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ABSTRACT

Madagascar is extremely diverse and imperiled. Close to 90% of all lanihdwell
species are endemic to Madagascar (plants, reptiles, mammals and amphihmaesstanding
patterns of genetic diversity for species can aid in better conservdoas.ein this study, |
focus on the endemic Malagasy ant spedeschetus madagascarensiBy employing a broad
geographic sample of this species from throughout its distribution and a multikreetscglata
set, | explored population structure and historical factors that affectedpéditsens. | tested
hypotheses proposed to be responsible for generating population structure, and mnektens
process of speciation in Madagascar, including geologically based models shelRaverine
and Watershed hypotheses and employed ecological niche modeling to test foreewidenc
ecologically driven speciation. Four genetic clusters were recoveragl GENELAND; one
found on Mayotte of the Comoros Islands, one restricted to the eastern coast ofddaid anyee
on the northern tip of Madagascar and one along the western dry forests of Madalgascel
no association between the position of watersheds and the population structure of ttss specie
Rivers do appear to function as barriers to gene flow between the clusters, asvergjdBofia
in the northwest, Antainambalana in the northeast and Mandrare in the southeast) weie found t
demarcate the boundaries of the three Malagasy genetic clusters. ThHenpzyos
interpopulation migration on the mainland confirms these entities do indeed represght a
species, but the magnitude and pattern of this migration reveals much about #tergnigr
capabilities of this species and the factors that influence interpopulation ¢eiyettfound

that the ecological niche of the four clusters are not identical, but are reinkéss than



would be expected by chance. Together, these data provide strong support for geographi
(allopatric) diversification and the absence of significant ecolodigargence despite the

occupation of very dissimilar habitat.
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INTRODUCTION

The tropics are the most biologically diverse regions in the world (Solomon, 2008), and
as such are ideal for testing models of speciation. The island of Madagesqastloff the
southeast coast of Africa and at 587,04F,kmekes up less than 0.4% of the Earth’s land
surface. Despite this, species richness and diversity are incredibly highislaride
Madagascar has more endemic species than any other place of equizalentiarth (Yoder
and Nowak, 2006). For example, more than 15% of all living primates are endemic to
Madagascar (Yoder and Nowak, 2006). Regions, like Madagascar, with such higbfievels

biodiversity, are among the highest priority for terrestrial conservation.

Much of Madagascar’s landscape has been altered by humans, specificalhgske f
(Richard and O’Connor, 1997). Only a small portion of original forest cover remaths,ia
estimated that ~90% of the island’s unique organisms are forest dwellings(R20fI3).

Humans have degraded the forests for fuel and products for building materials aatsbave
cleared land for grazing animals and crops such as butter beans, cotton and come([2lybi
2003 and Dewar, 2003). Madagascar has 46 legally protected areas located in &Vsiiag, c

1,698,639 ha as of 2003 (Randrianandiaeinal, 2003).

Categorizing spatial patterns of species richness and endemismniomiltiaé proper
allocation of conservation funds (Kremenal, 2008). It is important to categorize areas of
species richness in Madagascar because the government of Madagasdariptaease the
protected areas to include 10% of the country. Currently, 6.3% of Madagascar is grotdute
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form of reserves and parks (Kremetnal, 2008). A better understanding of patterns of species
richness will help managers decide which areas are top priorities (&raith2005). If
scientists can determine where species are located, then they caprttett areas where the

most endemic species are found.

In order to understand the biogeography of Madagascar, one must understandgs origi
Madagascar was part of the supercontinent, Gondwana, during the early Juiz36imya)
(Figure 1). Gondwana was composed of what are now South America, Africa, Madagasca
India, Australia and Antarctica. Gondwana began to split into eastern Gondvasteg@scar,
India, Australia and Antarctica) and western Gondwana (South America eod)Af the
middle Jurassic (~166 mya). Eastern Gondwana drifted south from Africa, howeverpttess
was gradual and there was a possibility for biotic exchange betweea Afrd Madagascar until
the end of the early Cretaceous (~130-118 mya). As eastern Gondwana continueddattrif
Madagascar and India remained connected as the IndoMadagascar subcontinecticaAaak
Australia separated from IndoMadagascar shortly after easterneserwGondwana split
apart. Recently, fossil studies from the late Cretaceous suggest teanthehave been a land
bridge that connected Antarctica to South America and Antarctica to Indohsadaghat lasted
until ~80 mya (Krause, 2001). Madagascar separated from India ~88 mya and like#tadag
separation from Africa, this too, was gradual (Yoder and Nowak, 2006). Lying maréG8a
km from the nearest landmass (Africa) Madagascar has been isolateel lEstt80-90 mya
(Vences, 2009). This temporal and geographic isolation (Madagascar is also 4000, 5000 and
6000 km from India, Antarctica and Australia respectively) has led to akebtyaunique and

diverse biota (Yoder and Nowak, 2006).



Figure 1: The position of Madagascar throughout the breakup of Gondwana. The gradual
breakup of Gondwana (over ~ 125my) into what is now known as South America, Africa,
Madagascar, India, Australia and Antarctica. Madagascar is locatedredtbiecle (Ali and
Aitchison, 2008).

The long separation from other land-masses has led to endemism on the islamaeh (Pears
and Raxworthy, 2008). More than 90% of all the plant species found on Madagascar occur
nowhere else on earth. Approximately 44% of birds, 74% of lepidopterans, 92% of reptiles and
100% of amphibians and terrestrial mammal species on Madagascar arecéndkenisland
(Venceset al, 2009). The extreme antiquity of Madagascar and relatively long isolation time
raise questions about the origins of the high diversity and endemism on the island. ¥&ere ha
been several hypotheses put forward to explain how organisms colonized Madagasca
Vicariance has been the major mechanism used to explain trans-oceaihigtaias of

organisms to continental islands (Bocxlaeal, 2006). Vicariance is an actual change in the
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geography of the region, including such phenomena as mountain building, sea levdidluctua
(which can expose land bridges) and tectonic movement (such as the breakup of Gpndwana
(Vencesetal., 2001 and Haffer, 1996). It has been proposed that some organisms were able to
cross into Madagascar via land bridge connections (Noonan and Chippindale, 2006). For
example, Noonan and Chippindale (2006) found that the presence of some Malagasy reptiles
(boid snakes, podocnemid turtles and iguanid lizards) was due to a land bridge connection to

Antarctica approximately 80 mya.

Most studies have found that trans-oceanic migration has led to some of the colonizations
of Madagascar. Some organisms have migrated to Madagascar sincatitmisolthe Late
Cretaceous (see Monaghetral, 2005; Raxworthet al, 2002). Mayflies colonized
Madagascar from Africa through multiple dispersals (Monogha 2005). Raxworthet al
(2002) found that chameleons originated in Madagascar and have dispersed mukple the
African mainland and other islands in the Indian Ocean. Some organisms haveatesfoaimnd
in Africa, supporting Cenezoic origins and subsequent dispersal to Madagascareand oth

continents connected in Gondwana (Yoder and Nowak, 2006).

Madagascar is divided longitudinally by a north-south chain of mountains that run down
the eastern side of the island. Combined with the complex pattern of eastern ndslgivis
topography produces highly variable climates across the island. The northern tip ghbtaata
and the eastern side of the mountains tend to be tropical, with humid forests, owing inhgart to t
Eastern trade winds that provide a substantial amount of rainfall. There igtleerginfall in
the west and south of Madagascar causing it to be more arid (Boah@n2007). Biomes of
Madagascar are extremely diverse, ranging from the tropical humtteasttand east to the
subarid southwest (Vences, 2009). These conditions can lead to microendemis an thiea
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island where individual species can become specialized to certain types oherents. For
example, Wilmeet al. (2006) found that species confined to low elevational watersheds had
more endemic species than watersheds located at higher elevation. ImPAési,&l of the leaf
chameleons in the genBsookesiaoccupy a relatively narrow elevational range restricted to

northern rainforests (Raxworthy and Nussbaum, 1995).

In allopatric speciation, geographical changes can effectively separgtemmnation
into several isolated populations. Geographic barriers are defined as atbattiee species
can no longer cross. These barriers, however, are not limited to actual genheaiplrs such
as mountain ranges, and rivers. Environmental changes, such as climate charge, can a
separate a population if it occurs more rapidly than the species can adapt/dlwge species
can become isolated in ecological niches that are now divided by unfavorable conHidfies (

2008).

There have been several hypotheses proposed relating to factors that drateospat
the island of Madagascar. Each of these hypotheses describe some sort delmrrieers,
mountains and even unsuitable habitat due to unsuitable climates and other ecologes) ba

that the species can no longer cross that give rise to allopatric spedidimbarrier remains.

Forested and non-forested regions have changed continuously in distribution oyer time
fragmenting and expanding due to climate change (Haffer, 1996). These changeschaesl
several times over the last 60 million years. When these changes occuak@asthes of
suitable habitat that remained acted as a refuge for species. pethessare isolated long
enough, there may be opportunity for them to speciate. This is known as the refuge fsypothes

(Haffer, 1996). For example, several species of reptiles (geckos and boid smakssyeral



amphibian species (treefrogs) that were widespread throughout Madagapted &alaither

humid (eastern side of Madagascar) or dry (western side of Madagasaans neben the

climate fluctuated (Nussbaum and Raxworthy, 1998, Nussleaai) 1998, Glaw and Vences,
1994, Andreonet al, 2002, Vences and Glaw, 2002 and 2003,). There have also been several
studies that show a north-south split in some vertebrates including mouse lemurset¥ade

2000 and Yoder and Heckman, 2006) and dwarf chameleons (Raxwbehy2002). Boumans

et al. (2007) found a similar north-south pattern for several reptile species includimglgons

and geckos.

The riverine hypothesis suggests that rivers form a barrier to interpopulagiction
(Goodman and Ganzhorn, 2004). Individuals of a population are separated when a river is
formed and they are unable to traverse the river, especially in the kaeodres where the rivers
are the widest (Figure 2) (Venceisal, 2009). There are several problems with this hypothesis.
First, one must assume the individuals that have been separated by the uvabésdo cross
the river easily. Second, the headwaters of the rivers tend to be less oératbayene flow.

And lastly, animals can be “passively” transported across the river on deBdats (Haffer,
1996). Studies of vertebrate phylogeographic patterns in Madagascar (Pearson, 2009nGoodma
and Ganzhorn, 2004) have reported some evidence supporting a role for rivers in structuring

biodiversity (e.g. lemurs; Goodman and Ganzhorn, 2004).



Figure 2: Riverine barrier hypothesis, where a continuous distribution& (apis separated by
a river (b) which leads to vicariance (c). (Veneeal, 2009)

More recently, a role for high altitude watersheds has been invoked as a cztosah fa
the origination of such high levels of Malagasy biodiversity. This hypothetes ket
fluctuations in the climate over time have shaped the population structure iogltyelltering
connectivity among watersheds. During times of cooler and drier clinvedésrsheds with
sources at high altitudes could act as a refuge for species adapted to theesioreonditions,
giving them the ability to move around within that watershed. Watersheds witlesatitower
elevations are predicted to have been drier than higher elevation habitats (sbexhedofe
figure 3), and species found in those areas would be trapped within that regioresefpamnat
mesic areas by arid regions that act as a barrier to gene flowdWi006). This hypothesis
encompasses more than just the rivers in a given area, unlike the riverine higpatfiesn
climates changed in the past from more mesic conditions to drier conditiamsatess$ with
glacial maximums, species that were located in higher elevation wedsralere buffered from
the drier conditions because of the connection to high elevation water sources (ibstrade

2009). The last glacial maximum (LGM) was 23,000-18,000 years ago affectipgeient day



distribution of species and was less extreme in equatorial regions (ProveararaitB2008).
When there is a glacial maximum, most of the fresh water is frozen and abé &l
organisms. In equatorial regions, the effect is less severe becausgghdaesn’t freeze; the
conditions become more arid (Proven and Bennett, 2008). The orographic precipitation allows
for the perpetuation of mesic conditions along the courses of rivers with satiftigh
elevations during climatic cycles of low rainfall. This allows speaiepted to those conditions
the ability to move within the watershed because there is more watebév#ilan in a
watershed associated with lower altitudes. Species that are unablé& thesscforested
corridors and move among these high altitude watersheds are then isolatedyeuict lead to
diversification in isolation. In a study of 41 vertebrate species, Pearsoraanofy (2008)
found that 20 exhibited population structure associated with watersheds. For these, the
assumption is that the watersheds acted as refugia during periods when poetipéda greatly
reduced. When precipitation subsequently increased, the species were agaimablke across
a less fragmented landscape. One of the limitations of the watershed hyisthesitemporal
extent of glacial maxima and subsequent reconnection of isolates. The averagefexig
glacial period was less than 30 kyr, presumably insufficient time for sptferentiation. So
far, this pattern has been supported by patterns observed in some groups ofreptéesurs

and is difficult to distinguish from the riverine barrier hypothesis (Veatas, 2009).



Figure 3: Watershed map of Madagascar. The whgas are regions associated with h
elevation watersheds and drainage basins andkafg 1o remain wet even during dry perioc
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The colored areas are regions associated with low elevation watersheds andndeenics are
expected to occur (Wilmet al.,2006)

There have also been studies that show that species adapt to certain elevations
(Wollenberget al, 2008). Montane endemism tends to be very high in tropical regions, where
species are confined to a very narrow elevational zone at or near the summduwftaim
(Raxworthyet al, 2008). Wollenbergt al (2008) examined patterns of spatial niche
conservation in cophyline frogs, finding that mountain massifs have functionedgia fer
these taxa. Wiens and Graham (2005) define niche conservation as the tendenegiesdaasp
maintain ancestral ecological characteristics. As a result, esdeesblogical characteristics
may be retained within a speciating lineage. If a species is linit@dpecific climatic
optimum, then this limits that species’ ability to geographically changaritge, potentially
leading to allopatric speciation. Here, the same climate change thabreagdused species
isolation in watersheds may have changed species distribution and interpopcdatinuity on

mountains.

To better understand the roles of these mechanisms driving diversificatipigrieelx
historical phylogeography of a widespread species of ant endemic to Medagad the nearby
Comoros Islands. As invertebrates form the bulk of terrestrial diversity @ important in
ecosystem function (Fisher, 1999), evolutionary patterns of these oft negleetedrnabe
particularly informative in understanding the history of other components of the biota
Invertebrates, especially insects, are the most abundant and diverslesperres in tropical
areas (Solomoat al, 2007). Because ants are ectotherms, this makes them ideal subjects for

studying the effects of global climate change as ectotherms, may beensitve to changes in
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temperature and precipitation (Duenal, 2009). Ectotherms that live in the tropics have a very
narrow temperature range and most are already living at the upper limgirodptimal

temperatures (Deutsdt al, 2008).

Madagascar has a diverse ant fauna with 48 of the 52 ant genera estimated to be
indigenous to the Malagasy region (Fisher, 1997). There are thought to be as 120y as
species, and of that number, ~96% are endemic to Madagascar ¢5atitR005). In this work,
| focus onAnochetus madagascarenesisvidespread species found throughout Madagascar and
the Comoros Islands in forests or shrubland habitats below 1100m elevation. By emgloying
broad geographic sample of this species from throughout its distribution and acuslgenetic
data set, | explored population structure and historical factors affectseyphaterns.

Specifically, | tested hypotheses proposed to explain biotic diversifidatidadagascar using
methods that examine the genetic structure of populations and their ecological
tolerance/differentiation. 1 did not consider the montane endemism hypothesisr{liéotiet

al., 2008) becausA. madagascarensis not located above 1100 meters.

| considered the riverine hypothesis, which as stated above, suggests thdorive
barriers to gene flow. If this hypothesis is contributing to the distributioni@rpatofA.
madagascarensigiroups would be found on opposite sides of major rivers in the areas where
this species is found. If genetic diversity is shaped by the rivers of Mamagthe expectation
would be significant genetic differentiation among populations on opposite sidegofivers.
Distinct from this is the watershed hypothesis, which predicts evolutionagggdnce among
low elevation watersheds. If the elevation of watersheds explains populaticrgty | would
expect to see a genetic difference between populations that is assodiatedver elevation
watersheds and an absence of structure among watersheds with higbreleuattes.

11



Finally, 1 will use niche modeling to determine if populations that are dividedrng s
sort of physical or ecological barrier have diverged in their niche requirenietitsy have, |
would expect that tests of niche identity/equivalency would show statigtsogrificant
ecological differences indicating that the niche for one group is not idetdithe niche of
another group. If ecologically differentiated, populations may be effegis@hated and no
longer able to exchange alleles and may represent divergent speciesvelafaniche
similarity/background tests fail to show statistically significdifferences, then this suggests

that a barrier is isolating the two groups, that if removed, the two would freelyngechleles.
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MATERIALS AND METHODS

Samples and DNA sequencing

Collections ofAnochetus madagascarenk@ve been made by Brian Fisher and
colleagues throughout Madagascar and the Comoros islands over the last faatedh907-
2011). Once collected, specimens were preserved in 100% Ethanol and deposited in the
California Academy of Sciences entomology collection. A total of 71 individeplesentative
of 71 total collections (collection events from different localities) weeel tisr this study of

island-wide population structure. Specimen data can be found in Table 1.

Table 1: Specimen codes and locality of each individuAhoichetus madagascarenesis.

Specimen Code Collection Code | Country Latitude Longitude
CASENTO0454527-D20 | BLF03252 Madagascar | -13.79861 | 48.16167
CASENTO0460281-D20 | BLF03338 Madagascar | -14.30889 | 47.91433
CASENT0007166-D20 | BLF01908 Madagascar | -13.97667 | 48.42333
CASENTO0071786-D20 | BLF14343 Madagascar | -22.14817 | 48.02267
CASENTO0004382-D20 | BLF02072 Madagascar | -25.06167 46.87
CASENTO0007168-D20 | BLF01486 Madagascar -23.65 | 44.63333
CASENT0004381-D20 | BLF02102 Madagascar | -24.77167 | 47.17167
CASENTO0416405-D20 | BLF03200 Madagascar | -12.25889 | 49.37467
CASENTO0006746-D20 | BLF03128 Madagascar | -12.32278 | 49.33817
CASENTO0120032-D20 | BLF15305 Madagascar | -24.9815 | 46.92567
CASENTO0416427-D20 | BLF03034 Madagascar | -12.86361 | 49.22583
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CASENTO0042377-D20 | BLF05420 Madagascar | -25.00778 46.306
CASENTO0443500-D20 | BLF05452 Madagascar | -24.92972 | 46.20967
CASENTO0048278-D20 | BLF10745 Madagascar | -17.28333 | 49.43333
CASENTO0461550-D20 | BLF03422 Madagascar | -13.41944 48.33117
BLF1996(18)-D20 BLF01996 Madagascar | -13.96167 | 48.43333
CASENT0066826-D20 | BLF12721 Madagascar | -16.67233 | 49.70117
CASENTO0120033-D20 | BLF15466 Madagascar -24.569 47.204
CASENT0120040-D20 | BLF15419 Madagascar | -25.03883 46.996
CASENTO0043819-D20 | BLF09872 Madagascar | -13.16667 49.71
CASENTO0041768-D20 | BLF10116 Madagascar | -13.21167 49.55667
CASENT0048218-D20 | BLF10787 Madagascar -17.175 49.268
CASENTO0071206-D20 | BLF13833 Madagascar | -23.19383 47.723
CASENTO0486367-D20 | BLF06635 Madagascar | -16.40667 45.31
CASENTO0107422-D20 | BLF11287 Madagascar | -12.80467 | 49.37383
CASENTO0466025-D20 | BLF04340 Madagascar | -19.13222 | 44.81467
CASENTO0491074-D20 | BLF06750 Madagascar -16.925 44.36833
CASENTO0006309-D20 | BLF02043 Madagascar | -24.95167 | 47.00167
CASENTO0416391-D20 | BLF02654 Madagascar | -12.46889 | 49.24217
CASENTO0061067-D20 | BLF12296 Madagascar -21.4 47.94
CASENTO0487653-D20 | BLF10300 Madagascar | -13.11833 49.23
CASENTO0489665-D20 | BLF07427 Madagascar | -22.59167 | 45.12833
CASENTO0491969-D20 | BLF06475 Madagascar | -16.46667 45.35
CASENT0067011-D20 | BLF13091 Madagascar -17.7095 49.454
CASENTO0120036-D20 | BLF15105 Madagascar -24.7585 46.85367
CASENTO0120335-D20 | BLF15672 Madagascar | -24.95267 47.0025
CASENTO0054031-D20 | BLF11672 Madagascar | -15.96267 47.43817
CASENTO0040872-D20 | BLF09426 Madagascar | -13.08333 49.90833
CASENTO0041186-D20 | BLF09556 Madagascar -13.255 49.61667
CASENTO0053798-D20 | BLF10879 Madagascar | -13.26333 | 49.60333
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CASENTO0107696-D20 | BLF11554 Madagascar -13.4645 48.55167
CASENT0071691-D20 | BLF13972 Madagascar | -23.01583 47.719
CASENTO0109556-D20 | BLF11245 Madagascar | -13.71533 50.10167
CASENTO0109757-D20 | BLF10996 Madagascar -14.668 50.18667
CASENTO0109521-D20 | BLF11044 Madagascar | -14.67933 50.18367
CASENTO0498416-D20 | BLF09981 Madagascar -12.97 49.7
CASENTO0017631-D20 | BLF05316 Madagascar | -24.95694 46.2715
CASENTO0432920-D20 | BLF04232 Madagascar | -19.14194 44.828
CASENT0490650-D20 | BLF07693 Madagascar | -22.31333 | 45.29167
CASENTO0133006-D20 | BLF19060 Mayotte -12.96279 45.15037
CASENTO0132392-D20 | BLF19049 Mayotte -12.85492 | 45.19889
CASENTO0132939-D20 | BLF19098 Mayotte -12.76796 | 45.18615
CASENTO0132387-D20 | BLF19047 Mayotte -12.85492 45.19889
CASENTO0132459-D20 | BLF18959 Mayotte -12.80586 45.10054
CASENTO0132557-D20 | BLF18915 Mayotte -12.95903 45.13411
CASENTO0071786-D30 | BLF14343 Madagascar | -22.14817 48.02267
CASENTO0134927-D20 | BLF18814 Mayotte -12.7926 45.10764
CASENTO0132276-D20 | BLF18639 Mayotte -12.80632 | 45.15314
CASENTO0132524-D20 | BLF18882 Mayotte -12.95776 45.13403
CASENTO0132743-D20 | BLF19070 Mayotte -12.76894 | 45.19021
CASENTO0132937-D20 | BLF19084 Mayotte -12.76796 45.18615
CASENTO0132833-D20 | BLF19035 Mayotte -12.86735 45.20827
CASENTO0132554-D20 | BLF18906 Mayotte -12.95903 45.13411
CASENTO0134888-D20 | BLF18976 Mayotte -12.87585 45.15672
CASENTO0132749-D20 | BLF19065 Mayotte -12.76894 | 45.19021
CASENTO0133230-D20 | BLF18962 Mayotte -12.87585 45.15672
CASENTO0133841-D20 | BLF18636 Mayotte -12.80632 45.15314
CASENTO0132530-D20 | BLF18888 Mayotte -12.95776 45.13403
CASENTO0134966-D20 | BLF18811 Mayotte -12.7926 45.10764
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CASENTO0134839-D20 | BLF18758 Mayotte -12.75754 45.0678

CASENTO0505297-D20 | BLF04297 Madagascar -19.142 44.828

DNA was extracted using a modified salt extraction method (€eah in prep) on a
single ant from each collection. Each extraction was then tested for thegaresdigh quality
DNA by PCR amplification using conserved primers for the ribosomal, 18s geneDNAe
18s gene is a ribosomal RNA sequence found in all eukaryotic cells. Ampiificaiccess was
tested by running the PCR products on a 1% agarose gel containing GelGreen DNA stali
(Phenix Research), which binds to DNA and fluoresces under ultraviolet (U\,)drht
photographing the gel while illuminated with UV. For samples in which the modified salt
method failed, a second extraction was performed using the Wizard SV Genomic DNA

purification system (Promega).

Highly variable molecular markers are needed to explore evolutionaryhastor
demographic patterns within species. For the purposes of this study | emplopgdchaus
nuclear loci to test evolutionary hypotheses and explore population structure atid gen
diversity. An anonymous locus is an unknown region of the nuclear genome with no known
function, but at least two allelic states that can be scored through DNA sieguenwenty-four
anonymous loci were created for theochetustudy using the method of Noonan and Yoder
(2009). Total genomic DNA was extracted from single specimeAs@thetus
madagascarensissing the high-salt precipitation method of Crandahl. (1999). This
extraction was amplified using the whole genome amplification kit, QIAGENIf5, to

increase yield. Amplified genomic material from multiple individuals thas combined into a
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concentrated solution (~550 ng/ul) assayed using a NanoDrop ND-1000. To prepare the
genomic DNA for the construction of DNA library, this genomic DNA wagrtanted via
restriction enzyme digestion witksdl, which generates blunt ended fragments. Digested DNA
was then visualized on an agarose gel (1%), and size selected to remove fragpriangs t

(>3kb) or too small (<1kb) for marker development. Fragments within this size waerg

excised from the agarose gel and purified using a QIAGEN Gel Brtrddt and eluted with

water to facilitate concentration. The DNA in the gel extraction elutastiven quantified via
NanoDrop and concentrated via vacufuge to 25 ng/ul giving a 10:1 molar ratio of inseriwvector
the subsequent cloning reactions. Approximately 100 ng of the size-selected &N@yated

into 25 ng of pCR Blunt vector, which was then transformed into comg@eseherichia coli

One Shot TOP10 cells (Invitrogen) and plated on agar plates containing 50 pgéanhycan

and 60 pg/mL X-Gal and grown overnight af 8 PCR was performed on positive
transformants (clones containing a fragment ofAhechetugenome) using M13 primers, by
transferring bacteria directly from the plate to the reaction mixtubeframents in the size

range of 600-1500 bps were sequenced in both directions. Sequences were then examined for
undesirable characteristics (high AT content, lack of suitable primiesg, gitesence of repetitive
elements) and compared to the NCBI database using a BLAST search taraewnether the
locus demonstrated similarity (and thus potential homology) to known functional gendsch
case the fragment was excluded from marker development. Primers sigreedg¢o amplify a
small region (400-600 bp) of the cloned fragments using the PRIMER3 algorithm iroGenei

(v. 4.7.4).

The 24 anonymous loci were then tested on a panel of seven individuals representative of

the geographical distribution of the species. PCR was performed using therfgltawaditions:
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initial denaturation at 94C for 90 seconds; 10 cycles of 94 for 35 seconds, annealing at 63

°C (with a -0.5°C per cycle) for 35 seconds, extension atC@2or 60 seconds; 10 cycles of 94
°C for 35 seconds, annealing at®&3for 35 seconds, extension at°@2for 60 seconds; 15

cycles of 9#C for 35 seconds, annealing at“&2for 35 seconds, extension at°t2for 60
seconds, and a final extension of°2 for 10 minutes. PCR products were then visualized on
an agarose gel (1%) that contained GelGreen (Phenix Research) atidedstia UV light, and
five loci were chosen for this study based on amplification success fronevis sdividual

panel (Table 2). The criteria for whether or not a locus was chosen were based uponl how wel
the locus amplified and whether the primer pair was specific enough to produeesomdye

band; the presence of multiple amplified fragments revealed some primgetgoae non-specific
and thus unsuitable for Sanger sequencing. Once the target loci were chosemsPCR w
performed on all individuals (71 total) for all 5 loci under the following conditiongialini
denaturation at 94C for 90 seconds; 30-35 cycles of @2 for 45 seconds, annealing
temperature, (varies by locus; see Table 2), for 45 seconds, extension at 72 °C fond$ &ec
one minute and a final extension of 72 °C for 10 minutes. PCR products were then run on 1%
agarose gels containing GelGreen (Phenix Research) and visualized vghtJ\Successful

PCR products were purified with ExoSap-IT (GE Healthcare) prior to seiggerexoSap-IT is

a combination of two hydrolytic enzymes: Exonuclease | and Shrimp Alkaline Prsespedah

of which performs a specific function in the cleanup of PCR products. Exonuclease Isemove
residual single-stranded primers and extraneous single-stranded DNA pradtioe PCR.

Shrimp Alkaline Phosphatase removes unincorporated dNTPs from the PCR mix. Pnraalacts
then sequenced on an ABI 3130 genetic analyzer (Applied Biosystems) at the Unofersit

Mississippi using a BigDye Terminator Cycle Sequencing Kit (Appliex$ytems).
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Table 2: Primer sequences and annealing temperatures for anonymous loci usestudyhi

annealing
Primers sequence temperature
in °C
206
F AATTTCCCAGAAATGCATCG
R GTTCTCGACGCCTACAAAGC >0
242
F TGTAACGTCCCAAGTGGTCA i}
R CCGTAACACCTCCCCCTATT >0
247
F | TCACCAAAACCTCGGGATAG
R ACTCCAAGATGCTTGCTCGT >

* = Touchdown of -0.2/cycle

Editing and Alignment

Sequences were edited and aligned with Geneious Pro (v. 4.7.4). The default settings for
Geneious Alignment were used to align the sequences (Cost Matrix: 65%isir(blay-4.0);
Gap open penalty: 12; Gap extension penalty: 3; Alignment type: Global alignnilerfitesiend
gaps; Refinement iterations: 2). The IUPAC nucleotide ambiguity codesused in cases
where individuals appeared to be heterozygous for a particular nucleotide or wheneseque
signal was ambiguous. PHASE (v. 2.1), a program that reconstructs haplotype3aysisign

statistical methods, was used to determine the sequence of alleles inyigetesandividuals.

Phylogenetic Analyses
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Mitochondrial DNA (mtDNA) of the Cytochrome oxidase | (COI) geneAor
madagascarensi@as used to construct a haplotype network and perform nested clade analysis.
To reconstruct phylogenetic relationships among populatioAs miadagascarensismtDNA
used in the study Fisher and Smith (2008) was obtained. A phylogenetic tree of unique
haplotypes was estimated using an algorithm from Tempéttah(1992) (Figure 5). A
haplotype network is similar to a gene tree, except that a network shows haplotypassa
(interior) or tips and each step found in the network represents one mutational step of a
haplotype. TCS (v. 1.21) was used to identify mitochondrial haplotypes present in the dataset,
calculate their frequencies, and generate a haplotype network (figure 6). Rglibevnpletoret
al. (1987), haplotypes were identified as either tip (those that are only connectedthemne
haplotype) or interior (those that are connected to two or more haplotypesngStéattt a tip
haplotype and proceeding toward the center of the map to the next change conssiteped 1
This process was repeated until all 1-step clades were identifieds(thesconnection between
the tip haplotype and the interior haplotype with which it is connected by j + 1 omatiasteps).
Once the 1-step clades were identified, then the 2-step clades were meddognin a similar
fashion. This process continued until all clades were combined into a singteclaste. The
haplotype network was then used to perform a Nested Clade Analysis (N8A) of
madagascarensis order to detect the presence of population structure within this widespread
species. Nested Clade Analysis is useful for analyzing haplotype netwarkesséing for
associations between haplotypes and geography to infer processes that coléd twathe
current population structure of the species (Templetat, 1992). GEODIS(v. 2.5) was used
to test hypotheses of population structure by calculating the clade didlgheed the nested

clade difference (F). The clade distance measures the geographical spread of the clade and the
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nested clade distance measures how each clade is distributed relather tdaates in the same
higher-level nesting category. The clade comparisons are calculdterlaagrage pairwise
geographic distance between members of the same focal clade and the pagvage distance
between members of the focal clade and all members of the nesting chedsigrificance of
these values were then determined using a dichotomous key (v. 2.5, Gi¢ae2000)
devised on the expected patterns of geographical association based on threehigpascaf
events: restricted gene flow, range expansion and allopatric fragmentéitos.found that
these values are not significant, then there is no support for geographic patietns sy
haplotypes. The interior-tip statistic (I-T) was then used tbchetus grandidiels an out-
group to specify which haplotype is the oldest (interior) and which are younmgr (Tihis
information was useful to establish patterns of ancestry for the haplotype$randaork for

exploring patterns with nuclear sequence data.
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Figure 5: Mitochondrial gene tree of the Cytocheooxidase | (COI) gene fiAnochetus
madagascarensis. Anochetus grandidwas used as the outgroup to root the

s

17

;

5

Figure 6: Nested clade analysis using the mitochondrial DiéAggCytochrome oxidase | (CC
on the 71 individuals collected. Blue boxes repné®n«-step clades. Green boxes repre:

two-step clades. Red boxes represent -step clades and the gray boxes espnt fou-step
clades.

Sequences of anonymous loci required the resolofitveterozygous sites to identify t
distinct alleles present. DnaSP (v. 5) was usexhlculate DNA sequence statistics between

among populations, and incorporated the«erozygote site resolution analyses of PHASE
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2.1). With these applications | inferred the distinct alleles present in treethai@a Bayesian
methods and assigned alleles to individuals. Once the allelic phase for each ihdisglua
determined, the data was analyzed with GENELAND (v.3.2.4), a program that cembine
geospatial data for each sampled allele to determine population structuine andiber of
genetic populations (Guillat al, 2005a, 2005b, 2008 and Guillot, 2008). GENELAND
employs a Markov Chain Monte-Carlo (MCMC) algorithm to estimate the gdeasK (the
number of population clusters) and assigns a probability of assignment of each ihdovehch
cluster. GENELAND was run under two different models. The first model, thdatedellele
frequency model, was run under the following parameters: ploidy set to diploid, nodmber
populations (K) set to vary from 1-10,MCMC iterations with thinning set to save 100
iterations, maximum rate of Poisson process fixed at 100, maximum number of nuoei in t
Poisson-Voronoi tessellation fixed to 300 and an uncertainty associated with tae spati
coordinates of 0 km and the allele frequency model set to Correlated. Ten muidtgpendent
runs were conducted. When these runs were completas then estimated from the modal
values. krand ks values were calculated for each of the ten independent runs. The second run
employed the uncorrelated model under the same conditions as above. The runs were then
processed with a burn-in of 200 iterations to obtain probabilities of individual menbentghi

proposed clusters.

Once clusters were identified by GENELAND, IMa2 (Isolation with ntigrav. 6.3.10)
was used to explore demographic history of the clusters: interpopulation mignaftjamme of
divergence (t) and population size (q) (Hey and Neilsen, 2007). Several trial runs weire done
order to estimate the suitability of various priors for these parameters.cQrsarvative priors

for m, g and t were determined empirically, a prior file was constructed. IMa2hen run
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using the prior file with medium heating (-hfg —hn40 —ha0.975 —hb0.75) and a burn-in duration

of 10",
Niche Modeling

Niche modeling was used to explore the influence of niche conservatism on
diversification withinA. madagascarensisthe null hypothesis of this analysis is that
genetically distinct populations are isolated from one another by intervenirigthaisuitable
for persistence and resistant to dispersal. MAXENT (employing themaxientropy model) is
an effective modeling program that uses presence-only data to estimaés sigabutions by
finding the closest to uniform distribution within the environmental variable const(&ilith et
al. 2006). MAXENT creates ecological niche models (ENMs) by combining the GdSbtlthe
species locations with environmental data (Waateal. 2008). MAXENT (v. 3.3.3), was used
to estimate the distribution éf. madagascarenstsased on the 71 localities sampled in this
analysis and constrained by ecological/environmental variables thatt pn@yent the population
from reaching maximum entropy. GIS layers at 30 arc seconds spatlatioes(~1 knf) of
altitude and bioclimatic variables (BIOCLIM) for Madagascar were nbthfrom

WORLDCLIM (http://www.worldclim.org/ Hijmanset al.,2005). The bioclimatic variables

were derived from monthly temperature and rainfall data and are believedasergamnore
biologically significant variables than raw meteorological datat@eae 3 for explanation of
biological variables). Additionally, a high-resolution vegetation layer, develbp&ew

Gardens' “Mapping the Vegetation of Madagascar” projag:(/www.kewgardens.ordou Puy

and Moat 1996, 1997, 1998 and 1999), classified the entire area of Madagascar in one of 15
distinct vegetation zones (Figure 4). MAXENT was run under auto featuspsnise curves,
pictures of predictions and jackknife measurements with the logistic output fofdhat
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environmental layers were continuous except the vegetation layer, which wgwicate The
resulting niche predictions were projected into a map of Madagascar uMAg@$, and the
10 percentile training presence criterion used as the binary point for delipréidigted
presence/absence. Environmental Niche Model (ENM) analyses were run atussah
indentified by MAXENT and output for each genetic cluster (see results, pblas compared
to identify differences between clusters and which environmental var@aiesbuted the most

to the niche of any given cluster.

Table 3: Codes for bioclimatic variables obtained fr@aww.worldclim.org(Hijmanset al.,
2005).

Biol Annual Mean Temperature

Mean Diurnal Range (Mean of monthly (max temp-min
Bio2 temp))

Bio3 Isothermality (Bio2/Bio7)(*100)

Bio4 Temperature Seasonality (standard deviation *100)

Bio5 Max Temperature of Warmest Month

Bio6 Min Temperature of Coldest Month

Bio7 Temperature Annual Range (Bio5-Bio6)

Bio8 Mean Temperature of Wettest Quarter

Bio9 Mean Temperature of Driest Quarter

Biol0 | Mean Temperature of Warmest Quarter

Bioll | Mean Temperature of Coldest Quarter

Biol2 | Annual Precipitation

Biol3 | Precipitation of Wettest Month

Biol4 | Precipitation of Driest Month

Biol5 | Precipitation Seasonality (Coefficient of Variation)
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Biol6 | Precipitation of Wettest Quarter
Biol7 | Precipitation of Driest Quarter
Biol8 | Precipitation of Warmest Quarter
Biol9 | Precipitation of Coldest Quarter
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Figure 4: Vegetation map of Madagascar. This map shows the different egleigtrs used
for niche modeling. This map is part of the Vegetation Mapping Project of the Ruiyai@®
Gardens, Kew (Du Puy and Moat, 1996, 1997, 1998 and 1999).

Table 5: Contributions of specific environmental variables to environmental nichésmode
(ENM's) for each cluster. Highlighted cells indicate the variabledratributed most to the
model for each of the four clusters. Maps of clusters can be seen in figure 12.

Percent contribution

Cluster

Environmental variable 1 Cluster2 Cluster3 Clusterd

Vegetation layer (vegkew) 0 18.2 30.4 21.3
Biol 0 0 3 0
Bio2 0 0 0 4.5
Bio3 0 5.3 4.8 3.1
Bio4 0 2.8 13.2 0
Bio5 0 0 0 0.6
Bio6 0.1 0 0.8 0
Bio7 86.8 0 32.8 0
Bio8 0 0.1 0 46.7
Bio9 0.1 0 0.5 0
Biol0 0 0 0.5 0
Bioll 0 0 0 0
Biol2 0.4 0 0 35
Biol3 0.1 1.2 0 0
Biol4 9.9 53.8 11.9 0
Biol5 0 18.7 0.8 0.1
Biol6 0 0 0 0
Biol7 0.4 0 0.1 20.1
Biol8 21 0 1.3 0
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Niche Differentiation

In addition to using niche models to project suitable habitats for each cluster, niche
identity tests were performed using ENMTools. Niche differentiation weaesssd using the
niche equivalency and niche similarity methods of Waeteal. (2008) using ENMTools (v. 1.1)
to measure the degree of ecological overlap between clusters. ENMTote/ostatistical
measures: Schoenes(D (py, py) =1 - Y= | Px.i — Py.i | ) and Warren's (I (px, py) =1 — ¥
(px, py)) to compare ENM predictions. Tests of equivalency and similarity deternhieher
one ‘taxon’s’ niche is identical to that of another ‘taxon’ and whether it predictsfthabther
‘taxon’ better than expected by chance alone. The niche identity test wla® ustermine if
the environmental niche models (ENMs) created by ENM analyses aralissirailar than if
they were sampled from the same underlying distribution. For this testdilesring the
occurrence of each cluster were imported and the number of replicates was set thid00. T
allowed for every possible pairwise comparison between the clusters. Subsetipgentl
background similarity test was used to determine if any of the clusterstprteBiNM'’s could
predict the occurrence of another cluster better than expected by chameefbr this test, a
file containing the occurrence data for one cluster (the focal ‘taxon’) &ildcantaining a mask
of the ENM of another cluster were used to randomly generate backgroundssantple
determine whether two species are more ecologically divergent than Wwéreyandomly
sampled from within their respective habitats (see Waatafis ENMTools User Manual, v1.0)

again with 100 replicates.
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RESULTS

Phylogenetic Analyses

A gene tree was constructed using mitochondrial sequence data from the CQvitlgene
Anochetus grandidieras outgroup to root the tree (Figure 5). Following construction of the

gene tree, a haplotype network was constructed (Figure 6)

The Nested Clade Analysis recovered evidence of range expansion onto the ésland N
Be (clade 2-2) and two instances of allopatric fragmentations (clade 4-1 iotineaNd clade 4-
2 in the South) (Figures 7 & 8). NCA recovered four step clades shown as grayrbiines
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Figure 7: Nested Clade Analysis showing possible allopatric fragn@niatthe northern tip of
Madagascar. The pink line denotes the split between Clade 3-3 in the north and 3-2 in the south.

Figure 8: Nested Clade Analysis showing possible allopatric fragrnmmniatthe southern tip of
Madagascar. The pink line denotes the split between Clade 2-1 in the west and 3-ash the e

Sequence data from the three anonymous loci averaged 404 base pairs and contained an
average of seven variable sites. GENELAND was used to infer the number of distiatit
clusters (K) withinA. madagascarensand assigned individuals to clusters based on posterior
probability of membership. GENELAND's correlated run recovered six ciudtegure 9a)
whereas the uncorrelated run recovered four clusters (Figure 9b). Bdtause¢lated model
seems to have algorithm instabilities and can have a tendency to depart froodéhe m
assumptions, | only considered the results from the uncorrelated run (6udlg009). The
geographic distribution of the individuals assigned to each of the genetic cluasers
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incorporated into the GENELAND analysis and a map depicting probabilityeeépce for each
cluster was generated. There appears to be no correlation between the dedostres and
watersheds located at high altitude or low altitude on mainland Madagascae (FoyuRather,

the clusters seem instead to be separated by major rivers. Of the fansahadntified from

the uncorrelated analyses, one (#1) is restricted to the Comoros Islandsnoffthiveest coast of
Madagascar (Fig. 10a), cluster #2 is found along the eastern portion of Madagascar, keuth of t
Antainambalana River but not south of the Mandrare River (Fig. 10b), cluster #3ictaedb

the northern tip of Madagascar, north of the Sofia River to the west and the Antaerzenbal

River on the east (Fig. 10c), cluster #4 is restricted to the western sidelafgaéaar, south of

the Sofia River in the north but not east of the Mandrare River (Fig. 1@dyalkes indicated a

high level of genetic differentiation among clusters under the uncorrelated. mode
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Figure 9: Estimated number of population clusters from GENELAND analyseded™esults
of posterior density distribution of the number of clusters estimated by GENELafdlysis in
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10 out of 10 replicates for correlated (a) and uncorrelated (b). Correlated an@latedmuns
recovered 6 and 4 clusters, respectively.

Figure 10: Map of GENELAND population assignments to clusters for the uncedrelat.

The four plots represent the probability of assignment of pixels to each clastduster 1)
Comoros Island cluster, (b, cluster 2) eastern portion of Madagascar, south of the
Antainambalana River but north of the Mandrare River, (c, cluster 3) northern tipdafgescar,
north of the Sofia River to the west and the Antainambalana River on the east andgd4¥lust
western side of Madagascar south of the Sofia River in the north but not east of the Mandrare
River. Individual assignment ranges from highest probability (liglhdwe to lowest probability
(dark red).

The results of the uncorrelated GENELAND runs were used to structure thgrdeio
analysis using IMa2. A simplified version of the same mtDNA tree was usetetondee the
relationships between the four proposed clusters (Figure 23). The results of thedolation
IM analysis can be found in table 4. The greatest amount of migration observiedrwakister
3 to cluster 2 at 19.99 M/ (migration per mutation) (Table 4, Figure 11). Low t&vels
migration were found from the ancestral populations of clusters 2, 3 and 4 (A and B ef Figur

23) to cluster 1 (1.595 and 4.737 M/u respectively). However, it appears that there is only a
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small amount of migration betien most of the clusters on the mainland of Madagasbich

suggests that there is a barrier to migration hectlusters are indeed isolated from one anc

2 2 a 1
N e e e
AN e S S
. S e S
. s e S
N d e yd
. S P S
. V4 P S
. P S e
N e e

A P S
. P S
. Ve S
. P S
. V4 e
N4 S
0~ S

5o Ve

. S
AN e
N S
N d
\l :/
~N.
c

Figure 23: Simplified version of ttmitochondrialgene tree of the Cytochrome oxidase | (C
gene forAnochetus madagascarensThe tips show the four proposed clusters and tlies
show three ancestral populatiorAnochetus grandidiefvas used as the outgroup to root
tree.

Table 4: Estimates of migration between genetic clustenmfigla2. Directionality of
migration is from the horizontal axis to the veatiaxis

1 2 3 4 A B
1 0 3.308 0.4275 0.075 1.595 4.737
2 0.0025 0 19.99 7.98 0 0
3 0.0125 | 0.0025 0 6.98 0 0
4 0.0025 | 0.0025 0.01 0 0.025 0
A 0.0025 0 0 0.01 0 0
B 0.0025 0 0 0 0 0
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Cluster 1 2egs Cluster 2
Mavotte Eastern coast
Island
7.98
(: 1
6.98

Figure 11: Isolation with migration analysis. The four circles aréoilveGENELAND
proposed clusters. The arrows correspond to migration per mutation (M/u) valuesdhom ea
cluster to the cluster where migration is occurring. The largest amoung@tiom is occurring
from cluster 3 (the northern cluster) to cluster 2 (the eastern clusi&)P&M/u. Cluster 4 (the
western cluster) has migration occurring to both cluster 2 and 3, at 7.98 and 6.98 M/u
respectively. Cluster 2 has a small amount of migration occurring to the Colslaras
(Mayotte Island) cluster (cluster 1) at 3.308 M/p.

Niche Modeling
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Environmental niche models (ENMs) for all four ¢krs have high AUC (area under
receivereperating characteristic curve) statistics, 0.99984, 0.995 and 0.868 respective
These numbers indicate the “fit” of tmodel to the testing data, or the suitability seol
Cluster 1's predicted distribution has a low stiitgtscore for any region on Madagascar w
the entirety of the predicted area limited to Magdsland of the Comoros Islands located off
northwestern coast of Madagascar (Figure 12a). Maysitiad is the closest island to Mainle
Madagascar (~452.28 km from Antisiranana on theheonttip of Madagascar). Cluster z
and 4 are predicted to have mainland Madagascaibdigons limited t(the eastern coastlin
fragmented patches of the northern tip of the slamd the west respectively (Figure 12b, c,

These ENMs correspond well to the areas predicgg@ENELAND analysis (Figure 1(

Figure 12: Ecological niche model predins for population clusters énochetus
madagascarensisMaps (ad) correspond to predicted geographic distributminguster 1
cluster 2, cluster 3 and cluster 4 respectivellge &reas shaded in red indicate suitable habi
the ten percentiledmning presence (0.480, 0.082, 0.300 and 0.41¢ctisply)
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Each cluster varied in which parameters were ecologically impor&ntontributed to
the ENM. Table 5 shows the relative contribution of each variable to the niche motiel for t

four identified clusters.

Two variables contributed the most to delimiting the predicted range for therGom
Island population (#1); annual temperature range contributed 86.8% while precipitatien of t
driest month contributed 9.9% to the model. Notably, the Kew vegetation layer was unavailable

for the Comoros Islands and was not included in the analysis for this cluster.

Three variables contributed significantly to delimiting the range of @ialand eastern
cluster (#2); precipitation of the driest month contributed the most with 53.8%, prsaipita
seasonality and the vegetation layer also contributed (18.7 and 18.2% respectivdlyedgafid
to the vegetation layer, it appears that the distribution of this species intieiegsart

delimited by the presence of humid forest (Figure 4).

For the cluster restricted to the northern tip of Madagascar (#3), annual temgeage
contributed and vegetation, again humid forest, contributed 32.8 and 30.4% to the model
respectively. Temperature seasonality (13.2%) and precipitation of tserdoath (11.9%)

also contributed to the delimitation of the range of this species in the north.

The western cluster (#4) was largely limited by mean temperdtthie wettest quarter
(46.7%) with vegetation layer (21.3%) and precipitation in the direst quarter (20.1%}lyNota
this cluster appears to occur in vegetation classified as “western dny,faresry different

biome from the humid forest supporting clusters 2 and 3.

When niche identity tests were run, all four clusters were found to be unique (i.e. no
cluster's ENM could be used to predict the occurrence of another cluster).bogihgnd D
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statistics (Table 6), the null hypothesis of niche equivalency can be rejectdpairwise

comparisons. When the eastern cluster's ENM was used to predict the occurtbacedhern

and western populations, the values for the null distribution ranged from 0.73-0.87 and 0.72-0.95

(north and west respectively) for the Warrdrsgatistic and 0.59-0.80 (N) and 0.54-0.92 (W) for

the SchoenerB statistic, whereas the niche overlap values were 0.3896 (N) and 0.3377 (W) for

| and 0.1111 (N) and 0.03321 (W) r(Figures 14 and 15). When the northern cluster's ENM

was used to predict the occurrence of the western population, the values for the rultidistri

ranged from 0.62-0.88 for the Warrenal's| statistic and 0.44-0.81 for the SchoenBr's

statistic, whereas the niche overlap values were 0.4487afat 0.1607 fob (Figure 16). Niche

identity tests could not be run on the Comoros Island cluster because the vegetatiaasanot

available for the Comoros Island.

Table 6: Niche Overlap values.

Warrenet al's |

Cluster
2

Cluster
3

Cluster
4

Cluster 2 Cluster 3 Cluster 4

0 0.389613 0.33767
0.389613 0 0.44867
0.337675 0.44867 0
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Schoener's D

Cluster
2

Cluster
3

Cluster
4

Cluster 2 Cluster 3 Cluster 4

0 0.111106 0.033207

0.111106 0 0.160716

0.033207| 0.160716 0
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Figure 14: Niche Identity Test of cluster 2 and cluster 3. Bars reypibsenull distribution

obtained using the identity test on ENMTools for the statistics Schoener's BD(80%nd

Warrenet al's | (0.73-0.87). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.1111) and Wareeal's | (0.3896).
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Figure 15: Niche Identity Test of cluster 2 and cluster 4. Bars reypibsenull distribution

obtained using the identity test on ENMTools for the statistics Schoener's BD(9F4nd

Warrenet al's | (0.72-0.95). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.0332) and Wareeal's | (0.3376).
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Figure 16: Niche Identity Test of cluster 3 and cluster 4. Bars reypibsenull distribution

obtained using the identity test on ENMTools for the statistics Schoener's BD(8144nd

Warrenet al's | (0.62-0.88). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.1607) and Wareeal's | (0.4487).

When niche background tests were run, all three mainland clusters were found to be
similar (i.e. the three clusters were not more different than expecte@bgechiven the
different areas in which they occur). Using bb#nd D statistics (Table 6), the null hypothesis
of niche similarity cannot be rejected for all pairwise comparisons. Whdratkground area
for the eastern cluster's ENM was used to predict the occurrence of the nonth@vastern
populations, the values for the null distribution ranged from 0.30-0.42 and 0.31-0.50 (north and
west respectively) for the Warren’statistic and 0.00-0.17 (N) and 0.02-0.24 (W) for the
Schoener'd statistic, whereas the niche overlap values were 0.3896 (N) and 0.3377 (W) for
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and 0.1111 (N) and 0.03321 (W) or(Figures 17, 18). When the background area for the
northern cluster’'s ENM was used to predict the occurrence of the eastern aart west
populations, the values for the null distribution ranged from 0.37-0.42 (E) and 0.41-0.56 (W) for
the Warren’d statistic and 0.07-0.18 (E) and 0.12-0.27 (W) for the Schoebestatistic,

whereas the niche overlap values were 0.3896 (E) and 0.4487 (Wjrfidi0.1111 (N) and

0.1607 (W) forD (Figures 19, 20). Finally, when the background area for the western cluster’s
ENM was used to predict the occurrence of the eastern and northern populations, thewalues f
the null distribution ranged from 0.32-0.36 (E) and 0.39-0.47 (N) for the Walrstasstic and
0.01-0.06 (E) and 0.08-0.19 (N) for the SchoenBr&atistic, whereas the niche overlap values

were 0.3377 (E) and 0.4487 (N) foand 0.0332 (E) and 0.1607 (N) Dr(Figures 21, 22).
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Figure 17: Niche Background Test of cluster 2 and cluster 3. Bars represent thstrillition
obtained using the background test on ENMTools for the statistics Schoener's D (0.Gv0.17)
Warrenet al's | (0.30-0.42). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.1111) and Wareeal's | (0.3896).
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Figure 18: Niche Background Test of cluster 2 and cluster 4. Bars represent thstmllition
obtained using the background test on ENMTools for the statistics Schoener's D (0.G0.24)
Warrenet al's | (0.31-0.50). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.0332) and Wareeal's | (0.3376).
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Background Test Cluster 3 vs Cluster 2 Mask
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Figure 19: Niche Background Test of cluster 3 and cluster 2. Bars represent thstrllition
obtained using the background test on ENMTools for the statistics Schoener's D.18)0and
Warrenet al's | (0.37-0.42). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.1111) and Wareeal's | (0.3896).
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Figure 20: Niche Background Test of cluster 3 and cluster 4. Bars represent thstmllition
obtained using the background test on ENMTools for the statistics Schoener's D (0.5h0.27)
Warrenet al's | (0.41-0.56). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.1607) and Wareeal's | (0.4487).
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Figure 21: Niche Background Test of cluster 4 and cluster 2. Bars represent thstmllition
obtained using the background test on ENMTools for the statistics Schoener's D (0.@h€.06)
Warrenet al's | (0.32-0.36). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.0332) and Wareeal's | (0.3376).
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Figure 22: Niche Background Test of cluster 4 and cluster 3. Bars represent thstmllition
obtained using the background test on ENMTools for the statistics Schoener's D (0.G8@.19)
Warrenet al's | (0..39-0.47). Arrows correspond to the measured niche overlap between species
using Schoener's D (0.1607) and Wareeal's | (0.4487).
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DISCUSSION

What factors are influencing population structureAimochetus madagascarer¥sis

Montane endemism has been found to contribute to diversification of species confined to
a narrow elevational range. Wollenbetgal. (2008) found that Cophyline frogs have conserved
niches in mountain massifs. Becads®chetus madagascarensgsot found above 1100
meters (Fisher-Griswold Arthropod Team and the Malagasy Ant Team), éclsamism is not
expected to contribute to population structure of this species. Furthermoreniiitzes a
high rate of migration between clusters 2 and 4 (7.980, Table 4, Figure 11) which are found on

either side of the Ankaratra Massif.

Watersheds have been proposed as causal factors for the diversification of several
vertebrate lineages found on Madagascar, including lemurs, geckos and chaiffrgaostn
and Raxworthy 2008). However, watersheds do not seem to be associated with population
structure across the distributionAfiochetus madagascarensisdone of the four clusters
recovered by GENELAND analyses (Figure 10a-d) can be attributed to amyatershed.
Rather, the geographic clusters recovered for this species by GEWNEBppear to be shaped
by rivers (Figure 13). For this reason | discount the influence of this meahani generating

divergence and driving speciation.
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— Mandrare

Figure 13: Map of localities for the three mairdasiusters. The eastern cluster (cluster 2, k
is distributed south of the Antainambalana Rivet aarth ofthe Mandrare River. The northe
cluster (cluster 3, orange) is distributed northhaf Sofia in the West and the Antainambl
River in the east. The western cluster (clustgrden) is distributed south of the Sofia Ri\
but not east of the MandeRiver

Cluster 2, found on the eastern side of Madagascaot found north of th
Antainambalana River and is not south of the MaredRiver (Figure 12b). Cluster 3, found
the northern tip of Madagascar, is north of the ‘aeno River on thwest and th
Antainambalana River on the east (Figure 12c).stélu4, found on the western side
Madagascar, is south of the Sofia River in thembrit not east of the Mandrare River on

eastern side of Madagascar (Figure 12d). Thagtsard, Ma2 results indicate that migrati
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has occurred from cluster 3 to cluster 2 (19.99 M/u) and from cluster 4 to cluster 3 (6.980 M/|)
(Table 4, Figure 11). Migration would not be possible between these clustersvetisenere
absolute barriers to gene flow. There have been several other studies of yaagaghat

have found that rivers do not form barriers to gene flow. Townseald(2009) found that the
watershed, riverine and Pliocene/Pleistocene refugia hypotheses did nibutemndr the
diversification of theBrookesiaLeaf Chameleons. See also Goodman and Ganzhorn (2004)
where they found that several lemur species have elevational rangesthidhath to exchange
alleles across rivers at the headwaters. Solaghah (2008) also found that the Amazon River
is not a barrier to gene flow for leafcutter aitd spp), and that in fact it could be marine
incursions in the Miocene or climate changes in the Pleistocene or both thwathed t
diversification of the leafcutter ants. However, populations.ghadagascarensgeem to be
structured around these rivers. In evolution of a species, conservatism of thecataololge is
expected during diversification (Welebal, 2002). This stems from active stabilizing selection
from ancestral or fixed traits limiting the potential variety of outcomemgw@volution of niches
(Lord et al.,1995). Very early ENM work exploring niche overlap in clusters separated by a
geographic barrier, such as a river, supports evolutionary diversificaticactdré&zed by niche
conservatism (Peterson 2001). When considering the niche models for each of the four
recovered clusters &. madagascarensithe three mainland clusters do not occupy identical
niches (we can reject the null hypothesis of niche equivalency). Howevenithes are

similar enough that if there was no barrier, such as a river, between themsteesatould exist
in the same areas (we are unable to reject the null hypothesis of nichdtgimildius we
conclude that there exists withimochetus madagascarentisbe distinct evolutionary clusters

that are separated by a physical barrier that have not yet diverged eabfodihese findings
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suggest a strong role in the fragmentation of populations by river coursesefirihhabiting
species in invertebrates and illustrates the utility of using these spe@rplore evolutionary

patterns and the process of speciation in Madagascar.
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