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ABSTRACT
New Caledonia is a global biodiversity hotspot andtains more than 2300 endemic
species including 7% of the world’s conifers. Nbestregion in the world with such
a small area possesses such a rich and distirodiéer flora, and 13 of the world’s
19 Araucariaspecies are endemic to New Caledonia. This tiesisnvestigated the
evolution and systematics of this group.

A molecular phylogenetic study based on sequentzefaan two chloroplast
regions resolved all 13 New Caledonian speciesmasraphyletic group, sister to
the Norfolk Island PineA. heterophylla The relationships between the New
Caledonian species was not fully resolved as kitiguence variability was detected,
however, three main groups were defined. The spe&dih bigger leaves occupied a
basal polytomy, whereas the vast majority of spgewigh smaller leaves were
grouped together in a clade. Within this ‘smalMedi clade, the three New
Caledonian species with a coastal distribution ranother monophyletic group.

The timing of the radiation of all these species wested via a molecular
clock approach using different calibration toolssfil data, geological events,
substitution rates). The precise dating of the Kkaledonian radiation remains
uncertain because different calibration methods gitferent dates. However, it
seems likely to have occurred between 10 anchyi@ What can be said is that the
limited sequence divergence between these spedmesh(in other groups would be
typical of <3 million years divergence), does rallytwith the fossil record and
geological events. This suggests a reduction ituéenary rates irAraucaria

A combination of molecular and morphological apjgtees was used to
assess species limits and population identities fEsulted in re-determination of
the identity of several populations and the distitns of some species. The current
state of knowledge of the taxonomy of the New Caéah species was summarised.

Finally, the distribution of chloroplast haplotypg®ong 468 individuals
from 49 populations representing all New Caledoieaucariarevealed strong
taxonomic signal, and high genetic diversity amtregspecies with bigger leaves,
and low diversity in the coastal species. The ifhistion of genetic variation is
discussed in the context of the evolution and cwagen of the New Caledonian

Araucariaspp
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CHAPTER 1 - Introduction

4.3 Araucaria diversity on New Caledonia

4.3.1 New Caledonia: a biodiversity hotspot.

New Caledonia (Fig. 1.1) is a small island (19,k68) located in the south Pacific
Ocean some 11,000 km off the east coast of Auati@kspite its small size, it has an
unusual and rich flora with 3002 native speciesasicular plants, 77.3% of which
are endemic (Jaffré, 2001). No other region invibed with such a small area
possesses such a rich and distinctive flora (VI889), and it is the third highest
level of island endemism, behind Hawaii and Newl&Zie@ Particularly high levels

of endemism on New Caledonia (97%) are associaidtine metal-rich ultramafic
soils (Jaffré, 1992).
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Figure 1.1: Map of the island archipelago of Newe@ania

The New Caledonian flora is characterised by tlesgmce of primitive dicots
such as species in the Winteraceae or Amborellg&eset al, 1999). It also has

a globally important conifer flora (43 species,aidemic; representing 7% of the



world’s conifers; Watt, 1999). As New Caledonia eelonged to the
supercontinent Gondwana, its flora is considerdaeta Gondwanan relict (Jaffre,
1995; Balgooy, 1996; Pintaud, 1999).

One remarkable component of the New Caledoniaa flothe genuBraucaria
(Araucariaceae) which has 13 species, out of aafjkobal of 19, located in New
CaledoniaAraucariaspecies occur in several ancient Gondwanan logsiliti
(Australia, South America, New Guinea, New Caledpand fossil evidence
suggests it was present on Gondwana before itg{oat therefore provides a
good model to study a putative Gondwanan elemetiteoNew Caledonian flora, as
well as assess the factors that led to high spectesess on the island. Moreover,
Araucariaspecies are important in New Caledonia from a calljperspective (male
fertility symbols in the Melanesian culture), fran economic perspective (major
landscape features important for tourism; the tegesalso exploited for timber;
Nasi, 1982; Manautét al, 2003), and also from a conservation perspecthay(are
facing threats from mining, fire and agriculturaffdé, 1995; Watt, 1999). This
makes New Caledoniakraucariaa key genus both from an

evolutionary/systematics perspective, but also vatfards to its conservation.

4.3.2 Araucariaceae (Gymnosperma, Coniferales):

The Araucariaceae contains 33 of the wortiis630 species of conifer. It consists
of three genera of which oné/ollemiaW. G. Jones, K. D. Hill and J. M. Allen, was
described as recently as 1995. The two otherdi@ecariaandAgathisSalisbury

and have been known for more than a hundred yd&temiacomprises one
species and is restricted to New South Wales, AlisiiThe genusgathishas 13
species which occur in the Malaysian region, Vamuiiji, Australia and New
Caledonia. Though sonmfegathisspecies appear north of the equator in Malaylse, t
genus is considered of southern origin and seernave migrated north during the
Plio-Pleistocene (Florin, 1963 cited in Setogusthal, 1998). There is current
phylogenetic uncertainty regarding the relationstamong the three Araucariaceae

genera. Attempts to resolve this uncertainty usiray sequences have resulted in



contradictory conclusions. Setoguehial. (1998) recovered the following well-
supported topologywollemia(Araucaria, Agathig); however Guilmore and Hill
(1997) recoveredAraucaria (Wollemig Agathig).

4.3.3 Araucaria (Monkey-puzzle trees)

4.3.3.1 Extant species.

The nam@éiraucariais derived from “Arauco”, a region in Central Ghivhere the
Araucani Indians live. The 19 extant specief\@ucariaare arranged into four
sections Araucaria Eutacta(Link) Endl., BunyaWilde & Eames, anthtermediaC.
T. White) (Table 1.1). This classification is edsally based on morphology (leaves,
attachment of pollen cones and ovulate cones, scales, vascular system cone-
scales complex, type of seedling germination, &edléng morphology). However
DeLaubenfels (1988; 2002) has suggested two matidics to this treatment.
Firstly, he only recognized two living sectionst faur: section®8unyaand
Intermediawere treated as synonymous with secoaucariathat was therefore
broadened to include extra-American species (Detaigbs, 1988). However,
Stockey (1986) preferred to retain sectiBumyaandintermediaon the basis of
fossil and cuticular evidence. Secondly, DelLaubsr(f#002) argued that the species
in sectionEutactawere distinct enough to warrant generic statugherbasis of the
morphological gap existing between the speciekisfdection and the other
Araucariaspecies (unique features of sectitutactainclude four cotyledons and

epigeal germination).



Section Extant species Location
Araucaria A.angustifolia (Bertol.) Kuntze Brazil
A. araucana (Molina) K. Koch Chile
EutactgLink) Endl A. bernieriBucholz New Caledonia
A. biramulataBucholz New Caledonia
A. columnarigForster) Hooker New Caledonia
A. humboltensiBucholz New Caledonia
A. laubenfelsiCorbesson New Caledonia
A. luxurians(Brongn. & Gris) Laubenfels New Caledonia
A. montanarongn. & Gris New Caledonia
A. muelleri(Carr.) Brongn. & Gris New Caledonia
A. nemorosd.aubenfels New Caledonia
A. rulei Mull. New Caledonia
A. schmidiiLaubenfels New Caledonia
A. scopuloruniaubenfels New Caledonia
A. subulataVieill. New Caledonia
A.cunninghamiiAiton ex D. Don in Lambert Australia
A.cunninghamiiAiton ex D. Don varpapuana | New Guinea
Lauterb.
A.heterophylla(Salisb.) Franco Norfolk Island
BunyaWilde & Eames | A. bidwillii Hook Australia
IntermediaC. T. White | A. hunsteiniiK. Schum. New Guinea

Table 1.1: ExtanAraucariaspecies with their geographical locations andiceat

affinities

The genus is currently distributed throughout thgtlsern hemisphere in New

Caledonia (13 species), Chila.(angustifolia, Brazil (A. araucang, Norfolk Island




(A. heterophylly Australia A. bidwillii, A cunninghamj)i, and New GuineaX(

hunsteinii, A. cunninghamiar. papuana (Fig. 1.2).
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Figure 1.2: Distribution of extant speciesAvaucaria Numbers represent the

number of species present in each named geographéca

4.3.3.2 EXxtinct species.

An extensive fossil database is availableAmaucaria (Hill and Brodribb, 1999).
More than 40 species of extinstaucariaare known and a few fossils exist which
are as yet undetermined. The extinct specidgadficariaincludes two additional
sections, sectioRerpendiculavl. Pole and¥'ezoniaStopes & Fuijii) T. Ohsawat al
The geographical distribution édiraucariafossils suggest that despite it now being
restricted to Gondwanan fragments in the southemisphere, the genus was once

widespread in both hemispheres (Setogetlail, 1998).



4.3.4 New Caledoniaraucaria

New Caledoniaraucariaspecies belong to secti@utactawhich also includes.
heterophylla(Norfolk Island) andA. cunninghami{Australia, New Guinea). The
Flora of New Caledonia account (DeLaubenfels, 19&@pgnises thirteen species,
which have been classified on the basis of thehitgcture (habit) into two groups
(Fig. 1.3). One of these groups follows the Massatlel (trees with plagiotropic
branches and presence of partial reiteration) winicludes the species with small
leaves (<1cm long in adults), and the other gralipws one the Rauh model (trees
with orthotropic branches and no reiteration) conitg the species with bigger
leaves (Veillon, 1980). Veillon (1980) states thaine alteration of the model may
be observed when a tree is damaged (e.g. in thie Radel a new axis may be

generated but the vertical tendency of the newdbraemains).

The species can show clear differences in hefghternieri A. laubenfelsii
A. subulataandA. columnariscan grow as tall as 50 m, with the record heigiridpe
60 m in some individuals &. columnarison the Isle of Pines and the Loyalty
Islands.A. humboldtensiandA. scopulorunare the shortest species, usually not
exceeding 15 m in height. The species can be tidanto four different types of
habitats, and 11 out of the 13 only occur on ulaosoils (Table 1.2). This
association with ultramafic soils creates a dioeetservation problem. The richness
of these soils in heavy metals, particularly nicketéans that several species are
endangered by mining activities (the major soufah® island’s export income).
Most species also have a restricted or fragmengtdaition and also face severe
threats from fire (Watt, 1999; Manauté, 2003). THEN conservation status of the

species is summarised in Table 1.2.
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Figure 1.3: Growth models of New Caledonfmaucaria Rauh (on the left),
Massart (on the right), taken from Veillon (1980)

Species Leaf type Model Soil type Altitude range \getation type CN
Status
A. columnaris Massart 0-50m Coastal limestone forests NT

Non ultramafic

. Massart rocks Dense evergreen montar
A. schmidii 1400-1628m . . - VU
rain forest on acid soil

0]

o Massart evergreen rain forests at
A. bernieri 100-700m . . LR
low and medium altitude
) Massart Dense evergreen montarje
A. humboltensis 800-1600m ) LR
Small leaves rain forest
A. luxurians (<1cm) Massart 0-200m Rainforest and maquis EN
A. nemorosa, Massart 0-50m Rainforest and maquis CR
A. scopulorum Massart 0-600m Rainforest and maquis EN
Massart Ultramafic rocks Evergreen rain forests at|
A. subulata 300-1000m . . LR
low and medium altitude
) Rauh (with alteration) Evergreen rain forests at|
A. biramulata 150-1100m LR
low and medium altitude
A. laubenfelsii Rauh (with alteration) 400-1300m Rainforest and nmqu |LR
A. montana Big leaves Rauh (with alteration) 300-1350m Rainforest and mimq |LR
A. muelleri (>1cm) Rauh 150-1000m Rainforest and maquis LR
A. rulei Rauh 150-1000m Rainforest and maquis EN

Table 1.2: New Caledoniaghraucariamorphology, altitude, vegetation type and IUCNs&mvation
status based on data in Nasi (1982); Manautd. (2003); Watt (1999). NT = Not Threatened, LR =

Low Risk, VU = Vulnerable, EN = Endangered, CR #ically endangered
7



4.4 Hypotheses on the origin oAraucaria diversity in New Caledonia

The existence of two main architectural modelsNedi (1982) to raise the
hypothesis that there were two ancestors for the 8aledonian species (one for
each growth model). An alternative hypothesis, rgitiat the New Caledonian
species are monophyletic, was raised baseth@dnsequence data (Setoguehial,
1998). The Setogucket al. (1998) phylogeny indicated that the New Caledonian
Araucariawere a monophyletic group (bootstrap value of 94Bkg phylogeny had
virtually no resolution among the New Caledoniaacsps, but suggested that the
sister species to New CaledonfaraucariawasA. heterophylldrom Norfolk Island
(Fig. 5). This is intriguing as Norfolk Island islatively young (<3 million years

old) raising a question as to the age of the Neled@mian species, and suggesting a
conflict with a Gondwanan origin.
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Figure 1.4: Consensus of 20 most parsimonious foeesraucariaceae based on
chloroplastbcL sequences (Setoguddtial, 1998)



A. heterophyllas a small leaved species, and is the dmbucariaspecies on
Norfolk Island. This suggests that the common aoces A. heterophyllaand the
New Caledonian species might have had small leeesThis is supported by the
fact thatA. cunninghamiithe second closest species, also has small IeBves.
presence of the large leaved species in New Caleaaruld therefore be a
convergence as this phenotype occuis.iaraucana@rom Chile. Regardless of
which hypothesis on the number of originsAmhucariaon New Caledonia is correct
(monophyly — Setoguctat al.,1998; versus two origins — Nasi, 1982), it is petit
to consider whether the genus’ presence on thedstaattributable to vicariance or

dispersal.

4.4.1 Dispersal attributes.

Araucariaseeds are small and possess wings, and are caustdebe dispersed by
wind. However, the wings size varies among speaeisfor example it is larger in

A. columnarighan inA. scopulorun{DeLaubenfels, 1972). In normal conditions (no
cyclones) seed dispersal range doesn’t excee@ kior (Chauvin, pers. comm.,
2002). However, the period of cone maturity matdhescyclone season in New
Caledonia (January to May-June). Cyclones can treraely strong in the Pacific,
and hence there is the possibility for seed toadspover long distances. However,
while long distance dispersal may be possiblef@ucaria,the lack of the species
on other Pacific islands suggests there may be diamtation to this. In this respect

it is important to note that some unpublished ole@yns suggest thé&traucaria
seeds do not survive sea-water immersion (McCag, gemm., 2002) and this must
limit the potential for overseas seed dispersalihtpsaid this, the presence of
species such as. columnariggrowing on numerous coral islets in the New
Caledonian archipelago, indicates that at leastestispersal over water is possible,
and the proximity of these trees to the sea indfcabme level of salt and immersion

tolerance.



4.4.2 \Vicariance

The affinities of the New Caledonian flora and tlloea of the surrounding ancient
Gondwanan fragments (Australia, New Guinea, Newafeh (Moratet al, 1994)
suggest that much of the floristic compositiontd tsland is most simply
attributable to Gondwanan vicariance, althoughoofrse this need not necessarily
apply toAraucaria. One of the key questions when dealing with vicar&a
hypotheses is whether the island has always rechaineve sea level since
continental fragmentation? The presence of sedsn&different ages covering all
of New Caledonia, suggest that at one point orlarptarious parts of the island
have been submerged (Picard, 1999). However, tids dot exclude the possibility
of some refuges remaining above sea level at aayiore ensuring survival of a
Gondwanan element of the flora. The fossil re¢oridhe region is unfortunately
poor and insufficient to address vicariance vedisgersal hypotheses (Kershaw
and Wagstaff, 2001).

4.4.3 Diversification of the genus in New Caledonia

In understanding the processes that have givenaige evolution of such high
levels of diversity ofAraucariaon New Caledonia, it is worth considering the
conditions under which differentiation could occline New CaledoniaAraucaria
represent a large number of closely related wintiqated taxa in a small country —

how did they diverge in the first place?

Several hypotheses have been raised concerningltheisification. One
key environmental variable that has been invokeédasobduction of ultramafic soils
that occurred 37 million years ago (mya) and wiotv support high levels of
endemism. Nasi (1982) and Jaffré (1995) have hajhgested that this toxic metal-
rich soil has promoted speciation events. The ggpeint is that these soils strongly
limit the growth of angiosperms, and hence favbergrowth of gymnosperms,
which are more tolerant of these edaphic conditi@Qtker key environmental
changes that have been invoked as important aiaiearin sea level and climate

changes during the glaciations in the last twoiarillyears. Although New Caledonia
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was not glaciated during the Pleistocene, it, titeer sub-tropical and tropical
regions experienced climatic shifts. Pintaud (199%)wed that the variation in the
rainfall levels during that period had a major imipan the distribution and

diversification of palms. It is possible thataucariaspecies were also affected.

Although it is not clear whether the ultramaficlsger se were the driving
factor responsible for the diversification of Newl€loniarAraucariait is
noteworthy that 11 of the 13 species occur on miafec soils. Of the two species
that do not naturally occur on ultramafic soilse@rows on calcareous soik. (
columnarig and one occurs only on non-ultramafic soils antilghest point of the
island in the Mont Panie chaiA.(schmidi). Nasi (1982) suggested that
columnarishas diverged relatively recently with the emergeosidde coral reef, and
that the divergence @&. schmidiioccurred prior to the deposition of ultramaficlsoi
Thus Nasi (1982) effectively proposes thaschmidiiis the most basally divergent
New Caledoniaraucariataxon.

In addition to major climatic fluctuations and altnafic soil obduction, other

potential factors that might have contributed ® diversification are:

New Caledonia has a varied topography and steejeguta of climate and

altitude.

The ultramafic soils on the island are not homogasethere are in fact
several different types of soils among which lcadptation may occur (Picard,
1999).

The ultramafic soils are not continuously distrémterosion following the
initial obduction event has resulted in a netwdrkutiramafic islands’ of varying

degrees of spatial separation.

Some of the species tend to occur in valleys, segaifrom other valleys by

mountain ridges (physical barriers).

There is some evidence for inbreeding in New CaledvAraucariaspecies
(C. Kettle, unpublished, 2005).

Two different kinds of pollen have recently beearfd inA. araucanaa

winged type and a non-winged type (R. Mill, pe@mnen., 2002). These may be
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differentially adapted for long distance versusrsdistance dispersal. If there is
some intra-specific variation in the frequency thietter is produced, this may lead to
an increased tendency for some populations to god#fferentiation.

Previous meteorological evidence suggests thaiagiae reduces the
frequency and/or strengths of cyclones (Hoff anskP2997), this may lead to

periods of time in which seed and pollen dispeefiatiency is reduced.

4.5 Problems of species delimitation

Given that many populations of the extant spediegaographically and
topologically isolated it raises the question awhether differentiation and
speciation in this group is ongoing. The issuéhefdngoing diversification is
pertinent given the subtle morphological differenbetween some of the species.
The ontogeny of the species are very similar duttiegfirst stage of seedling growth.
All Eutactaspecies have 4 cotyledons, thin and long neekiéeldiaves (6-10 mm
long x 1 mm wide) and a yellow/green colour. Diffietiation occurs more rapidly in
some species lika. rulei or A. muelleriwhere the leaves gets longer (up to 20 mm)
early in development. However, in other species ntorphology remains similar for
a few years, and even in adults the lower branch#ee trees often keep their
juvenile characteristics which are similar among diifferent species. This can make
species identification and delimitation difficuhdasome doubts have been raised
concerning the identification of some populatiasted in floras or reports, and more
fundamentally, concerning the distinction of sorhéhe 13 species (Jaffré, pers.
comm., 2002; Chauvin, pers. comm., 2002). Certaggn a casual inspection of
material in herbaria suggests that identificatioors are frequent. This all adds up
to an important practical problem for assessingti@hships among species or
evaluating the conservation status of a speciésintportant to know that those

species actually exist, and what their distribugiare.
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4.6 Thesis Objectives
The aim of this thesis is to use molecular datavestigate the evolutionary history
and taxonomy ofraucariaon New Caledonia, focusing on the following topics,

each presented as chapter:

What are the phylogenetic relationships among sries ofAraucaria?

Previous morphological studies and molecular preihigs have respectively
suggested multiple and single origins Aoaucariaon New Caledonia. DNA
sequence data will be gathered to test whetheldéwe Caledonian species are
monophyletic, and to place the relationships o$¢hgpecies into a broader

phylogenetic context.

When did the diversity of Araucaria on New Caledonia arise, and how

does this correlate with the history of the island?

Molecular phylogenetic data obtained in (I) will @eamined in the context of the
fossil record, geological dates, and estimatesiofaotide substitution rates to apply
a molecular clock approach Azaucaria The inferred dates for the diversification of
New Caledonian species will then be compared wighkinown history of the island
to evaluate which conditions are associated wighrétdiation.

Can molecular markers clarify the taxonomic status of populations and

species of New CaledoniaAraucaria?

Genetic data will be used to test the homogenéisglected taxonomic units and to
clarify the status of populations whose identifioatis uncertain. The genetic data
will be compared with morphological data and ther&ation between the different

information sources examined.

13



V.

An overview of the taxonomy on the New Caledomain Araucaria species

TheAraucariaaccount in the Flora of New Caledonia is now ov@y&ars old
(DeLaubenfels, 1972), and since its publicationy mdormation has come to light.
Various authorities have made many observatiordspahall of this has been
published. In this chapter | will summarized thiosrmation available on the New
Caledonian species and update it by adding soroeni@ttion obtained during the
three years of the PhD, through field observatimmbarium and lab work, as well as

literature reviews.

A broad scale investigation into the extent ofntra-specific and inter-

specifc genetic diversity among the New Caledoniakraucaria species

If the New CaledoniaAraucariaspecies are still diversifying, then levels of atr
specific differentiation may be of a similar oradgmagnitude to the extent of inter-
specific differences. In this chapter | will screenlti-population samples of all
species for genetic markers to evaluate whethgiiglthe case and also establish
whether there are hotspots of genetic diversityAf@ucariaspecies on New
Caledonia. A second aim of this chapter is to ustded the scales over which
populations of these wind-pollinated species becgametically isolated as part of

understanding how speciation may have occurred.

4.7 Summary of issues raised

There is a high level of morphological diversity@m New CaledoniAraucaria
species that is recognised as an important bidbgicliation. To understand this

radiation, the following information is required.

A fully resolved phylogeny to allow a reconstian of the evolutionary
history of the genus, with reliably dated nodessWill allow divergence events to
be related to the biotic and abiotic history of Néaledonia, and the morphological
and ecological transitions to be placed in context.
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A clear-cut taxonomy with all species delimatiproblems solved including
an assessment of the magnitude of intra-specifguganter-specific divergence.
This will ensure that the units of analysis refleatural biological units and will also

contribute towards programmes concerned with degiservation.

4.8 Approaches: an overview of the different methaglavailable

4.8.1 Sources of molecular data for plant taxonomgnd phylogeny
Molecular data are increasingly being used in exahary biology to supplement
observations that were previously restricted tophological features. The

popularity of molecular data is attributable toese¥ features including:
Environmental and developmental stability
Practically unlimited number of characters
Comparable homologous characters

Range of different regions with differing mutaticates

In addressing a particular biological questiofis itmportant that an appropriate
molecular approach is chosen, as the source of D$&8 will have an important
effect on the results obtained (Page and Holme38)1There are three genomes in

plants available for study (nuclear, chloroplast emtochondrial; Table 1.3.).
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Attribute Nuclear genome Chloroplast genome Mitochadrial genome
Structure Linear Circular chromosome Internally recombining
chromosomes circular chromosome
Ploidy level At least diploid Haploid Haploid
(higher plant)
Inheritance Biparental Uniparental Uniparental
Maternal (Angiosperm) | Maternal (Angiosperm)
Paternal (Araucariaceae) Paternal (Araucariaceae
Recombination Present Absent Absent
Mutation rate (mtDNA| ca 10 x ca3.5x 1x
mutation rate at rate 1

Table 1.3: Properties of the three plant genomeadifired from Mogensen, 1996 and
Ennoset al, 1999

Mitochondrial DNA is found in the cytoplasm of plant cells. It iaploid circular
molecule of about 16 thousand base pairs (kbphimas, but is much larger in
plants (up to 2200 kbp). It is present in multiptgies in the cells of eukaryotic
organisms and is uniparentally inherited (in Araiaz@ae mitochondrial DNA is
thought to be paternally inherited (Mogensen, 1R9Blpsely related taxa may have
structural differences in their mitochondrial DNAealto the presence of numerous
internal repeats and the capacity of substantied-chromosomal recombination that
generate subcircles of the master chromosome (Eetrads 1999). The study of this
organelle genome is made easier by the numerousscpgesent in one cell, which

makes it easy to isolate sufficient DNA from venyadl amounts of plant material.

Mitochondrial DNA has a very slow substitution rateplants, which is 3-4
times slower than chloroplast DNA (Table 1.4). Stial. (1998) described all of
the major problems associated with its uses intpJamcluding the presence of
foreign DNA, large duplications, short dispersepeas and high level of

rearrangements. Furthermore, the very slow sulistituate of mitochondrial DNA
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in plant leads to difficulties in detecting suféait variation at low taxonomic levels.
As such it has received relatively little use iarghk, which contrasts strongly with
the situation in animals where its smaller sizpidaubstitution rates, and conserved

gene order have made it a useful source of gematikers (Ennost al. 1999).

Chloroplast DNA (cpDNA) is found in the cytoplasm of plant cells. It is@ah
haploid circular molecule that is uniparentallyenited as a single gene and is
usually about 120-150 kbp. It is considered tpakrnally inherited in the
Araucariaceae (Mogensen, 1996). CpDNA evolves attenmediate rate compared
to nuclear and mitochondrial genes (Table 1.4)oAthe molecules within
individuals generally represent a homogenous adsgmfthat is, there is limited
evidence of heterogeneity in size or structure iwithplant. The lack of major
structural changes (inversions, transpositiongtabels and insertions) in the
chloroplast genome makes it relatively easy to waith in comparative studies.
This is true because restriction pattern differermetween species usually result
from mutations at restriction sites or small ineertdeletions rather than from
structural changes. If the latter were frequentatild be difficult, tedious and time
consuming to do comparative studies involving a benof taxa. Also, because
changes such as large inversions are rare, theyroag to be phylogenetically
informative for identifying monophyletic assemblag€rawford, 1990). CpDNA
variation also includes simple sequences repe&R¢Sr microsatellites). These
regions are expected to have a high mutation r@edalslippage during replication.
As cpDNA is inherited as a unit and not subjeattmombination, cpDNA sequences
and restriction sites can be readily combinedaiit provide useful signal for species
delimitation, but it should preferably be used ambination with nuclear markers as

it is essentially just giving information on the t@@nal or paternal lineage.

Nuclear DNA is present in eukaryotic organisms in the nucldubecells.

It has a more complex history as each gene is presat least two copies (more in

a polyploid species, and more for duplicated geard)shows allelic variation.
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Nuclear DNA polymorphisms provide virtually unlirad opportunities for studying
the mechanisms of evolution. Variability in nucl€¥A is due to recombination,
inversions, transpositions, substitutions, insarftdeletion polymorphism, and can
show gene-specific variation in rates and histofié® nuclear genome contains a lot
of replicated DNA and has a faster rate of evotutltan the organelle genomes
(perhaps more precisely a greater heterogeneityutditions rates). One source of
nuclear DNA variation is SSRs. These regions apeeted to have a high mutation

rate due to slippage during replication.

The high rate of evolution of the nuclear genonsewall as it tendency to
recombine, leads to some advantages and to soavdigtages. On the one hand
the complexity of the genome leads to a range itdilsie markers evolving at a range
of speeds thus offering the potential of a suitgeliee for any given question. On the
other hand, problems of gene duplication and hadgsrof evolution can lead to
problems in the determination of homology suchhasconfounding effects of
paralogous genes or homoplastic nucleotide subsetiti Another problem with
nuclear DNA is simply one of sampling. Universahpers do not exist for the
nuclear genome, and true universal primers foruitngs single copy regions are
unlikely to ever exist given recombination, changegene order among species, and

gene duplication.

4.8.2 Choice of the appropriate methods and regiarfor taxonomic and
phylogenetic studies

4.8.2.1 Different tools for different questions

The choice of the molecular methods to use is wepprtant. It will be influenced

by the scale of the study and the question to beeaded. It is therefore important to
choose markers with an appropriate mutation ratéhia will determine the level of
polymorphism retrieved. These choices are constbgiseveral elements: sequence
information already available, work in related gpegclab facilities, time and money.
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4.8.2.2 Polymerase chain of reaction (PCR)

The development of the polymerase chain of reastias a major break-through in
genome analysis. The principle of PCR is to amgliection of the genome by
using a thermostable DNA polymera3ag polymerase) and to use the product of
the duplication as template for further amplifioati Successive cycles of duplication
rapidly increased the number of templates availabtethus the number of
subsequent duplications. The region to amplifieis&ed by using two flanking
primers. Depending on the selectivity of the prispéine portion of genome

amplified will be more or less specific (Aat al, 1997).

Though PCR is a relatively robust technique, sameéofs can influence the
success of the reaction. First the quality of tiwADextracted is important as poor
guality DNA or low concentration DNA reduces thawher of templates and makes
the PCR more sensitive to contamination. Secotidé/nature of the template in
terms of G/T richness, the length of the regionl i composition (presence or
absence of repeats), will influence the bindindhwiite primer and the efficiency of
the DNA polymerase. Finally, the PCR process caimtigenced by the conditions
of the reaction, like the ionic environment (e.gqg@®k or KCI concentrations) or the
accuracy of the temperature of the thermal blotks Tan impact on the amount and

specificity of the product.

4.8.2.3 PCR-Sequencing

The principle of PCR-sequencing is to determineetkect succession of nucleotides
of an amplified fragment by using labelled dNTPslyithe PCR process, and
running the product through a automated sequemberresulting sequences can be
aligned and compared from several individuals,rareoto assess degrees of
divergence and infer relationships. This methatiésmost exhaustive way to

explore a given genomic region, but it is expensind time consuming.
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4.8.2.4 PCR-Restriction fragment length polymorphis (RFLP)

RFLP is based on the use of restriction enzymegtect polymorphism
(Brettschneider, 1997). A polymorphism in a resiwit pattern occurs when (i) a
substitution results in the gain or loss of a restm site, (ii) an insertion or deletion
(indels) in the DNA adds or removes a restrictibe, r (iii) an indel changes the
size of a restriction fragment. In PCR-RFLP, thephined DNA region is digested
by selected restriction enzymes and the restridteyments are compared among
individuals (Edward, 1997; Semeriket al, 2003; Ziegenhagest al, 1997).

4.8.2.5 Amplification fragment length polymorphism(AFLP)

AFLP analysis is based on the detection of multipMA restriction fragments by
PCR amplification. The procedure begins with thetrietion digestion of the entire
genome with two different restriction enzymes. Aifigation of restriction
fragments is accomplished by the ligation of dotgitanded adapter sequences to
the ends of the restriction sites, which serveussv/ersal” binding sites for primer
annealing in PCR. Restriction fragments of a paldicDNA can then be amplified
with “universal” AFLP primers corresponding to tresstriction site and adapter
sequence. Because the number of fragments detéctaday will be too high to be
resolved in any fragment analysis system, e.g, §&sAFLP primers have at their
3’ end a number of selective bases that extendioestriction fragment. This
results in selective amplification of those fragmsan which the primers extension
matches the nucleotide flanking the restrictioa.slihe number of selective bases
modulates the number of fragments to be ampli#elimit to 50-100 fragments
allows detection on denaturing polyacrylamide gs¢sjuence gels) or capillary
based sequences. Restriction fragment patternsagjedéy the AFLP technique are
called AFLP fingerprints. Their frequency is depenidon the sequence

polymorphism between the tested DNA samples.

AFLPs are a very powerful DNA marker techniquetfdssigned to allow
reconstruction of very high-density DNA marker m@geset al, 1995; Vos and

Kuiper, 1997). Because of the quantity of markdraimed, its use has been widened
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to resolving phylogenetic relationships among diosslated species (Despresal,
2003; Semerikoet al, 2003).

One of the main problems raised by the use of ABLtRe fact that AFLP
data can be homoplastic (Despe¢sl, 2003). The fact that fragments of the same
size can be non-homologous cannot be ignored. AsAFLP fragments are
dominant markers, which means heterozygotes cdrendistinguished from the
dominant homozygote. Finally each character takéstao states (0 or 1),
increasing the risk of parallelism or reversione@ther problem seems to be more
directly related to the family studied in the pmseork. While studying genetic
variability in Wollemia nobilis Peakalket al. (2003) did not recover any polymorphic
markers using the AFLP technique. Other membetiseoAraucariaceae were also
scanned, but little variability was retrieved, |leapto the conclusion that the

Araucariaceae might have very low levels of genedigation.

Preliminary efforts were made to get this technitpuevork in the current
study. Six speciedfaucaria rulei, A. subulata, A. columnaris, A. beri, A.
schmidi) were scanned using 64 different primers combamatbut only three
polymorphic markers were retrieved. Given thesea pesults and the fact that

AFLPs are time consuming and relatively expengive method was discarded.

4.8.2.6 Simple sequence repeats (SSRs) = microddts

Microsatellite DNA consists of small repeat ungsenerally less than six nucleotides
that generate repeating regions up to 100-250 besd regions are highly
interspersed throughout eukaryotic genomes, whielhmught to have a
microsatellite sequence distributed once every h@®&ofi et al, 1998).
Microsatellite variation is identified by PCR anfation of DNA using primer

pairs which flank the microsatellite repeat. Theesf the amplified fragment is then
obtained by running it on a polyacrylamide gel @pidary sequencer. These

methods can identify variants that differ by juseaucleotide in length.

The high level of polymorphism of microsatellite nikers makes them a

useful tool for biodiversity studies.
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a. Nuclear microsatellite loci are usually highbhymorphic with alleles
varying in the number of repeat units; they areotoithant, considered selectively
neutral and inherited in a Mendelian fashion.

b. Chloroplast microsatellites are uniparentallyarited. Some species
have maternal inheritance of the chloroplast, atipaternal. As cpDNA is a non-
recombinant, all cpSSR loci are linked which endbém to be combined to retrieve
haplotypes, composed of the combination of all&desd at each cpSSR locus.

Several authors (e.g. Navascues and Eme2G@b; Provaret al.,2004; Petitet al,
2005) have highlighted the increased role of S®RBe study of plant genetic
diversity. Uniparentally transmitted markers haeer shown to be highly
informative for inferring population history andveaseveral advantages compared
with biparentally inherited markers. Multiple misatellites on uniparentally-
inherited chromosomes allows the study of haplotygreealogies uncomplicated by
the problem of recombination (Gometzal, 2005). Combined analysis of
uniparentally and biparentally transmitted micreises can provide additional
insight into several population genetic parametach as population structure and
gene flow. However, as levels of divergence in@easncerns of homoplasy
increase and this is likely to be a problem in pgghetic studies (Provaat al.

2001).

From a practical perspective, the reproducibilityhe technique is high

(Joneset al, 1997) and relatively low cost once the flankimgners are obtained.

However, Mueller and Wolfenbarger (1999) stresbad huclear
microsatellite primers developed for one speci@sraeely be used beyond the very
closest relatives and therefore need to be develdp@ovdor each species or

group of species.
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4.8.3 Approach for each chapter

The study of the different aspect of the evolundiNew Caledoniaraucariahas
involved several molecular approaches. To estahlighylogenetic framework and
to apply molecular clock approaches | have usedesszing of two cpDNA regions.
For species delimitation | have used a combinatfacpSSRs and morphological
data. To undertake an assessment of broad scaéagsinucture | have used
CpSSRs.
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CHAPTER 2 -  Reconstructing the phylogenatihistory of Araucaria

2.1 Introduction:

Islands often contain large numbers of endemicispeand these are typically
unevenly concentrated into particularly specieb-goups (Levin, 2000). Features
of islands that are considered important in prongpéndemism and species
radiations include geographical isolation, a dieesst of local niches, and reduced
competition compared to continental ecosystemseReadiations leading to high
levels of island endemism have been well documentedeanic island systems
including Hawaii, the Canary Islands, and the Gadgys (reviewed in Baldwiet al.
1998). These island systems are all derived frolwawic activity, and thus the
present day biota has been derived from over-veigpersal, colonisation of open

habitat, and subsequent radiation and diversiboati

In contrast to oceanic islands, those formed byirental fragmentation do
not necessarily go through a phase involving lamgeunts of empty habitat. A land
mass can fragment into constituent parts, anditita bf an island formed in such a
fashion could diverge via conventional allopatpesation. In this respect it is
tempting to think of oceanic islands and continkistands as being fundamentally
different entities. However, this may well be aremmplification. Continental
islands can themselves be subject to major dishedyavhich may wipe out the
existing vegetation over large areas. These aregdtmen become occupied by over-
water dispersal, colonisation of open habitat, sutzkequent radiation and
diversification in much the same fashion as ocemtands. This point is supported
by the observation that species diversificatiordeemic to large continental islands
such as Madagascar often show the same phylogetretature as those endemic to

smaller oceanic islands (Lavat al.2004).
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2.1.1 New Caledonia: a hot spot dhraucaria evolution.

New Caledonia is a Pacific Ocean island with higlels of plant endemism
(77.3%). Geologically it has a continental origand it and New Zealand became
isolated from a larger Gondwanan fragment contgifinstralia and Antarctica
some 80 mya (Sanmartin & Ronquist, 2004). One qa4atily charismatic element of
the New Caledonian flora is the island’'sAfucariaspecies.

Araucariawas once a very widespread genus present in lentiispheres
and it has an ancient fossil record. It is nowadagtricted to the southern
hemisphere, on lands that previously formed thed@@man supercontinent. Six of
the 19 extant species have a scattered distribbeorg found in BrazilAraucaria
angustifolia(Bertol.) Kuntze), ChileA. araucanaMolina) K. Koch), Norfolk Island
(A. heterophyllgSalisb.) Franco), Australig( bidwillii Hook, A cunninghamii
Aiton ex D. Don), and New Guinea.(hunsteiniiK. Schum, A. cunninghamivar.
papuanaLauterb.). The 13 remaining speciesfo@ucariaare restricted to New
Caledonia and all belong to sectigatacta(Link) Endl. (which also includeA.
heterophyllaandA. cunningham}i the other species being arranged into threer othe
sections A. araucanaandA. angustifolian sectionAraucaria A. bidwillii in section

BunyaWilde & EamesandA. hunsteiniin sectionintermediaC. T. White).

Araucariain many ways represents a model group to testiesseir
important questions of plant evolution and biogepdy. It is a small manageable
genus with a good fossil record and a widesprestdilolution. The high diversity of
species (13 out of 19) on a small continental dleaises questions as to the age of
these species and the timing and nature of thigiinsr In this chapter | explore the
phylogenetic systematics of the group to provideaework for subsequent

molecular clock analyses and evolutionary inferend&hapter 3.

2.1.2 Previous work on New Caledoniaraucaria

Nasi (1982) inferred relationships between New GatéanAraucariaspecies based

on his own observations coupled with the previoasphological studies of Veillon
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(1980) and DeLaubenfels (1972). His first conclasias that the existence of two
main architectural types in New Caledonian spemight reflect two separate
ancestors (e.g. two lineages colonising New Caliejobarge leaved species
typically show the Rauh growth form (orthotropi@bches, no reiteration — classic
examples of this model show a candelabra habit¢reds species with smaller
leaves typically show the Massart model (plagiatrdgpanches with partial
reiteration — these species show a more columriat) han order to explore
relationships among species, Nasi (1982) furthetex@@mparisons based on three
criteria: floristic affinity, architectural affinyt and ecological affinity, and a
summary of these are shown in Table 2.1. What mediately apparent from this
informal analysis is the lack of correlation betweamilarities with respect to the
different criteria. For exampl&. humboldtensis considered ecologically similar to
A. muelleriandA. laubenfelsiiput is more dissimilar with regards to floristic or
architectural affinities. Likewiséy. muellerihas a very close match in architecture
with A. rulei, but shows greater floristic differences. Whilstde data are useful in
summarising known information about the speciesy tto not form a suitable

dataset for inferring taxonomic or phylogeneti@atieinships.

A more formal analysis of relationships was carpetiby Setoguclet al.
(1998) usingbcL sequence data. The resulting phylogenetic treggested that the
New Caledonia\raucariarepresent a monophyletic group, but there wds litt
resolution among the New Caledonian species (dtfzer the recovery of a weakly
supported clade containi#g ruleiandA. mueller). The study suggested that the
closest species to New CaledonfiaucariawasA. heterophylldrom Norfolk
Island (Fig. 2.1).

The study of Setoguclet al.(1998) represents the most complete study
available on the New Caledoni&naucaria However, in addition to the lack of
resolution among the New Caledonian species, trereaome additional problems.
Firstly, no precise locality details are availafieseveral of the samples, which
were based on cultivated material; there is thusesoncertainty over the source
material used in the phylogeny. Secondly, onlynglsi specimen was used per
species, and hence there is a concern that evdimited resolution that was

obtained may not hold up to further sampling.
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The overall aim of the present study is to undertakther phylogenetic
analysis on the New Caledonianaucaria, based on material of known wild origin

and multiple samples per species. To place thdtsasitthe New Caledonian species
into a broader context, samples from all other igsao the genus, as well as

representatives from other genera in the familyeHaeen included in phylogenetic

analyses.
) . Altitude ;
Species Growth model Type of leavies Type of sall range Type of vegetation
A. columnaris Massart 0-50m Forest on calcareous soi
Non ultramafic rocks
A. schmidii Massart 1400-1628n Rainforest on acid soil
A. humboltensis Massart (alterated) 800-1600m| Rainforest
A. bernieri Massart 100-700m Rainforest
Small leaves
(thin needle)
A. scopulorum Massart 0-600m Rainforest and maquis
A. nemorosa, Massart 0-50m Rainforest and maquis
(alterated)
A. luxurians Massart 0-200m Rainforest and maquis
A. subulata Rauh Ultramafic rocks 300-1000m Rainforest
A. biramulata Rauh 150-1100m Rainforest
(alterated)
A. montana | Rauh (alterated) 300-1350m Rainforest and maquis
- Rauh Big leaves . .
A. laubenfelsii (alterated) (broader scale] 400-1300m Rainforest and maquis
A. rulei, Rauh 150-1000m Rainforest and maquis
A. muelleri Massart 150-1000m Rainforest and maquis

Table 2.1: New Caledoniakraucariaspecies, their growth form, leaf characters and
habitat preferences, data taken from Nasi (1998nadtéet al. (2003), and personal
observations
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Fig. 2.1: Consensus tree of 20 equally most pansious trees for the Araucariaceae
based ortpDNA rbcL sequences, taken from Setoguehal. (1998).
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2.2 Material and methods
2.2.1 Materials: field sampling

Plant material of New Caledonian species was deiteduring three successive field
seasons in December 2001, 2002 and 2003 (FigTalle 2.2). The sampling
season was chosen to match the coning seasonantordnsure that cones were
present to confirm species identification. Popolatiwere located using the flora
(DeLaubenfels, 1972), and local knowledge. Spesm® determined from
herbarium and field observations using both theikdkie flora (DeLaubenfels,
1972) and comparison to other herbarium materiabtal of 23Araucaria
populations were sampled, including all 13 spearstwo populations per species
when possible (only one populationAafhumboldtensis, A. subulatndA. schmidii
were obtained). For each individual 6 to 10 leavere collected and pictures of the
tree’s shape, bark and leaves were taken. Thenatdrial was dried and preserved
in silica gel. Herbarium specimens, including adoiliage and juvenile foliage
(when possible) were made for most of the populatioMaterial sources for non-
New Caledonian species and outgroup species avensholable 2.3. One sample

per species was obtained.

After examining the phylogenetic position of Aratiaaeae in the context of
other conifers (based on the studies of Setogetcail., 1998 and Quinet al, 2002),
a representative of the sister family (Podocarpa)caad the two sister genera to
Araucaria (AgathisandWollemig were selected as outgroups (Table 2.3). The
outgroups selected weYeollemia nobilisW. G. Jones, K. D. Hill and J. M. Allen,
Agathis lanceolatdindley ex Warb,. Agathis montanadaubenf. (Araucariaceae)

andDacrydium araucarioide8rongniart and Grisebach (Podocarpaceae)
2.2.2 Approaches

The New CaledoniaAraucariashow a high level of morphological variation and
overlapping characters. Given the time consumirigreaand practical difficulties of
obtaining robust phylogenetic hypotheses from molqjical data (Scotlanet al,
2003), | have not pursued morphological chara@sran approach. | have instead

focused on the search for more sequence-basedtdrara
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Fig. 2.2: Map of the location of the New Caledonfaaucaria populations sampled for the -r-nolecular phylogermtialysis. Numbers
by localities relates to the species collectedhait iocality, see legend for numerical codes
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Species A. schmidii A. columnaris  A.subulata A. humboliensA. bernieri  A. scopulorum A.nemorosa  A. luxurianA. biramulata ~ A. montana  A. laubenfelsii A. rulei
A. columnaris 424

A. subulata 414 424

A. humboltensis 434 434 433

A. bernieri 414 424 412 413

A. scopulorum 424 424 423 433 423

A. nemorosa 424 424 424 434 424 424

A. luxurians 424 414 424 434 424 424 324

A. biramulata 444 444 443 443 443 443 444 144

A. montana 444 444 443 432 443 443 444 244 313

A. laubenfelsii 444 444 443 431 443 443 344 144 223 211

A. rulei 444 444 444 434 444 444 444 344 334 334 234

A. muelleri 444 444 443 431 443 443 344 244 233 233 132 424

Table 2.2: Levels of affinity between the New Caledairaucariaspecies, based on data in Nasi (1988e numbers represent (in
order): floristic affinity, architectural affinitygand ecological affinity. 1=very strong, 2=strong|l®w 4=very low
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Collector

Species Locality Abbreviation Collector number GPS
Gardner M. F. , Hollingsworth M
A. bernieri Riviere des Lacs RDL L., Hollingsworth, P. M., Kettle, 4009 S22°09.1937" E166°35.2861"
C. J., Kranitz, M. & Thomas P.
L . . Gardner M. F., Herbert J., o1 o0
A. bernieri Pic des Pins PDP Hollingsworth P. M. , Ponge A. 677 S 22°15 E 166°49
A. biramulata Foret Nord FND Kettle C. J., Kranitz M. L. 100 S22°16.8053' E166°53.5986"
Gardner M.F. , Hollingsworth M
A. biramulata Mt Do MDO L., Hollingsworth, P. M., Kettle, 4082 S21°45.4344' E166°00.0059'
C. J., Kranitz, M. & Thomas P.
A. columnaris lle Des Pins IDP Kettle C. J. 840 S22°34.9942' E167°31.3994
A. columnaris  Baie Des Tortues BDT Kettle C. J., Kranitz M. L. 22 545346.57 7610616.74
Gardner M. F. , Hollingsworth M
A. humboldtensis Mt. Des Sources MDS1 L., Hollingsworth, P. M., Kettle, 2001 S22°06.5528' E166°36.0375'
C. J., Kranitz, M. & Thomas P.
Gardner M. F. Hollingsworth M.
A. humboldtensis Mt. Des Sources  MDS2 L., Hollingsworth, P. M., Kettle, 2002 S22°06.5570' E166°36.0348"'
C. J., Kranitz, M. & Thomas P.
Gardner M. F. , Hollingsworth M
A. laubenfelsii Mt Do MDO L., Hollingsworth, P. M., Kettle, 4050 S21°45.1489' E165°49.'
C. J., Kranitz, M. & Thomas P.
Gardner M. F. , Hollingsworth M
A. laubenfelsii Mine Bokaine MBK L., Hollingsworth, P. M., Kettle, 4132 S21°29.2593' E165°53.5876'
C. J., Kranitz, M. & Thomas P.
A. luxurians la Foa (Col d’Amieu) LFA Kettle C. J., Kranitz M. L. 63 S21°34.8555' E165°49.5243'
. Gardner M. F., Herbert J., oqq e
A. luxurians Plum PLU Hollingsworth P. M. . Ponge A. 930 S 22°18'2155 E 166°40'2199
A. montana Kopeto KOP Kettle C. J., Kranitz M. L. 49 S21°09.8671' E165°02.1548'
Gardner M. F, Hollingsworth M.
A. montana Mt Panie MPA L., Hollingsworth, P. M., Kettle, 4243 S20°33.4270" E164°47.0274"
C. J., Kranitz, M. & Thomas P.
Gardner M. F. , Hollingsworth M
A. muelleri Mt. Des Sources MDS L., Hollingsworth, P. M., Kettle, 3000 S22°07.4753' E166°36.1668"'
C. J., Kranitz, M. & Thomas P.
. . . Gardner M. F., Herbert J., °nQg' onr
A. muelleri Pic des Pins PDP Hollingsworth P. M. . Ponge A. 635 S 22°09'2480 E166°35'318¢
A. nemorosa Port Boise PBS Kettle C. J., Kranitz M. L. 420 S22°21.5192' E166°57.2949'
A. nemorosa Foret Nord FND Kettle C. J., Kranitz M. L. 93 S22°19.4862' E166°54.8365
. . Gardner M. F., Herbert J., . ,
A. rulei Camp Des Sapins  CDS Hollingsworth P. M. , Ponge A. 312 S21°46'12 E16611'05
. . . Gardner M. F., Herbert J., , )
A. rulei Thiebagui THI Hollingsworth P. M. , Ponge A. 38 S20°28'39 E16413'39
A.scopulorum Poum POU Kettle C. J., Kranitz M. L. 12 S20°15.2670" E164°02.1622'
Gardner M. F., Herbert J., ompr on o
A.scopulorum Bogota BOG Hollingsworth P. M. . Ponge A. 278 S 22°36'26 E 166°13'59
Gardner MF. , Hollingsworth M
A. schmidii Mont Panie MPA1 L., Hollingsworth, P. M., Kettle, 4221 S20°35.2378' E164°46.1209'
C. J., Kranitz, M. & Thomas P.
Gardner M. F. , Hollingsworth N
A. schmidii Mont Panie MPA2 L., Hollingsworth, P. M., Kettle, 4224 S20°35.2378' E164°46.1209'
C. J., Kranitz, M. & Thomas P.
A. subulata Dzumac DZU1 Gardner M. F, HerbertJ., — gq 59001 5882 E166°28.4823'
Hollingsworth P. M., Ponge A.
A. subulata Dzumac DZU2 Gardner M. F, HerbertJ., 79 gp5001 5882 E166°28.4823"

Hollingsworth P. M. , Ponge A.

Table 2.3: Accession details for New Caledoniarcigseused for the molecular
phylogenetic study
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Ideally, phylogenetic analysis should include infiation from both the nuclear and
organelle genomes (Wendel & Doyle, 1998). Prelimyiveork was undertaken to
develop AFLPs and nuclear ribosomal internal trahed spacer (ITS) sequencing
to provide information from the nuclear genome. ldwer, the generation of AFLP
profiles was unsuccessful (Chapter 1), and eftoreamplify single nuclear ITS
products amenable to phylogenetic analysis waswailsaccessful (multiple products
were recurrently amplified which would lead to pagy issues in phylogeny
reconstruction). Instead, | focused my effortssequencing non-coding chloroplast
regions. These should be under less functionalt@ints than protein encoding
regions likerbcL, and hence should be more variable. The stapiigt for this was
the large single copy region (LSC), which is sligltss conserved than the rest of
the chloroplast genome (Cleggal.,1994).

2.2.2.1 DNA extraction

DNA was extracted from 0.5¢g of silica dried leafteral using Plant DNeasy kit
(Qiagen, UK). Leaf material was placed in a 1.%eppendorf tube and frozen by
immersion in liquid nitrogen. DNA was extractedléoling the manufacturer’s

instructions using all the steps.

2.2.2.2 Choice of cpDNA primers

In order to study sequences from the large singbg cegion, 13 primers pairs were
tested: 12 described by Griwatal. (2001) and 1 from Sargg al. (1997). As these
were developed mainly on angiosperms, the first RE&npt was conducted with
the lowest annealing temperature in the rangesestigg in those publications. When
double bands were obtained, temperature gradigoitsy from the lowest to the
highest suggested in Grivet al. (2001), were tested to try to obtain high quality
single products (Table 2.4). Based on preliminagugnce data, two regions
provided the vast majority of variable sité§trnFM andpsbA-trnH) and these
were sequenced for the full analyses (methodoleggribed below). Other regions
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investigated which were less informative, or préseénechnical difficulties (Table

2.5) are not discussed further.

2r

A. bidwillii

A. cunninghamii
A. heterophylla
A. hunsteinii

Agathis montana
Agathis lanceolata
Dacrydium araucarioides

Cultivated, Australia

Wild, Queensland, Australia

Cultivated

Liverpool garden festival
CSIRO, Canberra

Wild, Morobe, Papua New Woods, P.

Guinea

Wild, New Caledonia
Wild, New Caledonia
Wild, New Caledonia

Gardner, Martin
Gardner, Martin
Gardner, Martin

Species [ Origin | Source | BG Base accession numbg
A. araucana Wild, Province de Malleco, Bekessy, Sarah. April 1999 19990741

Chile
A. angustifolia Wild, Brazil Gardner, Martin GAR521 AM001534

¥a%90
1978212
19885028
19623223

CAGNC71 AM00U46
CAGNC24 AMO0B45
CAGNC35 AM00G44

Table 2.4: Collection/source data for non-New CateanAraucariaand outgroup
taxa for the molecular phylogenetic study

Size Ta Elongation Sequence Number of
Region bp)  (C) time PCR ob?aine d parsimony Species tested **
P (Minutes) informative sites
Some 1,2,3,45,6,7,
trnQ-trnS 1303 a7 3 Good (reverse 5 8,9,10,12,13,
only) 14,17,18
Some
47- 1,2,3,6,7,8,9,
trnS4rnR 1814 55 * 3 Good (Forward 1 10.12.14.17
only)
cempa L- Mult
P 1274 47 2 band or - - 3,7,12,14,17
atpH :
nothing
atpH-atpl 1228 a7 3 Good - - 1,3,8,12
POC2- 1879 47 3 Good - : 1,2,3,8,9,12
rpoCl
POCL- 184 47 3 Mult : : 2,3,9,12
rpoB band
trnS-
1254 475 5 Good Good 44 1to 23
trnFm
trnS4rnT 1386 57.5 2 - - - 1,3,8,12
trnT-trnF 1754 57.5 2 - - - 1,3,8,12
pstB-pstB 1512 5417* 3 Good Good None 3,6,7,8,9,10,14, 17
peB-peD 1618 .o, 3 Dbl band - - 1,2,3,8,10,14,17
rps8-rpll6 1162 46 2 Dbl band - - 3,7,12,14,17
psbA-trnH 1208 47.5 3 Good Good 49 1to 23

Table 2.5. Chloroplast regions, reaction conditiand results obtained in primer testing.

*Gradient tested, ** Species testddAraucaria bernieri, 2 Araucaria biramulata, 3 Arearia columnaris, 4
Araucaria humboldtensis, 5 Araucaria laubenfel8iiraucaria luxurians, 7 Araucaria montana, 8 Acatia
muelleri, 9 Araucaria nemorosa, 10 Araucaria rulél, Araucaria schmidii, 12 Araucaria scopulorum, 13
Araucaria subulata, 14 Araucaria angustifolia, 15aficaria araucana, 16 Araucaria bidwilli, 17 Araudar
cunninghamii, 18 Araucaria heterophylla, 19 Araueanunsteinii, 20 Agathis lanceolata, 21 Agathisntama,
22 Wollemia nobilis, 23 Podocarpus macrophyllus
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2.2.2.3 DNA Sequencing
. Polymerase chain reaction

For the polymerase chain reaction (PCRy)| & DNA were added in a 50 PCR
containing Bl of 10X NH,4 buffer, 5ul of 2mM dNTPs, 2.al of 50mM MgChb, 1.5u
of each 1QM primer, 1.25units of Biotaq polymerase (Biolitg) and 32.hl of

distilled water.

The amplifications were performed in a MJ Rese&®TlR-200 Thermal
Cycler with a first denaturising step of 4 min &t°C, followed by 30 cycles [45s of
denaturing at 94°C, 45s of annealing (Ta showrainld 2.4) and 1-4 min of
extension at 72 °C, with a final extension stegfC for 10 min (Grivegt al,
2001). PCR products were purified using the Qidg&®€R purification kit (Qiagen,

UK) according to the manufacturers’ instructions.

. Sequencing reaction

Sequencing was performed in both directions usiegsame forward and reverse
primers as the PCR. For the sequencing reactighpfiDNA was combined in a 10
ul PCR containing gl of Quickstart DTCS mix (Beckman Coulter, UK)pullof 10
uM primer and 4ul of distilled water. The PCR conditions were al$ofos: 35
cycles of [20 sec at 96, 20 sec at 5, 4min at 60C].

. Sequencing PCR purification

For each reaction, 1@ of distilled water was added to the (LIlGPCR product, which
was then transferred to a fresh 0.5 ml tube comgitpl of “stop solution” (1.5M
NaOAc + 50 mM EDTA) and l of 20mg/mL glycogen. 6@l of 100% cold (-

20°C) ethanol was then added to each reaction,chtireughly centrifuged in a
microcentrifuge (~13 000 rpm) at 4 °C for 15 minptecipitate the DNA. The
supernatant was removed, and 200f cold ethanol (70%) were added to wash the
pellet then the tubes were centrifuged in a miangdeige (~13000 rpm) for 5 mins.

The ethanol wash was repeated a second time. Tle¢was dried in a vacuum
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centrifuge for 2-5 mins and resuspended & Sample Loading Solution
(Beckman Coulter, UK).

. Sequencing electrophoresis, trace analyses, antkrassembly

Sequences were run on a Beckman CEQ8000 sequentanalysed using the
Default Analysis parameters from the Analysis medaflthe CEQ8000 software
version 8.0. Pre-peak reduction was applied whegrea slippage occured.
Analysed sequences were exported into Sequenctiease version 4.5 for
automated alignment. The alignment was then checiatially. The completed
matrix was saved as a Nexus file. Gaps inferrewh fitee sequence alignment were
coded according to the methods described by Simmoals (2000). Gaps sharing 5’
and 3’ ends were coded as absence or presencarattdrs.

2.2.2.4 Data analysis

Maximum parsimony analyses were performed with R&wmofford, 2000) with
heuristic searches. The tree bisection reconne€tiBR) branch-swapping
algorithm was used alongside MULPARS and COLLAPfons (collapse branch
if minimum length is 0). Stability of the cladograrwas then tested with the
Goloboff fit criterion (withk=0, 2, 4, and 8), which allows individual down-
weighting of noisy characters (Wenzel, 2002). Oation in the analysis was
performed using Accelerated transformation (ACCTRABbotstrap support
measures were obtained by 1000 replicates of ‘Baststraps”. The consistency
index and retention index were obtained using testribe tree” option in Paup
(Swofford, 2000).

In order to investigate whether different methoflaralyses would result in
different topologies, a maximum likelihood analysias also carried out. Maximum
parsimony is a method in which the optimal (mogspaonious) tree will be the tree
with the smallest number of mutational changes (®eyal, 2001). On the other
hand, maximum likelihood is a model-based methatius®es a model of nucleotide

substitution to calculate the likelihood of the ebh&d data given a model of
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evolution. Settings were obtained by running MaeilB.06 (Posada and Krandall,
1998) on the matrix. The HKY+G model was selectedhis model, base

frequencies were set to (Lset Base) = (0.3080 @ 08¥854) and the Ti/Tv ratio set
to 0.8610. The analysis was then run using PaupffSw 2000). Boostrap support

measures were obtained by running 500 replicat&Sast-Boostraps”.

Datasets were analysed separately and then comigiregl the “total
evidence” approach (Wenzel, 2002), which stateisthigagreater number of
characters that are used in an analysis, the higbdikelihood of the true tree being
recovered, or of increased support being foundgpecific relationship within the
tree. Moreover, because the chloroplast genomeiparentally inherited as a unit
and not subject to recombination, multiple cpDNAwsences can be readily
combined (Solti€t al, 2000).

2.3 Results

2.3.1 Sequence characteristics

Both forward and reverse sequencing oftth&4rnFm region gave high quality
sequence reads and alignment was straightforwachuge all sequences did not
start at the same point and were not the samehesgfjuences were trimmed for the
final analysis. The region &#fnS<{rnFm analysed was 928 base pair long; 866
characters were constant, 18 parsimony-uninforraand 44 were parsimony-
informative. Three microsatellite motifs were prasi@ the sequence. One was a
multi-A repeat microsatellite which ranged fromo7itl repeat units, one was a
multi-C repeat microsatellite ranging from 8-11eapunits, and finally one was a
AT repeat microsatellite ranging from 6 to 8 repaaits. A complete matrix for the
19 species of\raucariawas obtained, as well as the four outgroup spelridstal,

36 accessions were represented in the analysis.

For psbA-trnH, the forward sequencing reaction gave high quediads, but
the reverse reads were of lower quality and ofteeadable. Therefore, just the

forward sequences (e.g. the 5’ end) were useds&heences trimmed for the final
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analysis were 544 base pairs long; 473 charactens @onstant, 22 parsimony-
uninformative and 49 were parsimony-informativeu3llespite the small fragment
size, some phylogenetically informative data waseeed, among which was a 13
base pair minisatellite motif (CTAAATCTAGACT) whickas present in between O
and 6 copies. A complete matrix for 19 specieAraiucaria as well adVvollemia
nobilis andAgathis lanceolatandAgathis montanavas obtained. In total 35
accessions were represented in the analysis. Daeg@® differences between
Dacrydium araucarioidesind the rest of the sequences, alignment wasassilpe.
Therefore, the two sister genefayathisandWollemig were used as the sole

outgroups for analyses involving this region.

The combined sequence dataset (rootedgathisandWollemig was 1472
base pairs long; 1339 characters were constamarddmony-uninformative and 93

were parsimony-informative.

2.3.2 Parsimony

2.3.2.1 trnS4rnFm

22 most parsimonious trees were obtained withealémegth of 69 steps. The
consistency index (Cl) and retention index (RI) &v€1=0.96 and RI=0.98. The
topology within the ingroup was insensitive to a®or combination of outgroups.
The strict consensus tree is shown in Fig. 2.3.gdmusAraucariaresolved as
monophyletic (96% bootstrap support, bs), sistexr ¢tade includind\gathisand
Wollemia(82% bs). SectioAraucariaresolved as monophyletic (69% bs) sister to a
well-supported clade (98% bs) containing the twanatgpic (based on extant
species) sectiorBunyaandintermedia This group collectively was monophyletic
(99% bs) and sister to a strongly monophyleticisedutacta(100% bs). Norfolk
Island pine A. heterophyllaand the New Caledonian taxa were resolved as a
monophyletic group (87% bs). Within New Caledotieg, majority of the accessions
formed a polytomy, but a single clade of the cddate (A. nemorosgA. luxurians
andA. columnariy was resolved, albeit with relatively weak bo@ptsupport

(74%).
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Dacrydium araucarioides
Wollemia nobilis

= 100 Agathis lanceolata
Agathis montana
69 Araucaria araucana Araucarrie
35 _i: Araucaria angustifolia Section
‘ii: Araucaria bidwillii Buny: section
Araucaria hunsteinii Intermedi section
9% Araucaria cunninghamii

Araucaria heterophylla
Araucaria biramulata FND

100 —————— Araucaria biramulata MDO

Araucaria humboldtensis MDS|1
Araucaria humboldtensis MDS2

Araucaria montana MPA

87 Araucaria montana KOP

Araucaria scopulorum POU
Araucaria scopulorum BOG
Araucaria rulei TIE
Araucaria rulei CDS

Araucaria muelleri MDS

59 +————— Araucaria muelleri PDP

Araucaria bernieri PDP
Araucaria bernieri RDL
Araucaria subulata DZU |
Araucaria subulata DZU2
Araucaria laubenfelsii MDO
Araucaria laubenfelsii MBK
Araucaria schmidii MPA1
Araucaria schmidii MPA2

Araucaria luxurians PLU

uonodas 10eIng

199ds ueluOpaeD MaN

Araucaria luxurians LFA

74 Araucaria columnaris IDP

Araucaria columnaris BDT

Araucaria nemorosa PBS

Araucaria nemorosa FND

Fig. 2.3: Consensus tree of the 22 equally mostipanious trees obtained for
Araucarie based on cpDNANS4rnFM sequences. Length = 69 steps, Cl = 0.961
(excluding uninformative characters), Rl = 0.984pekcentage of the 1000
bootstrap values (>50%) is given for each node
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2.3.2.2 psbA-trnH

Ten most parsimonious trees were obtained witbalength of 87 steps, the
CI=0.87 and the RI=0.92. When om\gathisis specified as the outgrolollemia

Is nested insidAraucariaat the base of sectidutacta(not shown). When
Wollemia nobiliss defined as the outgroup (Fig. 2.Agathisspecies fall into a
clade with nornkutacta Araucariaand again rendekraucariaparaphyletic. Section
Eutactais strongly supported as a monophyletic group ifi8% bs. Within section
Eutacta,Norfolk Island pine A. heterophyllaand the New Caledonian taxa resolved
as a monophyletic group (83% bs). However, New @ale@anAraucariadoes not
resolve as monophyletic and instead form an unvedatlade including\.
heterophylla Within New Caledonian species, the majority & #tcessions formed
a polytomy, but a single clade consisting of twa‘leaved” speciesA ruleiandA.
laubenfelsij was resolved, albeit with weak bootstrap sup(@#%6). Only
accessions oh. schmidiiandA. subulatashowed a species-specific synapomorphy
that groups the two accessions of each speciethtrg8oth of these species are,

however, represented by accessions from a singlela@imon each.

2.3.2.3 Combined analysis

Two most parsimonious trees were obtained fronttmebined matrix with a tree
length of 149 steps and a CI1=0.94 and RI=0.97.t®pelogy within the ingroup was
insensitive to choice or combination of outgroufise strict consensus tree is shown
in Fig. 2.5; the two individual phylograms are slmow Fig. 2.6 Araucariaresolves
as monophyletic with 100% bs. Sectidraucariaresolved as monophyletic (85%
bs) sister to a well-supported clade (98% bs) é¢oimig the two monotypic sections
BunyaandIntermedia This group collectively was monophyletic (100% asjl

sister to a strongly monophyletiutactasection (100% bs). Norfolk Island ping. (
heterophylla and the New Caledonian taxa resolved as a mothetahgroup (97%
bs). The New Caledonian species were monophyl&s%o(bs), two supported clades
were obtained within the New Caledonian specied,aathird clade was resolved
albeit with no bootstrap support. One clade inatLidk the coastal specieA.(

columnaris, A. nemorosandA. luxurians 74% bs) and was nested in an
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100

=

100

— 1

——

wollemia nobilis

Araucaria araucana Araucaria
Araucaria angustifolia Section
Araucaria bidwillii Bunya section

Araucaria hunsteinii . .
Intermedi: section
Agathis montana

Agathis lanceolata
Araucaria cunninghamii
Araucaria heterophylla
Araucaria biramulata FND
Araucaria biramulata MDO
Araucaria humboldtensis MDS |
Araucaria humboldtensis MDS2|

Araucaria montana MPA

Araucaria montana KOP
Araucaria scopulorum POU
Araucaria scopulorum BOG
Araucaria columnaris BDT
Araucaria columnaris IDP
Araucaria luxurians LFA
Araucaria luxurians PLU
Araucaria bernieri PDP
Araucaria bernieri RDL
Araucaria subulata DZU |
Araucaria subulata DZU 2

uonass 210eIng

Araucaria nemorosa FND
Araucaria nemorosa PBS

199dg uelUOpaRD MON

Araucaria muelleri MDS
Araucaria muelleri PDP
Araucaria schmidii MPAI
Araucaria schmidii MPA2
Araucaria rulei TIE
Araucaria rulei CDS
Araucaria laubenfelsii MDO

Araucaria laubenfelsii MBK

Fig. 2.4: Consensus tree of the 10 equally mostimpanious trees obtained for
Arauceria based on cpDNAShA-trnH sequences. Length = 87 steps, Cl = 0.87

(excluding uninformative characters), Rl = 0.92p&centage of the 1000 bootstrap

values (>50%) is given for each node

41



wallernia nobilis

100 — #Agathis montana
L Agathis lancealata .
. Araucaria
a5 Araucaria araucana Secti
{ Aralcaria angustifolia ectiol

g8 Araucaria bichwillii Bunye section
{ Araucaria hunsteinii Intermedi: section
Araucaria cunningharmii

100 Araucaria heterophylla

Araucaria biramulata FND
Araucaria hiramulata MDO
Araucaria scopularum POU
Araucaria scopulorum BOG
Araucaria columnaris BOT
Araucaria columnaris IDF
Araucaria lu<urians LFA
Araucaria luxurians PLU
Araucaria nemaorosa FRD
Araucaria nemaorosa PBS
Araucaria bernieri MDS
Araucaria bernieri POP
Araucaria subulata 02U

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
——————— |
|
—_ |
Araucaria subulata DZU2 I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

100

74

g7

5 Araucaria schmidii MPAT
— 1 Avaucania schmidi MPA2

k] Araucaria humboldtensis MDS1
Araucaria humbaoldtensis MDS52
Araucaria montana MPA
Araucaria mantana KOP
Araucaria rulei TIE

Araucaria rulei CDS

Araucaria laubenfelsii MDO
Araucaria laubenfelsi MEK
Araucaria muelleri MDS
Araucaria muelleri FDP

199dg uelUOpaED MaN

uonodss 210eIng

f1

Fig. 2.5: Consensus tree of the 2 equally mostiparsous trees obtained for
Araucarie based on the combined datasetpsifA-trnH andtrnS<{rnFM.
Length = 149 steps, Cl = 0.94 (excluding uninforinetharacters), Rl = 0.97.
A percentage of the 1000 bootstrap values (>50%iven for each node
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. - wollemia nobilis
wollemia nobilis p
[ Agathis montana

r Agathis montana

L .
L Agathis lanceolata Agathis lanceolata

. Araucaria araucana
_{— Araucaria araucana _|_
. ot Araucaria angustifolia
Araucaria angustifolia Aria ang
Araucaria bidwillii —Braucarla bidwillii
Araucaria hunsteinii

Araucaria hunsteinii

Araucaria cunninghamii

Araucaria heterophylla
Araucaria humboldtensis MDS1
Araucaria humboldtensis MDS2

— Araucaria montana MPA

Araucaria montana KOP
Araucaria muelleri MDS

Araucaria muelleri PDP

Araucaria cunninghamii

Araucaria heterophylla
Araucaria humboldtensis MDS1
Araucaria humboldtensis MDS2

— Araucaria montana MPA
Araucaria montana KOP
Araucaria muelleri MDS

Araucaria muelleri PDP

Araucaria rulei TIE LAmucaria rulei TIE
- Araucaria rulei CDS ] Araucaria rulei CDS
U | Araucaria laubenfelsii MDO Araucaria laubenfelsii MDO
- Araucaria laubenfelsii MBK - Araucaria laubenfelsii MBK
Araucaria biramulata FND Araucaria biramulata FND
Araucaria biramulata MDO Araucaria biramulata MDO
Araucaria scopulorum POU Araucaria scopulorum POU
Araucaria scopulorum BOG Araucaria scopulorum BOG
Araucaria bernieri PDP Araucaria bernieri PDP
— Araucaria bernieri RDL L— Araucaria bernieri RDL
L| , Araucaria subulata DZU 1 Araucaria subulata DZU 1
H Araucaria subulata DZU 2 -| Araucaria subulata DZU 2
Araucaria schmidii MPAI Araucaria schmidii MPA1
‘I Araucaria schmidii MPA2 Araucaria schmidii MPA2
Araucaria columnaris BDT Araucaria columnaris BDT
Araucaria columnaris IDP Araucaria columnaris IDP
Araucaria luxurians LFA Araucaria luxurians LFA
Araucaria luxurians PLU Araucaria luxurians PLU
Araucaria nemorosa FND Araucaria nemorosa FND
Araucaria nemorosa PBS Araucaria nemorosa PBS

5 changes 5 changes

Fig. 2.6: 2 equally parsimonious trees obtaineth Wit combined dataset jggbA-trnH andtrnS4rnFM using parsimiony
criteria. Trees are represented as Phylogramss Teagth is 149 steps long. CI (excluding unifoliretharacters) = 0.94,
RI (excluding uniformative characters) = 0.97
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unsupported clade including eight species (thetabapecies plus all but one of the
other small leaved specigs: biramulata, A. scopulorum, A. berneri, A. subalkand
A. schmidi). The other clade with (albeit weak) bootstrappgupincludedA. rulei
andA. laubenfelsi{64 % bs). The two accessionsfofschmidiiresolved together
(63% bs), as did the two accession&osubulata61% bs).

2.3.3 Maximum Likelihood

2.3.3.1 Separate analyses of chloroplast regions

The maximum likelihood method recovered the saee tiopology fotrnS4rnFm as
the maximum parsimony method (Fig. 2.7). In pisA-trnH analysis, the position
of AgathismadeAraucariaparaphyletic (Fig. 2.8). When ongathiswas specified
as the outgroup/Vollemiabecame basal to secti&utacta(analysis not shown).
SectionEutactais strongly supported as a monophyletic group W% bootstrap
support. Within sectiokutacta,Norfolk Island pine A. heterophyll®and the New
Caledonian taxa resolved as a monophyletic gro6fo(Gootstrap support) but the
New Caledoniaraucariado not resolved as monophyletic. They instead fdrme

an unresolved clade with. heterophyllg76% bs).

Two main clades were resolved within the New Catéalo clade, albeit with
only weak bootstrap support. One clade (58 % hdyided eight specie#\(
bernieri, A. biramulata, A. columnaris, A. luxurgnm. nemorosa, A. schmidii, A.
scopulorum, A. subulataA second clade includesl ruleiandA. laubenfelsi(63 %
bs). The two accessions &f schmidiiresolved together (68% bs), as do the two

accessions oA. subulata(66% bs).
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Dacrydium araucarioides

gg | Agdathis lanceolata
20 Anathis montana
wWollermia nobilis

G4 Araucaria araucana Araucaric
gg|t Araucaria angustifaolia | Sectiol
Aralicaria bichaillii Bunye section

98l Araucaria hunsteinii  Intermedi: section
Araucaria cunningharmii

gz| |—Araucaria heterophylla
Araucaria biramulata FHD
Araucaria biramulata MDO
Araucaria humbaoldtensis MDS1|
Araucaria humboldtensis MDS2|
| Araucaria montana MPA,
Araucaria montana BOF
Araucaria scopulorum PO
Araucaria scopulorum BOG
Aralcaria rulei TIE
Araucaria rulel COD3

— Araucaria luxurians PLLU
Araucaria luxurians LEA
Araucaria columnaris IDP
5?‘ Araucaria columnaris BOT

|
cl:II

19ads ueluopseD MaN
UoI}09s 210eINg

- Araucaria nemorosa PBS
Araucaria nemaorosa FND
Araucaria mueller MDS
Araucaria muelleri FDF
Araucaria bernier POP
Aralcaria bernier ROL
Araucaria subulata DA

| Araucaria subulata DAUZ
Araucaria lautbenftelsi MOO
Araucaria laukbenftelsi MBk
Araucaria schrmidii MPAT
Araucaria schrmidii MPAZ

G4

0.005 substitutionsssite

Fig. 2.7: Single tree obtained from the maximunelitkood heuristic search féraucaria
based on the datasetstofS4rnFM. Model of base substitution used was HKY+G vidse
frequencies set to (Lset Base) = (0.3080 0.18725d.)1 A percentage of the 500 bootstrap
values (>50%) is given for each node
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Fig. 2.8: Single tree obtained from the maximunrelitkood heuristic search féraucaria
based on the datasetspstA-trnH. Model of base substitution used was HKY+G widsd®
frequencies set to (Lset Base) = (0.3080 0.18725d.)1 A percentage of the 500 bootstrap
values (>50%) is given for each node
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Fig. 2.9: Single tree obtained from the maximunrelitkood heuristic search féraucaria
based on the combined datasetpsiA-trnH andtrnS4rnFM. Model of base substitution
used was HKY+G with base frequencies set to (LsselB= (0.3080 0.1872 0.1854). A
percentage of the 500 bootstrap values (>50%)engior each node
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2.3.3.2 Combined analysis

Araucariais resolved as monophyletic with 99% bootstragpsup(Fig. 2.9).
SectionAraucariaresolved as monophyletic (98% bs) sister to a ctaaining the
two sectionBunyaandintermedia(99% bs). This group collectively was
monophyletic (97% bs) and sister to a monophykictionEutacta(100% bs). The
New Caledonian taxa resolved as a monophyletic(60% bs) sister té.
heterophylla(78% bs). Three clades were obtained, one clatleedhree costal
species (68% bs) nested in a larger clade whitbtah included eight small leaved
species (62% bs), and finally the third clade ideldiA. ruleiandA. laubenfelsii
(63% bs). The two accessionsAfschmidiiresolved together (63% bs) as did the
accessions oA. subulata65% bs). This topology is identical to the togpto

recovered with maximum parsimony.

2.4 Discussion

Both maximum parsimony and maximum likelihood remr@d the same final tree
topology from theérnS4rnFm region and when the datasets are combined.id his
attributable to the clean nature of the data aadadtv level of homoplasy (high CI
and RI), indicating that the topology is insen&tte the method of analysis used for
these datasets. The difference in the resolutidheofree resulting from thesbA-

trnH dataset is explained by the higher degree of lpbasy from this region (Fig.
1.4). The highest resolution is obtained when #itaskts are combined. TtieS-
trnFm phylogeny is thus used as a basis for discussieggeneric relationships,
and the phylogenies derived from the combined dafas discussing relationships

within Araucaria

2.4.1 Relationships within the Araucariaceae

Relationships between the three genera of the Araceae were only reliably
recovered irirnS4rnFm phylogeny, as thesbA-trnH analyses and the combined
analyses lacked an outgroup outside the AraucagadéhernS4rnFm analysis
resolvesAraucariaas sister to a clade comprisiAgathisandWollemia This result

contradicts the relationships obtained by Setogethl.(1998) whosebcL data
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resolved ({(Vollemig (Agathis Araucarig)). However, the topology recovered here
agrees with Codringtoet al. (2002) whose phylogeny was based on the 18S
ribosomal gene, Gilmore and Hill (1997) whose pbgloy was based abcl, and
Quinnset al. (2002), whose phylogenetic study used bbtth. andmat. Quinnset
al. (2002) attributed the result of Setoguehal.(1998) to a lack of sufficient
sequence divergence in their study, although ottethodological issues may also
be relevant given that the same gabel() has given different topologies in the
studies of Gilmore and Hill (1997) and Setoguethal. (1998).

The grouping ofVollemiaandAgathisreceives partial support from
morphological characteré&@gathisandWollemiaboth have fully fused bracts,
ovuliferous scales, and winged seed; Jated, 1995). In addition, the position of
Araucariasister toAgathisandWollemiamatches the fossil evidence, which
suggests that the oldest and most widespread Arandassils belong téraucaria,
which was present in both hemispheres long befitinereof the other genera
appeared (Hill and Brodribb, 1999). In the lightloé topology (fraucaria)
(Agathis Wollemig), the traits shared AraucariaandWollemiashould be
interpreted as pleisiomorphic (closely crowned igessid amphistomatic leaves,

aristate bract scales).

2.4.2 Relationships withinAraucaria

Each extant section withisraucariais recovered as monophyletic. Sectiutacta
Is sister to a clade including the three otherigest SectiorAraucariais sister to
the clade containing sectiohgermediaandBunya All of these sections share a
more recent common ancestor with each other, thgigla with sectiorEutacta
This topology was also recovered by Quiehsl. (2002), Codringtoret al. (2002)
and Setoguclet al.(1998), but not in the study by Gilmore and HII®97) in which
the sole representative of sectraucaria(A. angustifoligd sampled resolved as
sister to sectiokutacta Given the sparse sampling in the Gilmore and s$diltly
and the very weak support for the topology diffeeem their phylogeny, the weight
of evidence suggests that the relationshipwhctaas being sister to ‘the rest’ as

present here is the best current estimate of thlegény.
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The tree topology within the genus does not matsimgle Gondwanan
vicariance modelA. araucanaandA. angustifoliathe two South American species,
are recovered as a clade, sisteAtdunsteiniiandA. bidwillii from New Guinea and
Australia. There is then a major divergence betwbkentrans-oceanic clade and a
west pacific clade (Australia, New Caledonia andfbl& Island). Therefore, the
major split in the data is not (South America (Aaktsia, New Guinea)) vs. (New
Caledonia) (c.f. Sanmartin and Ronquist, 2004). dresence of species in different
sections which now occur in Australia being presemhylogenetically divergent
positions in the topology matches the observatiomffossil evidence that at least

some of these sections predate Gondwanan fragnwen(ilill and Brodribb, 1999).

Among the sections @raucaria Eutactais the most divergent and the
distinctness of sectioButactais supported by its long fossil record (Hill and
Brodribb, 1999). The monophyly of the section ip@arted by the fact that it
possesses unique features like the presence ofdtyledons (only two are found in
the other sections) and the terminal position oencanes (the position is on the axis
in the other sections). There are thus morpholbgicd genetic characters
supporting the distinct nature of this section. Bghenfels (2002) considered it
sufficiently distinct to warrant raising the sectito generic status. However, while it
Is clearly a monophyletic unit, the case for gemetatus does not seem compelling.
Araucariaas a genus is small and manageable and there greunads for splitting
it on the basis of overwhelming species numberghEtmore, the morphological
features uniting species in the genus, separate dtber genera in the family, are
strong. It seems that taxonomic confusion rathan tclarity would be the major
outcome of any division of this clearly monophyednd recognisable small genus
into two different genera.

2.4.3 Relationships within sectiorEutacta

Araucaria cunninghamiis sister to the other species of secttacta,which
themselves form a geographically coherent group thié New Caledonian species

being monophyletic and sister Avaucaria heterophylldrom the geographically
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proximal Norfolk Island. This placement Afaucaria heterophyllas the sister

group to the New Caledonian species confirms thelref Setoguchet al. (1998).

A completely resolved phylogeny of the New Caledarspecies remains
elusive, and only a very small number of genetifedénces have been detected
amongst these species. However, the datasets fgedere has provided more
resolution than previous studies. Three grouppeties have been retrieved, but a
polytomy remains at the base of the New Caledodiaae, and also within the

groups within this clade (Fig. 2.5).

2.4.3.1 Clade 1A.rulei and A. laubenfelsii (supported by a G->A change at bp
412 and a G->A change at bp 560 of thasbA-trnH region)

The phylogenetic data give some evidence for a lyesalpported relationship
betweenrA. rulei andA. laubenfelsiiBoth are high altitude species, growing on top
of mountains in rainforests, althoughrulei can sometimes be found on maquis
minier. The two species have also been recorded fine same localities (although
they were not sampled sympatrically in this studyjese data suggest shared
evolutionary ancestry, although on morphologicalumds,A. laubenfelsiis more
similar toA. montangfrom which it is very difficult to distinguish). &en the
similarity of A. ruleiandA. laubenfelsiin the phylogeny, but n&. montangand

the weak bootstrap support), sequencing of additipapulations would be prudent
before reading too much into this result.

2.4.3.2 Clade 2A. columnaris, A. nemorosa, A. luxurians, A. biramulata, A.
schmidii, A. subulata, A. scopulorum, A. bernieri (supported by A->G
change at bp 412 and a A->G change at bp 560 of thgbA-trnH region)

Clade 2 groups species from very diverse habitadsrecludes taxa which occur at
sea level A. columnari$ to those restricted to the highest point on NeeGonia
(1628m,A. schmidij. The major uniting feature of this group is thaontains the
vast majority of the species with small leavesti@fNew Caledonian speciest

included in this cladeéA. muelleri, A. rulei, A. laubenfelssndA. montanahave
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markedly larger leaves ranging from 11mm to 35mreingth and 7mm to 18 mm in
width, on typical adult foliage. The only small\ea species that iotin Clade 2 is
A. humboldtensisThus with the exception @&. humboldtensi€lade 2 contains all
of the small leaved species with a Massart modgkef architecture, and the basal
polytomy outside of Clade 2 is dominated by spewigls the Rauh model of tree

architecture.

Within Clade 2, species living in rainforest ordst on maquis minier occupy
a more basal positiod\( biramulata, A. schmidii, A. subulata, A. scopulor A.
bernieri). Only A. subulataandA. schmidiishowed any apparently species specific
mutations. However these may be artefacts as Ipeities were sampled from
accessions from a single population. Such a resualit as robust as the detection of
unique defining base changes from widely sepanadgdlations. Further sampling
of A. subulatashould be made to confirm this autapomorphic stateA. schmidii
the options for further sampling are limited by théremely restricted distribution of

this species.

2.4.3.3 Clade 3 (nested within clade 2). columnaris, A. nemorosa, A.
luxurians (supported by a C->A change at bp 3 and a C->T cinge at
bp 185 of thetrnS4rnFm region)

Clade 3, clustered within Clade 2, is the mostwéeticlade among the New
Caledonian species. This clade encompasses spethiedear cut differences in leaf
and cone morphology (see Chapter 5). Howeverpagtuniting feature of this
group is that all three species have a coastallaision. Araucaria columnaris
occurs on calcareous soils in the south of the msé&and of New Caledonia, as well
as on smaller island off the south and east coAsteemorosas entirely restricted to
a small number of sites on the south of the maamds where it grows slightly
inland fromA. columnarison ultramafic soilsA. luxuriansoccurs on ultramafic soils

in scattered localities on the west, east and soodbts.
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2.4.3.4 Comparison of the New Caledonian speciestiwthe phylogeny of
Setoguchiet al. (1998)

The one resolved relationship in el phylogeny of Setoguctat al. (1998)
groupedA. muelleriandA. rulei, should be viewed with caution. This grouping was
not recovered in the phylogeny obtained with the afdrnStrnFm nor withpsbA-
trnH. To assess the reliability of this putative gnogp | sequenced five individuals
of A. ruleiandA. muellerj and two ofA. bernieriandA. columnarigor rbcL. No
mutations groupind\.. muelleriandA. ruleiwere detected. Either sequencing errors,
misidentification errorsA. muelleriandA. rulei have similar gross morphology) or
an artefact of chance shared bases which showspegeific variation in both species
may explain the apparently erroneous Setogethl.(1998) result.

2.4.4 Overview of the phylogeny of New Caledoniafsraucaria

The monophyly of the New Caledonianaucariaspecies, and their sister group
relationship withA. heterophyllasuggest they have originated from a single
colonisation event. An alternative explanation vadooé widespread hybridisation

and chloroplast capture. However, if hybridisatregre rampant enough to lead to
complete homogenisation gb@NA, one would expect species growing in the same
geographical areas to have simdaDNA types. This was not recovered and there is
at least some taxonomic signal to the data (chlasbpypes are not species
independent).

The lack of resolution in the phylogeny does rlovaan easy identification
of the attributes of the ancestfalaucariaon New Caledonid. heterophyllathe
sister species to the New Caledonian assemblagesoaounon-ultramafic soils. The
only three New Caledonian speciesAmucariathat are not restricted to ultramafic
soils areA. montana, A. schmiddindA. columnaris. A. montana one of the most
widespread species and occurs on both ultramafican-ultramafic soils, and is a
member of the basal polytomy in the phylogenetalyses undertaken here. On
edaphic, phylogenetic and distributional groundbkuss has some features, which
suggest it could stem from an important lineagé@evolutionary diversification of

this group, although this is somewhat speculative.
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Nasi (1982) raised the hypothesis tAaschmidiiwas one of the most basally
divergent species due to its occurrence on noasuatific soil. However the
relatively derived position ok. schmidiiin the phylogenies presented here
contradicts this hypothesis, and it is equally pible that the current edaphic
preferences oA. schmidiiare a secondary adaptation. On the other hand, Nas
(1982) interpreted the presencefofcolumnarison calcareous soils associated with
recent (<100 k years) coral uplifts as evidencetfbeing the most recently diverged
species. The derived phylogenetic positiolo€olumnarigprovides some support

to this hypothesis.

The presence of a derived clade containing mogteofmall leaved species,
and a basal polytomy containing the large leavegisg (includingA. montana
which occurs on both ultramafic and non-ultramafids) makes it tempting to
suggest that the ancestral species on New Caled@sidarge leaved, and the small
leaved species evolved from this. However, the rolosely related species to the
New Caledonian specie8.(heterophyllaandA. cunningham)iboth have small
leaves. Given the presence of a single small leapediesA. humboldtensifound
only on ultramafic soils) in the basal polytomyséems unwise to place too much

weight either way as to the morphology of the atraéslew Caledoniaraucaria

One thing that is evident from the phylogeny &t tleaf morphology is
extremely labile in the genus (Fig. 2.18).araucanahas the largest leaves, with the
next largest occurring iA. muelleri.However, these two species are separated in the
phylogeny by branches and nodes upon which snaleemust be optimised (e.g.
near the base of secti@utactg. The strong similarity of leaf morphology among
juvenile Araucaria(all with small leaves) raises the possibility tttas transition
between leaf sizes could be attributable to rectipaedomorphogenic mutations,

which arrest the development of adult leaf morpb@s.
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Another aspect of morphology that seems to bedabihabit. Fig. 2.11 summarises
the habit of the different tree species, which hasen classified according to the
Rauh and Massart models. What is apparent fronfithise, and field observations,
is that these models represent extremes of a camtirrather than discrete classes.
Thus while the candelabra appearanca.atuleiandA. muelleriare clearly distinct
from the other species, there is something of dimamm from the columnar forms
of A. columnaris, A. bernieandA. subulatathrough to trees considered as
modified forms of the Rauh model like montanaandA. luxurians.The presence of
species in Clade 2 that are considered MassartAeaplumnari¥ and modified
Rauh A. biramulatg, and the presence of species in the basal pojytbat are
considered Rauh (e.§. rulei), modified Rauh (e.gA. montang and MassartX.
humboldtensishighlights the lack of clear phylogenetic struetwithin this
continuum of habits, even though the extrederulei, A. muelleris. A.

columnaris, A. subulata, A. bernieie phylogenetically separated.
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CHAPTER 3 -  Dating the radiation ofAraucaria on New Caledonia.

3.1 Introduction

Araucariaare among the most ancient conifers in the watilg and Brodribb,

1999). The island of New Caledonia represents apatt for studying this genus, as
13 out of the 19 extant speciesAshucariaare endemic to this small island in the
Pacific Ocean (WattL999).Araucariaare found from sea level to 1628 m in maquis
or humid rainforest forest and 11 out of 13 growyam ultramafic soil types (Nasi,
1982; Jaffré, 1995). The taxa usually occupy nicklesre the competition with other
plant species is reduced, such as steep moundgies;iwind exposed slopes, or soils
with low nutrient availability (ultramafic rocks @mergent reefs) (Nasi, 1982).
Recent phylogenies (Setoguetial, 1998; Chapterl) have suggested that all 13
species on New Caledonia are monophyletic and therefore radiated in-situ. This
raises the question as to what factors have gigert@ such diversity and over what
time-scales this radiation occurred. Having infaioraon the time of the radiation
would enable us to place it in the context of ggmwlal and other events that
happened in the region at the time. It would alsabée us to make comparisons with
evolution in other genera on the islands of Newe@ahia. Some information is
already available for other plant families like Bajaceae (Balgooy, 1996) and
Palms (Pintaud, 1999).

3.1.1 The debated origin oAraucaria species

Fossils ofAraucariaare among the oldest fossils of extant conifegrreera that
have been found since the Triassic or Jurassiq8eeguchet al, 1998; Hill and
Brodribb, 1999; Kershaw and Wagst#001) and the oldest fossils recorded for all
sections predate the Late Cretaceous. It seemy, likerefore, that all sections of
the genus have evolved before Gondwanan fragmentgietoguchet al, 1998).
Moreover, the fossil record éfraucariasuggests a more widespread distribution
than that of the extant species (Table 3.1). Onesgnmt in both hemispheres, it is
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Section

Extant species

Extinct species

Species Location Species Location Age (M
A.angustifolia . A. lanceolata . L
(Bertol.) Kuntze Brazil Cantrill Australia (Victoria) 105-97
A. araucana . . " .
(Molina) K. Koch Chile A. seorsunCantrill | Australia (Victoria) 105-97
Australia (Victoria:
. A. balcombensis | Balcombe Bay
Araucaria Selling deposit, Mornington 065-54
Peninsula)
A. hastiensiRR. S. .
Hill & Bigwood Tasmania 42.1-35.4
A. nathorstiiDusén South America [Cenozoic]
(Argentina)
A. bernieriBucholz New Caledonia A. aCC;;'tfr?llllata Australia (Victoria) 105-97
A. g'&irr?olflzata New Caledonia | A. carinataCantrill | Australia (Victoria) 105-97
A. columnaris New Caledonia A. falcataCantrill Australia (Vl_ctorla, 105-97
(Forster) Hooker several sites)
A. humboltensis . A. otwayensis Australia (Victoria:
Bucholz New Caledonia Cantrill Moonlight Head) 105-97
A. laubenfelsii . A. imbricatiformis .
Corbesson New Caledonia R. M. Johnston Tasmania 070-65
A. luxurians A. annulata
(Brongn. & Gris) New Caledonia (Bigwood & R. S. Tasmania 050-35
Laubenfels Hill) Pole
A. montanaBrongn. . A. lignitici . ) .
& Gris New Caledonia Cookson & Duigan Australia (Victoria) 35.4-23.3
A. muelleri(Carr.) . A. readiaeR. S. .
_ Brongn. & Gris New Caledonia Hill & Bigwood Tasmania 35.4-23.3
EutactgLink) A Nemorosa
Endl ) New Caledonia | A. planaR. S. Hill Tasmania 029-20
Laubenfels
A. rulei Mull. New Caledonia | " pron;;ir:lensR. S Tasmania 029-20
A. schmidi New Caledonia A derwgntensm Tasmania 025-022
Laubenfels Selling
A. scopulorum New Caledonia A. uncmataR. S. Tasmania 024-21
Laubenfels Hill
.- . I Australia (New .
A. subulataVieill. New Caledonia A. fletcheriSelling South Wales) [Cenozoic]
A.cunninghamii . .
f . . A. crassaTenison- Australia .
Aiton ex D. Don in Australia Woods) Townrow (Queensland) [Cenozoic]
Lambert
A.cunninghamii
Aiton ex D. Don var. New Guinea
papuanalauterb.
A.heterophylla
(Salisb.) Franco Norfolk Island
R . A. browniiR. A. 173.5-
A. bidwillii Hook Australia Stockey England (Dorset) 166.1
- A. sphaerocarpa 173.5-
Bun)ée;VmVlcie & Carruthers England (Somerset) 166.1
A. mirabilis (Speg.) Argentina (Cerro
g PE. Cuadrado Petrified | 165-160
Windhausen
Forest)
IntermedlaC. T A. hunsteinik. New Guinea A. haastiiEttingsh New Zeland 074 to 64
White Schum.
PerpendiculaM. .
Pole A- desmondiM. New Zeland 095-70

Table 3.1: List of extant and extin&taucariaspecies and their known locations
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Section Extant species Extinct species
Species Species Location Age (MY)
Yezonia(Stopes & A. vulgaris (Stopes
Fujii) T. Ohsawa & Fujii) Ohsawa et | Japan (Hokkaido) 090.4-83.p
et al. al. .
A. cleminshawii 173.5-
Mansell-Pleydell | Engiand (Dorset) | g7y
A. indica(Sahni)
Sukh-Dev & Zeba- India 150-140?
Bano
. Africa (Sahara:
A. a&;‘gi‘;‘f‘o\\/’ A Mali-Nigerian 150
depression)
A. cutchensis
(Feistm.) Pant & | India (near Chandia 140-110
Srivast.
A. grand|_fol|a Paraguay (Baquero 119 to 113
Feruglio Formation)
A. alexandrensis :
: Antarctica
Cantrl:l ;&; Salcon- (Alexander Island) 112-97
A. chambersii .
. Antarctica
Cantrl:li;?;galcon- (Alexander Island) 112-97
USA (North
A. clarkii E. W. Carolina coastal 100-90 ?
Berry plain: Cape Fear ’
Non determined River)
A. darlingtonensis USA (North an o
E.W. Berry Carolina) 100-90 7
A-ninONgISIOckey | japan, Hokkaido | 090.4-830
A. nipponensis .
Stockeyet al. . Japan (Hokkaido) 090.4-83.0
. . USA (North
A JeflreyiE.W. Carolina, Black | 083-70
erry :
River outcrops)
A. danaeEttingsh. New Zeland 074 to 65
A. owenii
(Ettingsh.) Pole New Zeland 074 to 65
L New Zealand
A-teteriensiM. | (Otago: Kai Point |  074-65
Mine, Taieri River)
A. f'mt:_:'iﬁtaR' S. Tasmania 035.4-23.
A. lignitica 035.4-
Cookson & Duigan| Australia (Victoria) 23 '3_
emend. R. S. Hill )
A. macrophylla
Bozz? Y Europe

Table 3.1 (continued): List of extant and extiAcaucariaspecies and their known

location:
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now only distributed throughout the southern heimesp (New Caledonia (13
species), ChileA. angustifolid, Brazil (A. araucand, Norfolk Island A.
heterophyll3, Australia A. bidwillii, A cunningham), and New GuineaX
hunsteinii, A. cunninghamiar. papuang) in countries that once belonged to the
super continent Gondwana 100 million years agoe dibtribution ofAraucariais
thus considered to be a relic of the Gondwana.flbings has led to the hypothesis of
a possible Gondwanan origin of the New Caledongaties (Nasi, 1982; Jaffré,
1995; Hill and Brodribh 1999). However, recent phylogenies (Setogettail,

1998; Chapter 1) have raised questions about thefayew Caledonian species as
very few nucleotide substitutions were detectedhiwithis monophyletic group. This
indicates either a far more recent emergence adpkeies or an extremely slow

substitution rate.

Several hypotheses concerning the diversificatfoiraucariaon New
Caledonia have also been proposed in order to iexhle large number of endemic
species present on the island (13 out of 19 imibréd). The high rates of endemism
(93%) in the flora in general on ultramafic soisveell as the presence of 11 out of
13 Araucariaspecies on these types of substrate have leae wmnclusion that
ultramafic soils might have been a major factovidg speciation. A layer of
ophiolite (oceanic crust) was laid down on New @alga 37mya(million years
ago). Due to the toxic characteristics of thesesypf soils, which are poor in vital
elements like potassium or calcium, and relativiely in heavy metal (e.g. nickel,
magnesium, and iron), both Nasi (1982) and Jatfé®%) have suggested an
enhanced competitiveness of gymnosperms againgtspegms on this substrate
since angiosperms tends to be more sensitive tmie@conditions. In such an
environment, with reduced competitive ability oé thngiosperms, the range and
abundance oAraucariamay have been enhanced. Indeed, the study of Rigus
(1998) onA. laubenfelsipopulations revealed thAtaucariaare pioneer species and
have light demanding seedlings. Aside from the @vahary opportunities offered
by a reduction in competition from angiospermssiatc movement (following the
erosion of the ultramafic soils) and successiveigteons events have resulted in

changes in the sea level (B%ato present). The subsequent formation of calcareou
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substrates (emergence of coral reefs), may hawdexdgo conditions, which

promoted isolation of populations and the poteritinkpeciation (Nasi, 1982).

In order to check whether any of these hypothesesgadid, assessing time
estimates for the nodes of the phylogeny of theugevill give some insight into the
timing of the speciation events and allow us tood®between each of the possible
scenarios. Before any time estimate can be obtaihischecessary to check whether
the nucleotide substitution rate in our phylogewijofvs a molecular clock.

3.1.2 The theory behind the molecular clock

3.1.2.1 The neutral theory

The molecular clock is a concept based on the gssomthat spontaneous
mutations accumulate at a constant rate withinrécpéar gene over evolutionary
time. The clock is assumed to be constant for aqodar gene but different for
different genes, some genes mutating more rapitdy time since the selection
processes operating on them might be less strirtganton others (Gaet al,

1996). In addition mutation rates can vary oveltiirky and Walsh (1992) also
suggest that there is a difference in the mode&afibn of mutation between
organelles and nuclear DNA as organelles are prasemultiple copies in the cells.
This means that the observed mutation rates aeemdieted not only by mutational
processes at the molecular level but also by iatiaer population dynamics that
control fixation or loss of the mutant allele. Fagtmore, there are some limitations
associated with the calibration of a molecular kland caution should be taken
when using calibration point (Solt al, 2002, Sanderson, 2002). A Likelihood
Ratio Test (LRT) can test the congruence of a éatagh a molecular clock
(Huelsenbeck, and Bull, 1996). The LRT will assebgther the nucleotide
substitution rates in a dataset follows a clock-l&te.

Theory of the LRTtwo maximum likelihood analyses are run, onénait
constrained clock-like change, and one withouhéftwo likelihoods are
significantly different, the hypothesis of the malér clock is rejected. In order to
run the test, the molecular clock is set as thehywothesis. The variableAds

given by twice the difference in log likelihood lmfanch lengths between a rate-
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constrained tree and a tree that has no constmibtanches. Her = -In

constrained - (-In unconstrained). The degreeseafdiom are calculated as (n-2),
where n is the number of taxa. The result is ttenpared to a Chi-squared
distribution. The null hypothesis (molecular clotk)yejected if the probability of
having such a high difference between the twoilka&lds by chance is less than 5%.
If the null hypothesis is rejected this impliestttiee nucleotide substitution rate is

not constant over time.

3.1.2.2 Dating the phylogeny
If the molecular clock hypothesis is accepteds thien possible, by knowing the time
at which a split occurs in the phylogeny, to dedineetime of other splits (the rate of

accumulation of substitution being constant) araleéfore dating other events.

When the molecular clock is rejected, an ultramétee can be used to
estimate divergence times on the basis of parsirbomych lengths, using a non-
parametric rate smoothing (NPRS) function. NPRSdue assume equal
substitution rates across the tree, which shoulthéease in the hypothesis of a
molecular clock. The function attempts to minintise ancestor-descendant rate
difference for every node of the tree. It will teBare smooth all local transformation
in rate as it changes across the tree. It is dibyete likelihood that evolutionary
rates are auto correlated in time, and therefaethere is a degree of rate
heritability although the degree of correlatiomd fixed to any value. This means
that in a case where, for example, terminal spd@ees an accelerated substitution
rate, reflected as a long branch, the length obtaaech would be corrected
according to other branch lengths in the same cladeal calibration can then be
applied to a node in the tree and other time eséisndeduced using NPRS.

Using independent dates for two splits in the pgtyy allow us to test the
consistency of the results obtained. If the différtene estimates are congruent, then
the confidence in the result is greater. If théenestes are different then it is
important to look at the bias in the calibrationrpoand then decide which scenario

is the most probable by comparing it with othedgts or other events.
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3.1.2.3 Time constraint and calibration point: thetools for dating the
phylogeny

* The fossil record
Knowing the date of a fossil can help estimateditpe of a group of individuals
derived from it, or related to it, by using thedibs age as a reference point for the
appearance of the group to which it belongs. Howetie use of fossil record as a
calibration point requires caution. Sokisal. (2002) reviewed the different problem
encountered while using fossils. The first potdigrablem comes from the age
estimation of the fossil, as accurate dating iBadift to achieve and estimations are
usually used. The second point concerns the plateofi¢he fossil along the
cladogram. It is important to decide whether tresiiowill be place in the stem
lineage, in which case it will represent the tite lineage has diverged from its
sister species, or whether it will be place ind¢h@vn group, in which case it will
represent the most recent ancestor of the extanpgFinally, the age retrieved will
only be a minimal age estimation. Indeed, it repnés the first known record of its
group and not the first occurrence. Therefore ithe estimates based on fossils are
an underestimation of the real age.

In this study, fossils without a sectional assignhweill only be used to
provide general information on the age of the gefte first fossil for sections
Araucaria, Eutactaandintermediahave been found in Australia and Tasmania, and
date back to 10Byafor the first two sections and myafor thelntermediasection.
The date of 105y will be used as an estimate for the divergence éatvgection
Eutactaand the 3 other sections. The age of se@wmyawill be used with extra
caution in this study, as there are possibilitied the extanBunyaspeciesA.

bidwilli) is not related to the extinct sectiBonya(Setoguchet al, 1998).

» De novo creation of virgin land to colonize: Volcait Islands
Using the age of an oceanic island on which anmiaspecies occurs can give an
estimate on the appearance of the species by sugptsat the age of the species

cannot be more than the island on which it liveswiver, by doing so, the age of
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the species can be overestimated, as this specatent may long postdate the
island origin. Another scenario could be that thecses evolved long before its
arrival on the island and dispersed there, goinmetxelsewhere. The age of the

island would therefore underestimate the species ag

» Allopatric speciation: modification of the habitat
Geological events like the split of a continenbitwo by the opening of a water
channel or change in the environment by any tectemént can also be used as
calibration point to define the age of the separatietween two populations of the
same species and subsequent speciation. Howegdinh estimates using
geological changes in the species environmentlsoeslightly biased. In the case of
two species living on separated continents, udiegitne when the two landmasses
separated overlooks the possibility of long distadispersal occurring after the
break-up. The time estimates from such dating woesdlt in an overestimation of
the age of the split. In contrast, if speciationwced before fragmentation, then the
age of the species would be underestimated.

3.1.3 Substitution rates in plants

Bearing in minds all the bias that can result fitbi use of calibration points, it is
still possible to obtain estimates of nucleotidestitution rates when an appropriate
dataset is available. Several studies have theaddhe issue of the heterogeneity of
rates among plant lineages (e.g. Satial, 2002; Kasugat al, 2002; Muse, 2000).
Wolfe et al (1987) estimated an average range of chloropldsdtitution rates for
synonymous substitutions (1.0-3.0X18ubstitution per site per year) and observed
that the two IR (inverted region) had slower rdbes the two single copies region.
Clegget al.(1994) demonstrated that the LSC (large singlg/ cegion) had even
faster mutation rate than the SSC (small single cegion). Since then, numerous
authors (e.g. Birky and Walsh, 1992; Bousatadl, 1992; Muse and Gaut, 1994;
Provanet al, 1999) have investigated the variability of radéparticular regions
within specific genera or families. Bousqeetal. (1992) underlines the fact that
annual plants have faster rates of synonymous otigéesubstitution than
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perennials. However, rates for non synonymous gubehs are on average identical
in both, which lead the authors (Bousgeeal, 1992) to suggest that more than the
generation time, factors such as population sigeuf@ing perennials maintain larger
effective population size) may be a major factéiuencing the observed rate

(mutations are more easily fixed in small populagio

Shifting the emphasis to non-coding regions, Giatlg Taberlet (1994)
compared the evolution rate of coding regiahgl() against non-coding regions
(trnL-trnF) and observed that the intergenic spacer evdhoed 4 to 11 times faster
thanrbcL. Provanet al.(1999) also found faster evolutionary rates wiedysng
simple sequences repeats (cpSSHIinus torreyaParry ex Carriere. The rates they
obtained for 17 loci were 3.2-7.9x18ubstitutions per site per year. Still this high
mutation rate appears to the exception ratherttmanule (Parfitt and Badanes,
1997; Hamiltoret al, 2003), and of course microsatellite regions apeeted to

evolve more rapidly than nucleotide substitutions.

The current study focuses on non-coding chloroplsgbns in conifers.
Following Gielly and Taberlet (1994) the expectatlies would be around four
times the estimated rates for synonymous nuclemgdestitution in coding regions,

i.e. around 4.0-12.0 x T0substitutions per site per year.

Aims of this study

To understand thAraucariaradiation on New Caledonia, data on the geologiodl
climatic history of the region will be examined gpldced into the context of a
molecular phylogeny in order to examine potentadés of nucleotide substitutions
and estimates of divergence timesAoucariaspecies.

The phylogeny obtained in the previous chaptereseas the baseline dataset.
The questions raised are: What is the time of dmece for New Caledonian
species? What are the rates of evolutioAnaucariaspecies? Do New Caledonian

species have a Gondwanan origin?
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In order to answer these questions, an insightth@@eological events occurring in

the area is necessary.

3.2 The geological and climatic history of New Qhaleia (Table 3.2).

3.2.1 Geodynamics of the southwest Pacific (Kroenk&996; Pintaud, 1999;
Picard, 1999; McLoughlin, 2001).

Understanding the different events involved inrddiation ofAraucariarequires
knowledge of paleogeographic and paleoclimatic esvehthe South Pacific area.
The present structure of the region surrounding Kaedonia is complex as it is the

result of several successive tectonic events.

Plate tectonic movement started 2.5 billion yegs &ince then,
convergence and break up of super continents lodlesved each other during
cycles of 400 to 500 my. The current cycle stadiedng the middle Cretaceous, 320
mya when all landmasses started to regroup as ther soptinent Pangea, which
was completed 23fya The break-up of Pangea (due to the accumulafibeat
from the mantle under the super continent) stadtethg the Jurassic, 168ya The
break-up resulted in two main landmasses, the stgrgment Laurasia in the north

and the super continent Gondwana in the south.

3.2.1.1 Precambrian to Early Cretaceous (700-8%ya)

The eastern margin of Gondwana comprised Tasmanpigce of continent
protruding from the east of present-day Australiew Caledonia and New Zealand
were located at the margin of the Tasmantis, ndiere the Pacific plate was in
collision with Gondwana. An important collision execcurred at the end of the
Jurassic (14@nya, when the continental and oceanic sediments aglated in the
forearc basin (a depression of the sea floor lochétween the Gondwanan margin
and the Pacific plate) were compressed into a abfaimountains. This marked the
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General
Period Timeline Epochs Geological events Climate Araucaria fossil records
changes
Events on
GE(\)/r?S\?a%g New New Zealand Tasmania Australia Europe Asia America Others
Caledonia
175 173.5-
MYA 166.1
MYA:
Araucaria
150 MYA: brownii
Gondwana and Wet and [Bunyd 150-140 165'160MYA .
Laurasia start warm - MYA: - Araucaria 150 MYA:
JURASSIC . : . . mirabilis Araucaria
stretching, No polar Araucaria | - Araucaria [Bunyd africana
Australia start ice cleminsha indica Y
stretching wii
Araucaria
sphaeroca
rpa
[Bunyd
Si,c;?gj‘ry 135 125 MYA:
_ MYA Africa leaves 95-70 MYA: 105-97 MYA:
MEZOZOIC Antarctica, India -Araucaia Araucaria 140-110
separates from desmondii ; ; 119-113
- Sudden . otwayensi§Eutactd MYA: .
Antarctica and . [Perpendiculata - . MYA:
: . cooling, : 74-65 -Araucaria - Araucaria .
Australia, India extinct] ; o . - Araucaria
. many . MYA: acutifoliata[Eutactd cutchensis o 112-97
go north 80 MYA: N 74-65 MYA: : grandifolia .
i extinction, . - -Araucaria falcata 90.4-83 . MYA:
100 MYA: New - - Araucaria danae ) . 100-91 MYA:
Africa separates| Caledonia voIqa_mc [A. heterophylla 'AraL_Jcar'|a [Eutactej MYA: . - Araucaria “A.
CRETACEOUS activity, ’ imbricatifo -Araucaria - Araucaria - alexandrens
from south separates . leaves . . clarkii .
America from possibly arrangment. rmis Ianceola_ta vulgar|§ - Araucaria IS
80 MYA: New | Gondwana| C2use by angustifolig [Eutacta- [Araucarid [Yezonia darlingtonensi “A.
: asteroid/co gust . A -Araucaria carinata - Araucaria g chambersii
Zealand - Araucaria haastii ) . s
separates from _ met [Intermedigd mueller] [Eutac_:ta?A. n|hong||' - Araucaria
> impact? - " bernieri?] - Araucaria . -
Australia, - Araucaria owenii . : . jeffreyi
. . -Araucaria seorsum nipponensis
Australia stay - Araucaria [Araucarid
attached to taieriensis
Antarctica

Table 3.2: Summary of the geological and climatiergs of the southwest Pacific and fossil inforimatior Araucaria
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General
Period Timeline Epochs Geological events Climate Araucaria fossil records
changes
Events on Events on . . . .
Gondwana New New Zealand Tasmania Australia Europe Asia America | Others
Caledonia
65 MYA 65-54 MYA:
-Araucaria
(!Zszflc’\z/al:(eé).us baIcombensi$Eutacta
50 MYA: bstrata -A. muelleriA.
India collides suf s araucang
with Asia, KoLOr?ac Wet and - Araucaria lignitici
PALEOCENE Australia Hienghen’e warm. [Eutacta-NC species-
separates fron; Nouville go' No polar ice A. nemorosh
Antarctica (45 onto the - Araucaria crassa
MYA). Norfolk [Eutactd
ridge - Araucaria fletcheri
[Eutacta-A.
bitamulatd
53 MYA
37 MYA:
The Poya 50-35 MYA:
) layer and - Araucaria annulatg
Tertiary EOCENE th [Eutacta-A. columnariy
Period me 42.1-35.4 MYA:
R peridotites - S
CENOZOIC get i A Arauc_anihasnenss
position [Araucaria- A. araucanh
36 MYA
o
the drake - Araucarlz_a flmbrl_ata
passage - Arfaltzuctan? r?dlae
. utacta- A.
(c'rgﬂr':]eﬁslar First glaci'er cunninghmij NC species]
OLIGOCENE forms) on Antarctica. 29-20 MYA:
Australi,a Cool_er and - Araucaria plana _
collide with drier. [Eutacta- new caledoniar
gew GL:.inea'f - Araucsale?;ﬁrﬂminens
Aﬁgﬁ;;ogn% [Eutacta—neV\_/ caledonian
New Guinea species]
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General

Period Timeline Epochs Geological events Climate Araucaria fossil records
changes
Events on Events on New
New Tasmania Australia Europe Asia America Others
Gondwana . Zealand
Caledonia
23 MYA 20 MYA:
Isolation and
cooling of .
Antarctica . 25-22 MYA:
. 15 MYA: - Araucaria
15 MYA: .
The Warm and derwentensis
Southern Ice rodholite wet for a [Eutacta-A
MIOCENE Cap forms : Y
. calcareous | short period columnarig
10 MYA: ; . el )
) . soils get in initially 24-21 MYA:
Tertiary Australia = .
: ; position. - Araucaria
Period drying out -
g unicinata[Eutactd
- and arriving
CENOZ in sub-
oIC tropics
5.3 MYA Antarctica
3.7 MYA: fregzes over,
; brief warm
formation of period
PLIOCENE th_e volcanic colder again,
island of h
formation of
Norfolk ;
northern ice
cap
1.75 Climate 125 Ice age
MYA drying (ice O00YRS: Fall ang rise
Quatern PLEISTOCENE age-sea leve Major reef of sea level
ary o starts -
: variation) L several times
period building.
100 000
YRS HOLOCENE Current

Table 3.2 (continued): Summary of the geological @imdatic events of the southwest Pacific and fasgdrmation forAraucaria
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paroxysm of the Rangitata Orogeny (climax of theapeessional deformation). This
orogenesis resulted in the emergence of New Caledma New Zealand. 126ya
Africa separated from Antarctica, India separatedifAntarctica and Australia and
migrated northward. 108ya Africa separated from South America. A rift ap@eh
between Australia and Antarctica during the eaunhagdsic (96nyg and started to

slowly separate the two continents (Fig. 3.1).

Afr  Africa LHR Lord Howe Rise

5
AP Anrctc parinsla Mad Vadagesco A [ North Amencaj > Soulhern AS|a
Aus Australia Mozambique Basi ( M
MBL Marie Byrd L d 0
ESB gy:‘ps ibpolar Busn NGs Mo oaﬁao:.a 0., B“ Q( m \‘5"11';2&
s NZ  New Zealand 6s 44
7 \LB~\

18 g:"’“R:gT SVB Rochas Verdes Basin
EAnLE e Seychelles Block

SAm
EMB Ellsworth s Block 8" oum smarica

B

FP  Faliands Platleau T ThtlldB\k :

Ind India WB WestBurma ¥ s

KP  Kergulen Platea WM whitmore Mts

LB _ihasa WS Wedel Sea - WT Woyla Terra ne| Palaeoequator

Collision with
Asia c. 43 Ma

5 i 165
RVB —A_ Subduction zone Drake Passage —% PoweJI Basin -
-13Q = Continental shelf 32-28 Ma @ 35-30.5 Ma Jeo e
% N\ | 4% Rittsea-floor spreading ‘ —— ~ =——==""T<4» Time of separation
\ N_ | seees Gondwanide Fold Belt ’\h‘a e B =

~-W Time of collision

Fig. 3.1: The Gondwana break-up episodes. A: réoact®on showing the timing of
separation and collision of the Gondwanan fragmdt®olar projection of southern
Gondwana (150 million years ago (from McLoughlifp2)

3.2.1.2 Early Cretaceous to Lower Eocene (85-5ya)

The Tasman Sea started to open, which resultdteisdparation of the Tasmantis
from the rest of the Gondwana (Antarctic-Australig Tasmatis moved further
from Gondwana, it started to break apart and tsigieb Most of the lands were
submerged except for a few landmasses on New Zgalaoh on the Norfolk Ridge,
particularly at the level of New Caledonia. The N€éaledonian Basin started to
open 74mya separating the Norfolk Ridge from the Lord Howdde.

The expansion of the New Caledonian Basin stoppady@&together with
the expansion of the Tasman SearB& To the north of Gondwana, the Coral Sea

opened, separating New Guinea from the North otralia.
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While New Caledonia separated from Australia, digaransgression
occurred (increase of the sea level resulting enpidrtial immersion of lands). At that
time, the emerged land was located west of theentione, as well as a chain of
mountains located at the current site of the Ceakrain of New Caledonia. Due to
oceanic expansion surrounding New Caledonia anddnirbasaltic layer as well as
basic soils covered part of New Caledonia. Frona&aiene to lower Eocene, a
major transgression left very little emergent l&nd siliceous sedimentation
indicates the presence of an emerged land in tllepreximity. Though an
emergence of land occurred in the lower Eoceneyatransgression partially
invaded New Caledonia during the middle and higbdfe. A few coral reefs have

been recorded from this period, a witness to tlesgaice of a tropical climate.

3.2.1.3 Eocene to present (55+fya)

The Loyalty Basin started to open and final sepamatf Australia and Antarctica
started 50nyawith the Australian plate moving north.

About 43myag a major change occurred in the movement of te-In
Australian plate and the Pacific plate, due toekgansion of oceanic crust between
Antarctica and Australia. This gave rise to constsathat led to accretion of a part
of the oceanic crust of the Loyalty Basin onto Neatedonia. A southward
subduction of the pacific plate below the Indo-Aabkan plate began along the
Melanesian Trench. As a result a chain of oceahnds was formed which gave
birth to the Vanuatu archipelago. The subductiopséd around 25-1fya During
the lower Oligocene/late Eocene all of New Caledamas covered by peridotite
(37myag. The accretion induced a metamorphism of higlssaree and low
temperatures in the south of the island. The nanthessif of New Caledonia is
composed of schist resulting from the metamorptosthe Eocene-Oligocene
period. During the Oligocene, an important upliftlee whole island occurred and
erosion became important. A new transgression ceduturing the lower Miocene.
The uplift started again during the middle Mioceml the Pleistocene. The barrier
reef developed during the Pleistocene and Holodeune.to major erosion, the

ultrabasic crust only occupies one third of theitimy nowadays. The loss of an
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estimated 6000m of earth due to erosion and ease&stdjustment resulted in an

uplift of the island.

Some 15nyag the southern part of Tasmantis (including thetsenn island
of New Zealand, the Campbell Plateau and the Chatidge) moved north and
collided with the Challenger plate and the nortarid of New Zealand. l&yaa
subduction gave birth to the islands of the exMeatanesian arc. New Caledonia
reached the tropic of the Capricornrha

At 6 mya a hotspot under the Lord Howe ridge formed Lo Island.
This hotspot had already given rise to a successdisabmarine volcanic island
except for the atoll of Chesterfield Islands anel ibefs of Bellona. Biyaanother
hotspot located under the Norfolk ridge led toftrenation of Norfolk Island.
Previous seamounts resulting from the activityhig hotspot are found north of the

island and south of New Caledonia at less thanmi@@pth.

3.2.2 Paleoclimate of the southwest Pacific (Jurasgo present).

Global climate during the Jurassic and the begmoithe Cretaceous (200-130
myg was warm and humid. There was no icecap. Fovests dominated by
gymnosperms. During the lower Cretaceous (28, the climate started cooling
and an icecap began to form on the South Pole hwhs located on Tasmantis,
between New Caledonia and New Zealand. Aroundmiyd the climate started to
warm and the icecap melted. The climate stayed veartrhumid during the
Cretaceous, Palaeocene and middle Eocene. Theatiegetras composed of mixed
forests of gymnosperms and primitive angiosperrtertifg in the middle Eocene
(50-45myg), the opening of the Drake Passage resulted ifoth@ation of the
circumpolar current. A marine circulation startedviieen Antarctica and Australia.
Antarctica started to cool down and the first ippeared on its summits (52ya
.The climate in Australia started to split in disti zones and a dry climate developed
in some places. While the continental continuityspgged among the continents of
Gondwana, the climate remained warm, as warm egabstreams still reached the

Campbell Plateau. Starting 4fya circulation of the deep cold stream started and
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Antarctica started cooling rapidly. The flora wasypoor during the Eocene though
theNothofagudorests persisted. At the beginning of the Oligm;eAntarctica was
totally isolated and some of the ice reached theymaf the continent. Its
Nothofagudorests were almost totally extinct at the en®bfocene. During this
time, New Caledonia and New Zealand kept a warmhameid climate. With the
widening of the gap between Antarctica and Ausirdhe cold stream became more
intense and Antarctica was slowly totally covergdde. In the mean time, some
places in Australia became drier. The climate becaooler around 104#myaand
many elements of the tropical flora disappearechfiew Zealand. Around dhyaa
warming of the temperature resulted in the pantielting of the ice on Antarctica
and the sea level rose. Atg/athe first glaciations started. Variation in the
Pleistocene climate due to the glacial and interglaycles resulted in variation in
the sea level by up to 140 m. When the sea levelawés lowest, land connection
between New Guinea and Australia were partiallgstblished. New Caledonia’s
surface area was doubled and the Main Island waseoted to the Isle of Pines in
the south as well as the Belep Island in the n@idn 3.2 shows the actual surface of
New Caledonia).
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Fig. 3.2: Map of New Caledonia.

Evidence shows that many parts of New Caledoni& Wween immersed before the
upper Eocene. However, a part of it, or at legsraof the Norfolk ridge seems to
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have always remained emergent since the fragmentatiNew Caledonia from
Gondwana (Balgooy, 1996; Pintaud, 1999).

3.2.3 Possible land bridges to New Caledonia.

Following on the geological and climatic historytbé region, three main hypotheses
can be proposed to explain the arrivahofucariaon New Caledonia, based on the

floristic affinities of the region.

» Comparative studies of floristic affinities havelhlighted the fact that the
New Caledonian flora and the Australian flora d@rergly related with 26.14 % of
affinities (percentage of species found in botlalties) (Moratet al, 1994). This
high percentage of affinities supports a possiidanant explanation for the origin
of the New Caledonian flora (e.g. the flora preddke break-up of Gondwana).
However, hypotheses of long distance dispersakadiee Tasman Sea should not be
discarded.

» Floristic affinities between the New Caledoniarrdland the New Guinean
flora are around 18% (Morat al, 1994). The existence of stepping-stone dispersal
via New Guinea is another hypothesis as patterdsspersal and speciation from
New Guinea to New Caledonia (via the Solomons aadudtu) have been argued to
explain the distribution of the Sapindaceae (Baygd996).

» New Zealand and New Caledonia were linked by thigental crust along
the Norfolk Ridge from the Permian (McLoughlin, 20@ntil the subsidence of the
Norfolk Ridge and the opening of the New CaledorBasin 30mya The lack of
high similarity between the New Zealand flora anel New Caledonian flora (Morat
et al, 1994; Sanmartin and Ronquist, 2004) may be dtieet@xtinction of the
tropical flora in New Zealand after the coolingtieé Archipelago. Another

possibility is that dispersal took place via stegpstones across the Norfolk Ridge.

Assessing a relative time of divergencedoducariaspecies will help in

choosing between those different hypotheses. lfihergence time between New
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Caledonian species and the Australian speciesnf@sbeA. cunninghamjiis
superior or equal to 8dya then the hypothesis of a Gondwanan vicariancebean
considered. On the other hand, if time estimatebetlivergence of New
Caledonian species are much more recent, then etkaario should be considered,

involving either dispersal vicariance via anotlaard bridge, or both.

3.3 Material and methods:

3.3.1 Materials: field sampling

Plant material of New Caledonian species was deiteduring three successive field
seasons in December 2001, 2002 and 2003 (ChapfEnd sampling season was
chosen to match the coning season in order to erisat cones were present to
confirm species identification. Populations werealed using the flora
(Delaubenfels, 1972), and local knowledge. Spegs® determined from
herbarium and field observations using both theikeiie flora (Delaubenfels, 1972)
and comparison to other herbarium material. A tot@3 Araucariapopulations

were sampled, including all 13 species and two arenpopulations per species
when possible (only one populationAfhumboldtensjA. subulataandA. schmidii
were obtained). From each population, two individweere sampled. For each
individual 6 to 10 leaves were collected and pesuf tree shape, bark and leaves
were taken. The material was dried and preserveti@a gel. Herbarium specimens,
including adult foliage and juvenile foliage (wheossible) were made for most of

the populations.

To facilitate discussion of the results, the noglgasating the coastal species
(A. columnaris, A. nemorosandA. luxurians;Clade 3 in Chapter 2) will be referred
to as the coastal group. The node separating th# Eaved species (Clade 2) in
Chapter 2 will be referred to as the small leayeet®es. Accessions & ruleiand
A. laubenfelsiwere grouped together in the phylogenetic analyi$is grouping is
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interpreted with some caution and will be refert@tiere as thA. rulei/A.

laubenfelsiiclade, but this will not feature heavily in biologl interpretation.

3.3.2 Methods

3.3.2.1 The phylogeny

The DNA regions chosen to run the analysis wereliharoplast regionsnS-4rnfM
as well agpshA-trnH. Considering the fact that the chloroplast genane
uniparentally inherited as a unit and not subjeecetombination (Soltis and Soltis,

2000), the two regions were combined for the amalys

Two most parsimonious trees were obtained by rgnaimaximum
parsimony analyses performed with Paup (Swoffod®02 with heuristic searches.
The tree bisection reconnection (TBR) branch-swagppigorithm was used
alongside MULPARS and COLLAPSE options (collapsanich if minimum length
Is 0). Optimisation in the analysis was performeshg@ Accelerated transformation
(ACCTRAN) (see details in first chapter). Pairwgistances among between taxa
were obtained using the option “distance” in PAURer the setting of maximum

likelihood. The model retained was HKY+G.

3.3.2.2 Molecular Clock

In order to run the maximum likelihood analysis, détiest 3.06 (Posada and
Krandall, 1998) was run on the nexus file contairtime sequences used in the
phylogeny. The HKY+G model was selected. In thisleipbase frequencies were
set to (Lset Base) = (0.3080 0.1872 0.1854) and ifier ratio set to 0.8610.
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Different calibration points were used to allow thierences in times to be

compare. The calibration points chosen are (Stqck@§?):
Fossils record (used as a minimum estimate):

- Age of the oldest fossil for each section:

o] Bunya Araucaria browniiStockey 173 -166ny (nodeb)

o] Araucaria: A. lanceolataCantrill. 105-97my (node2)

0 Intermedia Araucaria haastiiEttingsh 074 to 65y (nodeb)
0 Eutacta Araucaria acutifoliataCantrill. 105-97my(nodel)

Geographic events (used as a maximum estimate):

- Age of Norfolk Island: 3.y (Pintaud, 1999) a&. heterophylldas endemic
to the island (nodé).

- Separation of South America from Australia:rB9(McLoughlin, 2001; San
Martin et al, 2004). This date was chosen as the seérancariaonly occurs in
South America (nod2).

- Separation of New Caledonia from Australia:r8@(McLoughlin, 2001; San
Martin et al, 2004). This will date the split within tl&utactasection betweeA.

cunninghamiiand the rest of thEutactaspecies (noda).

Upper time constraint: The earliest record of Aetaceae pollen is in the Triassic.

3.3.2.3 Estimation of rates using time estimationsom NPRS

In order to get an estimation of the number of stigon per site per year,
nucleotide substitution pairwise distances wereutated using PAUP 4.0
(Swofford, 2000). The number of substitution pée ¢i.e. branch length) is obtained
by dividing the distance by 2. Rates are obtaineditading the result by the time
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estimated for a node. The average branch lenghieimean of all the branch length

from a given node to the terminals.

3.4 Results

Two most parsimonious trees were obtained frontémbined analysis with a tree
length of 149 steps (Chapterl), with a CI=0.94 RiD.97 (Fig 3.3 shows one of

the two most parsimonious tree).

3.4.1 Molecular clock hypothesis rejected by modedst

A likelihood ratio test was run on one of the mpatsimonious tree obtained in the
combined analysis. The log likelihood of the coaisted model was 3005.01 and that
of the unconstrained model was 2968.65. The chassglivalue was/f2= 72.72 with
33 degrees of freedom. The molecular clock hypaheas rejected on the basis of
this test <0.001).

3.4.2 Divergence time estimations

This study does not aim to get an exact age estifbaeach node, but rather to

answer broader question like the estimation of ireanAraucariaancestor arrived
from Gondwana, or whether it was a dispersal evidrg.other aim is the estimation
of the age of the radiation éfaucariaspecies in New Caledonia, as to whether it

has occurred during the lastr8/or more during the last 30 my.
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wollemia nobilis

Agathls montana

/ I— Agathis lanceolata
ﬂr Araucaria araucana
Araucaria angustifolia

/1 | Araucaria bidwillii

2 /1 Araucaria hunsteinii
— Araucaria cunninghamii

/ > Araucaria heterophylla

1 Araucaria humboldtensis MDS|1

/' Araucaria humboldtensis MDS2

— Araucaria montana MPA

Araucaria montana KOP
Araucaria muelleri MDS
Araucaria muelleri PDP

Araucaria rulei TIE

- Araucaria rulei CDS
Araucaria laubenfelsii MDO

10 7 - Araucaria laubenfelsii MBK

Araucaria biramulata FND

Araucaria biramulata MDO
Araucaria scopulorum POU
Araucaria scopulorum BOG
Araucaria bernieri PDP

—— Araucaria bernieri RDL

||| Araucaria subulata DZU 1
/ -l Araucaria subulata DZU 2
8 Araucaria schmidii MPA1
+ Araucaria schmidii MPA2
Araucaria columnaris BDT
Araucaria columnaris [DP
Araucaria luxurians LFA
/' — Araucaria luxurians PLU

9 Araucaria nemorosa FND

— Araucaria nemorosa PBS

5 changes

Fig. 3.3: One of the two equally most parsimonitvaes obtained with the combined datasgisth-
trnH andtrnS4rnFM using parsimiony criteria. The tree is represdrds a Phylogram. Tree length is
149 steps long. CI (excluding uniformative charesjte 0.94, Rl (excluding uniformative characters)
0.97; the node are numbered from 1 to 13
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3.4.2.1 Estimation using fossils as calibration piois (Table 3.3)

Node Partition Data of node according to fossil calibration | Mean | Stdev
Intermediasection EutactdAraucaria (+/-)
(74mya) section (105ya
1 Eutactavs. rest of thé\raucariagenus 1184 105 644.50| 762.97
Araucariasection vsintermediaand 296 26.25 16112 190.74
2 Bunya
AustralianEutactavs. Non-Australian 207 36.09 22154 26227
3 Eutacta
4 A. angustifoliavs A. araucana 111 9.84 60.42| 71.53
5 Intermediavs. Bunya 74 6.56 40.28| 47.69
New Caledonia\raucariavs.A. 259 22 96 14098 166.91
6 heterophylla
7 New Caledoniaraucariaclade 222 19.68 120.84 143.06
8 Small leaved species clade 135 16.4 75|70 83.86
9 Coastal species clade 111 9.8 60.40 71/56
10 A. rulei/A laubenfelsiclade 37 3.2 20.10 23.90
11 Agathisclade 74 6.5 40.25 47.78

Table 3.3: Time estimations (in my) from the foseitord (Times in bold are the calibration
point)

Table 3.3 shows the dates estimated for each @dg.results for théntermedia
andAraucarigdEutactasections are shown as calibration points, as ¢éistienates
from the calibration of thBunyasection are even older than the one from the

Intermediasection and were rejected as completely implaesibl

Divergence times estimated differ greatly dependimghe calibration point
used. When using 7#yas the age of the oldest ancestor ofititermediasection,
the age of the genuUsraucariagoes back to nearly 200dya The divergence
between sectiokutactaand the three other sections is placed at b¢#(n. 1) and
the radiation of the New Caledonian species isredgad at 222ya(n. 7).
Divergence of the small leaved species group, abgsbup and tha. rule/A
laubenfelsiiclade fall respectively around 135 (n. 8), 1119nand 37 (n.10nya

Time estimates obtain from the calibration with thssil record of the two
other sections (105 my) set the age of the genLig3nya The separation between
South American species and Australasian speci@aded around 26ya(n. 2).
Divergence ofA. cunninghamifrom the rest of th&utactasection is estimated to 36
mya(n. 3), and the emergence of the New Caledonieaiep ancestor is placed
around 22nya(n. 6). Within New Caledonian species, divergeoicéne small

82



leaved species group, coastal group andhtirele/A laubenfelsiiclade fall
respectively around 16.4 (n. 8), 9.8 (n. 9) and(8.20)mya

3.4.2.2 Estimation using a volcanic island as a datation point (Table 3.4)

Node Partition Date of node based on the
emergence of Norfolk
island (3.7mya) as a
calibration point

1 Eutactavs. rest of théraucariagenus 8.98

2 Araucariasection vsintermediaandBunya 4.39

3 AustralianEutactavs. Non-AustraliarEutacta 4.83

4 A. angustifoliavs A. araucana 2.22

5 Intermediavs. Bunya 1.02

6 New Caledoniaraucariavs.A. heterophylla 3.7

7 New Caledoniaraucariaclade 2.91

8 Small leaved species clade 2.06

9 Coastal species clade 1.32

10 A. rulei/A laubenfelsiclade 0.96

11 Agathisclade 0.42

Table 3.4: Time estimations (in my) using the agearfolk Island as a
calibration point

When the age of Norfolk Island (3.7 my) is use@ aslibration point, the

divergence between secti@itactaand the three other sections is estimated around

9 mya(n. 1). The divergence @&. cunninghamifrom the rest of th&utactasection

Is set around Ehyaand the radiation of the New Caledonian speciesra 3mya

(n. 7). From this dataset, the small leaved spapi@sp emerged tya(n. 8 and the
three coastal species evolved aroundrya(n. 9). The divergence of ti#e rule/A

laubenfelsiiclade is estimated aroundriya
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3.4.2.3 Estimation using geological events as cahition points (Table 3.5)

Node Partition Date of node according to the geological| Mean Stdev
calibration (+/-)
New Caledonia’s South America’s
separation from separation from

Australia (8Gnyg Australia (50nyg

1 Eutactavs. rest of thé\raucaria 232,72 240 236.3¢ 515
genus
Araucariasection vsintermedia
2 andBunya 58.18 50 54.09 5.78
AustralianEutactavs. Non-
3 AustralianEutacta 80 /2.5 76.25 53¢
4 A. angustifoliavs A. araucana 21.81 12.5 17.14 6.58
5 Intermediavs. Bunya 14.54 11 12.77 2.50
6 New Caledoniamraucariavs.A. 50.9 43 46.95 559
heterophylla

7 New Caledoniairaucariaclade 43.63 35.9 39.7 5.47
8 Small leaved species clade 36.36 32.1 34.23 8.01
9 Coastal species clade 21.81 22.5 22.16 0.49
10 A. rulei/A laubenfelsiclade 7.2 7.5 7.3% 0.21
11 Agathisclade 14.5 15 14.7% 0.35

Table 3.5: Time estimations (in my) from geologieaénts (Time in bold represent
the calibration point)

The results obtained when geological events aré as&alibration point (50yfor

the separation of South America from Australia 8@dnyfor the isolation of New

Caledonia) agree roughly on the figures. The aghesectiorEutactais set around

230mya(n. 1). Both datasets are consistent with theridoae dates inferred from
one node specified by another (e.g. the separbBbmeen South American and

Australasian species aroundf@a(n. 2) and a separation betwegencunninghamii
and the rest of thEutactasection around 70-8ya(n. 3)). The divergence of the
New Caledonian species ancestor is estimated 804%a(n. 6). Within New

Caledonian species, divergence of the small leapedies group, coastal group and
theA. rule/A laubenfelsiiclade fall respectively around 30-36 (n. 8), 229nand 7
(n.10)mya
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3.4.3 Estimations of rates using the time estimatgbtained in 4.2 and 4.3 as
time estimation for the nodes (Table 3.6)

The rates obtained vary depending on the calibradmnt used, as well as within
each calibration point’s dataset. The fastest rategstimated when using the age of
Norfolk Island as a calibration point (8.81 X1t 2.72 x13° s/sly). The slowest

rates are found when using New Caledonia sepatsiiate (9.90-2.39 x1t s/sly).

The highest rate heterogeneity is within the Ndrisland’s dataset, with the
highest rate being 26 faster than the slowest.oflher datasets have rate differences
of 3-4 fold.
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Node Partition Average Age (my) Rate Age (my) Rate Age (my) Rate Age based on Rate
Branch based on estimated based on estimated based on estimated South estimated
length Eutacta/ sisly Norfolk sisly New sisly America’s sisly

Araucaria Island age Caledonia’s separation

divergence separation (my)
1 Eutactavs. rest of thé\raucariagenus 0.019197 105 1.83 xf0 8.98 2.14 x18 232.72 8.25 x1¢ 240 8.00 x10*
2 Araucariasection vsintermediaandBunya 0.00459 26.25 1.75 x19 4.39 1.05 x16 58.18 7.89 x18" 50 7.65 x16*
3 AustralianEutactavs. Non-AustraliarEutacta 0.004256 36.09 1.18 x1b 4.83 8.81 x16 80 5.32 x16* 825 5.16 x168*
4 A. angustifoliavs A. araucana 0.00117 9.84 1.19 x16 222 5.27 x18° 21.81 5.36 x1%" 225 5.20 x16"
5 Intermediavs. Bunya 0.00078 6.56 1.19 x16 1.02 7.65 x18° 14.54 5.36 x18" 15 5.20 x16*
6 New Caledoniaraucariavs.A. heterophylla 0.003294 22.96 1.43 x16 3.7 8.90 x16° 50.9 6.47 x18" 525 6.27 x10*
7 New Caledoniamraucariaclade 0.001125 19.68 5.71 x10 2.91 3.86 x10° 43.63 2.58 x18* 45.1 2.49 x10
8 Small leaved species clade 0.000871 16.4 5.31%1( 2.06 4.23 x108° 36.36 2.39 x18* 375 2.32 x18*
9 Coastal species clade 0.000731 9.8 7.46'%10 1.32 2.72 x18° 21.81 3.35 x1%' 225 3.25 x18*
10 A. rulei/A laubenfelsiiclade 0.000359 3.2 1.12 x10 0.96 7.61 x10° 7.2 4.99 x16* 7.5 4.79 x16*
11 Agathisclade 0.001435 6.5 2.21 xi0 0.42 3.42 x10 14.5 9.90 x18* 15 9.57 x16*

Table 3.6: Nucleotide substitution rates (in substn per site per year) estimated from the déifercalibration points
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3.5 Discussion:

3.5.1 \Variations in time and rate estimates from dferent partitions

Several authors (e.g. Sanderson, 1997; Satited, 2002; Yooret al, 2004) have
stressed the importance of reliable calibratiomisoand this study is a good example
of how much variation can be obtained dependinp@source of information used.

3.5.1.1 Time estimations from the fossil record

In the present study, when the age of the firseapgmnce of a fossil record assigned
to either sectiotntermediaor Bunyawere used for calibration, the divergence
estimated for New Caledonian species fell back@rlya and the age of the genus
to a remarkably implausible 1,908ya(the age of the split between green algae and
red algae is estimated at 140§ (Yoonet al, 2004)). Such incoherence might be
explained by the synapomorphies used to assigio$isd to each section. It is likely
that the currenBunyaandintermediasection are not directly related to the extinct
sections. Therefore, the dates for the divergehseaionsBunyaandintermedia

might be more recent than the fossil evidence sitgge

Fossil dating using the dates of the divergenceofionEutactaand
Araucariawere more reasonable, and these gave an estinggddrahe genus at
173 million years, and the divergence of the Newe@anian species at 20 million

years ago.

3.5.1.2 Time estimations from a volcanic island datg

When calibrating the tree with the emergence offtkbisland, the overall age for
Araucariagenus was equally implausible, being placed at dhimyold, and at
great conflict with its 150 million year+ fossilaerd. Thus again the dates of the
origin of Norfolk Island need utilising as a callion point with great caution. The
presence of an endemic species on a volcanic iskamdbe problematic. The age of
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an island is not the date of the arrival of thecgggeon the island, which could be
more recent, or the date of the birth of the spettiat can have arisen elsewhere and
become extinct in other places could be far oldanthe island (e.g. Hawaiian-
Emperor volcanic chain (Clagu#996)).

3.5.1.3 Time estimations from the geological events

The geological events (separation of South Amarwhthe isolation of New
Caledonia) gave dates that were roughly twice @dsslthose from the fossils of
sectionsAraucariaandEutacta Thus when geological events were used to cadibrat
the clock, time estimates for the New Caledomisaucariadivergence were around
35-44mya Of course, there is no reason to assume thatdandivergence
necessarily correlates with vicariance events,tarasume that this was the case
would effectively be invoking an evolutionary moaetich did not accommodate

long distance dispersal.

3.5.1.4 Rate variation in the context of differentalibration points

Depending on the calibration type used (fossil résmlcanic island/geological
events) a large amount of substitution rate vanmeis observed. Rates vary with the
calibration point used but within the data of eaalibration point as well. The trend
is to a slow down of the mutation rates towardehe of the branches. However,
other than when Norfolk Island is used as the catiibn point, rates are typically 10
or 100 fold slower than published rate estimate®foer plant groups (Wolfet al,
1987; Gielly and Taberlet, 1994). Either the ratkesucleotide substitution in
Araucariahave varied greatly during time, or the genusdresof the slowest rates
of chloroplast mutation known for any plant gro@me contributing factor to this
may be attributed to the longevity of these speeird a long generation time could
potential contribute towards slower rates of chadgmther study on conifers from
Krupin et al. (1996) reported a similar slow estimated rateubfssitution in the
subgenu$inus
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Wright et al. (2003) have compared the evolution of the géviesosideiros
alongside a climate gradient, going from coldetude (New Zealand) to species
living in a warmer climate (New Guinea). Their spugiliggests that tropical climate
and warm temperature favour the metabolism of plantl increases the rate of
substitution. New Caledonian species comes oua@sdp an average rate in
between New Zealand species and New Guinea sp&tiesgh such a result is only
based on the observation of one genus and doeg&r'irito account the whole
history of the genus itself or the age of the sg®di raises an interesting argument

regarding evolutionary change under different exdkenvironmental conditions.

3.5.2 Interpretation: Time estimate and Biogeograph

The intervals of time obtained here are very br@dmet following interpretations of
some points in the history of the genus try to auomdate some of these wide
ranges, even though this results in somewhat vsigiements or multiple scenarios.

The first controversial point is the emergencehefs$ectiorBunyaand
Intermedia The existence of European fossil sharing leadggmorphies witlA.
bidwillii has resulted in the assignment of the fossil tticeBunya The same
situation occurred witi. haastii,the Araucariafossil of sectiorintermediafrom
New Zealand. If fossils’ ages are taken into actoine two sections are rather old
and diverged a long time ago, with sectiBumyabeing the oldesAraucariasection.
However, regarding the position of the two sectimnseveral chloroplast
phylogenies (Setoguchkt al, 1998; Chapter 1), the two extant species ar@lacted
basally in any of the trees. Moreover, the timeneste give the divergence between
the two species at no more than 15 my. If we camgiokeir current distributiorA.
hunsteiniioccurring only in New Guinea amd bidwillii being an Australian species,
an allopatric speciation event related to the amgoi the Coral Sea Basin would
seem plausible (San Martin and Ronquist, 2004)s Bhirier developed 30 mya
(Table 3.2).

The divergence between the sectiotermedia BunyaandAraucariaseem

to be attributable to continental fragmentationhastwo first sections have an
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Australasian distribution, when secti@naucariaonly occurs in South America.
Using the age of the sectidmaucariaandEutactaas calibration point makes the
age of the divergence 28yold, and makes the age of the genusry®Id, which
fits with the age of the oldest fossilsAfaucariafound in Europe (Stockey, 1984).
However, estimating the age of the divergence ah$0ld (separation between
Australia and South America) would make the ger@@&m3yold, which is probably
too old given that the oldest conifer fosSilyillingtonia denticulatedates from the
Carboniferous, and is around 31 old (Adam Dimech, Website). A divergence
around 26myawould fit with the opening of the Drake Passagenya between
Antarctica and South America (McLoughlin, 2001). f@lanformation on Antarctica
Araucariafossil should provide a better understanding efatents that led to the

emergence of the three sections.

One interesting point in this study is the agehefdister species of the New
Caledonian specie#.. heterophyllas endemic to Norfolk Island. The divergence of
the species seems to be older than the age dfldmeli When 3./hyis used as a
calibration point, the age of the genus is no ntlka® 11myold, which is far too
young, even considering that some of the fossitghirtbe wrongly assigned. The
other time estimates obtained place the divergehtiee species back to 22 to 52
my. In between these two dates, a whole list difedias been found in Tasmania
and Australia fitting the characteristic of thetsmtEutacta(Hills and Brodribb,
1999). It seems possible fAr heterophyllao have arisen outside Norfolk Island and

that the island has since become a refuge arebd@pecies.

Following on, New Caledonian species seem to henerged sometime in
the last 45 my. Depending on the calibration pas#d, the ancestor might have
colonised the island 1y before or after the layering of the ultramafic soll
Whatever the answer is, the divergence of the gmnaelpding the species with
smaller size of leaves is estimated to have ocduretween 45 and 16 my, which
would fit with the hypothesis that the ultramafyér might have played an
important role in the present diversity of the gentihe erosion of the New
Caledonian relief which resulted in the uplift bétisland and therefore variation in
the topology and humidity level might have been ohthe factors driving

speciation. What is very clear is that the smathhar of substitutions separating the
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New Caledonian species does not necessarily seequtde with very recent
speciation, as ‘conventional’ plant cpDNA rates Wowanslate to an overall very
young genus in conflict with the fossil record. Stauvague approximation of the
diversification of the New Caledonig&raucariaspecies is favoured as being

between 10 and 48ybefore present.

This uncertainty in timing precludes a confidesgessment of whether the
species presence on New Caledonia is attributableériance or dispersal. The
most realistic fossil dating (secti®utactaand sectiorAraucaria) dates the New
Caledonian lineage as diverging from the Austrdlia@age some 48y after the
land masses separated, which could indicate |ostgriie dispersal. However, given
that fossils do not represent the maximum ageliokage, this should be interpreted
with caution. Certainly the date estimates obtaiinech using vicariance events are
not wildly incongruent with the fossil record, afod now, the most conservative
option is to rule neither possibility out. Howeviris worth noting that the New
CaledoniarAraucariamight not have persisted on New Caledonia sinced@anan

fragmentation.
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5 CHAPTER 4 -  Taxonomic problems and amasiens issues

4.1 Introduction

More than one third of the world’s conifers areddéson the IUCN red list for
conservation (Farjon and Page, 1999). The urgenpydtect those species is rising
in the context of more awareness of the importafi&odiversity (International
Conference on “Biodiversity: Science and Governgriz@04). New Caledonia is
one of the hotspots of conifer biodiversity withmadhan 6% of the world conifers.
An important focus is currently being placed ondglea@usAraucariaof which 70%
of the species are endemic to the island and 1teatdisted’ (Manautét al, 2003).
Indeed, 11 out of the 18raucariaspecies are found on ultramafic soils, which are
exploited for their minerals, particularly for nelkextraction. Three species are
particularly affected by miningA. rulei, A. montan@andA.nemorosaWith such a
high degree of threat, it has become importaneémh population cAraucariato be
clearly located and determined. Having confidemcné identity of each conifer
population present on the island is essential fodpcing effective conservation
measures, as well as contributing to better knogdeaf conifer biodiversity in New

Caledonia.

4.1.1 Weakness of the Flora.

Following the publication of the conifer accountlie Flora of New Caledonia
(DeLaubenfels, 1972), researchers in the fieldtaecherbarium have experienced
some difficulties in distinguishing some of thedg¥affré, pers. comm., 2002;
Manauté, pers. comm., 2002; Chauvin, pers. comd@2R There are several types

of problem.

* The flora was produced in 1972. Many more recordkleerbarium

specimens have come to light since then.
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* Following on from this, some species do not appeae
morphologically distinct. This perhaps relateshte original descriptions

being based on limited material.

* Some locations listed for a given species in tloeaFare doubtful, such
that the species present at a given site sometinmetappear to
correspond to the species listed in the Floralfat site. This can lead to
confusion as to what the range limits of a spearesFor instance, if all
of the localities for a given species in the Flara considered to contain
members of that species, but actually include paiparis of other species,
the defining characters for species have effegtibekn blurred.

* The Flora makes extensive use of reproductive ctera These are
rarely scorable in the field making identificaticgfficult. On of the main
characters used in the Flora to tell the speciag &pthe shape of the
microsporophylle of the male cone. However, duthmgconing season
(November to February), very few cones are availabld most of the
time these are out of reach. It is therefore vdificdlt to use this
character to determine species identity when atfidubdividual is

sampled.

* Alljuvenile Araucariahave a similar gross morphology and leaf shape. It
is almost impossible to tell species apart atstage except in the
nursery, where, by observing individuals growindesby side and from
the same age, differences in height can be obsefnsi problem occurs
in sampling too, as the lower and more accessiialedhes of adult trees
(2-3m above ground) often show juvenile characters.
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4.1.2 Introduction to the problem of species determation

Following field observations, personal communiacagi¢Jaffré, pers. comm., 2002;
McCoy, pers. comm., 2002; Chauvin, pers. comm.22@8d previous work
(DeLaubenfels, 1972; Veillon, 1980; Nasi, 1982; Mat&, 2003), conclusions have
been drawn on possible cases where confusion rarg®.

The following diagram (Fig. 4.1) summarises thegiae ambiguity existing
between each pair of species (see also Chapt8oBje species are easily identified,
like A. humboldtensisr A. schmidij two species occupying the highest localities of
New Caledonia, Mont Humboldt (1618m) and Mont Pgh&28) respectively. Both
have very robust branches. Aside from this, anit tlegy distinctive foliage (see
Chapter 5)A. humboldtensibas a tendency to be covered by white exudatesand
schmidiito naturally generate multi-stemmed trees. Amdwegcbastal species
group,A. nemorosas quite easy to identify. For one, it only growws very
restricted area on the island, and has very did@awes, spear-like and straight, a
feature that is observable on juveniles of othecEs but disappears in these once
the foliage gets older. The very long bracts atofige of the male cone are also very
characteristicA. columnarigs also very distinctive. Though its adult shapghh
resemble those of other speci8s liuxuriansor A. biramulatg, the leaf
characteristics (see Chapter 5) as well as its owles (particularly the blade of the
microsporophyll) are very distinctive. Also, ittise only New CaledoniaAraucaria

that develops well on calcareous soil.

The major problems seem to lie within the big-lehgeoup where the
separation between each species is less cleadifficelty in distingushingA.
montanaandA. laubenfelsihas been raised on several occasions, as theaepar
between the two species seems more altitudinalrti@phological (Jaffré, pers.
comm., 2002). Though typical samples (like thosgcdbed in the Flora) can be
found, lots of intermediate states exist. Anothebjpem, which has resulted in
confusion betweeA. ruleiandA. montanais the difference between the living

samples and the dried specimens. Leaves have engntb curl upon drying,
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resulting in a change in the leaf shape. The sbhagded leaves of yound. rulei

can be confused with those of adiltmontanaThe distinction betweef. muelleri
andA. rulei can also be difficult, particularly in some pogigdas where the leaf size
and morphology is intermediate between the twoispeEurther problems are
encountered when considering the paibernieriandA. scopulorum. A. bernieri
has been recorded in two northern localities (Pandh Thiebagui). However, the
herbarium samples coming from those two localiti@ge a morphology similar .
scopulorumapart from one specimen dated 1966 (H.S. Mack&®49).A. bernieri
is also confused witA. subulataas the adult trees have a very similar shapeaall
columnar). This can be a problem when the populatare inaccessible and species
identification is based on observation from a dista This also happen for the
biramulata / A. luxurianswhose tree and leaf shapes share similaritiadt(tides
tall and columnar, leaves around 8mm long x 4mmewétute). To illustrate how
some of these problems can be encountered andistiivee ambiguous species
identifications will be dealt with in this chapter.

Araucaria bernieri

Araucaria subulata .— - . Araucaria biramulata

Araucaria scopulorum Araucaria humboldtensis

Araucaria rulei ’ Araucaria schmidii

‘.Araucaria luxurians

Araucaria laubenfelsii \ Araucaria columnaris
\
4  Big 5 Coastal species
leaved

falaYatailal

Araucaria montana Araucaria nemorosa

Fig. 4.1: DiagramIsowing the possible confusions between each papeties (no line: r
confusion; ...: some confusion possible; ---: onéna known case of misidentification;
. species delimitations issues often re

95



4.1.3 Species delimitations/ Identification caselgies.

1) A. bernieris known distribution would be reduced if the sjgsdis not
present in two northern population mentioned inRluga (Delaubenfels,
1972; Chapter 5). The clear delimitation of its plagion is therefore a
priority. How accurate is the current understandifthe species
distribution?

2) The ‘coastal group’ clade is defined by contaispecies with a littoral
distribution @. columnaris, A. luxurians, A. nemordseowever, they have
the potential to survive on in-land sites and aytajon ofA. luxurianshas
been recorded in the middle of the island. Is tb&®rd correct? Is it possible

to find A. luxuriansinland in forest habitats?

3) Finally,A. muelleriandA. rulei are two species with a totally separated
distribution. A. muelleriis located in the south of the island akaduleiin
the centre and north. However, a number of sontpepulations oA. rulei
have been recorded by Nasi (1982) and recent faklvas found an
unusually large leaved type Af ruleiin the region of Kouaoua. Is the
north/south distribution, therefore, a realityjothere cryptic overlap in the

range of these species?

The aims of this chapter are therefore to raisgtbblems of species delimitation/
identification, and see to what extent the use ofphological and molecular data
can contribute to clarifying species determinatibime approach and material and

methods used will be reviewed in each separatdtheec

4.2 How accurate is the current understanding oA. bernieri’s distribution?

The identification of all populations éfraucariais important for future
conservation measures. Information has been giadiré, pers. comm. 2002) that
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anA. bernieripopulation was present in the Reserve of the Mo@atps Sources. In
order to check this information (among others)|ipri@ary fieldwork was
undertaken in 2002. However, two populations wérgeoved in the region stated.
The identification of each population was difficdlie to the inaccessibility of the
trees. Species identification was made from a iegtaln the valleyA. bernieri
(22d09'19. 37”S /166d35'28. 61"E; 494 m) was itited whereas at the entrance of
the reserve (22d09'27. 91”S /166d35'29. 65"E; @3 3A. subulatavas tentatively
identified. In order to obtain a definitive ideitdtion of the two populations, a
second field trip was organised in 2003. Specinoénise two populations were
collected. Upon collection of the specimens, dowsee raised over the species
identification. In order to reconfirm the ident#itton, material was brought back for
comparison with material from other populations.shpport the morphological

observations, molecular data was also collected ftee samples.

4.2.1 Approach

The first comparisons were conducted on populatids bernieriandA. subulata

available from the database of the Royal Botanid&aEdinburgh.

The second set of examinations compared samplesthe two population
collected from Montagne des Sources, labelled asil&bon B (supposedi.

bernieri) and Population S (supposedlysubulata.

The two results were compared in order to confirmetute the putative

species determinations.

4.2.2 Material and methods

4.2.2.1 Morphological observations

Three populations oh. bernieriwere available for comparison (Riviere des Lacs,
Pic des Pins and Lac de Yaté) together with onelatipn of A. subulata(Dzumac).
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The list of herbarium samples available for the sneaments is given in Table 4.1.
The morphological information was obtained by measguthe leaf width and length
of both leaves on twigs and leaves on branchesnggire twigs (Fig. 4.3). Two sets
of observations were then made to detect the pcesgfrpapillae on the margin of
the leaf and stomata on the adaxial surface ofetife(Fig. 4.2 and 4.3). Due to
variation in the leaf morphology of juvenile, shddgd adult foliage, the

observations focused solely on adult specimens.

In order to check whether the species measuredipadicantly different
character means, an analysis of variance (ANOVA9 be&run on the datasets using
Minitab v.14 (Minitab Inc.). The null hypothesisrfeach test was that the sets of
data had the same mean. This was rejected whe@eOB (probability of the null

hypothesis being true less than 5%).

4.2.2.2 Molecular data

The list of samples used for the molecular analgsggven in Table 4.2. The
molecular data are based on a set of chloroplagbsatellite markers obtained from
thetrnS4rnFm andpsbA-trnH regions (Chapter 2). For each population betvéeen
and 10 samples were scanned for the three michatestelhe chloroplast molecule
being non—-recombinant, the results of the thre&kenamwere combined in one final
haplotype. Chapter 2 also revealed the existehcnucleotide variants in the
chloroplast regiopsbA-trnH. 2 samples from each population of Montagne des

Sources were sequenced for comparison.

4.2.2.2.1 DNA extraction

DNA was extracted from 0.5¢g of silica dried leafteral using Plant DNeasy kit
(Qiagen, UK). Leaf material was placed in a 1.%eppendorf tube and frozen by
immersion in liquid nitrogen. DNA was extractedléoling the manufacturer’s

instructions using all the steps
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Collector's

Species name Collector Country Origin Barcode
number
Lo New Caledonia Royal Botanic
A. bemieri Araucaria Expedition 361 Lac de Yate, NC Garden of Edinburgh 00141606
L New Caledonia Royal Botanic
A. bemieri Araucaria Expedition 362 Lac de Yate, NC Garden of Edinburgh E00141605
L New Caledonia . . Royal Botanic
A. bemieri Araucaria Expedition 669 Pic des Pins, NC Garden of Edinburgh 00137601
L Third New Caledonia - Royal Botanic
A. bernieri Araucaria Expedition 4001 Riviere des Lacs, NC Garden of Edinburgh E00166489
A. bernieri H. S. McKee 15393 Riviere des Lacs, NCNeW York Botanical -
Garden
New Caledonia Royal Botanic
A. subulata Araucaria Expedition 679 Mont Dzumac, NC Garden of Edinburgh E00131569
New Caledonia Royal Botanic
A. subulata Araucaria Expedition 680 Mont Dzumac, NC Garden of Edinburgh E00137880
New Zealand, DSIR,
A. subulata Gordon McPherson 5039 Mont Dzumac, NC Botany division -
A. subulata Gordon McPherson 5038 Mont Dzumac, NC New Zealand.' .DSIR’ -
Botany division
. Third New Caledonia Montagne des Royal Botanic
Population B Araucaria Expedition 4212 Sources, NC Garden of Edinburgh 00166507
. Third New Caledonia Montagne des Royal Botanic
Population S Araucaria Expedition 4258 Sources, NC Garden of Edinburgh E00166512
. Third New Caledonia Montagne des Royal Botanic
Population S Araucaria Expedition 4261 Sources, NC Garden of Edinburgh E00131781

Table 4.1: List of herbarium material examinedAobernieri A. subulataand the
individuals of Population B and S

. . Collector Number of
Species Locality Collector
number samples
A. bernieri Lac de Yaté New Caledonia Araucaria 369-375 7
) Expedition
A. bernieri Pic des Pins New Caledonia Araucaria 669-678 10
Expedition
A.bernieri  Riviere des Lacs Third New Caledonia 4000-4009 10
Araucaria Expedition
New Caledonia Araucaria
A. subulata Dumac Expedition 679-687+689 10
Population B Montagne des Third NQW Caled_o_nla 4266-4275 10
Sources Araucaria Expedition
Population S Montagne des Third New Caled_o_nla 4251-4260 10
Sources Araucaria Expedition

Table 4.2: List of material sample use for the roolar analysis foA. bernierj A. subulataand
the individuals of Population B anc
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Stomata distribution:

I: basal

a II: Up to middle or % of the leaf
b lll: Up to the apex of the leaf

a: Measure of the leaf length
b: Measure of the leaf width

Fig. 4.2: Diagram showing the three types of stanaggtribution of stomata on
adaxial face of leaves as well as the type of nreasent made on leaves

e Twigs

Branches bearing the
twigs

Fig. 4.3: Diagram showing the two part of the tnd®se leaves were measured: the
branches bearing the twigs and the twigs
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4.2.2.2.2 Microsatellite analysis (AP1, AP2, AP3,9BA)

For the PCR, 1l of DNA was combined in a 10 PCR with Jul of 10X NH, buffer
(Bioline), 1ul of dNTPs (2uM), 0.4 ul of 50mM MgCb, 1 ul of each primer,
0.25units of Biotag DNA polymerase (Bioline) an@%yl of distilled water.

The amplifications were performed in a MJ Rese&Tl-200 Thermal
Cycler with a first denaturising step of 12 mirDat°C, followed by 30 cycles [15s of
denaturising at 94 °C, 15s of annealing at 60 ¥2&3 of extension at 72 °C, with a
final extension step of 72 °C for 30 min (Griegtal, 2001).

Microsatellites were run with the size standard d6@he CEQ8000 Beckman
sequencer. Electropherograms were analysed usrgdfault parameters in the
Fragment Analysis module of the CEQ software paekeagsion 8.0.

4.2.2.2.3 DNA sequencingrinS-Fm, psbA-H)

DNA analyses were run on a sample of 5 to 10 indials per population.

* Polymerase chain reaction

For the polymerase chain reaction (PCR)| & DNA were added in a 50l PCR
containing pl of 10X NH, buffer, 51l of 2mM dNTPs, 2.4l of 50mM MgCl, 1.5
of each 1QM primer, 1.25units of Biotaq polymerase (Bioling) and 32.%l of

distilled water.

The amplifications were performed in a MJ Rese&Tl-200 Thermal
Cycler with a first denaturising step of 4 min dt°€, followed by 30 cycles [45s of
denaturing at 94°C, 45s of annealing (Ta showrainld 2.4) and 1-4 min of
extension at 72 °C, with a final extension steg2fC for 10 min (Griveet al,
2001). PCR products were purified using the Qidq&®€R purification kit (Qiagen,

UK) according to the manufacturers’ instructions.
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* Sequencing reaction

Sequencing was performed in both directions ugiegsame forward and reverse
primers as the PCR. For the sequencing reactiohpflDNA was combined in a 10
ul PCR containing @l of Quickstart DTCS mix (Beckman Coulter, UK)ullof 10
uM primer and 4ul of distilled water. The PCR conditions were aéofes: 35 cycles
of [20 sec at 98C, 20 sec at 5, 4min at 60C].

» PCR sequencing purification

For each reaction, 1@ of distilled water was added to the {lOPCR product, which
was then transferred to a fresh 0.5 ml tube comgifpl of “stop solution” (1.5M
NaOAc + 50 mM EDTA) and il of 20mg/mL glycogen. 6Ql of 100% cold (-20°C)
ethanol was then added to each reaction, mixedghiyg centrifuged in a
microcentrifuge (~13 000 rpm) at 4 °C for 15 miogtecipitate the DNA. The
supernatant was removed, and 200f cold ethanol (70%) were added to wash the
pellet then the tubes were centrifuged in a mianodege (~13000 rpm) for 5 mins.
The ethanol wash was repeated a second time. Tleépas dried in a vacuum
centrifuge for 2-5 mins and resuspended ink& Sample Loading Solution
(Beckman Coulter, UK).

. Sequencing electrophoresis, trace analyses, arkrassembly

Sequences were run on a Beckman CEQ8000 sequemntanalysed using the
Default Analysis parameters from the Analysis medfithe CEQ8000 software
version 8.0. Pre-peak reduction was applied wheygrea slippage occurred.
Analysed sequences were exported into Sequenctiease version 4.5 for
automated alignment. The alignment was then checlatially. The completed

matrix was saved as a Nexus file.
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4.2.3 Results

4.2.3.1 First set of observations: quantity of morpological and molecular
variation due to species identity

o The morphological data

The lengths of the leaves are biggeAirsubulatasamples with an average size of
4.02 mm on the branches bearing the twigs and 3.88mthe twigs against
respectively 1.06 and 2.9 mm#An bernieri(Fig. 4.5, Table 4.3). However the
analysis of variance showed that the leaf lengttherbranches bearing twigs was
significantly different (fF&=44.54, P<0.001) in the two species whereas tliddergth
of the twigs was not (=2.43, P<0.17) (Table 4.5 a and b). The leaf wafttwigs
and branches bearing twigs are almost the santineitwio species with a size range

between 1 and 2 mm.

The stomata distribution varies slightly betweeattho species. The rows of
stomata tend to go to the apex of the leaves oadhgial face irA. subulata.
However it stops around mid-leaf A bernieri sometime reaching % of the leaf but

almost never reaching the apex.

a The molecular data

Five haplotypes were found over all the populati@reble 4.6, 4.7 and Fig. 4.8). The
population ofA. bernierishared haplotype 2, 3 and 4, whereas the indilschfahe

population ofA. subulatashared haplotypes 1 and 5.
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Leave length  Leaf width of .
Leaf length of  Leaf width of

) of the branch the branch ) ) Number of Number of
Species ) ) the twigs the twigs ) )
bearing the bearing the population specimen
) . (mm) (mm)
twigs (mm) twigs (mm)

A. bernieri 1.06 +0.16  1.05+0.15 2.9+0.86 1.36 +0.29 3
A.subulata 4024093  1.23+0.24  3.82+1.04  1.42+0.39 1 4

Table 4.3: Summary of the result obtained from Aedm material observations Af
bernieri andA. subulataeach result is based on an observation of 10oraridaves on each
specimen). The full details are given in ANNEXE 4.1

Leave length of  Leaf width of

Speci the branch the branch Leaf length of Leaf width of Number of  Number of

ecies

P bearing the bearing the the twigs (mm) the twigs (mm) population  specimen
twigs (mm) twigs (mm)

PopulationB 22 +0.4 1+0.0 3.2 0.74 1+0.0 1 1

Population S 1 07 +0.17 1+0.0 3.35 +0.79 1.10.2 1 2

Table 4.4: Summary of the result obtained from Agdm material observations of
Population B and S (each result is based on amadigsn of 10 random leaves on each
specimen). The full details are given in ANNEXE 4.1

Source of variation DF SS MS F P Pooled St Dev
Between species 1 17553 17553 4454 0.001 0.6277
Within species 6 2364 0.394

Total 7 19.917

Table 4.5a: One way ANOVA run on the dataset ofi¢laé length of the branch
bearing the twigs measures of the populations. dfernieriandA. subulata

Source of variation DF SS MS F P Pooled St Dev
Between species 1 1711 1.711 2.43 0.17 0.8394
Within species 6 4.228 0.705

Total 7 5.939

Table 4.5b: One way ANOVA run on the dataset ofléad length of the twigs
measures of the populationsAfbernieriandA. subulata
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Fig. 4.4: Details of the leaves of an
individual from the population S.

The stomata rows on the abaxial

. surface are easily visible and don’t

go up to the apex of the leave
(X6.5)

Fig. 4.5: Details of leaves on the

first axis (small, and close on the

axis) of A. bernieri(X4) Q

Fig. 4.6: Details of a leaf of an
individual from population B.
Stomata are clearly visible as white
rows up to the middle of the leaf (X
6.5)

Fig. 4.7: Details of the margin of
the leaves of an individual from

b_ population B. Barely any papillies

are visible (X40)



Haplotype AP1 AP2 M13 Populations

8 9 1 Dzumac, Population B

8 9 2 Riviere des Lacs, Lacs de ¢afic des Pin:
Population S

9 9 2 Lacs de Yate

8 11 2 Riviere des Lacs
8 10 1 Dzumac
Table 4.6: composition of the haplotypes foundirernierj A. subulataand the individuals

of Population B and S, and nucleotide changesdpsbA-trnH region, as well as their
distribution among the populations

6 Montagne des Sources

Population S
Dzumac

A. subulata

Riviére des Lacs
A. bernieri

Lacs de Yaté
A. bernieri

731 Montagne des Sources
7.3.2 Population B

Fig. 4.8: Distribution map of the haplotypes foe fpopulation ofA. bernierj A.
subulat: and the Population B and
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Taxon Population Name 1 2 3 4 5 Total
A. bernieri Lacs de Yaté 0 6 1 0 O 7
A. bernieri Pic des Pins 0 10 0 O O 10
A. bernieri Riviére des Lacs 0 9 0O 1 O 10
A. subulata Dzumac 8 0 O 0 2 10
- Population B 10 0 0O 0 O 10
Population S 0 10 0 O O 10

Table 4.7: Distribution of the haplotypfs A. bernierj A. subulataand the
individuals of Population Band S

Taxon Populations Site 156 Site 473
A. bernieri -
Riviere des Lacs, Lacs de yate, C G
Pic des Pins
A. subulata Dzumac T A
Population S T A
Population B C G

Table 4.8: List of nucleotide changes in gedA-trnH region forA. bernieri A.
subulataand the individuals of Population B and S.

The individuals ofA. bernierj whichwere sequenced, showed the nucleotide pair
C/G at sites 156 and 473 of thgbA-trnH region, whereas the individuals Af
subulatahad T/A at the corresponding sites (Table 4.8).

4.2.3.2 Second set of observations: observationsicerning the two
populations of Montagne des Sources

o The morphological data

For adult foliage the leaf lengths of the branabres$wigs are higher in Population B
(with an average of 2.20) than in Population S (me@7 mm (Table 4.4). The
results forA. bernieriandA. subulatahave already shown that the leaf length on the
branches bearing the twigs was significantly déferin the two species. In order to
see if the specimens from each population haveetelangths similar to one of the

two species, we can calculate the 95% confiderteevial for the leaf length in each
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species (Dytham, 1999). The upper 95% confidenesgvial forA. berneriis 1.06 +
1.96x 0.6277= 2.29. The lower 95% confidence irgkfor A. subulatas 4.02 —
1.96 x 0.6277= 2.79. The mean value for the sieghaple from population B = 2.2
mm falls within the 95% confidence interval #berneribut notA. subulata The
mean values for the two samples from populationeSLaand 1.15 mm and fall
within the 95% CI ofA. bernieribut notA. subulata.

The presence of papillae is variable in both paputa (Fig. 4.7), but the
stomatal distribution on the adaxial face of thevks goes up to the apex in

Population B (Fig. 4.6) whereas it usually stopl$ Way in Population S (Fig. 4.4).

o The molecular data

Only two haplotype were found in the study (Tahl& 4.7 and Fig. 4.8). Individuals
of Population B only had haplotype 1, whereas iitiligls of Population S had only
haplotype 2. The two individuals of Population Bjsenced had T/A at the site 156
and 473 of the chloroplast regipsbA-trnH, whereas the individuals of Population S
showed the nucleotides C/G (Table 4.8).

4.2.4 Discussion

The leaf lengths of the branches bearing twigséntivo doubtful populations fell
into the 95% CI ofA. berneri However, it is noticeable that the Cl was quitghh
due to the limited number of samples available @gt, 1999). Thus, though the
specimen of Population B fell within the 95% ClAafbernierj this information is to
be interpreted with caution as no measures #oimerneriever reached 2 mm,
whereas they do in the specimen of Population B. Sitbmatal distribution was
similar between individuals &. subulataand Population B, and between the
individuals ofA. bernieriand Population S. Therefore, on the basis of naqgical
observations, Population B seems to belon§.tsubulataand Population S tA.

bernieri.
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The molecular data agreed with this statemenbasiiBtion B shared the
haplotype 1 with the population of Dzumacfofsubulatawhen Population S shared
the haplotype 2 with all 3 populationsAfbernieri

In this case, the molecular data is giving supfmthe morphological observation
and reinforcing the determination of the two popiales. There is no overlap in the
haplotype distribution, which suggests that thexe been no hybridisation between
the two populations. Therefore, the populatiorhaténtrance of Montagne des
Sources seems to Be berneriand the population down in the valley seems té.be

subulata

The main problems of species determination with tio species often result
from their tall size and similar tree shape whiah make them difficult to
distinguish, as well as their impenetrable habitdtich can prevent sampling. In
order to avoid any confusion in the future betwtentwo species and to confirm the
identity of either &A. subulataor A. bernieri observations of the leaf lengths from
the branches bearing the twigs should be doneeifiétd or on herbarium material.
In addition the presence of the two nucleotides\ghaA/T in thepsbA-trnH region
can be used as an autapomorphg.ofubulatalt should however be noted that the

C/G sequence is not restrictedXobernieri
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4.3 Is the record of the inland population ofA. luxurians correct?

The second doubtful population was sampled in Gaindeu (Fig. 4.12). Local
authorities (Papineau, pers. comm., 2001) indicttegresence of an inlaid
luxurianspopulation in the forest of Col d’Amieu. This spechas so far only been
found in coastal localities (Fig. 4.9) and the tease of an inland population was
considered as unlikely. However in 2002, a plamtepulation of another coastal
speciesA. columnariswas observed alongside the road of Col d’Amike tall

trees are used as safeguard to prevent cars fitbng fdown cliffs) (the localities for
A columnarisare listed in Fig. 4.10). Furthermore in 2003, lslatéet al. stated that
the population in Col d’Amieu population was acty@l. biramulata(Fig. 4.11). In
order to resolve the identity of this populatiopesimens of the population collected
during fieldwork in 2002 were analyzed with molesnulools in order to compare the
result with other populations of the three specié® morphological characters of
the population were not be used in this study bezanly low branches were
collected for this locality due to bad sampling ditions. The foliage of these shaded
branches shows juvenile characters which are gimilall three species, and

therefore cannot be used to discriminate the specie

4.3.1 Approach

The first set of analyses was done on populatiés biramulata A. columnaris
andA. luxuriansfrom the database of the Royal Botanic Gardenlitdgh. The
second set of examinations was conducted on sarnpfashe population collected
in Col d’Amieu. The two results were compared idesrto draw conclusions on the

species identities.
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Fig. 4.12: Photo of thAraucariapopulation of Col d’Amieu (Photo
credit: the author)

number
species locality collecto collector number of
samples
Population A La Foa Kettle © 9 Kranitz 55-61+65 9
. Third New Caledonia
A. luxurians Botamere Araucaria Expedition 4014-4023 10
A. luxurians Plum New Caledania 930+935+940+943+946+947+954 7
Araucaria Expedition
A. biramulata Foret Nord Kettle (I\:/| ‘]L'; Kranitz 99-106 8
A. biramulata Mont Do Third N‘?W Caled_o_nla 4081-4089 9
Araucaria Expedition
. Baie des Third New Caledonia
A. columnaris Tortues Araucaria Expedition 514 10
A. columnaris Baie d'Oro Kettle C. J. 121-130 10
A columnaris  PortBoisé et © 9 Kranitz 730-739 10

Table 4.9: List of samples use for the moleculadgifA. biramulatg A.
columnarisandA. luxurians
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4.3.2 Material and methods

The populations used for comparison (Table 4.9pv@rated at:
* Forét Nord (FND) and Mont Do (MDO) f&k. biramulata

» Baie d’Oro (ORO), Baie des Tortues (BDT) and PaisB (PBS) foA.

columnaris

* Plum (PLU) and Botaméré (BOT) fav. luxurians

The molecular data were derived from a set of thrderoplast microsatellite and
one minisatellite marker obtained from theS-+rnFm andpsbA-trnH regions
(Chapter 2, Chapter 4, case study 1). For eachlgiog, ten individuals were
scanned for the four markers (AP1, AP2, AP3, MIBk results were then
combined into one final haplotype. Chapter 2 had atvealed the existence of a 2-
nucleotide variant in the chloroplast regtonS4rnFm. 2 samples from the

population of Col d’Amieu were therefore sequentmedcomparison.

4.3.2.1 Microsatellite/Minisatellite analysis (AP1AP2, AP3, M14)

Details of the analysis are given in page 101, gaaph 4.2.2.2.2, Chapter 4, case
studyl

4.3.2.2 DNA sequencingt(nS-Fm, psbA-H)

Details of the analysis are given in page 101, gaaph 4.2.2.2.3, Chapter 4, case
study 1
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4.3.3 Results

4.3.3.1 First set of observations: quantity of morpological and molecular

variation due to species identity

The AP1 microsatellite had 2 alleles, the AP2 nsatellite had 2 alleles, the AP3
microsatellite was invariant, and the M13 minidétehad 2 alleles (Table 4.10 and
4.11). Among the studied populations, six differeaplotypes were found. Their
distribution among the different populations iswkd on Fig. 4.13. The populations
of A. columnarisandA. luxuriansshared the haplotypes 3, 4 and 5 and the
populations ofA. biramulatashared the haplotypes 1 and 2. The two individuals
sequenced oA. luxuriansandA. columnarisshowed the nucleotide A/T at the site 3
and 185 of thérnS4rnFm region, whereas the individualsAfbiramulatashowed
C/C.

4.3.3.2 Second set of observations: observationsicerning the population of
Col d’Amieu (Population A)

Two haplotypes were found in the population of @&limieu, haplotype 3 and 4.
The sequences for the chloroplast redrois-trnFm were A/T at sites 3 and 185.

4.3.4 Discussion

The population of Col d’Amieu shares two haplotypéth the populations of Baie
d’Oro, Botaméré, Plum and Port Boise. It sharebapotype with the populations
of Mont Do and Forét Nord. It is mostly probablattthe samples collected in Col

d’Amieu belonged to the coastal species group.oMasall morphology of the tree
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Haplotype [AP1 | AP2 | AP3 [ M13 | Sgl1 | Sq2 Population showing the haplotype
1 8 9 6 2 C C Forét Nord, Mont Do
2 8 9 6 1 C C Mont Do
3 8 9 6 1 A T Baie des Tonuslsl;r?}jag‘;irlgt,igﬁﬁ dOro, Port Brse,
a 8 10 6 1 A T Botaméré, Baie d'Oro, Zort Boisé, Plum, Populafion
5 9 10 6 1 A T Botaméré
6 9 9 6 1 A Botaméré

7.3.3 Table 4.10: Haplotype composition of the papoihs ofA. columnaris,
A. luxuriansandA. biramulata

Taxon Population name 1 2 3 4 5 6 Total

A. columnaris Baie des Tortues 0 0 10 0 0 0 10

A. columnaris Baie d’Oro 0 0 7 3 0 0 10

A. luxurians Botaméré 0 0 2 6 1 1 10

A. biramulata Forét nord 3 5 0 0 0 0 8

A. biramulata Mont Do 0 9 0 0 0 0 9

A. columnaris Port Boisé 0 0 7 3 0 0 10

A. luxurians Plum 0 0 2 5 0 0 7
Population A 0 0 8 1 0 0 9

5.3.1 Table 4.11: Distribution of haplotypes amppogulations ofA. columnaris, A.
luxuriansandA. biramulata

Botaméré

POPULATION ‘A’ A. luxurian,
Baie des tortue
A. columnaris

Mont Do
A. biramulata

Forét Nord
A. biramulata

£
' ;
Plum J: dr e

A. luxurians

Port Boisé

A. columnaris Baie d'Oro
i A. columnaris

Fig. 4.13: Distribution of haplotypes among popiakas ofA. columnaris, A.

luxuriansandA. biramulata
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suggest the species might be eithecolumnarisas other tree have been observed
in a cultivated state alongside the road or inlmeaillages, orA. luxurianswhich

has a similar tree shape. In order to be certatheif identity, a collection of adult
material would be useful. It is not possible eitteetell them apart on the basis of the
foliage of lower branches, or on the current mdicdata, as the chloroplast types
are identical in both coastal species and are prés¢he population of Col

d’Amieu. An extensive collection of the adult leavfeom higher part of the trees
(with proper material adapted to high sampling étiorals) would be appropriate.
However, the presence of an inland population fgpecies with a known coastal
distribution is interesting from an evolutionaryggective. Jaffré (pers. comm.,
2002) suggested that the original habitaAducariawas inland forests and the
presence of these species in coastal localitiektrhigve been a secondary
adaptation. This statement is supported by anaih@tar case known from an inland
population ofA. nemorosan Foret Nord. It would be worth investigating wiher
these two inland populations show greater genetersity. As chloroplast data
failed to reveal much variability, nuclear DNA shabe tried next. Microsatellite
primers have been developed for Araucaria speBiebdrtsoret al.,2004) and have
already been used @n nemorosandA. columnarigKettle, unpublished data).
However, it cannot be ruled out that the Col d’Ampopulation is simply derived

from seed dispersed from the near-by planted ptipalaf A. columnaris

116



4.4 Is the north/south distribution of A. rulei and A. muelleri a reality or is

there cryptic overlap in the range of these speci@s

Populations oA. rulei are usually small and dispersed on ultramafic saokd soils

of the Main Island (Fig. 4.15). These populatioagdhundergone an estimated
decline of more than 40% due to the expansion afngiactivities and their
regeneration is quite poor and very slow. Addinghis is the pressure due to
repetitive wild fire. As a resulf. ruleihas been classified among the endangered
species under IUCN criterion C1 (Watt, 1999). Hoarethis species is not protected
in any current reserve and its conservation hasrhea priority. Both the Société
Miniere le Nickel and the Société Miniere Goro Netkave started the development
of a nursery program on several mining sites, deoto reintroduce the species in
non-exploited soil. Lately, there has also beeongaition of uncertainty concerning
the status oA. muelleri(Manautéet al, 2003).A. muellerihas been considered as
restricted to the south of the Island (Fig. 4.14)like A. rulei, this species is present
in a few natural reserves (e.g. Montagne des SsuRigiére Bleue), and has
therefore been labeled as a Lower Risk speciesdiy {4999). Nevertheless Manauté
et al (2003) stressed that this species is being endathge the Southern massif and
should have a revised status. In such a contexgxtstence of populations of

uncertain identity is an important matter and stidod dealt with.

During two periods of fieldwork in 2001 and 2008uf populations were
sampled. These were in the locality of Bwa Meyutl@road between Kouaoua and
Houailou, on Mt Dzumac on the Ouinee side of tie, & Le Trou, and finally in
Mamié (Fig. 4.16). These populations were suspdacde eitheA. ruleior A.
muelleri It was therefore important to confirm or not firesence ofA. muelleriat
such a high latitude as Bwa Meyu and check thereatithe population at Ouinée,

Le Trou and Mamié to clarify the distribution oee species. One of the aims of this
study was to identifying taxon specific marker®ider to strengthen future

conservation measures.
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4.4.1 Approach

In order to study these problems, a first set alys®es were conducted on available
populations ofA.rulei andA. muellerifrom the database of the Royal Botanic Garden
Edinburgh. The second set of studies was carriedrogamples from the four
populations at Bwa Meyu, Ouinée, Le Trou and Mami& two sets of results were

compared in order to draw conclusions as to theispédentities.

4.4.2 Material and methods

To assess general differences in morphologicahamiécular characters, individuals
were selected from a range of populations to enessthe geographical range of

the two species.

For the molecular analyses, 3 populationg omuelleri( Koghis, Montagne des
Sources, Pic des Pins), and 6 popé.afulei (Bogota, Boulinda, Camps des Sapins,
Kopéto, Poro, Thiebagui) were sampled as well addbr populations of Le Trou,
Mamié, Ouinée and Bwa Meyu. The list of all specimes given in the appropriate

sections.

4.4.2.1 Morphological observations

The list of herbarium samples available for morplgatal measurement is given in
Table 4.12. Herbarium specimens from the 4 popariatofA. muelleri( Koghis,
Montagne des Sources, Mont Mou, Pic des Pins)5gmapulations oA. rulei
(Bogota, Camps des Sapins, Riviere des Lacs, Farebagui) were obtained from

the Royal Botanic Garden of Edinburgh. Materiatsrfrthese populations were
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Collector's

Species name number Collector Country Origin Barcode
A. muelleri 7 Cretinon L. & Gardner M. F. Koghis E00107129
} Gardner M. F., Herbert J., . Royal Botanic Garden
A. muelleri 919 Hollingsworth P. M. , Ponge A. Koghis of Edinburgh E00137435
’ Gardner M. F., Herbert J., . Royal Botanic Garden
A. muelleri 1024 Hollingsworth P. M. , Ponge A. Koghis of Edinburgh E00137433
. Royal Botanic Garden
A. muelleri 3554 H. S. McKee Mont Mou of Edinburgh E00070963
. Gardner M. F., Herbert J., . . Royal Botanic Garden
A. muelleri 653 Hollingsworth P. M. . Ponge A. Pic des Pins of Edinburgh E00137598
M. F. Gardner, M. L. Hollingsworth, .
A. muelleri [T?%%Q] P. M. Hollingsworth, C. J. Kettle, M. Moggaugrzgsdes Royﬁic Ié(c)jtiigt:rGharden E00119771
Kranitz, J. Manauté & P. Thomas 9
M. F. Gardner, M. L. Hollingsworth, .
A. muelleri [T?[\(l)%/?'\] P. M. Hollingsworth, C. J. Kettle, M. Moggaugrggsdes Royﬁlf I;gtiﬁgerharden E00166516
Kranitz, J. Manauté & P. Thomas g
M. F. Gardner, M. L. Hollingsworth, .
A. muelleri [Té\(lﬁg\] P. M. Hollingsworth, C. J. Kettle, M. Moggtgrg:sdes Royﬁlf I;gtiigerharden E00166515
Kranitz, J. Manauté & P. Thomas 9
. Gardner M. F., Herbert J., Royal Botanic Garden
A. tulei 241 Hollingsworth P. M., Ponge A. Bogota of Edinburgh 00141268
. Gardner M. F., Herbert J., Royal Botanic Garden
A Tulei 242 Hollingsworth P. M., Ponge A. Bogota of Edinburgh 00141270
. Gardner M. F., Herbert J., Royal Botanic Garden
A Tulei 1040 Hollingsworth P. M., Ponge A. Bogota of Edinburgh E00141269
. Gardner M. F., Herbert J., . Royal Botanic Garden
A ulei 31l Hollingsworth P. M., Ponge A. Camps des sapins of Edinburgh E00137883
. Gardner M. F., Herbert J., . Royal Botanic Garden
A rulei 312 Hollingsworth P. M., Ponge A. Camps des Sapins of Edinburgh E00141033
A. rulei 86 Cretinon L. & Gardner M. F. Poro Royal Botanic Garden 447153
of Edinburgh
. Gardner M. F., Herbert J., Royal Botanic Garden
A. tulei 194 Hollingsworth P. M. , Ponge A. Poro of Edinburgh E00137878
M. F. Gardner, M. L. Hollingsworth, .
A. rulei (Al P.M. Holingsworth, C. J. Kettle, M. Riviere des Lacs v, BOIBNC Garden  qq1564g4
Kranitz, J. Manauté & P. Thomas 9
. Gardner M. F., Herbert J., . . Royal Botanic Garden
A Tulei 38 Hollingsworth P. M., Ponge A. Thiebagui of Edinburgh E00141839
. [TNCA] Gardner M. F., Herbert J., Royal Botanic Garden
Population 1 870 Hollingsworth P. M., Ponge A. Le Trou of Edinburgh 00137600
. Gardner M. F., Herbert J., L Royal Botanic Garden
Population 2 331 Hollingsworth P. M., Ponge A. Mamie of Edinburgh 00141384
) Gardner M. F., Herbert J., i Royal Botanic Garden
Population 2 333 Hollingsworth P. M., Ponge A. Mamié of Edinburgh E00141379
M. F. Gardner, M. L. Hollingsworth, .
Population 3 [TZNZ%';‘] P. M. Hollingsworth, C. J. Kettle, M. Ouinée Royﬁlf léc(;tiﬁgll::rGharden E00131815
Kranitz, J. Manauté & P. Thomas 9
M. F. Gardner, M. L. Hollingsworth, .
Population 3 [T2NZ%¢] P. M. Hollingsworth, C. J. Kettle, M. Ouinée Royz:c Ecc)jtiigllj:rGharden E00131810
Kranitz, J. Manauté & P. Thomas 9
M. F. Gardner, M. L. Hollingsworth, .
Population 3 [TZNZCS:?_‘] P. M. Hollingsworth, C. J. Kettle, M. Ouinée Royz:c E?jtiigerharden E00131817
Kranitz, J. Manauté & P. Thomas 9
M. F. Gardner, M. L. Hollingsworth, .
Population 4 [T‘%%g\] P. M. Hollingsworth, C. J. Kettle, M. Bwa Meyu Royi E‘éﬁgﬁreharden E00166511
Kranitz, J. Manauté & P. Thomas 9
M. F. Gardner, M. L. Hollingsworth, .
Population 4 [TEL%E\] P. M. Hollingsworth, C. J. Kettle, M. Bwa Meyu Royﬂc Egtiizﬁ:r(}harden E00166508
Kranitz, J. Manauté & P. Thomas 9
M. F. Gardner, M. L. Hollingsworth .
. [TNCA] oo ’ Royal Botanic Garden
Population 4 4111 P. M. Hollingsworth, C. J. Kettle, M. Bwa Meyu of Edinburgh E00166487

Kranitz, J. Manauté & P. Thomas

Table 4.12: List of the herbarium material/fruleiandA. muelleri
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compared with material from populations of unceridentity: Le Trou, Mamié,

Ouinée and Bwa Meyu.

The morphological information involved measuremathe leaf width and
length of the leaf of twigs (Fig. 4.2 and 4.3, casely 1). Two sets of observations
were then made concerning the presence of papitidee margin of the leaf and
stomata on the adaxial surface of the leaf (F@. dase study 1). The study only
included adult specimens.

In order to check whether the measures observesl $ignificantly different
means an analysis of variance (ANOVA) was run endatasets using Minitab v.14
(Minitab Inc.). The null hypothesis for each tests that the sets of data had the

same mean.

4.4.2.2 Molecular data

Populations were sampled within a broad geograatmge for both species (Table
4.16). The molecular data were derived from a ehloroplast
microsatellite/minisatellite markers obtained fradm trnS4rnFm andpsbA-trnH
regions (Chapter 2; Chapter 4, case 2). For eaptlation 10 samples were scanned

for the four markers.

Two sites with a single nucleotide variant wer@alstected in thpsbA-
trnH region (Chapter 1). In order to scan these &tegariation, the sequences
were input in Webcutter 2.0 (http://tools.neb.coafcutter? to identify which

enzyme would cut at the specified nucleotide badeCR-RFLP analysis was then

run using the two restriction enzymi&dhl andMsil.

The chloroplast molecule being non—recombinantréisalts of the four
markers and the PCR-RFLP analysis were combinecbim¢ final haplotype.

121



4.4.2.2.1 Microsatellites (AP1, AP2, AP3, PSBA)

Details of the analysis are given in page 101, gaaph 4.2.2.2.2, Chapter 4, case
studyl

4.4.2.2.2 RFLP pAdh1, Msi1)

e Stepl

For the psbA-trnH PCR, [l of DNA was combined in a 1248 volume with 1.25.l
of Taq Polymerase Buffer (Bioline), 1.2bof 2 uM dNTPs, 0.62%l of 50mM
MgCl,, 0.375ul of each primer, 0.3215 units of Biotaqg DNA polymase (Bioline)
and 8.125 ml of distilled water.

The amplifications were performed in a gradieni@ywith a first denaturising step
of 4 min at 94 °C, followed by 30 cycles [45s ohdwirising at 94 °C, 45s of
annealing at 60 °C and 3 min of extension at 72W@h a final extension step of
72°C for 10 min (Griveet al, 2001).

e Step?2

Both Adhl and Msil enzyme restrictions were perfethby adding 2.7l of psbA-
trnH PCR product with ul of NEBuffer (50mM NaCl, 20mM Tris-HCI, 10 mM
MgCl,, ImMI dithiothreitol, pH 7.9) supplied with thesteiction enzyme by
BioLabs Inc., 0.2% of the restriction enzyme and 2ubof distilled water.

Digestions were carried out for 2 h at 37 ° C.

e Step3

Digested fragments were separated and visualised266 agarose gel containing
3ul of ethydium bromide, and was run for 2 hours
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In order to see how the molecular characters defgneup of species, an analysis of

molecular variance (AMOVA) was run using Arlequid® (Schneideet al, 2000).

4.4.3 Results

4.4.3.1 First set of observations: quantity of morpological and molecular
variation due to species identity

o The morphological data

The leaf lengths of the twigs are generally lorigespecimens of\. muelleri
(average length above 22 mm) tharhirrulei, whose average leaf lengths rarely
exceed 20 mm except in the sample of Riviere des,hahere the average is 21.5
mm (Table 4.13). The width of the leafAn muelleriis generally twice the size of
those ofA. ruleiindividuals, except again for the population o¥iRie des Lacs. The
analysis of variance showed that the leaf lengthvaidth were significantly
different (respectively £=31.79, P< 0.0001 and z=21.32, P< 0.0001 ) in the
two species (Table 4.14 a and b)..

Stomata were observed only at the very base ddlihgial face of every
specimen oA. rulei (Fig. 4.18). On the other hand, All muelleriindividuals
showed abundant stomata covering going up to tbe apthe leaves (Fig. 4.17 and
4.17). Dispersed or absent papillae were obserediomly on the margin of every

population (Fig. 4.20).

o The molecular data

The three microsatellites of theS-trnFm chloroplast regions were variableAn

rulei andA. muelleri In A. rulei, 5 different alleles were found for AP1, 4 for AP2
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Mean of leave

Mean of leaf

Population length on the width on the twigs Numper of
Taxon h specimen
twigs (mm) (mm)
Koguis 27.06 +5.21 11.56 +3.3p 3
A. muelleri Mt des Sources 22.95 +4.42 9.33 #5.p1 3
Mt Mou 29 +1.79 14.7 +0.64 1
Pic des Pins 22.9 +2.38 13.2 +0.87 1
Bogota 15.57 £2.34 5.53 £1.28 3
Camps des Sapins 18.3 £1.38 5.65 +0(46 2
A. rulei Riviere des Lacs 21.5 +2.34 10.9 +0.28 1
Poro 15.7 +1.68 5.75 £1.22 2
Thiebagui 14.3 +1.42 5.8 +0.8[ 1
Populationl Le Trou 26.6 +3.3b 12.8 +1.33 1
Population2 Mamie 20.85 +3.60D 8.3 £3.35 2
Population3 Quinee 16.9 +3.06 7.67 £2.04 3
Population4 Bwa Meyu 22.6 £5.6p 7.47 £2.95 3

Table 4.13: Summary of the result obtained by absgrten random leaves of herbarium
specimen of population &. ruleiandA. muelleri The table also includes the results foi
four questioned populations (List of full detailegasures of specimen in ANNEXE 4.1)

Source of variation DF SS MS F P Pooled St Dev
Between species 1 3395 3395 31.79 0.0001 3.268
Within species 15 160.2 10.7

Total 16 499.6

Table 4.14a: One way ANOVA run on the dataset efléaf length measures of the
populations ofA. rulei and the populations @&. muelleri

Source of variation DF SS MS F P Pooled St Dev
Between species 1 150.78 150.78 21.32 0.0001 2.659
Within species 15 106.06 7.07

Total 16 256.84

Table 4.14b: One way ANOVA run on the dataset efl¢af width measures of the
populations ofA. rulei and the populations @&. muelleri

Source of variation DF SS MS F P Pooled St Dev
Between species 4 1915 479 244 0.103 4.426
Within species 12 235.1 19.6

Total 16 426.5

Table 4.15a: One way ANOVA run on the dataset efi#faf length measures of the
populations 1 to 4 and the populationsdoimuelleri

Source of variation DF SS MS F P Pooled St Dev
Between species 4 8759 219 2.21 0.129 3.145
Within species 12 118.69 9.89

Total 16  206.28

Table 4.15b: One way ANOVA run on the dataset efl¢af width measures of the
populations 1 to 4 and the population®domuelleri

Source of variation DF SS MS F P Pooled St Dev
Between species 4 162.2 405 3.1 0.054 3.617
Within species 13 170 13.1

Total 17 332.2

Table 4.15c: One way ANOVA run on the dataset efl#af length measures of the
populations 1 to 4 and the populationsdotulei
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Source of variation DF SS MS F P Pooled St Dev

Between species 4 4296 10.74 2.03 0.149 2.298
Within species 13 68.63 5.28
Total 17 111.6

Table 4.15d: One way ANOVA run on the dataset efl#af width measures of the
populations 1 to 4 and the populationgfotulei

Species Locality Collector Collector number Number of
samples
} . Gardner M. F., Herbert J., 895+913-917+888-
A. muelleri Koghi Hollingsworth P. M. , Ponge A. 889+893+896 10
Montaane des M. F. Gardner, M. L. Hollingsworth, [TNCA] 3000-[TNCA]
A. muelleri Sougrces P. M. Hollingsworth, C. J. Kettle, M.  3006+[TNCA] 4263-[TNCA] 10
Kranitz, J. Manauté & P. Thomas 4265
. . . Gardner M. F., Herbert J.,
A. muelleri Pic des Pins Hollingsworth P. M. . Ponge A. 633-639+662-663+666 10
A, rulei Bogota Gardner M. F., Herbert J., 241+244+246+249+250+254+ 10
) 9 Hollingsworth P. M. , Ponge A. 255+259-261
M. F. Gardner, M. L. Hollingsworth, [TNCA] 2571-[TNCA]
. . . 2574+[TNCA] 2593-[TNCA]
A. rulei Boulinda P. M. Hollingsworth, C. J. Kettle, M. 10
. ) 2594+[TNCA] 2596-[TNCA]|
Kranitz, J. Manauté & P. Thomas 2599
. Camp des Gardner M. F., Herbert J.,
A Tulei sapins Hollingsworth P. M. , Ponge A. 301-309+312 10
A. rulei Kopeto Kettle C. J., Kranitz M. L. 17-25+52 10
A rulei Poro Gardner M. F., Herbert J., 183-184+188-191+193- 10
) Hollingsworth P. M. , Ponge A. 195+207
: . . Gardner M. F., Herbert J.,
A. rulei Thiebagui Hollingsworth P. M. . Ponge A. 38+40-41+44-50 10
: Gardner M. F., Herbert J.,
Population 1 Le trou Hollingsworth P. M. . Ponge A. 858-877 10
Population 2 Mamié Gardner M. F., Herbert J., 331-336+341+345+348+362 10

Hollingsworth P. M. , Ponge A.

M. F. Gardner, M. L. Hollingsworth,
Population 3 Ouinée P. M. Hollingsworth, C. J. Kettle, M.  [TNCA] 2230-[TNCA] 2239 10
Kranitz, J. Manauté & P. Thomas

M. F. Gardner, M. L. Hollingsworth,
Population 4 Mine Bokaine P. M. Hollingsworth, C. J. Kettle, M.
Kranitz, J. Manauté & P. Thomas

[TNCA] 4110-[TNCA]

4118+[TNCA] 4126 10

Table 4.16: List of material sample use for theeuolar study oA. ruleiandA. muelleri
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and 2 for AP3. IA. muellerj AP1 showed 2 different alleles, 3 for AP2 an@8B f
AP3. The minisatellite M13 was variable in bdthmuelleri(2 alleles) and\. rulei
(2 alleles) and variation in the nucleotide seqeemas found in botA. muelleriand

A. rulei.

Overall, 13 haplotypes were retrieved (Fig. 4.24h[€ 4.17 and 4.18). The
individuals ofA. rulei showed the most polymorphism with nine differempliotypes
versus six foA. muelleri.The specimens from Kopeto and Poro were the ones
showing the highest number of haplotypes with @iféerent haplotypes. The
individuals from Thiebagui and Pic des Pins weeel#ast variable with only one
haplotype. Chloroplast type 2 and 6 were the maséspread irA. ruleiwhereas
chloroplast type 16 was dominantAn muelleri The individuals of Koghis and Pic
des Pins showed no chloroplast type in common tighspecimens fror. rulei
populations. The populations of Montagne des Saunee haplotype 2 and 9 in

common with som@. rulei individuals.

4.4.3.2 Second set of observations: observationsicerning the four
populations of uncertain identity

o The morphological data

The average leaf length for the four populatiomgea from 16.9 mm in Ouinee
samples to 26.6 mm in Le Trou’s individuals (Ta#l&3). The average leaf width
ranged from 7.47 mm in Bwa Meyu’s specimens to h28in Le Trou’s

individuals.

An analysis of variance was made for each set @Sorements in order to
test whether the four populations had significadtfferent leaf length or width from
A. muellerior A. rulei. The results are presented in Tables 4.15 altoehch case, P
was greater than 0.05 and the null hypothesisheemeans of each populations

tested are not different, was not rejected.
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Fig. 4.17: Details of the leaves of an
individual of A. muellerifrom the
population of Montagne des Sources
(NCO3 3006). The stomata on the
abaxial surface are easily visible in
white row on the picture. The scale is
in millimeters (X 6.50)

Fig. 4.18: Details of stomata rows on
the abaxial face of a leaf &£ muelleri
(NCO3 3006). (X40)

Fig. 4.19: Details of a leaf of an
individual A. rulei (TNCA] 5006).
Stomata are clearly visible as white
rows only at the base of the leaf. (X
6.50)

Fig. 4.20: Details of the margin of the
leaves of an individual from population
3 (NCO3 2233). Barely any papillies

are visible, as well as no stomata on the

top of the abaxial surface (X40)
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Fig. 4.20: Map of the haplotypes resulting from tleenbination of six molecular markers
A. ruleiandA. muelleri

Haplotype AP1 | AP2 AP3 M13 M1 M2 Population bowing th¢ haplotype
1 10 9 5 3 A A Camps des Spains
D 8 9 6 2 A G Populationl, Population Population 3, Bogota, Boulinc
Kopeto, Montagne des Sources
3 10 11 6 3 A A Kopeto
4 8 9 6 3 A A Population 2
5 8 9 6 2 G G Population 2
6 9 6 3 A A Population 2, Population 3, Poputati4, Bogota, Boulind
Camps des Sapins, Kopeto, Poro, Thiek
8 6 3 A G Population 1
10 6 2 A G Kopeto
Population 2, Population 3, Population 4, Bogot@n@s de
9 6 3 A A .
Sapins, Kopeto, Poro
9 5 3 A A Poro
10 6 3 A A Poro
9 6 1 G G Mont Koguis
9 7 1 A G Montagne des sources
10 6 3 A A Population 1, Population 4
9 6 2 A G Koghis
16 8 9 6 1 A G Koghis, Montagne des Sources, Pic des Pins
17 11 9 6 3 A A Population 4, Camps des Sapine, Poro

Table 4.17: Composition of each haplotypéofuleiandA. muelleri
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Taxon Population 1 2 3 4 5 6 7 8 9 10 11 12 13 145116 17 Total
A. muelleri Koghi 0 0 0O 0 O 0 0 0 © 0 1 0 0 2 7 0 10
A. muelleri Montagne des 0 1 0 0 7 0 10
Sources
A. muelleri Pic des Pins 0O 0 0 0O O 0O 0o 0o o0 ©O 0 0 0 0 0 1 0
A. rulei Bogota 0 5 0 0 o 4 0o 0 1 O 0 0 0 0 0 0 0 10
A. rulei Boulinda 0O 1 0 0 0O 6 O O 3 O 0 0 0 0 0 0 0 10
A. rulei Camp des
sapins 1 0 0 0 0 6 0 O 2 O 0 0 0 0 0 0 1 10
A. rulei Kopeto 0O 2 2 0 0 4 0 1 1 O 0 0 0 0 0 0 0 10
A. rulei Poro 0O 0 0 0 o 2 0 0 3 1 2 0 0 0 0 0 2 10
A. rulei Thiebagui 0 0 0 0 0 10 0 O O ©O 0 0 0 0 0 0 0 10
- Populatonl 0 8 0 O O 0O 1 0 0 O 0 0 0 1 0 0 001
- Populaton2 0 3 0 1 2 2 0 0 2 0 0 0 0 0 0 0 0 10
- Populaton3 0 3 0 0 O 3 0 0 4 0 0 0 0 0 0 0 0 10
- Populaton4 0 O O O O 2 0 O 6 O 0 0 0 1 0 0 1 10
Table 4.18: Distribution of the haplotypes amongudations ofA. ruleiandA.
muelleri
PERCENTAGE OF VARIATION
Groupe 1 = All Groupe 2 = All Among . o Number of
. ) Among populations Within )
A. rulei A. muelleri group of o ) . FST populations
) ) ) within group of species  populations
population + population + species
A Population 1 to 4 - 36,11 10,87 53,02 0.46980 9
B Population 2 to 4 Population 1 25,78 15,85 58,37 41627 9
C Population 1,3,4 Population 2 22,89 17,72 59,38 o@nz 9
D Population 1 to 3 Population 4 26,20 15,57 58,23 41075 9
E Population 1,2,4 Population 3 19,93 19,57 60,50 9803 9
F Population 1 Population 2 to 4 11,04 24,97 64,00 3603 9
G Population 2 Population 1,3,4 12,46 23,98 63,56 6413 9
H Population 4 Population 1 to 3 12,71 23,81 63,48 36919 9
| Population 3 Population 1,2,4 16,29 21,34 62,38 7623 9
J - Population 1 to 4 11,27 24,89 63,83 0.36168 9

Table 4.19: Successive results of the AMOVA redliggth two groups of species
(Group 1 and 2). Group 1 is a combinatiordofulei population and none to four of

the questioned populations. Group 2 is a combinaifd\. muelleripopulation and
none to four of the questioned populations
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The papillae distribution was random but the st@watre only observed at the base

of all the specimens.

o The molecular data

Overall from the four populations, 8 different hatgpes were retrieved (Table 4.17).
The specimens from Population 2 (Mamie) showedrtbst variability with 5
different haplotypes. Populations 1 and 3 werddhst variable with 3 different
haplotypes. Each population shared one to two camimaplotypes (haplotype 2 or
9) with theA. muelleripopulation of Montagne des Sources, but none tieh
populations from Koghis or Pic des Pins. PopulafBida 4 shared at least one
common haplotype with all th&. rulei populations, and population 1 shared one
common haplotype with 3 of the rulei populations (Kopeto, Boulinda and
Bogota).

In the analysis of molecular variance (Table 4.11%9,percentage of variation
among the group of species was the highest (36)Mitén all four unknown
populations were grouped wifh rulei (A). It was the lowest (11.27 %) when all
populations were grouped with muelleri(J). In addition the percentage of variation
within the group of species is the lowest (10.8A¥gn the populations are grouped
with theA. rulei populations (A). The level of variation within pdptions is stable

around 60 %.

4.4.4 Discussion

According to the morphological data, all four pagiidns showed stomata only at the
base of the adaxial face of the leaves, whichcisasacter found in the populations of

A. rulei. Although the size of the leaves is not signifibadifferent between the four
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populations and eithé. muellerior A. rulei, on the basis of the stomata distribution,

the four populations would be put in tAerulei group.

According to the molecular data, the four populagishow common
haplotypes with both species, however there are rafiinities between the four
populations’ haplotypes and the populationg&ofulei. The AMOVA confirmed that
variability between the species was maximized wtherfour populations where
attached ta@\. rulei. It seems appropriate to suggest that the fourlptipas belong

to A. rulei.

The presence of a particularly big leave size engbpulation of Le Trou
suggests possible hybridization between the twoiepeThe population of Le Trou
share one haplotype with the population of Montagdge Sources. However this
haplotype is also present in three of gheulei populations. In order to obtain more
information on possible hybridization, one of thexihsteps would be the use of
nuclear microsatellite markers. The primers devedoipy Robertsost al. (2004)
have already successfully been used.inulei and would therefore constitute a first

useful tool to deal with this question.

Nevertheless, the results demonstrated that thladistribution ofA.
muellerimight be more restricted than previously thougtat urther emphasis

should be made on the conservation of this species.

4.5 General discussion

New Caledonia has one of the richest conifer biediNies in the world. However,
the knowledge of this biodiversity is still incorepd and contains uncertainty, which
has retarded the conservation process. Thesedpeegs delimitation problems are
only one example among the wide number of problecoentered, not only in
Araucaria, but also in several other genera. The collectiofgerbaria are invaluable
resources for clarifying some species determinatiblowever they have their well-
known limits (e.g. limited number of specimens &lale, lost of the original colour,

desiccation and loss of shape, damaged materiakeid the addition of other data

131



from field observation and of course, molecularyses can greatly enhance the
studies. Not only are molecular data useful toatmorate morphological
observations, they can also compensate when nalalmorphological information
is retrieved from the observation of the samplénaucaria, despite the low level of
genetic variability retrieved in the previous claptelevant combinations of
molecular markers were still defined for specifairp of species. In the first case of
study, the molecular data were complementary tortbghological data as no
morphological observation was sufficiently differém enable identification of the
specimens. In the second case study, the morplealdgformation was totally
lacking and the molecular data were the only soafeéeformation. This resulted in
an ambiguity in the final determination of the spscin the third case of study, the
molecular data supported the morphological obsinvats the stomata distribution
was a robust morphological character to separaténth species. However more
work on the isolation of relevant molecular markenrsains to be done on specific
pairs of species lik&. montana/A. laubenfelsithe use of nuclear microsatellite
developed specifically for New CaledoniAraucariaby Robertsoret al. (2004)

seems the most appropriate next step to studyaietig distinction of the species.

This study has highlighted the weaknesses okonowledge of the genus and
the urgent need to update the flora. Such work la¢$os in conservation to assess
the genetic diversity of each population and warkmore efficient seed sampling
for nursery programmes. Watt (1999) made a reviethestatus of New Caledonian
Conifers, includingAraucaria Threats to several species were already pingbinte
and the creation of 12 new nature reserves wasmeemded in a conservation
perspective. In the Araucariaceae review of 2008naditéet al. (2003) also
suggested the revision of the status of some spemeong which wer&. muelleri
andA. luxurianswhose populations are being threatened by wilddive the
beginning of mining exploitation of the southeriséor nickel. This study
recommends an extensive review of the populatioWga@ucariain order to reassess

a proper conservation status for each species.
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CHAPTERS5 -  An overview of the biology andaxonomy of New

CaledonianAraucaria

51 Introduction

Previous chapters have highlighted the problenspeties delimitation,
identification and low genetic divergence existbeween the New Caledonian
Araucaria One of the main problems in working with thesecgs is the dated
nature of their account in the Flora of New CaleddbelLaubenfels, 1972). Since
the completion of the flora (published in Frenatgw localities have been
discovered and further herbarium material has lbe#acted and studied, and
additional papers have been published. Particuiambprtant works are those of
Veillon (1978) who used produced a key for the mse@nd Nasi (1982) who
observed the wood structures of the trees, asasdhie coning season, and reviewed
the existing populations for each species. Finalipitat preferences and IUCN
criteria (IUCN, 1994) were reviewed by Manaetéal. (2003).

The aim of this chapter is to bring together wisdtnown about New
CaledoniarAraucariafrom the literature, and to add to this personaleoations

made during the 3 years of this PhD based on fieddharium and laboratory studies.

5.2 Material and methods

Previous morphological knowledge is taken from:Flara of New Caledonia
(DeLaubenfels, 1972), and papers by Veillon (19R&)si (1982), Jaffré (1995), and
Manautéet al. (2003). Other authors will be cited for specifaings within this
chapter. Translations from the Flora of New Calealamo English were made by
Robert Mill (RBGE), and sections of this are repdah the text under the sections

entitled ‘Summary of Previous Work'.

During three successive field seasons (Decembeir-2002-2003),
information has been gathered Araucariaspecies. 54 populations were visited
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across New Caledonia, including all the 13 speaiekvarious types of habitats.
Field measurements were undertaken for some spesiaral pictures of the
different parts of the trees have been taken. Hiembaspecimens have been
collected for most of the populations. Additionaflarmation was gathered from
herbarium loans from 13 herbaria worldwide. (Thielfst of specimens examined is
given in the CD appendix). The description in tleetrparagraphs will use the
following terminology (see also Fig. 5.1):

Seedling: young plant of less than a year old

Juvenile: young tree of a few years old

Branches: main branches derived from the trunk

Twigs: branchlets, smaller branches of secondatgraary order

Reiterations: generation of new branches from epicoshoot of the bark

Rauh model: orthotropic branches and no reiteration

Massart model: plagiotropic branches and presehpartal reiteration

For each species, details of previous knowledgebsisummarized, followed by

personal observations.

Twigs or
Seedling == branchlets
Juvenile
Trunk, barl
Reiteration
Branches
Massart
Rauh
Model
Model

Fig. 5.1: Terminology used to describe New CaledioAraucaria.The illustration is
taken from Veillon (1978)

134



5.3  Species description and updated taxonomy
5.3.1 Araucaria bernieri

5.3.1.1 Summary of previous work

houailou

. "o
camboui ifj
riviere kouakoue

riviére bleye

vallée de marmié

riviere des lacs

kouakoue

montagne des sources
pic buse

pic des pins lacs de yaté

60 4] &80 120 Kilometers

Fig. 5.2: Distribution map oA. berneribased on DelLaubenfels (1972), updated with field
observations and herbarium specimen data (The snapiotated to indicate questionable
populations)

Araucaria bernieriusually grows in evergreen humid rainforest of kvd middle
altitude on ultramafic rocks. It is found betwed®d and 700m, usually on steep
slopes of mountains or in deep valley. The spasiabundant in the south of the
island. Two populations have also been recordeéddamorth of the island in Poum
and Thiebagui (DeLaubenfels, 1972).

Adult individuals are tall and can reach 50m highey have a columnar
shape, and are flat topped. Veillon (1978) desdhikegrowing structure as the

Massart model, with branches growing horizontalithweiterations at the base of
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the branches. The branchlets grow almost horizigrdal each side of the axis,
which result in a “V” structure. The bark of thedris grey, exfoliating horizontally.
The leaves of juvenil@. bernieriare divergent, thin, flattened bilaterally wittkeel
on both faces and around 7 mm long. The coloulaigogpus and remains so in the
adult trees. The leaves of lower branches are givetrand curved forwards; the tip
is parallel to the branch, strongly keeled, morkess acute, slightly narrowed and
thickened at the base. The leaf length is 1.5nmm8and the leaf width 1.5 to 2 mm.
The branches with adult foliage are whip-like, 6tmm in diameter including the
leaves. The leaves on the branches are very stnhlg x 1 mm. The leaves of adult
foliage of twigs are divergent, but inclined fordarand parallel to the branch,
becoming almost imbricate, strongly keeled on thekand on the lower part of the
axial side. They are triangular to acute, 2-3.55¢2.5 mm, slightly narrowed and

thickened at the base.

The male cones are white to glaucous, cylindrig#l,cm long and 8-16 mm
in diameter, accompanied below by lanceolate stérécts attaining 3 x 1 mm. The
blades of the microsporophyll above the pollen smesmbricate, triangular, acute,
2.5 x 2.5 mm, and each scale has 4-6 pollen seus.female cones are 8-10 cm
long and 7.5-8 cm in diameter, and glaucous. Tkd seales are around 30 mm
long, with an elongated tip of 5 mm, erect on ttdgesof the seed scale, which is

strongly bossed in front.

5.3.1.2 Personal notes

The two populations from the north of New Caleddiiiaiébagui and Poum) are of
guestionable identity. Many of the herbarium sperimfrom these localities
(McKee 23153, Nothis 480, Veillon 7928, Schmid 26{fat are labelled a&.

bernieri show greater morphological affinitiesAo scopulorumThe stomata go up
to the apex of the leavesAn scopulorumwhen they stop halfway on maost
bernierileaves. The foliage colour & scopulorums generally green, but glaucous
in A. bernieri A. bernierialso has thinner branchlets thanscopulorunand the
leaves on the branches are almost flat and présghd axis, giving a smooth

feeling, whereas iA. scopulorumthey are curved and acute, giving more a rough
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sensation. Finally, the leavesAfscopulorunfwhich appear like scales) are broader

than those oA. bernieri(which have a feathered appearance).

The only specimen from the north of the island tbaks likeA. bernieriis a
specimen in the New Caledonian herbarium (H.S. MgK&349) dating back to
1966, and collected from Poum. It has leaves ondbres less than 1.5mm long and
1mm wide, and its stomata distribution restriciethie middle of the blade.
However, on visiting these sites, no matching speos were observed during
fieldwork. The evidence foh. bernierihaving northern disjunct populations thus
remains equivocal. It is possible, that the spedié®xist here, but has been wiped
out by mining extraction (both localities are tlites of current nickel mines). A
second possibility is that northern populationé&obernieriexist outwith areas
recently searched (this is possible as the sitetaege and complex). Finally,
accepting that most of the northern recordsdapernieriappear to be simple
misidentification errors, it could be that the HMcKee, 14349 sheet has been
mislabelled and the material stems from a diffetecdlity, or has been taken from a
juvenile individual ofA. scopulorum(Although this last explanation seems doubtful,
as even juvenile material is relatively straightfard to distinguish in this species
pair). For any future identification challengesvbe¢n these two taxa, the use of a
nuclear microsatellite (AS167, Robertsgtral, 2004) is useful, as Aernieriand A.
scopulorumhave a different allele range (164 to 166Aobernierj 168 to 178 for
A. scopulorum{unpublished data).

Another possible identification confusion far bernieriis with A. subulata
(Chapter 4). In this case, a comparison of thelafth on the branches is useful.
They are needle-like (3 to 12 mm long for 1 mm Wialed parallel to the axis i.
subulatawhereas they are very short (< 2 mm) and presstgetaxis inA. bernieri
Sampling to date also suggests there is a moledigarimination between these two
species. In the chloroplast regipsbA-trnH there are two nucleotide differences at
bp 156 and bp 473 (T and A/ subulataand C and G iA\. bernierirespectively),
as well as an extra copy of the 13 base pair nigliga in A. bernieri (two copies in

A. subulataand three irA. bernier).
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5.3.2 Araucaria biramulata

5.3.2.1 Summary of previous work
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Fig. 5.3: Distribution map oA. biramulatabased on DelLaubenfels (1972), updi
with field observations and herbarium specimen {Bit@ map is annotated to
indicate questionable populations)

Araucaria biramulatausually grows in humid rainforest of low and migl@ltitude
on ultramafic rocks. It is found between 150m ah@Qim, usually on steep slopes of
mountains or in deep valleys. It is frequent ingbath of the island and also in the

western massif of the Main Island, in places thatadten hard to reach.

Adult individuals grow up to 30 m high, with a mareless columnar shape.
It grows on the Rauh model, also called ‘candel&ja’. In this model, branches
have a vertical growth tendency. However, asrestgrow, they diverge from the
model by having reiterations at the base of thadies. In juveniles, the branchlets
almost grow horizontally on each side of the awisich result in a pseudo “V”
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structure. In adult trees, the branchlets grow epiel scheme, which result in a
helicoidal structure at the end of branches. Thaitel branchlets have a tendency
to divide in two, which gave the species its nafe bark of the tree is grey to
brownish, exfoliating horizontally. The leaves o¥¢niles are thin, flattened

bilaterally and around 1 cm long.

The leaves of low branches are divergent, sububagex 4-5 mm and
strongly keeled on both sides. The branches ot éalidge are 8-13 mm in
diameter, including the leaves. The leaves of ddlitige are divergent, stiff,
subulate, narrowed and thickened at the base, veradzve or almost flat, with a

strong keel on the back and 7-9 x 5-6 mm.

The male cones are cylindrical, 6-7 cm long an@Q@%am in diameter,
accompanied below by sterile bracts, which reasizeof 10 mm and narrow to the
base, which is 4 mm wide. The blades of the miaogphylls above the pollen sacs
are divergent, triangular, acute, 5-6 x 4 mm, egith 7-8 pollen sacs. The female
cones are 9-10 cm long and 8-9 cm in diameter.s€lee scales are 30 mm long,

with an erect tip of 8 mm.

5.3.2.2 Personal notes

This species was defined on the basis of the ajiis branchlets. However, on its
own this is not a sufficient character for idemtion. A similar phenomenon occurs
in species likéA. montanaA. humboldtensiandA. scopulorumthe latter in which it
Is quite frequent. Thus identification of mateaal beingA. biramulatapurely on the

presence of bifurcating branchlets is questionable.

Any confusion betweeA. biramulataandA. scopulorunshould not be a
problem, as the two species have very differerittigees:A. biramulataadult leaves
have a flat blade and a length of up to 1 cm wisetlea leaves oA. scopulorum
have a strong keel on the back, do not exceed 7anthare more claw-like.
Confusion can occur betweén luxuriansandA. biramulata The general shape of
the trees is similar and the leaf shapes can beised. The stomata rows on the
back of both species leaves go up to the apex. kHenwthe leaves dk. biramulata

are a little smaller than those of adéiltluxurians(up to 8mm length i.
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biramulataand up to 10 mm iA. luxuriang, and they are a little divergent from the
axis, which gives the branchletsAfbiramulataa slender appearance. Though the
flora account (DeLaubenfels, 1972) mentions soraemdlance betweeh
biramulataandA. humboldtensisr A. columnaris these two latter species are quite
different. The leaves &. humboldtensiare strongly keeled on the abaxial face and
dense on the branchlets. Its trees do not excemdhigh and the lowest branches
usually fall down and are not replaced, which gitrestrees a very typical
candelabra shap@. columnarishas a similar tree shapeAobiramulata,but its

adult leaves are usually as long as wide, wheke@gramulatahas leaves longer
than wide. Furthermore, the stomata on the abéaal of the leaves @.
columnarisare only present at the base and the apex. Maledata can also
discriminateA. columnarifrom A. biramulata In the chloroplast regiotnnH-

trnFm, there are two-nucleotide substitutions betwhertwo species at base-pair
positions 3 and 185 (respectively A and TAincolumnarisand C and C ir.

biramulata(Chapter 4)).

5.3.3 Araucaria columnaris

5.3.3.1 Summary of previous work

Araucaria columnariggrows on coastal limestone on calcareous soils& ferests
can occur up to 200m inland, and occupy calcarptatforms made of uplifted coral
reefs. This species is the only conifer found is tipe of forest, which also lacks
members of the typical ancient Gondwanan flora. [ahgest populations a.
columnarisare on the Loyalty Islands and the Isle of Pimégere it forms very
dense populations dominating low forests exposeudrids. Smaller populations are
also found on sedimentary rocks in Bay of the Bgrtiear Bourail (molecular and
demographic data suggests this population maydreqd; Kettle, 2005), and on
some islands between Noumea and Isle of Pinessfémes has been widely
exploited for wood (Nasi, 1982) and is planted loa border of roads as a safety
barrier and indicator for cars. It is importantrfr@ cultural perspective as a

representation of male fertility, and this has @ased the planted range of the
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species (newly married couples traditionally pldragree of this species it in front

of their home, alongside a coconut tree as symbigoale fertility).
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Fig. 5.4: Distribution map oA. columnarishased on DelLaubenfels (1972)
updated with field observations and herbarium spenidata

Adult trees can reach height of 60m. They havelanwoar shape and are flat topped.
They grow on the Massart model, with abundant r&iens at the base of the second
axis. Main branches can grow up to 2 m long. Ttst Biranches are caduceus and
replaced by adventitious branches, so that thentieghe appearance of a column
with a round or pointed capital, and if the firsaibches persist for longer, the tree
can take the form of two superposed cones, thedfabe upper cone resting on the
top of the lower one. In juveniles, the branchidtsost grow horizontally which

result in a pseudo “V” structure. In adult treésw branchlets grow on a spiral
scheme, which result in a helicoidal structurehateénd of branches. The bark of the
tree is grey, exfoliating horizontally. Leaves o¥¢niles are thin, flattened bilaterally

with a keel on both sides, and are around 1 cm. [dhg branches with adult foliage
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resemble straps or belts, 9-10 mm in diameter diefuthe leaves. The leaves of
adult foliage are strongly imbricate, stiff, almaisangular, rounded at the apex,
narrowed and thickened at the base and concaveabbey have an extra-central

crest on the back and are 5-7 x 4-5 mm.

The male cones are acute, of variable size, 5-1omand 15-22 mm in
diameter. They are accompanied below by steriletbravhich are 7 mm, acute,
tapering from a 5 mm wide base. The blades of ticeasporophylls above the
pollen sacs are divergent, more or less cuspidateded to broadly acute, slightly
enlarged at the base, 7-10 x 4 mm, thin, flexilnié eurved, each with about 10
pollen sacs. The female cones are 10-15 cm longdridcm in diameter. The seed
scales are 30-35 mm long, with an erect tip of 7 lomg and clearly curved

forwards, sometimes curving downwards outside.

5.3.3.2 Personal notes

A. columnarigs phylogenetically closely related Ao luxuriansandA. nemorosa
(Chapter 2), all species with a general coastalibigion. Its leaves are highly
variable, even on the same branchlets, thoughdtk faliage always maintains the
same ratio of leaves nearly as long as wide. SirtalH size variation is found in all
three coastal species. The variation of the le& siight be due to regrowth of
broken branchlets because of exposure to strondswinother possibility is
sensitivity to seasonal variations and water abditg. At any rate, the
determination of the species is often straightfodydue to its unusual habitat, and
when found elsewhere, the almost square shape lefaives. It also has very
characteristic male cones, orange when ripe, atidanmiuffy aspect due to the

numerous papillie on the margin of the blade ofrtherosporophylis.

The species can sometimes be confused Avithxurians especially when
only the lower branches with juvenile characteesarailable. The observation of the
stomata rows on the outside of the leaves candx as they are only located at the
base and at the apex of the leaveA.inolumnaris when inA. luxuriansthey goall

the wayup to the apex (however, in leaves showing juvesfigracters, the stomata
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distribution ofA. luxuriansmight be slightly incomplete and absent on someqfa
the leaves).

5.3.4 Araucaria humboldtensis

5.3.4.1 Summary of previous work
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Fig. 5.5: Distribution map oA. humboldtensibased on DelLaubenfels (1972)
undated with field observations and herbarium snenidat:

Araucaria humboldtensigrows in evergreen humid rainforest of high adtéwon
ultramafic rocks. It is found in low forest (6 tdrh) on maquis of high altitude
between 800m and 1600m. These kinds of forestalanedant on southern massif

and are rich in other conifer species.
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The trees are small, not exceeding 15m. They grothe Massart model; the
lowest branches usually fall down and are not alawhich results in a flattened
crown at the top of the tree. The branchlets grovizbntally on each side of the
axis, which results in a “V” structure. The barlgigy, exfoliating in small
guadrangular scales or in horizontal strips. Tlaeds of juveniles are triangular in
transversal section, divergent and curved, sothigaacute apex is directed to the
inside. The leaves are imbricate, strongly keeledath sides and 2.5-4 x 2-3 mm at
the base. The branches with adult foliage are madrest, often rather short (less
than 20 cm) and 8-10 mm in diameter including daés. The leaves of adult
foliage are divergent and curved as in the lea¥gsung trees, more or less flat with
an extra-central keel on the back, 5-6 x 4-5 migh#l narrowed and strongly

thickened at the base. They are imbricate, romghave a glaucous colour.

The male cones are cylindrical, 6 cm long and 15imdiameter,
accompanied below by sterile bracts reaching 8 madntapering from a base around
4 mm wide, rounded or acute. The blades of theaspwrophylls above the pollen
sacs are imbricate, triangular, acute, 3 x 3 mmeauth scale bearing around 6
pollen sacs. The female cones reach 9 cm longdoy B diameter. The seed scale is
around 30 mm, with an elongated tip around 6 mmg,Istrongly leaning forwards,

sometimes finally curved on outside and more & é&sct.

5.3.4.2 Personal notes

The flattened crown, very candelabra like shapd,. tflumboldtensis quite
characteristic of the species. Another importaatuie is the presence of white
exudates found here and there on the leaves af méks. The branchlets are very
short (rarely exceeding 20 cm) and the leaf distiiims very regular, which give a
robust aspect to the foliage. The species is somdtbund sympatrically with other
Araucarialike in Montagne des Sources, where it grows @Rt muelleri
However, the species maintain their differenceymsatry.

The flora account (DeLaubenfels, 1972) mentionssamblance witlA.
scopulorumHowever, this species has much smaller branchietgldferent colour

leaves A. humboldtensikaves are glaucous and very dark, whefeasopulorum
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leaves are light green with the extremity of thaenmhlets bearing nearly yellowish
leaves. In addition, the leaves on the branchesayedense and almost 1cm long in
A. humboldtensjsvhen they are more sparse and shorter (2-3 m#) scopulorum

5.3.5 Araucaria laubenfelsii

5.3.5.1 Summary of previous work
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Fig. 5.6: Distribution map oA. laubenfelsibased on DeLaubenfels (1972) updated
with field observations and herbarium specimen ({BEt@ map is annotated to
indicate questionable populations)

Araucaria laubenfelsigrows on ultramafic soils in humid rainforest anagnaquis.

It is found between 400m and 1300m and occupidgyrateritic or ferritic
platforms. Some individuals can reach 20m. Theispas common in the southern
mountain (between La couvelée and Ouinée), in NDunand in Kaala Gomen.
Several studies (Riggs et al, 1998; Enright e2@00) have highlighted the role of
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fire in the recruitment of seedlings of this spe@ad its distribution in the

landscape.

The adult individuals have a columnar shape. Tleeisp morphology
matches the Rauh model (Veillon, 1978), but asatures it diverges from the model
by having reiterations at the base of the branchas top of the tree is flat. The main
branches can grow up to 2.5m. In juveniles, thadrkets almost grow horizontally
on each side of the axis, which results in a pséutistructure. In adult trees, the
branchlets grow on a spiral scheme, which resudtlielicoidal structure at the end
of branches. The bark is grey, exfoliating horiatigt The juvenile leaves are
divergent, needle-like at first, then flattened andcave above, 10-15 mm long,
progressively wider and longer. The leaves of loanbhes are divergent, narrow,
lanceolate, curved at the tip, variable in lengiitee same branch and 12-19 x 7-10
mm. The branches with adult foliage are 18-28 mmiiameter, including the leaves.
Adult leaves are more or less imbricate, coriacesuisulate, tapered to a small
curved or incurved tip, thickened near the basecawee towards the top with an
extra-central crest on the back. They tend to wratgngth on the same branch and
are 12-20 x 8-10 mm.

The male cones are cylindrical, 12-15 cm long, 2¥2n in diameter,
accompanied below by sterile bracts reaching 16imiength. The sterile bracts are
cuspidate, around 5 mm wide at the base. The blzidés microsporophylls above
the pollen sacs are divergent, triangular, rourtdextute, 5-6 x 4.5-5 mm, each with
c. 12 pollen sacs. The female cones are 10-12 og) 89 cm in diameter. The seed

scales are around 30 mm long, with a beak 8-10 omg, Islightly curved forwards.

5.3.5.2 Personal notes

Araucaria laubenfelsiwas described in 1972 by Corbasson (DelLauberif8ls?).

Its populations used to be referreddamontanaand several herbarium specimens
predating 1972 are still labelled Asmontaa. However even since the description
of the species, problems of identification haveagmad as the two species have a

very similar morphology. The flora account (DeLantats, 1972) stresses that the
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apex of the leaves &f. montanaare more curved thak. laubenfelsii but this
distinction can be treacherous when the specimendreed as the leaves tend to
curve in the process. On several occasions dunmgurrent study, specimens
collected with pointed leaves and therefore labedigA. laubenfelsiiended up with
curved leaves (and a rounded apex) upon drying.elisesome correlation between
stomatal distribution and leaf morphologies, int $@ecimens collected &s
laubenfelsiihave stomata that go up to the leaf apex, whehegsdo not in

specimens collected & montanaHowever, though the flora account mentions that
“even when growing in similar places, each speé&ans its own characteristics”,
specimens were observed having all range of inteiates characters (leaf length,
width, curve, stomata distribution) in localitiélsd Mine Bokaine, on the east coast
of the island. The other difference between thegpecies is suggested to be the
altitude at which they growA. laubenfelsibeing found at higher altitude (up to
1300m) tharA. montana800m). However, given the difficulties listed a&lahis
should be treated with caution so that it doedoecbme self-perpetuating (e.g. a tree

is A. laubenfelsiif it looks like A. montanaut was collected at 1100m).

Using chloroplast microsatellites on the samplemfthe locality of Mine
Bokaine revealed that all specimens shared the shlomplast type, for the 4
markers studied (AP1, AP2, AP3, M13). When thepids extended to othér.
laubenfelsiiandA. montangpopulations (Mont do, Mont Mou, Ouinée f&r
laubenfelsiiand Boulinda, Kaala Gomen, Kopeto, Mont PaniéAfomontang only
the populations ofA. montandrom Mont Panie and Kaala Gomen showed a
different kind of chloroplast haplotype. Therehsig no chloroplast DNA evidence
for the presence of two distinct taxa. Certainlyegi the threats faced by these
species (mining exploitation and wild fire) and tirecertainty over their status and
distribution, it would be worth further study toesi the two should be considered

synonymous.

One other minor source of confusion involvidglaubenfelsiinvolves
herbarium samples &f. rulei. To distinguish these taxa, the total absence ohata
on the back of the leaves Af rulei (except some at the apex and at the base, usually

hidden by overlapping leaves) is a robust chardot&sll the two species apart when
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adult leaves are not available. In adult specimiesleaf size oA. rulei (1.5-3 cm)

is far large than that @&. laubenfelsi{0.9-1.2 cm).

Finally, it is noticeable that during the visittbie locality of Montagne des

Sources and Riviere Bleue, no specimen from theiepevas observed.

5.3.6 Araucaria luxurians

5.3.6.1 Summary of previous work

Araucaria luxuriansgrows on maquis and dense forest of low altitudedalities
with a rainfall below 2000mm. It is found betweeartd 200m, on windy ridges,
most often on hyper-magnesium brown soils issueh §erpentines. There are
dense populations in the south of the Main Isldivadb herbarium specimens have

also been sampled from the Belep Islands off ththremast of New Caledonia.
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Fig 5.7: Distribution map oA. luxuriansbased on DeLaubenfels (1972) updated
with field observations and herbarium specimen data
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Adult trees grow up to 30m and have a columnareh@pey grow on the Massart
model with abundant reiterations at the base of#dw®nd axis. In juveniles, the
branchlets grow almost horizontally which resuttgipseudo “V” structure. In adult
trees, the branchlets grow on a spiral scheme haiegult in a helicoidal structure at
the end of branches. The main branches can graw 8pn long. The bark of the
tree is grey, exfoliating horizontally. The juvenleaves are divergent, 6 to 12 mm
long, larger on old branches. The leaves of lomd&inas are spread, more or less
narrow, subulate, and very variable along the daraech. They are 7-13 x 4-8 mm.
The branches of adult foliage are 10 to 18 mm amditer, including the leaves, and
the foliage. Leaves of adult foliage are more es lenbricate, coriaceous, subulate,
tapered to a small curved tip, narrowed and thielleat the base, concave above,

often with an extra-central crest on the back ai7dx%-5 mm.

The male cones are cylindrical, 12-17 cm long a&#@& mm in diameter,
accompanied beneath by sterile bracts reachingrh5mbength; the sterile bracts
are cuspidate, around 4 mm wide at the base. Huelof the microsporophyll
above the pollen sacs are divergent, oval, act®ex 8 mm, each with 12-15 pollen
sacs. The female cones are 10-12 cm long by 8-1d ciiameter. The seed scales
are 30-35 mm long with an elongated tip around 1@ mehich is slightly sloping

forwards and finally curved backwards.

5.3.6.2 Personal notes
The leaf size varies along the branchlets. Lika&.icolumnarisit is possible to
observe successions of bigger leaf segments tdesrteddf segments, ranging from a

length of 5 mm x 3 mm to a length of 10 mm x 5 mm.

The species could potentially be confused wittbiramulatain some places
(c.f. A. biramulatas notes), or with A. laubenfelsii, though laubenfelsiandA.
luxurianshave very different habitats and are never foungving together, except
in a nursery. The variation in leaves along thebinéets is not present k.
laubenfelsii In addition, by sequencing the chloroplast redros-trnFm, two

nucleotide substitutions separételuxuriansandA. biramulataor A. laubenfelsiin
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base pair positions 3 and 185 (respectively A amdA. luxuriansand C amd C in
A. biramulata(Chapter 4) oA. laubenfelsi(Annexe 5.1)).

5.3.7 Araucaria montana

5.3.7.1 Summary of previous work

Araucaria montana is the species with the mostspidEad distribution. It grows on
plateaus or mountain tops in the main massif ofglamnd. It is more frequently
found on ultramafic soils, but also occurs on acgtiils in Mont Panié. The species
forms dense populations dominating maquis with basind also low forests. It can

grow above 800m and in areas of heavy rainfall tikeéMit Panié it can be found as

low as 300m.
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Fig. 5.8: Distribution map oA. montanabased on DelLaubenfels (1972) updated with
field observations and herbarium specimen data
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The adult individuals have a columnar shape and&ach 30m high and generally
conform to the Rauh model. However, as they gray thiverge from the model by
having reiterations at the base of the brancheg. tdjhof the tree is flat and the

main branches can grow up to 2.5m. The bark ig bgbwn to grey and exfoliating

horizontally.

The leaves of juveniles and on low branches areelalate, imbricate, 10 x 4-
5 mm and becoming progressively larger. The bramoi@dult foliage are 15-22
mm in diameter, including the leaves, generalljgauniform along the same
branch. The adult leaves are stiff, strongly dieatgbut clearly curved, resulting in
a tip turned inside and imbricate leaves. Theyoasd, strongly concave above, with
an extra-central crest on the back, 11-14 x 7-8 marrowed and thickened at the

base.

The male cones are cylindrical, 8-13.5 cm long 20428 mm in diameter,
but often nearer to 20 than 28, accompanied belostdyile bracts reaching 10 mm
and tapered from a base around 4 mm wide. The $lafdde microsporophylls
above the pollen sacs are divergent, triangulartead x 4 mm, each with about 12
pollen sacs. The female cones grow to at leasti®%ng and 6-8 cm in diameter
(perhaps more when completely mature). The sedéssesach 32 mm long, with an

elongated tip 5-10 mm a little curved forward.

5.3.7.2 Personal notes
See note oA. laubenfelsiiThere are extreme difficulties in distinguishthgse taxa

and it is possible that they are synonymous.

5.3.8 Araucaria muelleri

5.3.8.1 Summary of previous work
Araucaria muellerigrows in humid rainforest and maquis on ultramedicks,

between 150 and 1000m. It forms small relictualytaons on the maquis on
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eroded soils. It is also found in the mountainbigger populations like at Montagne

des Sources and Mont Koghis.
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Fig. 5.9: Distribution map oA. muelleribased on DelLaubenfels (1972) updated
with field observations and herbarium specimen (BEt@ map is annotated to
indicate questionable populations)

The adult trees can grow up to 25 m. They growhenRauh model. The crown
forms a perfect candelabrum with a flattened tappased of branches curved
towards the top. The bark is white to light gred @axfoliates in scales or horizontal
strips. The juvenile leaves are 20 to 25 mm lotrgngly divergent, becoming as
long as the adult leaves and enlarging as the pksges into the adult state. The
leaves of low branches are divergent, narrow, lalate and 30-35 x 13-15 mm. The
branches of adult foliage are 30-50 mm in diameatefuding the leaves. The leaves
of adult-type foliage are more or less imbricateyenor less narrow and concave
above, marked by a weak extra-central ridge oratiaxial face (turned towards the
axis). They are 30-35 mm long and 15-20 mm widd,thickened at the base in a

guadrangular attachment.
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The male cone are cylindrical, 13-25 cm long ané28nm in diameter,
accompanied below by sterile bracts attaining gtleof 16 mm; sterile bracts are
cuspidate, around 4 mm wide at the base. The blazidés microsporophyll above
the pollen sacs are divergent, cuspidate and kdwotind 5 x 5 mm with about 20
pollen sacs per scale. The female cones are 1i16rgy by 8-10 cm in diameter.
The seed scales are 30-32 mm long with a beak-@01m long strongly curved

forwards.

5.3.8.2 Personal notes

A. muelleriis a very distinctive species that is unlikelypconfused with other
species, other thah. rulei, with which it shares the typical white bark and
candelabra shape observable even from a distaraes the biggest leaves (up to 35
mm in length and 16 mm in width) of the New Caledarspecies. As seen in
Chapter 4, four populations 8t rulei showed very similar morphological characters
(leaves size range, leaves orientation on the ,axig)}the absence of stomata on the
back of the leaves &. rulei samples is a very robust character, supportetéy t
presence of a frequency difference in chloroplgse in the two species, revealed by
the presence of one or two extra copies of a 18damsnisatellite in thesbA-trnH

region (mainly one copy iA. muellerj two or three irA. rulei (Chapter 4).

5.3.9 Araucaria nemorosa

5.3.9.1 Summary of previous work:

Araucaria nemorosg@rows on oxydic soils in places receiving less1tB&00 mm
rainfall per annum. It is only known from seven gopulations in the south of the
island in the Botanical Reserves of Foret Nordf Boisé and the littoral forest of
the south west of the Main Island. In these twtefdbcalities, it grows mixed with

A. columnaris
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Fig. 5.10: Distribution map k. nemorosdased on DeLaubenfels (1972) updi
with field observations and herbarium specimen data

The trees grow up to 15m tall and have a broadly shape. They follow the

Massart model, with the principal branches beinmgdjent and slightly ascending.

The branches with juvenile foliage are closely spaoot distichous. The
leaves of low branches are divergent, slightly edrforwards, quadrangular in
transverse section, obtuse, sometimes clearlyblaredong the branch, 4-8 x 0.8-1.2
mm. The branches with adult foliage are larger28¥in in diameter, including the
leaves. The latter are variable along the samechrdrhe leaves of adult foliage are
variable, the shortest ones are divergent ancbtigeelst ones more or less imbricate,
the tip slightly curved on the axial side, with@shl keel and triangular in cross
section. They are lanceolate, blunt, more or lessihated by a curved tip and 6-10

X 1.5-3 mm.

The male cones are cylindrical, around 8 cm lordylmm in diameter,
accompanied below by sterile bracts of 10-12 mmmn3 wide at their base, but
clearly narrowing up to 1 mm, linear with the tijtt. The blades of the

microsporophyll above the pollen sacs are strodglgrgent, triangular, blunt, 3 x 2
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mm, each with around 6 pollen sacs. The femalesar®11 cm long by 8.5-9 cm in
diameter. The seed scales are around 30 mm lotfyawielongated tip 12-20 mm

long, narrow and divergent.

5.3.9.2 Personal notes

This species represent one of the rarest conifiettsei world with only one locality
known and seven sub-populations. It belongs tartbheophyletic coastal group,
although one of its sub-population occurs slightlgnd at Foret Nord, near Port
Boise. This population maybe a relict locality athay well have previously been
more widespread in this type of habitat (T. Jaffié,s.comm. 2002). A. nemorosa is
rather different from the other species of the gelis leaves tend to keep their
juvenile characters, with a slight widening at nika@ base of the leaves. The sterile
bracts below the male cones are narrow, lineal@rger than the microsporophylls,
which is unique in the genus. The tree shape isded and even in the distance it
can be differentiated from. columnariswhose populations are proximal to those of

A. nemorosaround the coastline at Port Boise.

5.3.10 Araucatria rulei

5.3.10.1 Summary of previous work

Araucaria ruleigrows on ultramafic rocks, on rocky slopes, oeriéit plateaux. It
forms scattered population often very degradean fithio to the massif of Thiebagui
in the north. One of the richest populations isbon Mt Boulinda on ferralitic

soils, at the base of summit. It is a reliable ¢attor of nickel rich soils.
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Fig. 5.11: Distribution map @k. ruleibased on DelLaubenfels (1972) updated
with field observations and herbarium specimen (Et@ map is annotated to
indicate questionable populations)

The adult trees can reach 30m high though thiaredy observed. They are
usually smaller, with a rounded crown. They growtloe Rauh model. The primary
branches are rather sparse, persisting for seyeaes, turned upwards and each one
bearing a dense bunch of stout secondary bran€hesark is white, exfoliating
horizontally or in irregular scales in older tre€be leaves of juveniles are
lanceolate, imbricate, slightly curved and the aigeacute. They rang in size from 12
to 15 mm in length and 2 to 5 mm in width. The adoliage is very uniform,
imbricate, dense hard and shiny. The leaves aceddate, acute, and divergent at
first, but curved so that the tip points towards ithside. They are slightly veined on
the back, 20 to 25 mm in length for a width of @114 mm.

The male cones are cylindrical, around 13 cm lar@y20 mm in diameter,
accompanied beneath by subulate, acute steriléstneaching a length of around 15

mm, tapering from a base reaching 5 mm in widthe Blades of the
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microsporophyll above the pollen sacs are divergdahgate-triangular, acute, 7 x 4
mm and each scale with about 15 pollen sacs. @male cones are 12 cm long by 8
cm in diameter. The seed scales are around 30 mgnwdh an elongated tip around

15 mm long, divergent and slightly tilted forwards.

5.3.10.2 Personal notes

A. rulei populations are good indicators for nickel concaian. This results in most
of its populations being wiped-out by mining extrae. It grows on very open
ground in localities like Bwa Meyu or Ouinee, blaé tiggest populations grow in
primary forest habitat in Mont Boulinda (this loitgls also threaten by mining

extraction).

It can be confused with two species depending erstate of its leaves. The
young individuals can be similar to adAltlaubenfelsiiWwhen the trees get older,
they loose the leaves on the main branches araldde of the leaves of the twigs
widen (reaching 8 to 14 mm in populations like Bwayu), making it more look
like A. muelleri However, in both cases, the absence of stomakeimiddle of the
abaxial face of the leaves can be used tell theispapart, as bot. laubenfelsii
andA. muellerihave stomata up to the apex of the leaves. Oneusibase was
observed with a young specimen collected undendnee ofA. rulei. When put to
dry, the leaves curled and the resulting morpholegy one oA. montanawhich
also does not have any stomata on the back adatebk. A molecular analysis has
also revealed a relationship between the two spe&ieuleihas a very distinctive
chloroplast haplotype, with three repeats (twoemnyisolated cases) of the 13 base
pair minisatellite in th@sbA-trnH region. This chloroplast type has been obsemed i
a few individuals of the population 8f montanaof Mont Panie (Chapter 6).
However, in the latter case, the morphology ofdpecies was clearly nét rulei,
the adult leaves size not exceeding 1.2 cm, thelireing dark grey and not whitish,

and finally the apex of the leaves were slightlynmded and not acute.
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5.3.11 Araucaria schmidii

5.3.11.1 Summary of previous work
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Fig. 5.11: Distribution map @&. schmidiibbased on DelLaubenfels (1972) updated with
field observations and herbarium specimen data

Araucaria schmidiigrows in evergreen rainforest at high altitudeaoilic soils. It is

found on steep slopes, near the summit plateaut ¢faviié, above 1400m. It is only

known from the massif of Mt Panié (which includes Ilighambi).

The trees are around 30m tall, with a flattened Td@y grow on the Massart
model. The bark is grey, exfoliating in horizongtiips. The juvenile leaves are
divergent and curved forward, lanceolate and styokegeled, reaching 18 x 2 x 1.5

mm. the branches with adult foliage are 6 to 9 mmiameter, including the leaves.
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The leaves of adult foliage are imbricate, lanceodend acute, curved inwards with a

keel on the back. Their size range is 7-10 mmnigtle for 1.5-2 mm in width.

The male cones are cylindrical, 3-5 cm long and. Taln in diameter,
accompanied beneath by subulate sterile bracthirgp6 mm long. The female
cones are almost round, glaucous, 8 cm long x $haframeter. The seed scales are
around 20 mm long with an elongated tip around 12 long, divergent and slightly
tilted forwards.

5.3.11.2 Personal notes

A. schmidiiis a distinctive species. One of its charactesss the trend to generate
multiple stems. This phenomenon is also observedher species but far less
frequently. Its limited range of populations (MdgdiMont Panié) make it easy to
identify in the field, as it can not be confusedhathe only otheAraucariagrowing
there A. montang which is a large leaved species. However, basgédon
herbarium sheets, the regular aspect of its bratefdlue to the regular distribution
of its leaves) and the subulate shape of its leakesimilar to the morphology of. A
subulata However, the density of the leaves is highek.iischmidii The cones are

very different as well, being glaucousAn schmidiiand light green ii\. subulata

5.3.12 Araucaria scopulorum

5.3.12.1 Summary of previous work

Araucaria scopulorungrows on maquis and dense forest of low-mediuitueé

from O to 700m, in localities with a rainfall bel®®00mm, most often on
hypermagnesium soils issued from serpentine. ligies rocky slopes and windy
ridges next to the sea up to 300m in Thio and HouaEeveral populations have
been found on the massif of Poum at altitude of700is rarely found in forests but
this may be the result of extreme reduction oflissribution.
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Fig. 5.13: Distribution map dk. scopulorunbased on DelLaubenfels (1972)
updated with field observations and herbarium speni

The adult trees grow up to 20m tall, with a colunstaape. The top of the
trees is flattened. They grow on the Massart moides. juvenile leaves are
divergent, around 7mm long and flattened bilatgrdlhe bark exfoliates in
horizontal strips, light grey and almost white. Ttreenile leaves are divergent, 7
mm long and flattened bilaterally at first. Thevea of second-order branches are
reduced, 1-2 x 1-1.5 mm. The branches with adliiade are long, 6-8 mm in
diameter, including the leaves. The leaves of ddliige are divergent, but incurved
at the tip, imbricate, furnished with a strong @bkseel and on the lower part of the
axial side, subulate, 3-4 x 2.5-3 mm, slightly pared and strongly thickened at the

base.

The male cones are cylindrical, 3-5 cm long and Taln in diameter,

accompanied beneath by subulate sterile bracthirgp6 mm long, tapering from a
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base 2 mm wide. The blades of the microsporophyits/e the pollen sacs are
imbricate, triangular, acute, 2.5 x 2.5 mm, eadieswith about 6 pollen sacs. The
seed scales are around 30 mm long, with an elothg@ataround 5 mm strongly

inclined forwards and finally sometimes curved a@ésand more or less flexed.

5.3.12.2 Personal notes

4 new sub-populations were discovered in Octob8d 2 the top of the mining site
of Poum (Jaffré, pers. comm. 2004). The fact tlest populations can still be
discovered is very important, especially on a ngrsite. | visited this site in 2002,
and the land managers were convinced that there@aasucariagrowing on the
mining site. However, thaA. scopulorunpopulation was found to be very
widespread but bushy-like. It is possible that oghepulations have still not been

discovered due to the small size of individual gree

There is an important confusion involving the nerthpopulations of this
species and. bernieri(see note foA. bernier), and the species may also be
confused withA. biramulata(see note oA. biramulatg andA. humboldtensiésee

note onA. humboldtens)s

5.3.13 Araucaria subulata

5.3.13.1 Summary of previous work:

Araucaria subulatagrows in everegreen rainforest of low and middiicuale on
ultramafic soils. It is an exclusively forest specthat is found between 300 and
1000m. It is mainly found in the south of the isldfrom 500m to 900m.
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Fig. 5.14: Distribution map @&. subulatabased on DelLaubenfels (1972) updated with
field observations and herbarium specimen data (i&e is annotated to indicate
guestionable populations)

The adult trees are narrowly columnar, attainimgight of 50 m. The first
branches are rapidly falling and replaced by aditens branches. The bark is grey,
exfoliating in horizontal strips. The leaves of lbwanches are lanceolate, divergent
then curved parallel to the branch, imbricate,rgjtp keeled and acute. The branches
with adult foliage are more robust, resembling whipore or less arranged in 2
ranks, 5-9 mm in diameter, including the leaves Haves of adult foliage are
divergent, but curved inwards at the tip, imbri¢cateongly keeled on the back and
also almost as far as the tip on the axial sideylsie, acute, 4-6 x 2-2.5 mm,

slightly narrowed and thickened at the base.

The male cones are cylindrical, 5-10 cm long and 32nm diameter,
accompanied beneath by lanceolate sterile braathireg a length of 4 mm and 2
mm wide at the base. The blades of the microspgtispdbove the pollen sacs are
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imbricate, triangular, acute, 3 x 2.5 mm, each asporophyll with about 10 sacs.
The female cones are at least 11-12 cm by 7-9 afiaimeter. The seed scale is
around 30 mm long, with an elongated tip around® strongly curved forwards,

then sometimes curved towards the top and erect.

5.3.13.2 Personal notes

A. subulatas usually identified by its subulate and neeike-leaves, generally 4

mm long. Their shape resembkesschmidiithough the latter has much longer leaves
ranging from 5 mm to 8 mm. In very oid subulatathe blade of the leaves widen
(going from 1mm to 2.5 mm), giving the leaves dysaapect. This has not been
observed irA. schmidii The tall trees have a similar columnar shap&. toernierj
reaching up to 50 m. The flora account (DeLaubenfed72) mentions that this close
architectural affinity prevented the discoveryfofbernierifor a long time, the two
species being considered as one. This confusibexssts in localities like

Montagne des Sources, where the trees are diffcatcess, and the sheer height of
the tree prevents leaf sampling, and the overalbslof the trees is the only element
available to determine the species name. Somemafioon is sometimes available
thanks to fallen twigs. This approach is not pdrfeat some confidence can be
achieved when all fallen twigs from a given treewslsimilar morphological
characteristics. Moreoved,. bernierifoliage is glaucous wheh. subulatas

generally green, but this characteristic can disapm very oldA. subulatarees
where the foliage becomes darker. Morphologicdl ddéerences have been
reviewed in Chapter 4. The main differences aredas the leaves on the main
branches, small (less than 1.5mm) and pressededaitk inA. bernierj needle-like
and curved irA. subulataThe chloroplast type is also different in the tspeciesA.
bernieri having three copies of the 13 bp minisatellitespre: in thgosbA-trnH

region (Chapter 3), anl. subulateonly two. The distribution of. subulatas
predominantly restricted to the south of New CateaoThe isolated population is
the north on Mont Ignambi warrants rechecking. fideord for this locality is based
on Schmid, 2463. However the soil type of MountiBas of acidic type and not
ultramafic. Then the specimen shows rather shaaleyé and the leaf type (small
leaves, less than 6mm, needle-like, not subulatglpceasily beA. schmidii The
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population would be worth checking usipglA-trnH chloroplastic region. The two

species have a three-nucleotide difference inrdgsn. At the sites 156, 473 and

568, A. schmidii has repectively C/G/C when A. dabaihas T/A/T.

5.4 Discussion
Adult leaf | Adult leaf
. Type of External _ _
Species Shape Three top | Growth mode| Altitude length of width of
substrate bark color ] .
twigs twigs
. bernieri Ultramafic | Columnar Flat Massart Grey 100-700 2-3.5 1.5-2.5
) _ |Columnar/ Rauh
. biramulata  [Ultramafic Flat Grey 150-1100 7-9 5-6
Candelabra (alterated)
.columnaris  [Calcareous Columnar Flat Massart Grey 0-50 5-7 4-5
. . |Columnar/ Massart
. humboltensis [Ultramafic Flat Grey 800-1600 5-6 4-5
Candelabra (alterated)
~ |Columnar/ Rauh
. laubenfelsii  |Ultramafic Flat Grey 400-1300 12-20 8-10
Candelabra (alterated)
. luxurians Ultramafic | Columnar Flat Massart Grey 0-200 5-7 4-5
Ultramafic/Columnar/ Rauh
. montana L Flat Grey 300-800 11-14 7-8
Acidic Candelabra (alterated)
. muelleri Ultramafic | Candelabra Rounded Rauh White 150-100Q 3@0- 12-18
Massart
. nemorosa Ultramafic | Columnar Rounded Grey 0-50 6-10 1.5-3
(alterated)
.rulei Ultramafic | Candelabra Rounded Rauh White 150-120Q 220- 11-14
. schmidii Acidic Columnar Flat Massart Grey 1400-16284 7-10 -4.5
. scopulorum  |Ultramafic | Columnar Flat Massart Grey 0-700 3-4 2.5-3
- subulata Ultramafic | Columnar Flat Massart Grey 300-1000 4-6 2.8-

Table 5.1: Summary of main characteristics of Nedle@onianAraucariaspecies
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The flora (DeLaubenfels, 1972) gives a good accotittie species and their
distributions; however, subsequent data enablesefireement of some of the
morphological characters as well as the relatigrsshetween the species.

5.4.1 Distribution of the species

The distribution of some species has been updaealise of recent field
observation and new methods of investigations alpkal In the case & . bernieri

the possibility of the species having disappeandtie locality of Poum and
Thiebagui needs to be taken in account. In the samtext, several populations of
A. ruleiandA. laubenfelsiare being threatened. In sites like Kopéto, orgoin
deforestations are slowly wiping out the two pogialss. Individuals observed were
covered in red dust and very unhealthy, with onfigva twigs remaining at the top of
the trees. The only healthy individuals were lodatewn in the valley in a remnant
primary forest surrounded by the mining site. Thegaoitations will slowly change

the current distribution of the species if nothisglone to preserve them.

Another source of change in the distribution ofcsg®is due to the re-
identification, like the population at Le Trou (€&hapter 4) or Montagne des
Sources (cf. Chapter 4). The discovery of new itealis also adding to the
information from the flora. The four new subpopidas ofA. scopulorunfound in
Poum in 2004 suggest that this species is faigigtaz, unlike otheAraucaria
species that tend to be more visible in the laruscahe adult trees can be as small
as 4 m and disappear in the surrounding vegetalins.character is also present in
another specie#y. humboldtensjsand it seems reasonable to assume that other

populations of this, and othAraucariaare still to be discovered.

5.4.2 Morphology of the species

Though all New Caledonian species belonged toghganEutactaand share
common features like the epigeal germination aedahr cotyledons, high levels of

morphological variation makes some species diffitubefine. The identification
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problems linked to bifid branches are a good exaropthis and it seems

guestionable to base identifications on such ddaiharacter.

Tree habit can also vary, and damaged trees can altered growth forms
compared to undamaged trees (Veillon, 1978). Thhikevihe major differences
between species lik&. muelleriandA. ruleicompared to e.cA. columnarisare
clear cut, habit is only of limited value as anntigcation method, and
identifications made from helicopter reconnaissarips should be considered

provisional in the extreme.

Leaf measurements are also potentially variableachers. The development
of each species starts with a similar phase of g@pecimens showing needle-like
leaves that eventually widen during the maturatibthe tree. Hence, the first phases
of the development can be misleading and it isgpadile to look for adult
individuals in order to proceed to the determinatiéven then, lower branches of the
trees are often quite troublesome. The foliagde$é¢ branches can oscillate between
the juvenile state to the adult state. To get st@f morphologies, higher branches
are recommended, and when inaccessible, a colheatitallen twigs can help
resolving conflicts in the determination of the @ps. The latter method requires
caution as fallen twigs can be mixed from multijpees. A thorough observation of
the surrounding vegetation is necessary when ukiagnethod, in order to be sure
no bias enters the identification process. Mordidence is obtained when
morphological identification is coupled with moléauidentification, each method
complementing one another. For example, this has tsery useful to clarify the

identity of southern populations Af rulei (cf. Chapter 4).

5.4.3 Species of concern

The correct identification of species assumesdhatf them are meaningful units. In
the case oA. montanaandA. laubenfelsiisome doubt remains as to whether this is
the case. The extremes of these two taxa aredliffér.e. leaves of twigs curved,
rounded at the apex and stomata only at the basaps®x on the abaxial face far
montanaand leaves of twigs straighter, pointed at thexawel stomata rows regular

and dense up to the apex of the abaxial facé ftaubenfels). However on several
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occasions, intermediate states were observed,asulgaves straight but rounded at
the apex, or stomata going to the apex in discootis and sparse rows. Moreover,
chloroplast haplotypes distributions do not matehlimited morphological
differences observed and this suggests that fuvtbek is needed to unravel the

exact nature and distribution of these two species.

5.4.4 A key to adult foliage of New Caledonian Arata

While cone material and genetic techniques areutissdls for unravelling
taxonomic problems in the New Caledonfmaucaria, simple methods need
developing to facilitate field identifications. Aurt of this process, the information
contained in this study has been summarized ifolleving key based on adult
foliage. An illustrated version of the key is asmilable on:

http://site.voila.frAraucaria

Key for adult foliage of twigs for New Caledonian Araucaria species.
1)

+Stomata up to the apex of the leaves of the tewga continuous or a discontinuous

row...2

+Stomata mostly basal, sometime at the apex buhitidle part of the leaves are

empty....7

2)

+Length of the leaves >=15mmA..muelleri (Var. “with Stomata”)
+Length of the leaves<15mm. 3.

3)

+Leaves size variable by repetitive scheme aloadwigs.. 4
+Leaves size regular along the twigs5...

4)

+Leaves wider than 3mm and presence of papillieA. luxurians

+Leaves not wider than 3mm and absence of papillies. nemorosa
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5)

+Leaves wider than 3mm.6..

+Leaves not wider than 3mm A..scopulorum

6)

+Leaf length <10mm, stomata rows in a non-contirans....A. biramulata
+Leaf length >=10mm, stomata rows in a continuane!..A. laubenfelsii
7)

+Leaf length >=12mm.. A. rulei

+Leaf length <10mm..8

8)

+Leaves size variable by repetitive scheme aloadwigs.. A. columnaris
+Leaves size regular along the twig®...

9)

+Leaves on the branches have the same width dsabes on the twigs .10
+Leaves on the branches have a different width thateaves on the twigs 12
10)

+Leaves on the branches longer than the leaveseotwigs ..11

+Leaves on the branches of the same length ottheet on the twigs A.

humboldtensis

11)

+Leaves on the twigs open on the axis, adaxiabsaréasily visible..A. subulata
+Leaves closed on the axis, adaxial surface bargilyle... A. schmidii

12)

+Leaves much wider than 2 mmA. montana

+Leaves not wider than 2mm A_..bernieri
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CHAPTER 6 -  Partitioning of chloroplast halotypes diversity within and

among New Caledoniarraucaria species.

6.1 Introduction

New Caledonia, a small South Pacific Ocean isld®103 km) contains 13 of the
world’s 19 species odhraucaria Phylogenetic evidence (Chapter 2; Setogetiai.,
1998) suggest that the New Caledomaiaucariaare monophyletic, and have
speciatedn situ, and they now occupy a diverse array of altitudiciamatic and
edaphic environments on the island ranging fromrast populations on recently
emerged coral outcrops, to the summit of New Caleds highest mountain at
>1600m. Ten of the 13 species are entirely resttitd ultramafic soilsA. bernieri,
A. humboltensis, A. luxurians, A. nemorosa, A. gslaypm, A. subulata, A.
biramulata, A. laubenfelsii, A. muelleandA. rulei) and an eleventh speciés. (
montand occurs on both ultramafic and non-ultramafics@@hapter 5). The
remaining two species occur on schists and caloarsoils respectivelyA{ schmidii
andA. columnari$. There are taxonomic doubts over the distinctoésse species
pair (A. montanandA. laubenfelsiiChapters 4 & 5), but even if this pair proves to
be synonymous, th&raucariaspecies diversity in New Caledonia exceeds that
found in the rest of the world.

Estimating the time of speciation of this group pesved difficult, and the
absence of a fossil record from the island predudieect dating. Informal estimates
of the time of speciation have invoked the depositf ultramafic soils some 30
mya as being a major driving factor behind divéraifon (Jaffré, 1995; Manaugt
al., 2003; see Fig. 6.1 for the current distributidmiltramafic soils). Recently,
molecular clock approaches have been explorechsethave yielded widely
varying estimates of the radiation timing rangirani 10 to 43 mya depending on
the method of calibration used (Chapter 3). Makhegbest available inference from
the fossil record from elsewhere (which is verydyéar Araucaria), known dates of
Gondwanan fragmentation, and estimates of nucleastithstitution rates in other
plant groups, a favoured interpretation of the dataat (tentatively) the species
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arose some 20~44 mya. However, it should be stighae this estimate is
provisional and there are many inconsistenciekertifferent data sets that do not
foster confidence.

Regardless of the precise date of speciation, anel@ remains: how did so
many wind pollinated species managed to speciatach a geographically restricted
area? The island contains steep gradients of @inpa¢cipitation, altitude, and soil
chemistry and thus from an ecological perspectieerainge of niches is high.
However, given the close spatial proximity of hatst and the efficient dispersal of
wind pollinated trees leading to high levels of gdiow, it would require very strong
selective gradients for speciation to occur. Puipdy, there is a basic lack of
geographical space in which allopatric speciatiomd@ occur on New Caledonia.

. Loyalty Islands
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Fig. 6.1 Map of New Caledonia and with the disttib of ultramafic soils shown in
black

The apparent paradox of a monophyletic radiatiarptad with a small geographical

space and wind pollinated trees raises the queasida the spatial scale over which
differentiation can occur in these species. Therotited fact of low levels of
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population differentiation among populations of ifers (e.g. Hamriclet al. 1992) is
heavily biased by studies of temperate Pinaceagespd he confounding variables
between the large northern hemisphere populatibRsaisspecies and the often
fragmented distributions of tropical/sub-tropicahders are likely to be large, and
the assumption of near panmixia in all conifer g open to question. Certainly
New Caledonia contains small geographically isolgtepulations oAraucaria
species and the sharp topological contrasts orsidred potentially offer

opportunities for genetic isolation which might trdibute towards differentiation.

One aim of this chapter is to thus to undertakadbiscale population surveys
of chloroplast DNA markers of all species to estdibthe scales over which
population differentiation occurs. CpDNA being patdly inherited in the
Araucariaceae is likely to be a good representatfqratterns of gene flow for the
nuclear genome (c.f. Peét al.,2005). This contrast with the situation in
angiosperms in which maternally inherited cpDNAeafshows contrasting genetic
structure to nuclear DNA markers which is attrittlgeto relatively restricted of
gene flow by seed compared to pollen (Enetoal.,1999; Squirrelet al.,2001). By
examining the distribution of cpDNA variation in ftiple species is should be
possible to evaluate whether there is evidencanfma-specific divergence that might
give some insights into how genetic isolation migbtur, and if so, in which
habitats this is most evident.

A second aim of this chapter is to assess whetieee is any evidence for
genetic biodiversity hotspots on the island of Nealedonia. Phylogeographic
studies have provided strong evidence for the itapae of long term historical
factors as determinants of regional genetic stredtua wide range of species
(Avise, 2000). Glacial cycles can results in raegpansions/contractions, and this
can lead to an uneven distribution of genetic wianma Although tropical and sub-
tropical regions did not experience major glaciagwents like more boreal and
austral regions, they did nevertheless experieliwatic change which may well
have altered species’ distributions. Such long teistorical factors, coupled with

more contemporary events (e.g. levels of deforiestan different areas) could
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potential lead to a situation in which some pafta given country contain
populations with higher levels of genetic diversitgn others. Given that the
conservation of genetic biodiversity is an integyal of the Convention on
Biological Diversity, understanding whether suclispots are present is a necessary

first stage in conserving them.

6.2 Materials and Methods

6.2.1 Plant material

Plant material was collected during 3 successeld Beasons in December 2001,
2002, 2003 (Table 6.2). Populations were sampleahiaffort to get maximal
coverage of the distribution for each speciespailtim this was to some extent
constrained by the logistical challenges of und@mtapopulation samples of 13
different species. In total, 49 populations wemagied, with ¢ 10 individuals
sampled per population. Species were identifiedguBeld characteristics coupled
with subsequent examination of herbarium speciménseach individual a few
leaves were collected and stored in silica gelbEeam sheets were made for one or

two individuals from most of the populations.
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Species name Locality Population| Sample | 5.4.5 Collector 5.5 Collect
code size or
numbe
r
6 A. Lacs de bernLdY 7 Gardner M. F., Herbert J., 369-375
bernieri Yaté Hollingsworth P. M. , Ponge A.
A. bernieri Montagne | bernMdS 10 M. F. Gardner, M. L. Hollingsworth|  4251-4260
des P. M. Hollingsworth, C. J. Kettle, M.
Sources Kranitz, J. Manauté & P. Thomas
A. bernieri Pics des bernPdP 10 Gardner M. F., Herbert J., 669-678
Pins Hollingsworth P. M., Ponge A.
A. bernieri Riviere bernRdL 10 M. F. Gardner, M. L. Hollingsworth{  4000-4009
des Lacs P. M. Hollingsworth, C. J. Kettle, M.
Kranitz, & P. Thomas
A. bernieri Thio bernTHO 8 Kettle C. J., Kranitz M. L. 301-
306+330+331
A. biramulata Forét birFND 8 Kettle C. J., Kranitz M. L. 99-106
Nord
A. biramulata Mont Do birMDO 9 M. F. Gardner, M. L. Hollingsworth 4081-4089
P. M. Hollingsworth, C. J. Kettle, M.
Kranitz, & P. Thomas
A. columnaris Baie des colBTO 10 Kettle C. J., Kranitz M. L. 5-14
Tortues
A. columnaris 116t Porc collPE 10 Kettle C. J. 334-343
Epic
A. columnaris Lifou colLCD 10 Kettle C. J. 461-470
A. columnaris Maré colMAR 10 Kettle C. J. 501-510
A. columnaris Baie colORO 10 Kettle C. J. 121-130
d'Oro
A. columnaris | Port Boisé colPBS 10 Kettle C. J. 730-739
A. Montagne | humMdS 9 M. F. Gardner, M. L. Hollingsworth| 2001-2009
humboldtensis des P. M. Hollingsworth, C. J. Kettle, M.
Sources Kranitz, & P. Thomas
A. laubenfelsii Bwa lauMBK 10 M. F. Gardner, M. L. Hollingsworth, 4151-
Meyu P. M. Hollingsworth, C. J. Kettle, M.| 4158+4050-
Kranitz, & P. Thomas 4051
A. laubenfelsii | Mont Do lauMDO 10 M. F. Gardner, M. L. Hollingswhbrt 603+611-
P. M. Hollingsworth, C. J. Kettle, M.| 616+622+631-
Kranitz, & P. Thomas 632
A. laubenfelsii Quinée lauOUE 10 M. F. Gardner, M. L. Hollingswarth 2200-
P. M. Hollingsworth, C. J. Kettle, M.| 2204+2220-
Kranitz, & P. Thomas 2224
A. luxurians Botaméré luxBOT 13 M. F. Gardner, M. L. Hollingswarth 55-61+65+63
P. M. Hollingsworth, C. J. Kettle, M.
Kranitz, & P. Thomas
A. luxurians Col luxFOA 9 Kettle C. J., Kranitz M. L. 4014-4026
d'Amieu
A. luxurians Plum luxPLU 7 Gardner M. F., Herbert J., 930+935+940+
Hollingsworth P. M. , Ponge A. 943+946+947+
954
A. montana Boulinda monBOU 10 Third New Caledonia Araucaria 2561-2570
Expedition
A. montana Kaala monKAA 11 Kettle C. J., Kranitz M. L. MI17+26-
Gomen 30+889-893
A. montana Kopéto monKOP 6 Kettle C. J., Kranitz M. L. MI10+56-
A. montana Mont monMPA 10 M. F. Gardner, M. L. Hollingsworth, 4239-4248
Panié P. M. Hollingsworth, C. J. Kettle, M.
Kranitz, & P. Thomas
A. muelleri Koghis mulKOG 12 Gardner M. F., Herbert J., 895+913-
Hollingsworth P. M. , Ponge A. 919+888-
889+893+896
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A. muelleri Montagne| mulMdS 10 M. F. Gardner, M. L. Hollingsworth, 3000-
des P. M. Hollingsworth, C. J. Kettle, M.| 3006+4263-
Sources Kranitz, & P. Thomas 4265
A. muelleri Pics des mulPdP 10 Gardner M. F., Herbert J., 633-639+662-
Pins Hollingsworth P. M., Ponge A. 663+666
A. nemorosa Capdela| nemCRC 8 Kettle C. J., Kranitz M. L. 3050-3057,
Reine
Charlotte
A. nemorosa Forét nemFND 9 Kettle C. J., Kranitz M. L. 3298-3305
Nord
A. nemorosa Port Boisé nemPBS 12 Kettle C. J., Kranitz M. L. 2300-
2307+2444-
2447
A. rulei Bogota rulBOG 10 Gardner M. F., Herbert J., 241+244+246+
Hollingsworth P. M. , Ponge A. 249+250+254+
255+259-261
A. rulei Boulinda rulBOU 9 M. F. Gardner, M. L. Hollingsworth| [TNCA] 2571-
P. M. Hollingsworth, C. J. Kettle, M.| 2574 + 2593-
Kranitz, J. Manauté & P. Thomas 2594 + 2596-
2599
A. rulei Camps rulCds 10 Gardner M. F., Herbert J., 301-309+312
des Sapins Hollingsworth P. M. , Ponge A.
A. rulei Kopéto rulKkOP 10 Kettle C. J., Kranitz M. L. 17-25+5
A. rulei Mamié rulMAM 10 Gardner M. F., Herbert J., 331-
Hollingsworth P. M., Ponge A. 336+341+345+
348+362
A. rulei Bwa rulMBK 10 M. F. Gardner, M. L. Hollingsworth, | [TNCA] 4110-
Meyu P. M. Hollingsworth, C. J. Kettle, M.| 4118+ 4126
Kranitz, J. Manauté & P. Thomas
A. rulei Quinée rulOUE 11 M. F. Gardner, M. L. Hollingswarth| [TNCA] 2230-
P. M. Hollingsworth, C. J. Kettle, M. 2239
Kranitz, J. Manauté & P. Thomas
A. rulei Poro rulPOR 10 Gardner M. F., Herbert J., 183-184+188-
Hollingsworth P. M. , Ponge A. 191+193-
195+207
A. rulei Thiébagui rulTIE 5 Gardner M. F., Herbert J., 38+40-
Hollingsworth P. M. , Ponge A. 41+44+50
A. rulei Le Trou rulTRO 10 Gardner M. F., Herbert J., 858-877
Hollingsworth P. M. , Ponge A.
A. schmidii Mont schMPA 9 M. F. Gardner, M. L. Hollingsworth, 4209-
Panié P. M. Hollingsworth, C. J. Kettle, M.| 4210+4217-
Kranitz, J. Manauté & P. Thomas 4218+4220-
4225
A. scopulorum Cap scoCBO 8 Gardner M. F., Herbert J., 121+122+132+H
Bocage Hollingsworth P. M. , Ponge A. 135+136+139+H
148+150
A. scopulorum Bwa scoMBK 10 M. F. Gardner, M. L. Hollingsworth,| 4162-4171
Meyu P. M. Hollingsworth, C. J. Kettle, M.
Kranitz, J. Manauté & P. Thomas
A. scopulorum Poro scoPOR 7 Gardner M. F., Herbert J., 211+4212+215+
Hollingsworth P. M. , Ponge A. 216+221+222+
224+226+231+
233
A. scopulorum Poum scoPOU 10 Kettle C. J., Kranitz M. L. 2+869-87
A. scopulorum Thio scoTHO 11 Kettle C. J., Kranitz M. L. 307-316
A. scopulorum | Thiébagui scoTIE 10 Gardner M. F., Herbert J., 82-86+111-
Hollingsworth P. M. , Ponge A. 115
A. subulata Dzumac subDZC 10 Gardner M. F., Herbert J., 679-687+689
Hollingsworth P. M. , Ponge A.
A. subulata Montagne | subMdS 10 M. F. Gardner, M. L. Hollingsworth|  4266-4275
des P. M. Hollingsworth, C. J. Kettle, M.
Sources Kranitz, J. Manauté & P. Thomas

Table 6.1. Species, population localities, samiaiessand collector details of 49
sampled populations of New Caledonfaraucaria
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6.2.2 Molecular methods

6.2.2.1 DNA extraction

DNA was extracted from 0.5¢g of silica dried leafteral using Plant DNeasy kit
(Qiagen, UK). Leaf material was placed in a 1.%eppendorf tube and frozen by
immersion in liquid nitrogen. DNA was extractedléoling the manufacturer’s

instructions using all the steps

6.2.2.2 ldentification of chloroplast variants

Short repetitive sequences in chloroplast DNA (dqp§Shloroplast simple sequence
repeats) represent a useful class of marker ftindigshing among closely related
chloroplast haplotypes (Provahal.2001). Given the limited amount of cpDNA
sequence variation among New Caledoiaaucariaspecies (Chapter 2), cpSSRs
were employed for broader population screeninge@mnononucleotide repeats
(cpSSRs) were identified by sequencing the inteiegehloroplast spacer thmS-
trnFm in different New Caledoniafsraucariaspecies (Chapter 2). One was a poly-A
repeat (referred to as AP1) which ranged frof®A;, one was a poly-C repeat
(referred to as AP2) ranging from-C11, and one was an AT repeat, ranging from
ATeATg (referred to as AP3). A longer 13bp minisatel (it AAATCTAGACT)
repeat unit (referred to as M13) ranging from kfeaats, was identified by
sequencing the inter-genic spacer tebptrnH (Chapter 2). Primers pairs were
designed to flank these repetitive regions usindp \Remer

(http://seq.yeastgenome.org/cgi-bin/web-pripterallow for rapid assays to be

undertaken discriminating chloroplast haplotypeslength variants.

6.2.2.3 Assay conditions

For the PCR, 1l of DNA was combined in a 10 PCR with Jul of 10X NH, buffer
(Bioline), 1ul of dNTPs (2uM), 0.4 ul of 50mM MgCh, 1 ul of each primer,
0.25units of Biotag DNA polymerase (Bioline) an@%yl of distilled water.
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The amplifications were performed in a MJ Rese&Tl-200 Thermal Cycler with
a first denaturising step of 12 min at 94 °C, fa#al by 30 cycles [15s of
denaturising at 94 °C, 15s of annealing at 60 ¥2&3s of extension at 72 °C, with a
final extension step of 72 °C for 30 min (Griegtal, 2001). The annealing

temperature for the different markers was 60 °C.

Microsatellites were run with the size standardotOthe CEQ8000 Beckman
sequencer. Electropherograms were analysed usrigdfault parameters in the
Fragment Analysis module of the CEQ software paekaagsion 8.0.

6.2.2.4 Data analysis

The number of repeats for each marker was coded Irto 6, with 1 representing
the smallest number of repeats retrieved, 2 thensesmallest number, and so on.
The allelic state at each separate chloroplassle@s noted and then combined to
produce multi-locus chloroplast haplotypes. Theggaphical distribution of the
chloroplast haplotypes were plotted onto a mapgugia charts to represent
population level frequencies.

To assess the amounts of chloroplast variatiomptineber of populations
that were polymorphic for copDNA was recorded, dmelinean gene diversitif)
estimated using Arlequin (Schneidsral, 2000). To examine population
differentiation, Analyses of Molecular Variance (ANWA) were undertaken to
partition the genetic variation within and amongeas groupings of the data (see
below). To estimate levels of population differatibn within individual species,
Arlequin was also used to estim&g. The significance of estimates of population
and taxon differentiation was undertaken using peation tests.

To examine the distribution of genetic variateonong species and regions, a
hierarchical pooling approach was taken. Firshg amounts of genetic diversity
were examined by region by splitting the main idlaf New Caledonia into
southern, central and northern groups, and theohagit diversity in these regions
compared (two populations 8f columnarissampled from the Loyalty islands were
off the east coast were treated separately iratiadysis). Secondly, the patterns of
haplotype diversity in various groups of speciesenaxamined. As the coastal

speciesA. columnaris, A. luxurians, A. nemordsapresent a phylogenetically
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discrete group united by their maritime distribatithey were treated as one group
(the ‘coastal’ group). Secondly, the four largevihspeciesA. montana, A.
laubenfelsii, A. rulei, A. muellgrall occur in a basal polytomy in the phylogeny.
They are united by their morphology (leaf sizegitloccurrence on sites of high
altitude (often rather open mountain tops or plad@aand some similarity in habit
(they show Rauh or modified Rauh tree shapes; @h&pt These species were thus
considered as a group (the ‘big leaved’ group). flied group is the small leaved,
non-coastal specieé (bernieri, A. biramulata, A. humboldtensis, Arsdii, A.
scopulorumandA. subulaty These are generally phylogenetically relateleidl
rendered paraphyletic by the inclusion of the @lagbup nested within this clade.
They are united by similarities in habit and leaésand an occurrence at generally
intermediate levels of elevation (but with excepsidike A. schmidi). A.
humboltensiss the one species which is somewhat misplacegisrgroup. On
phylogenetic grounds, it belongs with the largevéebspecies with which it co-
occurs in the basal polytomy (Chapter 2). HoweNes, atypical for the other species
in this grade. On morphological and ecological gasiit has greater affinities with
the more derived ‘small leaved non-coastal specfessuch it was included in this
group (which was collectively termed the ‘intermagdigroup’). Although this
placement was rather unsatisfactory and ambiguwsusnly a single population &t
humboltensisvas available, its contribution towards signalha tata is limited
anyway.

It should be stressed that these groupings ardyctiffuse. However, they are
considered as a tool for exploring the data raten fixed categories. They
represent an intermediate level of hierarchy betwssulations within species, and
between all species. By examining the amount aétian in the data set explained
by different groupings, it is possible to examineether they have any biological

relevance.
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6.3 Results

6.3.1 Haplotype diversity

Genetic variation was detected in all four chloagpimarkers. AP1 was the most
variable with five different alleles. AP3 and M12#e the least variable with three
alleles each. In total 24 haplotypes were retrigiedble 6.2). The distribution of
these haplotypes among populations and specieshaven in Table 6.3 and Fig. 6.2.
Of the 49 populations, 40 (82%) contained more thraa haplotype, the remaining 9
populations (18%) were monomorphic. 19 populati@®96) contained 2
haplotypes, 12 populations (25%) contained 3 hgpést, 6 populations (12%)
contained 4 haplotypes, and 3 populations (6%)atoet 5 haplotypes (Table 6.3).
Haplotypes 1, 2, 3 and 6 are the most widespresdgpresent among
multiple populations of multiple taxa (Tables 6.3&). In particular, Haplotype 1
accounts for 22% of individuals (102/468), Hapla&ypfor 33% of individuals and
Haplotype 6 accounts for 10% of individuals. Inrast, 10 haplotypes are found in
only one population. Haplotype 4 is only preserthi@A. bernieripopulation of
Riviére des Lacs. Haplotype 7 is only present engbpulation ofA. columnarisof
Maré. Haplotype 9 is only presentAn laubenfelspopulation of Bwa Meyu.
Haplotype 18 is only present M muelleripopulation of Montagne des Sources.
Haplotype 24 is only present A scopulorunpopulation of Poro. Finally, four
populations ofA. rulei have a unique type of chloroplast (Camps des Safiopéto,

Le Trou and Poro).

6.3.2 Overall genetic structure

In the total data set there is only limited evideo€ spatial geographical structure
(e.g. haplotypes present at high frequency ingfdtte island, but not in others)
(Figure 6.2, Table 6.4). Seven of the haplotypesiom localities that span the
geographical regions sampled on the main islandi{noentral and south). The
clearest evidence for geographical structure cdnoes the fact that the central

populations are the source of most region-spek#motypes (Table 6.4). Of the 11
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Fig. 6.2: Distribution map of the chloroplast hagfmes of the 13 New
CaledoniarAraucaria.For population codes see Table 6.1
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haplotypes that are restricted to either northegntral or southern regions of the
main island, 8 are restricted to the central regionl 3 are restricted to the southern
region (no northern region specific haplotypes veected). The vast majority of

these central region-specific haplotypes occk.irulei (Table 6.4).

Haplotype M13 AP1 AP2 AP3

1 2 2 2 2
2 3 2 2

3 1 2 2 2
2 2 4 2

2 2 3 2

1 2 3 2

1 2 1 2

1 3 2 2

2 1 2 2

2 3 3 2

1 3 3 2

12 2 4 2 2
3 3 2 2

4 3 4 3 2
3 3 1 2

6 3 4 2 2
3 2 2 2

18 1 2 2 3
19 3 4 2 1
20 3 5 2 2
21 3 4 4 2
22 3 3 3 2
23 3 3 2 1
24 2 2 2 3

Table 6.2. The genotypic constitution of 24 hapbety detected among New
CaledoniarAraucariapopulations based on four chloroplast markers (APR,
AP3, M13).
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Population Haplotype Gp
1]12| 3| 4| 5| 6 8 10 11 1p 13 1 15 [16 |17 (18 |19 22| 23| 24
1 coa
col BTO 0
1 coa
col IPE 0 .
col LCD 9 1 coa
col MAR 7 2 coa
col ORO 7 3 coa
col PBS 7 3 , . coa
lux BOT 2 9 1 1 coa
lux FOA 8 1 coa
lux PLU 2 5 coa
nem CRC 6 2 coa
nem FND 4 5 coa
nem PBS . | 4 g coa
bern LdY 6| 1 int
1 int
bernMdS | 0
1 int
bern PdP 0 .
bern RAL 9 1 . int
bern THO 6 . 2 int
bir FND 3 5 int
bir MDO . .19 . int
sch MPA . .| 6 |3 int
sco CBO 5 |3 int
sco MBK 4 3] .| 3 . int
sco POR 4 2 . 1 int
sco POU 6] 1] . | 3 int
sco THO 7 3 1 int
1 int
sco TIE . . . .1 0] .
sub DZC . .| 8 2 int
1 int
sub MdS . .10 .
hum MdS . .| 4 g int
lau MBK 1|8 big
lau MDO 3| 7 . big
lau OUE .19 . 1] big
mon BOU 5[ 1] . 1 . . 3 . big
mon KAA L] 2 4 2 3 big
mon KOP 4 2 ] big
mon MPA .| 5] . . 1 4 big
mul KOG .l 2] 9 1 . big
mul MdS 1| .| 7 1 L big
1 big
mul PdP . .10 . .
rul TRO 8 . 1 1 big
rul BOG 5 1 4 big
rul BOU 1 3 s big
rul CdS ] N 2 [ L big
rul KOP 21 .| . 1 . 1 4 big
rul MAM 3 2 2 . 2 1 big
rul MBK . . 1 2 6 big
rul OUE 3 4 4 .. big
rul POR 3 2 21 big
rul TIE big

Table 6.3. Number of individuals in each populatomtaining different chloroplast

haplotypes based on 49 sampled populations of NaedOnianAraucaria. For

population codes, see Table 6.1. Gp = group, cozastal, int = intermediate, big =

big leaved species.
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6.3.1.1 Region Haplotypes

1 3 5| 6 10 1 1P 13 15 16 |17 |18 |19 22| 23| 24
sch MPA northern . . 6 . B
sco POU northern 6| 1 3
sco TIE northern . 10
mon KAA northern . 2 4
mon MPA northern 5 L ) .
rul TIE northern . )
col BTO central 10
lux BOT central 2 9
lux FOA central . 8 . 1
bern THO central 6 . 2
bir MDO central . 9 .
sco CBO central 5 . 3
sco MBK central 4 3 3 .
sco POR central 4 2 1
sco THO central 7 . 3 1
lau MBK central 1| 8
lau MDO central 3| 7 . )
mon BOU central 5 1 1 B
mon KOP central . 4 2 . .
rul BOG central 5 | !
rul BOU central 1 3 5 .. .
rul CdS central . . p 6 .1 1
rul KOP central 2 1 L 43 . .
rul MBK central . 2 b 1 . .
rul POR central . B 2 2 2 1
col IPE southern 1
col ORO southern 7
col PBS southern 7
lux PLU southern 2 5
nem CRC southern [
nem FND southern 4
nem PBS souther . . 4
bern LdY southernf 6| 1
bern MdS southern 1
bern PdP southern 1D
bern RdAL southern 9 .
bir FND southern| 3 5
hum MdS southern 4
sub DZC southern 8
sub MdS southern 1 .
lau OUE southern g . L
mul KOG southern . 9 .
mul MdS southern| 1 7 il
mul PdP southerr] . 1 .
rul TRO southern| 8 . . 1 . ..
rul MAM southern| 3 2 4 P .
rul OUE southern| 3 7 4

Loyalty
col LCD Isles 9 1
Loyalty

col MAR Isles 7 2
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Table 6.4. Number of individuals in each populatomtaining different chloroplast
haplotypes based on 49 sampled populations of N&aedGniarAraucaria,arranged
according to different regions on New Caledofiar population codes, see Table
6.1.

6.3.3 Diversity within species, species groups, anegions

6.3.3.1 Diversity within species

Table 6.3 provides a convenient summary of divergithin species. Several species
have only two haplotypes detect&d fiemorosa, A. biramulata, A. schmidii, A.
subulata, A. humbolten3itHowever, these species were all sampled froml8ss
populations and hence this low diversity may to s@xtent relate to low sampling
of populationsA. columnarishas three haplotypes from 6 populatioksluxurians

4 haplotypes from 3 populations, bernieri4 haplotypes from 5 populations,
scopulorumd haplotypes from 6 populations aAdlaubenfelsihas 4 haplotypes
from 3 populations. Higher diversity is foundAn muelleri- 6 haplotypes from 3
populationsA. montana 10 haplotypes from 4 populations, aikdrulei - 13
haplotypes from 10 populations. At the within-paidn level (Tables 6.3 & 6.5)
most species have populations with just one orltaygotypes; however, populations
of A. scopulorum, A. montareadA. rulei have >50% of their populations with 3 or
more haplotypes. These species also have higherdjeersity estimates (Table
6.5).

6.3.3.2 Diversity within ‘species groups’

Table 6.3 shows haplotypic diversity by specie®atiag the different species
groups, Figs. 6.3, 6.4 and 6.5 shows the geogralpthistribution of haplotypes by
group, and Table 6.5. summarises the intra-pojuiajenetic diversity statistics by
group. The most striking observation from thesea daé that the ‘big leaved’ species
have higher levels of intra-specific and intra-plagion diversity than the other

species. The coastal and intermediate speciegmfied by lower levels of
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haplotypic diversity, with the exception Af scopulorumThe big leaved group has
a mean of 3.2 haplotypes per population, and a meae diversity oHg = 0.547,
compared to a mean of 2.08 haplotypes per populatid a mean gene diversity of
He = 0.362 in the coastal species, and 1.94 haplstygpepopulation and meéatf =
0.351 in the intermediate group (Table 6.5).
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Fig. 6.3: Distribution map of chloroplast haplotgpe the 3 coastal specigs. columnaris, A. luxurians, A. nemor@sBor population codes see
Table 6.1.
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Fig. 6.4: Distribution map of chloroplast haplotgps the intermediate group Afaucaria(A. bernieri, A. biramulata, A. humboldtensis, A.
schmidii, A. scopulorurandA. subulaty For population codes see Table 6.1.
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Fig. 6.5: Distribution map of chloroplast haplotgder the big leaved species of New Caledoeaucaria (A. laubenfelsii, A. montana,

A. mueller, andA. rulei). For population codes see Table €
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6.3.3.3 Diversity within regions

Table 6.4 shows haplotypic diversity by specieoatiag to the different regions,
Figs 6.6, 6.7 and 6.8 show the regional distribubbhaplotypes, and Table 6.6
summarises the intra-population genetic divergayigics by region.

Ten speciesA. bernieri, A. biramulata, A. columnaris, A. hurtdiensis,
A.laubenfelsii, A. luxurians, A. muelleri, A. neimsa, A. rulei, A. subulajavere
sampled from the south of New Caledonia from d wft22 populations. From these
populations 14 haplotypes were detected, and Ip@pRlations (77%) contained
only 1 or 2 haplotypes. The mean number of hapkstyger population was 2.1, and
the mean gene diversity whlg = 0.361 (Tables 6.4 & 6.6).

Eight speciesA. bernieri, A. biramulata, A. columnaris, A.lauliesii, A.
luxurians, A. montana, A. rulei, A. scopulofuwere sampled from the central part
of New Caledonia, from a total of 19 populationsrf these populations 19
haplotypes were detected and only 7/19 popula{i®r%) contained only 1 or 2
haplotypes. The mean number of haplotypes per ptipnlwas 2.9, and the mean
gene diversity wablg = 0.528 (Tables 6.4 & 6.6).

Four speciesA. montana, A. rulei A. schmidii, A. scopulojunere sampled
from the northern part of New Caledonia, from alttof 6 populations. From these
populations 10 haplotypes were detected and 50¢tegbopulations contained only
1 or 2 haplotypes. The mean number of haplotypepgaulation was 2.3, and the
mean gene diversity wag: = 0.424 (Tables 6.4 & 6.6).

Thus populations in the centre of the island agentiost diverse, and as
mentioned in Section 6.3.2, the central part ofiskend also has the highest level of
private haplotypes (Table 6.4).
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Fig. 6.6: Distribution of chloroplast haplotypes@mgAraucariapopulations in the centre of New Caledonia. Forybaion codes see Tal
6.1. markers.
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Fig. 6.7. Distribution of chloroplast haplotypea@gAraucariapopulations in
the north of New Caledonia. For population codesTsble 6.1.
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Fig. 6.8. Distribution of chloroplast haplotypea@ngAraucariapopulations
in the south of New Caledonia. For population caskes Table 6.1.
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. Population | Sample | Number of Gene diversity
Group Species .
name size haplotypes (Hg)
A. columnaris col BTO 10 1 0
A. columnaris col IPE 10 1 0
A. columnaris col LCD 10 2 0.2000 (+/-0.1541
A. columnaris col MAR 10 3 0.5111 (+/-0.1643)
A. columnaris col ORO 10 2 0.4667 (+/-0.1318
Coastal A. columnaris col PBS 10 2 0.4667 (+/-0.1318
species A. luxurians lux BOT 13 4 0.5256 (+/-0.1527
A. luxurians lux FOA 9 2 0.2222 (+/-0.1662)
A. luxurians lux PLU 7 2 0.4762 (+/-0.1713)
A. nemorosa nem CRC 8 2 0.4286 (+/-0.1687
A. nemorosa nem FND 9 2 0.5556 (+/-0.0902
A. nemorosa nem PBS 12 2 0.4848 (+/-0.1059
Average 9.8 2.08 0.3615
A. bernieri bern LdY 7 2 0.2857 (+/-0.1964
A. bernieri bern MdS 10 1 0
A. bernieri bern PdP 10 1 0
A. bernieri bern RdL 10 2 0.2000 (+/-0.1541
A. bernieri bern THO 8 2 0.4286 (+/-0.1687
A. biramulata bir FND 8 2 0.5357 (+/-0.1232)
A. biramulata bir MDO 9 1 0
. A. humboldtensis hum MdS 9 2 0.5556 (+/-0.0902
'mzr:gﬁg'ate A. schmidii sch MPA 9 2 0.5000 (+/-0.1283
A. scopulorum sco CBO 8 2 0.5357 (+/-0.1232
A. scopulorum sco MBK 10 3 0.7333 (+/-0.0764
A. scopulorum sco POR 7 3 0.6667 (+/-0.1598
A. scopulorum sco POU 10 3 0.6000 (+/-0.1305
A. scopulorum sco THO 11 3 0.5636 (+/-0.134)
A. scopulorum sco TIE 10 1 0
A. subulata sub DZC 10 2 0.3556 (+/-0.1591
A. subulata sub MdS 10 1 0
Average 9.2 1.94 0.3506
A. laubenfelsii lau MBK 10 3 0.3778 (+/-0.1813)
A. laubenfelsii lau MDO 10 2 0.4667 (+/-0.1318
A. laubenfelsii lau OUE 10 2 0.2000 (+/-0.1541
A. montana mon BOU 10 4 0.7111 (+/-0.1175
A. montana mon KAA 11 4 0.8000 (+/-0.0747)
A. montana mon KOP 6 2 0.5333 (+/-0.1721
A. montana mon MPA 10 3 0.6444 (+/-0.1012
A. muelleri mul KOG 12 3 0.4394 (+/-0.1581
A. muelleri mul MdS 10 4 0.5333 (+/-0.1801
Big leaved A. muelleri mul PdP 10 1 0
group A. rulei rul TRO 10 3 0.3778 (+/-0.1813
A. rulei rul BOG 10 3 0.6444 (+/-0.1012
A. rulei rul BOU 9 3 0.6389 (+/-0.1258)
A. rulei rul CdS 10 4 0.6444 (+/-0.1518
A. rulei rul KOP 10 5 0.8222 (+/-0.0969
A. rulei rul MAM 10 5 0.8667 (+/-0.0714)
A. rulei rul MBK 10 4 0.6444 (+/-0.1518)
A. rulei rul OUE 11 3 0.7273 (+/-0.0679
A. rulei rul POR 10 5 0.8667 (+/-0.0714
A. rulei rul TIE 5 1 0
Average 9.7 3.2 0.5469

Table 6.5. Chloroplast haplotype diversity in Neal€tioniarAraucariaarranged by
species group
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Population

Number of

Location Species Sample size Gene diversity
name haplotypes
A. schmidii sch MPA 9 2 0.5000 (+/-0.1283)
A. scopulorum sco POU 10 3 0.6000 (+/-0.1305)
Northern A. scopulorum sco TIE 10 1 0
A. montana mon KAA 11 4 0.8000 (+/-0.0747)
A. montana mon MPA 10 3 0.6444 (+/-0.1012)
A. rulei rul TIE 5 1 0
Average 9.2 2.3 0.424
A. columnaris col BTO 10 1 0
A. luxurians lux BOT 13 4 0.5256 (+/-0.1527)
A. luxurians lux FOA 9 2 0.2222 (+/-0.1662)
A. bernieri bern THO 8 2 0.4286 (+/-0.1687)
A. biramulata bir MDO 9 1 0
A. scopulorum sco CBO 8 2 0.5357 (+/-0.1232)
A. scopulorum | sco MBK 10 3 0.7333 (+/-0.0764)
A. scopulorum sco POR 7 3 0.6667 (+/-0.1598)
A. scopulorum sco THO 11 3 0.5636 (+/-0.134)
Central A. laubenfelsii lau MBK 10 3 0.3778 (+/-0.1813)
A. laubenfelsii lau MDO 10 2 0.4667 (+/-0.1318)
A. montana mon BOU 10 4 0.7111 (+/-0.1175)
A. montana mon KOP 6 2 0.5333 (+/-0.1721)
A. rulei rul BOG 10 3 0.6444 (+/-0.1012)
A. rulei rul BOU 9 3 0.6389 (+/-0.1258)
A. rulei rul CdS 10 4 0.6444 (+/-0.1518)
A. rulei rul KOP 10 5 0.8222 (+/-0.0969)
A. rulei rul MBK 10 4 0.6444 (+/-0.1518)
A. rulei rul POR 10 5 0.8667 (+/-0.0714)
Average 9.5 2.9 0.528
A. columnaris col IPE 10 1 0
A. columnaris col ORO 10 2 0.4667 (+/-0.1318)
A. columnaris col PBS 10 2 0.4667 (+/-0.1318)
A. luxurians lux PLU 7 2 0.4762 (+/-0.1713)
A. nemorosa nem CRC 8 2 0.4286 (+/-0.1687)
A. nemorosa nem FND 9 2 0.5556 (+/-0.0902)
A. nemorosa nem PBS 12 2 0.4848 (+/-0.1059)
A. bernieri bern LdY 7 2 0.2857 (+/-0.1964)
A. bernieri bern MdS 10 1 0
A. bernieri bern PdP 10 1 0
A. bernieri bern RdL 10 2 0.2000 (+/-0.1541)
Southern A. biramulata bir FND 8 2 0.5357 (+/-0.1232)
A.
humboldtensis| hum MdS 9 2 0.5556 (+/-0.0902)
A. subulata sub DZC 10 2 0.3556 (+/-0.1591)
A. subulata sub MdS 10 1 0
A. laubenfelsii lau OUE 10 2 0.2000 (+/-0.1541)
A. muelleri mul KOG 12 3 0.4394 (+/-0.1581)
A. muelleri mul MdS 10 4 0.5333 (+/-0.1801)
A. muelleri mul PdP 10 1 0
A. rulei rul TRO 10 3 0.3778 (+/-0.1813)
A. rulei rul MAM 10 5 0.8667 (+/-0.0714)
A. rulei rul OUE 11 3 0.7273 (+/-0.0679)
Average 9.7 2.1 0.361
Loyalty Isles A. columnaris col LCD 10 2 0.2000 (+/-0.1541)
A. columnaris col MAR 10 3 0.5111 (+/-0.1643)
Average 10 2.5 0.356

Table 6.6. Chloroplast haplotype diversity in Nealé€tloniarAraucariaarranged by

geographical origins of populations
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6.3.4 Differentiation among species, species grouasd regions

Table 6.7 summarises estimates of differentiatiospecies, species groups and
regions. At the level of the entire data set, 39%amiation was found within
populations, 12% of the variation was between patparis, and 49% of the variation
was between species indicating a strong taxonoigmakin the data. When
geographical regions are considered as the uamaliysis, no significant
differentiation was detected between the threeoregyivith only 4% of the variance
explained by the regional partition. When populagiovere allocated to groups
(coastal, intermediate, big leaved), significafitedentiation was detected between
the three groups with this difference accounting3@? of the variation in the data
set. Focusing on just the coastal species, 70%eofdriation was within
populations, with a small (13%) but significant ambof variation between
populations within species (19% of the variatiors\agtributable to between species
differences in this group, but this was not sigmifit). The intermediate species had a
similar amount of variation among populations witspecies (13%) but a greater
degree of differentiation among species (51%). [ahge leaved species again had c
13% of their variation among populations within gps, and a significant difference
between species (29%).

At the level of individual species, four of the ddecies for whiclrst was
estimated, had non-significant estimates of pomriadifferentiation A. columnaris,
A. nemorosa, A. laubenfelsii, A. muellel contrast, five species h&dr estimates
of >0.15 A. luxurians, A. biramulata, A. scopulorum, A. naod, A. rulej. The
highest estimate dfst was fromA. luxurians(Fst = 0.360).
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Percentage of variation
Among - Number of
Taxon Among populations Within Fst populations
taxa within taxa populations
All specied 49.08** 12.33* 38.59 0.614* 49
By regiorf 3.77n.s. 56.43** 39.81 0.602*] 47
*% ** *%
By groug 29.9 33.77 36.33 0.637 49
Coastal speciés 16.88n.s. 12.92 70.20 0.298 12
Intermediate 50.6%* 13** 36.4 0.636** 17
species
Big leaved speciés 28.87 13.14 57.99 0.420 20
A. columnaris - 5.49 94.51 0.055n.5. 6
A. luxurians - 35.99 64.01 0.360** 3
A. nemorosa - 7.17 92.83 0.072n.s. 3
A. bernieri - 7.58 92.42 0.076* 5
A. biramulata - 30.77 69.23 0.308** 2
A. humboldtensis - - - - 1
A. schmidii - - - - 1
A. scopulorum - 24.56 75.44 0.246** 6
A. subulata - 11.11 88.89 0.111* 2
A. laubenfelsii - 1.47 98.53 0.015n.s. 3
A. montana - 26.51 73.49 0.265** 4
A. muelleri - 4.43 95.57 0.044n.s. 3
A. rulei - 17.58 82.42 0.176** 10

Table 6.7. Distribution of genetic variation amg@pulations, species and groups in
New Caledonia\raucaria.

The different hierarchical levels in the AMOVA (anwtaxa, among populations within taxa, within
populations) were defined as follows in the sepaaatdyses starting with the lowest level moving
to the highest level (e.g. effectively moving froight to left in the table):

Al species = variation within populations, variatiamong populations within species, and variation
between species.

“By region = variation within populations, variatiamong populations within regions (all species
within regions pooled), variation between regions.

3By group = variation within populations, variatiamong populations within group (all species
within each group pooled), variation between gropke groups correspond to coastal species,
intermediate species and big-leaved species).

“Coastal species = variation within populationsjatén among populations within species, variation
between the species, all in the coastal group.

®Intermediate species = variation within populatjoraiation among populations within species,
variation between the species, all in the interedgroup.

®Big leaved species = variation within populatiovesjation among populations within species,
variation between the species, all in the big lday®up.

* = p< 0.05, **p < 0.01, n.s. = not significant.
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6.4 Discussion

6.4.1 General patterns of genetic diversity amongpscies

Although levels of sequence divergence among theseies are low (Chapters 2 and
3), a large number of chloroplast haplotypes wecevered based on the three
microsatellite loci and one minisatellite locus éoyed here. These haplotypes were
not randomly distributed among taxa, and the seengingle partition in the data set
is the between-species component when all spe@eanalysed together. This
indicates that unlike some of assemblages of freeiss (e.g. the European oaks;
Petitet al.2002), New Caledoniafraucariado not have a species independent
distribution of chloroplast diversity. Where specae sampled from the same
locality they typically show clear and marked diéfieces in chloroplast haplotypes
frequencies (see Fig. 6.3).

The extent of inter-specific differences in théadset present here is likely to
be an underestimate. Thus sequence data genardidapter 2 showed, for
instance, fixed nucleotide substitutions betweencibastal species and the other
New Caledonian taxa. As these differences werénetided in the large scale
population screens that we employed here, micra/saitellite haplotypes appear
shared between the coastal and other species,infaehthey are separable via
sequencing.

Further interpretation of levels of difference$vixen species in the different
groups (c.f. Table 6.7) is confounded both by numloé species in each group, and
the variability of the markers. Thus the phylogasly derived coastal group shows
the lowest between-species differences. Howevenmythrkers used here show little
variability within this group, and hence the powedetect frequency differences is
low. The intermediate group showed the largestifices between its species, but

it is also noteworthy that this is the group witle most species included, and hence
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the greatest opportunity for there to be large nedifferences between some taxon

pairs.

6.4.2 Do species groups or geographical regions begplain the data?

The chloroplast haplotypes among the 13 species amined in the context of
three informal groups (coastal, intermediate agddmved) and also three
geographical regions (southern, central and narjhér AMOVA analyses (Table
6.7), with informal groups specified, they accofamnt30% of the variation in the data
set. In contrast, when regions are specified, tmdy account for 4% of the variation
in the data. Given the strong taxonomic signahadata at the species level, it is not
surprising that lumping populations by geographiegions results in lower variance
partitions.

The big leaved species show strong evidence fdrehnitgvels of diversity
than the other two groups, regardless of whethengimeasured as total number of
haplotypes per group, total number of haplotypespecies, highest numbers of
haplotypes found within a population, or highesamwithin population genetic
diversity measures. The reasons for this differemeenot immediately obvious. One
possible explanation relates to population sizeshea large leaved species frequently
occur in large mountain top populations that deelyi to be efficient at maintaining
genetic variation. However, this alone is an inadeg explanation. PopulationsAf
columnarisfor instance, can consist of many thousands o$traed yet this species
has relatively limited amounts of haplotypic vapat Likewise at Montagne de
Source, populations of eithAr bernierior A. subulataare extremely abundant, and
yet samples from both of these species were monanwat this site. Another
possible explanation is one of species age. Ifrthee derived species in the genus
have evolved relatively recently, they may have liraded time to generate new
haplotypes. Certainly the lowest haplotypic vaoatof all is associated with the
coastal group which is phylogenetically the mostwael. However, this must be
gualified with the fact that this group also contaihe lowest number of species
which acts as a confounding variable. A final potity relates to possible responses

to glacial cycles. The paleoclimatic data of Newe@ania suggest a decrease in the
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temperatures during glacial maxima as well as aedese in the rainfall (Pintawed

al., 2001). If the island became cooler during glacijales, one might expect that
the range of mountain top species (e.g. the bigelkgroup) would expand. In
contrast, the range of the lower altitude speeiudsch include many of the
intermediate and coastal groups, might be expédotedntract as they typically grow
in warmer conditions. A historically larger popudet size in the large leaved species
Is one possible explanation for the differencediversity levels seen today.

The presence of a high density of the big-leavettisg populations
(particularlyA. rulei) in the centre of the island acts as somethireg@ainfounding
variable to assess whether there are any geogedtutspots of genetic diversity
(there is more diversity in the centre of the idldout this can be explain by the fact
that there is more populationsAfruleiin the centre of the island, rather than by the
high ‘within population’ diversity in the region pse). Variable populations &f.
rulei occur in the south of the island at e.g. Mamié @uéhée, and there is no
marked evidence for a hotspot of diversity withirstspecies in the central region
(or a cold spot in the south). Rather the diffeesngeem to stem from the fact that
the coastal species and the intermediate spe@dgpmcally less variable, and four
of the six ‘intermediate’ group species have alsewurt distribution. The large leaved
species are typically more variable, and more eir fhopulations are located in the
central and northern regions. However, one couaistpo this is the observation
that the one intermediate species that has a sthistrgoution outside of the south of
the island A. scopulorunis also the most variable of the intermediateciE®e Thus
one should perhaps keep open for discussion thenojhiat the central/northern
regions have maintained larger population sizes tha southern region at some

point in history.

6.4.3 Over what spatial scales and conditions do polations of Araucaria

become genetically isolated on New Caledonia?
One of the driving forces behind this study wadwating whether there was

evidence for population differentiation in any bétNew CaledoniaAraucaria,or

whether the species were essentially panmictic.deit@ obtained here have
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provided strong and clear evidence for genetiedeffitiation among populations of
these species. This is perhaps most clearly eviddfig. 6.6. This shows clear
differences in cpDNA haplotypes between populatiains. ruleiand alsoA.
montana.The populations oA. montanan the west and east of the north of New
Caledonia is one example of this. The populatiokaatla Gomen has four
haplotypes, and that at Mont Panié has three, ®bgaplotypes are shared between
these populations which are less than 100km afsariore extreme example is
present inA. rulei between the population of Tiébagui in the norttthefisland, and
Le Tro in the south of the island. The northernuyagon is fixed for one haplotype,
and the southern population contains three conipldiéerent haplotypes. These
frequency differences have stood up to increasexgblsag of 30 plants per
population where they have been tested furthé. iulei (A. Clark, unpublished
data).

The current data set does not allow more precisghis into the conditions
which might promote divergence, or allow an assessraf whether some species
might be more prone than others to show populatifiarentiation. At the outset of
this project, it was hypothesized that the mountamspecies (which grown in open
habitat and are exposed to strong winds) mighivdbwer population
differentiation than the species like subulataandA. bernieriwhich typically
grown in valleys and experience some degree obsact from the surrounding
mountains and ridges. However, our sparse sampfitigese valley-dwelling
species does not yet allow this question to bdédcK he tall height of these canopy
emergents, their usual absence of branches wirimdf the ground, and the dense
vegetation in which they grow presents a massigsstical and physical challenge
for sampling, and even obtaining 10 samples frggogulation can take one or more
days. However, the fact that averaged over sp&dtbs each informal group, the
amount of variation among populations within spgei@s 13% in each case,
suggests that a simple pattern relating divergembabitat is unlikely to be

forthcoming.
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6.4.4 Conclusions

Two simple points emerge from this study. Firstiiere is strong evidence for
population differentiation among the New Caledomaaucaria That this was
detected using paternally inherited markers suggest likely to reflect genome
wide differences as paternally and bi-parentalhented markers typically show
good correlation in estimates of population gensttiacture (Petiet al.,2005). This
contrast with the generalisations that coniferscglpy show low levels of population
differentiation (c.f. Hamriclet al. 1992), and instead supports hypotheses that
differentiation and speciation could have occuiresitu, particularly given the
strong environmental gradients on New Caledonia.

Secondly, while evidence for genetic biodiversibydpots in this study was
somewhat equivocal, it is clear from a conservaperspective that different
populations oAraucariashould not be considered as genetically equivaldiming
companies often use the defense that ‘populaticarkXbe lost, as other populations
of the species occur elsewhere’ (T. Jaffré persnaqr001). This study provides
empirical evidence to support what was otherwisarasupported defense: these
populations are not genetically equivalent andeimgtreflect different allelic variants
and combinations of genetic biodiversity, and saindese populations may have
been diverging for considerable periods of time.
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CHAPTER 7 - CONCLUDING REMARKS AND FURTHER WORK

This study has used a combination of molecularmaarphological approaches to
investigate the taxonomy and evolution of New CaiganAraucaria Although the
study has perhaps raised as many questions asransae clear findings have

emerged.

7.1 Phylogeny

The New CaledoniaAraucariaare a monophyletic group of species, and theiersist
species is Norfolk Island pinéd (heterophylla Although dating the colonisation of
Araucariaon New Caledonia is difficult, long distance digady rather than a
Gondwanan origin cannot currently be ruled out. Y\daa be said with more
confidence, however, is that the species have bedtew Caledonia longer than the
3 million years that would be implied using the ag@&lorfolk Island as an upper
constraint. The New Caledonian species appean® itzaliated within the last 45-16
mya Although a diffuse estimate, this encompassesitieframe of the deposition
of ultramafic soils and their subsequent erosiamd vhile the date estimates for this
diversification are diffuse, they do at least taltwith times for more recent (e.g. <
10 millions years) radiations that have been remwid other species rich groups

such asnga(Richardsoret al.2001).

Within New Caledonia two main nested clades weeatified. The vast
majority of the small leaved species share mole@yaapomorphies, and nested
within this clade, the coastal species share synapghies. The large leaved species
are concentrated instead in a basal polytomy irgémeis. While not fully resolved,
this does provide the first estimate of phylogeneglationships within the New

Caledoniamraucaria
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7.2 Taxonomy and distribution

In this thesis | have provided an overview of therent taxonomic status of the New
Caledonian species. It is clear that many outstenduestions remain, particularly
whetherA. laubenfelsiis distinct fromA. montantaHowever, the work carried out
here has also clarified the taxonomy/identity afesal populations. Perhaps most
importantly it has led to a revision of the distiflon status oA. ruleiandA.

muelleri Morphological (particularly stomatal) and moleau{cpDNA haplotypes)
characters allowed clear groupings of populati@ased on this work it appears that
A. muelleriis rarer than previously thought aAdrulei has a somewhat wider
distribution that previously thought. This clarditon of taxonomy and distribution

will be useful for conservation.

7.3 Phylogeography and genetic hotspots

A multi-species phylogeographic study detectedgftaxonomic signal in the
distribution of cpDNA haplotypes. There was alsoarked difference in levels of
diversity between the large leaved species andrttadler leaved species.
Particularly populations d&. ruleiandA. montanashowed atypically high levels of
diversity, and it was hypothesised that these lEgeed species may have been

more common during glacial maxima compared to thaller leaved species.

7.4 Molecular work on New CaledoniamAraucaria in a broader context of the

history of the New Caledonian flora.

Placing the studies of New Caledonfraucariainto a broader context of the New
Caledonian flora is difficult given the paucityather studies on the island’s biota.
There is thus little comparative information, buattavailable from other molecular
studies is described below and set in the contietkteohypothesised history of the

island.

The history of the New Caledonian biota has alv@en linked to
Gondwanan history and hypotheses concerning vitegias. long distance dispersal
(e.g. Sanmartin and Ronquist, 2004; Dastisl., 2002; Swensoat al, 2001, Linder
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et al, 1995). The lack of fossil evidence in New Caladds a restraint in obtaining
firm evidence on this question. Moreover, the ggaal history of the region is
complex and uncertainties remain concerning thetfed landmasses in the region
(e.g. New Zealand or New Caledonia) might have legeinely submerged at some
point of their history (Pole, 1994; Picard, 1999 Bind Brodribh 1999). This is
coupled with a shortage of empirical studies att@amydo investigate the age of the
arrival of the biota of the island. Morat al. (1994) compiled information that
suggested that the New Caledonian flora had mae 26% of floristic affinities
with the Australian flora and suggested it wasédithiko a Gondwanan vicariance
event, which would make the colonization more tB@&mya Balgooy (1996) argued
that the levels of endemism of New Caledonia ingiddcontinuous speciation in
isolation" and also that New Caledonia has alwaysained above sea level.
Considering the radiation of the Sapindaceae irttSBacific, he suggested that the
distribution of the generarytera, CupaniopsiandGuioa (Sapindaceae) showed
that a major vicariance event seems to have taleee pround 8éhyabetween
Australia and New Caledonia. However, SanmartinRodquist (2004) questioned
this hypothesis in their work on southern hemisphm®ogeography. By computing
an optimal area cladogram obtained from a plarasgdtfrom several studies on
South Pacific phylogenies, they retrieved a sigteup relationship in the geological
area cladogram between New Guinea and New Caledosiaad of a New
Caledonia/ New Zealand relationship that would xjgeeted in a vicariance
scenario, as New Zealand was the last Gondwandmkass to have had contact
with New Caledonia. Pole (1994) suggested thatthee landmasses had been
submerged during the Paleogene and the bioticagimns between them were due to
post Eocene long distance dispersal. Swessah (2001) also retrieved a strong
biogeographic signal between New Caledonia and 8aimea while studying the
arrival of Nothofaguson both islands. However they refuted the hypashefsa

biotic interchange between the two landmassesfagdt to predict any other
observation of extinct fossils, and suggestedtti@migration route to New
Caledonia involved ancient land links between Neale@onia and New Zealand. A
similar hypothesis was also suggested in Crac2@fi]) and is supported by the
assumption from Herzet al. (1997) that the Norfolk ridge might have been fixgdi
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during Miocene. The current work madeAraucariadoes not contradict this
hypothesis, and the sister relationship retrieved/ben the New Caledonian
Araucariaand the Norfolk Island species would fit such enseio.

7.5 Future work

The lack of empirical evolutionary and systematiwges carried out on the global
biodiversity hotspot of New Caledonia is a majostalsle to understanding more

about the processes that underlie such high lefelgecies richness on the island.

7.5.1 Phylogeny future work
The inclusion of New Caledonian species in phylegierstudies of widely

distributed plant groups is a pre-requisite to echray understanding of the
assemblage of the flora and fauna. Until furthedigts are available, the ratio of
speculation to data will be uncomfortably highabidition, a much stronger
understanding is required as to the extent to whidistitution rates vary from
species to species. Research effort needs to liedppobtaining and compiling
estimates of substitutions rates based on goolraabns from a wide range of
taxonomic groups. As it stands, molecular clockestes of node dates often have
so much variance associated with them, that vist@aly biogeographic scenario can
be invoked for any topology by varying the calibvatpoints and rates used. What is
critical, is the evaluation of whether there is &myn of predictability as to which

groups / lineages are likely to have fast rated,valmich are likely to have slow rates.

7.5.2 Phylogeography future work

New Caledonia is a remarkably heterogeneous iglarah its small size. Its steep
environmental gradients, coupled with the unevesiribution of ultramafic soils are
likely to lead to spatial heterogeneity in the i@ming of genetic variation. That
high levels of population differentiation can ocewas evident from the study of
Araucariain Chapter 6. However, few of tigaucariaspecies sampled are

sufficiently widespread on the island to providglpgeographic insights that are not
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confounded by taxonomy. A high priority is to unddée multi-species comparative
phylogeography studies to investigate whether thereggenetic diversity hotspots on
the island. The current study found very limiteddewnce for higher diversity in the
centre of the island (but this was confounded Bven species distributions). To
test this, sampling 10 or so unrelated species avd@dributions encompass the
length of the island would give good insights ittte distribution of genetic
biodiversity.

7.5.3 Further work on New CaledoniarAraucaria

Concerning the biology of the New Caledonfsaucaria,a high priority is to utilise
nuclear DNA markers to improve understanding adtrehships and species limits.
AFLPs were tried in this project, but adequate ltssuere not obtained. Likewise,
little success has been obtained from sequencengntarnal transcribed spacers of
nuclear ribosomal DNA. When ITS and AFLPs don’t kwdhere are few other
satisfactory DNA approaches to studying the nudesamome other than the labour
intensive challenge of working with single and lo@py nuclear protein encoding
regions. One additional possibility is to assesstiver the flanking regions of the
nuclear microsatellite markers developed for treggmeies by Robertsaat al. (2004)
contain any useful markers. It is also possibl¢ i@ microsatellites themselves will
be useful, although the small number of loci thatavailable (7 including two
unpublished loci) and the high variation at eacu$) makes them poor candidates

for taxonomic/phylogenetic markers, despite theefulness for population genetics.

A change of conservation status for the differgeicges should be envisaged
in light of the re-identification of some populat®in this study. Manaut al.
(2003) suggested the urgent definition of proteetexds foA. rulei, A. montana, A.
muelleriandA. nemorosand to some lesser degeescopuloruml also suggest
that the status &k. muelleriandA. bernierito be changed to VU in the light of
recent population modifications. Before reviewihg status oA. montanaa clear
assessment of its boundaries withaubenfelsishould be defined, and relevant
molecular markers should be isolated as morphahbgitaracters are misleading

when dealing with the two species.
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For the future, it remains unclear whether DNA bding approaches will provide
the set of tools which some proponents of the agrelaim (Herberet al. 2004).
However, if such approaches can be utilised toigelarge scale techniques for
rapid identification and delimitation of biodivengithey will be a welcome set of
tools for problems like those of the taxonomy aadservation of New Caledonian

Araucariawhich are common to other species rich regions@fiorld.
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A. bernieri

Lac de Yate Pic des Pins Riviere des lacs

361 669 4001

L1 W1 L2 W2 L1 W1 L2 W2 L1 W1 L2 W2

1 1 2 1 1.5 1 3 1 1 1 3 1.5

1 1 2 1 1 1 4 1 1 1 3 1

1 1 3 1.5 1 1 5 1 1 1 4 1.5

1 1 2 1.5 1 1 5 1 1 1 3 1

1 1 2 1.5 1 1 4 1 1 1 5 1

1 1 3 1.5 1 1 4 1 1 1 3 2

1.5 1 3 1.5 1.5 1 4 1 1 1 5 1

1.5 1 4 1.5 1 1 4 1 1 1 3 1.5

1 1 2 15 1 1 3 1 1 1 3 2

1.5 1 3 1.5 1 1 4 1 1 1 4 1.5
Riviere des lacs Lac de Yate
15393 362

L1 w1 L2 w2 L1 wi L2 w2

1 1 2 1.5 1 1 2 15

1 1 2 1.5 1 1 3 1

1 1.5 2 1.5 1 1 2 1

1 1 2 2 1 1 4 1

1 1.5 3 1.5 1 1 3 1.5

1 1 2 1.5 1 1 4 1

15 1 3 15 1 1 4 1

1 1 2 1.5 1 1 4 1

1 1.5 2 1 1 1 3 1.5

15 15 2 15 1 1 3 1
A. subulata
Dzumac Dzumac Dzumac Dzumac
680 679 5038 5039
L1 W1 L2 W2 L1 W1 L2 W2 L1 Wi L2 W2 L1 W1 L2Ww2
4 15 4 2 4 1 5 1 6 15 2 1 3 1 4 1
4 1 4 1,5 4 1 5 1 4 15 3 1.5 4 15 3 2
3 1 3 1,5 4 1 5 1 5 15 2 1.5 3 1 3 2
3 15 4 2 4 1 5 1 5 15 3 1.5 4 1 3 2
4 1 3 15 4 1 5 1 6 15 3 2 3 1 5 1.5
4 15 4 2 4 1 5 1 4 15 2 1.5 3 1 5 1.5
4 1 4 2 4 1 5 1 5 15 3 1.5 4 15 5 1
3 15 4 2 4 1 4 1 6 15 2 1 3 15 5 1
3 15 3 1,5 3 1 5 1 6 15 3 1.5 3 1 5 1.5
4 15 4 2 4 1 5 1 6 15 2 1.5 3 1 4 1

Specimens from dubious populations of Montagne de3ources

Population S Population S Population B
4258 4261 4272

L1 w1 L1 w1 L1 Wil L2
1 2
1

1
15
15
1
15
1

1

1

N
N
N
N

=

[&)]

PRRPRRRRRRBR
RPRPRRRPRPRPRPR
NWBANNDWWD DT
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ul ul
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ANNEXE 4.1: Measures of th&raucarialeaves for the morphological study. L1 and W1:dthrand width
of the leaves on the branches bearing twigs. L2&AdLength and width of the leaves on the twigs.
Measures are given in mm. 10 measures of diffdeanes were taken for the same specimen
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A. mudlleri

Koghis Montagne des Sources Montagne des Sources
1024 3019 3007
L1 w1 L2 w2 L1 w1 L2 W2 L1 W1 L2 W2
N/A N/A 25 15 N/A N/A 20 13 20 6 15 5
N/A N/A 30 15 N/A N/A 23 13 20 6 17 5
N/A N/A 30 15 N/A N/A 25 15 25 7 15 5
N/A N/A 30 15 N/A N/A 25 15 24 7 20 7
N/A N/A 25 10 N/A NA 26 15 30 10 25 8
N/A N/A 35 15 N/A N/A 30 16 29 8 25 8
N/A N/A 35 15 N/A NA 30 15 25 6 20 7
N/A N/A 35 15 N/A NA 25 14 30 8 17 6
N/A N/A 35 15 N/A N/A 30 16 30 8 20 7
N/A N/A 30 15 N/A NA 23 13 35 10 25 7
Montagne des Sources Koghis Pic des Pins
3006 919 653
L1 wil L2 w2 L1 wi L2 w2 L1 wi L2 w2
N/A N/A 25 13 17 6 20 7 17 8 20 12
N/A N/A 25 13 17 6 20 7 20 9 20 12
N/A N/A 30 15 20 7 20 7 17 8 24 14
N/A N/A 30 15 20 7 17 6 25 10 25 14
N/A N/A 30 15 20 7 25 8 24 10 20 13
N/A N/A 20 12 16 5 24 8 25 10 20 12
N/A N/A 25 14 18 6 20 7 25 9 25 14
N/A N/A 25 14 17 6 24 8 20 8 25 14
N/A N/A 30 15 20 7 23 8 25 9 25 14
N/A N/A 27 14 20 7 19 7 25 10 25 13
Koghis Mont Mou
7 3554
L1 Wi L2 W2 L1 w1 L2 w2
25 8 25 10 N/A N/A 30 15
25 8 30 14 N/A- N/A 30 15
20 7 30 14 N/A- N/A 30 15
25 8 30 14 N/A  N/A 30 15
20 7 32 14 N/A N/A 30 15
24 8 30 13 N/A N/A 26 13
25 7 25 12 N/A  NA 29 14
28 9 25 10 N/A  NA 25 15
26 5 30 14 N/A- N/A 30 15
20 5 33 14 N/A N/A 30 15
A.rulei
Bogota Camps des Sapins Camps des Sapins
241 312 311

L1 w1 L2 w2 L1 wi L2 w2 L1 Wl L2 W2
N/A  N/A 12 4 N/A N/A 20 6 N/A N/A 20 6
N/A  N/A 12 4 N/A N/A 20 6 N/A N/A 20 6
N/A N/A 15 5 N/A N/A 17 5 N/A N/A 17 5
N/A  N/A 15 5 N/A  N/A 18 6 N/A N/A 18 6
N/A  N/A 12 4 N/A  N/A 20 6 N/A N/A 17 5
N/A N/A 14 5 N/A N/A 19 6 N/A N/A 19 6
N/A  N/A 15 5 N/A N/A 17 5 N/A N/A 17 5
N/A  N/A 12 4 N/A  NA 17 6 N/A  N/A 17 6
N/A  N/A 15 4 N/A N/A 17 5 N/A N/A 16 5
N/A  N/A 15 5 N/A N/A 20 6 N/A N/A 20 6

ANNEXE 4.1(continued): Measures of tAeaucarialeaves for the morphological study. L1 and W1:dtén
and width of the leaves on the branches bearimgstvii2 and W2: Length and width of the leaves @n th
twigs. Measures are given in mm. 10 measures fefrdift leaves were taken for the same specimen: (N/A
non available)
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A. rulei (continued)

Riviere des Lacs Bogota Bogota

5006 1040 242

L1 wl L2 W2 L1 wl L2 W2 L1 W1 L2 W2

N/A NA 20 11 N/A NA 17 7 N/A NA 17 6

N/A NA 20 11 N/A NA 17 7 N/A NA 15 5

N/A NA 20 11 N/A NA 17 7 N/A NA 17 6

N/A NA 20 11 N/A NA 20 8 N/A NA 17 6

N/A NA 25 11 N/A NA 20 8 N/A NA 13 4

N/A NA 25 11 N/A NA 17 7 N/A NA 16 5

N/A NA 20 11 N/A NA 13 5 N/A NA 17 6

N/A N/A 18 10 N/A NA 18 7 N/A NA 15 5

N/A NA 22 11 N/A NA 20 7 N/A NA 12 4

N/A NA 20 11 N/A NA 17 7 N/A NA 15 4

Poro Poro Thiebagui

86 194 38

L1 wl L2 W2 L1 Wil L2 W2 L1 Wl L2 W2

N/A NA 18 7 N/A NA 15 7 N/A NA 13 6

N/A N/A 15 5 N/A NA 18 8 N/A NA 15 7

N/A NA 17 7 N/A NA 15 5 N/A NA 15 6

N/A NA 17 7 N/A NA 15 5 N/A NA 15 6

N/A N/A 15 4 N/A NA 14 4 N/A NA 15 7

N/A NA 16 5 N/A  NA 20 8 N/A NA 13 5

N/A NA 15 6 N/A NA 15 5 N/A NA 17 6

N/A NA 15 6 N/A NA 17 6 N/A NA 13 5

N/A NA 12 4 N/A NA 15 5 N/A NA 12 4

N/A NA 15 6 N/A NA 15 5 N/A NA 15 6
Specimens from dubious populations

Population 1 : Le Trou Population 2 : Mamie Popolal : Mamie
870 331 333

L1 wil L2 w2 L1 wl L2 w2 L1 wl L2 w2
N/A N/A 25 11 N/A N/A 17 6 N/A NA 25 10
N/A N/A 28 14 N/A N/A 17 6 N/A NA 25 11
N/A N/A 30 14 N/A N/A 18 6 N/A - NA 25 11
N/A N/A 30 14 N/A N/A 17 6 N/A NA 25 11
N/A N/A 25 12 N/A N/A 17 6 N/A NA 23 10
N/A N/A 30 14 N/A N/A 16 6 N/A NA 23 10
N/A N/A 30 14 N/A N/A 20 7 N/A NA 22 10
N/A N/A 25 13 N/A N/A 17 6 N/A NA 25 11
N/A N/A 20 11 N/A N/A 18 6 N/A NA 25 11
N/A N/A 23 11 N/A N/A 17 5 N/A NA 25 11
Population 3: Ouinee Population 3: Ouinee PopuiadioOuinee

2233 2251 2237

L1 wil L2 W2 L1 wl L2 w2 L1 wl L2 w2
N/A N/A 20 9 N/A N/A 18 8 N/A NA 13 6

N/A N/A 20 9 N/A N/A 19 8 N/A NA 15 7

N/A N/A 20 12 N/A N/A 20 9 N/A NA 15 7

N/A N/A 21 12 N/A N/A 20 9 N/A NA 15 7

N/A N/A 22 10 N/A N/A 10 5 N/A NA 17 7

N/A N/A 20 9 N/A N/A 13 5 N/A NA 15 7

N/A N/A 19 9 N/A N/A 15 6 N/A NA 15 6

N/A N/A 17 9 N/A N/A 15 6 N/A NA 13 5

N/A N/A 20 10 N/A N/A 18 8 N/A NA 15 5

N/A N/A 20 10 N/A N/A 15 6 N/A NA 12 4
Population 4 : Bwa Meyu Population 4 : Bwa Meyu Hafion 4 : Bwa Meyu
4111 4099 4106

L1 wil L2 w2 L1 wl L2 w2 L1 wl L2 w2
N/A N/A 20 5 N/A NA 17 7 N/A NA 30 12
N/A NA 21 6 N/A NA 15 5 N/A N/A 30 12
N/A N/A 20 4 N/A° N/A 18 6 N/A NA 35 13
N/A N/A 20 5 N/A NA 15 5 N/A NA 25 8

N/A N/A 19 4 N/A NA 17 5 N/A NA 29 10
N/A N/A 19 6 N/A NA 20 7 N/A NA 28 11
N/A N/A 20 7 N/A NA 17 5 N/A NA 30 11
N/A N/A 23 5 N/A NA 17 5 N/A N/A 32 13
N/A N/A 20 4 N/A° N/A 18 6 N/A NA 28 11
N/A N/A 25 7 N/A NA 17 7 N/A - NA 29 12

ANNEXE 4.1(continued): Measures of tAeaucarialeaves for the morphological study. L1 and W1: ¢thrand
width of the leaves on the branches bearing tviigsand W2: Length and width of the leaves on thiggw
Measures are given in mm. 10 measures of diffdeanvies were taken for the same specimen (N/A: naicdle)



TRNS-TRNFM

'Araucaria bernieri'
'Araucaria biramulata'
'Araucaria columnaris'
'Araucaria humboldtensis'
'Araucaria laubenfelsil
'Araucaria luxurians
'Araucaria montana'
'Araucaria muelleri'
'Araucaria nemorosa'
'Araucaria rulei'
'Araucaria schmidii'
'‘Araucaria scopulorum'
'Araucaria subulata'

PSBA-TRNH

'Araucaria bernieri'
'Araucaria biramulata'
'Araucaria columnaris'
'Araucaria humboldtensis
'Araucaria laubenfelsil
'Araucaria luxurians
'Araucaria montana
'Araucaria muelleri'
'Araucaria nemorosa'
'Araucaria rulei'
'Araucaria schmidii'
'Araucaria scopulorum'
'Araucaria subulata'

SEQUENCES

3 185 AP1

C C AAAAAAAA (A)

C C AAAAAAAA -

A T AAAAAAAA -

C C AAAAAAAA (A)

C C AAAAAAA - (A) (A)

A T AAAAAAAA (A)

C C AAAAAAAA (A) (A)

C C AAAAAAAA (A)

A T AAAAAAAA -

C C AAAAAAAA (A) (A) (A)

C C AAAAAAAA -

C C AAAAAAA - (A) (A)

C C AAAAAAAA -
SEQUENCES

156 412 473 560 568

C G G G T

C G G G T

C G G G T

C A G G T

C A G G T

C G G G T

C A G AG T

C A G AG T

C G G G T

C AG G AG T

C G G G C

C G G G T

T G A G T

MICROSATELLITES
AP2

CCCCCCCCC (C) (C)
cccccccecc -
CCCCCCCCC (C)
ccccecece -
CCCCCCCCC (C)
CCCCCCCCC (C)
CCCCCCCCC (C)
CCCCCCCCC (C)
CCCCCCCCC (C)
CCCCCCCC - (C) (C) (C)
CCCCCCCCC (C)
CCCCCCCCC (C)
CCCCCCCCC (C)

MINISATELLITE
ML13

CTAAATCTAGACT CTAAATCTAGACT

PA

TATATATATATA -
TATATATATATA -
TATATATATATA -
TATATATATATA -
TATATATATATA (TA)
TATATATATATA -
TATATATATATA -
TATATATATATA (TA)
TATATATATATA -
TATATATA TA - (TA)
TATATATATATA -
TATATATATATA (TA)
TATATATATATA -

CTAAATCTAGACT (CTAAATCTAGACT) ---------------

CTAAATCTAGACT
CTAAATCTAGACT
CTAAATCTAGACT
CTAAATCTAGACT

CTAAATCTAGACT (CTAAATCTAGACT) (CTAAATCTAGACT)
CTAAATCTAGACT (CTAAATCTAGACT) (CTAAATCTAGACT)

CTAAATCTAGACT
CTAAATCTAGACT
CTAAATCTAGACT

CTAAATCTAGACT (CTAAATCTAGACT)

CTAAATCTAGACT

ANNEXE 5.1: Details of the different markers thagne used in the study. SSRs sites are in boltrdcket is shown the different variations

encountered



