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ABSTRACT

The Calamoids are from the subfamily Calamoideae and account ffiftbre# Arecaceae,

the palm family. The floral biology and breeding strategies in ttrdbbe Calameaeof
Calamoideass still relatively unknown despite its importantat supports aillion-dollar
industry in rattan product§his studyaims to investigate thiéoral biology and breeding
strategies of three members of Calameé@@amus lobbianus, Calamus pygmaeasd
Salacca vermicularisThe data orfloral biology, floral visitors and floral availabilitywere
collectedand analysedrhe Nectar availability was investigated byrthermeasurement of
nectar concentration and volume. Pollination studies were conducted to investigate the
breeding mechanism$&eed dispersal study wasgther conducted or. vermicularisvia
camera trappingnvestigation on th@opulation genomicsof C. pygmaeusvas conducted

to elucidate on thasexualpropagation as a viable breeding strategy by perforsimgje
nucleotide polymorphisms and insertion deletaralyss. For both specie®f Calamus
anthesis started in the early morning for pistillate and staminate plants, ended by late noon
(staminate plants) but lasted till the next day in pistillate plants. Although both species
appeared to be aseasonal in floweri@g,lobbianusexhibited a makdiased population

while C. pygmaeuslid not exhibit any sex bias. Nectar was observed to be extruded from
the base of the petals of the staminate flowers and sterile male flowers of the pistillate plants
of C. lobbianus The concentration and volume okthectar of the staminate flower and
sterile male flower oCC. lobbianuspeaked at c. 11% and 9 pl around 1100 (Day 1) and c.
13% and 8 ul around 0930 (Day 1) respectively but only appeared as a layer of glistening
exudate inC. pygmaeusFloral scent was not detected in any of the inflorescences of both
species. Several insect visitors were observed to be the primary visitors @dathus

species which include two species Tdtragonula,a species of.iostenogastersp., and



Stenodyneriellusp. Experiments on breeding mechanisr@ ofobbianusandC. pygmaeus
indicate that both species are most likely apomictitthesisin staminate flowersf S.
vermicularisbeganaround noon and persestuntil early morning on the second day whilst
anthesis in pistillate flowers bagaround evening aniwbok up to 40 hours to fully bloom.
Floral scent was present throughout anthesis for staminate and pistillate plants. Apomixis is
not present in this specieSeveralinsect visitors were lzserved, namelyeterotrigona
(Apidae)sp. as well as members of Curculionidae, Sciaridae, Formicidae, and Acaridae.
Three species of visitors are likely the dispersal agen® wérmicularis namelyHystrix

sp. (Hystricidae: Hystricinae},ragulussp. (Tragulidag)andLariscus insignigSciuridae:
Callosciurinae). A mongoose (Herspetidae) was observed foraging nedjdggenetic
analysisand DAPC analysisoncluded thathe C. pygmaeugound to consist of genetic

clones forming genets with distinct genetic makanopng subpopulations

Keywords: Pollinators nectarapomixis, cloningpopulation genetics



Biologi Bunga, Strategi Reproduktifdan Genetik PopulasKalamoid Terpilihdi
Sarawak(Arecaceae)

ABSTRAK

Kalamoids adalahdaripada subfamily Calamoideaedan merangkumisatu per lima
Arecaceaekeluaga pokokalma Biologi bungadanstrategi pembiakadi tribus Calameae
daripada Calamoideaeadalah masihagak tidak ketahuwalaupunkepentingannygang
menyumbang kepadadusti berbilion dollar dalam produk rotarKajian ini bertujuan
untukmenyiasat biologbungadan strategi pembiakaagi tiga ahli CalameaeCalamus

lobbianus Calamus pygmaeusdan Salacca vermicularis Data bagi biologi bunga,

pengunjung boga dan ketersediaan bunggelah dikumpulkan melalupemerhatian
langsung dan ketersediaarektartelah dikaji melalui pengukuran kepekatan dan isipadu
nektar Kajian pendebungaan telah dikaji nadlii kajian mekanisme pembiakaan. Kajian
penyebararbiji telah dilakukanke atas S. vermicularismelalui perangkap kamera untuk
pemerhatian haiwarpengunjung. Kajiangenomik populasi telah dilakukake atas C.
pygmaeusbagi memahamiperambatan vegetatifebagai strategi pembiakaan yang
berkesardenganmelakukamanalisisSNP dan InDel ke atas genomnyntuk keduadua
spesiegLCalamus antesis bagi pokok betina dan jantan bermula padaawal pagi dan
berakhir lewat petang (pokok jantan) manakala antesis bagi pplgikat berlangsung
sehingga hari seterusnya. Pemerhatian pembungaan bagi kkauapesies adalah tidak
bermusim tetapi pembunga@nlobbianusmempamerkan berat sebelah ke populasi jantan
manakalaC. pygmaeudidak mempamerkan berat sebelah terhadap keth#ajantina.
Nektar hanya dihasilkan pada bahagian dasar kelopak bunga jantan dan bunga jantan steril
diad di sebelah bunga betira lobbianus Pengeluaran nektar bunga jem C. lobbianus

memuncak sekitar jam 11 (hari pertama) dengan kepekatan 11% dan isi padu sebanyak 9



pl. Manakala, pengeluaran bunga jantan steril memuncak sekitar jam 0930 (hari pertama)
dengan kepekatan 13% dan isi padu sebanyak 8 pl mandBalpygmaeushanya
menghasilkan lapisan cecair berkilat. Bau bunga kedua spesies tidak dapat dikesan
pada jambak bunga. Dua spesid®tragonula dan satu spesiediostenogastersp.
diperhatikan sebagai pelawat utama untuk kedua spesi€alamus Eksperimen terhadap
mekanisma pembiakan menunjukan bagi kedlil spesies Calamus adalah
berkemungkinan apomikntess bagi bunga janta®, vermicularisbermula sekitar tengah

hari dan berlangsung sehingga awal pagi pada hari kedua manakga betina bermula
sekitar patang dan berkumungkinan mengambil sehingga 40 jam untuk berbunga
sepenuhnya. Bau bunga dikesan sepanjang antesis bagi pokok jantan dan betinksi8pomi
adalah tidak dikesan dalam spesies Beberapa serangga perhatgitu Heterotrigona
(Apidae) spserta ahlifamily Curculionidae, Sciaridae, Formicida€lan Acaridae.Tiga

spesiepengunjungdalah berkemungkinan agennyebarS. vermicularis laitu Hystrix sp.

(Hystricidae: Hystricinae) Tragulus sp. (Tragulidae)dan Lariscus insignis (Sciuricae:

Callosciurinae). Seekorbambun (Herspetidae)diperhati menuaberhampiran Analisis
filogenetik dan analisis DAPC menyimpulkan bahawa subpopulasi s&bngpsigmaeus

didapati terdiri daripada klon gendétiyang membentuk gen

Kata kunci: Pendebungaan, nektar, apdasi pengklonan, genetik populasi

Vi
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CHAPTER 1

INTRODUCTION

1.1  Study Background

The palm family (Palmae or Arecaceae) is a large and diverse family of iconic
monocotyledonous flowering plants. It is distributed throughout tropical and subtropical
areas of the world, but it is most diverse in highly threatened moist tropical forést$ab
The family comprises 118genera and approximatey600speciegYaoet al., 2023 These
are unevenly divided among tAenericas (ca. 730 species), Africa (ca. 65 species), and the
Asia-Pacific region (ca. 1,600 species). Palms are highly consmdnadropical ecosystems.

Due to their diversity, abundance and interactions, many species play key ecological roles.
They provide numerous ecosystem services and are of great economic importance, ranking

third after grasses and legumes in useful(labnweb, 2024)

The subfamily Calamoideae is a major lineage of palms, accounting for one quarter
of all palm speciesNinety percenpf these are rattans, i.e. spipearingclimbing palms.
Currently, 604 rattan species are knoworpntsova et al.2016 Kuhnhauser et g12021).

A rattan Calamus manamMiq.) holds the record for the longest unbranched stem of any
plant (Burkill, 1936). With their climbing habitrattans form an integral part of Southeast
Asian rainforests. After bamboo, they are the segandt important notimber product of

the tropical rainforests of Southeast Asia and the basis of alilikth dollar international

trade in rattan produc{sienderson2009) The versatility of the different species provides

a wealth of uses to local communities, ranging from edible fruits to furniture, basketry and

traditionalmedicine(Dransfield et al., 2008



For a long time, it was assumed that palms are vypatlinated (Delping1870), but
a growing number of detailed studies show that wind pollination exaaption,and that
the overwhelming majority of palms studied are insect pollinated. There is also a single well
documented instance of bat pollination @alyptrogyne ghiesbreghtianéLinden &
H.Wendl.) H.WendI(Beach 1986 Cunningham1995 Tschapka2003), and a remarkable
example of pollination by primates Eugeissonalt seems reasonable to pidhat most
palms will be shown to be insect pollinated. Large quantities of pollen, a feature of the wind
pollinationstrategy seem, at least in some palms, to be an adaptation to predation by insects.
True windpollination does indeed occur, for exampleThrinax(Read 1975) andHowea
(Savolainen et gl2006), but even the date palPhoenix dactyliferalL., may in fact be

pollinated only secondarily by wingHenderson, 2009)

In tropical forests, the abundance of palms in the commuamty their simple
architectural characteristics have m#gem a focus of quantitative studies on plant growth
and survivaktrategies (Bullockl980; Ash 1988; MartineZRamoset al, 1988; De Steven
1989; Oyamal1990; Chazdon1992; Bernal 1998; Mendoza% Francq 1998; Barot&
Gignoux 1999; Svenning2000).Although a full understanding of the role of clonal growth
in the maintenance of palm populations in tropical forests sdar complete, a number of
generalizations on the sizgrowth, and reproduction of tropical palms (clonal and
nonclonal) have been advancdthese generalizations provide a foundation for further
research into the ecological and evolutionary significance of clonal growth in these

ecosystemgMendoza & Franco, 1998; Barot & Gignoux, 1999; Svenning, 2000



1.2 Research Gap

Majority of studies conducted on Arecaceae are primarily focused on the species with
commercial value whiléesserknown speciesoccurring in Borneo are less studiddhus,
this study aimdgo contribute to thgollination studiesnd population genetiad Arecaceae

in Borneofocusing on théribe Calamea@amely the genel@alamud.. andSalaccaReinw.
1.3  General Objectives

1 To investigate the floral biology and breeding strategieSasémus lobbianuand
Calamus pygmaeus
1 To investigate the floral biology and breeding strategi€3atdcca vermicularis

1 Tounderstandhe population structure dalamus pygmaeus



CHAPTER 2

LITERATURE REVIEW

2.1  Tribe Calamea

Since it first descriptionin Dictionnaire Raisonne des Termes de Botanique et des
Familles Naturelledy Karl Sigismund in1831, Tribe Calameaehas undergone many
iterations In its mostrecentdelimitation Calameae nowontains498 species comprising of
six subtribes (KdhalsiinaeBecc, SalaccinaeBecc, Metroxylinae Blume Pigdettinae
J.Dransf. & N.WUhI, Plectocomiinag).Dransf. & N.W.Uhl and Calaminaé/eisn) and
within the six tribespestsine gener@KorthalsiaBlume, Eleiodoxa(Becc.) BurretSalacca
Reinw, Metroxylon Rotb, Pigafetta (Blume) Becc. PlectocomiaMart. & Blume
Myrialepsis Becc, PlectocomiopsisBecc, and CalamusL.) distributed mostly from
Mainland Southeast Asito New Guinea with its largest members frgenusCalamus
standing at 415 membengich can be found from India to F{Baker & Dransfield, 2016;
Henderson, 2020; Kuhnhauser et al., 20BEing a strongly supportesister to allother
palms,many attempts have been made to resolve its phylogémymost recent attempt
was byKuhnhauser et al. (2021yherethey resolved th@hylogenomicdy sequencing
almost 1000 nuclear genomics regions for s§&tematically selected Calamoideae to
representthe whole subfamily revealing complex deep evolutionary histories itribes

Eugiessoneae, Lepidocaryeae and Calameae

A major taxonomic revision othe largest genus in Calamedealamuswas
performed byHenderson (2020yhere 411 species was ultimately recognis€af the
recognised specie§8 was recognized as new species, species was divided into 36

subspeciesnd eight was considered beocholospeciesThe delimitation byHenderson



(2020)recognises the transfer GeratolobusBlume ex Schult. &chult.f, Daemonorops
Blume andPogonotium).Dransfinto CalamugBaker, 2015)subsumingCalospatha&Becc.
(Baker & Dransfield, 2008and Retispathal.Dransf.into Calamus(Henderson & Floda,

2014)

2.1.1 Taxonomy of Calamus

Calamuscurrently comprises ca. 520 species which now also inclietatolobus
Blume,Daemonorop8lume ex Schult. f.Pogonotium].Dransf., andRetispathal.Dransf.
sensu Bakef2015)while Hendersori2020)recognizes 411 phylogenetic species out of 516
sampled specie€alamusis distributed across six main regions (Afrmlia, IndeBurma,
Philippines, Sundaland, Wallacea, and Sahul with Borneo alone having 111 species) and
divided into distinct groups where only a few species are widespread over three or more
regions(Henderson, 20205everalCalamusspecies stand out with certain unique features
such as the following three species where the inflorescence apices can develop into new
plants, e.g.CalamuspygmaeuBecc.,Calamuscastaneusriff. (Ruppert et al., 2012and
Calamuskampucheaensis.J.Hend. & Hour{Henderson, 2020Even the flagell apices
can develop into new plants, as@alamusgambleiBecc. which appears to be common
within the speciegRenuka & Nambiar, 1985 alamuspygmaeuss placed m a group of
six other flagellate species that occur within Sundala@dlamus comptug).Dransf.,
CalamusgaharuensisA.J.Hend, Calamuslengguanii A.J.Hend, Calamusnematospadix
Becc.,CalamusnielseniiJ.Dransf., an€Calamuspsilocladus].Dransf.\Henderson, 2020)
Several characters that members of this group shared are the #eddishindumentum
along rachis and pinnae base and small whitish globose fruits with explanate fruiting

perianths and scarcely developed knees (abs&htpggmaeusHenderson, 2020)



Henderson (202Q)roposed several points on the complexityhef calamoidyroup.

Firstly, at least 14 out of 20 species recognized in his revision are represented by one or a
few specimens, with sparse data. Secondly, several characters are difficult to score as in
some species, it is difficult to determine if pinnae are lineatliptic, and most species have

a tendency for pinnae to be divaricate although only two appear to be obviously divaricate
(and the apical pair of pinnae in all species are bnfly joined at their bases). Several
species have rebrown, long, papery spines on the margins of the leaf sheaths and apices of
the rachis bracts, although this is not consistent within species. Moreover, there is a high
possibility of species hybridation(Dransfield, 1992)which adds further complications.

Lastly, most species have a small region of distribution.

At least twelve species are known from single localities where most are from
relatively wellcollected areas and thus unlikely to be artifacts of insufficient collecting. Of
the remaining species, few can be considered widespread, and even such sQeatiesias
laxissimusRidIl. and CalamusperakensiBecc seem to consist of several, more narrowly
distributed populationfHenderson, 2020Although this narrowness of distributions does
not necessarily lead to difficulties in species delimitation, it dsmesm different from
distribution patterns in other groups of species and, together heitdifficulty of scoring
characters, gives the impression that there may be fewer species in the group and these may

comprise numerous, local populations rather than distinct sgéteeslerson, 2020)

2.1.2 Taxonomy of Salacca

Salaccas one of two genera in subtribe Salaccinae Becc, the otherBieilogloxa

distributed from the eastern Himalaya to South Central China and West Malesia with its



centre of diversity in Borne@Zumaidar & Miftahuddin, 2018; POWO, 2023jalacca
comprises 23 species to dgiumaidar & Miftahuddin, 2018; Kuhnhauser et al., 2021,
POWO, 2023)Salacca characterized as dioecious, exhibits staminate and pistillate flowers
on separate trees. Staminate trees only bear staminate flowers, while pistillate trees bear
dyads consisting of one pistillate flower and a sterile staminate flgMegea, 1978)
Salaccais divided into two sections: secti@alaccawith spinetipped scales and pistillate
rachillae bearing dyads of a fertile pistillate and a &estminate flower and section
Leiosalaccawith smooth scales and pistillate rachillae bearing solitary pistillate flowers

(Furtado, 1949; Dransfield et al., 2008)

2.2 Calameae of Borneo

Within theninegenera in Calameasix can be found in Borneo namel§grthalsia,
Eleidoxa Salacca Plectocomia Plectocomiopsisand Calamus A noteworthy member
would beMetroxylonsaguRottb.thatis nativefrom New Guineao the Moluccasut has
been naturalisednd is found widespread the Southeast Asian regigDransfield et al.,
2008) Within the six generaresent in Bornedl5 members oKorthalsiacan be foundn
Korthalsinae(Shahimi et al., 2023pnemember oEleidoxa(Furtado, 1949Dransfield et
al., 2008)and11 members ofSalacca(Furtado, 1949; Zumaidar & Miftahuddin, 2018)
Salaccinage three members ofPlectocomiaand three members oPlectocomiopsisin
PlectocomiinagDransfield, 1982; Govaerts et al., 20240d111 members o€alamusin

CalaminagHenderson, 2020)



2.2.1 Calamusof Borneo

There are 111 species @alamusoccurring in Borneoat least 6®f them endemic
to the islandwith ca.20 species considered widespread in Bomiglo uneven distribution
and several aredsaving higherconcentratiorof speciegHenderson, 2020)This uneven
distribution is most prevalent irwestern Sarawak and West Kalimantan. There are 16
endemicspecies many ofwhich can be foundn Mount MatangKuching (Pearce, 1992;
Henderson, 2020)There is also a noticeable concentration of species in northeastern
Borneo, mostly in Sabah, where six species are endéuhititionally, there is a third area
of endemism in northcentral Borneo, including Brunei and eastern Sarawak, where about
nine species are endemic. Three species occur only in eastern Béataousdisjunctus
A.J.Hend Calamus praetermissus].Dransf, and Calamus longipes Griff. (Henderson,
2020).In Gunung Mulu National Parl84 Calamug(sensu Hendersomhich includeghree
Cerablobus four Daemonorops,one Pogonotium,and one Retispathawas recorded
(Dransfield, 1984)while Pearce (1992) reportetb Calamus(sensu Hendersonyhich
includestwo CeratolobusthirteenDaemonoropspne Pogonotiumandone Retispathan
Kubah National National ParkMore recently Petoe et al. (2020ecorded18 species

belonging to the gene@alamus(sensu Hendersoir) Lanjak EntimauVildlife Sanctuary

2.2.2 Salaccaof Borneo

In its latatest delimitation]1 specie®f Salaccacan be foundn Borneo:namely
Salacca affinis Griff., Salacca bakerianaJ.Dransf, Salacca clemensianaBecc, Salacca
dolicholepisBurret Salacca dransfietliana Mogega Salacca lophospathaJ.Dransf. &

Mogea SalaccamagnificaMogeg SalaccaramosianaMogea Salaccarupicola J.Dransf,


https://www.ipni.org/a/12369-1

Salaccasarawakensidogeg and Salacca vermicularigecc.(Zumaidar & Miftahuddin,
2018).Zumaidar and Mtahuddin (2020) concluded thtitere is ahigh level of probability
of discovering new species Balaccain Borneowhich alsoindicates that the island is not
only acentreof diversityfor Salaccabut it couldalso be considered ascantreof origin
for Salaccaln Mulu National Parkfour species was previously recorded; nantiedy are
S. affinis, S. magnifica, S. rupicoland S. vermicularis(Dransfield, 1984)while Pearce
(1992) confirmed two species namedy,affinisandS. vermicularisMorerecently, Petoe et
al. (2020) noted onspecies which wathe widesprea. vermicularisin Lanjak Entimau

Wildlife Sanctuary.

2.3  Floral Biology of Arecaceae

Pollination studies in the family are disproportionately skewed towards the
Neotropics since the first modern study Asterogyne martiangH.Wendl.) H.WendlI. ex
Drude (Schmid, 1970a, 1970b) with roughly 75% of the studies conducted in that region
(Henderson, 2024). A review of pollination systems in Arecaceae by Henderson (2024)
revealed that the majority of Arecaceae are cantharophildlesvéal by apiphy and
myophily along with several other pollinator groups. A consensus is that palm pollination
strategyconsists of two broad categories, inflorescences that are open, elongate and has
relatively long lasting anthesis are bee and or dljimated palms while condensed, shorter
and with brief anthesis are pollinated by beetles. However, there has been increasing
evidence of shifts between bee/fly pollination to beetle pollination and vice versa throughout
the family (Henderson, 2024). Tkeshifts draw on the significance of morphology on
pollinationstrategyof the members and if we can confidently classify a palm species as one

pollinationstrategyas opposed to the other.



Bees and wasps appear to be rathergpatific generalist pollinators of many palms
(e.g., in species dficualaWurmb(Barfod et al. 2003 andCalamus(Bagh 1996). A wide
range of bees and beetles have been observed visiting inflorescekcgsrpé precatoria
Mart., many of which, together with wind, are predicted to effect pollination (Kiichmeister
et al, 1997).Nypa at least in New Guinea, is pollinated by drosophilid flies (E4€@3).
Syrphid flies are responsible for pollinatidgterogyne maiana (H.Wendl.) H.Wendl. ex
Hemsl. (Schmid 197(), whereas bees have been shown to pollirggbal palmetto
(Walter) Lodd. ex Schult. & Schult.{Brown, 1976), Ptychosperma macarthur{Becc.)
Becc. ex Martelli(Essig 1973) and Iriartea deltoideaRuiz & Pav.(Henderson1985).
Beetle pollination has been observedRhapidophyllumH.Wendl. & Drude(Shuey &
Wunderlin 1977),Hydriastele microspadi@WVarb. ex K.Schum. & Lauterb.) Burr@ssig
1973), Salacca zalaccdGaertn.) VosqMogeg 1978), Bactris gasipaeKunth, and B.
porschianaBurret (Beach 1984)B. guineensigL.) H.E.Moore andB. majorJacq.(Essig
1971),Cryosophila albideBartlett(Hendersonl1985), Socratea exorrhizéMart.) H.Wendl.
(Henderson 1985AphandraBarfod,andPhytelepha®fkuiz & Pav.(where the role of scent
has been studied in detail by Ervik et 8899) andAttaleaKunth (Kiichmeister et a11993).
This method of pollination is also suggested by casual observations for many species of
Salacca Daemonorops Pinanga Blume Ceratolobus Manicaria Gaertn, and
JohannesteijsmanniaH.E.Moore (Dransfield, 1984; Dransfield, 1992 Dufay, 2003

Dransfieldet al., 2008Chan et al., 2001

Reports by Hartley (1977) th&laeis guineensidacqg.is anemophilous (i.e., wind
pollinated) have been disproved by Syed (1979) who has shown the oil palm to be pollinated
by at least twelve different insects in Cameroon, West Africa; among these pollinators is a

weevil, Elaeiodobius kamerunicusvhich has been successfully introduced into western
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Malaysia to assist in pollination in oil palm plantatiom$rips (Thrips hawaiiensishad
previously been the major pollinator in Malaysia, but hand pollination had been necessary
to obtain high yields before the West African weevil increased fruit set. The similarity in the
overall form of the rachillae iklaeisand the quite unrelatefalaccais noteworthy, as is

the similar position of the inflorescences, which are borne down among the protected leaf
bases in both genefelenderson, 2009kspecially as weevils are implicated as pollinators

of both. Several studies have implicated similar derelomid beetles in the pollination of palms
such asPhoenix canariensi$l.Wildpret (Meekijjaroenroj & Anstett2003). Perhaps the

most remarkable example is that@hamaerops humilit. A derelomid beetle species is
attracted in large numbers to the inflecences of. humilis not by a floral scent but by a

scent produced by the leaves that subtend flowers at anthesis. The minute beetles travel down
the petioles to the inflorescences where they mate, the females laying eggs in inflorescence
axes. The only larvae that develapther are those in the staminate inflorescences, where
they eventually pupate and emerge as adults the following spring (AtS@gt Dufay et

al., 2003).

A notable pollination system would be thatEhigeissona tristisriff. This species
flowers yeairound and the buds produced nectars for more than a month which is alcoholic
in nature(Henderson, 2024and nectary unique to its gen(Stauffer et al., 2016)The
alcoholic nature of the nectar is hypothesized tdbbeause ofermentation by yeasts
inoculated through floral visitors such as drosophilids, nitidulid beetles and various bees
(Wiens et al., 2008)The alcoholic nectar mainly attracts the pdathireeshrewHtilocerus
lowii) which serves as a pollinator along with several other mammalian pollig&tatsgfer
et al., 2016) Another great example would the arecoid palm with subterranean flowers and

fruits Pinanga subterraneRandi & W.J.Baker. Although knowledge of the existence of this
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arecoid palm is widely known by indigenous groups in Borneo but has only been described
in scientific literature recentlf{Kuhnh&auser et al., 2023; Randi et al., 20&nanga
subterraneahas an exclusive reproductive strategy in Arecaceae employing geoflory and
geocarpy where development of inflorescence, anthesis, infructescence development and
dispersal all occurs belowgrou(fandi et al., 2023)l'he geoflory and geocarpy is achieved
through a fAsaxophone growt ho o bwnwadsthent e m
upwards which causes the inflorescences to emerge belowground and remains belowground.
At present, not much information is available regarding its pollination mechanism aside from
a high possibility of insect pollinatigiKuhnh&user et al., 2023 earded pigsSus barbatus

have been observed to dig up the underground fruits for consumption and seed collected
from the faecal matter has been successfully germir{®&aldi et al., 2023) Eugeissona

tristis and P. subterranean this case serves as outliers as mosfr@caceaeare insect
pollinated and exhibits relatively poorly diversified morphology and low adaptive
significance of inflorescence morphologienderson, 2024)However, these views are
formed based on largely pollination system studies conducted largely in the Neotropics, if
more data is collected in the Southeast Asian region, then we may yet to uncover the other

piece of the puzzle such askntristis andP. subterranea.

Floral attractants in Cataea and the rest of the family are highly similar where the
main attractants aseentas floral advertisemeandnectar asloral reward While the floral
scent is typically producddom the flowersijt is not the case in the dwarf pat®hamaerops
humilis L. where the scent produced by the osmophores is loeatdte sinuses of the
palmate leafDufay et al., 2003, 2004Dufay et al. (2003found that while the inflorescence
does produce floral scent, it it not capable ofaating the main pollinatingveevil

Derelomuschamaeropsigrom long distanceshowever, the scent produced from thef
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sinuswhichweremore concentrated was ablestitract the weevils from long distancasd
oncethe weevils have arrivedt the plants, the scent from the inflorescence guides the

weevils to the inflorescence.

Attracting visitorshrough floral attractants may be sufficient for many plant species,
however members of the famigometimes employ a different strategy to increase the
probability of successful pollinatioim several genera such AtsaleaKunth (Voeks, 2002)
CalamugBggh, 1996; Kidyoo & McKey, 2012§seanomaWilld. (Olesen & Balslev, 1990;
Stauffer et al., 2002¢mploys a strategy whetbe pistillate inflorescenceexhibits certain
characteristics that mimitse staminate inflorescence withoutesthg any substantial floral
reward that thestaminate inflorescence may have provided to the visitoagtract more
pollinators known as Bakerian mimicr¥he of mimicry typically involvelfactory and
visual imitation of staminate flowsrsuch as colour and production of staminodes
dioecious plants, staminate plants typicadlifract more visitors as resource allocation
towards reproductioworks to produce more floral rewards in the forms of pollen and floral
nectanBagh, 1996Kidyoo & McKey, 2012;Henderson, 2024Y he pistillate inflorescence
gains advantage by mimicking the staminate infloreseemeant it is natquiredo allocate
as many resources towards attracting visitors but rather allocate the precious resources

towards infructescence production to ensure effective disf&isigioo & McKey, 2012)

Another strategy that may be employe@xsess male floral display whemamber
and frequency of flowering of staminate flowersignificantly higher than pistillate flowers
(Bagh, 1996; Chan et al., 2011; Kidyoo & McKey, 2012; Lara et al., ;2B&nderson,

2024). This excess in production of staminate inflorescarsires availability throughout

13



for large parts of the yeand promotes and abundareed extended presencé floral

visitors which can aid in effective pollinatigidyoo & McKey, 2012; Lara et al., 2017)

2.3.1 Floral Biology of Calamus

A better understanding of the genus's floral biology and pollination mechanisms may
allow better classification for a genus of this magnitude as up until 1986, the leading view
in the scientific literature was that palms were mainly anemophitdersderson, 1986 he
floral biology of Calamuscan be considered understudied relative to the size of the genus;
species investigated so far includ€ahlamus caesiusBlume, C. castaneus Calamus
longisetus Griff., C. manan, Calamus peregrinus Furtado., Calamus rudentum Lour.,
Calamus subinermisH.Wendl. ex Becc., and several species previously belonging to
Ceratolobug(Dransfield, 1979a, 1979lhee, 1995Bagh, 1996Alloysius, 1999; Kidyoo
& McKey, 2012; Mohd Rusdi et al., 2022flowers with either nocturngBggh, 1996;

Alloysius, 1999)r diurnal anthesi_ee, 1995Kidyoo & McKey, 2012)

The phenology of both staminate and pistillate flowers is similar across the genus. In
the staminate flowers, anthesis begins with the opening of sepals and petals followed by the
anthers emerging to release pollen and the flower dehisces soon aftes. pistiliate
flowers, the anthesis is initiated by the stigma emerging till the tip of the stigma is recurved
and points towards the base of the flower which then slowly turns brown towards the end of
the anthesigBggh, 1996Alloysius, 1999; Kidyoo & Mckey, 2012) Calamudacks distinct
features to attract specific pollinators but tends to be visited mostly by Hymenopterans such
asApisandTrigonawhich are potential pollinators but may sometimes act as pollen thieves

as well(Bggh, 1996 Dransfield, 1979a, 1984Alloysius, 1999;Kidyoo & McKey, 2012)
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Moths have been observed to be potential pollinators during nocturnal(esgs 1995;
Alloysius, 1999) Most species o€alamuspreviously placed irfCalospatha Ceratolobus
and Daemonoropsvere recorded to emit a musty floral odour and were visited by many

beetle species which are potential pollina{@sansfield, 1979a)

Microlepidoptera have been implicated in the pollination of several species of
Calamusn Sabah, Malaysia (Lee, 1995). Flower visitation occurs at night when the flowers
emit a sickly smell. Nectar is produced by the staminate flowers and by the sterile staminate
flowers in the pistillate inflorescence; pollen is carried passively fronstdmainate to the
pistillate plant. It is interesting to note that in Thailand, in different speciéalamus Bagh

observed diurnal production of nectar and postulptihation by bees (Bagh, 1996).

2.3.2 Floral biology of Salacca

Staminate and pistillate inflorescence $alaccaoccur on separate treefhe
staminate rachilla consists of mapgirs of staminate flowers while the pistillate ones have
a pistillate and a neuter flower (a sterile staminate flower) in each(iMagea, 1978).
Because the plants are generally dioecious, the pollination is mainly assisted by wind,
insects and humans. A previous study showed that the curculionid beetle is a major
pollinator of Salacca Other insects that visited tHgalaccaflowers are stigless bees
(Apidae: Hymenoptera) and beefhynchophora palmarugColeoptera). The latest beetle
species was reported as a pest that damages the flowers (Mogea, 1978). Curculionid beetle,
Nodocnemissp. (Coleoptera: Curculionidae) is the main pollinator of Pondoh salacca in

Sleman, Yogyakarta (Wagiman et al., 2014). The beetle species also was reported as the
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main pollinator of Sumatra salacc Sumatran®8ecc.) (Tanjung et al., 2018tmowidi et

al., 2021)

2.4  Asexual Reproduction

Most plants that are capable of undergoing asexual reproduction produce clones
using vegetative organs (e.g. stolons, rhizomes, tubers, bulbs and roots) and this is where
majority of the understandings on clonal plants ocditerben & Klimesova, 2020;
Martinkova et al., 202CFranklin et al., 202\ It is important to understand the ecology of
clonal plants as clonal growth allows certain ecological advantages such as providing
insurance when sexual reproduction is hinde(elérben et al., 2014)facilitates in
monopolization of spac&heng et al., 2019)post damage recove(artinkova et al.,
2020),and vegetative dorman¢®tt et al., 2019)Conventional wisdom might lead one to
believe that clonal species would have lower genetic diversity owing to lower sexual
reproduction and that genetic diversity could decline over time as population narrows down
to several large genets. However, ins&sof genetic erosion are rare and counterintuitively,
higher levels of heterozygosity are often obserffednkin et al., 2021)Genetic erosion
does occur in clonal plangbeit with a caveaRa d o s av | j e v icdncluded that | . ( 2
the erosion of thegenetic variability of older patches is likely caused by the -gésret
competition and resultingelection or by a random daéf of individual genets accompanied
by the absence of new seedlirggablishmentin retrospectOborny andMarcs6(2023)
observed that h e g e n e tprobability is strongly iafluenced by the terminal ramets

but is almost unaffeed by the internal ones in a brgaarameter range.
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In clonal species where the ramets remain connected to the parent plant, resource
sharing is possible between connected individuals such Alseimanthera philoxeroides
(Mart.) Griseb. Amaranthaceaerou et al., 2014)Geum reptansg. (RosaceaePluess &
Stocklin, 2004)Dithyrea maritima(Davidson) DavidsonBrassicacegdigner, 2004)and

Trillium recurvatumL.C.Beck(MelanthiaceagMandel et al., 2019)

When the ramets are connected to their parents and other ramets, the genet may share
resources to increase survivabilit@3999%f the
modelsuggesd in clonal plants, sharingf resources between parent aadhetis most
beneficial when t he rdifedestrametshn grawetheinrespectiven h o w
environmentghus resources can be allocated from better performing ramets to the poorer
performing rametsywhen the health quality of ramets outweighs tmber of rametsand
whenmortality probability of ramets is equal throughout the genet as this ensures at least

some ramets may survive.

2.5  Single Nucleotide Genotyping

Single nucleotide analysis is used heavily in plant breeding programs mainly to
identify the genetic diversity and population structure within the cultivars to improve crop
breedqYang et al., 202QZhang et al., 202(Pandey et al., 2021; Tomar et al., 202dpes
etal., 2022 thus similar methods can also be adopted to identify clones within the population
and the resulting clusters that are formed. dihgle nucleotide polymorphisrBNP) marker
was chosen as a molecular marker for this intraspecific genetic diversityostudyto the

extensive genome coverage, chromosamecific locationand low costas comparedo
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other PCRbased markers as well as being evolutionarily stable due to lower rates of

recurrent mutatiojLopes etl., 2020 Yang et al., 2020

An example of SNP$&eingto study population genetiagas by focusing on the
somatic genetic variation of clonspeciesYu et al. 020)uncoveredhousands of SNPs
in a population oZostera marinaL. that revealedhe strength of purifying selection on
mosaic genetic variation was greater within than among ramdtthat esmatic genetic drift

during clonal propagation leads to the emergence of genetically unique modules
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CHAPTER 3

PHENOLOGY, POLLINATION BIOLOGY AND BREEDING MECHANISMS OF
CALAMUS LOBBIANUS AND CALAMUS PYGMAEUS

3.1 Introduction

Calamus lobbianuBecc. belongs to th€alamus conirostrid8ecc. (a subgroup of
the Sundaland flagellate group) group consisting of seven menhemnirostris Calamus
convalliumJ.Dransf. Calamusgonospermusecc.,Calamusleloi J.Dransf. C. lobbianus
CalamuspycnocarpugFurtado) J.DransfgndCalamusspectatissimuBurtado). This group
is delimitated by having the rachis of the partial inflorescence thicker than the rachis of the
inflorescence distal to the partial inflorescence. Members of thepgalso tend to have
brown or black fruits with nochannelled scale@Henderson, 2020)Calamus pygmaeus
appears most closely to a group 9k flagellates C. gaharuensis, C. lengguanii, C.
nematospadix, C. nielsenii, C. psilocladasd C. pygmaeusfound across Sundaland
indicated by reddish brown rachis and pinnae base, indumentum and small whitish globose
fruits with explanate fruiting perianths. Members of this group are morphologically too

similar thus species boundary might change with mata @enderson, 2020).

Studies on the floral biology @alamuscovered several groups including the groups
of Calamusalbidus L.X.Guo & A.J.Hend.,CalamusarborescensGriff., and Calamus
arugdaBecc., in either its natural habitats or plantatifirese, 1995; Bagh, 199&lloysius,
1999; Hj Abdullah, 200Kitching et al., 2007Kidyoo & McKey, 2012; Mohd Rusdi et al.,
2022) however, none has been conducted so far on the groups represe@tdddiyanus
andC. pygmaeusCalamudobbianusandC. pygmaeusvhile similar in phenalgy, exhibit

stark differences in their floral characteristics and attractants, leading to distinct reproductive
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strategies. This contrast will directly be reflected on the visitor assemblage which
subsequently should reveal their breeding strategy. Therefore, thimsteto investigate
the floral biology and the pollination mechanism of two+4ecbmbing speciesC. lobbianus

andC. pygmaeus

3.1.1 Problem Statement

So far, there is o study on the phenology artbral biology of the groups
representindgC. lobbianusandC. pygmaeus the natural environmenthe differences in
the groups represented by tid species mentioned above will provide great insights into

the floral biology and pollination biology of the groups they represent.

3.1.2 Obijectives

The primary objective of this study was to understand the phenology, pollination
biology, and breeding mechanisms@flobbianusandC. pygmaeuslhe specific objectives

were:

1 To determine the phenology and pollination biologly C. lobbianusand C.

pygmaeus

1 To investigate the breedirsgrategie®f C. lobbianusandC. pygmaeus
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3.2  Methodology
3.2.1 Study Area

This study was conducted at Kubah National Park (KNP) (1°36'45.51"N,
110°11'48.52"E) which is approximately 20 km northwest of Kuching, Sarawak, Malaysia.
Populations ofC. lobbianusand C. pygmaeusccur between 20600 m elev. Kubah
National Park comprises largely five vegetation types: lowland mixed dipterocarp forest,
kerangas forest, submontane forest, alluvial forest, and secondary forest (Pearce & Geri
2007). Reeyellow podzolic soils cover nsb of the rocks in KNP, diglope podzols
(predominantly andy clay, welldrained, and nutrient deficient) and peaty soil are common
on exposed ridges upward from about 300 m dlldazebroek & Kashim, 2000Kubah
National Park faces the Southwest Monsolate(Mayearly October) and the Northeast
Monsoon (late Novembdate March) with drier weather intervals between April to May
and October to November. The average rainfall in the Kuchid@tang Area is& 4200
mm in the year 202QJabatan Meteorologi Malaysid020). Pearce (1992)eported that
KNP has thénighest diversity of palms in Sarawak with at least 95 taxa of palm species and

at least 47 species @alamuswithin the park and its immediate environs.

Plant individuals were sampled on both sides along the main trail and Selang trail.
Individuals were selected based on the presence of senesced inflorescence or infructescence
from the previous season. The duration of the whole study lasted from April 2021 to April
2022 Appendix 1). The number of individuals and flowering individuals were noted.
Individuals ofC. pygmaeusvith rooted individuals were noted along the sampling trail. The
voucher specimens of both species including the rachillae of both staminate and pistillate

partial inflorescences were collected, fixed in alcohol, andsitgal at SAR.
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3.2.2 Plant Description

Calamus lobbianugFigure 3.1) is a solitary stemless or very shetemmed and
sometimes subterranean, up to 2.0 m tall wheGeaygmaeugFigure 3.2) is a clustered
rattan, acaulescent up to 1.5 m tall. The inflorescences of both species have up te six first
order branches (partial inflorescences) distributed along the main axis (terminates with a
flagellum inC. pygmaeus An individual stem could produce up to four inflorescences in a
single flowering season. In the staminate inflorescences, the flowers are alternately and
distichously arranged along the rachillae. The rachillae of pistillate inflorescences bear

flowers indyads which consist of a pistillate flower and a sterile staminate flower.

3.221 Calamuslobbianus

Calamus lobbianusccurs on soil high in organic matter in damp facies of hill forests
(Figure 3.1A). Most of the individuals were found near the streams under shade and
sometimes in open areas with underexposed sunlightst€hereaches c. 0.6 m long with
dull green sheaths which are not tubular and open opposite the peticdhegltids densely
armed with triangular spines which are concave at the base proximally, horizontally
spreading, yellowislgreen and 0 mm long(Figure 3.1B & C). The knee ocrea and

flagellum are not present in any of the individuals in the population.
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Figure 3.1: A) Calamus lobbianusgcaulescent up to 2 meters tall B) Stouter irregularly
arranged spines on petiole of Morph A C) Thinner irregularly arranged spines on petiole of
Morph B D) Greenish pink staminate flowers of Morph A E) Greenish pink pistillate
flowers of Morph A F) Powery white abaxial and glabrous adaxial leaveS.dbbbianus
leaves G) Maroon staminate flowers of Morph B H) Maroon pistillate flowers of Morph B
I) Mature infructescence bunch with tshaped fruits covered in black and brownish
yellow scales. Scale mare included.

Theleafis ecirrate, c. 140 cm with the petiole up to 82 cm long, armed laterally with

yellowish-green horizontal spines, c. 26 mm and rachis c. 30 cm londedthetsabout 20
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on each side of the rachis, are regularly arranged but rather distant c. 40*3 cm. The leaflets
are lanceolate, with spinules on veins abaxially, the lateral veins approximately parallel,
Obrokendé vein dar k gr een owhitebrhthe abmdabsuriace | sur

and apical leaflets very briefly joine#igure 3.1F).

Theinflorescenceis short and slender, c. 42 cm long in staminate and 27 cm long in
pistillate plants. Thepeduncleis scarcely developed above the point of divergence. The
prophyll is tubular and persistent, usually splitting only at the apex. péwtial
inflorescencesare not stalked, with a pulvinus between the axil of the rachis and the partial
inflorescence, with the rachis markedly thicker than the inflorescence rachis distal to the
partial inflorescence. Thechis of the bracts is tubular and sowieat inflated at the apex,
with an oblique opening and a sessile rachilla. The partial inflorescences of both sexes
branch into two orders. Theartial pistillate andstaminate inflorescenceare c. 11.5 cm
long and 18.2 cm long respectively. Btaminate sepalsre usually shorter than the petals,
cupular, trilobed at the apex, large, fleshy angddoured. Thestamensare six with
uniseriate filaments, inflexed at the apex producing digiiow powdery pollen. The
associated pistillode is opaque and trilobed. Pprstillate inflorescencescomprised of
sessile dyads of a pistillate and sterile staminate flower. The calyx, petal and stigma are
trilobed. Thdruit is top-shaped, c. 34*18 mm diameter with the fruiting perianths explanate
and covered in c. 15 vertl rows of brownisiblack, glossy and smooth scalegre 3.11).

Two morphologically different forms &. lobbianusvere found (form Aigure 3.1D and
1E) and form B Figure 3.1G andFigure 3.1H)) with variationsn the spines of the petiole
and flowers of both sexes. The vegetative and reproductive features of both forms in

staminate and pistillate plants ©f lobbianusare presented in Table 3.1
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Table 3.1:

Vegetative and reproductive differendegweerboth forms in staminate and pistillate plantolobbianus.

Form A Form B
Male Female Sterile staminate Male Female Sterile staminate
Pse;'iﬁfr c. 14.6 mm c. 9.8 mm - c.11.3 mm c. 8.9 mm -
light green with maroon on the maroon on the to
white dots maroon with light top half, light half, light green oE
light green with a brown - reddishpurple light green (c. 4.9 maroon lateral ribs green on the thé bottom half
Calyx  margin and white lateral  vertical lines g gmm) T (c. 5.2 mm in bottom half with with liaht areen
ribs (c. 5.5 mm in height) anda brown B light green dots gntgre
i height) S dots andvertical
margin (c. 5.7 andvertical lines lines (c. 4.7 mm)
mm long) (c. 4.9 mm) Y
white on the lateral ribs, light green with etals are pink witr
green at the distal halnd gt g light green with P are pink
light green at the proxima white dots, white dots a white margin
9 h gree nep reddishpurple . i andlight brown Entirely cream .
alf with white dots, T reddishpurple : : Entirely cream
Petals . . vertical lines : . lateral ribs white (c. 7.4 .
internally white at the anda brown vertical lines and externall mm) white (c. 7.3 mm)
distal half andlight green margin (c. 5.7 a brown margin internall Iiy’ht
at the proximal half (c. 7.1 g I v (c.5.5mmlong)| _. K y g
mm) mm long) pink (c. 6.8 mm).
maroon on the
top hal, light " 0! O the tor
_ _ green on the alf, light green on
yellowish green yellowish green ) the bottom half
Sepals - - bottom half with 1
(c. 6.3 mm) (c. 6.2 mm) light green dots with light green
andvertical lines thS andvertical
lines (c. 6.1 mm)

(c. 6.4 mm)
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3.2.2.2  Calamuspygmaeus

Populations o€. pygmaeuwere mostly found in welirrigated sandy clay soil with
a top layer of organic mattefigure 3.2A). At least two populations were found by a stream.
The leafsheaths oC. pygmaeusre not tubular but open opposite the petiole, dull brown,
bearing rather few groups of horizontal or slightly reflexed triangular green stout spines, c.
6.1 mm with abundant brown indumentum between spkigsaie 3.2B). The flagellum and
knee are absent while the ocrea is short, membranous, and soon tatteriegf iSteeirrate,
c. 75.5 cm long with the petiole c. 21.5 cm, armed with whorls of horizontal spines near the
base but unarmed distally, sparsely covered with reduisivn or brown indumentum and
the rachistigure 3.2D). Theleafletsare c. 28 on each side of the rachis, c. 33.5 cm long,
unarmed, regularly arranged, linear, with spinules on veins adaxially, the lateral veins
approximately parallel, one terminating subapically, leaving a distincbscure, adaxial

Obrokené vein, the bases abaxi aFiurg32E)par sel y

Theinflorescenceemerges between the leaves, slenaiedwhip-like up to c. 2.5 m long in
pistillate plant andc. 2.7 m long in the staminate plant, peduncle c. 70 cm long in both
staminate andpistillate plants both roots at the apex to generate new gHaguré 3.21).
Thepatrtial inflorescences(up to four) of the pistillate plapnandstaminate plant are c. 5.7

cm long andc. 6.2 cm long, respectively, which are spread sparsely along the inflorescence,
stalked, with a pulvinus in the axil of rachesdpartial inflorescence. ThHeowers are borne

on the third order dbranching in the staminate plant but on the second order of the pistillate
plants. Eaclpartial inflorescencés in c. four units, c. 3.9 cm in length (staminate plants)
andc. 3.3 cm in length (pistillatplants); branches further four to six times. Bt@minate

rachilla is c. 1.8 cm long, with alternategnddistichously arranged flowers. The calyx is
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green with brown tip, c. 1.1 mm; sepal in three, yellowish green; petal in three, cream white,
c. 0.8 mm; the pistillode is trilobed but never open, orange; the stamen is c. 2.0 mm with the
anther bilobed with powdery yellow pollen, which is dehisced tinaulateral slit, filament

white almost opaquéd~{gure 3.2F). Thepistillate flowers with the calyx green but brown

near the margin, c. 0.6 mm long; the petals in three, cream white, c. 1.6 mm; stigma is
trilobed andopaque, almost transparent, c. 1.9 mm. The sterile staminate flowers with the
calyx green with brown tip, c. 0.4 mm; the sepal in three, cream white, c. 1.0 mm; the petal
in three, cream white; staminode in six, opaque, c. 2.0 mm; the pistillode isdridabnever

open, c. 1.2 mmHgure 3.2G). Thefruit is (white when mature) round c. 7.3 mm in
diameter with the stigma remnant, covered irl#lvertical rows of strawoloured
margined scalesF{gure 3.2H). A summary of plant habitsandfloral charactersof C.

lobbianus andC. pygmaeuss provided in Table 3.2.
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Figure 3.2:  A) Calamus pygmaeug to 1.5 m talB) Acaulescent stem with brown
sheathsandgreen stout spines C) Aerial roots can sometimes grow in taller specimens D)
Reddiskbrown indumentum along the rachis E) Black soft spines along the adaxial,
abaxial andpinnae margirF) Staminate in bloom with anthers covered in powdery yellow

pollen andbright orange pistillode G) Staminode flower in bloom witHdbed stigma

protruding from the pistillate flower H) Globose fruit white scaslbrown margins I)

Tip of inflorescence rooting into a new plantlet with the remnant of partial inflemesc
still attachedScale bars are included.
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Table 3.2: A summary of plant habitandfloral characters o€. lobbianusandC.
pygmaeusvith data presented as an averggage) unit.

C. lobbianus C. pygmaeus
Habit Solitary Clustering
Stem length (m) 0.6(041.2) m 0.6 (0.30.9) m
Vertical height (m) 1.5(1.31.8) m 1.2(0.91.7) m
Inflorescence length (cm) 26.5(21.331.7) cm 25 (2.22.7)m
Inflorescence length (cm) 31.5(27.435.6)cm 2.7 (2.42.9) m
Partial inflorescenck length (cm) 11.5(9.717.2) cm 5.7 (5.16.2) cm
Partial inflorescenck length (cm) 18.2 (15.925.5)cm 6.2 (5.57.4) cm

Light green with
brownmargin/

Colour of tepals Pink  with  white Cream white
margins
No. of partiall inflorescence 2 (1-3) 4 (37)
No. of partialll inflorescence 2 (1-3) 4 (36)
No. of rachis per partidl inflorescence 2 (2-3) 5 (4-6)
No. of rachis per partidl inflorescence 2 (2-4) 5(2-7)
No. of dyads per rachis 19 (1530) 7 (59)
No. of flowers petl rachis 41 (3247) 9 (7-13)
Flowering duration of inflorescence 19 (1827) 30 (2833)
Flowering duration ofl inflorescence 25 (2:30) 45 (3%51)
Flowering duration opartiall inflorescence 9 (6-10) 7 (6-9)
Flowering duration of partidl inflorescence 8 (7-10) 12 (1614)

3.2.3 Floral Biology and Floral Visitor s

Several days of direct observations were conducted to establish tharstdré end
of the anthesis. This was followed by direct observations consisting of four to five hours
each day until the entire duration of the anthesis was observed. The total number of flowers
per inflorescence was counted. Floral visitors were obsereedithen flowers were still
enclosed in bracts until the end of anthesis. The behaviour of the floral visitors such as
interaction with stigmaandanthers, feeding on nectandthe average duration of visit. The
floral visitors were further categoriseatd primary and secondary visitors based on their

interactions with the flowers. The mean number of floral visitors was presented based on the
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total duration of a visit for each speci€doral visitors were photographed using camera

CanonEQOS 2000xitted with a 100 mm macro lens for identification.

3.2.3.1  Floral Availability

A total of 13 individuals (seven staminate and six pistillateCfdobbianusand 138
individuals (55 staminate and 78 pistillate) @rpygmaeusere included in this study. The
observation was carried out from 21 Sept 2021 till 14 January 2022. The sex ratio at two
levels (the number of individuals and the number of individuals that flowered during the

study period) was tested using binomial t¢Kidyoo & McKey, 2012)

3.2.3.2  Nectar Sampling

The volume and concentration of nectar were measured for both sexes of Form A
and B ofC. lobbianus The nectar was collected using a 10 ul microcapillary syringe while
the concentration was measured using a handheld Brix refractometer moe@#&l 45
(Bellingham + Stanley) at 3@inute intervals. The Brix reading is assumed as sucrose
equivalent(Dafni, 1992) Nectar sampling was performed during phenology observations

and the number of flowers sampled was dependent on the floral availghppgndix 1).

3.2.3.3  Pollination Experiments

Two treatments were applied: Bagged flower (TpBrtial inflorescence was bagged
(using 0.5 mm mesh bags) several days before blooming; Free unbaggeiio{Ve2y were

left exposed to permit unhindered interactions with floral visitors. The bags e&remved
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after anthesis and several months later the fruit set was registered. To eliminate any possible
effect of inherent variation in the fruit set, a different part of each inflorescence was bagged.
One to two individuals from each population were selectetippanflorescences from four
individuals were tagged f&. pygmaeusvhile partial inflorescences from three individuals

were tagged fo€. lobbianus Further details on the samplings are providefigpendix 2.

3.3 Results
3.3.1 Phenology

The phenology for both forms @f. lobbianugs similar for staminate and pistillate
plants. The blooming of the staminate flowers @robbianusbegins at the distal end of
the proximal partial inflorescences. However, the flowers of the remaining partial
inflorescences bloom randomly. Two to three staminate flowers of a partial inflorescence
bloom per day with one to threly intervals. The staam and pistillode extension happen
simultaneously during blooming. Pollen extrusion begins between 0500@d &y 1) and
lasts until around 1300, sometimes 1500 (Day 1). Nectar was exuded from near the base of
the petals around 1000 (Day 1) till 1300 on the same day. No odour was discernible even
directly above the flowers. The flower dehisces around 1500 1Pa&ypartial inflorescence

takes @ 8 days to finish blooming while the whole inflorescence take2<days.

The blooming of pistillate flowers @. lobbianusbegins from the distal end of the
distal partial inflorescence but the flowering sequence is random within the partial
inflorescences. Two to three pistillate flowers of a partial inflorescence bloom per day with
oneto-threedayintervals. The stigma begins to emerge around 0800 to 1000 one day before

anthesis. By 0400 to 0700 on the following day (Day 1), the female anthesis begins with the
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glistening of the surface of the stigma. The stidolly emergedwith the recurving petals

by 1200 (Day 1). The stigma dries which indicates the end of the anthesis between 1500 to
1700 (Day 2). In the associated dyad counterpart, sterile male flowers typically open around
0600 (Day 1) and fall off around 1600 on DayHbwever, 17.85 % (5/28) of the staminodes

do not open synchronously with their associated pistillate flower. Nectar is exuded from the
base of the petals of the sterile male flowers froouad 0900 (Day 1) till around 1230 on

the same day. The blooming lasts about nine days in a partial inflorescence which takes the

inflorescence around 19 days to finish blooming.

The blooming of both sexes @&. pygmaeusegins from the distal end of the
proximal partial inflorescence but the flowering sequence is random within the partial
inflorescences. Several partial inflorescences bloom at the same time in older pfants of
pygmaeusThree to four staminate flowers bloom per day with one tedsyointervals. In
male plants ofC. pygmaeusthe anthesis of the individual flowers begins from 0830 (Day
1) with some flowers opening much later, at1000. A thin layer of glisteng exudate was
visible at the base of the petals typically 30 mins after anthesis begins. Stamen and pistillode
extension happen simultaneously during blooming. No floral scent was detected throughout
the anthesis. Anthesis ends by 1500 (Dpyaftd the flower is shed by 1800 (Day 1). The
blooming lasts about 12 days in a partial inflorescence which takes the inflorescence around

45 days to finish blooming.

Two to three pistillate flowers df. lobbianusbloom per day with one to thremay
intervals with at least one or more staminodes are open within the partial inflorescence. The
stigma emerges around 0800 (Day 1). The anthesis begins around an hour later, 0900 (Day

1) with the stigmatic surface appeayireceptive and white until 1500 (Day 2). The stigmatic
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surface turns brown towards the evening with the corolla and calyx shed. No floral scent was
detected. The sterile staminate floweiGfpygmaeuspens around 0800 (Day 1), persists

until around 1600 (Day 1) and dehisces by 1700 (Day 1). The base of the petals appears to
be glistening, likely to be nectar. The sterile male flower blooms randomly, which could be
before, during or after the bloomimg the associated pistillate flower. The blooming lasts
about seven days in a partial inflorescence whichst#tke inflorescence around 30 days to

bloom. The phenological phases are representEgjure 3.3.

Calamus lobbianus
D1 D2 D3
0800 1400 2000 0200 0800 1400 2000 0200 0800 1400 2000

l | W - L1 1l
r 1T 11 r T 1T 1ma L L L L

J OB A

Calamus pygmaeus
D1 D2 D3

0800 1400 2000 0200 0800 1400 2000 0200 0800 1400 2000
l | N W O I | | T N N | l Ll L 1 1
LI | L T rrrrrura LI |

3 &
D1 D2 D3

gs 2 ¢ X

Legend
Female End of female 7 Male (End of male @Staminode @ﬁStaminode D3 Day 3
g . LS . 3 . %
anthesis anthesis anthesis “A anthesis bloom dehiscence
@ Staminate @End of staminate @Pistillate :@End of pistillate pq pay 1 D2 Day 2 g Stigmal
nectar nectar nectar nectar protusion

Figure 3.3:  Atimeline of phenological events f@. lobbianusandC. pygmaeus.
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3.3.2 Vegetative Propagation inCalamus pygmaeus

In C. pygmaeusvegetative propagation is achieved via the rooting at the tip of
inflorescence Kigure 3.21). Calamus pygmaeudisplays a population of the same gender
within 2 m of each other (2 m is the average length of the inflorescence). Each patch contains
9 to 24 individual plants and sometimes up to 30 individual plants of various developmental
stages, with usually one eeveral individuals in the reproductive stagjal{le3.3) where
majoririty of the individuals within each group consistioiglargely the same gendeérhe
rooting at the tip of inflorescence was recorded in 54.54 % of the male individuals and

55.12% of the female individual$dble3.3).

Table3.3: Individuals ofC. pygmaeuswvith rooted inflorescences.

No. individuals Rooted inflorescenc: Rooting percentage (%

Male  Cluster 2 9 4 44.44
Cluster 3 10 3 30.00
Cluster 4 21 15 71.43
Cluster 7 15 8 53.33
Total 55 30 54.54
Female Cluster 1 13 9 69.23
Cluster 5 15 10 66.67
Cluster 6 14 7 50.00
Cluster 8 24 14 58.33
Cluster 9 12 3 25.00
Total 78 43 55.12

3.3.3 Floral Availability and Operational Sex Ratio

The presence of staminate and pistillate inflorescenceCfolobbianusand C.
pygmaeusis presented inFigure 3.4. Flowering for both species appears aseasonal
throughout the observed period altho@hpygmaeublooms more frequently as compared

to C. lobbianus The sex ratio of flowering individuals was largely unbiased between male
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and female individuals except during October and December of 2021 Ifdsbianusvhere

the male bias was significant (p=0.04%Fable 3.4).

September October November December January
wd [ws [wt Jw2 w3 Jwa [wi [w2 w3 [wa [wi [w2 [w3 [wd [ws [wi [w2
Calamus lobbianus

CLMS05M

CLMS17M

CLMSOSF

Calamus pygmaetts

CLMS03M

CLMS06M

CLMSOIF
CLMSO7F

CLMS16F

Figure 3.4: The presence of staminate and pistillate inflorescendg.flmbbianusand

C. pygmaeufrom 21/9/2021 until 14/1/2022. W1=Week 1 and so on; voucher code ending

with M is a staminate plant, voucher code ending with F is a pistillate plant; the black box
represents blooming, and the grey box represents fruiting.

Table 3.4: Binomial test results in the sex ratio of flowering individuals and the
operational sex ratio (OSR) expressed as the ratio of flowering staminate to pistillate plants
(staminate: pistillate) of. lobbianusandC. pygmaeus ( U=0. 05) .

P values OSR

Staminate 0.044 2:0
Pistillate 0.302 '

c maeLs Staminate 0.218 6:5
- PY9 * Pistillate  0.128 '

. Staminate 0.302 )
November C. lobbianus Pistillate  0.265 1:1

Staminate 0.182 )
C.pygmaeus o ijate 0141 1011

. Staminate 0.044 )
December C. lobbianus Pistillate  0.265 2:1

C maeu Staminate 0.182 56
- PYY * pistilate  0.154 >

October C. lobbianus
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3.3.4 Nectar Availability of Calamus lobbianus

The volume and concentration of sugar in the nectar varied throughout anthesis for
C. lobbianus(Form A and B) as shown iRigure 3.5. In the male flower of Form A, the
volume and concentration started from 1.7 pl and 10.1 % and peaked at 8.1 ul and 11.3 %
(ca. 1100 Day 1) Table 3.5). The associated sterile male flower of the pistillate plant
produced 2.7 pl amount of 8.8 % (concentration) till peak at 8.0 pl and 12.9 %
(concentration) @ 0930 Day 1). A similar pattern was observed for both sexes of Form B

plants ofC. lobbianus

Pistillate Morph A Fistillate Morph B Staminate Morph A Staminate Morph B

i EEaEEE }““Mg

tf}]m;. }”Hm +H | }H!Iw%

L T R R ' R R L ' ' ' ' ' '
0900 0930 1000 1030 1100 1130 1200 1230 1300 0900 0330 1000 1030 1100 1130 1200 1230 1300 900 0930 1000 1030 1100 1130 1200 1230 1300 0900 0930 1000 1030 1100 1130 1200 1230 1300
Time

Average Measurements

Figure 3.5: Average volume (ul) andoncentration (% in Brixf pistillate and
staminate flowers for Morph A and B 6f lobbianughrough time with error bars
represented by maximum and minimum values.

3.3.5 Floral Visitors

The floral visitors observed f&@. lobbianusvere quite diverse and consist of several
different taxa, blaclkheaded stingless be&etragonula melanocephglgFigure 3.6A),
orange stingless be&dtragonula melinp(Figure 3.6B), hover waspl{iostenogastesp.)
(Figure 3.6C), potter waspStenodyneriellusp.) Figure 3.6D), black ants (Formicidae)
(Figure 3.6E), floral mites (Acaridae)Rigure 3.6F), fruit flies (Drosophilasp.) Figure

3.6F), and spiderhunteA¢achnotherasp.) Figure 3.6G). The visiting timewas similar for
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Table 3.5;

Volume (pl) and concentratiof€onc.)measured in Brix (%) using sucrose equivalence for stamihatand sterile male
(H) plants ofC. lobbianugfor forms A and B.

900 930 1000 1030 1100 1130 1200 1230 1300
Calamus lobbianus |l
Volume (ul) i ] 1.7 3.9 8.1 4.4 51 3.9 3.9
H (SE+0.40) (SE+1.34) (SE+2.12) (SE#1.56) (SE+1.97) (SE+1.81) (SE+1.00)
Conc. i ] 10.1 11.7 11.3 11.7 11.4 10.4 7.8
(% in Brix) (SE+0.78) (SE+0.40) (SE+0.31) (SE+0.44) (SE+0.49) (SE+1.60) (SE%0.61)
Calamus lobbianug A
Volume (ul) 3.0 8.0 3.9 2.0 2.4 2.1 1.1 0.9 )
H (SE+0.28) (SE+0.75) (SE+1.19) (SE+0.34) (SE+0.61) (SE+0.57) (SE+0.22) (SE#0.10)
Conc. 11.5 12.9 9.5 9.1 9.9 10.0 9.9 6.2 )
(% in Brix) (SE+0.29) (SE+0.68) (SE+0.45) (SE+0.62 (SE+0.54) (SE+0.53) (SE+0.48) (SE+0.38)
Calamus lobbianuB |I
Volume () i ) 2.7 6.00 9.1 7.9 9.0 7.1 5.6
H (SE+0.48) (SE+1.24) (SE+1.54) (SE#1.41) (SE#1.62) (SE%0.69) (SE+1.00)
Conc. i ) 8.8 11.4 11.1 12.3 125 9.5 6.8
(% in Brix) (SE+0.51) (SEx0.51) (SE#0.35) (SE#0.40) (SE%0.26) (SE+0.91) (SEz%0.84)
Calamus lobbianuB H
Volume (ul) 2.9 7.9 57 3.0 35 3.5 2.3 1.2 ]
H (SE+0.65) (SE+0.74) (SE+1.17) (SE+0.53) (SE+0.49) (SE+0.49) (SE+0.57) (SE#0.21)
Conc. 11.2 13.2 9.4 9.8 10.2 9.8 9.7 6.3 ]
(% in Brix) (SE+0.46) (SE+0.62) (SE+0.47) (SE+0.71) (SE+0.60) (SE#0.74) (SE+0.63) (SE+0.42)
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the staminate flowers, starting from early morning around 0700 (Day 1) to about 1500 (Day

1) (Table 3.6) (Figure 3.7).

Both species of stingless bees have similar behaviours where they feed on nectar and
collect pollen. Both hover and paper wasps were observed to not actively collect pollen but
mainly fed on the nectar, but the potter wasp is larger than the flowers sdrnottimes
allows the anthers to brush against its body. However, it is rare for pollen to be seen stuck
onto its head or thorax. A nest of black ants was observed to linger around the inflorescence
during the bud formation and bloom to feed on the necifrout contacting the anthers
(observed only on one occasion). On several observations, floral mites were seen attached
to the visiting insects and carried to another flower throughout anthesis of both sexes. The
mites shifted within and between the bloogiflowers to feed on polleand nectar. Fruit
flies were always present and occasionally observed to feed on the floral nectar of both sexes.
Once, a spiderhunter was observed to visit the flowers around 1200 to feed on the (Day 1)
nectar, however, the long beak of the bird did tlotxathe anther to be in contact with the
head and the spiderhunter is thus considered a visitor. Visitors of the pistillate floers of
lobbianuswere similar excluding fruit flies and floral miteBhe floral visitors were found
during the first day oénthesis Table 3.6). Both species of stingless bees were observed to
transfer the pollen onto the stigma and thus are considered as possible pollinators. Both
wasps aimed for the nectar in the staminodes and seldom seem to be in contact with the
stigma and thus are considdra secondary pollinator. The orange stinglessTeteagonula
meling (Figure 3.8A), blackheaded stingless be&egtragonula melanocephgldFigure
3.8B), and the hover wasp.ipstenogasteisp.) Figure 3.8C) visited the flowers ofC.
pygmaeugrom 0830 until 1430 (Day 1) for both male and female flowers. The hover wasp

and both stingless bees continue to visit on Day 2 from 0830 until 1430 in pistillate plants.
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Figure 3.6:  Floral visitors ofC. lobbianus A) Tetragonula melanocephalblack
headed stingless bee Betragonula melinagrange stingless bees Opstenogastesp.,
hover wasp Dtenodyneriellusp., potter wasp E) Unidentified ant specie®F)sophila
sp., fruit flies andfloral mites G)Arachnotherasp., spiderhunter. Scale bars are included.

Both stingless bees usually landed on the anther, collected pollen, and sometimes
headed into the cavity to search for nectar. During its visit to the female flower, both stingless
bees behaved similarly but remained slightly longdre hover wasps generally headed into
the floral cavity to search for nectar in both male and female flowers. However, owing to the
lack of pollen on its body, the hover wasp is considered a secondary pollinator. Several
species of ants were observed tsitvihe flowers on @ occasions but are not considered

pollinators.There is no significant difference (p>0.05) in the number of vis&ndsvisit
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Table 3.6: Visiting period, mean numbeandduration of visit for staminatdl () and pistillate I( ) plants ofC. lobbianusand C.
pygmaeusvalue represented as min(average)max for Day 1 (D1) and Day 2 (D2). Significant results betweenGotaidbainusare
represented by * (p>0.05).

Visiting period A\(e_rage Duration Visitation rate (P Visit duration (P
visitor value) value)
Il I I I Il I Il I Il I
Calamus lobbianusorm A T-test results in P value between form
and B
Liostenogastesp. 07%?)%)5 00 08301400 (D2) 1(2)3 12_)3) 1.2 sec s4£s 0.47 0.86 0.00* 0.21
. 080031500 1(2) 5.5 6.3
Stenodyneriellusp. (D1) 08001700 (D2) 1(3)5 5 secs  Secs 0.45 0.60 0.24 0.14
Tetragonula melina 06001500 07001500 D2) 3(4)7 2(4) 5.7 6.1 0.78 0.50 0.08 0.49
(D1) 6 Secs  secs
Tetragonula 06001500 47641500 D2) 3(3)8 3@ 83 68 | 466 060 009 054
melanocephala (D1) 7 secs  secs
. 11001500 5.6 .
Drosophilasp. (D1) - 2(:1)6) - secs - 0.55 - 0.02 -
. 0500-1000 13(15 315 .
Floral mite (D1) - 19 - min - 0.55 - 0.00 -
Calamus lobbianusorm B
Liostenogastesp. 07(281)5 00 0830 (%321))1400 2(2)4 1252) 2.8 sec :égs
. 08031500 0800 (D1)1700 2(3 6.2 5.6
Stenodyneriellusp. (D1) ((DZ)) 1(2)4 Es ) secs  Secs
Tetragonula melina 06(281)5 00 0700(821))'1500 2(5)6 1253) ;’e'gs :egs
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Table 3.6continued

Tetragonula 06001500 0700 (D1)1500 2(4)8 24) 7.3 7.3
melanocephala (D1) (D2) 8 secs  secs
Drosophilasp. 11(()853 00 - 2(3)6 - 34;25 -
. 05061000 11(13) 27.6
Floral mite (D1) - 17 - min -
Calamus pygmaeus
. 08301430 0830 (D1)1430 1(3) 15 2.5
Liostenogastesp. (D1) (D2) 1(3)4 4 secs  secs
: 08301430 0830 (D1)1430 1(3) 3.6 4.5
Tetragonula melina (D1) (D2) 2(3)6 5 secs  Secs
Tetragonula 08301430 0830 (D1)1430 2(4)8 2(3) 5.2 6.7
melanocephala (D1) (D2) 7 secs secs
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Figure 3.7.  Average number for each species of visitor throughout visiting duration for both moi@hkbbianusandC. pygmaeus.
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duration on of all visitors except for the visit duration of hover wasps, fruit flies and floral
mites between the staminate and pistillate plants of form A and@ lafbbianug(Table
3.6). There is also no significant difference on the floral visitors between the different forms

of C. lobbianus

3.3.6 Breeding Mechanisms

Pollination experiment of. lobbianusindicates that apomixis is likely to exist as
the percentage of fruit set for bagged treatment was lower at 4.77%, 8.33% and 7.68% as
compared to unbagged treatment at 21.05%, 19.05% and 16.67% although not statistically
significant. However, a seed vidity test on apomictic fruit was not performethe fruit
set was recorded in all bagged treatments at three populations which indicates that apomixis
is present irC. pygmaeuéTable 3.7). However, the results showed no significant difference
between both treatments for Population 6 and 1 whitkely owing to the pistillate plants
showing poor fruiting success as compared to other populatiorzopulation 5 ofC.
pygmaeusthe fruit set percentage of unbagged treatment was significantly higher than the

bagged treatment which differs from the other two populations.
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Figure 3.8:

Floral visitors ofC. pygmaeusA) Tetragonula melinagrange stingless

bees B)Tetragonula melanocephalblack-headed stingless bee Opstenogastesp.,
hover wasp. Scale bars are in@ud

Table 3.7:

1=bagged flower, T 2=free unbagged; Shq u ar e

resul ts

from T

Results from pollination experiment @ pygmaeuandC. lobbianus T

{vau2 js cakculated Between
1 and T 2

T1 TI1FruitSet T2 T 2FruitSet Chi-Square P value

Calamus pygmaeus

Population 6 2/78 2.56% 6/68 8.82% 2.748 0.0974

Population 5 2/19 10.53% 6/8 75.00% 11.224  0.0008

Population 1 3/12 25.00% 2/14 14.29% 0.2143 0.498
Calamus lobbianus

CLMS11F 1/22 4.77% 4/19 21.05% 0.7748 0.1245

CLMNO8F 1/24 4.17% 4/21 19.05% 0.4489 0.2386

CLMSO018F 2/26 7.69% 5/30 16.67% 0.3306 0.3155
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34 Discussion
3.4.1 Pollinators, Visitors, and Floral Rewards

A wide array of visitor assemblage was reportedGatamusmainly Acaridae,
Coleoptera, Diptera, Hymenoptera, LepidoptaradThysanoptergDransfield, 1979bl ee,
1995; Bggh, 1996Alloysius, 1999 Kitching et al., 2007;Kidyoo & McKey, 2012)
However, pollinators ofCalamusare mainly Hymenopterans such as stingless bees,
honeybees, and some Vespid wa@ee, 1995Bagh, 1996; Kidyoo & McKey, 2012) ee
(1995)reported a wide array of visitors f@. subinermisand C. caesiushowever, most
were recorded in very low abundance with the highest recorded from Hymenopterans similar
to this study. Some Coleopterans such as nitidulid beetles and weevils are also considered
potential pollinatorgDransfield, 1979a, 1979bYhe stingless bees are the most possible
pollinators for beh Calamusspecies in this study wit@. lobbianusbeing pollinated by
more than one species of stingless bees. The stingless bees were observed to have pollen
attached onto their body and transfer it onto the pistillate flowers during their foraging
activities.Liostenogastesp. andStenodyneriellusp. as pollinators i€alamushave yet to
be reported previously; thus, this is the first record, however, members of this family are
known to be pollinators in many other plant familiBggh, 1996; Kidyoo &cKey, 2012)
The flowers ofC. pygmaeusire not particularly showy as comparedXtolobbianuswith
relatively small flowers and do not produce scent nor nectar in droplets. The lack of droplets
of nectar has also been previously observe@.ircastaneugKidyoo & McKey, 2012)
Calamus lobbianusn the other hand has large showy flowers and complemented by its

production of nectar is capable of attracting a myriad of visitors.

A factor that may attract pollinators is that some palms initially attract visitors with

colour vision through the mass flowering of oratyglow or white flowers without other
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major anthecological adaptatiofiSew & Muid, 1989; Listabarth, 2001; Mergos & Yang,
2023) which may serve to confuse the visitors for other species that generally offers rewards
with higher nutritional values. The role of the staminate and staminode flowers @. this
pygmaeusppears to function as attractants for potential pollinators for pollen transfer which
has been observed in several other pdldid & Moore, 1977;Kidyoo & McKey, 2012)

The pistillode found on the staminate flowers in the cass dwt appear to serve any
obvious functions apart from being a remnant of a perfect flower. The anthers protrude in all
directions and are capable of depositing pollen on any insect of suitable size that crawls
around the flowers and the same can be alagit the stigma which covers a large area of
the pistillate flower. The flowers @alamushave most likely evolved to take advantage of
generalist species of pollinators which in this case does not appear seasonal throughout the
observation period. Thevailability of flowers does not suggest seasonality as well since
flowers of both staminate and pistillate are available continuously or at the least

intermittently throughout the observation periéiglre 3.4).

The flowers within one inflorescence often bloom in distinct sequences which may
be associated with the pollination mechanism. Basipetal maturation is a process in which the
development of plant tissues or organs proceeds from the apex to the basegnopdéah
maturation is the opposite process, in which development proceeds from the base to the apex
(Dafni, 1992) Henderson (20023uggested a possible correlation between basipetal floral
maturation and beetle pollination while acropetal floral matomain triads/flowers with
bee, fly andwasp in Arecaceae. The flowering sequenc€.irobbianusis acropetal in
staminate plants but basipetal in pistillate plants w@ilgpygmaeuss acropetal entirely.
Calamus lobbianuss likely to be another exception similar ticuala peltataRoxb. ex

Buch-Ham. (Barfod et al., 2003) Basipetal or acropetal maturation may alter the
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morphology and physiology of flowers, such as their size, shape, colour, scent, nectar
production, and pollen viability, which may also influence pollinator attraction and
efficiency. These morphological and physiological differences are directly inflddydbe
production of secondary metabolites such as phenolics, terpemealkaloids (Taiz &

Zeiger, 2010)

It is likely thatC. lobbianusand C. pygmaeuslo not strictly rely on the observed
primary visitors for pollination but instead have low taxonomic pollinator specificity and are
pollinated by a mixed species guild as suggesteddigbarth (2001)Previous pollination
works also suggest mixed guild pollination similar to our reguke, 1995Bagh, 1996;
Alloysius, 1999) The observed visitors could be purely owing to their foraging behaviours
and nest proximity to the population. Several groups of fiieluding the fruit flies are
always present on the inflorescence, they are, however, generalist of all kinds of flowers and
likely of little consequence for pollination in palms, except perhaps in the c&soaobma
cuneatavar. sodiroi in which Borchsenius (19973uggested that drosophilid flies are the
primary pollinator. A more comparative view can be generated by sampling on a larger
geographic scale to identify if there is any degree of specialization within theppléinator
interactions whichs free from the variables generated by local settings which are currently

still not available.

3.4.2 Sex Ratio Bias

The operational sex ratio is the ratio of receptive staminate to receptive pistillate
flowers in apopulation at any timgidyoo & McKey, 2012) Flowering occurs yeaiound

for both species, thus ideally there should be staminate and pistillate flowers available at all
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times, however, pistillate plants in the bloonCofobbianusoccur less frequently compared

to staminate individuals. While there are statistically significant biases observed in
lobbianus it should be noted that the sample siz€ ofobbianugs small (seven staminate

and six pistillate plants) owing to the difficulty in encountering more flowering populations
as compared t€. pygmaeug55 staminate and 78 pistillate plants).Gnlobbianus the
malebiased scenario provides a ready supply ofegmollThe frequent flowering of the
staminate plants likely trains the insect visitors to always visit the staminate plants and
consequently carry the pollen regardless of the insects visiting the pistillate plants of the
same species which in turn increattes likelihood of depositing pollen onto the receptive
stigmas. This method works as the main insect visitors were mainly Hymenopterans which
have been recorded to develop preferences and repeatedly visit the sam@planis et

al., 2008; Mattu et 812012; Sushil et al., 20130 C. pygmaeusalthough no sex ratio bias

was detected the high number of staminate plants blooming also provided a steady supply of
pollen for the pistillate plant€Calamus castaneusas also been reported to be aseasonal,
flowering through yearound with male plants flowering more frequently compared to

femalegKidyoo & McKey, 2012; Mohd Rusdi et al., 2022)

3.4.3 Unigue Mode of Vegetative Reproduction irCalamus

Currently, there are at least eight speaeSalamusthat isknown to be capable of
forming new plants at the apex of inflorescences within this genus; four from the Indochinese
region C. castaneuysC. kampucheansi€alamus parvulus\.J.Hend. & N.Q.Dungand
Calamus rhabdocladuBurret) and four from Sunda regio&.( gaharuensisCalamus

ingens (J.Dransf.) W.J.Baker,C. pygmaeus and Calamus ruptiloidesA.J.Hend.)
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(Dransfield, 1992; Henderson, 2028¥hile this trait is spread across Southeast Asia, it is

relatively uncommon within the gen(idenderson, 2020)

The only other genus within Calameae with this traBatacca(Henderson, 2009)
It is probable that this trait was once more widespread within the genus but has since been
outselected and is now a remnant trait. This trait also shows up only in certain populations
or individuals and is not common within the species as in the ¢aSeaastaneusndC.
rhabdocladugossibly as a form of mutatiqRRuppert et al., 2012enderson, 2020; Mohd
Rusdi et al., 2022)Calamus dianbaiensiS.F.Wei has a similarait but instead, roots at the
shoot apex after growing vertically up to 10 m, bends,@amroots when the shoot touches
the ground to produce new plar(tdenderson, 2020)The clustering habit observed in
Calamus javensiBlume where clusters are established through adventitious roots on the
aerial stem that can attach to the soil after the stem falls is very similar to the clustering in

C. pygmaeus

While the method of clustering differs, they ultimately create a colony of clones
within a certain radius. Genetic testing was not performed in this study, however, the
individuals within each colony of. pygmaeusvere of the same sex and in some cases the
tip of the inflorescence was still attach&datanabe et al. (2008uggest the clonality i€.
javensisis very likely a growth strategy to increase the size of the genet rather than a
dispersionpropagation strategy to expand the habitat and thateparae clusters are
established by seed recruitment with seed obtained from nearby clusters. Given the highly

similar clustering patterr;. pygmaeusnost likely also evolved to adopt the same strategy.
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3.4.4 Apomixis in Calamus

In a previous study, it was revealed tl@t longisetus C. peregrinus and C.
rudentumare not capable of apomixiBggh, 1996Wwhile other members of the family (i.e.,
Chamaedored&Vild., HoweaBecc. AttaleafuniferaMart. ex Spreng.), showed reduceadd
sometimes no fruit set in bagged pollination experimédtercArnaiz & Oyama, 2001;
Voeks, 2002; Savolainen et al., 20680s et al., 2014)it should be noted that while fruit
set has occurred in bagged flowers, it is still possible for pollen transfer to occur by smaller
insects that may have slipped through the fine mesh or polfsided on the wall of the
mesh beg which came in contact with the stigma. BbtlobbianusandC. pygmaeusre
unlikely to undergo apomixis or at least in a reduced form which is in congruence with the
other members of the family. While results from the pollination experiments suggest
apomictic behaviour, apomixis is a rare trait within the family Arecacedeisamot
widespread unlike in large families such as Asteraceae, PoacedRpsaceaéHojsgaard

et al., 2014)

35 Conclusions

Calamus lobbianusand C. pygmaeuswvhile similar in phenology, exhibit stark
differences in their floral characteristicand attractants, leading to distinct reproductive
strategies. This contrast is directly reflected in the visitor assemblage which subsequently
reveals their breeding strategy. While both species belong to the same@dobbjanus
reproduces mainly through outbreeding sexual reproduction @hilgygmaeusdopts a
unique reproductive approach, combining sexweald asexual methods byegerating

plantlets at the inflorescence tip. While this study doesn't delve into it, exploring the impacts
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of these diverse reproductive strategies on population genomics and gene flow, especially in

C. pygmaeuscould yield intriguing insights.
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CHAPTER 4

PHENOLOGY, POLLINATION BIOLOGY AND BREEDING MECHANISMS OF
SALACCA VERMICULARIS

4.1 Introduction

Several members of the gentalaccaare widely cultivated in Southeast Asia for
their edible fruit, includingS affinis, Salacca sumatrandecc., and Salacca zalacca
(Gaertn.) Voss. While the fruit &.vermicularisis edible, the taste is rather astringent but
is still planted on a smaller scale and enjoyed by local communities (pers. obs. 2023).
Salaccaaffinis and S. zalaccéhave been reported to be pollinated by curculionid beetles,
trigonid bees, and honeybe@dogea, 1978Apriniarti et al., 2019; Atmowidi et al., 2021;
Siregar et a).2021) howevetthe floral biology and pollination &. vermicularidhas never
been studied likely due to its low commercial value, lack of scientific infemreddifficulty
in encountering large flowering population as in many pollination stud@iesgoal of this

study was to investigate the floral biology and pollination mechanisn wérmicularis.

4.1.1 Problem Statement

Apart from the commercially important speciesS#laccasuch asS. affinis S.
sumatranaand S.zalacca little is known about the pollination biology and phenology of
the remaining members of the genus. Understanding of the phenology and pollination
biology could provide great implications for the conservatiothefremaining members of

the genus particularly i8. vermialaris which has never been studied prior to this study.
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4.1.2 Objectives

The primary objective of this study was to understandptienology, pollination

biology, and breedingnechanismsef S. vermicularisThe specific objectives were:

1 To determinghe phenology and pollination biology 8f vermicularis

1 To investigatehebreeding mechanism &. vermicularis

4.2  Methodology
4.2.1 Study Area

This study site was conducted at the foothill of Mount Serapi (1°35'19.64"N,
110°13'12.09"E), approximately 20 km northwest of Kuching, Sarawak, Malaysia. The
population ofS. vermiculariss found between 10 m and 100 m elevation. Mount Serapi is
dominated by five types of forest: lowland mixed dipterocarp forest, kerangas forest,
submontane forest, alluvial forest, and secondary f@Pestrce & Geri, 2007Mount Serapi
is largely covered witlhed yellowpodzolic soil, whereas peaty soil is frequently found on
exposed ridges above 300 m elevation.-Elgpe podzols, which are primarily sandy clay,
well-drained, and nutrierdeficient, are also commo(Hazebroek & Kashim, 2000)
Individuals were sampled in an area of about 2 hectares along the main trail to Mount

Mat angds Sri Mar i amman Templ e.
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4.2.2 Plant Description

Salacca vermicularig(Figure 4.1A) is a massive clustering acaulescent palm
growing up to 3.5 m typically found in damp sites in lowland dipterocarp forests and alluvial
forests (Dransfield, 1984) The leaveshave pinnae which are dark green adaxially and
powdery grey abaxiallgFigure 4.1C). Thepinnae are arranged in groups on either side of
the rachis proximally and opposite distally with dark brown and triangular spiny petioles,
newer petioles closer to the centre are brown, and older petioles are ligh{Kjper

4.1D). Theinflorescenceis axillary, piercing through the subtending leaf sheath.

The staminateinflorescencéFigure 4.2A) which emerges from tattering bracts, is up to 1

m long, slender, and erect, with up to three orders of branching with the cylindrical staminate
rachilla up to 15 cm long, branches up to 25 rachillae in an inflorescencestarhimate

flowers aresurrounded by golden yellow trichom@sgure 4.2C). Each flower is trimerous,

sepal membranous, ca. 3 mm long and 2 mm wide, basally united; petals connate in the basal
half, red outside, basally dark pink inside, ca. 2 mm long and 1 mm wide; stamens 6, ca. 1
mm long, filament red, anther yellow ca. 1 momg with yellow powdery pollenThe
pistillate inflorescenceKigure 4.2D) is typically 28 cm in length including the bracts. The
peduncleis slender approximately 1 cm in diameter at the base, covered by bracts and
branches up to three orders. The pistillate rachilla is up to 15 cm long. The bracts are rather
tattered and fibrous which envelopes the whole pistillate rachilla during devesio@md

slowly tear open when approaching blooming. There are four to five rachillae per
inflorescence. Thpistillate flowers (Figure 4.2F) are trimerous with sepals approximately

17 mm long and 15 mm wide, basally united; petals are connate in thé&l§sad outside,
basally red inside approximately 12 mm long and 10 mm wide. Each pistillate flower is

associated with a sterile male flower which comprises six staminodes; each staminode is
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Figure 4.1: A) Salacca vermicularisan acaulescent palm growing up to 3.5 m B)
Younger petioles closer to the centre are brown, older petioles are light green C) The
pinnae are dark green adaxially and powdery grey abaxially D) dark brown triangular

shaped spines in rows of two to four algregiole E) sapling 06. vermicularis.

around 5 mm long, red. There are ca. 30 pairs of dyads per rachilla. Fruit bunches may
develop at varying heights ranging from 0.1 to 1.5 m on different individaalg. globose
(Figure 4.2G), 45 cm long, 45 cm in diameter, gradually narrowed towards the base,
covered with scales having upturned in ca. 25 rows. A summary of floral charact8rs for

vermicularisis provided inTable 4.1.

4.2.3 Floral Biology and Floral Visitors

Observations on five individuals (totalling 16 rachillae)Sf vermiculariswere
performed between May 2021 and June 2022. Several days of initial observations were
conducted to establish the anthetic cycle; then proceeded by direct observations consisting

of four to five hours each day until the full duration of anthesis wapletaty observed.
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Table 4.1;

Figure 4.2: A) Staminate inflorescence to 1 m long, slender, and erect, with up to three
orders of branching B) Staminate flowers begin blooming from the proximal end of the
rachilla C) Staminate flowers with red petals and six anthers surrounded with golden
yellow tichomes between flowers D) Pistillate inflorescence enveloped in tattering bracts
E) pistillate flowers begin blooming from the proximal end F) flowers are in dyads,

pistillate flowers and its associated staminode flower G) matured fruit bunch with fruit

covered in long stiff spines.

Summary of plant habit and floral charact8rvermicularistudied.

Characters

Habit Solitary
Max stemlength(m) 15
Vertical height(m) 3.5
Inflorescencéengthl (cm) 28
Inflorescencédengthll (m) 1

| rachillalength(cm) 15

I rachillalength(cm) 15
Colour ofpetals Maroon
No.of | rachillae 5
No.of I rachillae 25
No. dyadsper! rachilla 60 pistillate flowers

56



Observations were repeated three times. The values shown represent the average number of
visitors on a rachilla. Floral odour was determined through wafting, distance, and scent

description. The duration of floral emissions was also recorded.

Behaviour of floral visitors such as interaction with stigma and anther, the average
duration of visit, and the mean number of visitors were noted. The number of visitors was
counted at twohour intervals. The floral visitors are determined to be polgmi&nators
by having the capacity to contribute to pollination via the aforementioned actions. Insect
visitors were identified usin@ill & Abang, 2010) Floral visitors were photographed using
camera Canon EOS 200D fitted with a 100 mm macro lensléatification. The number
of plants observed and the number of inflorescences along with the observational periods for

both sexes is shown Appendix3.

4.2.4 Floral Availability

Plant individuals bearing remnants of inflorescences and/or infructescence from the
previous season were selected. A total of 12 individuals (seven staminate and five pistillate)
were included in this study. The sex ratio at two levels (the number ofdodis and the
number of individuals that flowered during the study period, 15 March 2022 until 23 July
2022) was determined and tested for-s#10 bias using binomial tests. The operational sex

ratio (OSR) is defined as the ratio of fertile males todies(Wehbe & Shackelford, 2020)
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4.2.5 Pollination Experiments

The pollination experiments comprised of Bagged Untreated -(Tadhillae were
bagged three to four days before blooming until the end of anthesis; Open Pollinatien (T 2)
pistillate flowers were left exposed to permit unhindered animal interactionsingaggs
done using 0.5 mm mesh bags. Two to three rachillae per individual were selected per

treatment. Sampling duration and voucher codes are providguzpendix4.

4.2.6 SeedDispersal Agents

Two cameraraps(model:ReconyxHyperfire2) weredeployedatsites(£2.5m from
afruiting plant)betweenl4 March 2022nd15 July 2022. Active camera days were used to

calculate theffort or thetotalnumberof cameradayswherethe: Totalcameralays(TCD) =

Z ci L) wherec is the active camera operating within a site andtésnumber of days
(Mohd-Azlan & Engkamat, 2013)T'he camerasvere mountedapproximately30-100 cm

from thegroundon a tree depending on the height of infructescence with every camera set
to capture threburst shots with no interval afteach trigger a0-second videdor each
detectionand al0O-second video at 3tinute intervals. Cameras were checked every three
to four days for signs of feediray thefruits andto replacavith freshbatteriesandmemory
cardswhereneeded. Images were sorted afehtifiedto ageneridevel. Animals,wherethe
speciexouldnot bedeterminedwingto poor angle or low image quality were not used in
the analysis. Animal dispersers were identified using guides providdehitipps and

Phillipps (2020)

58



4.3 Results
4.3.1 Flowering Phenology

Several staminate rachillae of an inflorescence may begin anthesis at the same time,
however, blooming typically begins from the proximal rachilla towards the younger rachilla
at the distal end of the inflorescence followimgaaropetal development. The rachillae turn
from pinkishwhite to reddisHorown as they mature. All the flowers within each rachilla
bloom within one to two days; flowers at the proximal half of the rachilla bloom first
followed by the flowers at the distiahlf on the next day. Thed®ming of an inflorescence
may take up to 40 days from the opening of the first flower depending on the number of

rachillae present, with typically one to two rachillae bloom(s) per day.

The staminate flowers require around 70 days from bud initiation to mature and be
ready to bloom. The anthesis of the staminate flowEgi(e 4.3) starts at 1200 (Day 1);
by 1300 (Day 1), all the flowers are blooming (in a smaller rachila2@ mins following
the opening of the calyx. The flowers begin to dehisce around 0400 (Day 2) and by 0600
(Day 2) but on rare occasiohg 0800 (Day 2), all the flowers dehisced. A very light sweet
odour was detectable up to 5 cm away along the rachillae from around 1300 (Day 1) until
0300 (Day 2). The strength and profile remained the same (perceivable through wafting)

throughout the emigm.

Floral maturation and blooming from the proximal end of the pistillate rachilla
towards the distal end following acropetal development. As with the staminate
inflorescences, the pistillate rachillae appears pinkisite during early development to
reddishbrown as it matures. As the rachilla matures, the dark red floral buds begin to appear

from the bracts at the distal portion of the rachilla. Although flowering begins from the distal
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end of the rachilla, the subsequent flowerings begin flowering in a less orderly sequence. All
the flowers within each rachilla finish blooming within 24 hours with the whole
inflorescence taking up to 15 days depending on the number of rachillae. Tihatepist
flowers require around 60 days from bud initiation to matuBglacca vermicularisloes

not appear to produce any nectar; however, it does produce a thin layer of stigmatic fluid
that is present throughout the anthetic period of the pistillateefl@nd pollen has been

observed to adhere to it.

Pistillate anthesis begins at 1700 (Day 1) when the calyx opens to reveal the petals
and stigma. Alithe pistillate flowers in a rachillae will bloom by 0600 (Day 3) when the
stigma has fully emerged and recurved. The pistillate flowers were observed to bloom for
20 hours, sometimes up to 40 hours in larger rachillae. The stigma begins to dry around 2000
(Day 3) and by 1000 (Day 4), most flowers have dried up. The sterile male flower blooms
within 24 hours after the pistillate flower has fully bloomed, typically around 0800 a day
after all pistillate flowers begin anthesis. A very light sweet odour wastddte up to 5 cm
away along the rachillae and was present around 0800 (Day 3) until 1500 (Day 3). The
strength and profile remained the same (perceivable through wafting) throughout the

emission. An infructescence takes ca. 35 days to mature.

4.3.2 Floral Availability

The availability of staminate and pistillate inflorescence is presentedume 4.4.
Flowering appears aseasonal throughout the study duration. The sex ratio of flowering
individuals was not significantly unbiased between male and female individuals. However,
based on the OSR generatédlfle 4.2), there is a male bias in flowering f8r vermicularis

during the three months of observations.
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Figure 4.3: A general timeline of phenological eventsfvermicularis.
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Figure 4.4: A general timeline of phenological eventsSfvermicularis.

4.3.3 Floral Visitors

In the staminate flowers, weevils (Curculionidagig(re 4.5A) arrive first at the

start of anthesis at 1200 (Day (Bigure 4.6) followed by the floral mitesHigure 4.5A)
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sometimes observed latching onto the weevils. Whenever a weevil stays stationary around a
flower, the floral mites would latch onto the carapace of the weevils and would remain

attached as the weevils depart. The weevils were also observed to feed on the petals, but the

Table 4.2: Flowering percentage (F %) is the total number of flowering individuals out

oft ot al number of i ndi vi?2destabulis toeverifyifthesesise d i n
any significant bias towards either staminate or pistillate flowedghgalue, RPvalue
where U O 0.05) and the operational sex ra

staminate to pistillate plants (staminate: pistillate) during a particular month.

F% &, P-value OSR

Staminate 41.18 _
Pistilate ~ 16.67 L2/40.740 72

Staminate 23.53 )
November Pistillate 16.67 0.202,0.995 2:1

Staminate 52.94 ]
December Pistillate 16.67 3.932,0.415 9:2

October

damage can be considered minimal. Stingless léstgrotrigonasp. Figure 4.5B) also

visit the staminate flowers around 1230 (Day 1). The stingless bees mainly collect pollen.
Sciarid flies (Sciaridae)F{gure 4.5C) were also seen visiting the staminate flowers from
around 1230 (Day 1) till 1900 (Day 1) with similar behaviours as the weevils, however, the
sciarid flies were not observed to carry any floral mites. All the floral visitors would remain
until floral dehiscence which is around 0400 (Day 2) except for the stingless bees which stop
visiting the flowers around 1830 (Day 1). Ants were found to be present throughout the

anthesisigure 4.5F).
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Figure 4.5. A) Floral mites attached to the back of weevils upon arrival at the beginning
of the blooming for staminate flowers B) Stingless bee covered in pollen during visit C)
Fruit flies, iarid flies, weevilsandfloral mites visiting around the same time on
staminate flowers D) Weevils mating on the pistillate flowEy§Vhite weevil eggs
deposited around pistillate flowers (indicated by arrows) F) Ants are omnipresent on the
flowers.

Table 4.3: Flowering percentage (F %) is the total number of flowering individuals out

of total number of i ndiAtestdesultd tesveriéyif theresiss s e d i
any significant bias towards either staminate or pistillate floweghgalue, RPvalue
where U O 0.05) and the operational sex ra

staminate to pistillate plants (staminate: pistillate) during a particular month.

Flowermites
Visiting hours 1200(Day 1)-0400(Day 2)
Meanno. of visitors/hr 25(58)77
Averagedurationof visit 48 mins

StinglesBeesHeterotrigonasp.

Visiting hours 1230(Day 1)-1830(Day 1)
Meanno. of visitors/hr 2(4)7
Averagedurationof visit 3.5secs

Weevils(Curculionidae)
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Table 4.3 continued

Visiting hours

1200(Day 1)-0400(Day 2)

1500(Day 2)-1700(Day 3)

Meanno. of visitors/hr
Averagedurationof visit

15(23)27
34 mins

13(20)25
39 mins

Sciaridflies (Sciaridae)

Visiting hours
Meanno. of visitors/hr
Averagedurationof visit

1230(Day 1)-1900(Day 1)
15(19)24
16 mins

1500(Day 2)-1900(Day 3)
29(36)41
11 mins

Fruit flies (Drosophilasp.)

Visiting hours
Meanno. of visitors/hr
Averagedurationof visit

1500(Day 2)-1900(Day 3)
3(6)11
3 mins

Ants (Formicidae)

Visiting hours
Meanno. of visitors/hr
Averagedurationof visit

1200(Day 1)-0400(Day 2)
11(14)21
1 min

1500(Day 2)-1900(Day 3)
6(12)18
2 mins

For pistillate flowers, the weevils arrive first at #tart of anthesis around 1500 (Day
2) and remain till 1900 (Day 2). The weevils reappear at around 0600 (Day 3) till 1700 (Day
3). The weevils were observed to move constantly in and out of the flowers, particularly
towards the base of the stigma to consuhe thin layer of sticky stigmatic fluid. The long
snout of the weevil appears to be very efficient in consuming the floral exudate. The weevils
were also observed to mate on several occasibigarg 4.5D) and white substances
presumed to be eggs have also been obseFiguré4.5E). The same feedingehaviour on
the petals observed in staminate flowers was also observed. Sciarid flies were also seen
regularly visiting the pistillate flowers with the same visiting hours as the weevils on both
Day 2 and Day 3. The visiting behaviours of the sciarid flies were very similar to the weevils
where the sciarid flies were constantly visiting the base ofakeefs. Fruit fliesDrosophila
sp.)(Figure 4.5C) were observed to visit starting from 1500 (Day 2) towards 1700 (Day 2)
and resumed visit from (0900) Day 3 to 1900 (Day 3). It is unsure what attracted the fruit

flies as the fruit flies do not seem to head towards the stigma the sanas tayweevils
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Figure 4.6: Averagenumber for eackpecief visitor throughoutvisiting duration.

and sciarid fliesThe weevils and sciarid flies are the most likely tabetributing towards
pollination as both visitors were observed on the staminate plants and do indeed come into
contact with the stigma regularly during visi@uriously, no mites were observed on the
weevils visiting the pistillate flowers. Ants were found to be present throughout the anthesis,
feeding on the stigmatic fluid (however, they do not appear to carry any pollen during visits

to pistillate flowers).
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4.3.4 Breeding Mechanisms

Treatment 1 gave a 0.00 % fruit set for all replicates while treatment 2 showed
89.24%, 92.09%, and 87.77% for SLCA004F, SLCAOO5F, and SLCAQUZBl 4.4).
There is a significant difference between both treatments for all replicates. No apomixis

occurs inS. vermicularis

Table 4.4: Results from pollination experiments; T 1=bagged flower, T 2=free unbagged,;
Chi- square and the P value are calculated between results from T 1 and T 2.

T1 FruitSet T2  FruitSet & P value
SLCAOO4F 0/129 0.00% 141/158 89.24% 226.30 <0.000001
SLCAOO5F 0/162 0.00% 128/139 92.09% 259.56 <0.000001
SLCAOO7F 0/143 0.00% 122/139 87.77% 221.21 <0.000001

4.3.5 SeedDispersal Agents

Asian porcupine Hystrix sp.) Figure 4.7A), Mousedeer Tragulussp.) fFigure
4.7C), andThree striped ground squirreLériscusinsignig (Figure 4.7D) are likely the
dispersal agents &. vermicularisA mongoose (Herpestidadjigure 4.7B) was recorded
foragingaround but is unlikely to be a dispersal agent owing to its Aliletisitors were
only capturedn film once except fofragulussp. Table 5). Thetotalcameradays(TCD)
was 226 days. Events are defined as visual confirmation on the camera trap whereas evidence
of feeding is defined ggresence ofruit scraps(Figure 4.7E). Postfeeding ged viability

tests were not conducted as no faecal samples were collected.
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Figure 4.7: A) Asian porcupineHllystrix sp.) B) mongoose (Herpestidae) C) mousedeer
(Tragulussp.) D) Threestriped ground squirreLériscus insignis E) Evidence of foraging

on the fruits by animal visitors.

Table 4.5: Animal visitors captured on the camera trap from March to June 2022.

Events Time of Day Observed Evidenceof feeding

Lariscusinsignis 1 1724 Yes

0323 Yes
Tragulussp. 2 0224 NO
Hystrix sp 1 0232 Yes
Herpestidae 1 0207 No
Sciuridae 1 1134 Yes
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4.4  Discussion
4.4.1 Floral Attractants and Visitor Assemblage

Floral visitor assemblage i8alaccahas been reported to be rather diverse and
comprises several orders which include Blattodea, Coleoptera, Diptera, Hemiptera,
Hymenoptera, Lepidoptera, and Orthoptera. However, the pollinators are mainly
Curculionid beetles (Coleoptera), stingless beesd@g), and vespid wasps (Vespidae)
(Mogea, 1978; Fisher & Mogea, 1980; Dransfield et al., 2@(8jniarti et al., 2019;
Atmowidi et al., 2021; Siregar et al., 202%Weevils and stingless bees are among the most
reported pollinators for sever8alaccasuch asS. affinis andS. zalaccaMogea, 1978;
Dransfield et al., 2008Apriniarti et al., 2019; Atmowidi et al., 2021; Siregar et al., 2021)

The presence of sciarid flies and floral mites has yet to be reported as visgafadna

The curculionid beetles have chewing mouthparts and are known to chew on floral
parts during their visits, in some of the begitdlinated palms have been recorded to have
specialised floral parts that allow the beetles to forage without damaging ooresi@ming
the pollen during visit$Uhl & Moore, 1977;Faegri & van der Pijl, 1979)his behaviour
was observed i%. vermicularisas the fleshy petals provide an additional food source for
the visiting beetles in preparation for mating. Apart from a &mdfce in the form of fleshy
petals, pollepnandstigmatic fluid, the inflorescence 8f vermicularisalso serves as a form
of shelter for the beetles to complete their life cycle by serving as a hatchery for the laid eggs
which has also been previously observed in other cantharophilous (Bémisd et al.,

2011)

Although the staminate flowers @&. vermiculariswere successful in attracting

stingless bees, curiously they were not observed to visit the pistillate flowers during the
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duration of this study. The contrasting colour of the inflorescence against the darker
background coupled with the sweet scent should be ideal for attracting stingless bees as
potential pollinatorgKidyoo & McKey, 2012) however, perhaps something is still missing

in the pistillate flowers as stingless bees are considered generalist pollinators for this family
and maybe poor pollinato(Barfod et al., 2011)There have been several attempts to search

for a relationship between floral character and pheyleith associated pollinators in

palms.

According toDransfield et al. (2008peetle pollination is generally associated with
protogyny and anthesis in the whole inflorescence occurring over a relatively short period
and with the inflorescence usuatbther condensed or bearing crowded flowers. By contract
bee pollination seems to be associated more with protandry, anthesis over an extended
period, and with the inflorescence laxly branched, or with the flowers individually rather
distant. The previougl mentioned phenologies does bear some miblkmce toS.
vermicularisin the sense that both the staminate and pistillate flowers are indeed crowded
on the rachillae, but the flowering period begins earlier in staminate flowers and flowers
marginally longer than the pistillate flowek$enderson (2002)ame to a similar conclusion
that beetlepollinated inflorescences tend to have condensed, unisexual floaeds
enclosed in bracts at anthesis, while bees,, faiegwaspspollinated inflorescences have

elongated, often bisexual flowemndnot enclosed in bracts at antlses

The inflorescences @&. vermicularican be rather showy with the large number of
flowers within a rachilla, contrasting scarlet red petals against the dark brown colour of the
petiolar base and the sweet floral scent. While this species does not produce any nectar, the

stigmatic fluid is lkely to serve as a form of floral attractant similar to nectar. The
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relationship between the floral attractants and rewards against the visitor assemBlage of
vermicularis suggests a degree of specificity towards cantharophily but also attracts a
generalist assemblage of visitors with varying potential as pollinators. It is important to
consider that the visitor assemblage may be dynamic and change due to external factors.
Barfod et al. (2011hoted that certain groups such as the bees are opportunists while certain
weevils are highly specialised and that it has also bleewn that the composition of insect
visitors varies through space and time. However, the consequence of these changes may be

challenging to detect as it requires long periods of observation and data collection.

4.4.2 Sex Ratio inSalaccavermicularis

Flowering occurs yeaound inS. vermicularisvhere ideally, there shoullways
be staminate and pistillate flowers availalbblewever, pistillate plants bloom less frequently
compared to staminate individuals. It is worth noting that the sample size is small (ten
staminate plants and six pistillate plants) owing to the difficulty in encountering large
flowering populations. Ithe case 0%. vermicularisthe slight maléiased scenario ensures
a consistent supply of pollen. Staminate plants frequdothef, which likely allows visitors
to consistently visit staminate plants, carrying pollen regardless of whether they visit
pistillate plants of the same species. This, in turn, increases the likelihood of depositing

pollen onto the receptive stigmas aftplate flowers when they are available.

As floral reward and fruit production can be reward intensive, there is a greater
female bias in species with abiotic pollination and seed dispersal, whereasiasald sex
ratios were associated with biotic pollen and seed disg&isalair et al., 2011Field et al.,

2013) This is consistent with the reproductive strategySofvermicularisbeing slightly
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malebiased, biotic pollen dispersal, and relying on animals for seed dispersal. In a study
across 47 species of angiosperms, it was found that 46% of the species apeaseale
(Barrett et al., 2010Barrett et al. (2010lso pointed to the earlier onset of male flowering,
higher frequency of flowering in males, and higher gersgecific mortality in females

could be contributing factors to male bias.

4.4.3 Apomixis in Salacca

Salacca vermicularisloes not undergo apomixis, howewagomixisdoes occur in
Salaccaalbeit rare, as in the rest of the Arecacgédmsgaard et al., 2014Dne example of
apomictic behaviour irSalaccais found in S. zalacca(Hutauruk, 1999) Among the
Calamoids(Bggh, 1996)eported tha€. longisetusC. peregrinusandC. rudentunare not
capable of apomixis while among the rest of the familyAtialea funiferaviart. ex Spreng.
ChamaedoreaVild. Howea Becc.), showed little to no fruit set in breeding mechanism
experiments for apomixis tegi®teroArnaiz & Oyama, 2001y oeks, 2002Savolainen et

al., 2006;Rios et al., 2014

4.4.4 Seed Dispersal and Predation

A great numberof palms are adaptedfor animal dispersal; forexample, most
membershave fleshy mesocarp ol well-developedsarcotestasurrounding theseedand
brightly colouredepicarpsthat are attractiveto vertebrateqDransfield et al., 2008)The
varying height offruit bunchesin S. vermicularisallows awider rangeof animal visitordo

haveeaseof accesdo the fruits. This featurebecomesvidentwhenlooking at the three
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species of fruit visitors of different heights feeding on different fruit bunches of varying
heights with ease. Studies on the exact feeding behaviotiragilussp. andHystrixsp. in

the wild are still limited to determine the efficacy of their roles as seed dispersers in
Arecaceae. However, both species are known to select similar habitats as the occurrence of
S. vermicularisand are known to feed on forest fruiidatsubayashi & Sukor, 2005; Taher

et al.,, 2018;Farida et al., 2019; Lemos de Figueirestoal., 2021) Evidenceof scatter
hoardingin Lariscusinsignison fruits ofElais guineesi®bserved byrasuda et al. (2000)
suggestst couldbe an effective seed dispersandreportedthatL. insignismay carry their

food cache up to 3@ from thefood sourcewith only ca. 19%eatenmakingthis specieghe
mostlikely to beaneffectiveseed dispersemongthethreerecordedlt is likely the scatter

hoarding behaviour similar o insignisis applicable to the visitors &. vermicularis.

4.5 Conclusions

Staminate flowers began bloomirsgound noon and mostly dehisces by early
morning around sunristhe following day while pistillate flowerbegin bloomingin the
early evening, completely blooms kwgrly morning near sunrise on the third dayl ends
around morning of the fourth dayhe floral characters &. vermicularisuggest a primarily
outbreeding cantharophilous species intrinsically tied to the life cycle of curculionid beetles,
a relationship observed in many species within the family which pallgnplaces this
species in a larger plapbllinator interconnecting framework. Additionally, vermicularis
could potentially be considered as a candidate to be planted in areas of conservation for
frugivorous animals as it may provide a steady supply of food sources for members of

Tragulus Hystrix, andpossiblyMuntiacus
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CHAPTER 5

VEGETATIVE REPRODUCTION AND CLUSTERING IN CALAMUS PYGMAEUS

51 Introduction

Asexual reproductionexists and is widespread i€alamus howeveronly eight
species in the genus is currently knowfoton plantlets at the apex of the inflorescewi
it being an uncommon trait within the gentikis ability to utilise the repoductive organ to
undergoasexual reproductiom C. pygmaeusay not comply to our understanding thie
ecology ofclonal plans which largely focuses onlonal plants utilisingenergy storage and

translocation organs such as rhizomes and stolons.

However,the ramets o€. pygmaeuare no longeconnected to the parents or each
other shortly after rooting of the plantletsis lack of resource translocatismuld meana
major loss in the benefits @lonal reproductiorif compared tomost other clonal plant
speciesThis difference irclonal reproduction is also evident when we look at the growth
rate of C. pygmaeugplantlets Typically, with the ability to translocate resources between
parent andamet the ramet may have a steaypply of resoures to facilitate the increase
in biomass thus increasing survivability yaflunger rametsHowever,in C. pygmaeughe
inflorescence typicallyeachessenescencshortly after the rooting of the plantletisus
cutting off the ability to translocate resources to aid growtis difference irclonal strategy
is thus likely the reason withis form of clonal growth is not more widespread within the

genus.

Thus,we decided to investigate if thbfferent clusters ofC. pygmaeusn Kubah

National ParKNP) are trulyramets and that if the clonirggrategymay prove as a viable
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growth strategy.To aid in our investigationof its population structurethe method
Genotyping by Sequencing (GB®as used to identifthe single nucleotide polymorphism

(SNP) within the genome of tlsamples

This study utilised two approaches doalyzethe population structure of the.
pygmaeusbserved with one being phylogenetic analysis and the other Baagminant
Analysis of Principle Component®APC). The phylogenetic analysis alledrus to not
only see how the clusters form but also the natural variation within the subpopulations. The
Discriminant Analysis of Principle Components is a multivariate method that does not rely
on a particular genetic model with its primary use being ityémg and describing clusters
of genetically related individual&@ombart, 2008)These two methadidentified clusters
with the determination of theelationshipamongthe clusters andhe genetic structure

within.

5.1.1 Problem Statement

The population ofC. pygmaeusbserved typicallyontainsindividuals of the same
sexwithin eachpopulation Thisobservatiorcoupled with thebility to root a plantlet at the
apex of the inflorescendeads to the possibility that eashlpopulation encountered are a
genetcontainingrametswith the same genetic informationhhis ability of C. pygmaeuso
root at the apex of the inflorescenbhas been previously observéDransfield, 1992;
Dransfield et al., 2008)owever, nothing further has been discusseds clustering ability

and formation of ramets.
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5.1.2 Objectives

Theprimaryobjective of this studywasto understand the population structure of the

observedC. pygmaeusThe specifimbjectives were

1 To determindf the observedpopulation ofC. pygmaeusorms clusters of genetic

clonesthrough phylogenetic analysising SNPs as marker

1 Toinvestigate whetheratural variatiogexistwithin the population o€. pygmaeus

5.2  Methodology
5.2.1 Study Area

This study was conducted at KNP (1°36'45.51"N, 110°11'48.52"E) which is
approximately 20 km northwest of Kuching, Sarawak, Malaysia. Populationmfgmaeus
occus between 200600 m elev. Kubah National Park comprises largely five vegetation
types: lowland mixed dipterocarp forest, kerangas forest, submontane forest, alluvial forest
and secondary foredP¢arce & Geri, 2007 The diversityof palm speciesn KNP can be
attributed to thaliverse habitatbrought upon by the differembck types,topograply, and

microhabitats(Hazebroek & Kashim, 2000)

5.2.2 Sampling Methods

Plant individuals were sampled on both sides along the main trail and Selang trail
(Figure 5.1). Individualsfrom 10 cluster®f the population were sampldd this study.A

group of plants are considered mdividual cluster if they arat least20 m from the next
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closest clusteiThe sampling was done randomly within each cluster of the population. The
number of samples taken from each cluster of population was determined by the total number

of I ndividuals where three to five sampl es
indivi dual s, ~ 10 samples from popul ations wi
individuals.The aim was to represent at |e48%o of the total number of individuals within

each cluster. The sampling locations, the number of individuals edrapt the number of

total individuals in each cluster of population detailedin Appendix5.
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Figure 5.1: Distribution map of thelustes of population sampled fdhis study. The
location of sampling is in Kubah National PaBgrawak, Malaysia.
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5.2.3 DNA Extraction

Total genomicdeoxyribonucleic acid (DNAWwas extracted fromac 150 mg of
frozen leaf samples for alccessionssing DNeasy PlarRro Kit (Qiagen)according to the
ma n u f a qrotocol e &anples welfeozento -80 °C andlysed usingQiagen Tissue
LT according toma n u f a cntanual.@he @dractedyenomic DNA was then purified
using NucleoSpin gDNA Cleawup by MackereyN a g e | according to
protocol Thepurified genomicDNA was then diluted tat leasB0 ngkl concentratiorwith
at least2 0 irevblumebefore being sent for sequencin® samples were sent for next
generation sequencinghe quality(A260/A280)of DNA was verifiedusing SpectraMax
QuickDrop MicreVolume Spectrophotometély Molecular Devicegaccepted range was
between 1.80 to.Q) and gel electrophoresis for further visual inspecfidre concentration

of DNA was verified usinQuantus-luorometetby Promega.

5.2.4 Library Preparation and Sequencing

Genotyping bysequencing wagerformedon the genomic DNA to obtain tIf&NPs
andinsertion and deletion (InDel) siteghe library preparation, sequencingnd variant
calling were outsourced ehioinformatics company Apical Scientif@dn Bhd. withproject
ID: NGS14838.The genomic DNA of each sample was digest&t restriction enzyme
Msel & Nlalll, generating insert size of 24®5 bp The obtained fragments were ligated
with two barcoded adapters thae either with a compatible sticky end with the primary
digestion enzymer lllumina P5andP7 universal sequence. Followed by several rounds

PCR amplification, all the samples were pooled andstteted for the required fragments
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to complete the library constructioBequencing was performed on the lllumiavaSeq

PE150platform.

5.2.5 SequenceProcessing

The original image data generated by the sequencing machine were converted into
sequence data viaase calling (lllumina pipeline CASAVA v1.8.2) and then subjetted
quality control(QC) procedure to remove unusable redtie reads contaiing the lllumina
library construction adapteed contaminatigrreads containg more than 10% unknown
bases (N bases@nd readscontainng more than 50% of lovquality bases (sequencing
qual ity werelemaedSequencing reads were aligned to the reference genome
using BWAVversion 0.7.8455 (Li & Durbin, 2009)with parametersmem-t 4 -k 32-M &
Subseqgant processing, includirduplicate removal wasggformed usingSAMtools version
0.1.1944428cd(Danecek et al., 2021 he genome o€alamussimplicifolius(Zhao et al.,

2018)was selected as reference gendanegead mapping.

Variant calling of SNBand Indelsvas peformedusingSAMtools (Danecek et al.,
2021)with the parameters @npileup-m 2-F 0.002-d 100®with the output stored as VCF
files. The resulting SNPs were filtered with the following criteri@ads with mapping
quality of less than 20 arrdadswith number oflsupportsor each SNRhat isless tharfive
were removedThe resulting SNPand InDelswere annotated using ANNOVARersion
2013Aug23(Wang et al., 2010)individual VCF files werefirst sortedusing BCRools
versionl.10(Danecek et al., 202lthencompressed using bgziphe compressed files were
then indexecandmergedusingBCRools (Danecek et al., 2021Thedata from VCF files

of SNPs and InDels were visualized usingctionscreate.chromRndchromogdrom vcfR
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(Knaus & Grunwald, 201 fackagen R version 2023.12.1 Build 40R Core Team, 2024)
to provide aquick visual overview of the variant dafehe visualization includegaddepth,

mapping quality, Phred scqm@nd variant count per window.

5.2.6 Phylogenetic Analysis

The SNP data in VCFHile formatwas first converted intHYLIP format using the
Phythonscriptvcf2phylip.py version 2.0(Edgardo, 2019Maximum Parsimony (MPiree
with 1000 bootstraps using theubtreePruningRegrafting (SPR) searcimethod was
generated using MEG#Aersion 11.AL.3 (Kumar et al., 2018)Maximum likelihood (ML)
tree was generated usiiRAXML-NG version 1.2.0(Kozlov et al., 2019)The fileswere
first parsed whiclthecls for file settingsandcount for alignment patternssng command
0 r a-rgmparse--msa prim.phy-model GTR+G--p r e f i The pardidg step redute
tree generation timeTwo maximum likelihoodtrees wee generatedfirst using the
nucleotidesubstitution model GTR with Gamma variation &nel second one with the same
parameters as above but with 200 bootstrapst h ¢ o raxwéng drssa @rim.phy-
model GTR+G-prefix T3--threads 2-seed ®» araxthkng--bootstrap-msa prim.phy

-model GTR+G-prefix T8--seed 2-threads 2-bstrees200 r especti vely

A distance file was first created inuingfunctionvcf2distfrom package fastreeR
(Gkanogiannis, 2024for the InDel datawhich calculates a distance matrix between the
samples of a VCF fileand performs Hierarchical Clustering on this distance matrix. A
phylogenetic tree ishen calculated with agglomerativideighbourJoining methodNJ)
(complete linkage)The resulting tree is then converted from "character" class to "phylo”

classwhich is subsequently converted into a Newick format file ufimgtionsread.tree
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and write.tredrom packageape(Paradis et al., 2004¢spectivelyThe generated trees are

then viewed and edited direeViewer(Bianchini & SancheBaracaldo, 2024)

5.2.7 Discriminant Analysis of Principal Components(DAPC)

The number of principatomponent and number of clusters to retain was obtained
using the find.cluster function from tlaelegenet packagdombart, 20080 R to identify
and describe clustensithin the population usingthe genetic relationshipsf the data
Genetic clusters were identified usikgmeans, a clustering algorithm which identifies
groups(k) by maximizing the variation between group$e lowestBayesian Information
Criterion (BIC) is therutilised as anears to be compared witlk-means rarsequentially
with increasing values &. The optimal clustering solutiocorrespondso the lowest BIC
valueindicated by amlbow curveof BIC values as a function da70 principal components
(PGCs) was retainedvhile 10 clusters were selected for the find.cluster funclibe DAPC
analysisis performed usinglapc function from the adegenet packge in3R principal
components (PCs) was retainé@ clusters werselectedandnine discriminant analysis
eigenvalues were usddr thedapcfunctionto obtain a scatter ploDiscriminantanalysis
was used on the clusters identified in find.clusters to diesdhe relationship between the
clustersMembership probability was analysed basedharetained discriminant functions
in the dapc objeatsing the assignplot function in thdegenet packagéroup memberships
was used as an indicator of how cleaurt the genetic clusters obtained ared to infer

admixed or misclassified individuals
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5.3 Results
5.3.1 Sequencing Data Analysis

The statistics of sequencing data and quality checkavaitablein Appendix6. In
total, 41.961G of raw data from 70 samples were sequenced, with 419%f9clean data
generated after filtering for longuality dataWhat happened to the other samples. Need to
mention hereThe raw data production for each sample ranged from 397.291 M to 793.514
M, indicating the sufficient amount of data production. As the Q20 and Q30 reached 94.87
% and 86.920, respectively, the sequencing quailttgtthe analysis guirements. The GC
content of 35.896 to 41.09% are also in the normal distribution range, fulfilling the quality
standardThe libraryconstruction and sequencing procedures were successful and is suitable

for downstream processing.

The mapping rates of samples reflect the similarity between each sample and the
reference genome. The depth and coveragadietorsof theevennesand homology with
the reference genome. With GBS sequencingretged statistics are also calculat€de
mapping rate of each sample ranges from 74.08% to 90.09%. The average depth on the
reference genome (without Ns) is in 9.72X to 17.76X range, while the more than 1X
coverageexceeds 1.55%The mapping statistics with the reference genome and tag

summary are provided in Appendix

5.3.2 SNPand InDel Data

The SNP and InDetletecton and annotatiowmlatagenerated fronBAMtools and
ANNOVAR are inAppendix8 and Appendix 9 respectively total,31,123555raw SNPs

were generated from all 70 samphath 713,460 unique SNP pattenidentified by FAXML
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from 4,429 contigsead invcfR. In total 2,191,537 raw InDels were generated from all 70
sampledrom 3892 contiggead in vcfR Somebasic statisticsuch aslepth of each read

which represents the number of reads that align each base position in the reference,sequence
mappingquality of each readvhich indicateslignment confidence to a particutagion of

the reference genomPBhredquality scorgQ) of each base calthere Q is logarithmically

related to the base calliregror probabilitiesandvariant count per window whetke graph
represents the number of varaidentified in each window of the genoiftiee window is a

fixed lengthsegment of the genomtr the SNP and InDel data are presenteéigure 5.2

andFigure 5.3 respectively.

5.3.3 Phylogenetic Analysis

No outgroup was selected for this analysis as the purpose of this study is to identify
clusters and to potentially look at the infecies diversity thus selecting an outgroup that
may be genetically too distant and the compositional heterogeneity feelythé placement
of the root and incur erroneous SNPs (Borowiec et al., 2019; Jamil et al., 2019). Most
samples from Cluster 7, Cluster 8, Cluster 9, Cluster 10 and Cluster 11 formed distinct clades
with high support in MP treg={gure 5.4) and ML tree(Figure 5.5) for the SNP dataset.

The InDel dataset also exhibit similar clades with the NJ #&pi(e 5.6). Members from
Cluster 2, Cluster 3, Cluster 4, Cluster 5, and Cluster 6 did not form distinctive clades in any
of the trees generated. Sample 0403 formed a very distant branch in the ML and NJ
phylograms. The MP and ML from the SNP data both grouped 58%Q#b of the samples

into clusters observed in the field respectively while the neighbour joining tree from the

InDel tree grouped 56% of the samples into clusters observed in the field. In all the trees
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generated, a similar pattern was observed where Cluster 7 and Cluster 8 would form sister

clades while Cluster 10 and 11 would form another sister clade.
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Figure 5.2:  SNP statistics A) Read depth graph representing the number of reads that
align to each base of the reference genome B) Mapping quality graph presenting mapping
guality of each read to the reference genome C) Phred score quality graph presenting
quality ofeach base call D) Variant count per window graph presenting the number of
SNPs identified in each window of the genome E) Visualization of read depth, mapping
quality, Phred score quality and variant count plots in relation to the reference genome
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Figure 5.3:  InDel statisticsA) Read depth graph representing thenber of reads that

align to each base of the reference genome B) Mapping quality graph presenting mapping
quality of each read to the reference gen@n€hred score quality graph presenting
guality of each base call Wariant count per window graph presenting the number of

InDels identified in each window of the genome E) Visualization of read depth, mapping
quality, Phred score quality and variant count plots in relation to the reference genome
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Figure 5.4: Cladogram of Maximum Parsimony with 1000 bootstraps for SNP data.
Nodes with support values lower than 50 were collapsed at the leaves.Nodes containing
more than three indidividuals of the same clusters were labbeled.
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Figure 5.5: Phylogram constructed usingaMimumLikelihood with 200bootstraps for
SNP data. Nodes with support values lower than 50 were collapsed at the Nesless.
containingmore than three indidividuals of the same clusters were labbeled.
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Figure 5.6:  Phylogramconstructed usingi@rarchical clustered agglomerative neighbor
joining for InDel dataNodes with support values lower than 50 wewkapsed at the
leavesNodes containing more than three indidividuals of the same clusters were labbeled.

5.3.4 Discriminant Analysis of Principal Components

We can verify the how successful find.clusterin identifying the groups by
comparing thenferred groups based on tddferent values ok, the selected number of
clusters and the associated Btfie group memberships and the group sizés resulting
table suggests that find.clust@igure 5.7) was moderately successful in identifyitige
groups by comparing the inferred groups (infr) versus the original groupsvi@rthe
presence of a diagonal pattéram the topleft to bottom rightwhile some clusters not on

the diagonal linendicates misclassification.

The discriminant analysis of principal componem#\PC) assignedLO groups to

the 70 samplegFigure 5.8), the groupinggormed several clusters that is 64#ppendix
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10) in congruemn with the clusters observed in the fiefsleven of the groups are clustered
towardsthe originsuggestindnigh genetic similarityvhich is expected as they are meant to
be the same specigsroup6 which containonly sample $403is placed the furthest away
from the rest of the clusters indicatesque genetic diversitysroup Swhich mostly contain
samples of Cluster 1dbserved from the field and Group 8 which contains sampl882S0
and S0901 also suggests unique geneitations.The samples within eac@iroup are

projected onto each other suggests \ew genetic variation within each grolgased on

the SNP data.
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Figure 5.7. A tableshowing the successfulness of find.cluster in infergraupsvia
compaisonwith the original groupsThe xaxis represents inferred groups (inf 1 to inf 10),
and the yaxis represents original groups (oriltoorildh e bl ack squar eso
indicates the count of data points classified into each combination of original and inferred
groups.
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Figure 5.8:  Scatter plofrom adiscriminantanalysisof principal components (DAPC).
Each groupndicates different subpopulation identified by DAR®e groupscontain
multiple dots overlapping onto each otllele to low genetic variain within the grouping.

The proportion of theuccessful reassignments based on the discriminant functions
of individuals to their original cluster€learcut groupings are indicated by large values
while admixed groups are indicated by lower valuBse DAPC classifications were
consistent to the original groupingsdicating noadmixed or misclassified individuals

(Figure 5.9).
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Figure 5.9:  Graphical visualizationf the information from the DAPC object indicating
proportions of succesful reassignment based on the discriminant functions of indviduals to
their original groupsHeat colors represent membership probabilities (red=1, white=0);
blue crosses represent the prior cluster provided to DAPC.
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