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Zusammenfassung IX

Habitatfragmentierung wird als eine der Hauptursacfiir die genetische Isolierung
von Populationen angesehen. Naturliche Fragmentiemon Habitaten kann durch
klimatische Schwankungen und deren KonsequenzeB. (Resertifikation), wie auch
durch Naturkatastrophen (z. B. Buschfeuer oder &thevemmungen) hervorgerufen
werden. In letzter Zeit wurde Habitatfragmentierudigrch anthropogene Prozesse
verstarkt. Das Wissen Uber Fragmentierung und Rt@ipukdifferenzierung als auch die
Verbreitung der Tierarten ist fur den sudarabiscRamm sehr begrenzt. Die beiden
ausgewabhlten faunistischen Elemente w&teissita simonyiLepidoptera: Zygaenidae)
undHyla savignyi(Amphibia: Hylidae). Diese wurden aufgrund spderebkologischer
Charakteristika ausgewahlt, die sie vermutlich Bigféfir Habitatfragmentierung
machen. Darlber hinaus zeigen beide Arten ein sotiexdliches Dispersionsvermdgen,
welches ein essentieller Faktor fur die Aufrechaditing von Genflul3 auch Utber langere
Distanzen ist. Wahren&eissita simonyein tagaktives, flugfahiges Widderchen ist,
welches vermutlich weitere Distanzen zurlcklegennkals H. savignyj wird bei
Letzterem angenommen, dass es ahnlich anderer Amepheine hohe Standorttreue

zeigt und im Allgemeinen nur wenige Kilometer mégti

Die Ergebnisse zeigen, dass beide Arten Heteromdgiizite und hohe
Inzuchtkoeffizienten aufweisen. Aul3erdem indiziedda hohen gefundensiWerte
zwischen Populationspaaren einen eingeschranktemfluBe zwischen den
Habitatfragmenten beH. savignyi Dartber hinaus kann in beiden Arten eine
signifikante Korrelation zwischen genetischer Diffezierung und geographischer
Distanz (,isolation by distance”) gefunden werdEerner konnte in beiden Arten eine
signifikante Korrelation von genetischer Differezizing und Vertikaldistanzen
ermittelt werden. Dies und die starke Strukturigrder Populationen (hoheg-FWerte)
bestatigten die zuvor geaullerte Annahme, ddsssavignyi Uber eine geringe
Dispersionsfahigkeit verfigt und die untersuchtempwationen bereits stark
voneinander differenziert sind. Jedoch zeigte sidH. savignyiauch, dass nicht nur die
oben genannten Effekte die genetische Strukturnbaessten, sondern auch das
Auftreten von Genflul3 Uber groR3ere geographisctetabDzen die Populationsstruktur
dieser Art nachhaltig beeinflusst hat. Dartber hgaffenbarte die Populationsstruktur
von H. savignyi eine klare Untergliederung in drei Gruppen, dieeeiNord-

Siudausrichtung aufweisen. Innerhalb dieser Gruppenn keine zunehmende
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genetische Differenzierung mit zunehmender geogsapbr Distanz festgestellt

werden, was auf eine starkere Vernetzung innerdialier Gruppen hinweist.

In R. simonyikann die Unterteilung in zwei Subspezies genetimdiatigt werden. Die
genetische Analyse zeigt eine deutliche Untertgilim zwei Gruppen, die sich mit
beiden Subspezies deckt. Dartber hinaus wird diém® Zweiteilung durch einen
hoheren genetischen Differenzierungsgrad untetstimzerhalb der Subspezies zeigen
sich durchschnittlich geringere genetische Differerungen, was auf eine hohere
Verwandtschaft innerhalb der Subspezies hinwenstgdsamt zeigR. simonyieinen
deutlich geringeren Grad an genetischer Differennig alsH. savignyi Dies lasst den
Schluss zu, dass die Populationen ®orsimonyigenetisch starker vernetzt sind, wenn
auch hohe Inzuchtkoeffizienten und Heterozygotietefgefunden wurden, welche auf
Nullallele zurltckgefuhrt werden. Ein Grund fir diesgeringe genetische
Differenzierung ist sicherlich die Flugfahigkeit rvéR. simonyi die dazu fihrt, dass
gréRere geographische Distanzen zurlickgelegt wekdlemen. Dartber hinaus scheint
die Futterpflanze in ausreichender Haufigkeit v&omamen, so dass eine starke
Isolierung vonR. simonyiPopulationen vermieden wird. Nicht zuletzt legea Daten
nahe, dass Individuen vdR. simonyileicht von einem Berg zum né&chsten gelangen
kénnen (,top-hopping“), so dass eine starke gedetisDifferenzierung vermieden

wird.
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Habitat fragmentation is assumed to be one of thmfactors for genetic separation of
populations. Natural fragmentation of habitats rhaycaused by climatic changes and
their consequenceg.(g. desertification), as well as by natural disastées bush fires
or inundations. Recently, habitat fragmentatiorreased due to human impact. Only
little is known about habitat fragmentation and gagon differentiation as well as
distributional ranges of faunal elements in South®&rabia. Therefore, detailed studies
for this geographical area were still lacking. T faunal elements chosen for this
study wereReissita simony(Lepidoptera: Zygaenidae) amtyla savignyi(Amphibia:
Hylidae). These species have special ecologicalifes, which make them presumable
sensitive to habitat fragmentation. Moreover, bsfiecies have different dispersion
abilities, which is a crucial factor to maintainngeflow also over higher distances
between populationdReissita simonyis a flying diurnal moth, which is assumed to
migrate longer distances th&tyla savignyi Amphibians often demonstrate high pond
fidelity and generally migrate only a few kilometenlthough long-distance migration

was found in a closely related specidsarborea

Results indicate for both species heterozygositficidacies and high inbreeding
coefficients. Furthermore, highsfvalues between population pairs lh savignyi

indicate restricted gene flow between patches. b\@e in both species a significant
correlation of genetic differentiation and geogiiaphdistance (isolation by distance) is
found. Besides, in both species a significant datien between altitude and genetic

differentiation is present.

Thus, inHyla savignyipopulation structure is strongly formed by geogiegl distance
and high genetic differentiation in generals{f which is consistent with the
assumption of low dispersion ability. However,stalso demonstrated that not only the
aforementioned effects shaped the genetic structure savignyipopulations, but also
by long distance gene flow can be detected. Thailptipn structure oH. savignyi
show a clear substructure into three major growgsch display a North to South
extension. Within these groups, no isolation byatise effects can be observed. This

indicates a higher connectivity within than amomngugps.

In R. simonyji the division in two subspecies can be confirméith wenetic data. The
genetic analysis reveals a significant separatfdwo groups, which are identical with



Summary XIl

the subspecies. This clear pattern is supportedh lyreater genetic differentiation
between groups in comparison to within-group déferation. Thus, within subspecies,
the genetic differentiation is lower, which indieata higher connectivity within
subspecies. In total, the degree of genetic diffiéon is much lower irR. simonyi
than inH. savignyi Hence, it is concluded that populationsRaf simonyiare more
genetically tied than populations bf. savignyj besides high inbreeding coefficients
and heterozygosity deficiencies, which are assutoele based on null alleles. One
explanation for this low genetic differentiation sarely the higher dispersion ability
caused by the ability to fly and therefore, the eptil to migrate over larger
geographical distances. A second possible exptanas that the larval food plants
occur with a sufficient frequency and thereforetrargy isolation of populations d?.
simonyi is avoided. Finally, the data support the well \knophenomenon “top-
hopping” in Lepidoptera, which is the ability to gnate from one hill to another very
easily. A combination of all three possibilitiestie most likely explanation for the low

genetic differentiation found iR. simonyi



General Introduction

1.1. Preamble

Population genetics aims to understand the population dynamics within and among
closely related species with all its aspects (HARTL, 1999), like e. g. gene flow, genetic
differentiation, isolation of population, and extinction-recolonization events. Moreover,
it deals with the variety of causes for genetic differentiation like habitat fragmentation
and destruction, genetic drift, effective population size changes, or sex-biased dispersal

to name just a few.

The field of population genetics rapidly progressed through the last two decades. This is
partly due to the improvements in molecular biology. The development of the
polymerase chain reaction (PCR; SAIKI et al., 1988) and the following discovery of
highly polymorphic genetic markers like AFLPs (VoS et al., 1995; MULLER &
WOLFENBARGER, 1998; BLEARS et al., 1998) and microsatellites (SCHLOTTERER &
TAUTZ, 1992) enabled scientists to study genetic polymorphisms below the species
level. Simultaneously, progresses in the theoretical background (WEIR & COCKERHAM,
1984; WEIR, 1990; SLATKIN, 1995; ROUSSET, 1997; DYER & NASON, 2004) and the
development of freely available software packages (RAYMOND & ROUSSET, 1995;
PRITCHARD et al., 2000; DYER & NASON, 2004; PIRY et al., 2004; EXCOFFIER et al.,

2005; to name just a few) allow addressing a variety of questions.

Besides these technical improvements, another aspect moved population genetics into
the focus of scientific research. The increasing awareness for anthropologenic changes
of the environment in public and politics supported this flowering field of research and
vice versa (AVISE, 1989; BROOKS et al., 1992). Therefore, population genetics plays a
major role to examine the consequences of anthropological influences on natural
systems. Knowledge of population genetic data provides the basis for wildlife
management and conservation genetic projects. A series of comparable studies may lead
to an increasing knowledge about general patterns of population dynamics and draw the

attention to dissimilarities in different systems.
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Therefore, a population genetic approach to anaiyoedissimilar faunal elements in
Southern Arabia is of particular interest to acgumopulation genetic data from a
remote area, where hardly any published data cafolel. Additionally, the project
represents a logical consequence of the researcAradf Naumann, who worked
intensively on the morphology, ecology and distiifyu of R. simonyi Similar, H.
savignyihas been studied in detail by researchers. Howgeaetic population genetic
data for both species have been lacking so far. Sedection of a moth and a frog
concurrently allows the examination of the consegaes of habitat fragmentation on

two different systems.

1.2 Study area

The Arabian Peninsula has an interesting geolodicstbry which started some 60
million years ago with the seperation of the Arabiandmass from the African plate
along the line of the Red Sea and the Gulf of Adgtectonic drift effects (HlOMPSON
2000). By the same time, the Arabian plate begandee north-eastwards and collided
with the Eurasian plate about 15 million years agbe collision resulted in the
formation of the Zagros Mountain in Iran and otheuntain systems in Eurasia. First,
the Red Sea started as a chain of lakes in theedepprts of the valley. By that time
several connections were left between the AfricéatePand the Arabian Peninsula
along the escarpment. The rifting process continaed a connection to the
Mediterranean Sea developed. At the same timeAthean and Arabian plates were
still connected through a land bridge near Djibddg million years ago). 5 million
years ago, a second phase of drift began and titvaus of Suez rose, cutting the Red
Sea off from the Mediterranean. By this time, thelfGf Aden and the Straits of
Mandab began to sink. These processes allowed édeSea and the Indian Ocean to
form a continuous waterway. Simultaneously, thei@Es va rise in sea level of the
escarpment and of adjacent land masses, which gailseenountains of Yemen and the
Asir Mountains up to their present heights. In &ddito this, high rainfalls between 3
and 1 million years ago shaped the Arabian landforran enduring way. Great and
powerful rivers created the land east of the Real leuntains. Today, the deep river
beds between the mountains give evidence of themesses. One of the greatest wadis
(river beds) created in that time is the Wadi Hawat in Southern Yemen
(THomPSON 2000).
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These geographical circumstances imply that a gicéd colonization of Arabia was
complicated by these drift processes. Arabian piuls became separated from the
African continent and within the Arabian Peninsu@m the other hand, a colonization
of certain parts of Asia was possible from thatnpain. As a consequence, this led to
genetic drift effects, population (and genetic)lason, speciation processes and
differences in the genetic variation of many floaad faunal elements.

Therefore, a highly specialized fauna and florp@guliar interest to the biogeographer
and to evolutionary biologists inhabits nowadaysutSern Arabia. The fauna of
southern Arabia consists mainly of Afrotropicalrelnts and a few Palaearctic faunal

elements.

1.3 Faunal elements and their ecology
1.3.1 Reissita simonyREBEL, 1899)

The portion of endemisms is relatively high in Smuh Arabia €. g. 10 % of the
butterfly fauna; IaRSEN, 1984), probably due the special geological hystof the
Arabian Peninsula. Distribution and population g@ats of these endemic forms are still
scarcely studied. One of these endemics was chiosethis study:Reissita simonyi
(Lepidoptera: Zygaenidae;EREL, 1899) has interesting features, which made it of
suitable for a population genetic analysis. Fitsghows two distinct and disjunctive
subspecies with special morphological featuRsissita simonyi simonys distributed
along the southern coast (Oman, eastern goversastéemen; large, dark blue sheen,
both sexes monomorphic) anBeissita simonyiyemenicola along the western
escarpment from the Hejjaz to Taiz (this subspedesonsiderably smaller, the
forewing with greenish blue sheen, males are dimordemales monomorphic). The
distributional gap between these two subspecies agasimed to be about 700 km

(NAUMANN & EDELMANN, 1984).

R. simonyiis an ecologically highly specialized moth. Liki @ther zygaenid species
studied so far, it is able to biosynthesize cyanogtides in its body tissue ARES &
NAHRSTEDT, 1979, 1982, 1985; ISHuUIS, 2005). During an enzymatic process,
cyanoglucosides are transformed to toxic hydrogganides (ONES et al, 1962;

WITTHOHN & NAUMANN, 1984). These toxic cyanides possibly are reptsllagainst
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predators (MUMANN et al, 1999), whereas all zygaenid species themselves a
resistant against cyanides. Interestingly, the aghrtosides discovered in zygaenids (
e. linamarin & lotaustralin) can also be found intaa plant families, and it has been
proven that the cyanoglucosides can partly be marved (MHRSTEDT, 1988). The
plant family Celastraceae, to which the unique dafood plants Maytenu$ of R.
simonyibelong, is one of these. TherefoRe,simonyiand its larval host-plants present
an assumable co-evolutive system and thus aredinkeheir evolutionary history. A
further effect of this close relation is the depemze ofR. simonyiof its larval food
plant and particularly of its distribution. Therefp R. simonyimay be especially
sensitive to habitat fragmentation and destruction.

A precise picture of this co-evolutive system whilé given elsewhere, because a
population genetic study dflaytenus senegalensigas simultaneously carried out by a

team in Berlin/ Regensburg @ TER& OBERPRIELER pers. communication).

1.3.2 Hyla savigny§AUDOUIN, 1827)

Recently, population genetic studies of amphibigecges have shown increasing
evidence that this group is highly vulnerable twite fragmentation and destruction
(Rowe et al, 1998; NEwMAN & SQUIRE, 2001; ANDERSON et al, 2004). One major
reason for this sensitivity is the relative low miby in comparison to other species. For
example, forHyla arborea- the sister taxon oH. savignyi- migration of single
individuals rarely exceeds 4 kmT8vPEL & HAHNEKAMP, 1986; ©G, 1993). On the
other hand, mark-recapture methods revealed thdividuals of H. arborea are
exceptionally able to migrate about 12.6 km pem {&UMPEL & HANEKAMP, 1986).
Furthermore, amphibians often display high pondlfig (ANDERSONet al, 2004). This
can become a critical issue, when ponds are ofisturded or even completely
destroyed, because this will reduce small populasiaes or even cause the extinction
of populations and will decrease connectivity betweopulations. Like many other
amphibiansH. savignyiadditionally is stenoecious regarding water qyadimd other
characteristics of water ponds. Thu, savignyiis mostly found in shallow water

places with clear water and some vegetation around.
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All of the mentioned factors are assumed to applii.t savignyiin Southern Arabia.
Besides, the situation in Yemen is even more carafdd, since populations might not
only be isolated by linear geographical distandas, also by altitude differences,
because of the mountainous character of the highlan N-Yemen. Additionally,
Southern Yemen represents a desert area and tiegrefater ponds are surrounded by
habitat conditions, which clearly limit migratiofi . savignyi

1.4 Structure and aims of the present thesis

This thesis seeks to investigate population gemetiameters of two faunal elements in
Southern Arabia in order to clarify the currentuation of these species and to test
hypotheses outlined in detail below. To achieve fual, it was of particular interest to

clarify the actual distribution ranges of thesecsp® and it was necessary to carefully

sample along these distribution ranges. A set ofesatellites has to be developed.

The present thesis is divided into eight chapt@enerally, each chapter is subdivided
in Abstract, Introduction, Material and Methods sBks, Discussion, and patrtially into
additional subchapters. Sometimes result and dsmuschapters were unified when
this appeared useful. The order of the chapterplajis a chronological series of
analyses and later chapters generally refer toeearhes in one way or the other. In

summary, these eight chapters deal with the fohgwssues:

Chapter 2 and 3 present the actual distributiogearand study area of both species and
of an additional third onel.asiommata felix(Lepidoptera: Nymphalidae: Satyrinae;
WARNECKE, 1929). ForL. felix, samples were taken, but a population geneticyaisal
was cancelled due to time constraints. Howevesuéissamples for further genetic
analyses are available in the tissue collectiorthef ZFMK. The aim of these two
chapters was to provide detailed and actual digioh maps of the studied species.
This is of particular interest for population geoetnalyses, which often seek to study
gene flow, isolation by distance, and differentiatof populations. Therefore, we aimed
to collect complementary information on the digitibn ofH. savignyiandR. simonyi
Besides, we intended to collect as many samplegoasible along the distribution

ranges for the subsequent population genetic agmlys
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Chapter 4 discusses potential cross-utility of arosatellite set developed fdt.
arboreg which is tested for otheHyla species in this species complex. Mainly,
potential advantages and pitfalls are discussed.m&in issues here are to test, whether
cross-amplified loci show size homoplasy, ascemaim bias, and hidden

polymorphism; these are problems, which are ramlghed in the literature so far.

Chapter 5 presents the development of a microdgatet forR. simonyi In addition,

potential cross-amplification fatygaenaspecies is discussed.

In chapters 6 and 7, the population genetic analf@eR. simonyiandH. savignyiare
presented. Both chapters are dealing with similagstjons with a focus on habitat
fragmentation and its consequences, like connégtisgolation by distance, inbreeding

effects, and differentiation of populations.

Chapter 8 can be seen as a general discussior ofghlts of chapter 2-6. A focal point
is the discussion of the results of the two popaagenetic analyses &. simonyiand
H. savignyi Finally, controversial issues are discussed amduwlook is given for
supplementary studies.
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Distribution of the Yellow-lemon Tree Frog,Hyla savignyi
(AUDOUIN, 1827) in southern Arabia: updates and extensions

of previous records

2.1 Abstract

The distribution of the yellow-lemon tree frétyla savignyiin south-western Arabia is
presented. This isolated distribution area is kahito the western escarpment along the
Red Sea. All sites were found between 1.400 and@®02.8.. The northernmost
occurrence ofHyla savignyiwas near to Wadi Amaq in Saudi Arabia (21°21°N,
40°17°E); the southernmost near to Mawah (14°13K684°23.614°E) in Yemen.

Key words. Arabian Peninsula, Yemen, Saudi Arabia, biogedgrapistribution
pattern, vertical distribution.

2.2 Introduction

Hyla savignyihas first been described byBouiN from Syria in 1827 (DELLMAN,
1977). BOULENGER (1882) assigned this speciesHgla arboreaasHyla arboreavar.
savignyj and NEDEN (1924) subsequently gave it subspecies rankHiyéa arborea
savignyi NowadaysHyla savignyiis again generally accepted as a distinct sp€Eigs

1, SCHNEIDER & NEVO, 1972; $HNEIDER, 1974; BRzOSKA & SCHNEIDER, 1982;
SCHNEIDER et al., 1984; RosT, 1985). In addition to morphological charactetiyla
savignyi differs from otherHyla species by its distinct mating calls which are in—
betweenH. meridionalisandH. arboreain all parameters (SINEIDER& NEVO, 1972;
BALLETTO et al, 1985). The distribution dfi. savignyiextends from Turkey in the west
to Georgia, Armenia, Azerbaijan und Iran in thetemsd southeast, and to Israel,
Palestine and Jordan in the south. In Turkey, biytla savignyiandH. arboreaoccur:

H. arboreais confined to the west, andl savignyito the southeast and the east. Both
species meet at the Mediterranean coast near Angeae. g. KAYA & SIMMONS,
1999; SHNEIDER, 2000, 2001).
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Fig. 1. Yellowlemon Tree FrogHyla savignyi,from a water place near the German

Embassy in Sana’a, Yemen. PhotoKCQJTSCH.

A first record from southern Arabia was given lRRER (1938) who collected some
specimens from Abha in the Asir Mountains of SaAdabia. A few years later,
PARKER (1941) found the species also near Sana’a in Yemen

This isolated occurrence of the species in southegbia was subsequently confirmed
by others, including &MIDT (1953);BALLETTO et al (1985); $HATTI & GASPERETTI
(1994); and SHUTTE (1986). Based on these literature records and oew
observations which were made during several figjgstto Yemen (June/July 2001,
September/October 2001, March/April 2002, and Jlutg/2002), the vertical and
horizontal distribution of the species will be deised here.

2.3 Results and discussion

The distribution oH. savignyiin southern Arabia is limited to the western egoant
along the Red Sea. The northernmost locality is M&atkaq in Saudi Arabia (21°21,
40°17E) in Saudi Arabia; the southernmost locality isdted near Mawah (14°18,
44°23E) in Yemen. The occurrence is limited to hightattes and extends from
approx. 1400 to 2800 m above the sea level. Mdss sire found between 2200 and
2400 (Fig. 2).
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Fig. 2. Vertical distribution oHyla savignyiin Southern Arabia.

The highest locality is in Ad Dogma, Al Haima (12°Wl, 43°58E; 2845 m) in Yemen,
the lowest is Wadi Thareira in Saudi Arabia withaltitude of 1440 m. In Yemen, all
localities are found above 2150 m, whereas in SAuabia three localities are found
between 1400 and 1600 m. Suitable habitats aredfouryemen also below 1500 m,
but H. savignyiis not present there. Especially in the easterhgfa¥emen (along the
Indian Ocean) water places with dense vegetatiah cear water are found, bt
savignyicould not be found. The absenceHf savignyiin the south of Yemen and
Oman may be explained by two reasons: Either spaeweer arrived in this area or
habitat conditions inhibit a permanent colonizatibue to the presence of permanent
water places but absent yelldamon tree frogs we speculate that extant climate
condition inhabit the establishment of permanentraducing populations oH.
savignyi in the lowlands of Southern Yemen and Oman. In mteioous areas
temperatures are lower on average than in coastas and lowlands. Furthermore, rain
falls are higher in mountainous areas, since maumia barriers serve as “rain
catchers”. Probably due to these faktssavignyiis only found in mountainous areas in
Southern Arabia (Fig. 3).
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Fig. 3. Distribution ofHyla savignyi(AubouiN, 1927) in Southern Arabia. Locality
numbers correspond to numbers in appendix, Listeabrds; some localities are

summarized under one number.

Usually, H. savignyiprefers perennial, deep water placea(BTTO et al, 1985).
Breeding seasons extends from mid—December to endraldy in Palestine ¢BINEIDER

& NEvo, 1972), but from mid—February to late March in YemHUTTE, 1986). In
June 2001, we observed a populatiotdokavignyiin a water pool near Dhamar which
exhibited breeding activities, including copulati@md spawning.

We foundH. savignyionly in small pools or tanks near pumping roomsgnicultural
areas. These pools are surrounded by dense vegeiatid are never deeper than 1-1.5
m; some are even shallower. These small water badien dry out naturally, but water
Is also extensively used for irrigation during tleproduction season, thus imposing a
significant threat to populations ¢SUTTE, 1986). Moreover, chemicals used in
household and industry as well as insecticides)usakides, and pesticides cause the
destruction of suitable water habitats with natuwrafetation (see alsoCBATTI &
GASPERETT} 1994).

The population oH. savignyiin southwest Arabia is likely to be a relict pogion.
During the last glacial series, a branch of tremg$mHyla has probably extended its
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distribution range from Europe into the Middle East Asia, and splitted up inttyla
arboreaandH. savignyi H. arboreais mainly found in Central Europe. About 5000—
6000 years ago, when a period of aridization begahe Middle East and the climate
became hotter and drier HOMPSON 2000), populations were separated and evolved
independently like populations in southern Arallias nowadays isolated and has no
connection to other distribution areas such akembrth of the Arabian Peninsula.
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Appendix 2.1: List of records

Abbreviations: ZFMK = Alexander Koenig Research Institute and Blus of
Zoology; CAS = California Academy of Science; BM(INH British Museum (Natural
History); 1ZUG = Instituto di Zoologia Unicersitai dsenova; MZUF = Museo
Zoologico de “La Specola” Universita di Firenze; MB = Muséum d’Histoire

naturelle of Geneva.

Saudi Arabia

1 Taif, 21°16°'N 40°25°E, 1500 m, 1989¢ctATTI & GASPERETTI (1994), MHNG;2
Wadi Hubaykah, 21°10°N 40°20°E, early 1980yLB=71TO et al. (1985), BMNH; 3
Wadi Thareira, 21°09°N 40°44°E, 1440 m, 27.V.19BA,LETTO et al. (1985), IZUG;4
Wadi Wajj, 21°08'N 40°14°E, 2000 m, I1.1980ARETTO et al. (1985), 1IZUG;5 11
specimens, Jebbel Dakka, 21°07'N 40°14°E, 2000 2riyI2962, BALLETTO et al.
(1985), BMNH;6 Wadi Shumrug, 20°29°'N 41°20°E, 1500 m, 27.V.197&,LBTTO et
al. (1985), 1ZUG;7 Wadi Amaq, 21°21'N 40°17°E, 2000 m, 23.VIII.19741BeTTO
et al. (1985), CAS8 Barahara, 20°21°N 41°15°E, 1900 m, 11.1X.1978, B TTO et al.
(1985), CAS;9 near Bani Sar, 20°06°'N 41°26°E, 1./2.VIIl.1984ALBETTO et al.
(1985), BMNH; 10 2 specimens, Bani Sar, 20°05'N 41°26'E, 2130 mYy.2879,
10.VII1.1980, 14.VI1.1980, BLLETTO et al. (1985), 1ZUG; 11 Al Bahah, 20°01'N
41°27°E, 2300 m, 1989,CBATTI & GASPERETTI (1994), MHNG; 12 Wadi Mahra,
19°38°'N 41°54°E, 1910 m, 21.1V.1977, 29.VI.1977,1X51977, 1X.1978, BLLETTO et
al. (1985), H. WACHTEL, CAS, BMNH; 13 Wadi Ahger, near Wadi Mahra, 20.111.1980,
BALLETTO et al. (1985), BMNH, [not shown in mapJt4 5 specimens, Al Alayyah,
19°37°'N 41°57°E, 2000 m, 1.IV.1980ABETTO et al. (1985), 1ZUG;15 Al Khadra,
19°19°N 42°05°E, 2800 m, 17.VI.1983ARETTO et al. (1985), 1ZUG;16 An Nimas,
19°07°'N 42°08'E, 2000 m, 22.IV.1977ABETTO et al. (1985), BMNH (?);17 14
specimens, Bani Mashoor, 19°00'N 42°09°E, 2300 rv).B979, BALLETTO et al.
(1985), 1ZUG;18 Dahna Shalal, 18°55"'N 42°12°E, 2300 m, 5.IV.1984LLBTTO et al.
(1985), BMNH; 19 Wadi Mahalla, 18°19'N 42°35°E, 1900 m, 17.IV.198N\ LETTO
et al. (1985), BMNH; 20 Hijla, 18°18"N 43°28°E, 1900 m, 6.VII.1977, 17.\919,
25.X.1978, BLLETTO et al. (1985), BMNH & 1ZUG; 21 3 specimens, Al Mukadda,
18°14°'N 42°25°E, 2500 m, 1.XI.1981AB.ETTO et al. (1985), BMNH;22 “Waterfall
Wadi”,18°14°N 42°2°E, 2500 m, 22.1V.1977ABETTO et al. (1985), BMNH;233 7,
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2 9, Abha, Asir, 18°13'N 42°30°E, 2120 m, 12.VI.1932.IV.1976, RRKER (1938);
BALLETTO et al. (1985), BMNH; 24 Abha, Wadi Abha, 18°13'N 42°30°E,
12.VII1.1977, BALLETTO et al. (1985), BMNH;25 Wadi Jeman, 18°02'N 42°45°E, 2200
m, 4.1V.1984, BLLETTO et al. (1985), BMNH.

Yemen

26 19 toe-tips, N Amran, 15°43'N 43°58°E, 2232 m, 102002, KLUTSCH, Tissue
collection, ZFMK;26 near Amran, 15°38°N 43°50°E, 2300 m, 18.X1.1984| B TTO

et al. (1985),MZUF; 27 6 toe-tips, Thula, 15°35'N 43°53'E, 17.IV.2002A9NER,
Tissue collection, ZFMK;28 28 toe-tips, Habiba, 15°33'N 43°52'E, 2.VI1.2001,
KLUTSCH, Tissue collection, ZFMK29aca. 200 individuals observe8l km W Shibam,
artificial waterhole, 15°30°N 43°53'E, 2500 m, 221985, SHUTTE (1986);29b 5 toe-
tips, Shibam, 15°30'N 43°53’E, 2500 m, 29.VI.20MMASHER, Tissue collection,
ZFMK; 29c 28 toe-tips, West Kawkaban, Wadi Annaim, 15°30"R58E, ca. 2200 m,
9.VII.2002, KLUTSCH, Tissue collection, ZFMK30 30 toe-tips, Lulah, 25 km N Sana’a,
15°30°N 43°56°E, ca. 2200 m, 9.VII.2002LU¢scH, Tissue collection, ZFMK31
Sana’a, 15°21°N 44°12°E, 2400 m, 195a:@IDT (1953);31a36 toe-tips, Sana’a, near
German embassy, 15°18°N 44°12°E, 2295 m, 30.VI.20Q1X.2001, 17./18.VI1.2002,
KLUTSCH, Tissue collection, ZFMK31b 2 specimens, Sana’a, 15°18°N 44°12°E, ca.
2300 m, VIII.1980, 8HUTTE (1986), ZFMK; 32 Migyal al Asad, 15°17'N 44°21'E,
2500 m, 18.11.1938, ARKER, 1941, BMNH [not shown on mapB3 Migyal al Alaf,
15°14’'N 44°13°E, 2300 m, 24.11.1938, BMNHARKER, 1941, [not shown on map];
34a 34 toe-tips, Ad Dogma, Al Haima, 15°12'N 43°58'E8432 m, 21.VI.2002,
KLUTSCH, Tissue collection, ZFMK34b13 km S Sana’a, 2250 m, 24.11.1938RRER,
Scott expedition, [not shown on mapB4c 14 km SE Sana’a, 2250 m, 18.11.1938,
PARKER, Scott expedition, [not shown on maB§d ca. 300 individuals observed, 31
km SW Sana’a, Street Sana’a—Hodeida, 2700 m, 1288, SHUTTE, 1986, [not
shown on map]34e 8 km W Ma’abar, 14°48'N 44°12°E, 2400 m, no exgate,
ScHMIDT, 1953, [not shown on mapB5 30 toe-tips, Ma'abar, 20 km N Dhamar,
14°48°N 44°17°E, 7.VII.2002, KUTSCH, Tissue collection, ZFMK36 30 toe-tips, 20
km N Dhamar, Rhusabr, 14°33'N 44°21°E, 7.VI.20020%6cH, Tissue collection,
ZFMK; 37 25 toe-tips, Dhamar, 14°32°'N 4°21°E, 2812 m, 1281, KLUTSCH,
Tissue collection, ZFMK37 4 toe-tips, Dhamar, next to checkpoint, 14°32"N244E,
7.V1.2002, KLUTSCH, Tissue collection, ZFMK38a 26 toe-tips, between Dhamar and
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Yarim, small waterhole, 14°26'N 44°24°E, 2813 m,V12001, KLUTscH, Tissue
collection, ZFMK; 38b 1 specimen, 130 S Sana’a, VIII.198RDELEN, ZFMK [not
shown on map];39 30 toe-tips, Dhihisub, 14°26'N 44°25°E, 2533 m, 172002,
KLUTSCH, Tissue collection, ZFMK40 25 toe-tips, Yarim, 14°16°N 44°15°E, 2197 m,
18.VI1.2001, KUTscH, Tissue collection, ZFMK#41la 30 toe-tips, S Yarim, Mawah,
14°13'N 44°23'E, 2613 m, 6.VI.2002LKrscH, Tissue collection, ZFMK41b Rada,
155 km SE Sana’a; could be also Raidah N of SataZ®00 m, 1980, Zoologische
Staatssammlung Munichc8UTTE (1986).
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Extended distribution patterns of the Arabian burnet moth
Reissita ssmonyi (Lepidoptera: Zygaenidae; REBEL, 1899) and
the Arabian wall brown Lasiommata felix (Lepidoptera:
Nymphalidae: Satyrinae; WARNECKE, 1929) in Southern
Arabia

3.1 Abstract

The extended distribution patterns of two faunahednts of Yemerl,asiommata felix
(WARNECKE, 1929) andReissita simony(ReBEL, 1899) are presented. Both species are
endemic to the Arabian Peninsula and informatiooualdistribution patterns has been
rather fragmentary so far. The chapter summarizesésults of several field trips to
Southern Arabia in 2001/ 2002 and reviews additignzblished evidence on the
distribution patterns. Numerous new localitieslfoth studied species from Yemen are
offered. CurrentlyReissita simonyis known from Al Hada, vic. Ta'if, Asir in Saudi
Arabia to Province Dhofar, Jabal Samhan, N of Juif@Dman.Lasiommata felixis
distributed from Ta’if, Saudi Arabia to the Jaffatea, E of Taiz/ Yemen in Southern
Arabia. L. felix seems to be limited to the western escarpmentgalba Red Sea,
whereasR. simonyshows a division into two subspeci&s:simonyi yemenicalavhich
also occurs along the mountainous areas along #ie Sea andR. simonyi simonyi
which is distributed along the Indian Ocean. Furticre, a brief description of
morphological characteristics and phylogeneticti@ahips of these species is given in

this context.

Keywords. Reissita simonyi Lasiommata felix distribution pattern, endemism,

Southern Arabia, Yemen.



3 Distribution of R. simonyi and L. felix 32

3.2 Introduction
3.2.1 General Introduction

The Arabian Peninsula is of particular interest éwmolutionary biologists, since it
represent a biogeographical link between Africaroga and Asia. As a consequence,
the flora and fauna of the Arabian Peninsula contaiany taxa, which have
evolutionary connections to ancestors from allt@se areas. Especially the butterfly
fauna of Southern Arabia raised great interest ansarentists (RBEL, 1907; GBRIEL,
1954; LaRSEN, 1977, 1979, 1980, 1982, 1983, 1984, 19871AVAY, 1979, 1981;
WILTSHIRE, 1980, 1982, 1983, 1986, 1990A¢KER, 1999; HACKER, et al, 2001). This
enormous interest was also raised by the relativefjh degree of endemism in
Lepidoptera in this region.ARSEN (1984) pointed out that about 10 % of the butyerfl
fauna in this area is endemic to Arabia. Moreotieremphasized that about 20 species
show distinct Arabian subspecies. Our work conegett on two different species,
which differ in habitat requirements, distributipatterns and evolutionary origin. The
species examined in this paper dReissita simonyi REBEL (1899) (Zygaenidae,
Lepidoptera) antlasiommata felixXWWARNECKE (1929) (Satyrinae, Lepidopterd). felix
has an assumed PalaearcRc, simonyian assumed Afrotropical origin, but both are
endemic to Southern ArabiR. simonyihas the extraordinary feature of its division in
two subspeciesR. simonyi simonyand Reissita simonyi yemenicol@he distribution
ranges of the two subspecies seem to be allopatne.main goal of this work was to
provide actual distribution maps &eissita simonyand especially foLasiommata
felix, where no detailed distribution map has been abklso far. In this context, a
review of already published records and statemwas also carried out to clarify

distribution ranges of these two species.

3.2.2 Description of R. simonyi

In this context, only a brief summary about thdeltégnces between the two subspecies
of R. simonyiis given. Detailed descriptions as well as drawirsge available in
NAUMANN & EDELMANN (1984). The division in two subspecies is basedtlon

following morphological characters:



3 Distribution of R. simonyi and L. felix 33

1. Sexual dimorphism

A striking feature for division is the unusual sakwimorphism of males oR. s.
yemenicola One morph f( simonyj is similar, although not identical to the bladkis
blue female, while the second onfe gylviag is completely red and resembles the
imagines of the Palaearctic gentiggaenaFABRICIUS, 1775 whereas iR. S. simonyi
males are always blackish-blue.

2. Abdominal cingulation

R. s. yemenicolahows a reduction in the abdominal cingulatiosamparisorto R. s.
simonyi Moreover, it seems th&. simonyi yemenicollaas a slightly smaller body size
than R. s. simonyiand the mid-line interruption of the red patag@pears to be
somewhat wider than iR. s. simony{NAUMANN & EDELMANN, 1984). However, so far

no detailed examination for the supposed diffebenty size has been done.

3.2.3 Biology and Ecology

The larvae ofReissita simonyare limited to the food plants of the geraytenus

(Celastraceae)M. senegalensiend M. dhofarensis The larvae exclusively feed on
leaves of these taxa (Fig. 1).

Fig. 1: Maytenus senegalensithe larval food plant oR. simonyi photo was taken
from Tur-Al-Baha, Jabal Araph.
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Therefore, the distribution dR. simonyiis strictly connected to the distribution of
Maytenus(Celastraceae). Usually, the plants are relatigahall caused by intensive
grazing of goads and sheep (Fig. 2).

Fig. 2: Maytenus senegalensidlustrating a small-sized specimen which is rhost

found due to over-grazing. Photo was taken from FRatak.

Occasionally, where strong rocks are present aaddtality is protectedMaytenus
bushes can reach 4 m in height. At the beginninth@frainy seasomMaytenusshrubs
develop fresh shoots after the first rain. Sinae first instar larvae are dependent on
these soft-leaved fresh shoots, the flight actigityhe imagines appears to be limited to
the arid periods before the rainy seasons. Thed&seration is limited to March; the
second generation lasts from end of June till niiduby. The third and last generation
continues from end of September till early Octob&he flight period is strictly
correlated with these seasons. This corresponddbgervations on other Zygaeninae
feeding on Celastraceae (e. @rna, Epiorna Epizygaenella A further ecological
adaptation is the daily flight activity &. simonywhich is limited to the hottest period
of the day from 11 to 14:30. AVMANN & EDELMANN (1984) suggested that this
behavior is important to safe energy, because imeagilo not feed and drink during the
entire imaginal phase. This behavioral specialiratis mirrored by an extreme
reduction of the proboscis. The larvae displayheirtadaptations: the serrate setae are
probably used to serve as crystallization pointsdondensation of water to supply
additional water for the larvae. The precipitatistransported in form of fogs or humid
air from the coast to the mountains.
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Lasiommata felixusually occurs along walls or vertical cliffs iroomtainous areas. The
movement is always up and down along these verfieatures. BRSEN (1982)
interpreted this behavior as protection behaviaireg unwanted dispersal since this
species is often found in windy areas. Contrarinibes vertical movement could also
be part of the patrolling behavior, which is shoespecially by males of. felix.
Nowadays the terraced agricultural regions usedittivation replaced natural rocky

hillsides in many regions (Fig. 3).

Fig. 3: A typical place to findlasiommata felixnear Bani Mawhab/ Bait Muzaret. The

artificial walls seem to be a suitable habitatlfofelix.

LARSEN (1982) suggested that the food plant must be ammmgrass species. The
vegetatione. g.at Wadi Dhar, a classical place whérefelix is commonly found is

described in DBAIE et al (1993; and literature within).

3.2.4 Distribution

In the western part of the Arabian Peninsula amanpscent of mountains separates the
lowland of Yemen and Saudi Arabia from the Cenftadbian plateau. The distribution
of Reissita simonyyemenicolais strongly connected to this western escarpniens.
yemenicolagenerally occurs in high altitudes from 1500 n2€90 m, but can also be
found down to 400 m sea level. The second subspédries. simonybccurs on both
sides of the Yemeni-Omani barrier along the Indbaean among 350-900 m above sea

level.
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Lasiommata felixs commonly found in the mountainous area of Sawmibia and
Yemen. Usually, it can be seen in high altitudesuad 2200 m (RRSEN, 1982; own
observations). Similar t&. s. yemenicolat seems to have a strong connection to the

western escarpment, but no localities are knowngatbe coast of the Indian Ocean.

3.2.5 Remarks

Reissita simonywas described by EEL in 1899 from a single specimen from Ras
Fartak in SE Yemen. In 1907, he gave detailed gesun of the habitus and provided
morphological data. &TT & BRITTON (1942) collected a few specimens in 1938. In
1959, TREMEWAN established the new gen&eissitabased on differences in wing
venation and genital morphology. MoreoverReMEWAN (1959) divided Reissita
simonyiin two subspecieRReissita simonyi yemenicoémnd Reissita simonyi simonyi
Reissita simonyi yemenicoia distributed in the mountainous areas alongRbd Sea
where asReissita simonyi simonys distributed at both sides of the Yemeni-Omani
border along the Indian Ocean. SirReissita simonyi yemenicofaatures dimorphic
males, REMEWAN described another species for the northern pdpogtReissita
sylviae In this caseReissita sylviaeand Reissita simonyi yemenicolshared one
distributional area. In 1984, AVMANN & EDELMANN refused the species status of
Reissita sylviaebased on several facts: First of all, only malésRo sylviaeare
observed. No single red female of this species otm®rved ever. In other words, no
reddish forms of females are known. Additionallyg two different forms of males do
not vary in their behavior, period of activity dight. Despite their different color both
forms do not differ in morphological charactersrtRarmore, red males mate with dark
females. Moreover, there is only one type of larf@end which turn out red and black
males. This leads to another aspect; both forms se# to diverge in their ecological
requirements. They are fed on the same food plashhave the same life cycles. All of
these facts supporR. sylviaeto be conspecific withR. simonyi. NAUMANN &
EDELMANN (1984) came to the conclusion tligissita sylviags a junior synonym for
Reissita simonyi yemenicolkurthermore, they suggested to use the nsyhaae for
the red males (formsylviag to distinguish the two morphs of malesReissita simonyi
yemenicola(black morph should be named forraemony). The separation of two
subspecies was still maintained because of theatlic occurrence dReissita simonyi

yemenicolan the north andReissita simonyi simonym the southeast. In addition, the
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dimorphic males only occur in the subspedress. yemenicolanot in R. s. simonyi
These two aspects in combination with fore mentome@rphological differences (wing
pattern, abdominal cingulation) support the disaration of two subspecies. In 1980,
WILTSHIRE recorded seven specimens from Oman, which had loedacted by
THOMAS in 1930. Two years later MfsHIRE (1982) published one of the first records
from Saudi Arabia, collected byaTHOUK.

Given the isolated distribution df. felix and R. simonyiin Southern Arabia the
evolutionary history is of particular interest. Bide origins ofR. simonyicould be
Africa with the Zygaenini gener#®rna, Epiorna Neurosymploca Zutulbg and
Praezygaena Moreover, there could be a phylogenetic relatmsto the genus
Epizygaenellain the oriental region and to the gendggaenain the Palaearctic
(NAUMANN, 1977, 1990). In this caseReissita would be the sister group of
Epizygaenellaand Zygaena(NAUMANN, 1990, 1999) or t&ygaenaalone (MUMANN,
1977). Based on the male pheromone system (fisstridbed by KKMES, 1980) which is
present in the geneReissita PraezygaengEpizygaenellaandZygaenaand the similar
spindle shaped cocoons with a silk cushion of tteega mentioned above (no data
available forPraezygaenhpit is assumed thaReissitais closely related to these three
genera (MUMANN & EDELMANN, 1984). Ongoing molecular approachese(is,
2005) may clarify the phylogenetic position of thenotypic genufeissita

Lasiommata felixvas described by YWANECKE in 1929. £0TT& BRITTON published in
1942 one specific locality (Jabal Jihaf), wherdelix was found in Yemen. This place
must be about 90 miles north from Aden, near DHatdortunately, we were unable to
identify this collection site in an actual map, bBABRIEL (1954) examined the
collections of 80TT & BRITTON (1942) and wrote that they collected 34 and 529

in September/ October 1937 at this site08r & BRITTON (1942) mentioned another
place, but did not mentioned the English or Latme, they circumscribed the butterfly
(e. g. brown Satyrines). The locality named is Jabal AhK(25 km N of Sana’a,
around 3000 m high). Since the locality is situatehr Sana’a, a region where we
frequently foundLasiommata felixn our field trips, it seems plausible to checlsth
locality in further studies. However, since@&T & BRITTON (1942) did not mentioned
Lasiommata felixor the English name wall brown in detail, we rafea to include the

named locality in the list of records and distribaotmap.



3 Distribution of R. simonyi and L. felix 38

L. felix seems to have a close phylogenetic relationshifheoEthiopian specied..
maderakal GUERIN-MENEVILLE, 1849 andL. menava MoOORE 1865 of Iran and
Afghanistan (larRSeN, 1982). HEYDEMANN (1954) pointed out that it should be handled
as a subspecies &f menevaln 1956, HGGINS & WILTSHIRE critically examinedL.
felix and L. meneva They found that.. felix shows more narrowed androconia in
comparison td.. menevathe hind wing margin is more strongly scalloped a&ye-
spots on the wings are surrounded by an orangeimiggmparison td.. menevasee
also LARSEN, 1982; BbzaNO, 1999). They treated both as specifically distinks
LARSEN (1982) pointed out all three mentioned speciehbtm have species status.
felix does not appear closely related_-tanaerain Europe and the Middle East based on
genital morphology (RRSEN, 1982;L. maerahas three to four small teeth at the tip of
the penis; this feature is not found in the otlneeé species). This would suggest that
some Palaearctic species found in Arabia and E&staAhave ancestors from the
Himalaya/ Iranian region @RSEN, 1984).

In addition, BbzANO (1999) examined morphological variation withinfelix (see there
and LARSEN, 1984 for pictures) and mainly found variationvinng color between

populations from different localities.

3.3 Material and methods

The observed data presented in this work wereezhout in four field trips (June/ July
and September/ October 2001; March/ April, and Juhdy 2002). Additionally, data
from NAUMANN & EDELMANN (1984) was included and further completed by ditiere
records as well as personal communications. THerdiit localities visited are listed
under list of records. GPS data were recorded @GitRMIN GPs 12. ForR. simonyji
usually larvae were knocked off from shrubs usirggiek and a box to catch them. For
L. felix, adults were caught with a standard butterfly 8pecimens were stored in 99 %

pure ethanol.

3.4 Results

During literature research, it became obvious thate is quite great confusion about

the names of the two subspeciesRof simonyiand their distribution. According to

statements made above, there are a few clarifitsitio be made:
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- NAUMANN & EDELMANN, 1984, page 487: It is written under point 6. tithe end of
first line R. simonyi This is incorrect. It should be readRissylviae

- NAUMANN & EDELMANN, 1984, page 491: in the description for forsviae is
written “Forewing spots much more pronounced thmh sylvia€; this should be read
as “Forewing spots much more pronounced thansmfonyy.

- WILTSHIRE, 1980, page 190: “A subspecies with a black abapmmstead of red as in
the Dhofar-Hadhramaut form, was described RgEMEWAN (1959) from the Yemen.”
So far as we know, no red form Reissita simonyis found in the area from Dhofar to
Hadhramaut. REMEWAN (1959) mainly distinguished between the two subgse
because of the different expressed abdominal citignl. He mentioned also that the
red form is exclusively found along the Red Sea.

- WILTSHIRE, 1982, page 276: \WrsHIRE wrote for a specimen found in Asir (Saudi
Arabia) R. simonyi simonyi Since REMEWAN (1959) described the highland
populations aRk. simonyi yemenicolhis specimen is given below in the list of resrd
underR. s.yemenicola

- WILTSHIRE, 1990, page 101: He did not name the subspsaw@snyiparticularly. He
namedR. simonyion the one hand ariRl s. yemenicolan the other. This might just be
an oversight, but correctly one should read uflesimonyiR. simonyi simonyandR.
simonyi yemenicolaln the first paragraph (undeR. simony)i he describes the
distribution area oR. s. simony{Ras Fartak and South Oman) and uses the term “the
typical subspecies”, but did not mention the subsse R. simonyi simonyi
specifically, which may lead to confusion with themed subspecid®. s. yemenicola
which follows in the second paragraph.

- HACKER, 1999, page 34: It is written thReissita simonyi simonig identical withR.
sylviae NAUMANN & EDELMANN (1984, page 488) clearly pointed out tRatsylviaeis

a subjective junior synonym @&. simonyi yemenical& herefore, it should be redl
simonyi yemenicolas equal toR. sylviae This synonym cannot be used for the
subspecie®. simonyi simonyiHowever, it would be correct to write thHat sylviaeis
conspecific withR. simonyjibecause it does not form a species on its own.

Results further display extended distribution pasiefor both chosen species, but
especially forReissita simonythe results are very promisingeissita simonyhas a so
far known distribution extended from Al Hada, vitaif, Asir in Saudi Arabia to
Province Dhofar, Jabal Samhan, N of Juffa (17°1T2A054°56.16°E) in Oman (Fig. 4).
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Moreover, it was possible to find populations witla distribution gap known in the

past (MUMANN & EDELMANN, 1984).

45° 50°

s Saudi Arabia 200

Fig. 4: Distribution ofReissita simonyi yemenicolalong the Red Sea) arrkissita
simonyi simony{along the Indian Ocean at both sides of the Yé@emani border).
Interesting new localities were found south-east Ta7 Jabal AraphB8 Jaffah/39 E
Labus/40 S Al Bayda) as well as right in the middklL(Korseban42 Mola Matar/50
Seyhout) of the so far known gap.

Lasiommata felixs distributed from Taif, Saudi Arabia (21°16"N°2@E) to the Jaffah
area, E of Taiz/ Yemen (13°47°N 45°11"E) in South®rabia (Fig. 5).
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4 50°

Saudi Arabia 200

Fig. 5: Distribution ofLasiommata felix the distribution is limited to the western

escarpment along the Red Sea.

It looks like it is strictly limited to the westemscarpment along the Red Sea. So far, no

localities could be found in SE Yemen along thadndDcean.

3.5 Discussion

For R. simonyj the predominant opinion was that both subspehiege allopatric
distribution patterns. Our results suggest thatetfveuld be a connection between both
subspeciesR. simonyi yemenicoland R. simonyi simonyi Although there are still
distribution gaps between Jabal Araph and Jaffela ar Mola Matar of 390 km and
between Mola Matar/ Korseban — Seyhout of 260 Krare could be a meeting point
between these subpopulations in the area somewletreen Jabal Araph/ Jaffah and
Mola Matar. Moreover, at a locality named Jabalydrél 3°32°N/ 45°55°E), which lies
exactly in between Jabal Araph/ Jaffah and Molaavjathe larval food plant oR.
simonyicould be found, but in spring 200R, simonyiwas not found; this locality
should be checked again in further expeditionscesithe habitat has all features

important toReissita simonyian altitude about 1700 m, the larval food plistatytenus
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senegalensiand the exposition to the coast, where foggy dduahsport dew to plants

and larvae. If there is a connection between battsgecies, it would be of special
interest how and why the subspecies barrier iseabith addition, if there would be a

hybridization zone between the two subspecies,etrmfspecies could eventually
exchange genetic material. The division into twbspecies could still be warranted; if
the exchange of genetic material would be striltiyted to the hybridization zones(

g. hybrid individuals are infertile). However, retsubf the genetic analysis support the

divergence into two subspecies.(KscH et al,, chapter 7).

The fact thaR. s. yemenicolas well ad.. felix are strictly limited to the mountainous
area along the Red Sea suggests specific chasticterof the mountainous areas in
Northwestern Yemen/ Saudi Arabia to be respondiiethis restricted distribution.
Probable features could be the higher altitudeomtnation with higher precipitation
in mountainous areas in Northwestern Yemen/ SaudbiA. It is also possible that a
restricted distribution range of the food plantitsnthe actual distribution df. felix.
Further studies could concentrate on examinatiopasisible food plants in order to
identify the food plants ol. felix in connection to the question which floristic
composition is preferred bl. felix Furthermore, the analysis of abiotic factors as
potentially limiting reasons is suggested. Finaltly,is highly likely to find more
localities for both species in Saudi Arabia, sitioe restricted number of records might
be more probably caused by the limited access dsawéow research activities in this
area rather by restriction of the distribution atsalf.
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Appendix
Appendix 3.1: List of records

Reissita smonyi (REBEL, 1899)
Zygaena simonyReBEL, 1899: 359-361.

List of Records

Abbreviations: ZFMK = Alexander Koenig Researchtilnge and Museum of Zoology,
CMN = private collection of Clas M. AUMANN, BMNH = British Museum of Natural
History, NHMW = Vienna Natural History Museum. Redonumbers correspond to
numbers given in maps. Some records are not givemap, because coordinates and/ or
geographical positions were not sufficiently knovmformation given in bold is not

given in original publication, but is complementamformation from different sources.

Reissita ssimonyi yemenicola (TREMEWAN , 1959)
= Reissita sylviaéTREMEWAN, 1959: 213-217 (syn. nov., ANMANN & EDELMANN,
1984).

Saudi Arabia

1 larvae, Asir, Al Hada, vic. Ta’if, 1200 m,mPawAY; 2 1 &, Asir, An-Namaabh,
20°14°N 41°16°E2100 m, 11.1X.1983, BTTIKER; 3 1 specimen, Asir, Wadi Jurah, vic.
Jizan, 500 m, 1.XII.1981, ALHOUK [not shown in map]4 larvae, Asir, Mikhwa,
19°90'N 41°60°"EPTTAWAY ; 5 larvae, 19, 1 &, Asir, Muhayil, 18°16"N 41°80°E 75
km NW Abha, 400 m, 7.X1.1982,IFAwWAY ; 6 larvae, Asir, Abhal8°13"'N 42°29E,
ca. 2500 m,PITTAWAY ; 7 larvae, Asir, vic. Mifah, RTAWAY [not shown in map]8

larvae, Asir, Al Foga, PTAWAY [not shown in map].

Yemen

9alarvae, Province Sadah, J. Razah, vic. Zerra'&)-2090 m, 11.VI.2001, KUTSCH

& NAUMANN, CMN; 9b larvae, Province Sa’ada, Jabal Razah, 16°50°E 48; 2300

m, 12.V1.2001, KUTscH & NAUMANN, Tissue collection, ZFMK10alarvae,Province
Sa’ada, Zera'a (Jabal Razah), 16°52°E 43°20°N, 2800.1.VI1.2001, KUTSCH &
NAUMANN, Tissue collection, ZFMK10b larvae, Province Sadah, J. Razah, 200 m
below Summut16°52°E 43°20°'N2150 m, 12.VI.2001, KUTSCH & NAUMANN, CMN;
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11 larvae, Province Hajjah, N Hajjah, 15°55.975'N 43689E, 1521 m, 26.V1.2002,

KLUTSCH, Tissue collection, ZFMK12alarvae (e. I. 9.1X.1982 ®), Province Hajjah,

7 km W Kohlan, road to Hajjal,5°44"'N 43°42"E9.-10.V.1982, MUMANN, CMN;
12b 1 specimen, Province Hajjah, between Kohlan aradiiV8Bhares (way to Hajjah),
1500 m, B.TuURLIN (personal communication)i3a larvae, Province Manakhah,
15°42.734°N 43°35.638"EL987 m,27.VI.2001, KUTscH, Tissue collection, ZFMK;
13b larvae, 2820 m, 27.V1.2001, LKTscH, Tissue collection, ZFMK;13c larvae,
Province Kohlan, Bait Zarefatl5°42.74°'N 43°35.63'E1987 m, KUTSCH, Tissue
collection, ZFMK; 13d larvae, 1-2 km from Bait Zarefat, 14.VI.2001L0K{SCH &
NAUMANN, Tissue collection, ZFMK:14 larvae, Province Hajjah, Hajjai5°41'N
43°36°E,2600 m, 14.VI.2001KLUTSCH& NAUMANN, CMN, Tissue collection, ZFMK;

15a larvae (19 e. I, 22.VI.1982), Province Al Machwit, Al Hijrg Jabal Haiadi,

15°40°'N 43°29°E,1800 m, 31.V.1982, NUMANN, CMN; 15b larvae, 8.V1.2001,
KLUTSCH & NAUMANN, Tissue collection, ZFMK]6 larvae (2393, 1 Q e. 1.), Province
Al Mahwit, 1-5 km NNW Al Mahwit, Jabal Radmaf5°32°'N 43°49°'E2300 m, 8. +
25.VI1.1982, Nh\UMANN, CMN; 17aeggs, first instar larvae, imagines observed, $iham

(between At Tawilah and Shiban)5°29°N 43°44°E, 1900 m, 1.VI1.1982, NUMANN,
CMN; 17b eggs, larvae, Province Al Machwit, 5,5 km W At Tk Beni Khaiat,
15°29°'N 43°44°E,1.V1.1982, NM\UMANN, CMN; 18 larvae (e. |. 19, VII. 1982),
Province Al Machwit, Bait Turki, Jabal Haiadi, 1769, 31.V.1982, MUMANN, CMN
[not shown in map]19almago, 14, Al Rujum (between Al Mahwit and At Tawilah),
15°29°N 43°40°E,1800 m, leg. BTURLIN ?, coll. C. MUMANN; 19b larvae, Ar Rajun,
Road Shibam-Mahwit15°28'N 43°50°E,8.VI.2001, KLUTSCH & NAUMANN, Tissue
collection, ZFMK; 19c larvae, Al Mahwit,15°29°'N 43°33'E,2100 m, 8.VI1.2001,
KLUTSCH & NAUMANN, Tissue collection, ZFMK19d larvae, 14.V1.2001, KUTSCH &

NAUMANN, Tissue collection, ZFMK20 2 &&, 1 @, Province Manakhah, Jabal Al
Khamis, Al Haima,15°09'N 43°56°E,2700 m, 30.V.1982, AumANN, CMN; 21a
larvae, Province Al Qubba, J. Masnah area, 5 knl Qubba,14°36°N 44°12°E, 2300
m, 5.V1.2001, MUMANN, CMN; 21b J4d, @ @ (formasylviag, Province Dhamar,
Jabal Masnah area, 5 km SW Al Qubba, 14°36'54"'N12Z88°E, 2200-2400 m,

5.111.1980, BEDELMANN & NAUMANN, CMN; 21c larvae, 4.V1.2001, NUMANN, Tissue
collection, ZFMK [not shown in mapR2 larvae, Province Menakhah, vic. Hajjarah,
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15°04'N 43°42°E,2500 m, 26.X.2001, AuMANN, CMN; 23a larvae, Al Hudaib/
Menakhah, 15°02.641°'N 43°45.132°E, 2818 m, 26.\0120 KLUTSCH, Tissue
collection, ZFMK; 23b Province Sana’a, Jabal al Hotep (S Menakhah), 18°02
43°38°E, 2800 m (more localities than written),IRB000, HACKER et al; 24 larvae,
Province Dhamar, Jabal-as Sharq, 14°42.54'N 443100,42300 m, 4.VI.2001,
NAUMANN, CMN; 25a imagines, Jabal Masnah, 30 km SW of Ma aldar535'N
44°08°E, 9.111.1938, £0OTT & BRITTON; 25b eggs, larvae, pupae, imagines, Jabal
Masnah area, 2 km N Al Qubba, 2300-2400 m, 3-1980, EDELMANN & NAUMANN,

CMN, 25c 7 44, 29 (forma sylvia@, 30.VI.1980, [EckerT, CMN; 25d larvae,

VIII.1981 (e. I. 14, 1 &, 4.-8.X.1980), [BCKERT, 25¢ larvae, 13, 6-7.V1.1982 (e.l.

July 1982), MUMANN, CMN; 25eimago, 26.111.1999, NumAaNN, CMN; 25f larvae,
3.VI.2001, NnuMANN, CMN; 25¢ larvae, 3.VI1.2001, NUMANN, CMN; 25h larvae,
5.V1.2001, NauUMANN, CMN; 25i larvae, 18.X.2001, NUMANN, CMN; 26a larvae,
Province Ibb, 4 km S 1bl,3°58"N 44°10°E, 1600 m2-4.V1.1982, MUMANN, CMN:
26b larvae, 2100-2200 m, 16.X.2001ADMANN, CMN; 27 larvae, Al Manswra, 10 km
W Ibb and W Jiblah,13°58"'N 44°08°E,2200 m, 16.X.2001, NUMANN, CMN; 28

Eggs, larvae, pupagid, 29 (formasylviag, Province lbb, Jabal Badaai¥°00 N

44°10°E 2400 m, 16-20.V.1982,ArRSEN, CMN; 29 Larvae,4d, 29 (formasylviag,

Province Ibb, Sumarah Pass, south-western slop©0-2000 m, 3-6.V1.1982,
NAUMANN, CMN [not shown in map]30 larvae, Sumarah, 4 km S Al Hosi®¥°16"N
44°10°E 2700 m, 17.X.2001, AUMANN, CMN [not shown in map];31 larvae,
Province Yarim, Yarim, 14°16.111'N 44°15.958°E, 218, 18.V1.2001, KUTSCH,
Tissue collection, ZFMK32 larvae, 13 km W Yarim (Al Irian road), vill. Al Tdhatein,
14°17°N 44°19'E2850 m, 17.X.2001, AUMANN, CMN; 33 larvae, pupae, Al Jablah,
13°55.348'N 44°05.513'E, 2311 m, 19.VI.2001L,UKscH, Tissue collection, ZFMK;
34 larvae, Province Taiz, Dhi Al Sefal (= Dhi Sufé®p km N Taiz,13°51°'N 44°06°E,
1950-2050 m, 16.X.2001, AYMANN, CMN; 35 larvae, Province Taiz, Al Alarifal,
13°49.852°N 44°06.089°E, 2396 m, 20.VI.2001UKscH, Tissue collection, ZFMK;
36a larvae, Province Taiz, Jabal Sabir, 13°31.917"RD@H62°E, 2569 m, KITSCH,
Tissue collection, ZFMK36b larvae, vic. Hatab, 15.X.2001,ANMANN, CMN; larvae,
Province Taiz, Jabal Sabr, vill. Mahzaf, 2500-26®015.X.2001, MUMANN, CMN; 37
larvae, Govenerate Lahaj, next village Tur-Al-Ballabal Araph, 13°06°N 44°14E,
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1330 m, 22./ 25.V11.2002, 1.VI1.2002,KTscH, Tissue collection, ZFMK38 larvae,
Province Jaffah, Jabal Manwara, 13°47.280°'N 45400, 2311 m, 30.111.2002,
KLUTSCH, Tissue collection, ZFMK39 larvae, E Labus, 13°54.016°'N 45°17.325E,
2256 m, KUTscH, Tissue collection, ZFMK40 larvae, S Al Baydal3°59°N 45°34°E,
2250 m, 30.V1.2002, KUTSCH, Tissue collection, ZFMK.

Reissita ssimonyi simonyi (Tremewan, 1959):

Reissita ssimonyi simonyi Tremewan, 1959: 213-217.

Yemen

4lalarvae, Korseban, 14°49.158°N 48°48.129°E, 175Q5nX.2001, KUTSCH, Tissue
collection, ZFMK;41blarvae, 1950 m, 16.X.2001 KTscH, Tissue collection, ZFMK;
42 larvae, Mola Matar, 14°47.701'N 48°46.709'E, 1#50 16.X.2001, KUTSCH,
Tissue collection, ZFMK43aimago, Province Al Mahra, 5 km NW of Jadil§°38"N
52°57°E,600 m, 13.X1.2000, NumANN, CMN; 43b imago, Province Al Mahra, 5 km
NNW Jadib, 16°38'N 52°57'E, 600 m, XI.2000A0MANN, CMN; 44a imago,
Province Al Mahra, ca. 10 km NNE Al Hawf, 16°3918°82"E, 650-700 m, XI.1999,
HEIN & KiLiaN, CMN; 44b imago, 11. & 14.X1.2000, NUMANN, CMN; 44c larvae,
Province Al Mahra, Al Hawf, 16°38.958'N 52°57.655'B00 m, 29./30.1X.2001,
KLUTSCH, Tissue collection, ZFMK#44d larvae, Province Al Mahra, near Al Hawf
(near a spring), 16°38.290°'N 52°56.643'E, 792 n¥X.2D01, KLUTscH, Tissue
collection, ZFMK; 45 imago, Province Al Mahra, ca. 5 km NNW Damqut, 36N
52°48°E, 360-400 m, 12.X1.2000,ANMANN, CMN; 46 larvae, Province Al Mahra,
Damqut, 16°33.942°N 52°46.433'E, 792 m, 2./3.X.200dUTscH, Tissue collection,
ZFMK; 47 imago, ¢ (holotype), Ras Fartak, Wadi, [11.1899M8NY, NHMW [not
shown in map];48 larvae, Ras Fartak, 15°50.270°'N 52°00.100°E, 966614,2001,
KLuTscH, Tissue collection, ZFMK; 49 larvae, S-Ras Fartak, 15°37.583'N
52°11.53.7°E, 546 m, 10.X.2001L&rscH, Tissue collection, ZFMK50imago, 20 km
N Seyhout, 15°17.348"N 51°10.902°E, 800 m (769Nn)JMANN, CMN.

Oman

5laimago, Jabal Al Qamar, 5 km N Rakhyut, Bait Sa@f46 N 53°20°E, 850-900 m,
6.X1.1997, NW\UMANN, CMN; 51b imago, Jabal Qamar,ANMANN, CMN; 51c imago,
Jabal Qamar, vic. Arift: Bait Handawb, vic. Sha@B0 m, 5 + 7.X1.1997, NUMANN,
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CMN; 52aimago, Province Dhofar, Jabal Qara, 1,5 km NNE @gairHairitti, 17°16°N
54°06°E, 850 m, 2-3.X1.1997, AYUMANN, CMN; 52b larvae, Province Dhofar, Jabal
Qara, 1,5 km SW Qairoon Hairitti, 17°16"N 54°06@50 m, 20.-31.X1.1999/ 2000,

NAUMANN & KEIL, CMN, KEIL, Dresden, 4 spec. in Tissue collection ZFNiR;1 &, 1

Q, Province Dhofar, Jabal Qara (N of Salalah), Hatatv.1978, Walker, Royal
Scottish Museum, Edinburgh [not shown in m&p}aimago, Jabal Samhan, 8 km E
Tawi Attair, 17°07°'N 54°38°E, 750 m,ANMANN, CMN; 54b imago, Jabal Samhan, 45
km N Agarhanawt Teyq waterhole, 17°09°N 54°37°EQ 80, 3.X1.1997, V.PoLAK
(personal communication), CMN65 larvae, Province Dhofar, Jabal Samhan, S-facing
rocky slopes of Jabal Samhan along Wadi N of Jdffd12"01"N 54°56 16°E, 455-737
m, 29.1X.2002, MiISTER & OBERPRIELER Tissue collection, ZFMK56a J3J, 9%,
Province Dhofar, Qara mts., Khyount, 1750 ft. (530, 11.X1.1930, B.THOMAS,
BMNH [not shown in map]56b 1 specimen, Province Dhofar, Qara mts., Hamirar,
1500 ft. (460 m), 14.X1.1930, BHOoMAS, BMNH [not shown in map]56¢ 1 specimen,
Province Dhofar, Qara mts., Fusul, 1350 ft. (410 1%)X1.1930, BTHomMAS, BMNH

[not shown in map].

Lasiommata felix (WARNECKE ) — Arabian Wall Butterfly
Pararge feliXWARNECKE, 1929. Int. ent. Z. 22: 365 (Yemen, Sana’a).

Saudi Arabia
11 &, Asir, Taif, 21°16'N 40°24°E, ca. 1750 mil3.VII.1934: 2 Asir, As-Nimas,

19°11°N 42°19°E, ca. 2400 rimentioned in kRSEN, 1983);3 7 &, 4 Q, Asir, Suda,
18°16°N 42°22°E, ca. 3000 m9.X.1936;4 1 &, Province Gizan, Feifa, 17°16°'N

43°05'E ca. 1200 m, 22.-23.X11.1936;1 &, Asir, Musaira, 28.X1.1936, HiLBY [not

shown in map].

Yemen

6 Province Sadah, Jabal Rhaza, vill. Zerral$°52°E 43°20°N,2050-2100 m,
11.VL.2001, KUTSCH& NAUMANN ; Tissue collection, ZFMKY 2 spec., Bani Mawhab/
Bait Muzaret, 15°44.180°N 43°40.150°E, 1760 m, 642001, KUTSCH & NAUMANN,

Tissue collection, ZFMKS8 1-3 specimens, Province Sana’a, mountains WSW émra
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Mada'a, 15°37'N 43°44°E, 3000 m, 29.X.1996@CHKER et al, 9 Wadi Sharas (below
Hajjah),around 900 m high(locality mentioned in ARSEN, 1983; not shown in map);
10 > 10 specimens, Province Sana’a, mountains WSWaAmkasaani, 15°36°N
43°50°E, 2900 m, 30.X.1996,AdKER et al; 11 > 10 specimens, Province Sana’a,
mountains WSW Amran, Masaani-Gummama, 15°35°'N 48¥43000 m, 30.X.1996,
HACKER et al; 12a 1-3 specimens, Province Al-Mahwit, E Kawkaban, B6RR
43°55°E, 2750 m, 31.X.1996, AdKER et al; 12b 3 spec., Al Mahwit,15°29'N
43°33°E, 2100 m, 8.VI.2001, KUTSCH & NAUMANN, Tissue collection, ZFMK;13a
Wadi Dhar, 1982, ArRsSeN;, 13b 2 spec., Wadi Dhar, 15°26.266°'N 44°08.133'E, 4./
7.V1.2001, NnUMANN; Tissue collection, ZFMK; 31 spec., 15.VI.2001, (KSCH &
NAUMANN, Tissue collection, ZFMK14aProvince Sana’a, Sanal®f°21'N 44°12°E,

1934, RTHIENS & WISSMANN; 14b 1 &, 3 @, Province Sana’a, approx. 2400 m, Il.
1938, £0TT & BRITTON; 14c 2 &, 2 @, Province Sana’a, Sana’a, approx. 2400 m,
X.1937, RTHIENS 14d 1 &, 2 @, Province Sana’a, Sana’a, X.193&E, 15a
Province Sana’a, Road Sana’a-Hodeida, 1982s&N [not shown in map]i5b 3 4, Al

Asr (10 km W of Sana’a, around 2500 m higthe 3 &, 1 @, Hada’a (6 km SW of
Sana’a, around 2700 m high), 14.1.1938d 3 ¢, Ghaiman (15 km SE of Sana’a,
around 2200 m high), 18.11.19385e3 ¢, Wadi Sabir (S of Taiz, around 2000 m high),

19.XI11.1937;15f 1 &, 1 @, Beit Baus (7 km S of Sana’a, 15°16"'N 44°11 Eyado

2500 m high), 21.1.1938t6 > 10 specimens, Province Sana’a, mountains SW &ana
Jabal Ayban, Bait Na'ama, 15°18"12"°'N 44°16°48"2H00-2750 m, 18.1V.1998,
24.11.2000, HhCKER et al; 17 > 10 specimens, Province Sana’a, Jabal an Nabaghu
S-side 15°16°33"'N 43°59°23'E, 3000 m, 7.V.19983CkER et al; 18 1 spec., Al
Dogma/ Al Haima, 15°12.015'N 43°58.009°E, 2845 m#scH, tissue collection,
ZFMK; 19a7 + 22 spec., ca. 10 km S of Al Hudaib, 15°04.93°43.550'E, 2818
m, 27./ 28.V1.2001, KuTscH, Tissue collection, ZFMK19b 3 + 30 spec., Al Hudaib
near Menakhah, 15°02.641'N 43°45.132E, 2818 m/226/1.2001, 21.VI1.2002,
KLUTSCH, Tissue collection, ZFMK20a >10 specimens, Province Sana’a, 60 km SW
Sana’a, Makaban, Nagil Menakhah, (westside), 15f@GB°39°E, 1900 m, 2.X1.1996,
HACKER et al; 20b > 10 specimens, Province Sana’a, Jabal Al HotepJdBakhah),
15°02°'N 43°38°E, 2800 m, 26.11.2000AEKER et al; 21a Jabal Sumarah4°16°N
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44°10°E 1982, laRSEN, 21b Jabal Sumarah, VI.1982 ANMANN; 21c Sumarah Pass,
Nagqil Sumaraharound 2800 m high mentioned in BRSEN, 1983;22 Province Ibb, 5
km N Ibb, vill. Al Bahrin, 14°02°'N 44°09°E 2200 m, 17.X.2001, AUMANN; 23
Province Ibb, Jabal Bada'ah4°00'N 44°10°E 1982, IARSEN, 24 16 + 8 spec.Al
Udayn, 13°58.537'N 44°05.913'E, 2300 m, 19./ 2@®01, K.UTSCH, Tissue
collection, ZFMK; 25 4-10 specimens, Province Ibb, 1,5 km W Jiblah, T3R5
43°57°E, 2100 m, 7.X1.1996,A¢KER et al, 26 4-10 specimengrovince Ibb, 5 km NE
Al Qa’idah, Mahal al Houmeira, 13°45°N 44°10°E, 80, 6.X1.1996, HACKER et al,

27 Province lbb, 30 km S 1bl4,3°50°'N 44°10°E1982, LARSEN, 28a Suq Al Khamis,
13°44’'N 43°45°E 2900 m, 1982, laRSEN, 28b Suq Al Khamis, near Taiz, 1982,
Carden, in: IARSEN, 1982;29a Province Taiz, Jabal Sabir, 19823HSEN; 29b 3 + 19
spec., Province Taiz, Jabal Sabir (vill. Mahza85311.917°'N 44°00.962°E, 2569 m, 21./
24.VI1.2001, KUTscH, Tissue collection, ZFMK; 10 spec., 2.VII.2002 L U{SCH,
Tissue collection, ZFMK29c Province Taiz, Jabal Sabir, below td3°31°'N 44°00°E,
2800 m, MuMANN; 30 Jaffah area, 30.VI.2002, 13°47°'N 45°11°E, ~ 2300 m,
KLUTscH; 31 Hizyaz, 20 km S of Sana’a, around 2000 m highl982, IARSEN [not
shown in map]32 Jabal Dawran20 km W of Ma"abar, around 2000 m high 1982,
LARSEN [not shown in map]33 Jabal Jihaf, ca. 90 km N of Adearound 2000 m
high, 19.-20.1X.1938, 80TT& BRITTON [not shown in map].
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Cross-utility, size homoplasy, and evolution of miosatellites

in the genusHyla (Amphibia: Hylidae)

4.1 Abstract

Cross-species amplification of microsatellites wasted in Hyla savignyj Hyla
meridionalis and Hyla sarda and tended to result in shorter allele sizes wssr
amplified species. Additionally, a highly variabigcrosatellite locus was selected in
order to investigate sources of microsatellite tengariation within and among
populations inH. savignyiand among species. It is found that the main naountak
mechanisms contributing to the allelic variationrev€l) addition/ deletion of repeats,
(2) substitutions and indels in the flanking regi@amd (3) mutations interrupting or
changing the repeat. Size homoplasy can be detedtbth populations as well as
among different populations dfl. savignyi Additional mutations in the flanking
regions are found; indicating an underestimationtaidl mutation rate. The most
probable explanation for the broad microsatellegth variation withirH. savignyiis
that different mutation rates are present in twannimeages (Syria/ Yemeniersus

Iragi lineage).

Keywords. Size homoplasy, Hyla, molecular markers, SSR, cross-utility,

microsatellites.
4.2 Introduction

Microsatellites are DNA motifs of 1-6 base pairdjieh are repeated up to 100 times
(TAauTz, 1993). A special characteristic of microsatedlitare high mutation rates
varying from 10" — 10° probability of mutation per site #DERSON& PETES 1992;
JEFFREYS et al, 1998). Therefore, they are widely used in popoatgenetics,
evolutionary genetics and forensic studies as agefpaternity investigations and disease
detection €. g.JARNE & LAGODA, 1996; QsMAO et al, 2001; NeFF, 2001; BESSERT&
OrTi, 2003). Reasons for the versatile applicabilityha$ genetic marker system are the
following aspects: 1) they are found in all eukaiyogenomes examined so far

(MAkovA et al, 2000), 2) they are highly polymorphic, 3) areilgagmplified from
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small tissue samples and 4) are co-dominant. Odii@tal important feature of these
markers is that they can often be used to studsettaelated species (cross-utility). As
a consequence, a lot of microsatellites are apjptitifferent species (RIBNER et al,
1996; NEFF et al, 1999; GIAMBERS et al, 2004; KM et al, 2004). In most of these
studies, the analyses rely on the scoring of produme, not direct sequence data.
Therefore, cross-utility runs into the risk thake tdetected electromorphs/ sizes of
fragments are not identical by descent (IBD), léntical in state (IIS). Thus, size
homoplasy describes the incident of identical nsatellite product sizes caused by
autonomous mutational events. Questions of sizeoptasy have been addressed in
invertebrate species $EouP et al, 1995; VARD et al, 1998) as well as mammals
(MAKOVA et al, 2000). To our knowledge, size homoplasy has ettbgen tested in
amphibians. This may be based on the apparentulifés of cross-amplification in
amphibians and reptiles @We et al, 2000; RIMMER & MERILA, 2002). Multiple
independent mutational mechanisms are responsiblsiZe homoplasy: Addition or
deletion of repeats in the repeat region as wekddition or deletion of bases in the
flanking regions and mutations which interrupt bagge the repeat section Akbva

et al, 2000).

Besides homoplasy, microsatellites used for crodisfushow another well-known
phenomenon, ascertainment bias. Ascertainmentobiags, when there is a significant
decrease in repeat length in cross-amplified spewiereas the focal species has the
longest repeats. Some authors suggested thatasosht bias is caused by an artifact
in the development process of microsatellitesLEEREN et al, 1995; ORBES et al,
1995). Usually microsatellites with long repetitinetifs are preferred in order to yield
highly polymorphic markers. Consequently, microiééesize may be at the upper
bound of evolutionary stability in the target DNA@ and smaller amplicons are
detected in cross-utility assays more often justibgnce. Other authors y®s et al,
1996; oPeEret al, 1998; HITTER et al, 1998; Avos, 1999; Avos et al, 2003)
suggested that a mutational bias alone or in coatioim with ascertainment bias might
be responsible for the distribution of allele ldrggtamong different species or
populations within a species.

In order to test cross-utility, we examined 15 mgatellites developed byr&Ns et al.

(2000) in four species of the gendgla (Hyla arboreg Hyla savignyj Hyla sarda and
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Hyla meridionalig for amplification results and electromorph sizks.addition, one

microsatellite locus was sequenced to identify &awansize homoplasy and hidden
polymorphism (additional mutations in the flankiog core regions) among alleles
within and between populations. Based on our reswe will discuss controversial

hypotheses of allele length distributions among\aitlin species.

4.3 Material and Methods

DNA was extracted using a standard Chelex methodr{6\ et al, 1998).
Approximately 10 - 25 mg tissue was incubated total volume of 500 pL containing
5 % Chelex solution at 56°C overnight followed bfireal denaturation at 95°C for 10
min. The extracted DNA served for cross-utilityteeand sequencing. For cross-utility
tests, the PCR was carried out in 20 pL contairdngL 10 x PCR buffer (without
MgCL;; containing 100 mM Tris-HCL, 500 mM KCL, pH 8.3igia), 2.0 uL MgdGl
(25 mM, Sigma), 100 uM of each dNTP (Sigma), 10 ef\ach primer and 0.25 Taq
polymerase (Sigma). PCR was performed accordintpednstructions in Arenst al.
(2000). PCR products were diluted 1 to 5 with,@H1.5 pL of diluted PCR product
was mixed with 0.2 pL GeneScan-500 Size standampl(éd Biosystems), 0.4 uL
loading buffer, and 1.5 uL deionized formamide. ks were denatured at 92°C for
90 s and then immediately cooled on ice. Micro$iteslwere electrophoresed using an
ABI Prism 377 (Applied Biosystems) on a 6% polydanyid gel. Digital gel data was
collected by ABI Prism GNESCAN ANALYSIS SOFTWARE 3.1.2 (Applied Biosystems)
and afterwards analyzed with the®TYPER2.0SOFTWARE (Applied Biosystems).

One microsatellite locus was chosen to test foe siamoplasy and was sequenced.
WHAS-22A was selected; because electromorphs disglaifferent lengths in all
populations tested and represented a compound rfiadlile 1, Fig. 1, GrzA &
FREIMER, 1996), which usually is sensitive for size honaspl (MARD et al, 1998).
Primers were taken fromrkNs et al. (2000) to amplify and sequence this locus. PCR
was carried out in 50 pL total volume containing XX®@CR buffer (without MgCh,
containing 100 mM Tris-HCL, 500 mM KCL, pH 8.3, &g), 15 — 20 mM MgGl
(Sigma), 100 uM of each dNTP (Sigma), 10 nM of eadmer and 0.02 plTaq
polymerase (5U/uL, containing 20 mM Tris-HCL, 10MrKCL, 01 mM EDTA, 1 mM
DTT, 05 % Tween 20, 50 % glycerol; Amplaqg-Gold, Applied Biosystems). PCR was
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carried out following the protocol of Arers al. (2000). Cycle sequencing was carried
out in 10 pL containing 4 pL ABI Prism Big Dye Tamator Cycle Sequencing
Reaction Kit (Applied Biosystems), 10 nM of eaclmper and 2 pL of 5 x sequencing
buffer (Applied Biosystems). Cycle sequencing wasted at 94°C for 2 min, followed
by 35 thermal cycles (94°C for 15 s, 50°C for 1&nd 60°C for 150 s) and additional 8
thermal cycles at 93°C for 20 s and 60°C for 1Bmaplification and cycle sequencing

were performed in a GeneAmp 2700 thermal cycleip(#gd Biosystems).

Additionally, an approx. 750 bp long fragment oé &tytb gene was sequenced. Primers
for amplification and sequencing were taken froroRvtz et al. (1992) (MVZ 15: 5-
GAACTAATGGCCCACACTTTACG-3" + MVZ 16: 5'-AAATAGGAAGTATCACT
CTGGTTTGAT-3"). PCR was carried out in 25 pL contag 2.5 pL 10X PCR buffer
(Sigma), 3.5 pL MgGl (25 mM, Sigma), 100 mM of each dNTP (Sigma), Ol4qgi
each primer (both 10 pmol/uL), and 0.075 Wiaq (5 U/pL, Sigma). After an initial
denaturation at 95°C for 2 min, 15 cycles of 3 94fC, 30 s at 55°C (temperature
decreased every cycle for 1.0°C until 40°C was hredf; 2 min at 72°C were
performed, followed by 20 cycles of 30 s at 94°Q,s3at 40°C and 2 min at 72°C. A
final elongation of 10 min at 72°C was added. Cys#guencing was carried out with
the same protocol and in the same way like destriddgove. Cytb sequences are
deposited in Genbank under the accession number96@689-AY960679;
microsatellite sequences are deposited under acnassmbers DQ097310-DQ097331.
The original clone of ARENs et al. (2000) is deposited under the accession number
AJ403996.

Sequences were aligned inOBDIT VERSION 7.0.1 (HhLL, 1998) and alignment was
checked by eye afterwards. The alignment was aedlipy Bayesian inference with the
program MBAYES 3.084 (FONQUIST & HUELSENBECK, 2003). In order to choose an
appropriate model for the cytb data set, a serfesuns (generations = 1.000.000)
including different parameters were performed. Tdlwing model parameters were
changed in all possible combinations for each Nst: (1 = constrains all substitution
rates to be the same; 2 = allows transitions amdstersions to have potentially
different rates; 6 = allows all rates to be diffeétje rate heterogeneity (equal, gamma,
adgamma, propinv, and invgamma), Omegavar (equ@8NM3), All other parameters

were run with default settings. A Bayes factor teas applied (MLANDER et al, 2004)
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on harmonic means of the InL of each run afterstrekethe burn-in phase had been
removed and the HKY model (Nst = 2, rates = adgayjmwes chosen, because the
Bayes factor test clearly favored this model ovitrers. The final run was terminated
after 5.000.000 generations with four chains (oolé,cthree hot chains) starting from
random trees and relying on the default prior armppsal settings of MrBayes. The
burn-in length was set to 50.000 according to &sellts of the previous runs.

4.4 Results and Discussion

4.4.1 Cross-species amplification

Cross-species amplification results are summaiiizegpendix 4.2.

Of the 15 primer pairs, 4 show only minimal crosgpéfication success (WHA1-103,
WHA1-29, WHA1-140, and WHA1-9). All remaining primepairs generally
demonstrate amplification across all species, afjhahe Yemeni population does not
amplify for WHA1-54, WHA1-60, and WHA1-133. Regandi other lacking products
(in Table 1, marked with a *), we assume that ferthesting with different PCR
conditions and/ or more samples may be succedsfglause usually these deficient
PCR products are found in rows, where other pojausatand/ or species show
amplification for primer pairs under investigationhus, non-amplification may be

artificial in these cases.

4.4.2 Size homoplasy and undetected mutations

In total, 22 microsatellite sequencesf WHAS5-22A are characterized (Table 2;
appendix 4.1). Of these, 12 belongHosavignyifrom Yemen covering 6 populations
and one ancient sample where a detailed localiscrg#ion is lacking. For three
populations, 2-4 individuals are sequenced. Witfiemeni populationsH. savignyi
display size homoplasy. The two specimens from B8nv¥&emen have the same allele
length, but differed in sequence (appendix 4.1)amar-Yarim/Yemen is the second
population, in which size homoplasy is detected.specimen of the Dhamar-
Yarim/Yemen 4 population show one mutation (an tala@l C) in the core region as
well as a deletion at the end of the sequence lar@fore display size homoplasy with
two other individuals of the same population (1 &ydin addition, specimens 1 and 3

of this population have a deletion at position 24d an insertion at position 244; thus,
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also these individuals show size homoplasy to edlolr. However, it has to be kept in
mind that these cases are two out of three witloipufation comparisons in Yemen.
Thus, with more comparisons, the detected numbey mave raised. Among
populations, the already mentioned cases are tlyedetected ones, which demonstrate
size homoplasy to other populations with the samegth within the Yemeni
populations. Within the Iragi population, all threequences have different sequences in

the flanking region.

Table 2: Results of size-scored and sequencedidhdils for microsatellite WHAS-
22A.

Species and Population Number of Electromorphs Kind of repeat and Number of
individuals scored (Sequenced in repeat number haplotypes
by size bold) sequenced

Hyla meridionalis, 6 222 - 0

Teneriffe 230

232
Hyla meridionalis, 4 222 CAGT(CAG)(CAA), 2
La Gomera 232 CAG(CAA),CAG
235 (CAA).G(CAG)
CAGT(CAG)(CAA),
CAG(CAA),CAG
(CAA)C(CAA),
(CAG)s
Hyla meridionalis, 1 235 (CAG)4(CAA)(CAG), 1
Morocco (CAA);CAG(CAA),
(CAG)s
Hyla meridionalis, 4 226 CAA(CAG)4(CAA), 1
France 230 CAG(CAA),CAG
235 (CAA)4CAG):
Hyla sarda, Sardinia, 2 228 - 0
234
238

Hyla arborea, 2 234 (CAG);(CAA)4((CAG), 1

Switzerland, 238 (CAA)(CAG)

Hyla arborea, NW 1 236 - 0

Spain

Hyla arborea, Greece 2 230 - 0

Hyla savignyi, 6 232 (CAA)(CAG)1o(CAA)s 3

Iraq 236 (CAG)s

238
240 (CA)(CAG)s(CAA)3
242 (CAG)4(CAA),CAG
CAA(CAG);
AC(CAG)s(CAA),
(CAG)4(CAA):CAG
CAA(CAG);
Hyla savignyi, 4 218 CAGCAA(CAG), 2
Syria 222 (CAA),CAG(CAA),
(CAG)s
Hyla savignyi, Yemen, 361 209 CAGCAA(CAG), 12
211 (CAA)4(CAG)LCAA
213 (CAG):
214

Total 393 22
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In a strict sense, the alleles within the Iragiyagpon are not identical in size and thus,
size homoplasy cannot be studied; however, thdeallare not identical in flanking
regions. Within the Syrian population, size homeplas clearly detected. Both
sequences have the same allele size, but showetliffesequences. Obviously, including
all populations withinH. savignyj flanking regions are not identical. WithiH.
meridionalis the two sequenced alleles from La Gomera haverdiit flanking regions
as well and different allele length is due to aation in the flanking region and not in
the core region. The two other sequenced allele® fi. meridionalis one from S-
France and one from Morocco show identical alledess but not identical sequences. A
mutation in the core region differentiates the semes. Furthermore, the two
sequenced alleles &f. arboreaare not identical in flanking regions. Therefdoeth -
mutations in the flanking regions (including sutigions and deletion/insertions) and in

the core region contribute to size homoplasy.

Interestingly, the core region is significantlyfdiient from the original sequence (Table
2; appendix 4.1). Mainly, the third base within tlepeat (CAA or CAG in the original
sequence) changes in the other species or spectmé&hsr A, respectively, indicating
that the third position is highly variable withimé among species. Already withih
arborea- the species for which the microsatellite set wasgeloped - the core region
have changes in the third base, which cannot beuated for total allele size (allele
difference is due to longer core sequence in tiginad allele). Thus, the substitution
rate in the core region is higher than detecteg byllength difference alone. A similar
pattern is found within the Iragi population. Siddferences of alleles are due to
additional repeats, but supplementary substitutiocsur in the core region as well.

Therefore, the substitution rate of this locusrizsgly underestimated.

In summary, sequencing of locus WHAS5-22A resulted the detection of size
homoplasy within populations and among populatiohbl. savignyi The three major
mutational mechanisms contributing to the allebeiation are (1) addition/ deletion of
repeats, (2) substitutions and indels in the flagkiegion and core region, (3) mutations

interrupting or changing the repeat.
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4.4 .3 Evolution of microsatellite locus WHA5-22A

Pseudacris regilla

meridionalis, Ten., Spain
meridionalis, Morocco
meridionalis, La Gomera, Spain
meridionalis, La Gomera, Spain

meridionalis, La Gomera, Spain
meridionalis, La Gomera, Spain

EEEEERF

meridionalis, Ten., Spain

—— H. meridionalis, France

H. meridionalis, France
"HTE H. meridionalis, France
99 H. meridionalis, France

% I— H. sarda, Sardinia

H. arborea, Switzerland
100 H. arborea, Switzerland
savignyi, Baghdad, Irag
savignyi, Baghdad, Irag

97 savignyi, Turkey

savignyi, Georgia

savignyi, Baghdad, Iraq
savignyi, Baghdad, Iraq
savignyi, Baghdad, Irag
savignyi, Baghdad, Iraq

. savignyi, Jebel Druz, Syria

L
FEFECCEEEREFEEEEEER BF

savignyi, Jebel Druz, Syria

savignyi, Dhamar, Yemen

savignyi, Mawah, Yemen

savignyi, Dhamar, Yemen

savignyi, Sanaa, Yemen

savignyi, Dhamar-Yarim, Yemen

savignyi, Dhamar-Yarim, Yemen

savignyi, Al Haima, Yemen

savignyi, Dhihisub, Yemen

savignyi, Mawah, Yemen

savignyi, Lulah, Yemen
. savignyi, Dhamar, Yemen

100 y—H. savignyi, Mawah, Yemen

L savignyi, Mawah, Yemen

— H. savignyi, N Amran, Yemen

97 H. savignyi, Al Haima, Yemen

[ H. savignyi, Sanaa, Yemen
H. savignyi, Habiba, Yemen

Fig. 2: Bayesian tree of mitochondrial cytb germrfiHyla species. Branch support is

given on each branch, respectively.

The phylogenetic tree based on cytb sequences ghaidyla savignyiis sister taxon
to a monophyletic group composed df arborea and H. sardg H. meridionalis

branches off earlier (Fig. 2H. sardais closely related tdd. arborea The sibling
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species oH. arboreg H. intermedia(not available for this study) is distributed taly
and presumably colonized Sardinia from the mainl&ddhin H. savignyj the Yemeni

population is more closely related to the Syriaantto the Iraqi population.

Besides size homoplasy, locus WHA5-22A has anapecific feature. Given that this
microsatellite set was developed for arboreg it is interesting to notice the tendency
to shorter repeat motifs compared kb arborea (Fig. 2) is present both ii.
meridionalisandH. savignyi Going in more detall, it is obvious that withth savignyi
the Iraqi population shows longest repeat motifge dragi specimen has the longest,
although altered repeat motif found in this stutlje Syrian population shows shorter
repeat motifs in comparison to the Iragi populataond the Yemeni populations the
shortest in the whole study. Similar tendenciedanrement of allele length appear to
be present in the loci WHA1-20, WHA1-67, WHA1-57afdle 1). The latter two also
display the same pattern like WHAS5-22A; the decneme allele length is stronger in
H. savignyiin comparison tdd. meridionalis Finally, WHA1-104 and WHA1-61 have

the longest microsatellite lengths in the Iragi glagon judging from cross-utility tests.

Contrary to other studies, the cross amplificasoocess generally is good. This may be
explained by the fact thdil. savignyiis closely related tad. arboreaand has still
conserved large sections of the microsatellitekilag regions including the priming
sites. According to the cytb tred, meridionalisappears as a sister grougHoarborea
andH. savignyj which explains the successful cross amplificatiime sample size for
H. meridionalisis still limited, which can probably explain th@a number of observed
alleles in this species. In general, the set agpeseful for population genetic studies

within H. meridionalis H. savignyj andH. arborea

However, the sequenced locus WHA5-22A exposesi®ngoplasy. Sequencing more
copies may even increase the number of homopladietes (MARD et al, 1998).
Moreover, one has to keep in mind that the molecalxessible size homoplasy
(MASH, EsToupet al, 2002) can always display only a part of the alcphresent size
homoplasy. Thus, total size homoplasy will alwagshigher than the detectable part.
Although the consequences of size homoplasy in lptipa genetic studies are difficult
to predict (RUSSET, 1996), it has to be stressed that due to sizeoptasy, population

structure may be falsely interpreted. Based on eogpistudies, possible effects of size
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homoplasy can be a reduced number of alleles imilpopns, a reduced proportion of
heterozygotic individuals and decreased gene dtydissTouPet al, 1995; ANGERS&
BERNATCHEZ 1997; TAYLOR et al, 1999; ANGERSet al, 2000; BBTouPet al, 2002).
Nevertheless, €oup et al (2002) also pointed out that size homoplasy may n
represent a significant problem in most populaty@metic studies, because the high
variability of microsatellites possibly will ofterecompense the effects of homoplasious
evolution. However, size homoplasy probably affeesently developed assignment
tests (ORNUETet al, 1999; BTouPet al, 2002).

EsToupret al (2002) also pointed out that size homoplasy isentigely to occur when
microsatellites are influenced by strong alleleesipnstraints in combination with high

mutation rates and large populations.

Additional sources of polymorphisms are mutatiamglanking and core regions. This
source of polymorphism is mostly ignored in popolatgenetic studies. However, our
spot checks of sequenced flanking regions (appeddix clearly demonstrate that
mutations in flanking regions cannot be ignored tieir contribution to (size)

polymorphism. Further investigations at a largeaslesanight best deliver insights in
microsatellite evolution and probably initializeethdevelopment of more realistic

mutational models.

4.4.4 Ascertainment bias or directional evolution?

Reciprocal studies of allele length variation beswéwo species appear to be the most
appropriate method to test for ascertainment basOPeER 1998; Amoset al, 2003).
Reciprocal studies use two microsatellite setsh edeveloped for one species under
investigation (focal species), and test both setbe focal species and against the other
species (cross-amplified species). In this cags,pbssible to test whether allele length
is significantly longer in the focal species thanthe cross-amplified species and
consequently directional evolution can be excludeda cause for asymmetry in the
distribution of microsatellite length. Thus, aseartment bias due to the criteria used in
the development of the microsatellite sets would tbe most likely alternative
explanation. If directional evolution would playr@le, microsatellites would show the
same mutation bias in both, focal and cross-areplifspecies. We were unable to

design a completely reciprocal study setting siaamicrosatellite marker system had
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been developed just fdd. arborea Nevertheless, it seems to be unlikely that the
reduction of allele length is solely based on asg@ment bias. WithiH. savignyj the
shortest microsatellites length (Yemeni populatjaswell as the longest microsatellite
length (Iragi population) is detected. Thus, WHABA2demonstrates both increment
and decrement iil. savignyj which cannot be explained by ascertainment d@asea
Based on the combined results of the phylogenetialyais and the sequenced
microsatellite locus WHA5-22A, mutational bias ajomiogeographical migration
routes appears to be more likely. This would alg@an why the Syrian population has
an intermediate allele length between the Iraqi afineni population. From the
phylogenetic analysis, the Syrian population i® atgermediately positioned between
the Iragi and Yemeni populations. A possible exatemm for this mutation mechanism
in H. savignyicould be that mutation rates and mutation biagwia evolutionary
lineages (Iragiversus Syrian/ Yemeni lineage) are different. Lineageas, which
microsatellites are longer, should have experienaedreater average number of
expansion mutations. Causes for this increased auofexpansion mutations can be a
shift in the equilibrium length distribution in thgenome(s) or alternatively a biased
mutation process, in which divergence in the aweragitation rates in the different
lineages occurred (Aos, 1999). For the former, heterozygote instabilibuld be a
possible mechanism to change the mutation rate iofosatellites within a short

evolutionary time frame.

Another potential explanation for longer allele dédrs in the Iraqi population in
comparison to the Syrian/ Yemeni population may dierent population sizes.
RUBINSZTEIN et al. (1996) discussed this issue in human-primate cosgss; humans
tend to have generally longer microsatellites al a® larger population sizes and,
accordingly, higher rates of microsatellite mutasio Since microsatellites tend to
expand in their allele length, the species withgéareffective population size and
therefore higher mutation rates should show longmrosatellite lengths (BIrTER et
al., 1998). Thus, expanded populations should dispdager microsatellite lengths.
Although this statement is based on species cosge] the same argument may be
applied for the differential allele lengths betwe#re Syrian, Yemeni and Iraqi
populations, because the Yemeni population is asblena glacial relict and
additionally the most southern populationtbfla in Europe and the Middle East. This
indicates that the Yemeni population is a margp@bulation, which probably had a
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low effective population size. Therefore, populatgze in the Yemeni population may
be much smaller than in the Iraqgi or Syrian rangfethe species. The Iraqgi population
could represent an expanded population with longerosatellites. Of course, this
argument may work also for the among species casgrgiH. arboreaprobably had

the greatest geographical range in comparisah toeridionalisandH. savignyi
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Appendices

Appendix 4.1: Sequences of microsatellite locus VBFERA from 22 individuals oHyla. A

Complete microsatellite sequence is given for thgiral clone WHA5S-22A (. arbored.

Other sequences with nucleotides identical todhes are represented by periods (.).

Gaps are represented by -.

arborea, original clone WHA
arborea, Switzerland

nmeri dionalis, La Gomera, Spain
neridionalis, La Gonmera, Spain
nmeridionalis, S-France
nmeri di onali s, Mbdrocco

savi gnyi, Baghdad, Iraql

savi gnyi, Baghdad, Iraq2

savi gnyi, Baghdad, Iraq3

savi gnyi, Syrial

savi gnyi, Syria2

savi gnyi, N Amran, Yemen

savi gnyi, Lul ah, Yenen

savi gnyi, Habi ba, Yenenl

savi gnyi, Habi ba, Yenen2

savi gnyi, Ad Dogma, Yenen
savi gnyi, Dhamar-Yarim Yemen
savi gnyi, Dhamar-Yarim Yemen
savi gnyi, Dhamar-Yarim Yenen
savi gnyi, Dhamar-Yarim Yenen
savignyi, S Yarim Yenmenl
savignyi, S Yarim Yenmen2
savi gnyi, Yenen, 1985

ITIITIIITIIITIIIIITIIIITIIIIIT

arborea, original clone WHA
arborea, Switzerland
neridionalis, La Gonera, Sp
neridionalis, La Gonera, Sp
nmeri di onalis, S-France
nmeri di onal i s, Mbdrocco

savi gnyi, Baghdad, Iraql

savi gnyi, Baghdad, Iraq2

savi gnyi, Baghdad, Iraq3

savi gnyi, Syrial

savi gnyi, Syria2

savi gnyi, N Anmran, Yemen

savi gnyi, Lul ah, Yenen

savi gnyi, Habi ba, Yenenl

savi gnyi, Habi ba, Yemen2

savi gnyi, Ad Dogma, Yenen
savi gnyi, Dhamar-Yarim Yemen
savi gnyi, Dhamar-Yarim Yenen
savi gnyi, Dhamar-Yarim Yenen
savi gnyi, Dhamar-Yarim Yemen

savignyi, S Yarim Yenmenl
savignyi, S Yarim Yenmen2

ITIITIIIIITIIITIIIIIIITIIITIT

10 20 30 40
AU I IR IR U N I
GTTACAGCAAC- AGCAAAT GGCAGOGCATATTCA T
T, e
T, e T
T, e T
T, e
T, e
T, e To....
T, e TT.
T, O P To....
T, e A .
T, e
T, e
T, e
T, e
T, e
T, e
T, e
T, e
T, e
T, e
T, e
T, e
T, e
50 60 70 80
U I R IR U IS I I
AC- - AGCAGCAG- CAGCAACAACAACAACAACAACAGCAG
e - [ G.....
-------- A..T.....G.G.......G....A.A
-------- A..T.....G.G.......G....A.A
-------- A.-.....G.G.......G....A.A
-------- A..-.....G.G.......G.G.A A
e UAA L G.G.G.G.G.G.....
AC.-...... . G.G.Gvvvenain.
e Cil . G.G.G....... G.....
----------------- -..G....G.G.G A
----------------- -..G....G.G.G A
--------------------------- G
--------------------------- G
--------------------------- G
--------------------------- G
--------------------------- G
--------------------------- G
--------------------------- G
--------------------------- G
------------------------- G
--------------------------- G
--------------------------- G
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H savignyi, Yenen, 1985 = - G
90 100 110 120
e L I I R I IR I

H arborea, original clone WHA GCA CACAGCAGCAGCAGCAGCAGGTTAT
H arborea, Switzerland  ..... A ... GG
H meridionalis, La Gomera, Spain AL, A
H meridionalis, La Gonmera, Spain A ..., AC.A A ...
H. rmeridionalis, S-France Ao AC. A A . ..
H. meridionalis, Mrocco Ao AC. A A . ..
H savignyi, Baghdad, lragl ..... A ... A-C AL
H savignyi, Baghdad, lragz ........... A-C AL
H savignyi, Baghdad, lrag3 ..... A ..., AC... A ...
H savignyi, Syrial DALGA L. GC.A A .. ...
H savignyi, Syria2 DALGA L. GC.A . A . ...
H savignyi, N Anran, Yemen AL A L. GC AL
H. savignyi, Lulah, Yemen A A L. GC AL
H. savignyi, Habiba, Yenenl DALGA L. GC AL
H. savignyi, Habiba, Yenen2 ALV A L. GC AL
H savignyi, Ad Dogma, Yemren AL A L. GC AL
H savignyi, Dhamar-Yarim Yemnen SALA L. GC AL
H savignyi, Dhamar-Yarim Yemnen AL A L. GC AL
H. savignyi, Dhamar-Yarim Yenen DALDA L. GC A
H. savignyi, Dhamar-Yarim Yenen DALDA L. GC A
H savignyi, S Yarim Yenenl ALVA L. GC A
H savignyi, S Yarim Yenmen2 SALA L. GC A
H savignyi, Yenen, 1985 JACLA L GC A
130 140 150 160
e L I I R I IR I
arborea, original clone WHA GCCTATACA GCAAAT GCAGCAGCA CAACAG
arborea, Switzerland L

ITITIITIITIITIIIIIIIIIIIIILT

neridionalis,
neridionalis,
neridionalis,
nmeridionalis,

savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi

savi gnyi ,

savi gnyi
savi gnyi
savi gnyi
savi gnyi
savi gnyi

S- France

Mbr occo
Baghdad, Iraql
Baghdad, Iraqg2
Baghdad, Iraq3
Syrial

Syri a2

N Anran, Yenen

Lul ah, Yenen

Habi ba, Yenenl

Habi ba, Yenen2

Ad Dogma, Yemen
Dhamar - Yari m Yemen
Dhamar - Yari m Yenen
Dhamar - Yari m Yenen
Dhamar - Yari m Yenen
S Yarim Yenenl

S Yarim Yenmen2
Yemren, 1985

La Gonera, Spain
La Gonera, Spain
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ITIIITIITIITIIIITIITIITIIIIIIIT

ITITITIIITIITIIITIITIITIIIIIIIT

170 180 190 200
I [ I I I I I

arborea, original clone WHA GTAATGCAGCT CCAGT TGCAGCAGCAGCAA
arborea, Switzerland L
nmeridionalis, La Gomera, Spain . ......... e
meridionalis, La Gomera, Spain . ...... ...
meridionalis, S-France L
meridionalis, MOrOCCO
savi gnyi, Baghdad, lragl ... e
savi gnyi, Baghdad, lrag2 ...
savi gnyi, Baghdad, lraqg3 ..
savi gnyi, Syrial
savi gnyi, Syriaz2
savignyi, N AT an, YeIMBN
savi gnyi, Lulah, Yemen L
savi gnyi, Habiba, Yemenl L
savi gnyi, Habiba, Yemen2 L
savignyi, Ad Dogma, YemMBN L
savignyi, Dhamar-Yarim YemEn ... ...
savignyi, Dhamar-Yarim YemBNn ... ..
savignyi, Dhamar-Yarim YeITEN . ...
savignyi, Dhamar-Yarim YeIMEN ...
savignyi, S Yarim Yemenl
savignyi, S Yarim YemMBN2
savignyi, Yemen, 1985

210 220 230 240
e L I I R I IR I
arborea, original clone WHA GTCAGCAGCAACTGCTTTCTACGCA CAGACCCAGTC
arborea, Switzerland L
nmeridionalis, La Gomera, Spain .......... GA
nmeri dionalis, La Gomera, Spain .......... GA
nmeridionalis, S-France ... ..... GA -
meridionalis, Morocco ... ... GA -
savi gnyi, Baghdad, lraqgl ... -
savi gnyi, Baghdad, lraq2 . -
savi gnyi, Baghdad, lraqg3 ..
savi gnyi, Syrial e
savi gnyi, Syriaz2 e
savignyi, N AmTan, YeIBN
savi gnyi, Lulah, Yemen L
savi gnyi, Habiba, Yemenl L
savi gnyi, Habiba, Yemen2 L
savignyi, Ad Dogma, YENMBN L
savignyi, Dhamar-Yarim YemBn ... e -
savignyi, Dhamar-Yarim YeIMEN ...
savignyi, Dhamar-Yarim YeIMBN ... ... -
savignyi, Dhamar-Yarim YemBn ... ... e -
savignyi, S Yarim Yemenl ... . . ... ... T
savignyi, S Yarim YemBN2
savi gnyi, Yemen, 1985
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ITIIITIITIITIIIITIITIITIIIIIIIT

250

arborea, original clone WHA CCT- GATA
arborea, Switzerland
neridionalis, La Gonera, Spain ...-....
nmeri dionalis, La Gomera, Spain

nmeri di onalis, S-France .G
nmeridi onalis, Morocco .G
savi gnyi, Baghdad, Iraql .G,
savi gnyi, Baghdad, Iraq2 .G,
savi gnyi, Baghdad, Iraq3 Cm
savi gnyi, Syrial e
savi gnyi, Syria2
savi gnyi, N Amran, Yemen e
savi gnyi, Lul ah, Yenen e
savi gnyi, Habi ba, Yemenl e
savi gnyi, Habi ba, Yemen2 -
savi gnyi, Ad Dogma, Yenen C
savi gnyi, Dhamar-Yarim Yenen LT
savi gnyi, Dhamar-Yarim Yenen .G
savi gnyi, Dhamar-Yarim Yemen .G
savi gnyi, Dhamar-Yarim Yemen e
savignyi, S Yarim Yenenl To-
savignyi, S Yarim Yenmen2 -
savi gnyi, Yenen, 1985 -
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Appendix 4.2: Results of cross-utility tests; numsbgive range of detected allele sizes.
Locality and number of specimens tested are givebrackets. Abbreviations: m =
monomorphic, * = although no product could be aidiin this study, further testing
with different PCR conditions might be successhdcause primers were tested with

only one specimen and / or all other rows have yetsd

Microsatel- Hyla arborea Hyla Hyla Hyla Hyla Hylasarda Hyla Hyla
lite locus 6 from savignyi savignyi savignyi meridio- (Sardinia,  meridio- meridionalis
Switzerland/ (Irag, 6) (Yemen, (Syria, nalis 1) nalis (France, 4)
13 from the 361) Jebel (Morocco, (Spain,
Netherlands & Druz,2) 1) Canary
Croatia; Islands, 4)
Arens et al,
2001)
WHAG5- 235-241/ 233-  224-232  209-214 223 235 234-238 222-232 226-230
22A 239
WHAL- 103 230-244/ 242 - - - - 234 - 214-219
WHA1- 104 264-292/270- 259-270  268-276  270-276  276-278 277-279 278 274-276
272
WHA5- 201  238-247 260-270 189 m 190 -* -* 190 191
WHA5-29  330-336/331- 309 - - - - - 310
333
WHA1-140 112-132 - - - - - - 104-114
WHA1- 9 126-136 - - - - - - -
WHA1-20  189-193 157-169  163-169 168 -* -* 167-169 167-169
WHA1- 25 111-117/103- 97-113 89-95 89-97 95-101 89-95 87-101 101
109
WHA1-54  129-145 149 - 115-122 149 142 142-149 149
WHAL1- 60 153-169/ 153-  -* - 157-171  -* -* 139 139
157
WHA1- 61  142-150/ 149 136-160  153-155 142 -* -* 142 153
WHA1- 67 202-226/ 214- 176-180  165-180 203 203 211-213 204 207
226
WHA1- 133 145-157/151- 137-149 - 140 147 149-152 142-147 150, 152
159

WHA1-57  262-332/ 278 236-245  224-234  225-234  239-241 234 8-26 -*
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Characterization of microsatellite loci for Reissita simonyi
(REBEL, 1899), (Lepidoptera, Zygaenidae)

5.1 Abstract

The newly developed microsatellite set fdreissita simonyi(ReEBEL, 1899)
(Lepidoptera, Zyganidae) is presented. In total, lddi turned out to be highly
polymorphic. The microsatellite set will be useddgopulation genetic analysis of this
endemic species in Southern Arabia. In focus of thiudy stands the genetic
differentiation and variability of isolated poputats, which are assumed to be based on
habitat fragmentation due to natural processeshamaan impact. Moreover, this new
microsatellite set showed distinct band patternhénPalaearctic genZs/gaenawhich

seems to be promising for further studies.
Keywords: habitat fragmentatiorReissita simonymolecular markers, SSR.
5.2 Introduction

Habitat loss, desertification, human impact and-@razing seem to be the main causes
for habitat fragmentation and decline of biodiver&n Arabia (G.OBAL ENVIRONMENT
OuTLOOK-1, 1997; MaLCcOLM & MARKHAM, 2000). The fauna and flora of Southern
Arabia consist mainly of Afrotropical and a few @attic (Euro-Asiatic) faunal
elements, a considerable portion of which is reges] by endemic species. @. 11
endemic bird species; MEATLEY, 1997). Therefore, the fauna and flora of Southern
Arabia can be considered as a remnant of an eagation from these areas. A natural
process of desertification led to an isolation loése areas into fragmented habitats
(THomPsoN 2000). Nowadays habitat fragmentation and ddmation is rapidly

progressing due to anthropogenic influences.

In order to assess the impact of ancient and retainitat fragmentation on levels of
gene flow and genetic differentiation between isaapopulations we have chosen

Reissita simonyi(REBEL, 1899). The diurnal motiReissita simonyiLepidoptera,
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Zygaenidae) is an endemic species to Southern Ar@lWUMANN & EDELMANN,
1984). Two probably allopatric forms dReissita simonyiare describedReissita
simonyi simonyiand Reissita simonyi yemenicCOE@REMEWAN, 1959; MUMANN &
EDELMANN, 1984). The larvae of this species exclusivelydfea plants of the genus
Maytenus(Celastracae), containinlyl. senegalensiand M. dhofarensis which are
assumed to show similar patchy populations. TheeefReissita simonyis probably

more sensitive to fragmentation and habitat loas tither faunal elements in this area.

We selected microsatellite markers to study geow,fthe extent of differentiation and
genetic diversity between isolated populations #rel effects of ancient as well as
recent habitat fragmentation. Microsatellite loffieo several advantages over RFLP/
AFLP or allozyme techniques, since they are highbtymorphic, suitable to be

amplified from small tissue amounts, and they ha~elominant properties.

5.3 Material and Methods

DNA was extracted from a single larva (Qiagen DNeBissue Kit) and digested with
Hinf 1. DNA fragments were enriched by ligation with atapter and hybridization to
biotin labelled CA probes and subsequently isolateih streptavidin beads.
Afterwards, fragments were amplified with PCR (adagsequence served as primer)
and transformed into the vector pCR®2.1-TOPO® (¢hagen). One hundred positive
clones were isolated, of which 54 were sequencetd)us ABI Prism Sequencing Kit
and an ABI 377 sequencer (Applied Biosystems). AbBD % of the sequences

contained long repetitive motifs.

Primers were designed using the software packageeR 0.5 (Whitehead Institute for
Biomedical Research). Forward primers were labelN#&d fluorescent dyes (Sigma: 6-
FAM; Applied Biosystems: NED and VIC). PCR ampldton was carried out in 10 pL
containing 10 x PCR buffer (without MggLcontains 100 mM Tris-HCL, 500 mM
KCL, pH 8.3, Sigma), 1,5 — 2,0 mM Mg{({Sigma), 100 uM of each dNTP (Sigma),
500 nM of each primer and 0,5 ufiag polymerase (contains 20 mM Tris-HCL, 100
mM KCL, 0,1 mM EDTA, 1 mM DTT, 0,5 % Tween 20, 50 @bycerol; Sigma).
Amplification was performed in an Applied Biosyste@eneAmp 2700 thermal cycler.

Following an initial denaturation step of 3 minug#s94°C, the reactions underwent 35
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thermal cycles (94°C for 30 s, 60 s at annealingptrature (appendix 5.1) and 65 s at
72°C) and a final extension time of 20 min at 728Sing a 6 % acrylamide gel and an
ABI 377 sequencer, products were separated. Reselts analysed with ENESCAN

3.1.2 (Applied Biosystems) and only high qualitggments (no stutter bands or stutter

bands present, but well-scorable) were taken iotount.

Primer pairs were tested on a set of 60 randombgeh individuals from 20 different
populations distributed over Yemen and Oman. Distanbetween populations vary

from 5 to 1000 kilometers.

5.4 Results and discussion

In total, 14R. simonyimicrosatellite loci turned out to be polymorphappendix 5.1).
For each locus, expected and observed heteroziggosiere calculated over all
populations using &GEN 32 (YEH & BoYLE, 1997). For almost all loci, observed
heterozygosities strongly deviate from expecteduesml Most of the observed
heterozygosities are considerable lower than erdeealues. This can be a sampling
artefact, since we used only 3 specimens per pbpnlto test polymorphism or it could
suggest a highly fragmented population structureiclv has to be examined by the

following population genetic analysis.

The developed set of microsatellite loci is highbtymorphic. For this reason, it could
be of use for other studies such as paternity tigegsons. Also three species of the
genusZygaenawere tested in PCR amplifications and displayedrtjescorable band
patterns on agarose gels (Table 2). However, waalicdhave enough samples to check

for polymorphism, but tests were promising for figrt investigations.
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Table 2: Successful amplifications in the geAygaena+ = distinct band patterns with
same PCR conditions lik. simonyj - = no successful amplification, 0 = successful
amplification, but slightly different amplificatiomonditions (further information in

brackets)

Microsatellite locus Zygaena transalpina Zygaena transalpina Zygaena angelicae
latina hippocrepidis elegans

RS-3 + + +

RS-4 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-5 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-17 0 (smeary, higher 0 (smeary, higher 0 (smeary, higher
annealing temperature annealing temperature annealing temperature
and 1,5 mM MgQ) and 1,5mM MgG) and 1,5 mM MgQ)

RS-19 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-24 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-28 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-31 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-32 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher
annealing temperatue) annealing temperatue) annealing temperatue)

RS-33 - - -

RS-37 - - -

RS-44A - - -

RS-47 0 (smeary, higher 0 (smeary, higher 0 (smeary, higher
annealing temperature annealing temperature annealing temperature
and 1,5 mM MgQ) and 1,5 mM MgQ) and 1,5 mM MgQ)

RS-50 0 (1-2 °C higher 0 (1-2 °C higher 0 (1-2 °C higher

annealing temperatue)

annealing temperatue)

annealing temperatue)
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Appendix
Appendix 5.1:Characterization oReissita simonymicrosatellite markers and their
products. M= Microsatellite locus; Ppl = Predicted productdth (bp); A= Annealing

temperature; NoA = number of alleles.

M, Repeat Ppl  Primer sequences (forward, reverse) A No  Allelic Mean Genbank
A range Ho/ Accesion
He numbers
RS-3 (CA)u 107 5 -TCAGAAGTTCCAAACGAAGAG- 48°C 19 99-124 0.535 AY250755
3 7
5-ATCATAGCAAGCTCGAAAAGC- 0.927
3 3
RS-4 (GT)(GCr 390 5 -AGCTGACTGCCAAACTA-3’ 49°C 7 346-360 0.076 AY250744
GTGC 5-AGACTGCGACCACTATGA-3’ 9
(GTREATGT 0.778
AT(GT).AT 1
(GT):GCG
TGCCT
(GT)ATGT
(GCGT)
GA(GT)s
RS-5 (CA);TA 286 5-GAGCGGCCGCCAGTGTGA-3" 50°C 6 244-254  0.000 AY250742
(CA)o 5-ATAAAGCATGCAAAAGTTCT-3 0
0.318
9
RS- (CA)(TA), 173 5 -GTATGGAAACTGCTAACAAAT-  52°C 5 138-155  0.200 AY250743
17 (CA) 3 0
5-TTCGTAACGTCACACTCACA-3’ 0.613
6
RS- (CA)sCTA 281 5'- 49°C 13 233-284 0.160 AY250745
19 A (CA)o ATGTAGAATTTTGTGATGTAGAG- 0
3 0.809
5-TAGCCTGATATAAAGAGTTCC-3’ 8
RS- (CA).CG 213 5'- 51°C 7 189-205 0.400 AY250746
24 (CA)CC GGAAGCAGGAGTAAAAGCAAATA 0
(CA).CC A-3 0.746
(CA)CGC 5- 7
ATATG CCGACTAAGGTGACAATGGTGATA
(CA).CGT -3
AAA(CA) 4
RS- (G 115 5'- 48°C 9 106-119  0.404 AY250747
28 TGAAGGAATTTTTAAAGTGACAAC 8
-3 0.530
5- 6
ATTCCCCTTAGATTTATGATGATT-
3
RS- (GTTT)1a 204 5-GGTCCACCATTCCTTAGAGATA- 47°C 15 147-217  0.227 AY250748
31 3 3
5"-ACCAGTAGTTTCGGAGATTAG- 0.894
3 6
RS- (CA)CTC 225 5-GGCAGGGAAAGAAGGAGAGGA- 51°C 5 163-169  0.000 AY250749
32 G(CA),CG 3 0
CG(CA)% 5-CAAGTGTAAGTTCGGATGTG-3 0.620
CTCGGCG 0
G(CA)s
RS- (CA)s 329 5-GACAACAGCCACATTCATACT-  50°C 22 312-347  0.387 AY250750
33 3 8
5"-CCCGAGGAAATCCCGAAAGTT- 0.932
3 5
RS- (GT) 295 5-TAGACTGCGTACCAATCGTG-3" 48°C 7 276-304 0.131 AY250751
37 5-CTTAAGTCGGCTAGTCAAATC-3’ 6
0.643
4
RS- (GAAAT); 173  5- 48°C 9 163-177 0.263 AY250752
44N GAAT TATTACCACCGTTTTTGTTTGTCA- 2
(GAAAT)s 3 0.860
5- 1

TATCCTCTTTGTTGCGGCTCAGTA-
3
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Appendix 5.1: continued

RS- (CA).CG 217 5- 51°C 14  192-214 0.381 AY250753
47 (CA)CC GGAAGCAGGAGTAAAAGCAAATA 0
(CA),CC A3 0.860
(CA)s 5 5
AAATCCGACTAAGGTGACAATGGT
_3'
RS- (GTkGC 245 5-GAGAGTGCGAAATCCATAAT-3° 50°C 9 210-229  0.150 AY250754
50 (GT)AC 5 -ATACGCGCATAACAAACTAC-3’ 0
(GT)GC 0.772
(GT)AC 5
(GTAGCh

GY(GT)z
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Population genetic structure ofHyla savignyi (AUDOUIN, 1827;
Hylidae; Amphibia) in the highlands of Yemen is shped by a
mixture of isolation by distance, partial limited migration,

and long- distance gene flow

6.1 Abstract

Hyla savignyiAuDouUIN, 1827, the yellow-lemon tree frog is found fromrRey down

to the Saudi Arabian Peninsula in Yemen and Ontapelbngs to thédyla arborea -
group, the common European green tree frog, bgedagraphically isolated from its
closest relatives. Populations ldfla savigny, like most other amphibians, are highly
linked to water places (at least for reproductidn)the highlands of Yemen, suitable
water places are extremely scattered and highlyurthied by human impacte( g.
insecticides). Thereforéjyla savignyiis probably more sensitive to fragmentation and
habitat loss than other faunal elements in thisa.ardditionally, migration and
population structure may also be influenced byuwalg differences up to approximately
600 m.

We selected 5 microsatellite markers frorreAis et al. (2000) to study population
structure, gene flow, the extent of differentiatiamd genetic diversity between
presumably isolated populations. In total, 325 the@s from 14 populations were
analyzed. Er values range from 0.0004 to 0.6857, which generaltlicate strong
subdivision of populations. Over all populatiorsglation by distance and isolation by
altitude are obvious; although the latter is nainsicant in partial mantel tests.
Population-structure analysis with assignment téstgher suggest the existence of
genetically different populations, which mainly mspond to the sampled geographic
sites. Differences in gene frequencies result nedghmajor clusters. Within clusters,
migration is detectable; among clusters migrat®omeasurable to a much lower extent
or clearly absent. However, we also find signs arsfgtdistance gene flow between
certain populations. The influence of geographisalation is not surprising, taken into
account thaH. savignyiis an amphibian with low dispersion abilities.clontrast, long-
distance gene flow may be based on frogs or tadpgmasported through tank trucks to

other ponds. Finally, it appears that migrationvehaa South to North extension,
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indicating that successful migration is supporteddards the South and that potential
barriers to gene flow towards the North are present
In summary, the complex population structureHofsavignyiin Yemen is shaped by

different isolation factors, partial limited migian, and long distance gene flow.

Keywords: habitat fragmentatiofyla savignyj microsatellites, isolation by distance.

6.2 Introduction

Numbers of publications of population genetic anmgbographical studies of
amphibians increased in recent yearseffaNDRINO et al, 2000; LEBLOIS et al., 2000;
LAMPERT et al, 2003; Bk et al, 2004). Mainly, this was due to efforts in
conservation genetics, as an attempt to understeenadorld wide decline of species and
loss of genetic variation in amphibians qbLAHAN et al, 2000; RAsSeEr 2000;
DAVIDSON et al, 2002; ANDERSENet al, 2004). In these studies, special attention has
been paid to isolation mechanisnas g.roads, urbanization, habitat destruction), which
were assumed to be responsible for inbreeding teffaed impediment of dispersal/
migration (HTCHINGS & BEEBEE, 1997; ®HNSTON& FRID, 2002). Additionally, habitat
fragmentation and loss were assumed to play an riaporole in isolation and

extinction of populations (¥s& STumPEL, 1995; FUNK et al, 2005a).

A first consequence of habitat fragmentation wid B decreased genetic effective
population size in habitat patches. If isolatior aastricted gene flow continues for a
number of generations in small effective populaijoa loss of heterozygosity and
alleles due to random drift will occur at an in@ieg rate (MRTL, 1999) which can be
measured as an inbreeding effect. Inbreeding caeér as an indicator of viability of
populations (HRTL, 1999). A loss of genetic variation is assumedave negative
effects on the evolutionary potential and fitnebpapulations and species NAERSEN

et al, 2004). Genetic variation is thought to maintagdatability of a population (and
species) in a changing environment, although treetemechanisms for this reciprocal
relationship between genetic variation and fithessa population remain unclear
(ANDERSENet al, 2004). Nevertheless, conservation biologists taimdetect inbreeding
effects and subsequently develop action plans deroto raise heterozygosity in

vulnerable populations. Therefore, detailed studiesut genetic differentiation within
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and across populations are necessary to detechg@e@da populations and populations
that display properties to serve as source stoockgénetic variability. Moreover, a
critical examination of probable isolation factoes well as migration between
populations is necessary. Particularly in South&rabia these detailed population
genetic studies are still lacking despite a highlynerable ecosystem and massive

human impact.

This is particularly true for amphibian species hwian assumable stenoecicous
ecological range, likeHyla savignyj which prefers calm, well temperate, non-
eutrophicated and shallow ponds. Therefore, amahipopulations often are assembled
in a metapopulation spatial structureL(ARD & RICHARDS, 1999; MARSH & TRENHAM,
2001) corresponding to the geographical distributbsuitable ponds. Additionally.
savignyiis assumed to have low migration abilities of ab®km comparable to other
western Palaearctic tree frog speciesdF1993; ADERSEN et al, 2004). Thus, an
interconnected or dense network of water ponds wilintain connectivity of
populations and support gene flow. Therefore, flecies may suffer the consequences
of habitat - area reduction and disturbance in aensensitive way than many other
species. However, at the same time, individuals diagerse over long distances, as
found inH. arborea(StuMPEL & HANEKAMP, 1986). It was found thdilyla arborea
individuals are able to migrate distances of 12rbder year (mark-recapture methods).

Therefore, it may be possible that single individudsplay long distance dispersal.

Hyla savignyiwas also chosen as a model species, because @&nb#ser important
property for this kind of studies. The yellow-lemtvae frog Hyla savignyj inhabits a
wide range from Turkey, Azerbaijan and Georgiahe nhorth to Saudi Arabia and
Yemen in the south. The Yemeni populations are meduto be a remnant of a
settlement from the last glacial series (10000 260D years ago, HOMPSON 2000).
Due to the long temporal isolation, the populatiorYemen and Saudi Arabia can be
considered as a closed system without geneticgrégssion from outside populations.
Hence, most of the detected population geneticeffaill be a consequence of local
changes in the population structure.
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Potential hazards for this species are environrheothition (e. g.sewage and different
kinds of oils) in combination with chemical substes like insecticides and
molluscicides (8HATTI & GASPERETT} 1994).Hyla savignyiis threatened by the fact
that connectivity of water ponds may be restriciee to roads and, maybe even more
important, due to regular draining of ponds togate agricultural fields. Due to the
latter, connectivity of populations may be influedcby periodical extinction (no
reproduction possibility) of populations or at leesduction in population size. On the
other hand, displacement of tadpoles or eggs mayrpbecause water from ponds is
occasionally transferree@(g.tank trucks; KUTSCH, pers. observations) to other ponds
or agricultural fields in the surrounding areasei@fore, connectivity of population and

migration between them may be restricted or supgdrt one or the other way.

The landscape topology of Southern Arabia may sgmea supplementary challenge
for species with presumable low dispersal abilit(Esnk et al, 2005b), like H.
savignyi Isolation by distance effects may influence tbpylation structure intensively
(GARNIER et al, 2004; UGNIERI, 2005), but the highland structure of Yemen caitib
separate populations of frogs by altitudinal eBe®ecently, altitudinal separation was
addressed in a number of studiesqi® & DUBACH, 2004;DE NAVASCUES MELERO,
2005).

In summary, the aim of the present study was tdyaeahe genetic composition of the
Yemeni populations of the yellow-lemon tree frdg savignyi Focus was put on the
following central questions:
(1) What is the population structure and genetic viammaamong populations?
(i) Are there possible migration routes and are théatee to the connectivity
of the water pond system?
(i) Does isolation by distance (IBD) contribute to gapulation structure and
thus does connectivity of ponds decrease with gegdgeal distance?
Additionally, does an altitudinal distance conttduto the genetic

differentiation as well and therefore to connetyiaf populations?
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6.3 Material and Methods
6.3.1 Sampling

The study was conducted in Yemen, Southern Ardtha.landscape is mainly a desert
area with partly natural, partly artificial wateonqds. Tree frogs were sampled from 14
localities (Fig. 1) over a two year period (200B2p in Yemen and from one
population from Baghdad as outgroup.

Sandi Arabia

Fig.1: Sampling sites dfl. savignyiin Yemen. Numbers correspond to those in Table 1.
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Toe-tips of 335 specimens were collected. Aftecluag by hand, one toe-tip of the
right hind foot was clipped. To avoid re-samplimgglividuals with one toe-tip less at
the right hind foot were not sampled. Tissue wasatlly stored in 100 % ethanol and
specimens were immediately released at samplieg Sa&mples are stored in the tissue
collection of ZFMK at -20°C. Of these 14 populasofive had sample sizes under or
equal to 10; all other sites were sampled with I9s@mples per site. In Southern
Yemen suitable habitats for this frog were foundbiver altitudes, but so far, tree frogs
have not been found at these sites((kKsCH et al, chapter 2). Therefore, collection has

been limited to the northern highlands of Yemen Iddalities are known from Oman.

6.3.2 DNA extraction and amplification

Genomic DNA was extracted from toes using a stah@drelex incubation (ERKEN et
al., 1998). Primers were taken fronREns et al. (2000). These primers were originally
developed foHyla arboreaand now adapted fdflyla savignyiin this study. Five loci
(WHA1-20, WHA5-22A, WHA1-104, WHA1-25, WHA1-61), vith displayed low to
moderate polymorphism, were chosen. Recently, ame&sing number of animal
studies report cross utility of microsatellites dpter 4 & 5, and literature within).
However, investigators have to be aware that redipodymorphism in microsatellites
in different species can be artificial. There seeimsbe a tendency for reduced
polymorphism and allele length in microsatellite®ducts for species they were not
developed for (ascertainment biasyd@s, 2003). Paying attention to this phenomenon,
cross-utility tests were performed to test polynmisms within Hyla savignyi
(KLUTscH et al, chapter 4). It could be proven that lower polypiosm in the Yemeni
population is not caused by ascertainment bias otations in primer sites, but

represents a special feature of the Yemeni populsiti

PCR amplification was carried out in 20 pL contagnil0 x PCR buffer (without
MgCL,; containingl00 mM Tris-HCL, 500 mM KCL, pH 8.3,g&ia), 1,5 — 2,0 mM
MgCl, (Sigma), 100 uM of each dNTP (Sigma), 500 nM afheprimer and 0,5 unit
Taqg polymerase (containing 20 mM Tris-HCL, 100 mM Kd,1 mM EDTA, 1 mM
DTT, 0,5 % Tween 20, 50 % glycerol; Sigma). Amgkiion was performed in an
Applied Biosystems GeneAmp 2700 thermal cyclerldvwdhg an initial denaturation
step of 3 minutes at 94°C, the reactions under®8rihermal cycles (94°C for 30 s, 60
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s at annealing temperature and 65 s at 72°C) dithlaextension time of 20 min at
72°C (see RENset al. (2000) for annealing temperatures). Using a 6 #glamide gel
and an ABI 377 sequencer, products were separ&edults were analyzed with

GENESCAN 3.1.2 (Applied Biosystems) ande@oTYPER (Applied Biosystems).

6.3.3 Statistical data analysis

Statistical analysis was performed witlENEPOP 3.4 (RAYMOND & ROUSSET 1995).
Genotypic linkage disequilibrium (LD = non randossaciatiorof genotypes occurring
at different loci) was tested by tlexact probability test. The null hypothesis is that
genotypes at one locus arelependent from genotypes at all other loci. Ttaist
computedunbiased estimates by randomization (10.000 itara}i andthe exact
probabilities of randomassociation for all contingency tables correspopdio all
possible pairs of loci within each population by thlarkov-chain methodoreover,
GENEPOP 3.4 (RAYMOND & Rousset 1995) was used to calculate Hardy-Weinberg
exact tests, heterozygosity deficiencies, apd/Fst values at the population level.
HWE was tested at the single locus level usingtteetests for heterozygosity excess
and heterozygosity deficit. JPGEN32 was used to calculatgFand ks for groups of
populations and $TAT (GoUDET, 2001) for the calculation of allelic richness. &m
populations were retained for further analysesabse they showed no deviation from
Hardy-Weinberg equilibrium or specific linkage disdibrium. Furthermore, a test for
recent bottlenecks was conducted with the prograoTTBENECK (CORNUET &
LUIKART, 1996). BPGEN32 (YEH & BoYLE, 1997) and ReeVIEW (PAGE, 1996) was
used to calculate Nei's unbiased measures of gadetitity and genetic distance and to
construct a population tree. In additioBp lon THEWEB (BOHONAK, 2002) was used to
perform simple and partial Mantel testsANEL, 1967) to test for correlation between
genetic and geographic distance (isolation by deggand isolation by altitude. Mantel
tests were performed with 30.000 permutations. alingeographic distances were
obtained from NCROSOFTENCARTA WORLD ATLAS (2005). Genetic differentiation was
not only tested for correlation with geographicabtance, but also for altitude
differences. This was done to address the spetigtion in Southern Arabia, where
tree frogs may not only be isolated by linear gapgic distances, but also by altitudes,

since the sampling localities ranged from 2200 13845 m altitude.
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IBD was tested at three hierarchical levels. Fitis¢ overall significance was tested
including all populations. Second, relationships oam clusters were further
investigated to identify which combination contriéd mostly to the overall significant

result. Lastly, significance of IBD was tested witkblusters.

6.3.4 Population structure and admixture

Population-structure analysis was performed withgenetic assignment method.
Assignment methods use a likelihood approach tayassdividuals to populations.
Thus, composition of a population can be assessededationships as well as structure
of populations can be analyzed. Assignment of indial frogs to their most likely
population of origin was performed usingei&CLASS v.2.0.f (RRy et al, 2004;
downloadable from http://www.ensam.inra.fr/fURLB/geneclass/geneclded)a In
GENECLASS2, the Bayesian model ABTkAU et al, 1995) in combination with the
simulation algorithm of GRNUET et al, 1999) was used to assign individuals to
populations. Self-assignment of individuals to pgapians was calculated using the
‘leave one out” option, which calculates the refeeeallele frequencies using all
individuals from the reference population excepmt hdividual that is being assigned.
An assignment threshold for scores was set to 0l@&s means, individuals with an
assignment value lower than 0.05 were not assitméide predefined population or to
any population, respectively. The latter case waaldicate an origin from an un-

sampled population.

However, all three implemented types of individaakignment (Bayesian, frequency-
based, and distance methods) were tested and @&sigrsuccess was similar in
Bayesian and frequency-based methods whereas akstaethods demonstrated lower
assignment success to some extent (results notnghow

Migration between sites was estimated using theté€iwon for first generation
migrants” option (ReETKAU et al, 2004). As computation criteria, a Bayesian method
(RANNALA & MOUNTAIN, 1997) was used in combination with the Monte-Garl
resampling algorithm of &TkAuU et al. (2004). Number of simulated individuals was
set to 10.000 with a type | error of 0.01.
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6.4 Results
6.4.1 Within population genetic variation

Table 1 summarizes the patterns of genetic vanateiected within populations.
Table 1: Summary of allelic variation statistics &l loci. Number of individuals (),
expected heterozygosity §H observed heterozygosity §H Fs estimates after AR &
COCKERHAM (1984) (ks); Number of polymorphic loci (My), number of alleles within
population (A), mean number of alleles within paidn (Ay), A, allelic richness
(calculated in BTAT (GOUDET, 2001)). Please note that allelic richness isstdflito the

smallest population and therefore Ar has very srallies.

Number in Ning He H, Fis Npol A An A

map

Not shown |Baghdad 10 0.696 0.405 0.3688 5 21 42 3.4

4 Wadi 28 0.246 0.219 0.1114 3 12 40 1.7
Annaim

1 N Amran 19 0.229 0.158 0.3173 3 10 3.3 16

6 Lulah 30 0.416 0.280 0.3310 5 16 32 23

8 Ad Dogma/ 34 0.448 0.265 0.4257 5 18 36 24
Al Haima

3 Shibam 5 0.268 0.330 -0.2800 3 8 26 16

7 Sanaa 37 0.275 0.272 0.0124 4 13 32 18

5 Habiba 34 0.242 0.252 -0.0406 4 11 27 1.7

2 Thula 6 0.209 0.253 -0.2389 3 8 26 15

12 Between 27 0.211 0.178 0.1579 3 12 40 1.7
Dhamar-
Yarim

13 Dhihisub 33 0.238 0.333 -0.3925 3 12 40 1.6

11 Dhamar 4 0.429 0.400 0.0769 4 10 25 20
checkpoint

14 S Yarim/ 31 0.388 0.278 0.2837 4 16 40 22
Mawah

10 Dhamar 7 0.345 0.343 0.0069 3 12 40 21

9 Maabar 30 0.412 0.275 0.3391 4 18 45 24
Total 335

In total, the number of alleles over all loci varifom 8 to 18 within the Yemeni
populations. Including all loci, the number of &k significantly correlates with sample
size (PEARMAN; P < 0.01). However, Baghdad has a high allele beimng21 alleles)
although only a low sample size (sample size: 1@s vobtained. All loci are
polymorphic, but locus WHA5-22A has in only 3 pomtibns (Baghdad, Lulah, S
Yarim/ Mawah) more than one allele and only in pogulation (S Yarim/Mawah) the
total number of three detected alleles. AltogetB8ralleles are detected in the Yemeni

populations; of these one allele is unique to aglsinpopulation (WHA5-22A
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in population S Yarim/ Mawah; the most southernyagon), but four alleles are not

found in more than two populations. At the locus WH104, one allele is found in the

populations of Sana’a and N Amran and two alledeh én Ma abar and Ad Dogma/ Al

Haima. At the locus WHA5-22A, an allele is shargdtbe populations of S Yarim/

Mawah and Lulah. Genetic variation in terms of mea&pected heterozygosity ranges
from 0.209 in Thula to 0.448 in Ad Dogma/ Al Haima.

6.4.2 Linkage disequilibrium

Statistical tests for LD are conducted for all paf microsatellitéoci; only 7 of the 78
possible tests have significaresults P < 0.001; Bonferroni correction). However, no
considerable tendency regarding linkage of pauicidci can be observed. The seven
cases are distributed among the populations Ad o(r), Lulah (3x), and Maabar
(1x). Thus, linkage disequilibrium is highly conted to populations rather than to a
specific loci combination. Therefore, other cautiean a physical linkage of loci is
likely to be responsible for these results. Linkatigequilibrium may be caused by
admixture of two or more populations differing ithebe frequencies, natural selection,
or by inbreeding (WRTL, 1999). The most likely explanation for the obserlinkage
disequilibrium pattern here is inbreeding effettscause the three populations, where

LD is observed, have also higl #alues ranging from 0.3310-0.4257.

6.4.3 Hardy Weinberg tests and bottlenecks

Deviations from HWESs are observed in 9 out of 1€gtg at the single locus level (data
not shown) after applying a Bonferroni correctidh < 0.0025). 8 out of 9 cases are
caused by heterozygote deficiency. None of thed®&bibited deviations from HWES in
all of the ponds, but all loci have at least oncdeaiation from HWE without having an
accumulation within a particular pond. To test wWieetthis heterozygote deficiency is
caused by recent bottlenecks, the program Bottle(fBoRNUET& LUIKART, 1996) was
used. The hypothesis of recent bottlenecks is texlecbecause the populations
(Baghdad, Thula, Dhamar checkpoint, and Shibamkgrata shifted mode of allele
frequency can be observed, do not correspond tolgibpns where a deviation of HWE
can be observed. All of these populations with #texh mode are small (4-10

individuals).
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Thus, we interpret this as an artificial result,iethis also pointed out by GRNUET &
LUIKART (1996). Small sample sizes may result in wrongipificant results for recent
bottlenecks, because allele frequencies are noéseptatively sampled. However, no
recent bottlenecks have been observed in thosegiams, in which a deviation from
HWE is detected. Other explanations for deviatiorHBVE expectations include the
Wahlund effect, non-random mating, the presencautifalleles, or inbreeding effects.
The latter is also supported by the results foundtiie linkage disequilibrium (see
chapter 6.4.2).

6.4.4 Population genetic differentiation

Significant genetic differentiation across the 1dmeéni populations is detected at the
population by population level, with pairwiserfvalues varying from 0.0004 (Ma abar-
Dhamar) to 0.6867 (N Amran - between Dhamar andnY)afappendix 6.1).

Wright (1978) has suggested guidelines for therpméation of kst values. Following
these guidelines, little to great genetic variatonld be observed. A similar picture is
drawn by Nei’s (1978) unbiased measure of genédtartte (appendix 6.4), where the
greatest genetic distance can be observed eitheede “N Amran” and “Lulah” to the
locality “between Dhamar and Yarim”, with genetistdnces of 0.9965 and 0.9965.
The dendrogram based on Nei’s genetic distanceevalkig. 2) reveals another
interesting feature of the population structureHgfa savignyiin Yemen. Three major
groups of populations can be detected (see also3igOne group includes the three
populations from N Amran, Lulah, and Wadi Annaimhigh are all situated in the
North of the capital city Sana’a (Fig. 3). A secamdup encompasses the populations
from Ad Dogma/ Al Haima, Sana’a, Shibam, Habibal &hula, which are situated in
the West and North-West of Sana’a and includes’Sdtsalf. The only exception is Ad
Dogma/ Al Haima, which is placed in the South-WektSana'a and has largesirF
values to all other populations in this group. Tlhst group includes populations,
located South of Sana’a; namely between DhamamyamDhihisub, Dhamar
checkpoint, S Yarim/ Mawah, Dhamar, and Ma abarudhdy speaking, the three
groups correspond to a structure from North to Bootit group 1 and 2 partly overlap

geographically. Population differentiation withirogps varies greatly.
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Baghdad

Wadi Annaim
Lulah
Ad Dogma/

Al Haima
Shibam

Sanaa

] Thula

between Dha-
mar and Yarim
Dhihisub
Dhamar
checkpoint

S Yarim/

Mawah

Maabar

Figure 2. UPGMA dendrogram aftereN(1978), based on genetic distance data
(appendix 6.4); branch lengths represent genettanice; built by 8BPGEN32.

In group 1, k7 values range from 0.1122 to 0.2708 whereas ingBust values vary
from 0.0126 to 0.2005. Genetic differentiation witlygroup 3 diverges from 0.0004 to
0.3344. ks for group 1 is equal to 0.2550, for group 2 = 0®48nd for group 3 =
0.533, indicating a higher inbreeding effect inigrdlL in comparison to the other two
groups. Subdivision of populations is similar ih gdoups (1; kr = 0.1695, 2; Er =
0.1505, and 3; & = 0.1429). Overall, thedrvalue is equal to 0.3667, indicating a high
differentiation (flswas 0.0904).
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Sandi Arabia

Cluster @

Cluster :
Yemen

Cluster {

Fig. 3: Geographical position of clusters found Nei’s distance tree. Numbers

correspond to those in Table 1.

6.4.5 Isolation by distance

Including all populations, a significant positiverelation between genetic §r and
geographic distance (km) is detected (P < 0.009,4i
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Genetic distance (Fst)

Geographic distance (km)

Fig. 4: Relationship between genetic differentiat{bst) and geographic distance (km)
over all populations.
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Fig. 5: Relationship between genetic differentiat(6st) and altitudinal difference (m)

over all populations.

A positive correlation between genetic differentiat and altitudinal difference (m)
including all populations is also significant (P0<042, Fig. 5). However, applying
partial Mantel tests, the correlation of genetitedentiation and altitude is still present,
but not significant. Among clusters, cluster pdirand 3 as well as 2 and 3 show a
significant correlation between genetic differetitia and geographical distance.
Geographical adjacent/ overlapping areas of clssteand 2 display no significant IBD
pattern (Table 2). Geographical and altitudinafatises are given in appendices 6.2 and
6.3.
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Table 2: Mantel and partial Mantel test results ifmlation by distance and altitude
analysis. 8D ON THE WEB (BOHONAK, 2002) was run with 30.000 randomizations.

Geographical distance is given in km whereas ditital difference is given m.

Genetic 1st geographic Indicator 4 r p

distance distance matrix

Among all

individuals

Fst Geographic no 2430.2777 0.3165 0.0090
distance (km)

Fsr Altitudinal no 8529.9163 0.2043 0.0420
difference (m)

Fst Geographic Altitudinal 0.2865 0.0152
distance (km)  difference (m)

Fst Altitudinal Geographic 0.1500 0.0967
difference (m) distance (km)

Among pairs of

clusters

Cluster 1 and 2 Geographic no 214.0077 -0.2032 0.8881
distance (km)
Altitudinal no 2440.3296 0.0124 0.3769
difference (m)
Geographic Altitudinal -0.2105 0.8781
distance (km)  difference (m)
Altitudinal Geographic 0.0574 0.2740
difference (m) distance (km)

Cluster 1 and 3 Geographic no 1278.4232 0.8498 0.0040
distance (km)
Altitudinal no 3903.0069 0.2805 0.0778
difference (m)
Geographic Altitudinal 0.8357 0.0042
distance (km)  difference (m)
Altitudinal Geographic -0.0141 0.4565
difference (m) distance (km)

Cluster 2 and 3 Geographic no 1023.5636 0.5416 0.0027
distance (km)
Altitudinal no 3163.5148 0.2705 0.0394
difference (m)
Geographic Altitudinal 0.5200 0.0033
distance (km)  difference (m)
Altitudinal Geographic 0.2076 0.0692
difference (m)  distance (km)

Within clusters

Cluster 1

Fst Geographic no 11.3052 -0.2907 0.4945
distance (km)

Fsr Altitudinal no 249.9248 0.9688 0.1642
difference (m)

Fst Geographic Altitudinal 1.0000 0.4945
distance (km)  difference (m)

Fst Altitudinal Geographic 1.0000 0.4930
difference (m)  distance (km)

Cluster 2

Fst Geographic no 35.0889 0.3360 0.2009
distance (km)

Fsr Altitudinal no 364.2004 0.9386 0.0158

difference (m)
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Table 2: continued

Fst Geographic Altitudinal -0.0397 0.4258
distance (km)  difference (m)

Fst Altitudinal Geographic 0.9306 0.0084
difference (m)  distance (km)

Cluster 3

Fst Geographic no 39.3227 -0.4852 0.8663
distance (km)

Fsr Altitudinal no 369.4365 -0.3602 0.9711
difference (m)

Fst Geographic Altitudinal -0.4238 0.8157
distance (km)  difference (m)

Fst Altitudinal Geographic -0.2574 0.8518

difference (m) distance (km)

Regarding isolation by altitude, only cluster p&rand 3 shows a tendency for
differentiation by altitude. Within groups, none tbe correlations are significant with
the exception of a significant correlation betwegmetic differentiation and altitude
within cluster 2 (P < 0.016), which even becomegarggnificant in partial Mantel
tests (P < 0.008). Cluster 2 displays a signifig@ht< 0.03) correlation of expected
heterozygosity and altitude indicating that withcreasing altitude variability is

increasing.

6.4.6 Assignment of individuals and detectionrst fieneration migrants

A total of 198 (59.1 %) individuals are assignedheir sampling population (Table 3).
Exclusion of small populations (< 10) only slighthcreased total assignment (~ 66 %;
results not shown). At the group level, inferreohfrthe dendrogram by Nei’s distances
(Fig. 2), individual assignment to group 1 is 9%§appendix 6.7). Only one individual
from Ad Dogma/ Al Haima (group 2) is assigned testhroup (to population Wadi
Annaim). To group 2, 80.2 % of individuals are gesd to this cluster. 19.8 % of
individuals sampled from geographic localities iaster 2, are assigned to group 3. In
more detail, 16.4 % are assigned to S Yarim/ Mawiafi; % each to Ma abar and
Dhamar. Concerning group 3, 9.6 % of the individuamle assigned to group 2 instead
of group 3. One individual (0.7 %) is of unknowngim and cannot be assigned to any
population. Thus, 89.7 % of the individuals sampiethis area are also assigned to this
group. The results of assignment tests at the glewg clearly support the clusters
inferred from Nei’s distance analysis.
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Table 3: Summary about detection of first generatimgrants. Three analyses were
performed with GNECLASS2 (PRY et. al, 2004). Number attached to name of sampled
population gives type of analysis, in which it wdatected. In the case of repeated
detection, the combination of analyses is give L_home/ L_max (1); L=L_home/
L-max_ not home (2); Direct Likelihood L_home (3)pg(L_home) is the likelihood
value obtained for the presumed population of arigog (L) is the likelihood value of

the population, where the individual is most likelyginated.

Sampled Population -log(L_home) Probability Mostlikely origin of -log (L)
population
Habiba?3 5.445 0.0000 Ad Dogma/ Al Haima 2.204
Lulah? 1.970 0.0072 Wadi Annaim 2.403
Lulah? 2.347 0.0024 Wadi Annaim 1.989
Dhihisub®??3 2.653 0.0016 S Yarim/ Mawah 2.247
Dhamar checkpoinf 2.918 0.0060 Dhihisub 1.765
Ad Dogma/ Al Haima'?® 3.743 0.0000 Dhamar and Yarim 2.922
Sana’d? 2.044 0.0071 Thula 1.624
Sana’d? 2.498 0.0024 S Yarim/ Mawah 2.580
S Yarim/ Mawah'?? 2.520 0.0057 Dhihisub 1.613
S Yarim/ Mawah'??3 2.510 0.0040 Dhamar and Yarim 3.528
S Yarim/ Mawah'? 2.220 0.0094 Dhamar checkpoint 2.845
S Yarim/ Mawah'? 2.420 0.0054 Dhamar and Yarim 0.790
Dhamar® 5.090 0.0064 Thula 4,533
Wadi Annaim?® 5.727 0.0035 N Amran 5.600
Wadi Annaim?® 5.031 0.0051 Thula 4.386
Ma abar® 8.261 0.0028 Dhamar checkpoint 7.267
Ma’ abar® 8.133 0.0028 Thula 5.885

Especially, the isolated character of group 1 psuted by assignment tests. It is clear
that migration is highly limited from and into thigoup, judging from the assignment
of only one individual to group 2 and the lackingassignment to group 3. Between
group 2 and 3 miss-assignment to the alternativemgis more frequent. Group 2 has
the highest assignment to group 3 whereas groupo®ss an assignment to group 2,

which is only half as high asce versa

The composition of populations (assigned individual %) is illustrated in appendices
6.5 and 6.6. The structure of three main grouapEarent. Group 1 encompasses three
populations, in which every population display asignment to Lulah and Wadi
Annaim to some extent, indicating a closer relafop to each other than to all other
populations and possible migration within this grphut not among groups. In group 2
and 3, a similar pattern can be detected. In g&yugssignment to different populations

within groups is common. Therefore, it is reasoaatd conclude that relationships
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within groups are much closer than among them. aiign within groups is less

restricted than migration among groups.

This is also supported by the analysis of firstegation migrants. Table 5 gives a
summary about all three analyses conducted. 2f8sbfgeneration migrants have their
origin in the same group. In contrast, only 1/3ficdt generation migrants have their
origin in a different group than their sampling gpo Moreover, group 1 populations
only have first generation migrants within this gpo A different picture is drawn

among group 2 and 3. Although first generation amngs are more common within
groups, a small fraction has their origin in thiedative group.

6.5 Discussion

In summary, population genetic structurethfla savignyiin the mountainous areas of
Yemen appears to be shaped by a combination dtisnlby distance and altitudinal
distance as well as by restricted gene flow amamulations. However, long distance
gene flow between populations is detected as walir{ly between group 2 and 3). The
genetic structure of thid. savignyipopulations in Yemen shows a differentiation along

a North - South extension in Northern Yemen.

6.5.1 Explanations for strong differentiation of pptations and low diversity in

populations

Explanations for strong isolation and differenbatiof the studied populations are
manifold. First, tree frogs are known to be linkea water places at least for
reproduction and individuals usually do not migratere than approx. 4 km {SMPEL

& HANEKAMP, 1986; G, 1993; ADERSEN et al, 2004). Geographic distances
between collection localities ranged from 2 km %3 km in this study, which exceeds
the migration radius of individual tree frogs in shocases. Therefore, high
differentiation of populations should be interpcetgith caution, since we have only
little information about connectivity of populati®mvithin a range of 5.0 km. Thus, high
genetic differentiation may be partly due to laggmgraphic distances. However, high

genetic differentiation in this study is comparatdether studies of amphibian species
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(e. g RowE et al, 1998; NNwMAN & SQUIRE, 2001) and support the metapopulation
structure found in other amphibiansLE®RD & RICHARDS, 1999; MARSH & TRENHAM,
2001).

Second, special attention has to be drawn to thatsin in the Yemeni highlands,
where not only geographic distance contributed ¢énetjc differentiation, but also
altitudinal distance. Thus, due to this combinefitatfof altitudinal and geographic

distance, populations are additionally isolated.

Third, the Yemeni population can be considered aergpheral population of a past
continuous population extending from Asia Minor agabktern Mediterranean into the
Arabian Peninsula. In this case, lower diversityfameni populations than populations
connected to the rest of the distribution aregprigbably owed to isolation, founder
effects, and smaller population sizeseglCA & ALLENDORF, 1995; HOFFMAN &
BLouIN, 2004). The last point is supported by the faet the “outgroup” population
from Baghdad has a higher allelic richness than &f@rmpopulations, although only a
small number of individuals were analyzed. Furthealyses have to be carried out to
investigate, whether lower diversity in Yemeni plapons are due to founder effects

and unstable population dynamics in the past.

6.5.2 Connectivity of populations, asymmetricalegow, and long distance gene flow

Assignment tests and Nei's genetic distance aralysenly indicate that connectivity
is found within populations and if individuals aret assigned to the presumed
population, individuals usually came from one oé theighboring ponds within this
group. This is also supported by the absent iswmidty distance pattern within groups.
Therefore, connectivity of populations is givenhinta geographical range of 4.0 - 27.0
km (group 1), 4.8 - 45.0 km (group 2), and 1.5 -588n (group 3). Thus, it appears
that connectivity between the clusters is diffei@niThe most southern cluster (group
3) has the greatest geographical range in whichulpbpns are connected to some
extent, whereas the most northern cluster (groupa)the smallest geographical range.
Therefore, it emerged likely that the most south#uster also has the most connected
ponds or the most suitable environmental conditionsomparison to other clusters.

Although connectivity of populations strongly capends to the three clusters found,
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another interesting factor obviously shaped pomragenetic structure dfl. savignyi
According to the GNECLASS2 analysis, long distance gene flow occurs amounstet 2
and 3. At first glance, long distance gene flonnsgdo be contradictive for a tree frog
species with presumable low migration ability andan environment like the Yemeni
highlands from first glance. However, other studBsrRY, 2001; QUIRE & NEWMAN,
2002) reported high gene flow in some species @ujations at least at a small
geographical scale. In addition, long distance aetfisgl may not be always limited to
neighboring ponds as some studiesa@¥H & TRENHAM, 2001) suggest. For example,
with mark-recapture methods, it is found that ire tNetherlandsHyla arborea
individuals are able to migrate distances of 12r6gder year (BUMPEL & HANEKAMP,
1986). Therefore, it appears likely thathh savignyi which is closely related tbl.
arboreg similar migration distances may occur. Howevehass to be kept in mind that
the environmental conditions are highly dissimifathe Netherlands and Yemen. In the
special case dfl. savignyj it would be of interest to further investigate {hassibility
of human impact on dispersal. As mentioned in theduction, our own observations
suggest that tadpoles or eggs may be transportethes ponds through tank trucks.
However, a study testing this hypothesis in paldicis still missing.

Obviously, forces shaping the genetic structureclimsters are different regarding
isolation by altitude, inbreeding effects and genelifferentiation. For example, in
cluster 2 populations are separated by altitude@dsein clusters 1 and 3, no significant
correlation with altitude can be detected. Morepwtuster 1 shows high inbreeding
effects, whereas cluster 2 displays outbreedingotbe extent and cluster 3 displays
both patterns. Therefore, gene flow/ connectivifypopulations within and among

clusters appear to vary.

Asymmetrical gene flow is detected between grougn@ 3, where gene flow from
group 3 to 2 appears to be approx. twice as highicasversa Group 1 shows only
restricted gene flow from group 2. Thus, therevislence for a directional gene flow
from South to North, although gene flow betweerugrd and 2 is marginal. Based on
the results of the assignment tests, it is readertabconclude that cluster 2 displays
outbreeding, because the degree of migration framter 3 is highest in the whole

study. The same explanation may be applied to tixedrsituation in cluster 3, where
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migration from cluster 2 is detected, but at a mladser scale. Since the third cluster
has the largest geographical extension, it is foiebéhat outbreeded and inbreeded
population coexist in this cluster. Thus, populatigenetic structure is shaped by a
complex mixture of isolating factors, partial limit migration, and long distance gene

flow.

6.5.3 Isolation factors

Another important result is the detection of diffier isolating effects. Populations are
not simply isolated by isolation by distance, blgoaisolated by altitudinal distance.
This is especially true for group 2, where isolatiny distance is the dominant factor in
comparison to geographic distance. The overalldrai@s for altitude effects is not
significant in partial Mantel tests, but this mag b sampling artifact caused by the
limited populations at the same longitudes/latitudend different altitudes. Thus,
additional studies should concentrate on a mordistpated sampling scheme; g.
transect sampling (®Rz & DUBACH, 2004;DE NAVASCUES MELERO, 2005) to further
investigate the effect of altitude on genetic défgiation. Additionally, one has to keep
in mind that altitude does not affect genetic défgiation directly, but is often referred
as an ecological factor {8rz & DuBACH, 2004). Therefore, supplementary ecological
studies will be warranted to explore, which ecotagjfactor changes with altitude.(g.
temperature) and can explain genetic differentiatabong an altitudinal gradient in
more detail. However, it has to be kept in mind tha significant correlation between
altitude and allelic richness and observed or etgokebeterozygosity is found. Thus,
altitudinal differences appear to contribute toayahgenetic differentiation rather than
give evidence for an ecological differentiation.ng@ementary, it would be of interest
to use GIS-based methods to improve the “real” ggaigc distance between two sites.
Thus, it may be possible to include the way betwsensites plus the way down and
up a hill in order to refine isolation by distareealysis. Moreover it may be promising
to take in probable migration barriers as for ex@npteepness or mountain ridges
(FUNK et al, 2005b).
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6.5.4 Conclusions

In the present study, we make obvious that an dv&gmificant IBD pattern does not
necessarily imply that genetic differentiation isimly shaped by geographic distance
alone in mountainous areas. Instead, we demonstnategenetic differentiation is
additionally formed by migration, which is geneyalimited to certain groups of
populations. Which physical barriers contributed dwuctured population groups
remains to be determined in further studies. Addaily, IBD patterns are quite
different when considering mentioned subpopulatianswhich IBD is absent, but
isolation by altitude is significant in one clustdihis result strongly emphasizes that
population structure is formed by a range of fattdve pointed out that a general IBD
pattern may be highly influenced by barriers toegaw rather than a continuous range
of genetic differentiation. Overall, populationisttures within the three main clusters
are different from one another, suggesting thatugmary forces act in different ways
within groups. The population-structure analysic@mbination with a population tree
based on genetic distances demonstrates a valuaniination of methods to
investigate population structure more effectivatg an particular to uncover barriers to
gene flow on the basis of population genetic data.
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Appendices
Appendix 6.1: Population by population pairwise mégr values

Population Shibam Habiba  Dhamar Between  Wadi N Lulah
Dhamar Annaim Amran
and
Yarim
Shibam -
Habiba 0.1022 -
Dhamar 0.1171 0.2416 -
Between 0.3306 0.4373 0.1844 -
Dhamar and
Yarim
Wadi 0.5158 0.5600 0.5165 0.6332 -
Annaim
N Amran 0.5985 0.5980 0.5783 0.6867 0.2708 -
Lulah 0.4673 0.5373 0.4470 0.5793 0.2392 0.1122
Dhihisub 0.2468 0.2957 0.1460 0.3126 0.6096 0.66390.5622
Dhamar 0.2449 0.3621 0.0868 0.3344 0.5123 0.55520.3800
checkpoint
Thula 0.0784 0.0126 0.2265 0.4631 0.5211 0.60030.4785
Ad Dogma/ 0.1435 0.1807 0.2241 0.3965 0.3086 0.33830.3123
Al Haima
Ma abar 0.1667 0.2906 0.0004 0.1791 0.4189 0.45580.3730
Sana’a 0.1054 0.0668 0.2725 0.4570 0.4830 0.5537 .508%
S Yarim/ 0.0786 0.2270 0.0263 0.1629 0.4603 0.50730.4380
Mawah

Popu- Dhi- Dhamar Thula Ad Ma'abar  Sana’a S Yarim/

lation hisub check- Dogma/ Mawah
point Al Haima

Shibam

Habiba

Dhamar

Between

Dhamar

and

Yarim

Wadi

Annaim

N

Amran

Lulah

Dhih- -

isub

Dhamar 0.1519 -

check-

point

Thula 0.2998 0.3596 -

Ad 0.3457 0.1747 0.1340 -

Dogma/

Al

Haima

Ma’a- 0.1695 0.0055 0.2486 0.2119 -

bar
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Appendix 6.1: continued

Sana’a 0.3426 0.3856
S 0.1801 0.0463
Yarim/
Mawah

0.0583
0.2220

0.2005
0.2111

0.3223
0.0622

0.2417 -
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Appendix 6.2: Geographic distances among populgtzors

Population Shibam Habiba  Dhamar Between  Wadi N Lulah
Dhamar Annaim Amran
and
Yarim
Shibam -
Habiba 4.8 -
Dhamar 117.0 124.0 -
Between 129.0 134.0 11.5 -
Dhamar and
Yarim
Wadi 2.0 6.0 119.0 128.0 -
Annaim
N Amran 25.0 19.5 138.0 145.0 27.0 -
Lulah 5.3 8.5 117.0 128.0 4.5 26.0 -
Dhihisub 130.0 136.0 14.0 15 131.0 151.0 128.0
Dhamar 118.0 127.0 15 10.5 119.0 140.0 118.0
checkpoint
Thula 10.0 6.5 125.0 134.0 12.0 21.5 9.0
Ad Dogma/ 34.9 41.0 83.5 96.0 34.0 59.0 34.5
Al Haima
Ma abar 89.5 94.5 29.0 41.0 88.0 111.0 87.5
Sana’a 39.5 45.0 89.0 100.0 38.5 52.0 34.5
S Yarim/ 151.0 159.0 37.0 26.5 151.0 173.0 152.0
Mawah
Population Dhihisub Dhamar Thula Ad Ma'aba Sana’a S
checkpoint Dogma/ r Yarim/
Al Mawah
Haima
Shibam
Habiba
Dhamar
Between
Dhamar
and Yarim
Wadi
Annaim
N Amran
Lulah
Dhihisub -
Dhamar 10.0 -
checkpoint
Thula 136.0 128.0 -
Ad 95.0 85.5 44.0 -
Dogma/ Al
Haima
Ma abar 39.5 30.0 96.0 56.0 -
Sana’a 100.0 91.5 43.5 28.5 60.0 -
S Yarim/ 255 32.0 160.0 117.0 63.5 125.0 -

Mawah
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Appendix 6.3: Altitudinal distances among populatpairs
Population Shibam Habiba  Dhamar Between  Wadi N Lulah
Dhamar Annaim Amran
and
Yarim
Shibam -
Habiba 200.0 -
Dhamar 312.0 513.0 -
Between 313.0 134.0 1.0 -
Dhamar and
Yarim
Wadi 300.0 100.0 612.0 613.0 -
Annaim
N Amran 268.0 68.0 138.0 581.0 32.0 -
Lulah 300.0 100.0 612.0 613.0 20.0 32.0 -
Dhihisub 33.0 233.0 321.0 280.0 333.0 301.0 333.0
Dhamar 300.0 510.0 20.0 20.0 600.0 580.0 612.0
checkpoint
Thula 200.0 20.0 500.0 513.0 100.0 68.0 100.0
Ad Dogma/ 345.0 545.0 33.0 32.0 645.0 613.0 645.0
Al Haima
Ma abar 100.0 100.0 412.0 413.0 200.0 168.0 200.0
Sana’a 205.0 5.0 517.0 518.0 95.0 63.0 95.0
S Yarim/ 113.0 313.0 201.0 200.0 413.0 381.0 313.0
Mawah
Population  Dhihisub Dhamar Thula Ad Ma'aba Sana’a S
checkpoint Dogma/ r Yarim/
Al Mawah
Haima
Shibam
Habiba
Dhamar
Between
Dhamar
and Yarim
Wadi
Annaim
N Amran
Lulah
Dhihisub -
Dhamar 280.0 -
checkpoint
Thula 233.0 512.0 -
Ad 312.0 33.0 545.0 -
Dogma/ Al
Haima
Ma abar 133.0 412.0 100.0 445.0 -
Sana’a 238.0 515.0 5.0 550.0 105.0 -
S Yarim/ 80.0 201.0 313.0 232.0 213.0 218.0 -

Mawah
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Appendix 6.4: Nei's unbiased measures of genetiatity (above diagonal) and genetic
distance (below diagonal), (Nei, 1978).

Population Shibam  Habiba Dhamar Between Baghdad Wadi N Lulah
Dhamar Annaim  Amran
and
Yarim
Shibam - 0.9541 0.9239 0.8461 0.1140 0.6363 0.5090 .4318
Habiba 0.0470 - 0.8805 0.7647 0.1104 0.5869 03635 0.4385
Dhamar 0.0792 0.1272 - 0.9214 0.0961 0.5932 0.4927 03448
Between 0.1672 0.2683 0.0819 - 0.0771 0.4718 0.3692 0.3431
Dhamar and
Yarim
Baghdad 2.1712 2.2035 2.3426 25629 - 0.0756 0.0898 0.0755
Wadi 0.4521 0.5329 0.5222 0.7513 2.5820 - 0.8775 0.8411
Annaim
N Amran 0.6753 0.6249 0.7079 0.9965 2.4105 0.1307 - 0.9347
Lulah 0.8271 0.8244 0.8024 1.0696 2.5836 0.1731 0.0676-
Dhihisub 0.1127 0.1418 0.0610 0.1448 2.8205 0.6914 0.91900.9563
Dhamar 0.2069 0.2458 0.0898 0.1908 2.3317 0.5492 0.67560.6470
checkpoint
Thula 0.0307 0.0114 0.1296 0.2697 2.4038 0.4239 0.58480.7649

Ad Dogma/ 0.1581 0.1188 0.2639 0.4152 2.0591 0.2790 0.3404 0.4409
Al Haima

Ma’abar 0.1611  0.2176 0.0229 0.1038 2.4017 0.4489 0.55480.5643

Sana’a 0.0568 0.0277 0.1751 0.3308 2.2644 0.4073 0.5696 0.7642

S Yarim/ 0.0763  0.1439  0.0369 0.0892 2.0312 0.5210 0.68360.7621

Mawah

Population  Dhihisub Dhamar Thula Ad Ma abar Sana’a S Yarim/
checkpoint Dogma/ Mawah

Al Haima

Shibam 0.8934 0.8131 0.9697 0.8538 0.8512 0.9448 0.9265

Habiba 0.8678 0.7821 0.9887 0.8880 0.8045 0.9727 0.8660

Dhamar 0.9408 0.9141 0.8785 0.7681 0.9773 0.8393 0.9638

Between 0.8652 0.8263 0.7636 0.6602 0.9014 0.7183 0.9147

Dhamar

and Yarim

Baghdad 0.0596 0.0971 0.0904 0.1276 0.0906 0.1039 0.1312

Wadi 0.5009 0.5774 0.6545 0.7565 0.6383 0.6654 0.5939

Annaim

N Amran 0.3989 0.5089 0.5572 0.7115 0.5742 0.5657 0.5048

Lulah 0.3843 0.5236 0.4654 0.6435 0.5688 0.4657 0.4667

Dhihisub - 0.9426 0.8715 0.7280 0.9068 06819 0.9027

Dhamar 0.0591 - 0.7583 0.7841 0.9552 1957 0.9336

checkpoint

Thula 0.1376 0.2767 - 0.8856 0.7994 6929 0.8355

Ad Dogma/ 0.3174 0.2432 0.1215 - 0.7863 6018 0.7985

Al Haima

Ma’abar 0.0978 0.0459 0.2239 0.2405 - 5077 0.9467

Sana’a 0.1989 0.3292 0.0313 0.1496 0.2814 - 0.8423

S Yarim/ 0.1024 0.0687 0.1797 0.2250 0.0548 0.1717 -

Mawah
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Appendix 6.5: Assignment of specimens includingtlesesd second best assignment score of individualshome” population. This

means that individuals with a second best assighswore to their sampling locality were favoredbilong to this population. Thus,
assignment results tend to be more conservativerden assignment to an alternative populationidedtity of a population tend to be
higher. The legend on the right gives explanataridcality identity color. Numbers of individuadssigned to a specific locality are given

in percent of the population’s individual number.

B
120 - Maabar

B Dhamar

100 B S Yarim/ Mawah

Dhamar checkpoint

80 Dhihisub
between Dhamar-Yarim

60 B Thula

O Habiba
40
@ Sanaa

20 0O Shibam

B Ad Dogma/ Al Haima

0 B Lulah
66\ @@\ é(\'& 'z}é N Amran
‘2506\ ‘ ‘(\Q'& \R RN
Q\p ,8\0 .\’Zé& [ Wadi Annaim
° Ounknown

O Baghdad




114

Population genetics oH. savignyi

Appendix 6.6: Assignment of specimens to populatidrhe legend on the right gives explanation foaliby identity color. Numbers of

individuals assigned to a specific locality areegivn percent of the population’s individual number
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Appendix 6.7: Summary of assignment tests at thaglevel inferred from Nei’s distance dendrogram.

120 ~

100 -

80

NN

60

40

20 4

Baghdad

Cluster 1

2

Cluster 2 Cluster 3

O unknown

8 Dhamar

71 Dhihisub

bet\(veen Dhamar-
Bﬁgmar checkpoint
B Maabar

B S Yarim/ Mawah
Thula

O Habiba

@ Sanaa

O Shibam

N Ad Dogma/ Al Haima
N Amran

M Wadi Annaim

@ Lulah

[ Baghdad




7 Population genetics oR. simonyi

The population structure of the burnet moth Reissita ssmonyi
(REBEL, 1899; Zygaenidae; Lepidoptera) in the highlandsfo
Yemen is predominantly shaped by landscape topologffects

and dispersion abilities rather than habitat fragmentation

7.1 Abstract

Six microsatellite loci were used to infer the plapion structure of 35 populations (788
individuals) of the burnet motReissita simony(Lepidoptera, Zygaenidae). Within this
species, which is endemic to the Arabian Penindwa, subspecies are recognized:
Reissita simonyi simonyand Reissita simonyi yemenicoldhe latter is distributed
along the western escarpment along the Red Seaagdters. simonyis known from
an area along the Indian Ocean near the Yemeni-Obwaider. Larvae oR. simonyi
feed on plants of thMaytenusspecies - complex (Celastraceae) and due to ticlhypa
distribution of the food plant®. simonyiis not continuously distributed throughout
Yemen and Oman.

The genetic differentiation between populationshimitsubspecies is generally lower
than between subspecies, indicating a clear diffextton between subspecies. Isolation
by distance is found along the sampled range abk ageWithin the subspecid?. s.
yemenicola Within R. s. simonyiisolation by distance is not present when under-
sampled populations are excluded from analysesdtihition, isolation by altitudinal
distance is found along the species range as wellithin subspecies. However, no
significant correlation between altitude and partnselike allelic richness, inbreeding
coefficient, observed heterozygosity or expectetkrogygosity is detected. Thus, we
conclude that altitude induces genetic differemdratin general but has not a strong
impact as an ecological factor.

A further aspect is the analysis of the connegtivit populations within and between
subspecies. Between subspecies, we find only feweaxiions, supporting taxonomic
distinction. Within subspecies, connectivity of pdations is much closer. However, a
further subtle structure withilR. s. yemenicolas detected by both, Nei's distance

(UPGMA tree) and edge distances (network analy3is)s structure corresponds to a
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specific geographical feature; the mountain chairbént and therefore, geographic
distances may have been increased in this areaidesimg that individuals are closely
linked to the mountain chain. Low genetic diffefatibn in combination with
accumulation of populations found around and ab2060 m further implies that
individuals can easily migrate from one mountain aonother (top-hopping). We
conclude that recent anthropological habitat fraggawgon plays a minor role in
comparison to differentiation due to geographigad altitudinal distances, landscape

topology, and dispersion abilities in shaping pagioh structure oR. simonyi

Keywords: habitat fragmentationReissita simonyi microsatellites, isolation by

distance, isolation by altitude.

7.2 Introduction

Habitat fragmentation, habitat loss and desertificadue to natural climatic changes in
combination with human impact isolate natural papahs (LANDE, 1988; TEMPLETON

et al, 2001). Particularly, desert areas are threatebgdthe consequences of
anthropogenic destructions. Animal as well as plpcies suffer from the loss of
suitable natural and undisturbed habitats. Conlyeree persistence of species depends
on the persistence of local populations, which Gbate to the connectivity of
populations. Habitat fragmentation hinders reggkme flow and therefore induces the
risk of decrement of genetic diversity and incretn@ninbreeding effects FANKHAM,
1995). If the loss of genetic diversity reachesriical point, extinction of local
populations is possible and connectivity of remagnipopulations may be further

diminished.

Butterflies and moths have been widely used as hsydtems for addressing questions
of population genetics with a focus on habitat fnegtation and loss as well as
population dynamics (kNski et al, 1994; HLL et al, 1996; NtvE et al, 1996;
BROOKESet al, 1997; [Ewis et al, 1997; STCLIFFE et al, 1997; MEGLECZ et al., 1998;
SACCHERI et al, 1998; K\RPERet al.,2003; Takami et al, 2004). This is partly due to
the wide range of background literature on distidny ecological preferences, and the

knowledge about larval food plants, which make thpasticularly interesting for
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ecologists and population genetists. Despite tlaalability of these data, the majority
of studies concentrate on the palaearctic regiohoancommon lepidopteran species.
However, it would be of special interest to gainrenmformation on rare species in
other geographical areas to complement the alremilgcted data. Therefore, we
selected the burnet mokh simonyi(REBEL, 1899; Lepidoptera, Zygaenidae) as a model
system.R. simonyiis an endemic of the Arabian Peninsula. Two sulispeare
described,R. s. yemenicoland R. s. simonyi The former is distributed along the
western escarpment parallel to the Red Sea whéhneasitter is distributed along the
Indian Ocean on both sides of the Yemeni-Omani dror@ig. 1; MUMANN &
EDELMANN, 1984; KLUTSCH et al, chapter 3). In addition, the distributional rargf R.
simonyiis strictly linked to the larval food plants oktigenusMaytenugCelastraceae).
Like in other lepidopteran species, this dependemicespecial larval food plants
increases the vulnerability @&®. simonyipopulations. The presence of food plants is
threatened by over-grazing through goats whichepréfesh shoots. Since the first
instars ofR. simonyialso depend on fresh and soft leaves, populatbRs simonyiare
assumed to suffer from habitat disturbance and lgsseover, the populations &.
simonyi may be indirectly endangered by habitat loss thinodesertification and
agricultural land use. Under natural conditioNgytenusspecies are found in rocky
places on hillsides. Nowadays, in order to use ashniand for agriculture as possible,
terrace cultivation is widely applied. Hence, naturabitats become fragmented or lost
by agricultural land use. To understand how lanpgs@nd/or ecology shape population
structure it is fundamental to describe additioetiécts of landscape features. @.
mountain chain formation, mountain ridges or rivalleys) on the genetic composition
of populations. Natural landscape features pregetantial barriers for dispersal, gene
flow, and population differentiation as well as sjpgon (MANEL et al,, 2003). An often
neglected factor for isolation in mountainous atieasolation by altitudinal differences.
However, recent studies dealing with this issuecudis the potential impact of
altitudinal differences between populations as aditeonal factor for population
differentiation (SorRz & DUBACH, 2004;DE NAVASCUES MELERO, 2005; FUNK et al,
2005). Altitudinal differences along hillsides oftepresent ecological gradients.
Therefore, altitude may have a particularly stroimgpact on growth rates and
development of larval food plants and consequentiydispersal and gene flow BX.

simonyi
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We studied patterns of genetic differentiation gedetic diversity across the species’
range (except Saudi Arabia) in Southern Arabia.pérticular, we examined the
connectivity of populations in order to study whestipopulations form a network or if
populations show signs of isolation (restrictedamking gene flow) and are assembled
in genetically distinct groups. Complementary isiola factors, like isolation by
distance and isolation by altitudinal distance &4l w&s isolation by landscape features
are studied to address the special characterigtitbis geographical area. Finally, a
discussion whether habitat fragmentation or langsdapology predominantly shaped
population structure is given. Hereby, specialrdite is drawn to dispersion abilities

of R. simonyi

7.3 Material and Methods
7.3.1 Sampling

The study was carried out in Yemen, Southern Aralblze landscape is mainly a
mountainous desert area. Special characteristitteeaftudy site are the high mountains
(up to 2818 m in this study), which resulted intattinal differences of 11.0 to 1900.0
meters between the populations. Tissue samples soliected from 35 localities (Fig.

1) over a two years period (2001-2003) in Yementi@se 35 populations, five had
sample sizes under 9; all other sites were samyiigdd to 83 samples per site. Tissue
was directly stored in 100 % ethanol. Samples &eed in the tissue collection of

ZFMK at -20°C. A total of 788 tissue samples (mupildrvae, some adults) across the
species” distribution range (except Saudi Arabiajencollected (Fig. 1; appendix 7.1).
Geographical distances between populations rangedth f0.5 to 1243.0 km.
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45° 50°

& Taif

Saudi Arabia

Fig. 1: Overview about collection sites in Yemend a@man. Some localities are

summarized under one square and labeled by twaooe fatters (separated by a “,”) in

order to ensure lucidity. Letters equal to thosappendix 7.1 and Fig. 2 + 4 & 5.

7.3.2 DNA extraction and amplification

Genomic DNA was extracted using a standard Cheletopol (GRKEN et al, 1998).
Primers of six microsatellite loci (RS-3, RS-4, RB-RS-37, RS-47, RS-50) were taken
from KLUTSCH et al (chapter 5). PCR amplification was carried ou2@nu L containing
10 x PCR buffer (without MgC{;. containingl00 mM Tris-HCL, 500 mM KCL, pH
8.3, Sigma), 1,5 — 2,0 mM Mg&£(Sigma), 100 uM of each dNTP (Sigma), 500 nM of
each primer and 0,5 uniiaq polymerase (containing 20 mM Tris-HCL, 100 mM KCL,
0,1 mM EDTA, 1 mM DTT, 05 % Tween 20, 50 % glyderdSigma).
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Amplification was performed in an Applied Biosystei@eneAmp 2700 thermal cycler.
Following an initial denaturation step of 3 minusgs94°C, the reactions underwent 35
thermal cycles (94°C for 30 s, 60 s at annealimgperature and 65 s at 72°C) and a
final extension time of 20 min at 72°C (seeUAscH et al (chapter 5) for annealing
temperatures). Products were separated using aaérfamide gel and an ABI 377
sequencer (Applied Biosystems). Signals were apdlyadth GENEScAN 3.1.2 (Applied
Biosystems) and BuoTYPER(Applied Biosystems).

7.3.3 Statistical data analysis

Statistical analysis was performed witlENEPOP 3.4 (RAYMOND & ROUSSET, 1995).
Genotypic linkage disequilibrium (LD = non randossaciatiorof genotypes occurring
at different loci) was tested by tleact probability test. The null hypothesis is that
genotypes at one locus arelependent from genotypes at all other loci. Ttaist
computedunbiased estimates by randomization (10.000 itara}i andthe exact
probabilities of randomassociation for all contingency tables correspopdio all
possible pairs of loci within each population bg tlarkov-chain methoddditionally,
GENEPOP3.4 (RaYMOND & ROUSSET 1995) was used to calculate exact tests on Hardy-
Weinberg equilibria, heterozygosity deficienciesdds / Fst values at the population
level. HWE was tested at the single locus levehgighe two tests of heterozygosity
excess and heterozygosity deficit. The prograsrdEN 32 (YEH & BOYLE, 1997) was
used to calculate Nei’s distance and construct GNUR tree. ISTAT (GouDET, 2001)
was used for the calculation of allelic richnesma® populations were retained for
further analyses, because they displayed no demi&ibm Hardy-Weinberg equilibrium
or specific linkage disequilibrium. Furthermore,test for recent bottlenecks was
conducted with the programOBTLENECK (CORNUET & LUIKART, 1996) with 5000
replications.
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7.3.4 Analysis of population structure using a r@napproach (dER& NAsoN 2004)

The program BPGRAPH (DYER & NAsSON, 2004) was used to study population
connectivity, population topology and inter-popidatrelationships, the identification
of key populations for genetic connectivity, angplation-level assignment in order to
address the complex mixture of contemporary geme fnd gene flow barriers within
and among subspecies®f simonyi POPGRAPH served also as an illustration of within-
population genetic variability and its geographattern. BPGRAPH uses a multivariate
graph-theoretic approach, which is free of anyiarpmodel of population assembling.
Population relationships are analyzed in a geomsprace, which encompasses genetic
covariance in a multi-dimensional way instead doflassical pairwise fashion. Thus,
populations are put into a multi-dimensional cohtexhich allows describing several

statistical relationships among populations sinmdtasly.

7.3.5 Analysis of isolation by distance and isolatby altitudinal distance

In addition, BD oN THE WEB (BOHONAK, 2002) tested with simple and partial Mantel
tests (MANTEL, 1967) if a potential correlation between genatid geographic distance
(isolation by distance) and isolation by altitudirdistance is present. Geographic
distances were log - transformed, because distaweee not normally distributed.
Mantel tests were performed with 30.000 permutatidaonear geographic distances
were obtained from MROSOFTENCARTA WORLD ATLAS (2005). BD and isolation by
altitudinal distance were tested at three hieraadHevels. First, the overall significance
was tested including all populations. Second, i@tahips within subspecies were
further investigated to identify which combinatiaontributed mostly to the overall
significant result. Third, significance oBd was tested within two clusters &%. s.
yemenicolaaccording to Fig. 2.
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7.4 Results and discussion

7.4.1 Linkage disequilibrium

15 of the 337 possible tests have significastlts P < 0.05). However, after applying
a Bonferroni correction, none of these 15 remaigsificant (P< 0.001). Thus, linkage

between pairs of microsatellites is not present.

7.4.2 Hardy Weinberg tests and bottlenecks

Deviations from HWEs are observed in 66 out of &8s at the single locus level (data
not shown) after applying Bonferroni corrections@Q®01). All deviations are caused
by heterozygote deficiency. An accumulation of latih heterozygote deficiency can
be observed in the following populations: SumardhHosn (5 loci), Province Taiz
Jabal Sabr vic. Hatab (6 loci), Province Menakitédgjarah (4 loci), Province Taiz/ Dhi
Al Sefal (5 loci), Al Qubba (4 loci), Sa’ada Zard4aloci), Mitwa/ Menakhah (5 loci),
Masnah area/ 5 km SW Al Qubba (5 loci), Wadi Dofétoci), and Al Machwit/ Jabal
Haiadi (4 loci).

In order to test whether this heterozygote deficyeis caused by recent bottlenecks, the
program BOTTLENECK (CORNUET& LUIKART, 1996) was used. A sign of possible recent
bottlenecks is found for the populations Provinbd U km S Ibb, Province Taiz
vill.Mahzaf, Province Zadaa Jabal Rhaza, OMAN, Mdsmarea 2 km N Al Qubba,
Province Al Mahra Al Hawf, Korseban, and Provincajjih 1.5 km N Hajjah.

7.4.3 High inbreeding coefficients versus strongrativity of populations

Extraordinary high inbreeding coefficients are fdumithin populations, which can be
interpreted as evidence for isolation of populatml poor within-population diversity.
However, it is likely that the populations foundBoTTLENECK represent false positive
results, because all populations, which appeaetbditlenecked are small populations
and therefore, may not sufficiently sampled as sstgyl by ORNUET & LUIKART
(1996). Hence, the hypothesis of recent bottlenexksa cause for accumulation of
heterozygote deficiency in particular populatiossréjected. Other explanations for

deviation of HWE expectations include the Wahlurféat, non-random mating, or
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inbreeding effects. One other explanation is esfligdikely for lepidopterean studies.
MEGLECZ et al. (2004) reported that in most population geneticligts in Lepidoptera,
which used microsatellites as genetic markers,gaifsgtant deviation from Hardy-
Weinberg equilibrium at many loci is found. The maeason for this departure is a
deficit of heterozygotes. These consistent residisyd in all Lepidopteran studies
suggest the frequent presence of null alleles. &fbez, the high inbreeding coefficient
found in this study should be interpreted with @utsince the presence of null alleles

may have influenced it.

7.4.4 |Isolation by distance and isolation by alfinal distance

A highly significant isolation by distance pattesnfound (p < 0.0001; appendix 7.2)
among all populations (Fig. 2a). A significant @dation between genetic
differentiation and altitudinal distance is alsegegnt (p < 0.008) in partial mantel tests
(Fig. 2b). Details about geographical and altitatlidistances between populations are

given in appendix 7.4 and 7.5.

Within subspecies, a similar pattern is found witR. s. yemenicolgp< 0.0001),
although the correlation of genetic differentiatiand altitudinal difference is not
significant anymore in partial mantel tests. Intcast, withinR. s. simonynone of the
correlations remains significant. If only populasowith or more than 9 individuals are
analyzed in order to exclude random effects cabgesimall population size, the picture
is slightly different. In partial mantel tests, tberrelation of genetic differentiation and
altitudinal distance becomes significant or everrergignificant in all cases (appendix
7.2). Taken the sub-clusters from Fig. 4 into aotothe two clusters withimR. s.
yemenicolaare tested for isolation by distance and isolatignaltitudinal distance.
Within clusters, neither isolation by distance n&wlation by altitudinal distance is

detected (appendix 7.2).
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genetic differentiation (Fst)
Bl
E

genetic differentiation (Fst)
&

log(geographic distance in km) altitudinal difference (m)

Fig. 2: a) Correlation of genetic differentiatidésf) and geographic distance (in km); b)

correlation of genetic differentiation (Fst) anttatlinal distance (in m).

7.4.5 Differentiation of subspecies using a netwapgroach

The most obvious result of the appliedPBRAPH analysis is the division into two main
subgraphs, which coincide with the subspe&les. yemenicolfarger subgraph) and
R. s. simonyi(smaller subgraph; Fig. 3). The smaller subgrapbrasentingR. s.
simonyi contains all populations assumed to belong to shisspecies, namely Mola
Matar (AG), Korseban (AD), N Ras —Fartak (AP)yovince Al Mahra Al Hawf (AC),
OMAN A (X), OMAN B (AJ). The larger subgraph comaiall remaining populations
belonging toR. s. yemenicoldn contrast to théow genetic differentiation withifR. s.
yemenicolaa clear distinction of both subspecies is detkttaall analyses (Fig. 3 + 4;
Fst values in appendix 7.3). Therefore, the taxonosoiospecies status captures a real
distinction among the populations. In addition, plagions ofR. s. simonyappear to

have a slightly lower genetic diversity than popiolas ofR. s. yemenicola

7.4.6 ldentification of key populations

The main key populations, which represent connecfmints between the two
subspecies, are Jabal Sabr (U) and Jabal Manw&nf(lowed by Jabal Rhaza (K).
Jabal Sabr (U) and Jabal Manwara (AB) can be sedmidge populations between the

two subspecies, because they are the closest piopsl&o the distribution area 8. s.
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simonyi In contrast, the third (Jabal Rhaza) belong te @h the most northern
populations at the Yemeni-Saudi-Arabian border .(Hiy However, only one edge
connects Jabal Rhaza wikh s. simonyiand the edge distance is extraordinary high
(15.13). Especially, population AB (Jabal Manwanalh 9 edges (2 tdR. s. simonyi
and 7 toR. s. yemenico)eclearly represents a key population. Due to tigh humber

of edges (7) and low edge distance (mean: 4.4@omulations ofR. s. yemenicola
Jabal Manwara&vidently belongs to this subspecies. However, gbjsulation also has
connection taR. s. simonyiThe low number of edges (2) and the comparatitéif
edge distances (mean: 8.76)Ro s. simonysuggest that connection of subspecies is
weak. In total, only 5 edges connect both subspeciabal Sabr (U) also has two
connections tdR. s. simonyibut edge distance is high in these cases (me&af9)l
Thus, the geographically nearest populationRtos. simonyiJabal Manwara (AB)
displays also smallest edge distanceR.tsimonyi Geographically, both subspecies are
separated by a geographical gap of 300 km, whiatbgily explains the weak

connection of subspecies.

7.4.7 Genetic connectivity of populations withibspecies

We focused on the genetic connectivity of poputaito test whether potential habitat
fragmentation or natural barriers to gene flow leasto discontinuous connectivity of
populations and isolation of some populations. Adow to Fig. 4 R. s. yemenicolas
mainly divided into two sub-clusters, which havevlbranch lengths; indicating close
relationships among populations and clusters. & RbPGRAPH analysis this pattern
also appears as a subtle structure (Fig. 5). Regpetige distances, the mean edge
distance within the two clusters is 3.80 (clusteafdd 4.10 (cluster 2) whereas mean

between-cluster distance is 4.90.
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Figure 3: lllustration of BPGRAPH analysis. The two major groups represent the two
subspeciesR. s. yemenicolé&ottom) andr. s. simony(upper left, black circle). Node

size represents within-population variance. Edgegtles represent variance among

populations.
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Focusing on the number of edges connecting popukatias a measurement of
connectivity, the populations Mitwa/ Menkhah (1Bgjjarah (9), and Province Jaffah/
Jabal Manwara (9) exhibit the highest number ofneations to other populations.
Thus, these populations represent highly interggbiopulations. The lowest number of
connections is found in Jabal Sabr/ Mahzaf (4)a@aZara’a (4), Masnah (4), and Al
Hudaib (3). Consequently, these populations appeabe less connected to other
populations. Generally, these results are in caagre with results of other authors
(CULLENWARD et al, 1979; BWUGHMAN et al, 1990; RTERSON 1995) who found only
little genetic differentiation among butterfly pdations at larger scales among a
geographical range from 30 to hundreds of kilonseter
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Province Hajjah/ N Hajjah (Al)

Al Machwit/ Jabal Haiadi (W)
Hajjarah (C)

5 km S Al Hudaib (O)

Jabal Rhaza (K)

Sa’ada Zara'a (L)

Bani Mawhab (V)

Province Hajjah/ 1.5 km N Hajjah (AF)
Mitwa/ Menakhah (M)

Menakhah (AH)

Tur Al Baha/ Jabal Araph (7)
Province Jaffah/ Jabal Manwara (AB)
Masnah area/ 2 km N Al Qubba (Y)
4 km S Ibb (T)

Province Al Mahra/ Al Hawf (AC)
N-Ras Fartak (AE)

Korseban (AD)

Mola Matar (AG)

Oman A (X)

Oman B (Al)

Dhi Al Sefal (D)
Al Alarifal (P)
Jabal Sabr/ Mahzaf (J)
Al Jablah (T)
Wadi Doran (R)
2 km N Al Qubba (S)
Al Qubba (F)
Al Kamis (H)
13 km W Yarim (G)
Sumarah/ Al Hosn (A)
Jabal Sabr/ Hatab (B)
Al Manswra (E)
Masnah (N)
Jabal Sabr (U)

|: Al Hudaib (Q)

g

Fig. 4. Nei's genetic distance tree (UPGMA) basedtlee genetic distance data in
appendix 7.6. Subspeci&s s. simonyis labeled in blue; the two main clustersRofs.
yemenicolaare labeled in pink and green. The most eastepulptions ofR. s.

yemenicolare labeled in brown.
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Fig. 5: Additional perspective on theoGRAPH analysis to illustrate the two sub-
clusters. In this graph, the two subtle sub-clgsteithin R. s. yemenicolare clearly
visible. Differences to Fig. 4 in node size areyobbhsed on different scales, but

relations between nodes are the same. The bladk @gain shows the subspediess.

simonyi
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7.4.8 Within population variability

The second obvious result is the great range oblidity within populations. The
populations Dhi Al Sefal (D), Al Manswra (E), and8 Bm W of Yarim (G) have highest
variability among populations. Although there is@relation between population size
and allele number, these populations remain tonbeng the most variable ones when
calculating allelic richness (appendix 7.1). InatpR. s. simonyhas a mean allelic
richness of 3.35 wheredd. s. yemenicolahows a mean allelic richness of 3.95

indicating a higher variability withiR. s. yemenicolthan inR. s. simonyi

7.4.9 Habitat fragmentation versus influence otdscape topology on genetic structure

The strong genetic connectivity of populations kead another aspect of this work.
Recent habitat fragmentation appears to be a nielglitactor on genetic differentiation
among populations. The subtle population strudnleeates that genetic differentiation
generally is low. Additionally, within the two mainlusters ofR. s. yemenicola
isolation by distance and isolation by altitudid&tance are absent. In contrast, among
clusters ofR. s. yemenicoland among both subspecies, the main genetic éfiffiation
appears to be strongly connected to isolation lsyadce and isolation by altitudinal

distance.

Hostile areas are most likely to impede gene flowbutterfly and moth species
(MEGLECZ et al, 1997;vAN DONGEN et al, 1998; KEYGHOBADI et al, 1999; SHMITT

et al, 2000). Therefore, it is worthwhile to briefly disss which potential gene flow
barrier may have contributed to the division intwot sub-clusters withinR. s.
yemenicolaThe mountain chain is bent in the area, wherl bhisters meet. Thus, an
additional isolation effect due to larger geographidistances in this area may have
contributed to the subtle structure witlin s. yemenicolaonsidering thaR. simonyis
linked to this mountain chain. However, also otfaetors may have contributed to this
result, like a more intensive agricultural land uséhe contact zone of both clusters. In
this case, the division into two clusters wouldresent a case of habitat fragmentation

or loss.



7 Population genetics oR. simonyi 132

The study area dR. s. yemenicolanainly consists of patches at altitudes of 2000028
m which are separated by lower areas with altitwdd€900-2000 m. Although it cannot
be ruled out that the larval food plants occuroatdr altitudes as well, they are highly
restricted to areas around 2000 m altitude andeabothe distributional range &. s.
yemenicolaGenerallyMaytenuss also found in lower altitudeg.(g.along the Indian
Ocean), but we were not able to find many locaitath this plant at low altitudes in
the distribution area dR. s. yemenicolarhis is maybe due to the fact that agricultural
land use may be more common at altitudes of 10@D-20 and thus, the density of
food plants may be lower at lower altitudes. Givdre general low genetic
differentiation inR. s. yemenicolahis study indicates th&. s. yemenicola able to
move from one mountain to another. A pattern caltggthopping. A consequence of

this dispersion ability is that genetic connecivé high in this species.

Within clusters, no isolation by distance pattean be detected, which is in congruence
with butterfly studies in alpine areasRIBTEN et al, 1995; BTERSON 1995). BRITTEN

et al. (1995) suggested that populationskEafphydryas edithan the Great Basin in
comparison to those in the Rocky Mountains displaye isolation by distance pattern
because of the patchy distribution of populatidBsitable high-elevation populations
are separated by unsuitable habitat patches atr laltfeides like in this study. Thus,
genetic differentiation would not follow a simpleolation by linear geographical
distance pattern; instead drift effects may havetrdauted to genetic differentiation
within clusters. In this case, isolation by distarand isolation by altitudinal distance
would act as gene flow barriers at a larger gedgcap scale whereas genetic
differentiation within clusters dR. s. yemenicolg based on the patchy distribution of
populations and is caused by other effects likeeierdrift. It has to be kept in mind
that genetic differentiation generally is low ahdttthese potential barriers to gene flow

have acted in a restrained manner.

In summary, the main objective of this study wasatalyze the genetic structure and
diversity of R. simonyi populations in order to examine whether recentitaab

fragmentation or landscape topology contributedertorthe genetic structure. We find
significant regional genetic differentiation as Wwak an isolation by distance and
isolation by altitudinal distance pattern in adulitito strong connectivity of populations

within subspecies. Additionally, strong connectivaf populations in combination with
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accumulation of high-elevation habitats impliesttdespersion abilities oR. simonyi
follow a top-hopping pattern.
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Appendices

Appendix 7.1: Summary of allelic variation stagstifor all loci. Number of individuals
(Ning), expected heterozygosity £};l observed heterozygosity {§H Fs estimates after
WEIR & COCKERHAM (1984) (ks); Number of polymorphic loci (M), number of
alleles within population (A), mean number of akelithin population (4), A, allelic
richness (calculated insFAT (GouDET, 2001)). Please note that allelic richness is

adjusted to the smallest population.

Letter(s) height Ning He Ho Fis Npst A An A A  Total
in map (m) number
of nodes

A Sumarah/Al Hosn 2700 21 0.733 0.380 0488 6 43 7.1B.51 406 6

B Jabal Sabr/Hatab 2550 23 0.741 0326 0565 6 44 3 7.33.62 423 7

C Hajjarah 2500 28 0.683 0.437 0364 6 49 8.17 3.39.983 9

D Dhi Al Sefal 2000 83 0.787 0443 0439 6 77 12.83.903 4.62 8

E Al Manswra 2200 29 0.775 0497 0364 6 51 8.50 37435 8

F Al Qubba 2300 26 0.719 0374 0485 6 45 7.50 3.36.873 7

G 13 km W Yarim 2850 10 0.762 0.337 0573 6 37 6.17 623 420 5

H Al Kamis 2700 14 0.718 0.358 0514 6 37 6.17 3.39 .933 5

| 4km S Ibb 1600 10 0.708 0.409 0438 6 33 550 3.44.00 5

J Jabal Sabr/ 2550 9 0.621 0319 0501 6 30 5.00 3.22 391 4
Mahzaf

K Jabal Rhaza 2300 6 0.606 0.222 0.655 5 23 3.83 3.00 7

L Sa’ada Zara’a 2075 27 0.724 0.316 0568 6 47 7.8349 3 407 4

M Mitwa/ Menakhah 2700 75 0.756 0.348 0541 6 74 32.33.70 437 10

N Masnah 2300 45 0.807 0.438 0460 6 63 1050 39363 4.4

¢} 5km S Al Hudaib 2818 16 0.620 0.487 0.222 6 35 35.8 2.99 343 7

P Al Alarifal 2396 16 0.714 0392 0464 6 36 6.00 134 395 5

Q Al Hudaib 2818 14 0.671 0452 0336 6 38 6.33 3.3x387 3

R Wadi Doran 2500 50 0.735 0.447 0394 6 49 8.17 34394 7

S 2 km N Al Qubba 2350 22 0.675 0.447 0343 6 36 6.08.18 364 7

T Al Jablah 2311 39 0.672 0.437 0353 6 46 7.67 32885 7

U Jabal Sabr 2569 11 0.656 0.472 0.293 6 29 483 3.0846 5

\% Bani Mawhab 2100 10 0.682 0440 0373 6 29 483 731362 6

w Al Machwit/ Jabal 1800 49 0.644 0.402 0378 6 60 10.00 3.19 372 6
Haiadi

X Oman “A” 850 5 0.738 0400 0393 5 18 3.60 - - 6

Y Masnah area/ 2 km 2350 5 0.707 0.517 0.293 6 22 3.67 3.14 - 5
N Al Qubba

z Tur-Al-Baha/ 1330 19 0.624 0429 0318 6 39 6.50 3.07 355 6
Jabal Araph

AB Province Jaffah/ 2311 20 0.717 0518 0.281 6 40 6.67 3.40 392 9
Jabal Manwara

AC Province Al 800 9 0.704 0.429 0406 6 33 550 3.47 404 5
Mahra/ Al Hawf

AD Korseban 1850 5 0.660 0.317 0550 5 22 3.67 3.15 -6

AE N - Ras Fartak 966 14 0.584 0.464 0213 6 26 433.752 3.07 5

AF Province Hajjah/ 2600 7 0.695 0.409 0433 6 25 4.17 3.39 - 7
1.5 km N Hajjah

AG Mola Matar 1750 13 0.676 0.407 0.409 6 34 5.67 3.8893 5

AH Menakhah 2818 35 0.682 0.447 0.348 6 45 7.50 3227137

Al Province Hajjah/ 1521 21 0.685 0.380 0452 6 38 6.33 3.24 372 8
N Hajjah

AJ Oman “B” 600 2 0.784 0412 0380 6 13 2.17 - - 6

Total 788
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Appendix 7.2: Mantel and partial Mantel test resuibr isolation by distance and
altitude analysis. BD ON THE WEB (BOHONAK, 2002) was run with 30.000

randomizations.

Genetic distance 1st geographic Indicator Z r p<= P <=only

distance matrix populations above
9 individuals

among all individuals

Fsr log (geographic No 159.1574 0.6634 0.0001  0.0001
distance in km)

Fsr altitudinal difference No 56891.4683 0.5376 0.0001  0.0005
(m)

Fsr log (geographic Altitudinal 0.5065 0.0001  0.0001
distance in km) difference (m)

Fsr altitudinal difference log (geographic 0.2362 0.008 0.002
(m) distance in km)

within R. s.

yemenicola)

Fsr log (geographic No 45.8985 0.2678 0.0001  0.002
distance in km)

Fsr ?Iti)tudinal difference No 10772.6025 0.1726 0.046 0.015
m

Fsr log (geographic Altitudinal 0.2442 0.0006 0.006
distance in km) difference (m)

Fsr altitudinal difference log (geographic 0.1311 0.096 0.029
(m) distance in km)

within R. s. simonyi)

Fsr log (geographic No 3.7932 0.1848 0.2576  0.3389
distance in km)

Fsr altitudinal difference  No 1226.4152 -0.114 0.6275  0.3389
(m)

Fsr log (geographic Altitudinal 0.2344 0.2061 1.0000
distance in km) difference (m)

Fsr altitudinal difference log (geographic -0.1855 0.6922  0.0000
(m) distance in km)

within cluster 1

(labeled in pink, Fig.

2)

Fsr log (geographic No 7.4046 0.0453 0.3128
distance in km)

Fsr altitudinal difference No 1736.1081 0.3163  0.0682
(m)

Fsr log (geographic Altitudinal -0.0033 0.4954
distance in km) difference (m)

Fsr altitudinal difference log (geographic 0.3134 0.0718
(m) distance in km

within cluster 2

(labeled in green, Fig.

2)

Fsr log (geographic no 3.8748 0.0520 0.3523
distance in km)

Fsr ?Iti)tudinal difference  no 1155.4294 -0.0702 0.6072
m

Fsr log (geographic Altitudinal 0.0840 0.2801
distance in km) difference (m)

Fsr altitudinal difference log (geographic -0.0963 0.6825

(m)

distance in km)
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Appendix 7.3: kr values among population pairs
POP A B C D G H | J K L
A
B 0.0523
C 0.0556 0.1159
D 0.0205 0.0177 0.0699
E 0.0516 0.0370 0.0975 0.0229
F 0.0101 0.0418 0.0483 0.0372 0.0518
G - 0.0070 0.0674 0.0009 0.0053 0.0015
0.0073
H 0.0076 0.0104 0.0786 0.0220 0.0393 - -
0.0155 0.0309
| 0.1018 0.0512 0.1433 0.0746 0.0918 0.0590 0.04540350.
J 0.0182 0.0343 0.0926 0.0225 0.0626 0.0302 0.035029@. 0.1345
K 0.0701 0.0550 0.0541 0.0439 0.1125 0.0474 0.01900286. 0.1317 0.0663
L 0.0372 0.0448 0.0463 0.0238 0.0625 0.0367 0.01240150. 0.0994 0.0474 -
0.0117

M 0.0436 0.0584 0.0374 0.0458 0.0637 0.0192 - 0.0065 0.0505 0.0850 0.0223 0.0275

0.0044
N 0.0416 0.0353 0.0707 0.0243 0.0303 0.0385 0.01180268. 0.0351 0.0553 0.0640 0.0486
O 0.0559 0.1107 0.0113 0.0666 0.1159 0.0489 0.087%84@. 0.1767 0.0747 0.0503 0.0457
P 0.0003 0.0262 0.0467 0.0005 0.0288 0.0051 0.01010120. 0.0775 - 0.0572 0.0195

0.0107

Q 0.0360 0.0905 0.0209 0.0470 0.1016 0.0483 0.0549054Q@. 0.1405 0.0525 0.0187 0.0160
R 0.0315 0.0581 0.0657 0.0363 0.0545 0.0282 0.0401032Q. 0.0644 0.0320 0.0686 0.0383
S 0.0320 0.0354 0.0669 0.0382 0.0695 0.0102 0.0251015@. 0.0947 0.0323 0.0595 0.0396
T 0.0550 0.0487 0.1120 0.0387 0.0521 0.0418 0.04230400. 0.1080 0.0061 0.0758 0.0533
U 0.0533 0.0345 0.1304 0.0532 0.0891 0.0378 0.05570380. 0.1159 0.0422 0.1198 0.0879
\ 0.0211 0.0953 0.0558 0.0365 0.0635 0.0495 0.02980676. 0.1773 0.0320 0.0407 0.0436
W 0.0662 0.1382 0.0259 0.0811 0.1218 0.0649 0.08400956. 0.1888 0.0871 0.0509 0.0625
X 0.1093 0.0790 0.1217 0.0746 0.1128 0.1078 0.0838L00@. 0.1571 0.1065 0.0989 0.0895
Y 0.0065 0.0690 0.0826 0.0333 0.0190 0.0044 - 0.0182 0.0537 0.0473 0.0585 0.0452

0.0211
z 0.0811 0.1234 0.0602 0.0741 0.1198 0.0768 0.0872098Q. 0.1724 0.0913 0.0208 0.0560
AB 0.0620 0.0687 0.0992 0.0358 0.0609 0.0637 0.04430486. 0.1261 0.0551 0.0429 0.0390
AC 0.2115 0.2185 0.2738 0.1862 0.1835 0.2313 0.178®068. 0.2357 0.2781 0.2794 0.2262
AD 0.2117 0.2130 0.2799 0.1827 0.1752 0.2335 0.1758056. 0.2331 0.2860 0.2948 0.2282
AE 0.2769 0.2791 0.3043 0.2354 0.2390 0.2736 0.2623590. 0.2838 0.3464 0.3437 0.2638
AF 0.0391 0.0925 0.0238 0.0514 0.0676 0.0428 0.0099058Q2. 0.1503 0.0999 0.0319 0.0318
AG 0.1902 0.2125 0.2270 0.1614 0.1906 0.2167 0.1804000. 0.2115 0.2474 0.2628 0.2095
AH 0.0833 0.0794 0.0743 0.0716 0.0972 0.0311 0.03510260. 0.0401 0.1149 0.0592 0.0634
Al 0.0399 0.1029 0.0249 0.0582 0.1002 0.0406 0.05030518. 0.1382 0.0680 0.0293 0.0232
AJ 0.2066 0.1910 0.2352 0.1657 0.1710 0.1959 0.13411828. 0.2233 0.2821 0.1993 0.1707
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Appendix 7.3: kr values among population pairs (continued)

POP M N (@] P Q R S T U \Y w X

N 0.0362

(@] 0.0576 0.0898

P 0.0281 0.0257 0.0427

Q 0.0458 0.0642 0.0296 0.0309

R 0.0528 0.0349 0.0521 0.0130 0.0310

S 0.0480 0.0584 0.0385 0.0260 0.0583 0.0298

T 0.0821 0.0579 0.0773 0.0212 0.0731 0.0332 0.0285

U 0.0755 0.0728 0.0946 0.0491 0.1139 0.0697 0.05030590.

\Y 0.0613 0.0680 0.0459 0.0201 0.0394 0.0410 0.07410616. 0.0950

W 0.0622 0.0974 0.0335 0.0555 0.0163 0.0628 0.08271016. 0.1261 0.0318

X 0.0842 0.0879 0.1471 0.0768 0.1106 0.1085 0.10490888. 0.1440 0.1551 0.1463

Y 0.0113 0.0011 0.1004 0.0267 0.0577 0.0090 0.07510340. 0.0668 0.0224 0.0616 0.1330

Z 0.0677 0.0870 0.0423 0.0640 0.0299 0.0519 0.07470698. 0.1487 0.0809 0.0421 0.1257

AB 0.0591 0.0501 0.0901 0.0325 0.0458 0.0340 0.06630240. 0.1167 0.0515 0.0726 0.0626

AC 0.2089 0.1697 0.3094 0.2183 0.2638 0.2182 0.27072550. 0.2767 0.2499 0.2916 0.1085

AD 0.2118 0.1707 0.3157 0.2187 0.2659 0.2174 0.272@620. 0.2590 0.2467 0.2955 0.0776

AE 0.2423 0.2251 0.3330 0.2803 0.3106 0.2384 0.300297Q@. 0.3441 0.3314 0.3274 0.1775

AF 0.0131 0.0681 0.0469 0.0571 0.0438 0.0626 0.07691100. 0.0966 - 0.0188 0.1090
0.0116

AG 0.1964 0.1554 0.2586 0.1856 0.2243 0.1928 0.2332383. 0.2500 0.2361 0.2543 0.0417

AH 0.0154 0.0615 0.0865 0.0610 0.0801 0.0682 0.062383@. 0.1062 0.1212 0.1066 0.1145

Al 0.0320 0.0745 0.0375 0.0438 - 0.0474 0.0740 0.0803 0.0983 0.0377 0.0226 0.1085

0.0035

Al 0.1460 0.1205 0.2924 0.1945 0.2426 0.2090 0.2598518. 0.2682 0.2383 0.2661 0.0839

Appendix 7.3: kr values among population pairs (continued)

POP Y Z AB AC AD AE AF AG AH Al Al

Z 0.0693

AB 0.0426 0.0296

AC 0.1809 0.2871 0.2058

AD 0.1802 0.2969 0.2000 -0.0102

AE 0.2628 0.2960 0.2416 0.0444 0.0532

AF 0.0085 0.0953 0.0888 0.2332 0.2346 0.3156

AG 0.1968 0.2399 0.1775 0.1094 0.0585 0.1607 0.2285

AH 0.0633 0.0928 0.0895 0.2708 0.2825 0.2926 0.0883 2444q.

Al 0.0127 0.0526 0.0705 0.2480 0.2620 0.2964 0.0020 2336. 0.0668

Al 0.1874 0.2746 0.2008 0.1184 0.0990 0.2293 0.1995 1766. 0.2187 0.2090
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Appendix 7.4: Geographic distances among populgtéors

POP A B C D E F G H | J K L
83.3
103.0 179.0

48.1 36.5 143.0

32.9 50.5 131.0 13.3

38.2 122.0 69.0 87.2 73.7

16.7 88.2 109.0 53.7 42.0 40.4

100.0 182.0 27.4 146.0 133.0 63.1 103.9

34.0 51.8 132.0 16.4 3.2 71.3 38.3 135.0

84.5 10.6 175.0 37.7 50.6 122.0 91.3 182.0 91.9

300.0 379.0 202.0 344.0 332.0 263.0 304.0 199.0 .0302 377.0

302.0 382.0 204.0 347.0 335.0 266.0 306.0 203.0 .0305 380.0 4.9

121.0 196.0 20.6 161.0 150.0 88.8 128.0 39.6 129.092.0 184.0 187.0

36.8 122.0 72.8 86.6 72.7 4.6 36.8 66.8 36.3 122.@67.0 269.0
99.5 176.0 4.1 141.0 130.0 66.9 107.0 23.4 106.0 3.017 203.0 206.0
50.5 33.9 146.0 2.3 15.7 88.1 56.5 149.0 57.0 33.9347.0 351.0
96.3 204.0 4.7 164.0 126.0 63.8 103.0 25.0 102.0 1.017 206.0 209.0
40.4 125.0 65.9 86.7 75.3 3.1 42.9 60.3 42.3 125.260.0 263.0
34.7 120.0 70.6 80.7 69.9 4.4 38.0 66.5 37.6 119.@66.0 269.0
40.4 45.1 133.0 7.8 6.9 77.1 48.6 139.0 47.8 44.0 36.8 338.0
85.7 9.8 175.0 38.9 50.3 123.0 91.4 182.0 91.3 0.5 376.0 380.0

171.0 252.0 73.3 214.0 245.0 135.0 174.0 70.8 176.249.0 130.0 132.0
173.0 250.0 71.3 213.0 178.0 137.0 177.0 76.8 177.245.0 132.0 136.0
11150 11520 1137.0 1137.0 1099.0 11050 1099.011.01 1100.0 1160.0 1150.0 1146.0
34.4 120.0 68.9 82.8 36.5 3.2 38.1 65.0 37.4 120.@66.0 269.0
131.0 47.5 225.0 85.9 132.0 169.0 133.0 230.0 133.63.1 428.0 431.0
AB 122.0 121.0 213.0 117.0 110.0 144.0 109.0 201.0 .0110 1310 395.0 397.0
AC 978.0 1011.0 1004.0 998.0 962.0 968.0 962.0 977.061.09 1021.0 1030.0 1026.0
AD 503.0 528.0 547.0 518.0 486.0 501.0 487.0 523.0 .0486 537.0 630.0 629.0
AE 868.0 897.0 904.0 886.0 852.0 861.0 853.0 877.0 .0853 905.0 948.0 946.0
AF 169.0 248.0 68.9 210.0 174.0 134.0 174.0 71.3 173.244.0 132.0 136.0
AG 498.0 523.0 545.0 513.0 481.0 497.0 483.0 519.0 .0484 533.0 629.0 626.0
AH 98.7 176.0 4.2 138.0 106.0 66.6 106.0 26.1 105.0 2.017 204.0 207.0
Al 197.0 275.0 96.1 236.0 200.0 160.0 201.0 96.5 199.271.0 105.0 109.0
AJ 1198.0 1232.0 1224.0 1220.0 1096.0 1189.0 1183.096.01 1184.0 1242.0 1239.0 1235.0

N<Xs<CHnTOTVOZZIrX«~"IOMMOO®>
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Appendix 7.4: Geographic distances among populad#rs (continued)

POP M N O P Q R S T U \ W X

N 94.8

(0] 22.6 70.3

P 164.0 88.0 145.0

Q 25.8 68.5 4.1 140.0

R 86.6 7.8 63.0 91.1 61.3

S 90.6 6.6 67.6 85.0 65.2 5.5

T 152.0 77.1 132.0 10.7 129.0 80.0 74.1

U 192.0 122.0 175.0 34.7 171.0 125.0 119.0 45.0

\Y 59.5 139.0 74.3 219.0 77.3 131.0 136.0 206.0 249.0

\W 52.4 142.0 71.6 215.0 75.3 134.0 139.0 204.0 245.21.5

X 1147.0 1101.0 1133.0 1139.0 1133.0 1106.0 1107.037.01 1161.0 1127.0 1148.0

Y 91.7 10.0 68.3 84.6 65.8 5.8 0.5 74.5 119.0 136.040.a0  1107.0
Z 244.0 167.0 226.0 81.9 222.0 172.0 165.0 93.5 53.5299.0 297.0 1157.0

AB 234.0 139.0 210.0 118.0 208.0 148.0 144.0 119.0 .0132 271.0 279.0 1031.0
AC 1015.0 964.0 1000.0 1000.0 1001.0 970.0 971.0 997.0021.0 997.0 1019.0 142.0
AD 563.0 496.0 543.0 519.0 543.0 502.0 502.0 518.0 .0538 560.0 579.0 628.0
AE 916.0 858.0 900.0 888.0 900.0 865.0 866.0 886.0 .0906 904.0 925.0 272.0

AF 54.2 137.0 69.6 214.0 74.4 129.0 134.0 203.0 244.8.9 12.7 1133.0
AG 559.0 493.0 540.0 514.0 540.0 499.0 499.0 515.0 .0533 558.0 577.0 634.0
AH 22.6 71.2 3.3 143.0 2.0 63.8 67.8 132.0 172.0 75.173.9 1135.0

Al 80.9 163.0 96.9 241.0 99.7 156.0 161.0 231.0 271.25.4 27.5 1136.0
AJ 1233.0 1184.0 1219.0 1222.0 1219.0 1190.0 1192.019.02 1243.0 1213.0 1234.0 90.0

Appendix 7.4: Geographic distances among populgt&rs (continued)

POP Y 4 AB AC AD AE AF AG AH Al AJ
z 165.0

AB 144.0 127.0

AC 971.0 1015.0 892.0

AD 502.0 528.0 406.0 487.0

AE 866.0 897.0 777.0 133.0 369.0

AF 134.0 295.0 272.0 1006.0  565.0 911.0

AG 499.0 523.0 403.0 493.0 6.1 372.0 564.0

AH 67.8 224.0 211.0 1002.0 545.0 900.0 71.9 542.0

Al 161.0 322.0 296.0 1010.0 578.0 918.0 26.0 576.0 5 98.

AJ 1192.0 1236.0 1112.0  220.0 708.0 345.0 1221.0 712.01220.0  1225.0
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Appendix 7.5: Altitudinal distances among sites

POP A B C D G H I J K L

A

B 150.0

c 2000 50.0

D 7000 550.0 500.0

E 500.0 350.0 300.0 200.0

F 400.0 250.0 200.0 300.0 100.0

G 150.0 300.0 350.0 850.0 650.0 550.0

H 20.0 150.0 200.0 700.0 500.0 400.0 150.0

I 1100.0 950.0 900.0 4000 600.0 700.0 1250.0 1100.0

J 150.0  20.0 50.0 550.0 350.0 250.0 300.0 150.0 950.0

K 400.0 2500 200.0 300.0 100.0 20.0 550.0 400.0 0700.250.0

L 6250 4750 4250 75.0 1250 2250 7750 6250 0475.475.0 225.0

M 20.0 150.0 200.0 700.0 500.0 400.0 150.0 20.0 0100150.0 400.0 625.0

N 400.0 2500 200.0 300.0 100.0 20.0 550.0 400.0 0700.250.0  20.0 225.0

o} 1180 2680 3180 8180 6180 5180 32.0 118.0 .021®68.0 5180  743.0

P 3040 1540 1040 3960 1960 96.0 4540 304.0 0769.154.0 96.0 321.0

Q 1180 2680 3180 8180 6180 5180 32.0 118.0 .021&®68.0 5180  743.0

R 2000 50.0 20.0 500.0 300.0 200.0 350.0 200.0 900.60.0 2000 425.0

S 350.0 2000 150.0 350.0 150.0 50.0 500.0 350.0 0750.200.0 50.0 275.0

T 389.0 2390 189.0 311.0 1110 11.0 539.0 389.0 0711.239.0 11.0 236.0

u 131.0 19.0 69.0 569.0 369.0 269.0 281.0 131.0 969.09.0 269.0  494.0

v 600.0 450.0 4000 100.0 1000 200.0 750.0 600.0 .0500450.0 2000 25.0

w 9000 750.0 7000 200.0 4000 500.0 1050.0 900.0 0.020 750.0 500.0 275.0

X 1850.0 1700.0 1650.0 1150.0 1350.0 1450.0 2000.050.08 750.0 1700.0 1450.0 1225.0
Y 350.0 2000 150.0 350.0 1500 50.0 500.0 350.0 0750.200.0 50.0 275.0

Z 1370.0 12200 11700 6700 870.0 9700 1520.0 037®@70.0 1220.0 970.0 745.0
AB  389.0 239.0 189.0 311.0 111.0 11.0 539.0 389.0 0711.239.0 11.0 236.0

AC  1900.0 1750.0 1700.0 1200.0 1400.0 1500.0 2050.000.09 800.0 1750.0 1500.0 1275.0
AD 8500 7000 650.0 150.0 350.0 450.0 1000.0 850.0 0.025 700.0 450.0 225.0

AE  1734.0 1584.0 1534.0 1034.0 1234.0 1334.0 1884.034.07 634.0 1584.0 1334.0 1109.0
AF  100.0 50.0 1000 600.0 4000 3000 250.0 100.0 .000060.0 3000 525.0

AG 9500 800.0 750.0 250.0 450.0 550.0 1100.0 950.0 0.015 800.0 550.0 325.0

AH 1180 2680 3180 8180 6180 5180 32.0 118.0 .021®68.0 5180  743.0

Al 1179.0 1029.0 979.0 479.0 679.0 779.0 1329.0 117979.0 1029.0 779.0 1054.0
Al 2100.0 1950.0 1900.0 1400.0 1600.0 1700.0 2250.000.21 1000.0 1950.0 1700.0 1475.0
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Appendix 7.5: Altitudinal distances among sitesntawued)

POP M N O P Q R S T U \ w X

N 400.0

(0] 118.0 518.0

P 304.0 96.0 422.0

Q 118.0 518.0 20.0 422.0

R 200.0 200.0 318.0 104.0 318.0

S 350.0 50.0 46.0 46.0 468.0 150.0

T 389.0 11.0 507.0 85.0 507.0 189.0 39.0

U 131.0 269.0 249.0 173.0 249.0 69.0 219.0 258.0

\Y 600.0 200.0 718.0 296.0 718.0 400.0 250.0 211.0 .0469

\W 900.0 500.0 1018.0 596.0 1018.0 700.0 550.0 511.069.07 300.0

X 1850.0 1450.0 1968.0 1546.0 1968.0 1650.0 1500.061.04 1719.0 1250.0 850.0

Y 350.0 50.0 468.0 46.0 468.0 150.0 20.0 39.0 219.050.02 650.0 1500.0
Y4 1370.0 970.0 1488.0 1066.0 1488.0 1170.0 1020.0 .0981 1239.0 770.0 370.0 480.0

AB 389.0 11.0 507.0 85.0 507.0 189.0 39.0 20.0 258.011.02 611.0 1461.0
AC 1900.0 1500.0 2018.0 1596.0 2018.0 1700.0 1550.011.05 1769.0 1300.0 900.0 50.0

AD 850.0 450.0 968.0 546.0 968.0 650.0 500.0 461.0 .0819 250.0 150.0 1000.0
AE 1734.0 1334.0 1852.0 1430.0 1852.0 1534.0 1384.045.03 1603.0 1134.0 734.0 116.0
AF 100.0 300.0 218.0 204.0 218.0 100.0 250.0 289.0 0 31. 500.0 900.0 1750.0
AG 950.0 550.0 1068.0 646.0 1068.0 750.0 600.0 561.019.08 350.0 50.0 900.0

AH 118.0 518.0 20.0 422.0 20.0 318.0 468.0 507.0 249.018.0 1118.0 1968.0
Al 1179.0 779.0 1297.0 875.0 1297.0 979.0 829.0 790.0048.0 579.0 179.0 671.0
AJ 2100.0 1700.0 2218.0 1796.0 2218.0 1900.0 1750.011.07 1969.0 1500.0 1100.0 250.0

Appendix 7.5: Altitudinal distances among sitesntaaued)

POP Y 4 AB AC AD AE AF AG AH Al AJ
z 1020.0
AB 39.0 981.0

AC 1550.0 530.0 1511.0

AD 500.0 520.0 461.0 1000.0

AE 1384.0 364.0 1345.0 166.0 884.0

AF 250.0 1270.0 289.0 1800.0 750.0 1634.0

AG 600.0 420.0 561.0 950.0 100.0 784.0 750.0

AH 468.0 1488.0 507.0 2018.0 968.0 1852.0 318.0 1068.0

Al 829.0 190.0 790.0 721.0 329.0 555.0 1079.0 229.0 97.02

AJ 1750.0 730.0 1711.0 200.0 1250.0 366.0 1900.0 0150.1218.0 1900.0
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Appendix 7.6: Nei's genetic identity (above diadprend genetic distance (below

diagonal).

POP A B C D E F G H | J K L
- 0.7798 0.8153 0.8921 0.7804 0.9183 0.9122 0.89616193 0.8805 0.7378 0.8356
0.2487 - 0.6351 0.8997 0.8243 0.8194 0.8631 0.88897450 0.8422 0.7651 0.8138
0.2042 0.4540 - 0.7689 0.6811 0.8423 0.7598 0.74P2%732 0.7366 0.8119 0.8407

0.1142 0.1057 0.2628

- 0.8774 0.8436 0.9055 0.86966693 0.8939 0.8131 0.8920
0.2480 0.1932 0.3840 0.1307

- 0.7832 0.8743 0.78846207 0.7839 0.6146 0.7508
0.0852 0.1992 0.1716 0.1701 0.2444 - 0.9012 0.96@67547 0.8602 0.7935 0.8425
0.0919 0.1472 0.2747 0.0993 0.1343 0.1041 - 0.95287214 0.8096 0.8073 0.8597
0.1097 0.1234 0.2982 0.1397 0.2378 0.0403 0.0488 - 0.7781 0.8446 0.8090 0.8728
0.4792 0.2944 05566 0.4015 0.4770 0.2814 0.32662500. - 0.5945 0.5724 0.6208
0.1273 0.1718 0.3058 0.1122 0.2435 0.1506 0.21121688. 0.5201 - 0.7629 0.8115
0.3040 0.2678 0.2084 0.2069 0.4867 0.2313 0.214@®120. 0.5579 0.2706 - 0.9174
0.1796 0.2060 0.1735 0.1143 0.2866 0.1714 0.15111360. 0.4768 0.2089 0.7629 -
0.1969 0.2611 0.1357 0.2072 0.3019 0.0957 0.0828968. 0.2682 0.3490 0.1502 0.1386
0.2178 0.1942 0.2766 0.1412 0.1778 0.2010 0.16611988. 0.2209 0.2363 0.3013 0.2343
0.1943 0.3786 0.0609 0.2315 0.4063 0.1522 0.283262Q. 0.6254 0.2342 0.1704 0.1570
0.1121 0.1727 0.2574 0.0801 0.1740 0.1133 0.19341508. 0.3918 0.0752 0.3170 0.1758
0.1621 0.3684 0.0995 0.1958 0.4299 0.1923 0.26072282. 0.5722 0.2039 0.1429 0.1081
0.1413 0.2428 0.2228 0.1501 0.2314 0.1175 0.2118570. 0.2753 0.1400 0.2705 0.1612
0.1414 0.1452 0.2278 0.1449 0.2524 0.0729 0.15020976. 0.3691 0.1326 0.2306 0.1635
0.1880 0.1714 0.3540 0.1281 0.1802 0.1425 0.1817154@. 0.3965 0.0676 0.2542 0.1867
0.2396 0.1771 0.4542 0.2358 0.3626 0.1638 0.27121800. 0.4828 0.1738 0.4112 0.3479
0.1696 0.4284 0.2063 0.2043 0.2817 0.2221 0.22413126. 0.8846 0.1920 0.2199 0.2208
0.1979 0.4785 0.0770 0.2570 0.4187 0.1824 0.26653000. 0.6860 0.2593 0.1736 0.1829
0.6863 0.6800 0.6272 0.6185 0.9758 0.7250 0.7700r746. 0.9613 0.8410 0.6182 0.5833
0.2047 0.4687 0.3611 0.3259 0.2696 0.1704 0.18832508. 0.3381 0.2904 0.3684 0.3560
0.2633 0.4357 0.1658 0.2512 0.4286 0.2384 0.2971318@. 0.6269 0.2710 0.1205 0.1834
AB 0.2640 0.2818 0.3797 0.1720 0.2501 0.2543 0.253®272. 0.5870 0.1997 0.2163 0.1907
AC 14039 1.7050 2.1208 1.4193 1.2899 1.7991 1.349%414. 1.7357 19135 1.9558 1.6573
AD 1.6240 1.8891 2.3990 1.6217 1.3382 2.0233 1.54077330. 1.8687 2.2320 2.7672 1.9803
AE 16955 1.8884 1.7422 1.6389 13973 1.6919 1.675%6301. 14829 2.0091 1.7816 1.4917
AF 0.2554 0.5013 0.1476 0.3095 0.3784 0.2458 0.22073410. 0.8144 0.4238 0.2354 0.2292
AG 1.0277 1.4501 1.1490 0.9566 1.3096 1.4394 1.2444419%. 1.2215 1.3049 1.4520 1.2691
AH 0.3047 0.2974 0.2235 0.2898 0.3901 0.1160 0.1712130@. 0.1846 0.3735 0.2181 0.2321
Al 0.1739 0.4160 0.1020 0.2404 0.4243 0.1607 0.2411220Q. 0.5650 0.2569 0.1662 0.1219
AJ 1.7753 19732 1.2778 1.6706 1.6636 1.5187 1.396%H648. 1.8700 2.2969 1.1105 1.2956
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Appendix 7.6: Nei's genetic identity (above diadprend genetic distance (below

diagonal) (continued).

o

OP M N O P Q R S T U \Y w X
0.8213 0.8043 0.8234 0.8940 0.8503 0.8682 0.86818286. 0.7869 0.8440 0.8205 0.5035
0.7702 0.8235 0.6848 0.8414 0.6918 0.7844 0.86498426. 0.8377 0.6515 0.6197 0.5066
0.8731 0.7583 0.9409 0.7731 0.9053 0.8003 0.79637010. 0.6350 0.8136 0.9259 0.5341
0.8129 0.8683 0.7933 0.9230 0.8222 0.8606 0.86518798. 0.7899 0.8152 0.7733 0.5388
0.7394 0.8371 0.6661 0.8403 0.6506 0.7934 0.7769B350. 0.6959 0.7545 0.6579 0.3769
0.9088 0.8179 0.8588 0.8929 0.8250 0.8891 0.9297867@. 0.8489 0.8008 0.8332 0.4843
0.9206 0.8470 0.7534 0.8241 0.7705 0.8091 0.86068338. 0.7624 0.7992 0.7660 0.4630
0.9077 0.8201 0.7693 0.8600 0.7959 0.8546 0.907(8560. 0.8353 0.7316 0.7403 0.4609
0.7648 0.8018 0.5351 0.6758 0.5643 0.7593 0.6913%72@. 0.6171 0.4129 0.5036 0.3824
0.7054 0.7896 0.7912 0.9276 0.8156 0.8694 0.875834G. 0.8404 0.8253 0.7716 0.4313
0.8605 0.7399 0.8433 0.7284 0.8668 0.7630 0.7940r756. 0.6629 0.8026 0.8406 0.5389
0.8706 0.7911 0.8547 0.8388 0.8975 0.8511 0.8492829@. 0.7062 0.8019 0.8328 0.5580
0.8360 0.8388 0.7691 0.8243 0.8052 0.8096 0.73007180 0.7487 0.8400 0.5069
0.7330 0.8215 0.7558 0.8554 0.7961 0.808657180 0.7116 0.7229 0.4527
0.8136 0.8968 0.8369 0.8700 0.78447730 0.8663 0.9161 0.5357
0.8246 0.8978 0.8814 0.89607920 0.8275 0.7831 0.4868
- 0.8776 0.8141 0.7813%6769 0.8373 0.9274 0.5801
0.2166 0.1562 0.1781 0.1078 0.1306 - 0.8912 0.89M47622 0.8179 0.8298 0.5018
0.2113 0.2280 0.1393 0.1262 0.2057 0.1152 - 0.90D78379 0.7695 0.7796 0.5293
0.3052 0.2126 0.2428 0.1098 0.2392 0.1138 0.0968 - 0.8227 0.7852 0.7493 0.4870
0.3313 0.3293 0.2575 0.2332 0.3902 0.2715 0.1769195Q. - 0.7033 0.6853 0.3988
0.2894 0.3402 0.1435 0.1893 0.1776 0.2010 0.262®@418. 0.3519 - 0.8791 0.3675
0.1743 0.3245 0.0876 0.2445 0.0754 0.1866 0.249(886. 0.3779 0.1289 - 0.5121
0.6794 0.7926 0.6242 0.7198 0.5445 0.6896 0.63637196. 0.9192 1.0010 0.6692 -

0.1791 -
0.1758 0.3106 -
0.2625 0.1967 0.2063 -
0.1932 0.2800 0.1089 0.1928
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X

POP M N o} P Q R S T U \ W X

Y 0.2054 0.2093 0.3244 0.3114 0.2949 0.1726 0.34932236. 0.3195 0.2439 0.2452 1.0633
z 0.2128 0.3024 0.1077 0.2630 0.1103 0.1716 0.22442110. 0.4317 0.2303 0.1053 0.5731

AB 0.3107 0.2469 0.2744 0.1726 0.1924 0.1437 0.21231026. 0.3993 0.2218 0.2533 0.5139
AC 16151 1.3124 23086 1.6510 1.8247 1.4558 2.039%862. 2.3184 1.8343 1.9075 0.6388
AD 1.9044 15510 2.4338 1.8509 1.9650 1.6168 2.22080626. 1.8941 1.9560 2.0952 0.6425
AE 14730 1.4980 1.6511 1.6894 1.6809 1.1880 1.60966340. 2.4868 2.0447 1.8370 0.6465
AF 0.1580 0.4187 0.1710 0.4148 0.2212 0.3167 0.33454390. 0.4184 0.1334 0.1135 0.9021
AG 13047 09999 1.3281 1.1231 1.1130 1.0733 1.2783%4071. 1.6187 1.5335 1.2489 0.5035
AH 0.0696 0.2448 0.2184 0.2762 0.2627 0.2356 0.200526438. 0.3467 0.4093 0.2786 0.6760
Al 0.1275 0.3213 0.1169 0.2663 0.0551 0.1821 0.26432710. 0.3494 0.1841 0.0777 0.6048
AJ 11163 1.1964 1.2787 1.7725 1.3291 1.6911 1.886(0549. 1.7291 1.5855 1.2733 0.9498
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Appendix 7.6: Nei's genetic identity (above diadprend genetic distance (below

diagonal).

Y z AB AC AD AE AF AG AH Al AJ

0.8149  0.7685 0.7680 0.2456  0.1971 0.1835 0.77463578. 0.7374 0.8404 0.1694
0.6258 0.6468 0.7544 0.1818 0.1512 0.1513 0.60582346. 0.7428 0.6597  0.1390
0.6969  0.8472 0.6840 0.1199 0.0908 0.1751 0.86283160. 0.7997 0.9031 0.2786
0.7219  0.7779 0.8420 0.2419 0.1976 0.1942 0.7338384Q2. 0.7484 0.7863  0.1881
0.7637  0.6514 0.7787  0.2753  0.2623  0.2473  0.68492699. 0.6770 0.6542  0.1895
0.8434  0.7879 0.7754  0.1654 0.1322 0.1842 0.78212370. 0.8905 0.8516  0.2190
0.8284  0.7430 0.7764  0.2594 0.2142 0.1873 0.80192880. 0.8426  0.7858  0.2475
0.7784  0.7273 0.7968  0.1937 0.1768 0.1959 0.71042418. 0.8775 0.8023 0.2091
0.7131  0.5343 0.5560 0.1763 0.1543 0.2270  0.44292948. 0.8315 0.5684 0.1541
0.7480 0.7627 0.8190 0.1476  0.1073 0.1341 0.6546271@. 0.6883 0.7734  0.1006
0.6918  0.8865 0.8055 0.1415 0.0628 0.1684 0.7903234Q. 0.8040 0.8469 0.3294
0.7005 0.8324 0.8264 0.1906 0.1380 0.2250  0.7951281@. 0.7928 0.8852  0.2737
0.8143  0.8083 0.7329  0.1989 0.1489 0.2292 0.85392718. 0.9327 0.8803  0.3275
0.8111  0.7390 0.7812  0.2692 0.2120 0.2236  0.65793670. 0.7829  0.7252  0.3023
0.7230  0.8979 0.7601  0.0994 0.0877 0.1918 0.84282650. 0.8038 0.8897 0.2784
0.7324  0.7688 0.8415 0.1919 0.1571 0.1846  0.66043258. 0.7586 0.7662  0.1699
0.7446  0.8956 0.8250 0.1613 0.1401 0.1862 0.80163286. 0.7689 0.9464  0.2647
0.8415 0.8423 0.8661  0.2332 0.1985 0.3048 0.72853410. 0.7901  0.8335 0.1843
0.7051  0.7990 0.8087 0.1301 0.1085 0.2000 0.71572786. 0.8183 0.7676  0.1517
0.7996  0.8091 0.9025 0.1852 0.1405 0.1951 0.64412448. 0.7677 0.7626  0.1416
0.7265 0.6494 0.6708 0.0984 0.1504 0.0832 0.6581198a. 0.7070 0.7051 0.1774
0.7836  0.7943 0.8011  0.1597 0.1414 0.1294 0.87522158. 0.6641 0.8318 0.2048
0.7825  0.9000 0.7763  0.1485 0.1230 0.1593  0.89272868. 0.7568 0.9252  0.2799
0.3453  0.5638 0.5981 05279 05260 0.5239 0.4057604@. 0.5087 0.5462 0.3868
0.7620 0.7376  0.2895 0.2575 0.2658 0.7801  0.2476.7641  0.8368  0.2473
0.8822 0.1708 0.1344 0.2906 0.7365 0.3316.7788 0.8576  0.2850
- 0.2677 0.2715 0.3220 0.6332 0.3530.7265 0.7514  0.2564
AC 1.2397 1.7671 13179 - 0.8455 0.8668 0.1728  0.6206.1175 0.2015  0.4320
AD 1.3567 2.0071 13039 0.1678 - 0.8264  0.1420 0.7208.0657  0.1200  0.4379
AE 1.3250 1.2358 11333 0.1430 0.1906 - 0.1453  0.6040.2078  0.2044  0.4041

o
o
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0.2718 -
AB 0.3043 0.1253

AF 0.2484  0.3058 0.4570  1.7556  1.9517 1.9287 - 0.2330.7052  0.8894  0.2372
AG 1.3961 1.1040 1.0393 04773 0.3281 0.5030 14529 - 0.2280 0.2684  0.3097
AH 0.2691  0.2500 0.3195 21412 27228 15711  0.34924782. - 0.8134 0.3171
Al 0.1782  0.1536 0.2858 1.6021  2.1204 1.5877 0.11723152. 0.2065 0.2999

AJ 1.3973  1.2553 1.3610 0.8393  0.8257  0.9062 1.43861721. 1.1484 1.2044 -
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8. General Discussion

The study of the population structure Réissita simony(ReBEL, 1899; Lepidoptera,
Zygaenidae) andHyla savignyi (AuDOUIN, 1827; Amphibia, Hylidae) in Southern
Arabia demonstrated to be quite demanding. Desipéescarcity of literature available
dealing with the two species and/ or with the gapbrcal region (NUMANN &
EDELMANN, 1984; SHATTI & GASPERETT} 1994), long term climatic data as well as
population genetic reference studies for this paldr geographical region were
lacking. For this reason, this work should alsoubelerstood as a basis for further
studies in this still hardly accessible area of wweld. Therefore, a special focus was
put on a faunistic, methodological and finally goplation genetic approach for each

species in order to provide a detailed picturdddowing studies.

The study area proved to be particularly excitibgcause it provided a variety of
features making it especially interesting for bgpsts (chapter 1/ General introduction).
In spite of the fact that this geographical area hahigh degree of endemism and
represents a melting-pot of Afrotropical and Palet@a species, thestatus quoof

research was mainly based on faunistic studiesfadtt, regarding the fast human
population growth and increasing agricultural larse, further population genetic and
conservation genetic studies in addition to thesgméed ones here would be highly
desirable in order to examine the influence of tebiragmentation and loss on a
variety of systems. Based on the conducted inwestigs, it became apparent that
diverse systems are differently affected by habitagmentation, habitat loss and
additional forces like isolation by distance andlation by altitude (chapter 6 and 7).
Population genetic and conservation genetic appexacnay also build the basis for
extended nature conservation projects with thentide to protect the unique natural
heritage of Southern Arabia. In connection to #spect, it would be highly desirable to
extent teaching in biology at the universities amdégchools in Yemene. g.teaching

ecology and population genetics has proven to e much to the acceptance of

conservation acts.

In the present study, | inferred the populationegenstructure of two faunal elements,

Reissita simonyandHyla savignyj in Southern Arabia. | selected microsatellitesaas
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primary source of population genetic informatioechuse these turned out to be ideal
markers for the specific questions tackled in papoh genetic studies (IYEIRA et al,
1998; MossMAN & WASER, 2001; $HREY & HEIST, 2003; MARQUADT & EPPERSON
2004; G®MEZ-UCHIDA & BANKS, 2005; RATT, 2005). However, in the present work,
microsatellites were not only applied to investegétte population structure, possible
migration routes and the impact of a variety ofcéw like isolation by distance and

isolation by altitude, but the marker system itsedf critically examined and discussed.

In spite of their obvious advantages, putative fiams and the evolution of
microsatellites are rarely touched in the literatth et al, 2002). The careful
verification of potential cross-utility and size rhoplasy of cross-amplified
microsatellites is often still lacking (but sesTuPet al., 1995; A0S & RUBINSZTEIN,
1996; Avos, 1999; MaKOVA et al, 2000). Therefore, a special focus was put on the
intensive treatment of this marker system, begigmvith the isolation and optimization
(chapter 4 and 5), followed by the discussion adssrutility, size homoplasy and
evolution of microsatellites within the gentiyla (chapter 4) as well as the statistical
analyses in chapter 6 and 7 including a discussfgootential pitfalls of the isolation
and applicability of microsatellites in Lepidoptertt became obvious that further
analyses about the complex evolution of microségsllare highly warranted. The
potential influence of hidden polymorphism causgdibdetected mutations in the core
and flanking regions of microsatellites should teated with caution and deserve more
attention at a larger scale in order to examinectv@ribution of hidden polymorphism

and refinement of today’s mutation models.

In addition, the widespread utility of microsatedf in species, for which the
microsatellite set was not originally developedowdd be applied with care, because
size homoplasy can lead to erroneous results. Afthasome authors gEoup et al,
2002) suggested that the impact of size homoplasy be marginal, it would be of
extraordinary interest to conduct a study, in whioh influence of size homoplasy on a
system is studied at a large scale with the airgetoprofound empirical data on this
issue. A further aspect concerns the difficultasioin of microsatellites in Lepidoptera.
Potential explanations are rare §bLECZ et al, 2004; MEGLECZ et al, submitted). It

would be of great importance to explore potentedsons, why various isolation
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protocols fail to yield a sufficient number of nosatellites in Lepidoptera. A second
phenomenon refers to the apparent accumulation ulif alleles in Lepidoptera

(KEYGHOBADI, 1999; MEGLECZ et al, 2004; chapter 7). It would be interesting to
explore, why especially Lepidoptera exhibit nulebds so often and how to deal with

them in population genetic analyses in general.

An extraordinary focus was put on the incorporattdmew approaches in statistical
analyses for population genetic analysis. In th@upaiion genetic analysis dfl.
savignyi(chapter 6), | applied a Bayesian assignment(éstECLASS2, RRY et al,
2004) to examine regional population structure. Rasimony;i| applied a very recently
developed approach to investigate population siracind genetic variability. YER &
NASON (2004) developed a network analysis for popula@metic analyses, which
compares all data simultaneously instead in thdittomal pairwise fashion ). The
analysis has the advantage to project populatiomaultidimensional space, where all
connections to other populations are illustratethirik that both approaches present a
step forward in the analysis of population geneticl conservation genetic studies,
because both propose to compare all populatioasway that all probable connections
and origins of populations are taken into accoliherefore, attention is drawn to the
connectivity and differentiation of populationsthe same time. In addition, isolated
populations and highly variable populations arelgadentified. This approach may
represent an advance in conservation genetics,ubecih may enable scientists to
identify most important populations to save popale and species. Conversely,
populations which are endangered can be discoareédo put it in a very simple way,
translocation of individuals from highly variablegulations could rescue endangered
populations. More generally, areas with low genebanectivity are easily identified

and conservation actions may concentrate on thess.a

In contrast, assignment tests present a breakthrugtudy potential migration routes
at the individual level. Thus, migration can bedstd in more detail and in a direct
manner. For example, the identification of realdinmigrants or migration in past
generations can be distinguished and thereforeygedsain number of migrants can be
discovered. In addition, the total amount of mignatcan be examined and again,
isolated populations may be differentiated from yapons which are essential to

maintain migration. Finally, preferred directiorfsgene flow can be examined and may
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give insight in the underlying factors of populatistructure of species (chapter 6) when
contrasted with, for example, landscape topologyuiiees. In conclusion, both analyses
permitted to draw a detailed picture of the popaiastructure ofR. simonyiand H.

savignyiand potential underlying factors (chapter 6 and 7)

| intended to offer population genetic data for tweesumable vulnerable species
regarding habitat fragmentation. The analyses death a vertebrate and an
invertebrate, which differed in dispersion abilapd habitat preferences. Therefore, |
covered a broad spectrum of different charactessof examined species. The
molecular data revealed tHat simonyis less affected by habitat fragmentation thian
savignyi Two obvious reasons for the strong connectivitpapulations ofR. simonyi
are the higher mobility of a flying insect in comnigan to a tree frog species with high
pond fidelity and low migration power. The secongldson is the well known
phenomenon of top-hopping in lepidopteran spedessa consequenc®. simonyiis
less vulnerable to habitat fragmentation (at ledst small geographic scale) thien
savignyi The lower vulnerability is due to higher dispersiability and top-hopping
behavior which enables this species to successtifiperse over longer geographic
distances. The low dispersion ability &f. savignyi makes this species particular
exposed to habitat fragmentation or loss, becausg@ersistence of populations highly
depends on low between-pond geographic distancethef studies could concentrate
on invertebrate species with presumable low mignagibilities, like wingless insects in
order to contrast the results foundRnsimonyi PATT (2005) contrasted the population
genetic results of a winged and a wingless begtlecies in order to study the
population structure and the differential impacthabitat fragmentation on these two
coleopteran species in Kenya. An extension at getageographical scale could be
possible in Southern Arabia. This approach wouldbearticular interest in order to
extent already collected data.

In both population genetic studies (chapter 6 and@ impact of isolation by altitude
on population genetic differentiation was found.wéweer, there was no significant
correlation between altitude and neither expectedbserved heterozygosity nor other
parameters like allelic richness or inbreeding ficeht (chapter 6 and 7) found. Thus,
altitudinal differences seemed to have no impacthenvariability within populations

and there were no hints for an ecological diffaegimtn of populations. It would be of
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particular interest to examine the influence oflason by altitude on population
differentiation as well as other landscape topoldéggtures like mountain ridges or
rivers in more detail. This approach would be esaknto complement our
understanding of population differentiation andbiald a bridge between population
genetic markers and landscape characteristiosngM et al, 2004). Again, wingless
insects may be suitable model organisms. Spec#itsect analysis {®Rz & DUBACH,
2004; FuNK et al, 2005b) of wingless insects in order to studyittileience of isolation
by altitude in more detail would be of special ret in this context. Transect analysis
could be applied to systematically investigate #fiect of altitudinal difference on
population genetic structure. In combination wiltle tcollection of climatic data like
temperature, solar radiation, and humidity, alohg same transects, a potential
ecological gradient along an altitudinal gradieotild be examined at the same time. A
further potential step forward in the analysistef tlready obtained data and potentially
new one could be the inclusion of a GIS data agtr@& g.MICHELS et al, 2001).
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