution in New

Caledonia, a megadiverse and highly endemic oceaaltpelago.

Because of its high levels of species richness emdemism, New Caledonia is

recognized as a global biodiversity hotspot (Myetsal, 2000). Previous work has shown
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that biodiversity hotspots are highly vulnerableclionate change, reinforcing their status as
global conservation priorities (Malcolmt al, 2006; Bellardet al, 2014). A characteristic
feature of the New Caledonian flora is an over@spntation of basal angiosperms (Pillon,
2012). We have demonstrated tihamhborella trichopodaBaill. (Amborellaceae) along with
some 60 other basal angiosperm species endemic et Naledonia, have a high
environmental niche overlap in habitats with lowaperative demand characterized by
moderate diurnal variations in temperatute7¢C) and MAP greater tham 2000 mm yeat
(Pouteauet al, 2015). However, the ecophysiological mechanisrehiral this habitat
distribution, and in particular the potential radé vulnerability to drought-induced xylem

embolism, have not been investigated.

Interestingly, these species have a broad diyedditxylem conduit anatomies that
range from vesselless, tracheid-only wood, to Jdssa&ring woods with scalariform and
simple perforation plates (Fig. 5.1). The wood ofme of these taxa (vesselless wood or
woods with narrow vessels bearing long scalarifparforation plates) is thought to resemble
conditions primitive with respect to the majoritiytbe angiosperms, which have short, wide
vessel elements with simple perforation plates Kdaat al, 2007; Carlquist, 2012; Olson,
2012). It has been hypothesized that the evoluforessels may have provided angiosperms
with increased hydraulic efficiency compared to wammprising only tracheids (Carlquist,
1975; Sperry, 2003). However, a possible developahemade-off during early vessel
evolution may have increased vulnerability to diutigduced xylem embolism (Sperry,
2003). Sperryet al (2007) assessed this hypothesis and showed tiatrability to
embolism was higher in species with vessel elemeittsscalariform perforation plates than
in vesselless angiosperms, suggesting that eadyeVevolution may have been limited to

wet habitats due to the risk of hydraulic failunedrier environments.

Beyond xylem conduit structure, wood and leaft$rdiave also been suggested as
being linked with resistance to xylem embolism ooudht tolerance. Wood structural
investment, as quantified in part by wood denstip(), has been suggested to be a predictor
of drought tolerance, given that some studies foMidito be negatively related Ryo (Hacke
et al, 2001; Chaveet al, 2009; Delzoret al, 2010; Markesteijret al, 2011). Leaf dry mass
per unit leaf area (LMA) has been suggested ashandtey trait reflecting leaf and whole
plant function (Poorteret al, 2009). It has also been suggested that droudbtatawe
increases with LMA across species (Poogeal, 2009). Therefore, a reasonable prediction

might be that LMA should be negatively related tmbelism vulnerability in rainforest
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species. Another leaf trait, leaf vein density (YBas also been suggested to be relate
species geographic distributi(Blonder & Enquist, 2014)Moreover, it has been shown tl
higher values of VD are observed in species grownngites of higher evaporative deme
(Sack & Scoffoni, 2013)As e consequence, a negative relationship between VLPs,can
be expected. @ work aims to: i) te: the relationship between xylem vulnerability
embolism and distributiorof basal angiosperm rainforest spe along environmente
gradients; ii) test for differences in xylem furoeti between vesselless and ve-bearing
species; andii) assess the ssociation of commonly used functional traits sashwooc
density, leaf mass per area and leaf vein densitf wylem embolism vulnerability i
rainforest species. Explaining the environmentatridiution of insular rainforesipecies by
their trait values couldhelp to identify the main organismal attributest tabbow ecologica

differentiation by drought restance in this rich and vulnerable biome.
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FIGURE 5.1 lllustration of basal angiosperm xylem conduit niejogies as seen in rad
view with s@nning electron microscopy. ) Vessel elements with simple perforation plz
in Cryptocarya aristata(B) Vessel elements with scalariform perforation ggahHedycarya
cupulata (C) Tracheids with many, distinctly bordered pit<Zygogynum crassifum Scale
bar, 80 um for a and b, 100 um fc

5.2 Materials and Method:

5.2.1 Study site, plant material, and samplin

New Caledonia is an archipelago located north ef Tinopic of Capricorn in th
southwest Pacific Ocean (Fig. 5.2 inset). The nisland Grande Terre 16 000 kr®) has a
central mountain range that runs along the ensil@nd. The highest points are Mt. Pa

(1628 m) inthe north (Fig. 5.2 and Mt. Humboldt (1618 m) in the south. New Caleddras
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a tropical climate with a marked dry season fromeJto November. As a consequence of
Grand Terrés topography and the resulting rain shadow effd&P ranges from 800 mm yr

! along the western coastal plains to 4500 mtiogrthe eastern slopes of the mountain chain
(Météo-France, 2007) (Fig. 5.2). Mean annual teatpee in lowland areas is between 27 and
30 °C but varies along the elevational gradientivaibh environmental lapse rate ©f0.6°C
/100 m elevation (Maitrepierre, 201Zjrande Terrels mainly covered by substrates derived
from volcano-sedimentary rocks but the southendtbf the island and some isolated massifs
of the northwestern coast have substrates deriraed Gltramafic rocks (Fritsch, 2012). A
combination of climate, substrate, and human-indwlisturbance determines the presence of
different vegetation types in New Caledonia. Tdrrals vegetation types are commonly
classified into low-elevation scrubland (known mamqui9, savanna, rainforest, summit
shrubland, and dry sclerophyll forest. Rainforés¢, most species-rich vegetation type, with
more than 2,000 native vascular plant species, cmversc. 3,800 kni on the main island
(Birnbaumet al, 2015) (Fig. 5.2). The diversity of habitats iniN€aledonia, along with the
extensive cover of rainforest, provide an idealtegnfor testing changes of plant traits over

environmental gradients.
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— 250 m contour lines
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' 1000

~ 11500
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2500 o0 25 50 75 100km
B 3000 e —"—

164 165 166 167

FIGURE 5.2 Map of New Caledonia with rainforest, elevationg aminfall distributions along
the main island. Sampled rainforest localities iadicated in the map. See figure 1.7 for a
detailed representation of each environmental bbria
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TABLE 5.1 Xylem embolism vulnerability parameters, and fuor@l traits of 13 insular basal angiosperm rainfstrepecies.

Species Family Conduit type Fl\/lléa) Flvfga) ﬁga) (So/l?vlppi_l) \g[c)m3) E/m[ri - é'\r/]'q'%
Amborella trichopoda Amborellaceae tracheid -23 -2.7 -3.0 177.2 0.508 3.7 93.1
Ascarina rubricaulis Chloranthaceae vessel (scal) -1.6 -22 -29 975 0.472 4.7 106.7
Cryptocarya aristata Lauraceae vessel (sim) -0.8 -2.0 -3.2 439 0.542 8.6 174.9
Hedycarya cupulata Monimiaceae vessel (scal) -1.5 -3.2 -49 311 0.540 5.4 76.2
Hedycarya parvifolia ~ Monimiaceae vessel (scal) -2.0 -3.1 -4.1 488 0.590 6.3 112.0
Kibaropsis caledonica Monimiaceae vessel (scal) -1.6 -24 -3.3 65.8 0.682 5.8 117.2
Nemuaron viellardii Atherospermatacea vessel (scal) -1.4 -23 -3.2 61.8 0.629 5.3 173.1
Paracryphia alticola Paracryphiaceae  vessel (scal) -0.8 -2.1 -3.4 40.2 0.630 2.3 86.0
Quintinia major Paracryphiaceae  vessel (scal) -09 -25 -4.0 333 0.652 7.5 214.5
Zygogynum acsmithii ~ Winteraceae tracheid -24 2.7 -3.0 173.0 0.583 4.8 142.9
Zygogynum crassifoliur Winteraceae tracheid -36 -40 -45 1258 0.674 5.8 309.3
Zygogynum stipitatum Winteraceae tracheid 2.2 -24 -27 2140 0.455 4.8 85.7
Zygogynum thieghemii Winteraceae tracheid -19 -22 -25 168.2 0.608 5.0 216.3

Note "scal" means that the vessels consist of elenveititsscalariform perforation plates; "sim" refervessel elements with simple perforation plates.
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We studied xylem embolism vulnerability of 13 wgadinforest species endemic to
New Caledonia (Table 5.1). Species were selectedgesent a diversity of xylem conduit
anatomies (Fig. 5.1). Additionally, we based ounghling on the results presented in Chapter
4 to represent New Caledonian basal angiospermiesp@dth different levels of habitat
marginality (.e. occupation of distinct habitats). Our samplingoailscluded two rainforest
phylogenetically basal eudicots with long scalanfoperforation plates (Paracryphiaceae;
Table 5.1), a condition though to be primitive withspect to the simple perforation plates
found in most angiosperms. The diversity of xyleamauit morphologies spanned by our
sampling enabled us to test possible differencegntbolism vulnerabilitybetween co-
occurring vessel-bearing and vesselless angiospeimdsviduals were collected at five
rainforest locations oGrande Terre Mt. Aoupinié, Mt. Dzumac, Mt. Humboldt, Pic durRi
and Wadjana (Fig. 5.2). Maximum vessel lengths vessessed on five branches per species
by injecting air at 2-bars and cutting the distadl ®f the water-immersed stem section until
the air bubbles emerged. This procedure allowedouselect species with suitable vessel

lengths to avoid a potential open-vessel artifetar(in-StPaulet al, 2014).

5.2.2 Measurements of embolism vulnerability

We collected 15 sun exposed branches per speBrasiches were immediately
defoliated and wrapped in moist paper, sealed astjgl bags and stored in the dark for
transport. Prior to taking measurements, branchere debarked and cut to a standard length
of 27 cm. Xylem embolism resistance was measurgd) s Cavitron, a centrifugation-based
apparratus that lowers the negative pressure imnxysegments while simultaneously
measuring hydraulic conductance (Cochard, 2002h@aket al, 2005). We followed Delzon
et al (2010) for the test procedure. The percentage ¢dsonductance (PLC) of the stems
was measured in 0.5 MPa pressure steps using ttveas® Cavisoft v4.0, which calculates

PLC with the following equation:

K
PLC =100 X (1 — )
max

whereK is the stem conductance at a given pressur&apdm® MPa* s?) is the maximum
conductance of the stem, calculated under xylersspres close to zero. Using the increase in
PLC with decreasing pressure, we can produce \albilgy curves (VC) for each branch
(Fig. 5.3). VCs were fit with a sigmoid functiongifdmenter & Van der Willigen, 1998) using

the next equation:
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100
[1 + exp <25_5 x (P — P50)>l

WhereS (% MPa?) is the slope of the vulnerability curve at thiéerion point andPso

PLC =

(MPa) is the xylem pressure inducing 50% loss oide@tance. The slope of the vulnerability
curve Q) is a good indicator of the speed at which emboliaffect the stem (Delzoet al,
2010). Additionally, we used our VCs to calcul&g and Psg, which are respectively the
12% and 88% loss of conductan&g, and Pgg are physiologically significant indexes given
that they are thought to respectively reflect thaal air-entry tension producing embolisms,

and the irreversible point of no return (Ugtial, 2013).
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FIGURE 5.3 lllustration of a vulnerability curve (VC). VC &mborella trichopodashowing
decreasing hydraulic conductivity with decreasindem pressureP;, Pso, and Pgg are
indicated with horizontal lines. VCs were produéed13 species, mean values are available
in Table 5.1.

5.2.3 Measurements of stem and leaf functional tresd

Wood density (WD, g ci¥) was calculated using 4 cm long wood segments) fioe
branches sampled for embolism resistance measutenvénod volume was calculated using
the water displacement method. We oven-dried waodpges at 70°C for a minimum of 72 h
until constant mass. WD was calculated as dry mases fresh volume. We measured leaf
mass per area (LMA, g ) on 15 leaves, petioles included, borne by thedires used for

embolism vulnerability measurements. Leaves weranrsed using a portable scanner
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(CanoScan LIDE 25, Canon, Japan). Leaf area wasla&dd from the scanned images using
ImageJ 1.47v. (NIH Image, Bethesda, MD, USA). Lsawere then oven-dried at 70°C for
72 h, and weighted for LMA calculations. LMA wadaadated as the leaf dry mass over leaf
area. Leaf vein density (VD in mm ity also known as leaf vein length per unit leafaare
was measured on five additional leaves. Sectiorlsadftissue ¢ 2 cnf) were cut from the
middle third of the lamina. Leaf sections were melain 5% NaOH and rinsed with distilled
water. Clearing time varied from 20 to 72 hourseateping on the species. After clearing, leaf
veins were stained using 0.1% aqueous toluidine fdu5-10 min, and mounted in a glycerol
solution. We imaged the mounted sections at 5xguaitight microscope (Leica DM5000B;
Leica Microsystems, Wetzlar, Germany). Vein lengihdigital images were measured using

ImageJ 1.47v.

5.2.4 Species environmental distribution

Species distribution was obtained from occurreremords in two datasets: (1) the
New Caledonian Plant Inventory and Permanent Péitviirk (NC-PIPPN) made up of 201
plots measuring 20 m x 20 m (Ibaneizal, 2014), and 8 additional plots measuring 100 m x
100 m distributed across rainforests &fande Terre and (2) voucher specimens of the
Herbarium of the IRD Center of Noumea (NOU). Theamenumber of occurrences per
species was 71. The species with the fewest nunfb@sllections wagygogynum acsmithii
(Winteraceae) with 14 occurrences and the mosecieitl species wadedycarya cupulata
(Monimiaceae) with 171 occurrences. When severaluimences were located within a
distance of 500 m, we kept a single occurrencetiposd at the centroid to avoid
overweighting locations that have been oversamgted.each location, five environmental
metrics were computed: (1) MAP to test whether dssociation betweeRsy; and rainfall
observed at a global scale (Maherdlal, 2004; Choatt al, 2012) also applies at the island-
wide scale; (2) MAT to test whether the associabetweenPsy, and temperature observed at
a global scale (Maheradit al, 2004; Choatt al, 2012) applies at the island-wide scale; (3)
mean temperature of the driest quarter (MTDQ) tantify species tolerance to drought and
heat stress that peaks during the driest periodhctaized by a high evaporative demand; (4)
elevation as a driver of the fine-scale distribatad climate on high-elevation islands; and (5)
the frequency of occupation of rainforest habita$sa proxy of micro-climatic conditions,
such as local water availability, light exposured alisturbance regimes tolerated by the
selected species. MAP data were extracted fronkm-tesolution grid produced by Météo-
France through the AURELHY model by interpolatiraanfall records from 1991 to 2000

113



CHAPTERS. Drought vulnerability of New Caledonian basal asgierms

(Météo-France, 2007). MAT and MTDQ data were exgddrom the WorldClim database
(Hijmanset al, 2005). Elevation was derived from a 10 m-resohutligital elevation model
(DEM) provided by theDirection des Infrastructures, de la Topographiedes Transports
TerrestregDITTT) of the Government of New Caledonia. Eacbdtion was associated with
the appropriate pixel on which it was centeredalyn percentage of occurrence in rainforest
was estimated using a vegetation map in the formsifapefile published in the Atlas of New
Caledonia (Jaffrét al, 2012).

5.2.5 Data analysis

To recognize groups of species with similar endmolivulnerabilities, we used one-
way ANOVAs with post-hoc Tukey's HSD using 95% ddahce intervals to compaf,
values, along with other embolism vulnerability exds across species. Independetests
were used to compare embolism vulnerability parametbetween vessel-bearing and
vesselless species. Linear regressions were usddtéomine the relationship & with
environmental data. Regression lines are shown watign relationships were significant.
Pearson's correlation analyses were used to egalieg relationship between xylem
embolism vulnerability, leaf and stem functionahits, and environmental correlates of
species distribution. Correlations were consideregignificant aP < 0.05. Finally, to place
the New Caledonian rainforest species in a globasective, we combined our data with the
worldwide dataset of Choat et al. (2012). To confa link between MAP anBspat a global
scale, we estimated this relationship by assessihigear relationship on legtransformed
data. To facilitate the lagtransformation oPsgvalues, we used the method of Maherali et al.
(2004) convertingPso values from negative to positive prior to data sfarmation. All

analyses were performed using R v.3.1.2 (R Devetopr@ore Team, 2014).

5.3 Results

5.3.1 Xylem embolism vulnerability of New Caledonia basal angiosperms

Pso varied two-fold across species (Fig. 5.4), witngficant inter-specific variation (F
= 28.34; P < 0.001) (Fig. 5.4). Similar significargtriation inP1, (F=30.63; P < 0.001)Rss
(F=23.54; P < 0.001), and vulnerability curve sbf€=14.82; P < 0.001) was observed
across species. Medty of rainforest angiosperms was -2.60 MPa, with nspstcies falling
into a narrow range d?sovalues between -2.0 and -2.7 MPa (Fig. 5.4). ThbdstPsowas -

2.0 MPa forCryptocarya aristataBoth Hedycaryaspecieshad a similar vulnerability level
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with Pso more negative thar8.0 MPa.Zygogynum crassifoliurhad the lowesPs, at -4.03
MPa, standing out from the rest of the species. (Fi4). Slopes of the vulnerability curv
which reflect the rate at which embolisms occurjediseve-fold across species (Table 5.
with the lowest slope &1 % MP:*recorded foHedycarya cupulataand the steepest slo
of 214 % MP& measured iZygogynum stipitatu. The three embolism vulnerability inde»
measured F1,, Pso, Pgg), which indicat xylem tensions at which different percentage:
hydraulc conductivity are lost, all correlated well witlmeo anotherPsy was significantly
correlated withP1, (r = 0.76;P = 0.002) andPgg (r = 0.72; P = 0.004), suggesting th
embolism vulnerability acts similarly at differedtought intensitiesPso was not correlated
with the cavitation curve slope (r-0.05; P = 0.85), suggesting that the speed of embao

occurrence is not related to embolism resistanazsat¢he sampled speci

a —f— | C. aristata
a —F— | P. alticola
ab —F= | Z. tieghemii
ab—— | A. rubricaulis
ab —= | N. viellardii
ab—— | Z. stipitatum
ab —f— | K. caledonica
ab—— | Q. major
be —f— | A. trichopoda
be | Z. acsmithii
cd 5 | H. parvifolia
d —F= | H. cupulata
e —= | Z. crassifolium
4 3 2 a0
Ps, (MPa)

FIGURE 5.4 Pso xylem pressure inducing 50% loss in conductance,3obasal angiosper
species. Different letters indicate significantfeliénces between species P < 0.05.
Standard errors are represented by
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_ @ vessel-bearing
|
@ vesselless
*

MPa

P1 2 P 50 P88

FIGURE 5.5 Box plot of embolism vulnerability indexes for vel-bearing species, ai
vesselless species. Boxes show the median, 25th7%tid percentiles, and bars indic
maximum/minimum values. Significant differencesenfibolism vulnerability indexes P <
0.05between conduit morphologies are indicated witlasterisk

Mean Psy of vesselbearing species-2.48 MPa) was not significantly different frc
the mearPsg of vesselless specie-2.81 MPa) (t = -0.92P = 0.391) (Fig. 5.5)Pggwas also
similar betwea both groups of xylem conduit elements morpholedie= 1.16;P = 0.28).
Differences were only observed fo;, (t = 3.43;P = 0.013), with vess-bearing species
having higherP;, values (1.34 MPa) than vesselless speci-2.49 MPa) (Fig. 5.5). ¢
significant difference was detected when comparing dlopes of the vulnerability curvi
between both xylem conduit morphologies (t = 7P < 0.001). O average, vess«-bearing

species had much lower slopes (53% ') than vesselless species (172% ).

5.3.2 Xylem embolism vulnerability and functional taits in relation to environmental

variables and species distributior

Pso was positively correlated with the proportion ofesggs occurrences located
rainforest areas (Fig. 5.6a), indicating theecies which are less present in rainforest
have greater xylem embolism resistance. For insteParacryphia alticoli, which had the
most rainforestestricted distribution, with 91% of its occurreneeords in rainforest aree
had a highPsoof -2.10 MPa, ranking among the least resistant spé€igs5.4). On the othe
hand,Zygogynum crassifoliu, for which only 24% of occurrences were in raiefirareas
had the most negativBsy (-4.03 MPa) (Fig. 5.4)Pso was also related to species m
elevational distribution (Fig. 5.6b), indicating thapecies from lower elevations are |
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vulnerable to xylem embolisnPsowas negatively associated with MAFig. 5.6¢).P1, was
also related to species distribution variables MAIT (Table 5.2). BothPi, and Pso were
correlated with the MTDQ (Table 5.2). For othemstand leaf traits, significant relationsh
were detected only between LMA and rainforest oacgy (Table 5.2). Embolis|
vulnerability indexes were the only biological \adiie that correted with more than on
environmental variable (Table 5.2). Vulnerabiliotygmbolism was not associated with M
within our group of species (Fig. 5.6d; Table 5P)e probability of an association betwe
Pso and MAP was marginally significanP = 0.05®) when considering a 5% significar
level. The relationship betwedPsoand MAP became significant when including our dat
the globalPs-MAP dataset of Choat et al. (2012), suggesting teatr Caledonian rainfore
species fit this globacale reladonship (Fig. 5.7).
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FIGURE 5.6 Relationships between proport of occurrences in rainforest (A), elevatior),
mean annual temperaéu(C), mean annual precipitation), and vulnerability to embolisi
(Psg) of insular rainforest species. Points represeparmvalues per species. ns =
significant atP = 0.0509; *P < 0.05; ** P < 0.01.
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TABLE 5.2 Correlations of environmental variables with embolivulnerability parameters
and functional traits

MAP MAT  MTDQ  Elevation §§3f°£§§t
(mm)  (C)  (C) (m) o
P2 (MPa) . 0.48 065 071 0.69 0.64
P 0094 0016 0006  0.008 0.017
Pso(MPa) . 0.55 056  -0.65 0.61 0.68
P 0051 0044 0015  0.025 0.009
Pes(MPa) . 0.33 018  -0.25 0.21 0.37
P 0263 0559 0401  0.484 0.213
Slope(% MP&Y)  r 0.15 0.40 0.36 -0.41 0.07
P 0630 0180 0232  0.164 0.816
WD (g cni®) ‘ 0.36 024 007 0.24 0.48
P 0.22 0422 0816 0431 0.092
VD (mmmnid) 1 0.38 0.24 0.28 -0.16 027
P 0200 0420 0348 0588 0.376
LMA @m? T 006 0003  0.30 -0.02 0.71
P 0839 0990 0321  0.934 0.006

Pearson's correlation coefficients (r) and P-val(®sof bivariate cross-correlations. Bold values
indicate significant correlations at<0.05. Abbreviations: MAP, mean annual precipitatiMAT,
mean annual temperature; MTDQ, mean temperatutbeoflriest quarter; WD, wood density; VD,
leaf vein density; LMA, leaf mass per area.

5.3.3 Relationships between vulnerability to embams and leaf and xylem functional

traits

Pso was not associated with any of the wood and leattfanal traits. WD scaled
negatively withPsp, but the relationship was not significant (r =24.P = 0.435). Similarly,
LMA was not correlated witlPso (r = -0.37;P = 0.214). VD was not related ®(r = -0.06;

P =0.840).P,, andPgg were also not associated with any of the traitasueed (not shown).

5.4 Discussion

5.4.1 Association between xylem embolism vulneraliif and habitat occupation of New

Caledonian basal angiosperms

A main result of our investigation is that vulnitdy to xylem embolism correlates
with the percentage of occupancy of the rainfol@gtangiosperm species. Indedek
explained 47% of the occurrence of angiosperm speti rainforest areas (Fig. 5.6a),
suggesting that embolism vulnerability influencediktat occupation even within a moderate
latitudinal gradient. For instance, species sucAraborella trichopodawhich occurs with a

frequency of 82% in rainforest, may be restrictedrtoist habitats because of the risk of
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suffering hydraulic failure in drier location§loreover,Zygogynum crassifoliunthe species
with the most highly negativs, in our study and thus the most drought-resistaig. 5.4),
has the lowest occurrence in rainforest areas (24%)us appears that higher resistance to
xylem embolism allows this species to occur on hatinforest and drier habitats such as
scrublands. It has been shown that mean trait sahfieplant species correspond to their
position along environmental gradients (Violle &aldg, 2009). The occurrence of species
with high embolism resistance in drier habitat&lykreflects the importance of resistance to
xylem embolism as an adaptive response to watesss{Maheralet al, 2004). For instance,
Callitris tuberculatag the species with the highest embolism resistanee measuredP§y = -
18.8 MPa), inhabits extremely dry areas of westaustralia in zones with MAP as low as
180 mm at its most extreme margin (Larétral, 2015). At the other end of the embolism
vulnerability spectrum are species from moist kabisuch as the tropical rainforest, which

experience xylem embolisms under much less negayieen pressures (Choat al. 2012).

Our work provides the first evidence of a relatibetween species elevational
distribution and embolism vulnerability, with higinid species being more vulnerable to
xylem embolism (Fig. 5.6b). For instandggracryphia alticola the second most vulnerable
species measured here (Fig. 5.4), had the highest®nal range (mean = 1011 m). This
relation between species elevational range and ksnbovulnerability, along with the
negative relation between embolism resistance a®d NFig. 5.6¢), has very important
conservation implications for the flora of the Ne®aledonian rainforest. Temperature
increases have already been recorded in New Cakeduer the last three decades at a rate of
0.25°C per decade. Using the same rate, local ®imaodels suggest that MAT could
increase byc. 2.5 °C over the next century (Cavareebp al, 2012). Upward shifts of
organisms' elevational distribution are expectectlamate changes (Walthest al, 2002;
Parmesan & Yohe, 2003) and have already been dotathen temperate forest plants
(Lenoir et al, 2008; Urliet al, 2014). Extensive upslope shifts toward cooleasiteave also
been documented by several studies of tropicalk glaecies, indicating that this displacement
is already ongoing within the tropics (Colwel al, 2008; Feelet al, 2011; Feelet al,
2013; Morueta-Holmet al, 2015). Given that temperature-induced upwardsimf species
distribution are ultimately restricted by dispersad resource availability (Walthext al,
2002), montane-rainforest angiosperms can be asstorteave a limited ability to respond to
increasing temperatures because of a reduced tandisperse into suitable microrefugia.

Populations of New Caledonian rainforest angiosgerestricted to high elevational ranges,
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which have the lowest drought resistances, cowddetbre be at significant conservation risk
if temperature keeps increasing at the same pace.

Previous analyses have shown that average armunédll explains species embolism
vulnerability across biomes (Brodribb & Hill, 1999taheraliet al, 2004; Choatt al, 2012).
Among the environmental variables analyzed in dudys within a single biome, MAP was
the only one marginally related to embolism vulbdity (P = 0.0509; Fig. 5.6d). This
discrepancy in the relationship linkifgoand MAP likely stems from the difference in scale
between global approaches and our island-wide sttlguch a fine scale, the MAP raster
we used probably had a resolution (1 km) too cotrseender the actual amount of water
available for plants, which depends on microclimaffects that were better captured by fine-
scale layers such as the DEM and the rainforest imagddition, averaged variables such as
MAP appear to be of lower predictive power thanr@axie climate variables like MTDQ,
which are recognized as good predictors of spadigsibution as they are related to plant
mortality (Zimmermanret al, 2009). Finally, we can question the ability oé tMAP raster
interpolated from 121 points (i.e., one meteoratabstation per 150 km?), most of which are
located at low elevation, to account for the compdestribution of MAP resulting from a

double gradient of elevation and windwardness.

In contrast to MAP, the distribution of MAT is mueasier to estimate because it
arises from a single elevational gradient through énvironmental lapse rate (Maitrepierre,
2012). In spite of the lack of relation between Mafd embolism vulnerability at the island-
wide scale, a strong relationship was detecteddmviboth variables when including our data
in the global dataset of Choettal (2012) (Fig. 5.7). Our study increases the repridion of
angiosperm species from humid habitats, which wess represented in that study as
compared to plant species from habitats with loxaérfall regimes (Fig. 5.7). We show that
species endemic to the rainforest of New Caled@ihithe pattern described by this global
sample, occupying one of the ends of the embolisitmevability range (Fig. 5.7). This
finding confirms that within continental and islardosystems, high embolism vulnerability

is observed in species growing in high rainfall ditions.
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FIGURE 5.7 Vulnerability to embolism as a function of mean aalnprecipitation (MAP) at
global scale. The 13 New Caledonian basal angiosgeecies analyzed in this study fit
global pattern oPse-MAP. Different symbols represent gymnosperm spefegn cirles),
angiosperm species (gray circles), and New Caledorginforest angiosperm species (bl
circles). Inset: Negative relationship between MAR] embolism resistance using 1o
transformed dataPs, values were converted from negative to positiv facilitate logg
transformation. The coefficient of determinationresponds to the relationship after 1¢-
transformation. Additional data obtained from Chefaal. (2012). ** P < 0.001

5.4.2 Poor differentiation of embolism resistance diween vess-bearing and vesselles

basal angiosperms: insights into vessel evoluti

Angiosperm vesseklements are thoughio have evolved from tracheids. T
concentration of pits on tracheid endwalls, alonthvysis of primary membran, gave rise
to scalarifom perforation plates, which in turn evolved to gieperforation plates after lo
of the perforation bar&Carlquist & Schneider, 20C. Some functional adaptive advantage
xylem conduit variabn have been suggested: for instance, it has bemmnsthat the loss ¢
bars in perforation plates enhas water conductivity because tracheids and scalani
perforation plates confesignificant flow resistanccompared to simple perforation pla
(Pittermannet al, 2005; Sperr et al, 2007; Christman & Sperry, 20.. Moreover, it has
been shown that angiosperm venation nets are influenced by xylem conduit type, w
vesselless angiosperrhaving lower vein densitiecompared to vessélearing angiospern
(Feild & Brodribb, 2013) Hence, xylem conduit morphology influences watenductivity,

stomatal conductance and photosynthetic capacitidgese observationssupport the
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hypothesis that vessel evolution was driven bycsele for increasing efficiency in water

conductivity.

With regard to water transport safety, it has b&#ggested that species bearing vessel
elements with scalariform perforation plates arerengulnerable than tracheid-bearing
angiosperms (Sperrgt al, 2007). However, we did not observe significarftedénces in
embolism vulnerability between vesselless and \ss@Eing angiosperms (Fig. 5.5). Only
slight differences were observed at the onset dfatism formation P1,), with vessel-bearing
species being less resistant (Fig. 5.5). This sstgge lack of differentiation in embolism
vulnerability across species with different xyleonduit anatomies, with slight differences at
low xylem tensions. The low values of embolism s&sice in species with "primitive"
vessels, and the lack of differentiation of embuliesistance between tracheids and vessels,
supports the hypothesis that angiosperm vessellsl ¢coi have evolved in xeric habitats
because of limitations caused by embolism risk (§p&t al, 2007; Carlquist, 2012). Despite
suffering xylem embolisms at less negative presswessel-bearing species had much lower
embolism vulnerability curve slopes compared toseiess species, suggesting that after the
start of cavitation, embolism propagation procegldsver in vessel-bearing species. Current
research highlights the great importance of xyldtrastructure, with characters such as pit
membrane structure playing a key role in embolissistance (Lenst al, 2011; Len<et al,
2013; Jansen & Schenk, 2015; Schenlal, 2015). The lack of differentiation in embolism
resistance between vesselless and vessel-beargigsparms suggests that evolutionary
changes in xylem conduit types are not associatéd witrastructural anatomical changes.
Further research on ultrastructural characterisbicgnterconduit pits would be needed in
order to discern which xylem properties allow vaoia in embolism vulnerability in tropical

rainforest angiosperms with primitive xylem conguit

5.4.3 Weak association between xylem embolism vuhagility and common functional

traits in a tropical rainforest

It has been shown that, to maintain a safe wateduactivity under substantial
negative pressures, the investment in the cellswafl conduits and fibers is increased,
resulting in increases of wood density (Haakeal, 2001). In this sense, previous studies
have proposed a negative relation betw&es and wood density in angiosperm species
(Jacobsenet al, 2005; Prattet al, 2007; Haoet al, 2008; Markesteijnet al, 2011).

Surprisingly, despite being negatively related, @id not find a significant association
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between wood density and embolism vulnerability aar sample of New Caledonian
rainforest species. Significant negative relatigpstetween WD anBsoshowed in previous
studies were obtained from measurements of niredt@ral, 2007) and six (Jacobsenal,
2005) chaparral species. Using the same numbepeties that we studied here, Markesteijn
et al (2011) showed a strong negative relation betw§¥&nandPsyin species of tropical dry
forest, another drought-prone biome. Finally, Haal (2008) showed a negative relation
between WD andPso when considering ten species from savanna andtfowbsch are very
contrasting environments. Hacke al. (2001) showed that the relationship betw@egand
wood density across a wide range of species islmear. In their analysis, the slope of the
curve is lower in species with wood densities betw8.4 and 0.7 g ¢t corresponding to
the WD values of the species measured in this sflidple 5.1). The curve then becomes
much steeper with increasing embolism resistanoggesponding to wood density values
abovec. 0.7 g cnt. This suggests a lack of selective pressure featgr structural investment
to increase conductive safety in the wood of trabrainforest species. Wood structure can
therefore be modulated for diverse competitive fimms in environments where water stress

does not exert an important pressure.

Higher values of leaf mass per unit area (LMA)dmer environments reduce leaf
water loss by the increase of leaf tissue densithickness (Wrighet al, 2002). Therefore,
the higher LMA values observed in drought-exposgeces can be considered to represent
an adaptive response to water stress operatimg d¢af level (Niinemetst al, 1999). This is
supported by several studies showing that LMA iases with water stress (Cunninghatn
al., 1999; Fonsecat al, 2000; Wrightet al, 2002; Jordaret al, 2013). A relation between
xylem embolism vulnerability and LMA could be expeat, since both traits are related to
plant drought resistance. However, our study shimasLMA andPspare decoupled in New
Caledonian rainforest species. This result agratgs similar findings showing the lack of a
relationship betweeRso and LMA (or SLA) in Neotropical dry forests (Markegn et al,
2011; Méndez-Alonzet al, 2012). Moreover, it has been shown that leafdgan, which is
strongly related to LMA (Wrighet al, 2004), is not related tBso in plants of an Asian
tropical dry forest (Fuet al, 2012). Furthermore, Maréchawt al (2015) found no
significant relationship between LMA and leaf wapetential at turgor loss point, a leaf-level
indicator of drought tolerance. The lack of relasbip between LMA and embolism
vulnerability observed in rainforest species anthiwidrier habitats (Markesteijt al, 2011;

Méndez-Alonzoet al, 2012) suggests that the two traits are not ewwiatily coordinated.
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The absence of a relationship between a key hydrardit such as xylem embolism
resistance and typically measured functional traitsh as WD and LMA forewarn further

research on the risk of using these traits as atdis of drought tolerance.

It has been shown th#&s, is positively related to photosynthetic capacityoai
conifer species (Pittermanet al, 2012). Moreover, according to the so-called hyhica
safety-efficiency tradeoff hypothesis, safety indtaulic conductivity should be selected
against conductive efficiency (Zimmermann, 1983he Tsecond foliar considered in our
study, leaf vein density (VD), has been shown tcetoengly positively related to functions
such as leaf hydraulic conductivity and photosymtheapacity (Brodribbet al, 2007;
Brodribb et al, 2010; Feild & Brodribb, 2013; Sack & Scoffoni, IZ). In this sense, a
positive relation between VD arRbocan be expected, with conductive-efficient speaies
being more vulnerable. However, this correlatiors wee weakest of those involving the traits
measured in our study. In support of the safetigieficy hypothesis, several studies have
shown a tradeoff between stem hydraulic condugtiaitd embolism vulnerability (Pockman
& Sperry, 2000; Martinez-Vilaltaet al, 2002; Sperryet al, 2008; Zhu & Cao, 2009;
Markesteijnet al, 2011).

In a large scale analysis, Maheralial. (2004) did not detect a correlation between
xylem-specific hydraulic conductivity an&so when exclusively considering angiosperm
species. More recently, a global meta-analysis leasdnet al (2015) has shown that there is
a weak tradeoff between hydraulic safety and efficy. In this regard, previous studies have
shown that leaPspand leaf hydraulic efficiency, a trait which isastgly related to VD, are
not correlated in woody species across differeamigis (Blackmaret al, 2010; Nardini &
Luglio, 2014). Our results provide evidence of thek of such a tradeoff within New
Caledonian rainforest species, which show low hylilreefficiency, as reflected by their low
values of VD, but also low embolism resistance.aGtmet al (2015) have recently shown
that many species share this profile, having both thydraulic efficiency and safety. Future
research would be needed to identify the environa@vouring the presence of species with

this apparently non-optimal hydraulic profile.

Current plant ecological research focuses on tbasorement of phenotypic attributes
that influence plant fithess within local enviromme (Westoby & Wright, 2006). By using
this functional approach, several structural traase been proposed as indicators of drought
tolerance. However, it has been stressed thatdbefieasy-to-measure traits, such as LMA,

as indicators of drought tolerance is controverara can potentially yield misleading results
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(Delzon, 2015; Maréchaurt al, 2015). Among the traits measured in our studyemy
embolism resistance was the most closely relatednioronmental variables (Table 5.2),
being associated with the ecological differentiatad tropical angiosperms. Plant hydraulic
physiology is strongly linked with photosynthetissanilation and derived carbon uptake
(Brodribb, 2009). Drought-induced rainforest didbamay therefore alter the primary
production and functional composition of one of thehest ecosystems of the world,
consequently diminishing extensive amounts of b&snand carbon storage (Malkki al,
2009; Phillipset al, 2009; Phillipset al, 2010). It has recently been proposed that hydraul
failure is the main underlying mechanism of raie&irtree mortality (Rowlandt al, 2015).
Xylem embolism resistance may thus play a majoe rol the maintenance of primary
productivity and plant function (Brodribb, 2009)uXindings emphasizes the importance of
incorporating key ecophysiological traits such gkem embolism resistance into process-
based models in order to estimate the responseamisohs of vegetation to global climate

change.
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CHAPTERG. General Discussion and Conclusions

This chapter summarizes our main results. Moreanverprovide novel insights into:
I) the ancestral form, function and ecology of asgerms; Il) the evolution of angiosperm
xylem conduits and its ecological implications) lithe natural history of New Caledonia and
the disharmony of its flora; and 1V) the conservatof the New Caledonian flora. Finally, we

provide main concluding remarks and research petisps.

6.1 Insights into the form, function, and ecology foearly flowering plants

The ancestral form, function, and ecology of asgesms, and the influence of these
characteristics on the rise of the ecological damoe of angiosperms, are some of the
aspects of flowering plant evolution that remaincentain (Feildet al, 2009). Several
hypotheses have been proposed using extant spasiesiodern analogs of the early
angiosperms. The 'paleoherb’ hypothesis (Taylor-iokiey, 1992; Taylor and Hickey, 1996)
is supported by a cladistic analysis that placedféimilies Chloranthaceae and Piperaceae as
the first divergent lineages of the angiosperm.tténg this topology, a reconstruction of the
ancestral secondary growth of angiosperms was meef, suggesting that the
protoangiosperm was a "diminutive, rhizomatous dambling perennial herb". The long-
standing paleoherb hypothesis has been supportétehybservation of paedomorphic wood
features in Piperales (Carlquist, 1993; 1995), esting an herbaceous ancestral habit. The
assumption of Piperales as a secondarily woodya$jeehas persisted over almost two
decades (Spicer and Groover, 2010). However, thesairal habit of Piperales remained very
ambiguous and previous studies have alternativetied Piperales as 'herbaceous’, ‘woody’,
or 'secondarily woody' (Kinet al, 2004; Feild and Arens, 2005; Spicer and Groa2@t0).

By performing the most extensive overall synthetisdate of the anatomical
organization and cambial activity of Piperales, ldrgest basal angiosperm order, we propose
that the common ancestor of Piperales had an abtfaeial cambium and a truly woody
habit (Truebeaet al, 2015). Therefore, our results challenge the lbelgt vision of secondary
woodiness in Piperales and contrast with the paidohypothesis. As stressed above, wood
paedomorphismssénsuCarlquist 1962; 2009) have been proposed as amabavidence of
secondary woodiness in Piperales. However, ourystumjgests that instead of being an
evidence of secondary woodiness, wood charactensimmpto protracted juvenilism, such as
raylessness and multiseriate rays, could be thdtres anatomical adaptations to specific
growth habits such as the woody herb habiSafumaor the cane-like shrub habit Biper

(see Chapter 3 for a detailed explanation). Add#lly, the exhaustive review of Lers al
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(2013) has shown examples of primarily woody takat texhibit paedomorphic wood

features. By showing the lack of a relation betwagod paedomorphisms and secondary
woodiness, we challenge the use of paedomorphiarésaas reliable evidence of herbaceous
ancestry. The hypothesis of an herbaceous ancestbe angiosperms, which is based on
Piperaceae as a modern analog (Taylor and Hick&92;1Taylor and Hickey, 1996), seems
very unlikely given that our optimization propoghat the putative ancestor of Piperales had

a woody habit.

Recent changes in the topology of the angiospengiogenetic tree have greatly
influenced hypotheses about the form and functioth® earliest flowering plants. S al
(2002) proposed that early angiosperms were aghatlzs growing in stable habitats similar
to modern Nymphaeales afratophyllum This hypothesis is supported by fossil evidence
of herbaceous aquatic angiosperms (8ual, 1998; Suret al, 2002; Gomezt al, 2015).
However, it has been proposed that aquatic angiospevere derived from plants that
previously occupied terrestrial environments (Ridlh and Les, 1996). Moreover, recent
studies have proposed that Nymphaealésratophyllumand monocots are herbaceous
lineages derived from woody ancestors (Ketal, 2004; Spicer and Groover, 2010). Based
on the most recent angiosperm phylogeny, Feild antdeagues have analyzed the
ecophysiology of extant Chloranthales and spedieeeoANA grade, proposing the "damp,
dark, and disturbed" and "ancestral xerophobia“otiygses (Feileéet al, 2003; Feildet al,
2004; Feild and Arens, 2005; 2007; Fedd al, 2009). Our study on basal angiosperm

representatives from New Caledonia provides newlis into these last hypotheses.

AmborellatrichopodaBaill. has a multi-stemmed habit with scandent stesimilar to
the cane-like habit of other basal angiosperm ssr&tives such asistolochia Eupomatia
lllicium, Piper, Sarcandraand Trimenia (Carlquist, 1996; 2001; Feild and Arens, 2005;
Carlquist, 2009; Isnardt al, 2012). By providing a detailed description of Hrehitecture of
Amborellg we show that its habit is made up of a seriesyofpodial branched complexes. It
has been proposed that sympodiality is coupled witimoderate cambial activity (Blanc,
1986). Moreover, sympodiality has previously beevppsed as a widespread feature among
early-diverging angiosperms and as a putative aratdsature from which woodier lineages
have been derived (Carlquist 2009). In this sepeeyious studies have described a similar
sympodial growth in other basal angiosperm reptesens, and it has been reconstructed as
an ancestral feature in Piperales (Isnatdal, 2012). This suggests that sympodiality is

related to the development of cane-like habitsasab angiosperms. Furthermore, we show
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the absence of a typical non-self supporting mechamronstruction behind the scandent
stems ofAmborella.A similar mechanical organization has been obsemmetie lianescent

vesselless angiosperfrasmannia cordatgFeild et al, 2012). Despite its lianescence, this
species possesses a stiff wood whose mechanicpenies do not change during stem
development. This suggests that the tracheid-basetulature probably prevents the
ontogenetic changes in mechanical properties obdem vessel-bearing mesangiosperm
lianas, which exhibit increasing elasticity towattie base of the stem (Rowe and Speck,
2005; Roweet al, 2006). Our architectural observations Amborellg along with the

cambial activity reconstruction of Piperales, cales with the ancestral growth habit
proposed by Feil@t al. (2004), suggesting that early angiosperms werebshou small trees

with a sympodial growth construction.

Feild's hypotheses proposes that early angiospevere fundamentally drought
intolerant plants, preferring moist and shady rebi{Feildet al, 2004; Feildet al, 2009).
Our assessment of the preferred habitat of NewdOalan basal angiosperms supports this
hypothesis by showing that the highest habitat laperof basal angiosperms in the
archipelago occurs in mild, moist, and aseasonair@mments (Chapter 4). In accordance
with this habitat preference, we further show tlegresentative basal angiosperms, including
Amborella and species of Chloranthaceae, are drought iatwleiThis is reflected by a
relatively high vulnerability to xylem embolism (Gpter 5; mearPs, = -2.6 MPa). By
providing new measurements of both the habitatepeeice and the drought vulnerability of

basal angiosperms, we confirm the potential xerbghof early angiosperms.

The reconstruction of the ecology of early angereps also suggests that these plants
were exposed to understory disturbances such amidné soil washouts and mechanic
disturbances induced by falling debris (Feild arréns, 2005; 2007). The sympodial growth
and multi-stemmed habit @émborellg with resprouting axes originating from dormantsu
may confer the capability to tolerate this typenoid-perturbation regime. Indeed, these
morphological attributes have been suggested addatyres that confer the ability to form
new shoots after destruction of living tissues @2aet al, 2016). Moreover, we have also
observed adventitious roots in the aerial stemérmaborella a developmental feature that
could allow Amborellas axes to re-root after a disturbance event, adopingersistence
strategy (Bond and Midgley, 2001). Our architedtmiaservations suggest thamborellds
axes are not strongly differentiated morphologicaluggesting a lack of strong architectural

organization and reflecting a morphological ‘flekiy, which may have conferred early
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flowering plants with significant competitive advages during their early evolutionary
stages in disturbed understory habitats.

Our research has further described pervasiverpattd trait covariation that are well
known across vascular plants. For instance, owltseekave shown that across a gradient of
canopy openness, leaf traits Amborellasuch as leaf mass per area (LMA) and leaf dry
matter content (LDMC) varied 6-fold and 5-fold, pestively (Chapter 2). It has been
recently stressed that intraspecific trait varmatrcounts for a considerable percentage of the
total trait variation within plant communities (\ie et al, 2012; Siefertet al, 2015). Our
research on leaf trait variability idAmborella confirms the adaptive importance of this
phenotypic response to patchy habitat openingsedia@r, this suggests that this phenotypic
response is observed across the major lineagessaiular plants. Within this phenotypic
variation, a coordination of leaf and stem trageras to occur i\mborellg something that
has been previously documented across vascular gi@cies at a global scale (Dietzal,
2004; Diazet al, 2015). For instance, the significant coordinatimiween LMA and stem
specific density (SSD) observed at the intraspetafiel inAmborella(r = 0.48, P = 0.01) has
also been observed in a recent interspecific aisatgmsidering 2870 woody species (Déiz
al., 2015). This may reflect that carbon allocatiod angan longevity are coordinated in both
stems and leaves within and across species. Thageeness of this trait coordination
suggests the existence of an evolutionary bottletteat may result from inescapable physical
and physiological constraints. These constraingsnse preclude the combination of certain

traits across and within plant species.

6.2 Insights into the evolution and ecology of theylem hydraulic apparatus
In angiosperms

Vessel evolution is not linear and reversals mayhaccurred

It has been suggested that angiosperms are alyegésselless (see Box 1 in section
1.5.1). Vessel elements are thought to have evofi@u tracheids by loss of the inter-
tracheid pit membranes in both end walls, resultinglarge scalariform perforations
connecting multiple vessel elements within a singtesel (Carlquist and Schneider, 2002;
Christman and Sperry, 2010). Further, vessel el&sneith simple perforation plates seem to
have evolvediia a progressive loss of bars from scalariform peatfon plates (Frost, 1930).
Bailey and Tupper (1918) published the first wdrkttdocumented this structural gradient in
angiosperm xylem conduits (see figure 1.6A). Thimatamical transition has long been
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considered as a major trend of xylem evolution,clwiias been frequently interpreted as a
phyletic ladder of evolutionary progress from traicdls to vessel elements with simple
perforation plates (Olson, 2012). However, somalietl have shown that xylem conduit
evolution is not linear and reversals to an anakstasculature may occur. For instance, Feild
et al (2002) suggested that, as a consequence of theommental pressure of freezing
conditions, tracheids re-evolved from a vesselibgancestor within Winteraceae.

Our inference of the ancestral state of vesseheht perforation plates in Piperales
suggests that the scalariform perforation plateseoled in Saururaceae (except in
Anemopsisare the result of an evolutionary reversal (Caap). This reversal to scalariform
perforation plates in Saururaceae could be theltregulimited secondary growth and
retention of primary xylem features. It has beeowah that scalariform perforation plates
significantly increase water flow resistivity in roparison to simple perforation plates
(Christman and Sperry, 2010), but such an increds@ow resistivity is probably not
physiologically limiting in the wet and semi-aquagnvironments of Saururaceae. To our
knowledge, only few studies have provided similadence of evolutionary reversals of the
morphology of perforation plates (Leasal, 2007; Oskolski and Jansen, 2009). Our analysis
provides new evidence of such evolutionary reversathich differ from the classical
Baileyan trend of vascular evolution. This invitesther studies to use similar optimizations
in clades where various types of perforation plaes observed. Finally, further research
would be needed to detect the environmental pressamd selective advantages behind the

reversal to such 'unfashionable' and inefficiemtqration plates.
Xylem conduit type and its ecological implications

It has been suggested that species with "primiitressel elements bearing scalariform
perforation plates are often confined to humid emwnents because of their hydraulic
limitations (Carlquist, 1975; Carlquist, 2001). $hihesis provides a first estimation of a
possible xylem conduit-driven habitat distributiqChapter 4). We show that basal
angiosperm species bearing vessel elements withlesiperforation plates tend to occupy
drier and more seasonal environments. Indeed, soerabers of the families Lauraceae,
Annonaceae, and Piperaceae, which have hydraylietitient vessel elements with simple
perforation plates, seem to escape the humid halditavhich most species of the other basal
angiosperm families are restrained. The restrictestribution of species with 'primitive’
vessels supports the hypothesis that vessel eoplatiay have been limited to wet habitats

(Carlquist, 2001; Sperrgt al, 2007). The subsequent evolution of vessel elesneiitih
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simple perforation plates may have allowed flongnhants to escape from the humid forests

and diversify into more seasonal environments.

A main result of our study is the relationship bedéw vulnerability to xylem embolism
and habitat differentiation. By showing that embuli vulnerability is strongly related to
habitat occupation, we confirm that xylem hydraudafety has a strong influence on the
geographic distribution of plant species. It hasrbsuggested that 'primitive' vessels, such as
those observed in basal angiosperms, are more rableeto drought than angiosperm
tracheids (Sperret al, 2007). However, our study suggests that xylerb@ism resistance
acts equally regardless of xylem conduit type. ©hé/ difference between vesselless and
vessel-bearing species was observed in the cawitatirve slopes. Vessel-bearing species
had much lower embolism vulnerability curve slopssggesting that after the onset of
cavitation, embolism propagation acts more slowlyessel-bearing species. However, while
cavitation seems to operate differently in the tyoes of conduit type$)so and Pgg values
were similar, suggesting that xylem embolism vuhbdity does not differ between vessel-

bearing and vesselless species.

Given that we did not observe compelling diffesicn embolism vulnerability across
xylem conduit types, fine-scale anatomical features/ underlie the variation in embolism
vulnerability that we observed across species. Raesearch has highlighted the importance
of anatomic ultrastructure in xylem embolism remise (Schenlet al, 2015). Among the
ultrastructural features involved, the thicknesd parosity of pit membranes seems to be one
of the most important (Lenst al, 2011; Lenset al, 2013; Schenlet al, 2015). Therefore,
our results suggest that variation in pit membrf@a¢ures occurs independently of the type of
xylem conduit. Further studies including measureneémicro-anatomical and ultrastructural
features may shed light on the xylem structures twmfer embolism resistance across

different angiosperm xylem conduit types.

6.3 Climate stability and drought sensitivity: new insghts into the
disharmonic composition of the New Caledonian flora

Because of their old age and their narrow geogcaphstribution, several New
Caledonian species of basal angiosperms could m&d®yed as potential palaeoendemics. It
has been proposed that palaeoendemism is assowiditediche conservatism (Jorda al,
2015). The nichesgnsuHutchinson) describes the set of abiotic and bidieditions where a
species is able to persist (Holt, 2009). AccordiogWiens and Graham (2005), niche
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conservatism is the tendency of species to consargestral ecological characteristics. Crisp
et al (2009) have proposed that evolution rarely induzieme transitions even on large time
scales. Indeed, it has been underscored that ecalagche evolution is a very slow process
(Losos, 2008). For instance, by comparing the biahelisjunct sister taxa, Crispt al
(2009) have shown that biome stasis during plaatigtion overweighed biome shifts by a
ratio of more than 25:1. Because it may be "edsienove than to evolve" (Donoghue, 2008)
and because changes in biomes operate slowly, alessof tens of millions of years,
palaeoendemic species may therefore contain "signfathe nature of past environments"”
(Jordanet al, 2015). Regarding these assumptions, we can amidt the habitat currently
occupied by extant basal angiosperms reflects ctarstics similar to those occupied by

members of these lineages since their arrivalemattthipelago.

Our research has shown that the highest habiedagpy (.e. convergence of suitable
abiotic conditions) of 62 basal angiosperms in Nealedonia occurs in warm locations with
mean annual precipitation ranging from 1,500 mm2{800 mm and with low diurnal
variations in temperature (below 7.5 °C). Therefore can deduce that basal angiosperm
species of New Caledonia have a remarkable preferfar humid and stable environments.
These environmental characteristics correspond atofarest habitats that exhibit high
moisture levels and low diurnal and seasonal vanatin temperature. Considering the niche
conservatism theory, our results suggest that geesf-type environments have been the
preferred habitat of basal angiosperms since teaity diversification. This assumption
coincides with the widespread distribution of otlextant basal angiosperms in tropical
rainforests of Asia-Australasia (Morley, 2001; Bkiest al, 2014).

Given that the New Caledonian landmass was sulededyring the Palaeocene,
emerging only during the late Eocene (PelletieQ&0the archipelago could only have been
a secondary centre of dispersal for basal angiospieeages. Therefore, rainforest habitats
may have persisted in nearby territories during shémersion of the New Caledonian
landmass. This is a plausible scenario becausastdeen shown that moist climates in
Northern Australia were contemporary with the |IBtecene reemergence of New Caledonia
(Bowmanet al, 2010). Moreover, a relative global climatic sti#piwas observed during the
Eocene (Zacho®t al, 2001). This past environmental stability allowdt widespread
presence of an aseasonal-wet biome in Australis@t al, 2004), which may have been
the habitat of basal angiosperm lineages beforé theival to the New Caledonian

archipelago.
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After a period of climatic stability, Australia dmearby regions suffered a progressive
desiccation over the past 25 Myr culminating inrexte aridity events over glacial cycles
(Crisp et al, 2004; Byrneet al, 2008). The aridification of the Australian landsaaduring
several Neogene and Quaternary events may havéerksn the depauperation of basal
angiosperm species there. Because of its geograplditopographic characteristics, the New
Caledonian archipelago has an oceanic climate traithe winds that can supply significant
amounts of orographic cloud water. Orographic claader is an integral component of the
hydrology of many coastal and mountain environmeanis it represents almost a half of the
water input in these habitats (Schell al, 2007). The tropical oceanic climate of New
Caledonia may have been a major mitigating variabléhe survival of basal angiosperm
lineages in New Caledonia. Indeed, our study suggt#®sat New Caledonian rainforest
habitats have acted as a Pleistocene refugiumafeal langiosperms during the major climatic
fluctuations of the last glacial maximum (LGM). Riaus studies have proposed similar
LGM rainforest refugia foAmborella(Poncet et al., 2013) and microendemic palm species
(Pintaud et al, 2001). Our study thus confirms the importancetltd maintenance of
rainforest habitats in New Caledonia during pashatic fluctuations for the survival of

rainforest lineages.

Jordaret al (2015) suggested that the geographic restrictigralaeoendemic species
mainly results from ecological selection rathemthiéspersal limitation, since over such long
evolutionary time the probability of dispersal cahibe null. Pillonet al (2010) have also
proposed that dispersal is not a prevailing fact@xplaining the over-representation of some
angiosperm families in New Caledonia, given thaeofamilies with high effective dispersal
capacities tend to be under-represented. Ultransaiistrates might instead play the role of
an ecological filter in New Caledonia and over-esgntation of angiosperm families could
result from exaptation to ultramafic soils (Pillehal. 2010). However, our results show that
the hypothesis proposed by Pill@t al (2010) does not apply for the over-represented
families of basal angiosperms and other rainfoliastiges that preferentially occur on non-
ultramafic substrates. Many studies have showrctttieal role that refugia have played in
the survival and diversification of biota duringdaafter the Pleistocene glaciations (see
Keppelel al., 2012). Crispet al (2009) suggested that a large proportion of thstralian
plant species that colonized New Caledonia dispens® their same original biome. The
presence of rainforest refugia in New Caledonia thag have prevented the local extinction

of basal angiosperms during the periods of glolialatic instability that severely affected

134



CHAPTERG. General Discussion and Conclusions

the humid biomes of Australia (Gallaghetr al, 2003; Dodson and Macphail, 2004; Byrne,
2008; Byrneet al, 2008; Byrneet al, 2011; Kooymaret al, 2013). The disharmony between
the flora of New Caledonia and Australia may therefoe partially explained by the presence
of rainforest refugia that could have prevented @ékénction of angiosperm lineages in the
New Caledonian archipelago. The permanence ofamaf habitats may have also allowed
the local diversification of rainforest lineages.

We have shown that geographic restriction to cagdt habitats is strongly related to
xylem embolism vulnerability (Chapter 5), which a& indicator of drought intolerance.
Because most of the basal angiosperms in New Qakedmcur in rainforest habitats, our
results suggest that most of the local specietasd groups are vulnerable to drought. The
drought vulnerability of New Caledonian basal asgerms can be regarded as a potential
physiological signature of an uninterrupted occuyaof humid habitats during long periods
of evolutionary time. Similar relationships betweeylem embolism vulnerability and the
environmental distributions of conifer species haeen outlined (Brodribb and Hill, 1999;
Pifiol and Sala, 2000). New Caledonia has the la@gsemblage of conifers in the Pacific
region (Jaffréet al, 1994; De Laubenfels, 1996). Among them, the geAtmucaria
(Araucariaceae) is particularly well representedegithat 13 (out of the 19 worldwide)
species occur in the archipelago (Gaudeulal, 2014). A recent study has shown that
AustralianAraucaria species have high drought vulnerability compacedther gymnosperm
species (Zimmeet al, 2015). Moreover, they showed an isohydric behavioe. water loss
control through stomatal closure), which generaltgrresponds to high embolism
vulnerability and occupation of mesic habitats @Pidnd Sala, 2000). The three Australian
Araucaria species measured by Zimmet al. (2015) have sterRso values between -2.64
MPa and -3.01 MPa, which correspond to the rangegofalues (-2.0 to -4.0 MPa) of New
Caledonian rainforest angiosperms measured in ghidy. New Caledonia\raucuaria
mostly occur in humid forests on ultramafic sultssa(Jaffréet al, 2010; Gaudeuét al,
2014) and they are among the most drought sensibwéfers of the archipelago (Delzon,
pers. com.). The over-representation of relict @adsmdemic conifers, such @saucaria,
could therefore be a combination of both mechanismnsultramafic filtering, and a past

climatic stability.
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6.4 Implications for the conservation of the New Cadonian flora: basal
angiosperms as potential barometers of climate chge

New Caledonia is one of the world's hotspots fodiversity conservation because of
its rich, endemic and threatened biodiversity (Myet al, 2000). Several studies have
outlined particular threats to the New Caledonierdiversity. Mining activities (Jaffret al,
1998; Pascatt al, 2008; Jaffréet al, 2010), along with wildfires (Ibanezt al, 2013; Gomez
et al, 2014; Curtet al, 2015) and introduced invasive species (Beaueaigl, 2006;
Soubeyranet al, 2015), have a major impact on local plant biodsitg. Surprisingly,
although climate change represents the most pee/adithe various threats on the global
biodiversity (Malcolmet al, 2006), to date no study has assessed its pdtenpact on the
flora and vegetation of New Caledonia. Moreovergasic islands are thought to be
particularly vulnerable to climate change due tbement ecological features such as low
habitat availability and small population sizes ffda et al, 2015). This particular
vulnerability requires that climate change be coeisd as a significant potential threat to the

flora of the New Caledonian archipelago.

The climate of our planet is changing, global temagure is increasing (IPCC, 2014),
and although forecasted changes in precipitatiomane uncertain, climatic models predict
more frequent and severe droughts in the neardyieehl and Tebaldi, 2004; Burlet al,
2006; Chadwicket al, 2015). It has been suggested that increasesifrekquency, length,
and severity of droughts would have a major immacplant species mortality (Alleet al,
2010; Allenet al, 2015). Recent syntheses have documented overo8idwide localities
manifesting drought-induced forest mortality (Alled al, 2015; Hartmanret al, 2015).
Despite these reports, to our knowledge, this algnphenomenon has not yet been
documented in New Caledonia. Because basal angiosggecies are abundant in rainforest
communities of New Caledonia and because they dedme very sensitive to drought, we
propose that basal angiosperm populations are faterdicators of the effects of drought on
the flora of the archipelago. A monitoring prograoh selected populations of basal
angiosperms could provide an early warning of thpact of drought on the New Caledonian

vegetation.

By analyzing climatic trends of the Western Paci®gion, Wharet al (2014) have
shown a significant increase of MAT over the pdsiy&ars. Moreover, it has been shown that
MAT, along with minimal and maximal temperatureayé increased in New Caledonia by

0.25°C per decade over the last 39 years (Cavateah 2012). According to climate models
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analyzing probable climatic changes in the arclige] minimum and maximum
temperatures are expected to increase by +1.5 18°@2by the end of the Zlcentury
(Cavarercet al, 2012). Global warming is expected to induce uphaifts of the elevational
distributions of organisms (Walthet al, 2002; Parmesan and Yohe, 2003). Such upward
migrations have already been observed in plantiepec different biomes (Colwelt al,
2008; Lenoiret al, 2008; Feelewt al, 2011; Feelewt al, 2013; Urliet al, 2014; Morueta-
Holme et al, 2015). Previous studies have stressed that NdedQaan plant species from
high-altitude habitats could be endangered duectoreate-driven contraction of their suitable
habitats (Munzingeet al, 2008; Pillon and Nooteboom, 2009; Hopketsal, 2009). This
thesis has shown a significant positive relatiotween drought-induced xylem embolism
vulnerability and the elevational distribution gfegies. In this context, species occurring at
high elevations, such &aracryphia alticolaandZygogynum tieghemiidentified among the
most drought-vulnerable species in our study, lame &t significant conservation risk because
of drought vulnerability and because their upwardration is limited to very restricted

available areas.

Our research represents the first effort to edémine link between drought
vulnerability and the distribution patterns of pglapecies at the island-wide scale. However,
single traits such a5y should not be used in isolation to predict drougyhwival (Zimmeret
al., 2015). Moreover, plant species can have a widayaof drought survival strategies
(Delzon, 2015). In this sense, it would be impartarninclude new predictors of physiological
drought tolerance such as leaf turgor loss poirdart{Btt et al, 2012), stomatal control
(Skeltonet al, 2015), and leaf-level embolism resistance (Bidulat al, 2016). Combining
such leaf traits with our data on stem embolisrmerdbility could round out the drought
vulnerability profile of the New Caledonian basalgesperms. Ongoing efforts on the
description of drought tolerance of New Caledorggmnosperms (S. Delzon pers. comm.),
along with future studies dealing with the drougtierance of other angiosperm clades and
across different vegetation types, could provideharough overview of the drought
vulnerability of the flora of the archipelago. Hiya increasing efforts to gather data on
physiological traits, such as xylem embolism vudtdity, could help to develop species
distribution models that take into accounts traifuies to predict future distributional patterns
(Scheiteret al, 2013; van Bodegoret al, 2014).

Despite New Caledonia's status as a biodiversitysgot, only 3.4% of the

archipelago's surface is protected (Moeatal, 2012). Basal angiosperm species are highly
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distinctive elements of the New Caledonian biotd aome of them are representative of
presumably larger groups that are assumed to hextly disappeared. From this perspective,
they can be strongly informative about past divgrand therefore have high patrimonial
value (Grandcola®t al, 2014). Pillon and Munzinger (2005) have outlirtedt although
Amborellahas been the subject of many scientific studiesgrof them has considered the
conservation of this species or its habitat. Unfoately, 11 years later, the great interest of
the international scientific community in local sps such asAmborella has not been
reflected in stronger conservation policy. Our aesk has stressed that basal angiosperm
species restricted to humid habitats could be tenesl by global warming. We therefore
underscore thatAmborellg along with other distinctive basal angiospermispusd be

regarded as flagship species to highlight the negdeserve local biodiversity.

We have suggested that basal angiosperm richndésw Caledonia stems from past
climatic stability, inherent to the oceanic climaté the archipelago, which allowed the
persistence of refugia during major climatic flutions. Montane rainforests may have acted
as a past refugia for basal angiosperms as walthees forest species (Pintaed al, 2001).
Because species contracted to and persisted ifomséh refugia when regional climates were
unfavorable in the past, these refugia are likayfdcilitate survival during projected
anthropogenic climate change (Taberlet and Ched@802; Keppekt al, 2012). Moreover,
it has been suggested that refugia have shapezlthent intra- and interspecific diversity in
the New Caledonian flora (Poncettal, 2013). Therefore, the conservation of refugialaar
would preserve a significant part of its richneas ghe evolutionary processes involved in
generating the island's diversity. Some of thegefluareas proposed in this study include the
mountain range delimited by Roche de la Ouaieme@nd Ruviand, including the Massif
des Lévres and Gord Tané. It should be noted thva nf these areas is protected by the local

legislation.

6.5 Conclusions and outlook

Understanding the set of evolutionary events astat with the origin and early
radiation of flowering plants is one of the mainatgp of research in plant evolutionary
biology. The research carried out during this Phtigsis project provides novel insights into
the structural and ecological features of earlyi@merms. The observation of a sympodial
habit in Amborella combined with previous documentation of sympadtiain basal

angiosperms, suggests that sympodial growth wasir@chearly during the evolution of
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flowering plants, conferring numerous competitidvantages to the group. Moreover, our
analysis of the anatomical evolution of Piperaleggests that they are ancestrally woody,
refuting the long-held vision of an herbaceous atrgdor the order. These results support the
notion that early angiosperms were woody plantshably with sympodial growth. Future
analysis of lineage-specific evolution of woodinessd sympodiality, covering as many
angiosperm lineages as possible, would be neededderstand whether sympodiality and

woodiness characterized the growth form of the comamcestor of all flowering plants.

This thesis has shown that New Caledonian bagabsperms are mostly restricted to
humid environments with relatively stable tempemasu This environmental restriction is
particularly remarkable in species bearing prineitwood features. Our results agree with the
hypotheses that early angiosperms occupied wetr@maents and that vessel evolution
occurred in habitats with high moisture availapiland low evaporative demand. This is
supported by the observation that representatigalb@ngiosperms have low resistance to
drought-induced xylem embolism. Future analyses paoing drought-induced hydraulic
failure across angiosperms would be necessaryderatand this theory of vessel evolution.
In addition to the observed habitat restriction aghdasal angiosperms, the proposition of
past climatic refugia suggests that a past climatability may have preserved basal
angiosperm species from extinction in the archgelaThese results expand our
understanding of the mechanisms that underlie twll over-representation of some
angiosperm groups and support a novel scenarixptaia the high distinctiveness of the
New Caledonian flora. Future studies modeling tast plistribution of species may allow us
to understand to what extent these refugia predestreer plant lineages from extinction.

Drought- and heat-related impacts on vegetatierbaing observed around the world,
and these events are expected to continue to ifytebBsiring the work done for this thesis, in
2015, our planet had one of the hottest years ¢orded history according to NOAA and
NASA. This disturbing scenario requires that currecological studies analyze the potential
effects of climate change on vegetation in ordestdsign appropriate conservation strategies.
By demonstrating the strong effect of drought vedibdity on the distribution of plant species
in the archipelago, this thesis opens up a critieakarch topic for the conservation of the
New Caledonian biodiversity. The accumulation obudyht vulnerability data from other
plant species, along with the use of new indicatdrdrought sensitivity, are fundamental for
understanding the fate that awaits the unique Nealeddnian flora in the current context of

anthropogenic climate change.
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APPENDIX Al

Voucher Information and Localities for Wood Samples

The following information is given for the taxa mstigated in each family: Taxon, authority,
collection locality and voucher (institution). Vcwer specimens collected by Carolina
Granados (CG), David Bruy (DB), Sandrine Isnarg €3Id Santiago Trueba-Sanchez (STS)
were deposited in Dresden Herbarium of Germany (MR@nch Institute of Pondicherry,
India (HIFP); Mexico National Herbarium (MEXU); Urersity of Antioquia, Medellin,
Colombia (HUA); Xishuangbanna Botanical Garden tdethm (HITBC) and IRD Nouméa
Herbarium (NOU). Wood specimens were collected flmasal segments of the main aerial
stem, all samples are preserved in 70% ethanbleiiJMR-AMAP collection in Montpellier,
France. *Climbing species being described by R&dllejas (University of Antioquia).

Aristolochiaceae Aristolochia arboreaLinden, cultivated at the living collection of Bon
Botanical Garden in Germany (BG Bon#istolochia impudical.F. Ortega, Mexico, CG-
486 (DR, MEXU); Thottea abrahamiDan, P.J. Mathew, Unnithan & Pushp., India, SI-15
(DR, HIFP); Thottea barberi(Gamble) Ding Hou, India, SI-09 (DR)fhottea dinghoui
Swarupan., India, SI-07 (DR} hottea duchartreSivar., A. Babu & Balach., India, SI-13
(DR, HIFP); Thottea iddukian@andur. & V.J. Nair, India, SI-08 (DRJhottea ponmudiana
Sivar., India, SI-06 (DR)Thottea siliquosglLam.) Ding Hou , India, SI-16 (DR)Thottea
sivarajanii E.S.S. Kumar, A.E.S. Khan & Binu, India, SI-14 (DRj)hottea tomentosa
(Blume) Ding Hou, India, SI-20 (DR)Asaraceae.Saruma henryOliv., cultivated at the
living collection of Dresden Botanical Garden inr@any (BG Dresden)Piperaceae.
Manekia sydowi(Trel.) T. Arias, Callejas & Bornst., Colombia, &- (HUA); Peperomia
blanda (Jacg.) Kunth, China, STS-322 (HITBCReperomia incana(Haw.) A. Dietr.,
cultivated at BG DresderRiper comptoniiS. Moore, New Caledonia, STS-380, STS-382,
STS-383 (NOU);Piper flaviflorumC. DC., China, STS-321 (HITBCPRiper gorgonillense
Trel. & Yunck., Colombia;Piper hispidinervumC. DC., China, STS-315 (HITBCRiper
insectifugunC. DC. ex Seem., New Caledonia, DB-59, DB-60 (NORIper nudibracteatum
C. DC., Colombia;Piper sarmentosunRoxb., China, STS-311 (HITBC)Piper sp.*
Colombia, SI-37 (HUA)Verhuellia lunaria(Desv. ex Ham.) C. DC., cultivated at BG Bonn;
Zippelia begoniifoliaBlume, ChinaSaururaceae Gymnotheca chinensBecne., cultivated
at BG Bonn;Houttuynia cordatalhunb., cultivated at BG BoniBaururus chinensi@.our.)
Baill., cultivated at BG Bonn.
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APPENDIX A2

Review of anatomical features of Piperales spe@perted in previous works

GENERAL ANATOMY
Number Active Stem
of cycles 1 exclusive endodermis Sclerenchyma  Width of the . .
FAMILY SPECIES of Medullary medullary Presence  phellogene, with a ring sclerenchyma Aerenchyma Calcium Can.1b.|al

vascular bundles bundle of canals bark. CemperEn sEETeiny i oxalate activity

bundles lielEd el band
Aristolochiaceae Aristolochia asclepiadifolia Brandegee 1 + C 5
Aristolochiaceae Aristolochia baetica L. 1 C 4
Aristolochiaceae Aristolochia californica Torr. - - - + - - D 5
Aristolochiaceae Aristolochia chiapensis J.F. Ortega & R.V. 1 . c /

Ortega

Aristolochiaceae Aristolochia clematitis L. 1 C 2
Aristolochiaceae Aristolochia fimbriata Cham. & Schitdl. 1 C 4
Aristolochiaceae Aristolochia gigantea Mart. 1 + C 5
Aristolochiaceae Aristolochia grandiflora Sw. 1 C 5
Aristolochiaceae Aristolochia griffithii Hook. F. 1 - - - + - C - D 5
Aristolochiaceae Aristolochia iquitensis O.C. Schmidt 1 - - - + - - 5
Aristolochiaceae Aristolochia kaempferi Willd. 1 - - - + - C - D 5
Aristolochiaceae Aristolochia kalebii Beutelsp. 1 + C 4
Aristolochiaceae Aristolochia leuconeura Linden 1 + C 5
Aristolochiaceae Aristolochia lindneri A. Berger 1 C 4
Aristolochiaceae Aristolochia malacophylla Standl. 1 C 5
Aristolochiaceae Aristolochia ovalifolia Duch. 1 + C 5
Aristolochiaceae Aristolochia promissa Mast. 1 + C 5
Aristolochiaceae Aristolochia rotunda L. 1 C 2
Aristolochiaceae Aristolochia serpentaria L. 1 C 2
Aristolochiaceae Aristolochia sipho L'Hérit. 1 - - - + - C - D 5
Aristolochiaceae Aristolochia tomentosa Sims 1 + C 5
Aristolochiaceae Aristolochia triactina Hook. F. 1 - - - + - C - D 5
Aristolochiaceae Aristolochia tricaudata Lem. 1 + C 5
Aristolochiaceae Aristolochia veracruzana J.F. Ortega 1 + C 5
Aristolochiaceae Aristolochia westlandii Hemsl. 1 + C 5
Aristolochiaceae Thottea grandiflora Rottb. 1 /
Asaraceae Asarum canadense L. 1 - - - - 3
Asaraceae Asarum cardiophyllum Franch. 1 - - - - 3
Asaraceae Asarum hartwegii S. Wats. 1 - - - - - - 3
Hydnoraceae Hydnora longicollis Welw. 1 - - - + - - - 2
Hydnoraceae Hydnora triceps Drége & Meyer 1 - - - + - - - - 2
Hydnoraceae Hydnora visseri Bolin, E. Maass & Muss. 1 - - - + - - - 2
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APPENDIX A2
(Continued

GENERAL ANATOMY
Number Active Stem
of cycles 1 exclusive endodermis Sclerenchyma  Width of the . .
FAMILY SPECIES of Medullary medullary Presence  phellogene, with a ring sclerenchyma Aerenchyma Calcium Can}b}al

vascular bundles bundle of canals bark. EeErt Ty i oxalate activity

bundles lielEd el band
Hydnoraceae Prosopanche americana (R. Br.) Baill. 1 P 2
Lactoridaceae Lactoris fernandeziana Phil. 1 - - + - - 5
Piperaceae Macropiper excelsum Mig. ® 4
Piperaceae Manekia urbani Trel. >2 + - P,C 5
Piperaceae Ottonia martiana Miq. b 2 + - + U 4
Piperaceae Peperomia argyreia E. Morr. >2 + 1
Piperaceae Peperomia cookiana C. DC. >2 + - D 1
Piperaceae Peperomia dahlstedtii C. DC. >2 + - - + - - D 1
Piperaceae Peperomia ellipticibacca C. DC. >2 + - + R 1
Piperaceae Peperomia expallescens C. DC. >2 + - R 1
Piperaceae Peperomia hirtipetiola C. DC. >2 + - - 1
Piperaceae Peperomia latifolia Migq. >2 + - D 1
Piperaceae Peperomia leptostachya Hook. & Arn. >2 + - + - 1
Piperaceae Peperomia lilifolia C. DC. >2 + - D,R 1
Piperaceae Peperomia membranacea Hook. & Arn. >2 + - D,R 1
Piperaceae Peperomia metallica Lindl. Rodig. >2 + D 1
Piperaceae Peperomia oahuensis C. DC. >2 + + - R 1
Piperaceae Peperomia obtusifolia A. Diertr. >2 + D 1
Piperaceae Peperomia pellucida H.B.K. >2 + 1
Piperaceae Peperomia reflexa Kunth >2 + - + - 1
Piperaceae Peperomia rockii C. DC. >2 + - 1
Piperaceae Peperomia sandwicensis Miq. >2 + - D 1
Piperaceae Piper betle L. 2 - P,C D 4
Piperaceae Piper brachystachyum Wall. + /
Piperaceae Piper colubrinum Link. 2 + - P + U 4 5
Piperaceae Piper cubebal L. f. + 4
Piperaceae Piper diospyrifolium Kunth 2 + - + U R 5
Piperaceae Piper kadsura(Choisy) Ohwi 2 + - - - - 5
Piperaceae Piper longum L. 2 - - - 4
Piperaceae Piper nepalense Miq. + /
Piperaceae Piper nigrum L. 2 - - P,C + 4
Piperaceae Piper palauense Horok. /
Piperaceae Piper pedicellosum Wall. + /
Piperaceae Piper subrubrispicum C. DC. >2 - C D 5
Saururaceae Anemopsis californica Hook. 1 - - - - - 3
Saururaceae Saururus cernuus L. 1 - - - - + 2
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APPENDIX A2
(Continued

WOOD ANATOMY

Vessels

in Vessels . Axial . Axial
Growth . . Vessels in Vessel . . Intervessel Intervessel Intervessel Axial
. diagonal  exclusively R Simple Scalariform parenchyma parenchyma
rings radial clusters

its its its h . .
. and /or solitary . perforation  perforation P . P . P absentor  PAENCYME itfuse-in-
boundaries radial (90% or multiples common scalariform opposite alternate diffusse e
distinct (1) §

plates (13) plates (14) extremely
pattern.  more) (3) (10) (11) (20) (21) (22) rare (75) (76) 77
(7)

SPECIES

Aristolochia asclepiadifolia Brandegee +

Aristolochia baetica L.

Aristolochia californica Torr. + - + + +
Aristolochia chiapensis J.F. Ortega & R.V.

Ortega

Aristolochia clematitis L.

Aristolochia fimbriata Cham. & Schltdl.

Aristolochia gigantea Mart.

Aristolochia grandiflora Sw.

Aristolochia griffithii Hook. F. + - + + +
Aristolochia iquitensis O.C. Schmidt + -

Aristolochia kaempferi Willd. + + - - + + - - +
Aristolochia kalebii Beutelsp.

Aristolochia leuconeura Linden

Aristolochia lindneri A. Berger

Aristolochia malacophylla Standl.

Aristolochia ovalifolia Duch.

Aristolochia promissa Mast.

Aristolochia rotunda L.

Aristolochia serpentaria L.

Aristolochia sipho L'Hérit. + - + + +
Aristolochia tomentosa Sims +

Aristolochia triactina Hook. F. + - + +

Aristolochia tricaudata Lem.

Aristolochia veracruzana J.F. Ortega

Aristolochia westlandii Hemsl.

Thottea grandiflora Rottb.

Asarum canadense L.

Asarum cardiophyllum Franch.

Asarum hartwegii S. Wats. - + + - + +

Hydnora longicollis Welw.

Hydnora triceps Drege & Meyer + - + - -

Hydnora visseri Bolin, E. Maass & Muss.

Prosopanche americana (R. Br.) Baill.
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(Continued

SPECIES

WOOD ANATOMY

Growth
rings
boundaries
distinct (1)

Vessels Vessels
in exclusively

diagonal solitary

pattern (90% or
(7) more) (9)

Vessels in
radial
multiples
(10)

Vessel
clusters
common
(11)

Simple
perforation
plates (13)

Scalariform
perforation
plates (14)

Intervessel
pits

scalariform

(20)

Intervessel
pits
opposite
(21)

Intervessel
pits
alternate
(22)

Axial
parenchyma
absent or
extremely

rare (75)

Axial
parenchyma
diffusse
(76)

Axial
parenchyma
diffuse-in-
aggregates

(77)

Lactoris fernandeziana Phil.
Macropiper excelsum Miq.?
Manekia urbani Trel.

Ottonia martiana Miq. b
Peperomia argyreia E. Morr.
Peperomia cookiana C.DC.
Peperomia dahlstedtii C. DC.
Peperomia ellipticibacca C. DC.
Peperomia expallescens C. DC.
Peperomia hirtipetiola C. DC.
Peperomia latifolia Miq.
Peperomia leptostachya Hook. & Arn.
Peperomia lilifolia C. DC.

Peperomia membranacea Hook. & Arn.

Peperomia metallica Lindl. Rodig.
Peperomia oahuensis C. DC.
Peperomia obtusifolia A. Diertr.
Peperomia pellucida H.B.K.
Peperomia reflexa Kunth
Peperomia rockii C. DC.
Peperomia sandwicensis Miq.
Piper betle L.

Piper brachystachyum Wall.
Piper colubrinum Link.

Piper cubeba L. f.

Piper diospyrifolium Kunth
Piper kadsura(Choisy) Ohwi
Piper longum L.

Piper nepalense Migq.

Piper nigrum L.

Piper palauense Horok.

Piper pedicellosum Wall.
Piper subrubrispicum C. DC.
Anemopsis californica Hook.
Saururus cernuus L.

+

+ + + +
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APPENDIX A2
(Continued

WOOD ANATOMY (Continued)

podal Axial Axial Ray width — Ray width Al raY cells .
parenchyma Wood upright Multi-
SPECIES scanty pare.nchyrpa pfxrenchyma commonIY & commo.nly g rayless and / or i 'R.ay i seriate REFERENCES
A vasicentric innarrow  to 10- seriate 10 seriate (117) S lignification -
(79) bands (86) (98) (99)
(78) (105)

Aristolochia asclepiadifolia Brandegee + + Wagner et al. 2012; Wagner et al. 2014
Aristolochia baetica L. + Wagner et al. 2014
Aristolochia californica Torr. + - + + Carlquist 1993
g:/ts:gzelloch/a chiapensis J.F. Ortega & R.V. + Wagner et al. 2014
Aristolochia clematitis L. + Wagner et al. 2014
Aristolochia fimbriata Cham. & Schltdl. - + Wagner et al. 2014
Aristolochia gigantea Mart. + Wagner et al. 2014
Aristolochia grandiflora Sw. + Wagner et al. 2014
Aristolochia griffithii Hook. F. + - + + Carlquist 1993
Aristolochia iquitensis O.C. Schmidt T + - + + Carlquist 1993
Aristolochia kaempferi Willd. o - - - + - + + InsideWood 2004-onwards
Aristolochia kalebii Beutelsp. + + Wagner et al. 2012
Aristolochia leuconeura Linden + Wagner et al. 2014
Aristolochia lindneri A. Berger ° + Wagner et al. 2014
Aristolochia malacophylla Standl. + + Wagner et al. 2012; Wagner et al. 2014
Aristolochia ovalifolia Duch. + Wagner et al. 2014
Aristolochia promissa Mast. + Wagner et al. 2014
Aristolochia rotunda L. + Wagner et al. 2014
Aristolochia serpentaria L. + + Wagner et al. 2014
Aristolochia sipho L'Hérit. + - + + Carlquist 1993
Aristolochia tomentosa Sims + Wagner et al. 2012; Wagner et al. 2014
Aristolochia triactina Hook. F. + - + + Carlquist 1993; Wagner et al. 2014
Aristolochia tricaudata Lem. + Wagner et al. 2012
Aristolochia veracruzana J.F. Ortega + Wagner et al. 2014
Aristolochia westlandii Hemsl. - + Wagner et al. 2012; Wagner et al. 2014
Thottea grandiflora Rottb. + = + + + Carlquist 1993
Asarum canadense L. Wagner et al. 2014
Asarum cardiophyllum Franch. Wagner et al. 2014
Asarum hartwegii S. Wats. ° + + Carlquist 1993
Hydnora longicollis Welw. + Wagner et al. 2014

Hydnora triceps Drege & Meyer
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APPENDIX A2
(Continued

WOOD ANATOMY (Continued)

fodal Axial Axial Ray width — Ray width Al raY cells .
parenchyma Wood upright Multi-
SPECIES scanty pare.nchyrpa pfxrenchyma commonIY & commo.nly g rayless and / or i 'R.ay i seriate REFERENCES
A vasicentric innarrow  to 10- seriate 10 seriate (117) S lignification -
(79) bands (86) (98) (99)
(78) (105)
Hydnora visseri Bolin, E. Maass & Muss. + Wagner et al. 2014
Prosopanche americana (R. Br.) Baill. Schimper 1880; Wagner et al. 2014
i . . Carlquist 1990b; Metcalfe and Chalk 1957; Wagner
Lactoris fernandeziana Phil. + o ° + ° + + +
etal. 2014
Macropiper excelsum Miq.? + + Carlquist 2013
Manekia urbani Trel. + Silva-Sierra et al. 2014
Ottonia martiana Miq. b Souza et al. 2004
Peperomia argyreia E. Morr. Datta and Dasgupta 1977
Peperomia cookiana C.DC. Yuncker and Gray 1934
Peperomia dahlstedtii C. DC. - + - - + + Souza et al. 2004
Peperomia ellipticibacca C. DC. Yuncker and Gray 1934
Peperomia expallescens C. DC. Yuncker and Gray 1934
Peperomia hirtipetiola C. DC. Yuncker and Gray 1934
Peperomia latifolia Migq. Yuncker and Gray 1934
Peperomia leptostachya Hook. & Arn. Yuncker and Gray 1934
Peperomia lilifolia C. DC. Yuncker and Gray 1934
Peperomia membranacea Hook. & Arn. Yuncker and Gray 1934
Peperomia metallica Lindl. Rodig. Datta and Dasgupta 1977
Peperomia oahuensis C. DC. Yuncker and Gray 1934
Peperomia obtusifolia A. Diertr. Datta and Dasgupta 1977
Peperomia pellucida H.B.K. Datta and Dasgupta 1977
Peperomia reflexa Kunth Yuncker and Gray 1934
Peperomia rockii C. DC. Yuncker and Gray 1934
Peperomia sandwicensis Miq. Yuncker and Gray 1934
Piper betle L. + + Murty 1959
Piper brachystachyum Wall. + Datta and Dasgupta 1977
Piper colubrinum Link. Ravindran and Remashree 1998
Piper cubebal L. f. + Datta and Dasgupta 1977
Piper diospyrifolium Kunth Souza et al. 2004
Piper kadsura(Choisy) Ohwi + + + InsideWood 2004-onwards
Piper longum L. Murty 1959
Piper nepalense Miq. + Datta and Dasgupta 1977
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APPENDIX A2
(Continued

WOOD ANATOMY (Continued)

Axial . . X X All ray cells
Axial Axial Ray width — Ray width i .
parenchyma Wood upright Multi-
parenchyma parenchyma commonly 4- commonly > Ray .
SPECIES scanty K X X . . rayless and / or o seriate REFERENCES
vasicentric in narrow  to 10- seriate 10 seriate lignification
paratracheal (117) square rays
(79) bands (86) (98) (99)
(78) (105)
Piper nigrum L. Ravindran and Remashree 1998
Piper palauense Horok. + Carlquist 2013
Piper pedicellosum Wall. + Datta and Dasgupta 1977
Piper subrubrispicum C. DC. + + Murty 1959
Anemopsis californica Hook. ° + - - + - + - + Carlquist et al. 1995; Schneider and Carlquist 2001

Saururus cernuus L. Carlquist et al. 1995

Notes This table synthesizes the anatomical informatoamd in literature for Piperales species, usirggyghme anatomical features we use in the current
study (table 1 in the main text). Presence (+)bseace (-) of a given character is marked only whbas been explicitly declared in the consulef@mrence;
blank cells denote the absence of information fgivan characteiPresence of canalsP, Peripheral canals, several canals occurring apéhnieneter of the
stem as seen in transverse secti@nCentral canal, a single canal occurring in thetereof the stemSclerenchyma ring geometry C, Circular continuous
band of sclerenchyma fibers seen in transversésefl, Discontinuous bands of sclerenchyma, fibers aooyias islands or caps contiguous to vascular
bundles.U, Undulating and continuous band of sclerenchy@acium oxalate D, DrusesP, Prismatic crystalR, RaphidesCambial activity: 1, Absent.

2, Restricted to fascicular areas. 3, Woody herislightly woody. 5, Truly woody. /, Not specifieRay lignification: E, Complete lignification over the
entire width of the stem, Incomplete or partial ray lignification. Numbdystween brackets correspond to the IAWA wood featwmbers. Species names
correspond to those mentioned in the cited referéiacropiper excelsuriiqg. is considered a synonym Bfper excelsun®. Forst. a species belonging to
the Macropipergroup which is part of the "South Pacific" cladearding to Jaramill@t al.(2008).°Ottonia martianaMig. is considered a synonym Bfper
miquelianunC. DC.
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APPENDIX A3

Proportion of species included in the study, inemagric clades representation and growth habitssfach Piperales genera

Soed Species no. in the current % of % of
Genera ngemes References study Infrageneric clades species clades Growth habit
' covered covered
Studied Reviewed Total
Saruma 1 Wanke et al. 2006 (1) 1 0 1 NA 100 100 Rhizomatous herb
Asarum ca.85 \IZ:III?/ kfg(z)tsal. 200 (s 0 3 3 Asarum s.4, Asiasarumt+ Hexastylist Heterotropa 3.5 50 Rhizomatous herb
Lactoris 1 Wanke et al. 200y 0 1 1 NA 100 100 Shrub
Hydnorat 2,3 Naumannetal. 2014 O 4 4 NA 40 100 IR
Prosopanche holoparasitic
Thottea 35 Oelschlagel et al. 2011 9 1 10 "India"*, "SE-Asia"*, "India + SE-Asia"* 28.6 100 Shrub, subshrub
Aristolochia ca.450 Wagner et al. 2014 2 25 27 Aristolochiat, Pararistolochig, Siphisia 6 100 Cllimlz e, S
subshrub, herb
The Plant List 2013; .
Saururus 2 Wanke et al. 2007 1 1 2 NA 100 100 Rhizomatous herb
The Plant List 2013; .

Gymnotheca 3 Wanke et al. 20a¥ 1 0 1 NA 33.3 100 Rhizomatous herb

. The Plant List 2013; .
Anemopsis 1 Wanke et al. 2007b 0 1 1 NA 100 100 Rhizomatous herb

. The Plant List 2013; .
Houttuynia 1 Wanke et al. 20047 1 0 1 NA 100 100 Rhizomatous herb
Verhuellia ca.3 Wanke et al. 200¥ 1 0 1 NA 100 100 Herb
Zippelia 1 Wanke et al. 200y 1 0 1 NA 100 100 Herb
Manekia ca.5 Wanke et al. 200y 1 1 2 NA 40 100 Climber

Micropiper*, OxyrhynchumLeptorhynchurfy Peperomig,
Peperomia  ca.1600 Samain et al. 2009 2 17 19 "unnamed 1"*, "unnamed 2"Ranicularia "unnamed 3"*, 1.2 60 Herb
Pleurocarpidium Tildenia

Piper ca. 2000 OujEnEA o el el 2008 8 14 22 "Neotropical"*, "Tropical Asian™*, "South Pacific"* 1.1 100 UTiBElEL, Ellimeer, S i

Jaramillo et al. 2008

subshrub

Note NA = Not Applicable, denotes monotypic and pooriyedsified genera for which any infrageneric diviss have been proposed. Infrageneric clades
represented by our sampling and literature surveyrarked with an asterisk (*).
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APPENDIX A4

List of relict angiosperm genera and correspondilegninant xylem conduit structure

T = tracheids; Sc = vessel elements with scalarifgrates; Si = vessel elements with simple
perforation plates. References correspond to puevigorks reporting xylem element structure of
related species within the same genus (previowegiprted species are specified). See below for full

references.

Family Genus Xylem|Reference(s) Reported species
i Bailey (1957) A. trichopod:
Amborellaceae  |Amborelle T Feild et al. (2000)
Goniothalamu Si |Ingle & Dadswell (1953)G. grandifolius
Hubere Si ST pers. obs. Hubera nitidissim
InsideWood (2004- M. mindorensis
Meiogynt Si  jonwards) M. virgate
Metcalfe & Chalk (1950
Ingle & Dadswell (1953)X. acutiflore
InsideWood (2004- X. aethiopica
onwards) X. aromatica
Metcalfe & Chalk (1950)X. aurantiiodora
X. bemarivens
Annonaceae e b“X'fO"?‘
X. cupularis
X. danguyella
Xylopie Si X. ferruginea
X. humblotiana
X. hypolampra
X. lamii
X. longipetala
X. perrieri
X. pynaertii
X. phloiodorz
X. acutiflore
AtherospermataceNemuarol Sc |ST pers. obs. N. vieillardii
Chloranthaceae Ascaring Sc Carlquist (1998) Ascar!na rubricguli:
Ascarina solmsiar
Hernandiaceae |Hernandi¢ Si Ve ol (200 AITERIE S22
onwards)
Beilschmiedi | Si |ST pers. obs. B. oreophil
InsideWood (2004- C. alba
onwards) C. alseodaphnifolia
Richter (1990) C. caryoptera
C. chinensis
Lauraceae _ C. crassi_nervia
Cryptocarya Si C. enervis
C. ferrea
C. griffithiana
C. mannii
C. kurzii
C. wrayi
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InsideWood (2004-

E. palmerstonii

Endiandre Si
onwards) E. spp
InsideWood (2004- L. acuminata
onwards) L. calicaris
Patel (1987) L. coreana
L.faber
Litsee Si L.glutinosz
L.japonice
L. lancifolia
L. polyantha
L. sessilis
Garratt (1934) Hedycaryi angustifolig
Monimiaceae Hedycary: Sc |Patel (1973) Hedycarya arbore
Poole & Gottwald (2001
Kibaropsis Sc |ST pers. obs. K. caledonici
) . [Truebaet al.(2015) Peperomia blanc
Peperomi; Si .
Peperomia incan
Truebaet al. (2015) Piper compton
. Piper flaviflorun
Piperaceae . .
Piper S P!per g_orgomllens
Piper hispidonervui
Piper insectifugui
Piper sarmentosu
Trimeniaceae Trimenia Sc [Carlquist (1984) T. neocaledonica
Carlquist (1982, 1983) |Z. baillonii
Feild et al (2002) Z. balansae
Hackeet al. (2007) Z. crassifolium
. Z. pancheri
Winteraceae Zygogynum T 7. pommiferum
Z. queenslandiana
Z. stipitatum
Z. Spp.
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APPENDIX A5

Density of relict angiosperm occurrence data frév@ NOU Herbarium and the MPIPNN plotnetwork over New Caledon
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APPENDIX A6

Distribution of relict angiosperm species occupyihg three most (first line) and the three leastgimaal habitats (second line).

Red circles denote observed occurrences and btaels anodelled species distribution. Grey levelsespond to 1000 mm isohyetal lines as shown in the
legend.

Cryprocarya lifuensis (Lavraceae): HM = 94% Litsea deplanchei (Lauraceae): HM = 78% C. leptospermoides (Lauraceae): HM = T7%
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ECOLOGIE FORMES ET FONCTIONS DES ANGIOSPERMES BASALEN@EVELLECALEDONIE

Chapitre 1. Introduction générale

'y ac. 150 MA, lors du Jurassique supérieur, les pressigplantes a fleurs
(angiospermes) sont apparues. Leur apparition aw@te d'une invasion majeure dans la
niche écologique des gymnospermes durant le Cré&tanéuisant a un bouleversement de la
composition de la végétation terrestre sur uneogeérirelativement courte. Depuis cette
épogue, les angiospermes se sont extraordinairetinarsifiées et dominent aujourd’hui la
végétation de la plupart des écosystemes terresineplus de leur forte richesse en especes,
les angiospermes présentent également une grahdelpace morphologique, écologique et
fonctionnelle. En outre, elles représentent la beisecturelle et énergétique de la grande
majorité des écosystemes terrestres actuels. hasse spécifiqgue des angiospermes surpasse
largement celle de tous les autres groupes degslaetrestres combinés. Ainsi on estime que
89,4% des especes d'embryophytes existantes ssramdgospermes. Les plantes a fleurs
comportent actuellement c. 350 000 espéces. Lagguale la systématique moléculaire ont
fourni des bases solides pour la reconnaissancepmiesipaux clades d’angiospermes et
I'établissement de leurs relations de parenté.

Les angiospermes basales, les premiéres divergendes plantes a fleurs

Au sein des plantes a fleurs, les eudicotylédaoestituent le groupe le plus riche car
contenant 73% des espéces d’angiospermes existapteleuxieme groupe d’angiospermes
le plus riche, les monocotylédones, contient 23¢R¥% plantes a fleurs. Les "angiospermes
basales" sont un ensemble de lignées largement smdiversifiees qui ont divergé
temporellement avant le clade massif formé pamensocotylédones-eudicotylédones. Leurs
temps de divergence sont les plus anciens pouarg®spermes. En effet, les ordres des
Amborellales, Nymphaeales et Austrobaileyales aét iélentifiés par plusieurs études
phylogénétiques comme des groupes fréres succdssifaites les autres plantes a fleurs. Ces
ordres forment un groupe paraphylétique généralesh@mommeé le grade ANA. Au sein de
ce grade, I'ordre des Amborellales est la plusem@ lignée ayant divergé il y a environ
139,4 MA. Les ages des autres lignées d’angiospelmasales datent elles aussi du Crétacé
inférieur. Divergeant immédiatement aprés le gra&ldA, les Chloranthales et les
Magnoliidées correspondent a un autre clade degbwee précoce. Malgré leur paraphylie,
les espéces incluses dans le grade ANA, les Chiwkes + les Magnolidées sont souvent
considérées comme formant un ensemble non natceklj des "angiospermes basales"

compte tenu de leurs divergences trés anciennesazel de thése suit cette nomenclature et
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nous considérons comme angiospermes basales tesitgisntes a fleurs ayant divergé avant

le nceud reliant les monocotylédones et les eudéndpes.

Que peut-on apprendre sur I'évolution des plantes #8eurs en étudiant les angiospermes

basales ?

Il est erroné de penser que les angiospermes basatd des "fossiles vivants" qui
sont restés figés dans le temps depuis leur ajgparltes angiospermes basales ne sont pas
primitives per secar elles sont contemporaines de toutes les api@eses a fleurs actuelles.
Ces lignées ont eu le temps d'éprouver de nomlrkargements depuis leurs divergences
précoces. Cependant, I'étude des angiospermesbagsalt nous fournir des informations
cruciales pour la compréhension de I'évolution alegiospermes, car elles correspondent au
groupe frere des monocotylédones + eudicotylédobass un contexte comparatif nous
pouvons donc émettre des hypotheses sur les aagstqtées des premieres angiospermes. Il a
ainsi été suggéré que les angiospermes basalenpdds caractéres plésiomorphigues (
des caractéres primitifs). Parmi ces caractéeresre@és chez ces lignées, il a été proposé que
les éléments de conduction dans le bois portent adeactéristiques primitives. Nous
pourrions ainsi lister la présence des bois forexetusivement par des trachéides, ou encore,
des éléments de vaisseaux montrant des perforatoateriformes, lesquels ont été considérés
comme une forme transitoire entre les trachéiddsseéléments de vaisseaux a perforations

simples.

En raison de leur position phylogénétique, magsade la présence de traits primitifs,
plusieurs études ont proposé que les angiosperasadels peuvent étre des bons indicateurs
pour comprendre I'écophysiologie, les formes deevikhabitat des premieres angiospermes.
Il a été proposé que les premieres angiospermeseatieté des herbacées habitant des sites
ensoleillés, des herbes aquatiques, ou encore dessohs habitant des milieux secs.
L'avancement des techniques moléculaires et la r@mpsion des relations phylétiques des
angiospermes ont beaucoup influencé ces théoriess'&puyant sur l'observation des
angiospermes basales des groupes ANA et Chlorasthahe des hypothéses les plus
récentes propose que les premieres angiospermesergurété des plantes ligneuses
buissonnantes ou arbustives qui ont diversifié ddes milieux humides et ombragés

frequemment soumis a des perturbations liées & larvsous-bois.

Nouvelle-Calédonie, terre d'angiospermes basales
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La Nouvelle-Calédonie est un archipel situé darRdcifique sud-ouest. Elle présente
une tres grande richesse floristique avec 3371cespde plantes vasculaires et un taux
d’endémisme trés élevé de 74.7% pour la flore daseu L'une des originalités les plus
remarquables de la flore néo-calédonienne repaskabondance d’especes appartenant aux
angiospermes basales. Ces lignées sont présemesddatres régions telles que I'Asie du
sud-est et I'Australie, cependant la Nouvelle-Cathégl montre concentration exceptionnelle
en espéeces issues de lignées basales. Les angiespeasales de Nouvelle-Calédonie sont
ainsi représentées par 109 especes, la plupannéuaies a I'archipel (90 %). L'espece la plus
emblématiqueAmborellatrichopoda, seule représentante des Amborelladeespece sceur
de toutes les plantes a fleurs, est également eqdérde l'archipel.

De facon remarquable, la plupart des familles gipermes basales appartiennent
aux familles surreprésentées de la flore de Noen@#lédonie, par comparaison avec les
flores des régions voisines telles que I'Austrdlles études précédentes ont proposé qu'un
filtre écologique imposé par les substrats géologsqg ultramafiques, trés répandus en
Nouvelle-Calédonie, pourrait étre a l'origine d'uséle disharmonie floristique. En effet les
substrats ultramafiques qui couvrent un tiers dsuldace de I'archipel sont trés chargés en
métaux lourds, pauvres en nutriments, et ont uildefaapacité de rétention d’eau. Ces
substrats induisent ainsi une contrainte trés itapte au développement des plantes,
imposant une préadaptation des especes colonegsatriSi la surreprésentation des
angiospermes basales a été signalée il y a queliqueses, depuis aucun travail n'a encore
proposé de mécanismes qui pourraient expliques ditharmonie, ainsi que le maintien dans

I'archipel de ces lignées si particulieres.
Objectifs

Ce travail de these a pour objectif de compléter cannaissances sur la forme, les
fonctions et I'écologie des angiospermes basalesappuyant principalement sur I'étude des
espéeces néo-calédoniennes. Plusieurs objectiftéfiitxés : évaluer l'influence de l'ouverture
de la canopée dans la variation de la forme deetide la coordination des traits chez
Amborella trichopodala seule représentante de la plus ancienne ligegeangiospermes
(Chapitre 2) ; proposer des patrons évolutifs pbfiérents traits de bois liés aux formes de
vie chez les Piperales, ordre le plus diversifié dagiospermes basales (Chapitre 3) ; tester
des hypothéses écologiques et climatiques qui giemtr expliquer la surreprésentation des
angiospermes basales en Nouvelle-Calédonie (Chagjtr, et investiguer les corrélations

entre la distribution environnementale des espeté=ur résistance a la sécheresse (Chapitre
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5). A travers ces travaux, nous espérons donnemalevelles perspectives pour la
compréhension des caractéristiques des premierg®saarmes, et apporter un nouvel
éclairage sur les mécanismes expliquant le mairdesnlignées d'angiospermes basales en

Nouvelle-Calédonie.

Chapitre 2. Coordination des traits, biomécanique, et plasticé de
la forme de croissance dmborella trichopodasous différentes
ouvertures de canopée

Comprendre la distribution des traits de vie adra la phylogénie des angiospermes
peut aider a connaitre la hiérarchie imbriquée fdastionnalités qui caractérise des nosuds
évolutifs clés. La découverte de la positioArdborellaen tant qu'espéce sceur de toutes les
angiospermes souléeve la question de savoir si pdieageait avec elles certains traits
fonctionnels clés, ainsi que des réponses plagtique variations environnementales qui
caractérisent les angiospermes d'un point de voieahl Avec cet objectif, nous avons (1)
étudié l'architecture vegétativeAdiborellaet analysé la coordination de 12 traits strucsurel
et fonctionnels des tiges et des feuilles (2) td'figpothése d'une présence de réponses
plastiques de ce traits et de leur coordinatiodyits par I'ouverture de la canopééous
avons ainsi montré que la croissanoknmborellaest réalisée selon une série de complexes
ramifiés a croissance sympodiale, lesquels vagantille et en mode de ramification selon
'ouverture de la canopée. L'absence de hiérarehnahitecturale marquée contribue a la
plasticité morphologique de I'espéce. Des corrétetientre la plupart des traits foliaires et
des tiges ont été observées. Nous constatons égalame importante modulation de la
structure foliaire induite par les variations denlare disponible. Toutefois les branches se
développant dans différents milieux lumineux présen une allométrie similaire. Des
changements dans les taux d'élongation des tigesi que dans la taille des feuilles,
engendrent des morphologies distinctes oheborellalorsqu'elle croit sous des conditions
lumineuses différentes. Cependant, les propriésamques des tiges ne montrent aucune
difféerence significative entre ces environnementsniheux contrastés. La croissance
sympodiale observée chéanborellapourrait ainsi correspondre a une synapomorphse de
angiospermes. Notre étude apporte des preuves daardination intra-spécifique entre les
spectres economiques des feuilles et des tigesatiation des traits le long de ces spectres
permet la réalisation de stratégies adaptativestifimmelles sous différents milieux lumineux.
L'observation de cette variation ch@mborellasuggére que ces réponses plastiques étaient

présentes chez I'ancétre hypothétique commun @stéeg angiospermes.
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Chapitre 3. Evolution de la croissance secondaire hez les
Piperales, un ordre diversifié d'angiospermes bases

Les Piperales représentent I'ordre le plus difiérgl’angiospermes basales awec
4090 especes. Cette diversité d’especes s'accorapigne grande diversité des formes de
vie qui serait liée aux variations de l'activitéhdaiale fréquente au sein de I'ordre. En dépit
des nombreuses études s'intéressant aux Pipeenlesn travail de synthese n’a traité
I'évolution de l'activité cambiale. Ce chapitre peopose de compiler des informations
anatomiques de toutes les lignées de Piperalesd effectuer une reconstruction
phylogénétique des états des caracteres. L'oridinearactére ligneux chez les Piperales est
discutée ainsi que la fonctionnalité écologique a#detains caractéres anatomiques. Les
observations anatomiques ont été réalisées surs@dces incluant des représentants néo-
calédoniens appartenant au gelRiger, et des espéces représentatives de toutes |égdigle
Piperales d'autres régions du monde. En combierarddnnées originales du présent travail et
celles d'études précédemment publiées, nous &abBsune reconstruction de l'activité
cambiale et des types de perforation des élémentgitseaux afin d’estimer I'origine du
caractére ligneux et I'évolution vasculaire desePafes. Différents patrons de l'activité
cambiale sont ainsi décrits; variant d’'une croissasecondaire localisée dans les régions
intra- et inter-fasciculaires che&Aristolochia et Thottea (Aristolochiaceae), Saruma
(Asaraceae)Manekia et Piper (Piperaceae), a une activité cambiale restreinterégions
fasciculaires chez les Saururaceae. En outre, bsenae totale de croissance secondaire est
observée chea/erhuellia (Piperaceae) ainsi que dans quelques especeBeperomia
(Piperaceae). Les éléments de vaisseaux de Piperasestolochiaceae et Asaraceae ont des
perforations simples tandis que ceux des Saurugaseat principalement scalariformes. Un
endoderme possédant une bande de Caspary (caraiyigicpie dans les tiges aériennes) est
observé pour tous les genres de Piperaceae, auesipgur Saururus et Houttuynia
(Saururaceae). Nos travaux suggerent que l'and§tpothétigue commun des Piperales
possédait tres probablement un cambium actif et fonme de vie ligneuse, avec une
vascularisation caractérisée par des éléments thseamx a perforations simples. Cette
hypothese est appuyée par 'homogénéité anatondigsi@spéeces ligneuses des Piperales qui
partagent toutes des caractéres du bois tels qumgens tres larges et longs, suggérant une
origine commune du bois pour l'ordre. La grandeesité des formes de vie observée chez
les Piperales est certainement liée a une his@®mdutive témoignant de changements

fréequents de l'activité cambiale par le passé, @ésaca des changements de forme de vie.
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Dans le contexte local de la Nouvelle-Calédonis, flkmes grimpantes et herbacées des
Piperaceae, inhabituelles au regard du reste dgi®spermes basales néo-calédoniennes,
pourraient étre a l'origine de la grande margigatie niche de cette famille témoignant ainsi

d'un lien entre la diversité des formes de viaetiVersité ecologique.

Chapitre 4. Caractérisation de I'habitat des angiogermes basales
de Nouvelle-Calédonie, distribution présente et page des especes

La flore de Nouvelle-Calédonie présente une fdisharmonie et les angiospermes
basales font partie des lignées de plantes a flursprésentées. Cependant, les mécanismes
derriére leur prévalence restent inconnus. Cettdiosede thése explore deux hypotheses
majeures pour expliquer cette surreprésentatigna(diversité d'angiospermes basales est la
conségquence d'une adaptation aux sols ultramafiguidenctionnent comme un filtre contre
des nouveaux colonisateurs; et (2) cette divemdééoule d'un climat humide qui aurait
persisté en Nouvelle-Calédonie pendant le Quatertandis que I'Australie et d'autres Tles de
la région ont souffert des variations climatiqudaspimportantes causant des possibles
événements d'extinction. Etant donné que les apgiowes basales présentent une grande
diversité anatomique des conduits du xyleme, nest®nhs si la présence des différents types
de conduits du xyleme peut expliquer une difféadin écologique au sein de notre groupe
d'étude. Nous avons utilisé des modeéles de disimibupour déterminer des corrélats
environnementaux pour 60 espéces d'angiospermakebadDes variables telles que le type
de végeétation, le substrat et le climat ont étkségs pour caractériser I'habitat type. Nous
avons ensuite testé si le type d'élément de comudians le bois, lequel devrait affecter
directement leur capacité hydraulique, est coraé€c la préférence d'habitat des espéces.
Finalement, nous avons analysé une possible prédmee des especes sur différents
substrats et projeté la taille de leur habitat etedir distribution lors du dernier maximum
glaciaire. Les résultats montrent une préférenseadgiospermes basales pour des habitats de
forét humide localisés sur des substrats non ultfigimes. Seules les especes possédant des
éléments de vaisseaux a perforations simples pge¥gemn habitat plus étendu. Nous avons
également montré que ces habitats de forét hunmtisubi une réduction trés importante de
leur surface et un déplacement géographique penaatdrniere période glaciaire vers des
zones refuges localisées sur la cote est, lagestlplus pluvieuse et plus chaude. Le maintien
des angiospermes basales dans des habitats dagctiar de faibles demandes d'évaporation
semble étre lié aux limitations hydrauliqgues de espéces. La surreprésentation des

angiospermes basales en Nouvelle-Calédonie peut &om expliquée par la persistance des
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foréts humides dans l'archipel malgré les fluctrati climatiques du Quaternaire qui ont
affecté la végétation de la région. Cette étudegp@se ainsi un nouveau modele pour
expliquer la représentation disharmonique de certafamilles d'angiospermes en Nouvelle-

Calédonie.

Chapitre 5. Influence de la vulnérabilité a la séchresse dans la
répartition géographique des angiospermes basales élouvelle-
Calédonie

Les angiospermes basales de Nouvelle-Calédoniairmntpréférence marquée pour
des écosystémes forestiers humides (Chapitre 4nho0s avons également montré que ces
habitats forestiers ont pu constituer des refuges pes lignées basales au cours du dernier
maximum glaciaire. La prévalence actuelle des apgiones basales dans les foréts humides
de Nouvelle-Calédonie pourrait s’expliquer par torée vulnérabilité a la sécheresse. Dans le
contexte contemporain de changements climatiques,augmentation de la mortalité des
arbres provoquée par la sécheresse est observéeddamombreuses foréts humides de la
planete. La sécheresse est en outre susceptilifiectta la distribution géographique de la
végétation tropicale mondiale. Cependant, le lietteela vulnérabilité a la sécheresse et la
distribution environnementale des espéeces trofscalété trés peu étudié. Dans ce chapitre
nous avons mesureé la vulnérabilité aux embokeg) de 13 especes d'angiospermes basales
endémiques de Nouvelle-Calédonie présentant dephologies distinctes des conduits du
xyleme. Nous avons examiné la relation entre laabés Pso et une gamme de variables
environnementales d'une part, et d'autres traitstiimnnels comme la teneur de matiere seche
des feuilles, la densité des nervations des feudiela densité du bois. Les angiospermes
basales sélectionnées ont des valeurBsgeariant entre -4.03 et -2.00 MPa, la plupart des
especes se situant dans une gamme étroite deangsisinférieure a - 2.7 MPa. La
vulnérabilité aux embolies est significativementrétée a l'altitude, a la température annuelle
moyenne, et au pourcentage d'occurrences géoguagships especes dans des régions de
forét humide. Le type de conduit du xyleme n’expégpas la variation de résistance a la
seécheresseP§y) entre les espéces. Les traits fonctionnels mssw@uramment utilisés
comme proxy de la résistance a la sécheresse,m@a® liés a I&@so. La vulnérabilité aux
embolies dans le xyléeme se distingue comme un piaysiologique étroitement lié a la
distribution des especes de forét humide. Notredettsuggere que la différentiation
ecologique associée a la résistance a la séechastisdécouplée de la densité de bois chez les

especes de forét humide. Ces résultats suggereriaggécurité hydraulique et la densité de
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bois ont pu suivre des chemins évolutifs distincheez les especes d'habitats humides.
Finalement, nous soulignons un risque importantr dauconservation des angiospermes

basales des foréts humides d'altitude en Nouvedlédonie.
Chapitre 6. Discussion générale, Conclusions et Bgrectives

Un apercu de la forme de vie, la fonction, et I'édogie des premieres angiospermes

La forme de vie et les préférences écologiquegponiéres angiospermes sont parmi
les aspects les plus incertains de Il'histoire éw@ludes angiospermes. L'une des hypothéses
les plus fameuses est celle des '‘paléoherbese Bgibthese s’appuie sur l'observation des
especes des Piperaceae et des Chloranthacea®@petsemue les premieres angiospermes
étaient représentées par herbes rhizomateusegottidge des paléoherbes s’est appuyée sur
l'observation de caractéres juvéniles dans le tessplantes adultes chez les Piperales, qui
indiquerait un ancétre putatif herbacée selon kitgpse du « secondary woodiness ».
Cependant, nos travaux sur I'évolution anatomigeg Eiperales indiquent que l'ancétre
commun de I'ordre possédait plutdt un cambium attfrésentait une forme de vie ligneuse.
Nos résultats s’opposent ainsi a I'nypothése dEoiperbes et suggerent que les caracteres

juvéniles dans le bois ne sont pas un indicataitdid'un ancétre putatif herbacé.

Une hypothése plus récente, s’appuyant sur desedsrfossiles et écophysiologiques,
en accord avec nos résultats, suggere que les gresmangiospermes étaient des plantes
ligneuses qui habitaient des habitats humides, agds; et fréquemment soumis a des
perturbations (hypothése «dark and disturbed #).ctoissance sympodiale ainsi que la
capacité a produire des rejets basitones éimelzorellasont des caractéristiques qui sont trés
rares, voir absentes, chez les gymnospermes. Casté@dstiques de développement ont été
proposées comme des réponses adaptatives a langedds milieux fréquemment perturbés
car permettant d'adopter une stratégie de persestaprés une perturbation. L'observation
d’une croissance sympodiale chmborella trichopodalaquelle a été précédemment décrite
chez d’autres angiospermes basales, suggere gnedsede développement était déja présent
chez I'ancétre commun de toutes les angiospermes.c@ractéristiques ont pu fournir aux
premiéres angiospermes des capacités de compdditioont participé a leur dominance des

ecosystemes terrestres.

En plus de ces caractéristiques particulieres agioapermes basales, nos travaux ont
pu montrer des patrons de covariation des traitsaut connus dans des nombreuses plantes

vasculaires. Par exemple, nos résultats ont maiiet des traits fonctionnels foliaires
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d’Amborellatels que la teneur en masse seche, ainsi quepertage masse séche par unité
de surface fraiche, varient respectivement 6 aid da fonction des conditions lumineuses
dans lesquels la plante se développe. Etant doneéceg type de réponses foliaires a été
largement documenté chez d’autres groupes d’angjioss, I'observation de cette variation
chez l'espéce sceur de toutes les angiospermesneenfimportance adaptative de cette
réponse phénotypique. Nous avons également moutitéegiste une relation forte entre la
densité des tiges et la teneur de masse sechef@cesdes feuilles. Cette coordination des
traits entre les organes de la plante a été langea@cumentée dans d'autres groupes de
plantes ligneuses (angiospermes et non-angiospgrrhes caractére universel de cette
coordination de traits suggere donc I'existence dm¥raintes physiques et physiologiques

qui pourraient empécher la production de formextessibles' chez les végétaux.

Evolution et écologie de’appareil vasculaire des angiospermes. Contributionde cette

these

La grande majorité des études s’'accordent susdiate de vaisseaux dans le bois de
'ancétre commun des angiospermes. Les trachéitené alors les seules structures
responsables de la conduction de I'eau dans les.t#y partir de ces trachéides, les plantes a
fleurs auraient ainsi développé des vaisseaux arhilne grande diversité structurelle. Cette
tendance évolutive a longtemps été percue comme tiapectoire linéaire depuis les
trachéides vers les éléments de vaisseaux a pwsfomple. Les éléments de vaisseaux a
perforation scalariforme représenteraient une fotramsitoire. Cependant, nos travaux sur
I’évolution de I'anatomie des éléments de conductians le bois des Piperales proposent une
possible réversion des perforations simples vesspaeforations scalariformes. Ces résultats
remettent en cause le caractere irréversible de tehdance évolutive et fournissent un
exemple de ce type de réversion dans l'apparetwase des angiospermes. D’autres cas
épars de réversion ont été mis en évidence parassép De futures investigations sur
I'évolution des clades d'angiospermes présentantidéeix types de vascularisation seraient
pertinentes afin de mieux comprendre les procegpsusnt conduit a ces reversions.

Au dela des conclusions sur I'évolution structigérelu bois, nos recherches fournissent
aussi des nouvelles informations sur l'influencdadeascularisation du bois dans I'écologie
des plantes. Il a été suggéré que les premieresspegmes munies d'éléments de vaisseaux
étaient restreintes a des milieux humides en raisame limitation hydraulique imposée par
la structure de leurs vaisseaux 'primitifs’, prémei des perforations scalariformes. Nos

travaux illustrent la premiere relation directe rentoccupation des habitats et le type

195



RESUME ENFRANCAIS

d’élément de conduction dans le bois. Ces résutaggerent que les especes qui présentent
une vascularisation formée par des €léments deseais a perforations scalariformes, ainsi
que par des trachéides, sont restreintes a demtsaimides et peu variables en température.
Les especes qui présentent des vaisseaux a penfiorsimple, lesquels conferent une
meilleure performance hydraulique, seraient cagatileccuper des habitats plus diversifiés
tels que le maquis ou les foréts seches de Nou@ellédonie ou les demandes

évapotranspiratives sont plus importantes.

Un autre résultat majeur de cette theése reposdasmnise en évidence d’'une forte
influence de la physiologie du bois dans la distiin des espéces. En effet, nous avons
montré un lien trés fort entre la capacité a résigtix embolies provoquées par la sécheresse
et 'occupation des habitats. De plus, nous n'aymasstrouvé de différence significative entre
la résistance a la sécheresse des plantes aveanswaisseaux. L’absence de différences
malgré les différences anatomiques dans le boigesagque d’autres caractéristiques
anatomiques des conduits telles que les membrasepahctuations doivent jouer un role
majeur dans la résistance aux embolies. Finaleniabsence de différentiation entre les
especes sans vaisseaux et les espéces pourvuesisesaux primitifs suggere que les
premiers vaisseaux ont été développés dans des awez une humidité stable et peu

soumises a la sécheresse.

La stabilité climatique du passé et les zones refagune nouvelle explication pour la

disharmonie de la flore néo-calédonienne

En se basant sur des études globales et régipnl@exombreux travaux ont montré
qgue les plantes qui colonisent de nouvelles aiésgyi@phiques ont tendance a occuper des
biomes similaires a ceux de leurs aires d'origDette hypothése connue sous le terme de
« conservatisme de niche » repose sur l'idée a@stl plus facile pour une espece de se
déplacer plutdt que d’évoluer. A partir de ce ppe¢ nous pouvons émettre I’hypothese que
I'environnement occupé actuellement par les angimeps basales de Nouvelle-Calédonie
posséde des caractéristiques similaires a celuwllgs’ ont occupée avant leur arrivée sur
I'archipel. Nos travaux ont montré que le plus gr@hevauchement d'habitat de 62 espéces
d’angiospermes basales se trouve dans des zonesuageprécipitation relativement forte
(1,500 a 2,300 mm) et de faibles variations jouénes de température. Ces caractéristiques
correspondent aux zones de forét humides, suggaissitque les angiospermes basales ont
occupé des habitats de forét humide depuis lewréaren Nouvelle-Calédonie. Etant donné

que la Nouvelle-Calédonie a été complétement iméeegendant le Pléistocéne et que sa
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réémergence a eu lieu pendant I'Eocene supériemirarigiospermes basales de Nouvelle-
Calédonie ont du occuper des foréts humides dasmisédgons voisines telles que I'Australie,

ou des Tles aujourd’'hui disparues, pour coloniaetgsuite I'archipel Calédonien.

L’Australie a souffert d'une dessiccation progressau cours des dernieres 25 MA,
culminant dans des événements d'aridité extrémealaoénles cycles glaciaires. Cette
dessiccation a pu provoquer I'extinction d’espe@sartenant aux angiospermes basales en
Australie. Grace a ses caractéristiques géographiet topographiques, la Nouvelle-
Calédonie présente un climat océanique avec deésatjui apportent une grande quantité
d'humidité. Le climat océanique de Nouvelle-Calédam probablement constitué un atout
majeur a la survie des lignées angiospermes basalds territoire pendant ces périodes des
changements climatique. En effet, notre étude segyde des habitats de forét humide ont pu
subsister en Nouvelle-Calédonie, agissant commefuige pendant les grandes fluctuations
climatiques du dernier maximum glaciaire. Notredéticonfirme donc I'importance de la
présence des refuges des foréts humides pour fgiemades especes végétales en Nouvelle-
Calédonie. Cette stabilité climatigue peut-étre ragcanisme majeur pour expliquer la

surreprésentation de certains groupes des plarfi@srsen Nouvelle-Calédonie.
Implications de cette thése pour la conservation da flore de Nouvelle-Calédonie

La Nouvelle-Calédonie est considérée comme |'us @eints chauds pour la
conservation de la biodiversité mondiale en raidensa riche biodiversité, mais aussi en
raison des nombreuses menaces qui pesent surcicdkdles que les activités minieres, les
feux de forét, et les espéces envahissantes. Etoneat, bien que le changement climatique
représente une menace potentiellement forte siiodiversité globale, aucune étude n’a
évalué son impact sur la végétation de la Nouwedtdonie. En outre, les iles océaniques
sont considérées comme fortement vulnérables aargements climatiqgues en raison de
certaines caractéristiques inhérentes telles qdi@hée disponibilité de surface et les petites
tailles des populations. Cette vulnérabilité paliere exhorte a considérer le changement

climatigue comme une menace potentielle sur la ftter I'archipel calédonien.

Le climat de notre planéte est en train de chageéempérature globale augmente et
on atteint des chiffres record. De méme, on attéesl changements dans le régime des
précipitations a travers le monde. Il a été suggéel’augmentation de la fréquence et de la
gravité des sécheresses aurait un impact majela suortalité des especes végétales. Malgré

ces constats, a notre connaissance, ce phénomarmms’encore été observé en Nouvelle-
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Calédonie. Etant donné que les angiospermes basales tres abondantes dans les
communautés forestieres de Nouvelle-Calédonie, mgsi parce qu'elles semblent étre tres
vulnérables a la sécheresse, les angiospermes$fgsalrraient constituer des indicateurs
potentiels de l'effet de la sécheresse sur la ftel'archipel. Un suivi des populations
d’angiospermes basales pourrait fournir une alendeoce de I'impact de la sécheresse sur la
végétation en Nouvelle-Calédonie.

En analysant les tendances climatiques de l'aetlifravers les dernieres 39 années,
il a été suggéreé que la température est en tramager a un rythme de 0,25 °C par décennie.
Selon les modéles climatiques, les températuregiden augmenter de 2 °C a la fin du
21eme siecle. Le réchauffement climatique poueaitainer des déplacements altitudinaux
dans la distribution d'organismes. Ces migrations dgja été observées chez des especes
végétales au sein de difféerents biomes. Cette thes®ntré une relation positive entre la
vulnérabilité du xyleme face aux embolies induifes la sécheresse et la distribution
altitudinale des espéces. Dans ce contexte, noaide éa montré que les especes qui se
trouvent a des altitudes élevées confagacryphia alticolaet Zygogynum tieghemisont
parmi les especes les plus vulnérables a la sé&dgerka vulnérabilité de ces especes serait
d’autant plus exacerbée que leur migration esttdienipar une réduction de la surface
disponible avec I'altitude.

Ces travaux de these représentent la premieratitentd'évaluer le lien entre la
vulnérabilité a la sécheresse et les patrons debdison des espéces végétales a I'échelle de
I'archipel. Cependant, des traits tels que la téste du bois aux embolies ne devraient pas
étre utilisés seuls pour évaluer la vulnérabilité &écheresse car les végétaux disposent des
nombreuses stratégies pour faire face a la séd®ereén ce sens, il serait pertinent d’inclure
d’autres indicateurs de résistance a la séchetelssque le point de perte de turgescence des
feuilles ou le control de l'activité stomatique.intégration de traits physiologiques des
feuilles pourrait compléter nos connaissances suwvudinérabilité a la sécheresse des
angiospermes basales. Finalement, des travaux dévast la tolérance a la sécheresse
d’autres lignées de plantes présentes en NouveliedGnie ainsi que d'autres types de
végeétation, pourraient fournir un apercu plus irdéde la vulnérabilité a la sécheresse de la
flore de l'archipel. Enfin, ces traits écophysiatpgs pourraient étre intégrés aux modeles de
distribution d’espéces qui prennent en compte lakews des traits pour projeter la

distribution des especes.
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Malgré son statut deotspotpour la conservation de la biodiversité seulemef#3de
la surface de Nouvelle-Calédonie est protégéeabgspermes basales sont des taxons tres
distinctifs de la biodiversité Calédonienne. Dgpoat de vue, il serait pertinent de mettre en
avant des taxons tels duhborella qui ont une forte valeur patrimoniale, pour attir
I'attention mondiale sur la conservation de ladltwcale. Nous avons suggéré que la richesse
d’angiospermes basales en Nouvelle-Calédonie pbowte le résultat de la stabilité du
climat passé, qui aurait permis la présence degesfuforestiers pendant des grandes
fluctuations climatiques globales. Ces refuges m@oemt faciliter la survie des espéces
pendant les changements climatiques d'origine apitme qui sont en train d'affecter la
planéte. Par conséquent, la préservation de cesszefuges pourrait permettre de conserver
une part importante de la flore locale. Certaineses refuges évoquées dans notre étude
comprennent la zone de montagnes située entre RlecleeOuaieme et Gwa Ruviand, cette
zone comprend le Massif des Lévres et Gord Tanéorivient de noter qu'aucune de ces
zones est protégée par la Iégislation de la Noen@dllédonie. La compréhension de I'impact
du changement climatique sur les especes de l@efthainsi que la préservation des
potentielles zones refuge, sont essentielles @oprdtection de la richesse floristique de la

Nouvelle-Calédonie.
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Résumé

L'une des remarquables originalités de la flore-oélédonienne repose sur la présence de nombreuses
lignées correspondant aux premiéres divergences ptieses a fleurs, compte tenu de leurs positions
phylogénétiquesAu sein de ces lignées, certaines espéces sonemildes de porter des traits morpho-
anatomiques ancestraux. Par conséquent, dans textieomparatif, I'étude de ces espéces peutifodies
informations cruciales pour comprendre les premi@&tapes évolutives des angiospermes. Un premiet de
cette thése vise a étudier des caractéristiquagtstelles et fonctionnelles des groupes représtnta
d’'angiospermes basales. L'étudémborella trichopodaespéce sceur de toutes les angiospermes, nousti@ mo
une covariation des traits fonctionnels (tige-fiediiet une plasticité morphologique en réponsesavdeiations
de I'environnement lumineux. Cela suggére que épsnses plastiques étaient déja présentes cheétfan
commun de toutes les plantes a fleurs. En parallétade de I'évolution anatomique des Piperatedre le plus
riche parmi les angiospermes basales, suggéreegquahcétre commun aurait possédé un cambium &etsf.
résultats supportent que les premiéres angiospeaxa@snt une forme de vie ligneuse et une probstoleture
sympodiale.

Les angiospermes basales comptent parmi les Bgd&mgiospermes surreprésentées en Nouvelle-
Calédonie. Cependant, les mécanismes a l'origineette dysharmonie demeurent inexplorés. Un dewxiém
volet de cette thése analyse la répartition enmeomentale des angiospermes basales de l'archipebaf
connaitre leurs préférences en termes d’habitatsi que leurs exigences environnementales. Céttebdition
environnementale a également été analysée au rdgaelr résistance a la sécheresse. Nous morguena
plupart des espéces présentent une préférence ésappur des habitats de forét humide avec desefaibl
variations en température. La vulnérabilité hydoud face a la sécheresse apparait comme un taggumqui
confine la distribution de ces espéeces dans dettmbumides. Ces conditions auraient persisté das zones
refuges dans l'archipel lors de la derniére périgideiaire, permettant ainsi le maintien de cegsilignées
d'angiospermes basales. Une stabilité climatiqueséa pourrait donc étre a l'origine de la surreptésion de
certains groupes d'espéces forestiéres qui oramdisians les régions voisines. La distributionategospermes
basales néo-calédoniennes, ainsi que leur setéibilla sécheresse, supportent I'hypothése sugggranes
premieres angiospermes habitaient des milieux hesred stables.

Mots-clés: anatomie du bois, angiospermes basales, biogéugrapcologie fonctionnelle, écophysiologie,
évolution, Nouvelle-Calédonie, vulnérabilité & éckeresse.

Abstract

One of the remarkable characteristics of the Neale@nian flora is the presence of numerous
angiosperm lineages recognized as the earliestgdimees of the flowering plants, due to their pbgloetic
positions. Within these lineages, some species liagdy to bear ancestral morpho-anatomical features
Therefore, under a comparative perspective, thdystli these species can provide compelling inforomator
understanding the early evolutionary stages of aemgirms. The first part of this thesis aims to wtthie
structural and functional characteristics of reprgstive groups of basal angiosperms. The studynuforella
trichopoda sister species to the remaining flowering plastgws a covariation of functional traits (stemflea
and a morphological plasticity in response to clesnig the light environment. This suggests thasehgastic
responses were already present in the common ancgsangiosperms. In parallel, the study of thatamical
evolution of Piperales, the most diversified basaiosperm order, suggests that their common ancleat an
active cambium. These results support the hypath#tst early angiosperms had a woody habit and that
sympodial growth may have been acquired early duaimgiosperms evolution.

Basal angiosperms are among the over-representgdsaerm lineages of New Caledonia. However,
the mechanisms underlying this disharmony remagxplored. A second component of this thesis analyze
environmental distribution of New Caledonian basagiosperms to know their habitat preferences aed t
environmental requirements. Further, we assesimfhieence of their drought tolerance on their eamimental
distribution. We show that most species have aepeete for rain forest habitats with small variasian
temperature. Drought-induced hydraulic vulnerapgitands as a major trait that restricts the digtidbn of these
species to humid habitats. These stable condiseesn to have persisted in refugial areas in theigglago
during the last glacial maximum, allowing the pstsince of basal angiosperm species. Thereforestalraatic
stability could explain the over-representationsofne groups of forest species that may have disapgen
neighboring regions. The distribution of basal asgerms in New Caledonia, as well as their drought
sensitivity, support the hypothesis suggesting ¢laally angiosperms lived in humid and stable emvirents.

Keywords: basal angiosperms, biogeography, drought vulnésgbiecophysiology, evolution, functional
ecology, New Caledonia, wood anatomy.
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