Procjena genetskoga statusa populacija balkanske
divokoze (Rupicapra rupicapra balcanica, Bolkay,
1925.) kao osnova za mjere zastite

Rezi¢, Andrea

Doctoral thesis / Disertacija
2022

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, Faculty of Agriculture / SveuciliSte u Zagrebu, Agronomski fakultet

Permanent link / Trajna poveznica: https://um.nsk.hr/ur:nbn:hr:204:627754

Rights / Prava: In copyright /Zasticeno autorskim pravom.

Download date / Datum preuzimanja: 2024-05-06

Repository / Repozitorij:

Repository Faculty of Agriculture University of
Zagreb

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII



https://urn.nsk.hr/urn:nbn:hr:204:627754
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.agr.unizg.hr
https://repozitorij.agr.unizg.hr
https://repozitorij.unizg.hr/islandora/object/agr:2791
https://dabar.srce.hr/islandora/object/agr:2791

AGRONOMSKI FAKULTET

Andrea Rezié

PROCJENA GENETSKOGA STATUSA
POPULACIJA BALKANSKE DIVOKOZE
(Rupicapra rupicapra balcanica, Bolkay,

1925.) KAO OSNOVA ZA MJERE
ZASTITE

DOKTORSKI RAD

Zagreb, 2022



FACULTY OF AGRICULTURE

Andrea Rezi¢

GENETIC ASSESSMENT OF BALKAN
CHAMOIS (Rupicapra rupicapra
balcanica, Bolkay, 1925) POPULATIONS
STATUS: THE BASIS FOR
CONSERVATION MEASURES

DOCTORAL THESIS

Zagreb, 2022



AGRONOMSKI FAKULTET

ANDREA REZIC

PROCJENA GENETSKOGA STATUSA
POPULACIJA BALKANSKE DIVOKOZE
(Rupicapra rupicapra balcanica, Bolkay,

1925.) KAO OSNOVA ZA MJERE
ZASTITE

DOKTORSKI RAD

Mentor: izv. prof. dr. sc. Nikica Sprem

Zagreb, 2022



FACULTY OF AGRICULTURE

Andrea Rezi¢

GENETIC ASSESSMENT OF BALKAN
CHAMOIS (Rupicapra rupicapra
balcanica, Bolkay, 1925) POPULATIONS
STATUS: THE BASIS FOR
CONSERVATION MEASURES

DOCTORAL THESIS

Supervisor: Assoc. Prof. Nikica Sprem, PhD

Zagreb, 2022



Bibliografski podaci:

Znanstveno podrucje: Biotehni¢ke znanosti

Znanstveno polje: Poljoprivreda (agronomija)

Znanstvena grana: Lovstvo

Institucija: SveuciliSte u Zagrebu Agronomski fakultet, Zavod za ribarstvo, p&elarstvo,
lovstvo i specijalnu zoologiju

Voditelj doktorskog rada: Izv. prof. dr. sc. Nikica Sprem

Broj stranica: 75

Broj slika: 4

Broj tablica: 2

Broj priloga: 3

Broj literaturnih referenci: 92

Datum obrane doktorskog rada: 16.12.2022.

Sastav povjerenstva za obranu doktorskog rada:

1. Izv. prof. dr. sc. Toni Safner, Sveuciliste u Zagrebu Agronomski fakultet

2. Prof. dr. sc. Tea Tomljanovi¢, SveuciliSte u Zagrebu Agronomski fakultet

3. Doc. dr. sc. Laura lacolina, Sveuciliste Primorska Fakultet matematike, prirodoslovlja i
informacijskih tehnologija

Rad je pohranjen u:

Nacionalnoj i sveuciliSnoj knjiznici u Zagrebu, Ulica Hrvatske bratske zajednice 4 p.p. 550,
10 000 Zagreb,

Knjiznici SveucilisSta u Zagrebu Agronomskog Fakulteta, SvetoSimunska cesta 25, 10 000
Zagreb.

Tema rada prihvacena je na sjednici Fakultetskog vije¢éa Agronomskog Fakulteta
SveuciliSta u Zagrebu, odrzanoj dana 5.11.2019. te odobrena na sjednici Senata Sveucilista
u Zagrebu, odrzanoj dana 14.1.2020.



SVEUCILISTE U ZAGREBU
AGRONOMSKI FAKULTET

IZJAVA O IZVORNOSTI

Ja, Andrea Rezié, izjavljulem da sam samostalno izradila doktorski rad pod naslovom:

PROCJENA GENETSKOGA STATUSA POPULACIJA BALKANSKE DIVOKOZE
(Rupicapra rupicapra balcanica, Bolkay, 1925.) KAO OSNOVA ZA MJERE ZASTITE

Svojim potpisom jam&im:

- da sam jedina autorica ovoga doktorskog rada;

- da je doktorski rad izvorni rezultat mojeg rada te da se u izradi istoga nisam koristila
drugim izvorima osim onih koji su u njemu navedeni;

- da sam upoznata s odredbama Eti¢kog kodeksa Sveucilista u Zagrebu (Cl. 19).

o ) DD 2
Zagreb, L L =0+ . godine
2/7 ) -
I ofer Ae45

X

' Potp/s doktorandice



Ocjena doktorskog rada

Doktorski rad je obranjen na Sveudilistu u Zagrebu Agronomskom fakultetu dana

"ﬁ ~ 7 ’ . . 7. v .
16 [R. 2022 ispred sljedecih Clanova Povjerenstva za obranu doktorskog rada:
e
1. Izv. prof. dr. sc. Toni Safner i

1
W

SveuciliSte u Zagrebu Agronomski fakultet

“__./-/4’
. . P
2. Prof. dr. sc. Tea Tomljanovié¢ z
SveuciliSte u Zagrebu Agronomski fakultet /
(Y \:;
§ kb:\{/- ~ “«‘\ i —
3. Doc. dr. sc. Laura lacolina e VI el

Sveuciliste Primorska Fakultet matematike, prirodoslovija i informacijskih tehnologija



Informacije o mentoru

lzv. prof. dr. sc. Nikica Sprem roden je 1978. godine u Zagrebu. Diplomirao je 2004. godine
na Sveucilistu u Zagrebu na Agronomskom fakultetu. Zaposlio se 2005. godine na Zavodu
za ribarstvo, pcelarstvo, lovstvo i specijalnu zoologiju na radnom mjestu znanstvenog
novaka.

Doktorat iz poljoprivrednih znanosti stjec¢e 2009. na Fakultetu agrobiotehnickih znanosti u
Osijeku. U sklopu CEEPUS i Erasmus mobilnosti, a u svrhu struénog usavrSavanja u
podrucju lovstva i ekologije boravio je na Sveucilistu prirodnih resursa i znanosti o zivotu u
Be€u, Sveucilistu u KapoSvaru i HAKI institutu u Madarskoj, na drzavhom sveuciliStu
Montana, Sveucilistu Sassari u ltaliji te SveuciliStu Massey na Novom Zelandu. Od 2012.
godine do 2017. godine radio je na radnom mjestu docenta, a od 2018. do 2021. godine je
izabran na mjesto prodekana za znanstvenu infrastrukturu i pokuSaliSta. Voditelj je
znanstveno-nastavnog poligona ,ban Josip JelacCi¢* koje se nalazi na podrucju Sisacko —
moslavacke zupanije.

Nositelj je preddiplomskog modula Lovstvo i diplomskih modula Biologija i ekologija divljaci,
LoviLovno gospodarenje. Takoder, nositelj je predmeta ,Wildlife ecology and conservation®
u sklopu diplomskog studija koji se izvodi na engleskom jeziku. Na specijalistickom studiju
nositelj je modula Uzgoj divljaci, a na doktorskom studiju, modula Metode istrazivanja u
lovstvu. Takoder je uklju€en u izvodenje nastave u sklopu modula Biljne vrste u loviStu te
Sportski i rekreacijski ribolov. Na Sveucilistu Sassari (ltalija) sudjeluje u izvodenju nastave
na doktorskom studiju ,Biosciences and Biotechnologies“ u sklopu modula ,Evolutionary
Biology“. Objavio je viSe od 100 znanstvenih ¢lanaka od kojih je 72 citirano u Web of
Science Core Collection (h-index 13). Koautor je Cetiriju znanstvenih knjiga. Suradnik je i
voditelj na deset nacionalnih projekata i Sest medunarodnih znanstvenih projekata.



Zahvala

Zelim zahvaliti Hrvatskoj zakladi za znanost koja je financirala ovaj istraZivacki rad kroz
projekt “DNA kao dokaz o distribuciji i vitalnosti ugrozene Balkanske divokoze” HRZZ-IP-
2016-06-5751, u razdoblju od 1.3.2017. do 1.3.2020.

d .
B HIrZZ
Hrvatska zaklada

za znanost

Veliko hvala mom mentoru izv. prof. dr. sc. Nikici Spremu na pruzenoj prilici, vodstvu kroz
doktorski studij, nesebi¢nom dijeljenju znanja, motivaciji i podrsci. Pomogli ste mi, ne samo
u akademskom, ve¢ i u mom osobnom razvoju.

Posebna zahvala doc. dr. sc. Lauri lacolina na strpljenju, prenesenom znanju i svesrdnoj
pomoci. Vi ste mi druga mentorica bez obzira Sto nije napismeno. Hvala Vam §to ste mi dali
priliku da radim s Vama i za sve Va$e savjete i ohrabrenja tijekom izrade ovog doktorskog
rada.

Veliko hvala doc. dr. sc. Toniju Safneru za iskrenu i nesebiénu potporu i za svu pomoc¢ pri
rjeSavanju statistickih problema na koje smo nailazili tjekom izrade ovog doktorskog rada.

Zelim se zahvaliti i kolegama s Univerza na Primorskem, Fakulteta za matematiko,
naravoslovje in informacijske tehnologije, posebno prof. dr. sc. Eleni Buzan i mr. sc. Sandri
PotuSek koji su me srda¢no primili u svoj tim, prenijeli mi znanje iz populacijske i
konzervacijske genetike te omogucili da boravak u Kopru bude nezaboravni dio mog Zivota.

Zahvaljujem kolegama sa Zavoda za ribarstvo, pcelarstvo, lovstvo i specijalnu zoologiju na
pruzenoj prilici, podrsci i prijateljstvu.

Hvala svim mojim prijateljima koji su uvijek bili tu za mene.

Zahvaljujem svome bratu, njegovoj obitelji i sestri koji su me slusali i strpljivo pomagali da
ostanem fokusirana na svoj cilj kada sam bila na kraju snaga i koji su me stalno podsjecali
da postoji cijeli svijet izvan mog doktorata.

I na kraju, najvece hvala mojim roditeljima Mladenu i Zdravki na svakoj zrtvi koju su uginili
da bi mi ovo omogudili i na svemu $to su mi pruZzili u Zivotu i koji su tiho ponosni na sva
moja postignuca. Zauvijek ¢u Vam biti zahvalna kao i dragom Bogu.



Sazetak

Divokoza (Rupicapra spp.) rasprostranjena je diljem Europe gdje nastanjuje srednje i visoke
planinske regije, a u iznimnim slu€ajevima nizinske predjele rijecnih kanjona i podrucja na
razini mora. Danas prema morfoloskim i bihevioralnim svojstvima postoje dvije vrste
divokoza: juzna divokoza Rupicapra pyrenaica (s podvrstama parva, pyrenaica i ornata) i
sjeverna divokoza Rupicapra rupicapra (s podvrstama cartusiana, rupicapra, tatrica,
carpatica, balcanica, asiatica i caucasica). Dvije od sedam podvrsta sjevernih divokoza (R.
r. rupicapra i R. r. balcanica) nastanjene su u Hrvatskoj, dok je balkanska divokoza
rasprostranjena diliem Balkanskog poluotoka jo§ u osam zemalja: Bosna i Hercegovina,
Srbija, Crna Gora, Kosovo, Sjeverna Makedonija, Albanija, Bugarska i Grka.

Trenutno znanje o genetskoj raznolikosti i strukturi populacija balkanske divokoze
ograni¢eno je na lokalna istrazivanja. U ovom istrazivanju koriStena je kombinacija seta
mikrosatelitnih lokusa i sekvence kontrolne regije mitohondrijske DNA kako bi se istrazila
genetska struktura i povezanost populacija balkanske divokoze u cijelom rasponu
distribucije s ciliem razvoja strategije gospodarenja i zastite. Osim toga, koriSten je isti set
lokusa kako bi se utvrdila to¢nost postojeéih povijesnih podataka o podrijetlu biokovske
populacije i razjasnilo koja je podvrsta bila prisutna prije reintrodukcije balkanske i alpske
divokoze na planinu Velebit s ciliem procjene i dokumentiranja genetskoga statusa izvornih
i translociranih populacija.

Za postizanje ciljeva istrazivanja ukupno je genotipiziran 141 uzorak balkanske divokoze s
podruCja drzava Balkanskog poluotoka (osim Kosova) i 4 lubanje divojaraca (muzejski
primjerci). Za izradu filogenetske mreze, prikupljeno je 56 dodatnih uzoraka koji su pripadali
drugim podvrstama divokoza. Sekvenca kontrolne regije duga 376 parova baza uspjeSno
je ocitana kod 44 jedinke.

STRUCTURE model predlaze 3 genetska klastera i svrstao je jedinke iz Srbije i Bugarske
u dva odvojena klastera, dok su jedinke iz ostalih zemalja pripadale istom klasteru.
Analizom sekvenci kontrolne regije mitohondrijske DNA otkriveno je 30 novih haplotipova s
privatnim haplotipovima u svim analiziranim populacijama i dva haplotipa dijeljena izmedu
populacija, $to moze biti rezultat proslih translokacija jedinki. STRUCTURE i GENELAND
analize pokazale su jasnu odvojenost reintroducirane populacije na Biokovu od divokoza
nastanjenih na Prenju i znacajnu genetsku sli¢nost izmedu biokovske populacije i populacija
uzorkovanih na Cvrsnici i Cabulji. GENELAND analiza prepoznala je balkansku divokozu s
Prenja kao zaseban genetski skup, razligit od populacija koje obitavaju na Cvrsnici i Cabulji.
Ovi rezultati sugeriraju da su rijeka Neretva i drzavna cesta M17 geografske barijere za
rasprostranjenost podvrste. STRUCTURE i DAPC analize muzejskih uzoraka pokazale su
vecu vjerojatnost da je na Velebitu prije reintrodukcije obitavala alpska podvrsta divokoze.

Rezultati ovog istrazivanja su dali uvid u genetsku raznolikost populacija balkanske
divokoze i pokazali uzorak arhipelaga diljiem rasprostranjenosti podvrste kao posljedica
fragmentacije staniSta i populacija. Rezultati ovog istrazivackog rada mogu posluziti kao
smjernice za izradu akcijskog plana gospodarenja populacijama balkanske divokoze u
Hrvatskoj, ali i u drugim zemljama gdje ova podvrsta obitava, te osigurati dizajn za buducu
zastitu podvrste.

Kljuéne rijeCi: Balkanski poluotok, genetska raznolikost, konzervacijska genetika,
mikrosateliti, mitohondrijska DNA, populacijska genetika, reintrodukcija, Rupicapra
rupicapra balcanica



Extended Abstract

Genetic assessment of Balkan chamois (Rupicapra rupicapra balcanica, Bolkay,
1925) populations status: the basis for conservation measures

Chamois (Rupicapra spp.) are medium-sized ungulates that inhabit alpine pastures and
rocky areas on the main mountain massifs of both Europe and the Near East and,
exceptionally, the low elevations of river gorges, forested and coastal areas. The currently
accepted taxonomy of chamois, based on morphological, behavioral and molecular
evidence, recognizes two species: the Northern chamois (Rupicapra rupicapra) with seven
subspecies distributed on the Alps (R. r. rupicapra and R. r. cartusiana), the Balkans (R. r.
balcanica), the Tatras (R. r. tatrica) and the Carpathians (R. r. carpatica), in western Asia
(R. r. asiatica) and the Caucasus (R. r. caucasica). The Southern chamois (Rupicapra
pyrenaica) includes three geographically isolated subspecies on the Cantabrian Massif (R.
p. parva), the Pyrenees (R. p. pyrenaica) and the central Apennines (R. p. ornata). In the
early 1900s, chamois populations in the northern Dinaric Mountains in Croatia were
extirpated due to predation, natural events, and unsustainable hunting before their
taxonomic classification was assessed. Several decades after local extinction, the chamois
population was re-established through several reintroduction efforts between 1964 and
1978. This resulted in the current populations of Northern chamois in the northern Dinaric
Mountains being descended from successfully reintroduced individuals, captured in
mountainous areas in Bosnia and Herzegovina (Rupicapra r. balcanica) and Slovenia
(Rupicapra r. rupicapra), except for the Dinara massif, where the only Croatian
autochthonous population of Balkan chamois lives. Since different subspecies have been
involved in reintroduction in the past, a contact zone has formed in the northern Velebit
Mountains, where these subspecies hybridize.

The Balkan chamois is widespread on the Balkan Peninsula, along mountain massifs from
Croatia in the north to Greece in the south and Bulgaria in the east. The distribution of the
Balkan chamois is patchy and covers only parts of the massifs and mountain chains across
the countries that form its range. The subspecies has low rates of colonization and reduced
gene flow between isolated populations, which may result in genetic differentiation due to
the inbreeding effect and a loss of allelic variants as a consequence of genetic drift.
Reduced genetic diversity in these small and isolated populations might, in turn, cause
negative impacts on fitness, resulting in decreased effective population size and, eventually,
increase the probabilities of extinction. Other threats to the Balkan chamois survival are
considered to be poaching, introductions of other chamois subspecies (mostly Alpine
chamois), forest succession, road infrastructure, intensive livestock grazing, predation,
unsustainable hunting and natural events. Due to these threats, the Balkan chamois is
protected by Annexes Il and IV of the European Union Habitats Directive 92/43/EEC (OJ L
206, 22.7.1992) and Appendix Il of the Bern Convention (OJ L 38, 10.2.1982). The
conservation and management status within the different national legislations varies
between countries (members and non-members of the EU) and depends on the degree of
the local communities' interest in the conservation of the subspecies. Over the past two
decades, the genus Rupicapra has been the subject of numerous genetic studies and,
although Balkan chamois has been included in several of these phylogenetic studies that
used both nuclear and mitochondrial markers, it remains one of the less-studied
subspecies. Current knowledge on the genetic diversity and structure of the Balkan chamois
population is limited and restricted to regional-local studies. Multiplex set of microsatellite
loci and a partial mitochondrial control region were used to investigate the genetic structure
and connectivity of Balkan chamois throughout its distribution range to support the
development of management and conservation strategies. In addition, the same
microsatellite set was used to determine the accuracy of existing historical data on the origin
of the Biokovo population and to clarify which subspecies was present before reintroduction
of Balkan chamois to Velebit Mountain. This was done with the aim to assess and document
the genetic status of both the source and translocated populations.



To test Balkan chamois genetic diversity and population structure, DNA from bone, dried
skin and muscle tissue was extracted and successfully genotyped in 92 individuals of
Balkan chamois and the partial control region was sequenced in 44 individuals. Additional
20 samples from Biokovo and 29 samples from three areas which might have served as
source populations for reintroduction and possible recent recolonization (Prenj, Cvrsnica
and Cabulja mountains) were genotyped. To clarify which subspecies was present before
reintroduction to Velebit Mountain, four male chamois skulls originating from Velebit,
collected around 25 years before the population local extinction were genotyped.

The Bayesian analysis suggested that Balkan chamois are divided into 3 genetic clusters,
and assigned individuals from Serbia and Bulgaria to two separate clusters, while
individuals from the other countries belonged to the same cluster. Thirty new haplotypes
were obtained from partial mitochondrial DNA sequences, with private haplotypes in all
analysed populations and only two haplotypes shared among populations, indicating the
possibility of past translocations. Both STRUCTURE and GENELAND analyses showed a
clear separation of the reintroduced population on Biokovo from Prenj’ s chamois and
considerable genetic similarity between the Biokovo population and the Cvrsnica—Cabulja
population. This suggests that the current genetic composition of the Biokovo populations
does not derive exclusively from Prenj, as suggested by the available literature and personal
interviews, but also from Cvrsnica and Cabulja. GENELAND analysis recognized the Balkan
chamois from Prenj as a separate cluster, distinct from the populations of Cvrsnica and
Cabulja. This suggests that the Neretva River and the state M17 road are geographic
barriers for the species dispersal, as they form a genetic boundary. Concerning the
identification of the subspecies inhabiting Velebit Mountain before the reintroducitons,
according to assignment based on microsatellite loci, using both Bayesian clustering in
STRUCTURE (with gq values between 0.55 and 0.73) and DAPC (with individual
membership probabilities of 0.99 and 1.00), Alpine subspecies showed an higher likelihood.

The subspecies’ genetic composition presented in this doctoral thesis provides the
necessary starting point for assessing the conservation status of Balkan chamois and allows
the development of strategies necessary for its sustainable management. The use of
molecular markers, in this case microsatellites and mitochondrial DNA, provided important
information on the genetic diversity and evolutionary history of Balkan chamois populations.

Keywords: Balkan peninsula, genetic diversity, conservation genetics, microsatellite,
mitochondrial DNA, population genetics, reintroduction, Rupicapra rupicapra balcanica
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Ferdinand, Gaci¢ Dragan, Maletic Vladimir, Markov Georgi, MiloSevi¢ Dragana,
Papaioannou Haritakis, Sprem Nikica (2022): The Balkan chamois, an archipelago or a
peninsula? Insights from nuclear and mitochondrial DNA. Conservation Genetics 23: 527—
539.

Prilog 2. Znanstveni rad: Rezi¢ Andrea, Safner Toni, lacolina Laura, Buzan Elena, éprem
Nikica (2022): Traces of past reintroduction in genetic diversity: the case of the Balkan
chamois. ZooKeys 1116: 57-70.

Prilog 3. Znanstveni rad: Safner Toni, Buzan Elena, lacolina Laura, PotuSek Sandra, Rezi¢
Andrea, Sindi¢i¢é Magda, Kavéié Kresimir, Sprem Nikica (2020): Microsatellite based
assignment reveals history of extirpated mountain ungulate. Genetica ('s-Gravenhage) 148:
41 - 46.



Popis znanstvenih radova

Objavljeni (prihvaéeni) znanstveni radovi

Znanstveni rad Baza Kategorija Kvartil | Faktor
odjeka (IF)
Rezi¢ Andrea, lacolina Laura, Buzan Elena, | WoS Al Q2 2.538

Safner Toni, Bego Ferdinand, Gaci¢
Dragan, Maleti¢ Vladimir, Markov Georgi,
MiloSevi¢ Dragana, Papaioannou Haritakis,
Sprem Nikica (2022): The Balkan chamois,
an archipelago or a peninsula? Insights
from nuclear and mitochondrial DNA.
Conservation Genetics 23: 527-539.

Rezi¢ Andrea, lacolina Laura, Safner Toni, | WoS Al Q2 1.546
Buzan Elena, Sprem Nikica (2022): Genetic
evaluation of past reintroduction programs:
the case of Balkan chamois (Mammalia,
Artiodactyla). Zookeys 1116: 57-70.

Safner Toni, Buzan Elena, lacolina Laura, WoS Al Q4 1.082
PotuSek Sandra, Rezi¢ Andrea, Sindi¢i¢
Magda, Kavc€i¢ KreSimir, Sprem Nikica
(2020): Microsatellite based assignment
reveals history of extirpated mountain
ungulate. Genetica ('s-Gravenhage) 148:
41 - 46.




Obrazlozenje povezanosti istrazivackih hipoteza i objavljenih (prihvaéenih) znanstvenih

radova

Istrazivacka hipoteza

Obrazlozenje povezanosti sa
znanstvenim radom

H1. Postoje bitne razlike u alelnoj i genotipskoj
uCestalosti izmedu istrazivanih populacija te ¢e
razlike biti izrazene izmedu geografski udaljenijih

populacija

U prvom radu (Prilog 1) STRUCTURE i
Fsrt rezultati pokazuju razlike u alelnoj i
genotipskoj ucestalosti izmedu
istraZivanih populacija, a najveca razlika
je utvrdena kod udaljenijih populacija iz
Srbije i Bugarske ¢ime je potvrdena
postavljena hipoteza.

Hipoteza je potvrdena i u drugom radu
(Prilog 2). Populacije balkanske
divokoze na Biokovu su geografski
udaljenije od svih ostalih analiziranih
populacija i STRUCTURE je pokazao
razliCit genetski sastav reintroducirane
populacije od izvornih vjerojatno zbog
efekta osnivaCa i nemogucnosti izmjene
gena sa susjednim populacijama.
Takoder, vidljiva je izolacija populacije
na Prenju $to je posljedica antropogenih
utjecaja.

U tre¢em radu (Prilog 3) vidljiva je
razlika u alelnoj i genotipskoj u€estalosti
izmedu referentnih populacija Balkanske
divokoze i muzejskih uzoraka koji su bili
stari 100 godina na osnovu ¢ega se
moze pretpostaviti da su istraZivane
populacije u proslosti bile suocene s
naglim padom brojnosti i pojavom
genetskog drifta Sto je vidljivo i kod
sadasnjih populacija.

H2. Zbog izoliranih i fragmentiranih stanista te
ograni¢enog protoka gena izmedu populacija

postotak parenja u srodstvu bit ¢e visok.

Hipoteza je prihvac¢ena u prvom radu
(Prilog 1). Indeks unutar populacijske
endogamije (Fis) je bio zna€ajan kod
analiziranih populacija iz Hrvatske,
Bosne i Hercegovine, Crne Gore,
Sjeverne Makedonije i Bugarske jer je
izmjena genetskog materijala nemoguca
zbog udaljenosti izmedu populacija,
fragmentacije stanista i antropogenih
utjecaja. Jedino je populacija iz Srbije
imala veci udio heterozigota.

Sve analizirane populacije u drugom
radu (Prilog 2) imale su Fs vrijednost
vecu od 0 zbog Cega je prihvacena
postavljena hipoteza.

U tre¢em radu (Prilog 3) znac¢ajna Fis
vrijednost je utvrdena kod referentnih
populacija podrijetlom s Biokova i
Prenja.




1. UVOD

Europske populacije divokoza na temelju njihovih morfoloskih i bihevioralnih
karakteristika svrstane su u dvije vrste (Grubb, 2004): sjeverna divokoza (Rupicapra
rupicapra) i juzna divokoza (Rupicapra pyrenaica). Postoji nekoliko razlika izmedu ovih dviju
vrsta, uglavnom morfoloSkih, poput veli¢ina tijela i boje dlake, te razlike u ponasanju u vezi
s reproduktivnom strategijom (Cavallero i sur., 2012). Obje vrste su podijeljene na razliCite
podvrste koje nastanjuju planinske lance Iberijskog poluotoka, Apeninskog poluotoka,
Balkanskog poluotoka, Alpsku i Karpatsku regiju, Anatoliju i Kavkaz (Massetii Lovari, 2017).
Pirineji i Kantabrijsko gorje su prirodna stanista podvrsta Rupicapra p. pyrenaica Bonaparte,
1845. i Rupicapra p. parva, Cabrera, 1911. dok se ishodiSna populacija podvrste R. p.
ornata Neumann, 1899. ili apeninske divokoze nalazi na podru¢ju Nacionalnog parka
Abruzzo odakle su jedinke translocirane u druga zasti¢ena podrudja u sredidnjoj Italiji poput
Nacionalnog parka Majella i Nacionalnog parka Gran Sasso i Monti della Laga (Mari i Lovari,
2006). Vrsta Rupicapra rupicapra se dijeli na sedam podvrsta: rupicapra Linnaeus, 1758.,
balcanica Bolkay, 1925., cartusiana Couturier, 1938., tatrica Blahout, 1971., carpatica
Couturier, 1938., asiatica Lydekker, 1908. i caucasica Lydekker, 1908. (Perez i sur., 2014;
Corlatti i sur., 2021). Prema Zemanova i sur. (2011), obitavanje ove vrste na velikim
nadmorskim visinama razli¢itih planinskih podruéja je razlog postojanja spomenutih deset
podvrsta jer dovodi do fragmentirane distribucije populacija i ograni¢ene izmjene gena.
Takoder, divokoze predstavljaju izrazito atraktivnu lovnu vrstu te su zbog pretjeranog lova i
nestanka s odredenih podrucja vrSene introdukcije i translokacije ove vrste (Zemanova i
sur., 2014).

Podvrsta balcanica je rasprostranjena diljiem devet zemalja Balkanskog poluotoka
(Hrvatska, Bosna i Hercegovina, Crna Gora, Srbija, Albanija, Kosovo, Gréka, Sjeverna
Makedonija i Bugarska; Slika 1) nastanjujudi litice i stjenovita podrucja tijekom ljeta i nize
nadmorske visine poput rije€nih kanjona i Sumskih zona tijekom zime (Papaioannou i Kati,
2007). Divokoza je autohtona vrsta u Hrvatskoj i istaknuti dio njezine prirodne bastine. Dvije
od sedam podvrsta sjevernih divokoza (alpska divokoza i balkanska divokoza) prepoznate
su u planinskim sustavima Dinarida u Hrvatskoj s kontaktnom zonom i hibridizacijom na
podrugju sjevernog Velebita (Sprem i Buzan, 2016). Tijekom ranih 1900.-ih, populacije
divokoza Dinarskog podrucja su nestale iz raznih razloga, kao §to su neodrzivi lov, krivolov,

ispasa stoke, grabeZljivici i prirodne nepogode (Frkovi¢, 2009).



Stetan utjecaj Govjeka ispravijen je reintrodukcijom nakon Drugog svjetskog rata
koja je zapostavila problem hibridizacije kod Zivotinja razliCitog genetskog podrijetla
(Apollonio i sur., 2014; Sprem i Buzan, 2016). U preglednom radu lacolina i sur. (2019)
ukazuju na problem translokacija i hibridizacije 3to moZe povecati rizik gubitka
diferenciranih zaliha gena kao kod kartuzijske i tatranske divokoze. Nekoliko istrazivanja
provedenih na divokozama u raznim dijelovima Europe pokazala su visoku i znaéajnu
razliku izmedu gotovo svih populacija, ¢ak i na mikrogeografskoj razini (Crestanello i sur.,
2009) te novo izrazeni efekt uskog grla, sto je rezultat genetskog drifta i niske stope protoka
gena (Soglia i sur., 2010; Buzan i sur., 2013). Zaklju€ak svih istrazivanja je vaznost
genetskih analiza kako bi se razdvojili i interpretirali uzroci raznolikosti, te definirali uvjeti
koji su vazni za zastitu i gospodarenje divokozom. Za ovu svrhu, mikrosateliti i regije
mitohondrijske DNA (mtDNA) su se pokazali veoma korisnim. MtDNA je pogodna za
prouCavanje geografske razdvojenosti populacija razli¢itog geografskog podrijetla kao i
srodnih vrsta zbog visoke stope supstitucije i maj¢inskog nacina nasljedivanja (Rodriguez i
sur., 2009). Mikrosateliti danas predstavljaju jedne od glavnih molekularnih biliega u analizi
populacijske genetike zbog njihove visoke zastupljenosti u genomu, relativnho visokog
polimorfizma, ¢ak i u populacijama koje su bile izloZzene efektu uskog grla (Maudet i sur.,
2002), te zbog lakoée umnazanja i dobivanja rezultata iz vrlo malih koncentracija DNA i

niskih troSkova u usporedbi s drugim molekularnim biljezima.

Balkanska divokoza zajedno s alpskom divokozom navedena je u Crvenoj knjizi
sisavaca Hrvatske kao regionalno izumrla podvrsta (Tvrtkovi¢ i Grubesié, 2006; Sprem i
Buzan, 2016) dok se u Bosni i Hercegovini nalazi na popisu rizi¢nih podvrsta (Adamic i sur.,
2006). Balkanska divokoza je uklju¢ena u Dodatke Il i IV EU Direktive o stanistima
92/43/EEZ (SL L 206, 22.7.1992.) i u Dodatak Il Bernske konvencije (SL L 038/3,
01.07.2013.; Sprem i Buzan, 2016), dok je u Hrvatskoj jedino na podrugju Dinare
(identifikacijski broj podru¢ja HR5000028) zasticena Natura 2000 ekoloSkom mrezom.
Prema podacima Europske agencije za okoli§ balkanska divokoza se u Gr¢koj (8 podrucja)
i Bugarskoj (12 podruéja) nalazi na popisu vrsta uvrstenih u podrucja o€uvanja znacajna za
vrste i staniSne tipove (POVS). Na podrucju Balkanskog poluotoka danas obitava oko 9000
jedinki balkanske divokoze (Corlatti i sur., 2021), od toga manje od 1000 jedinki u Bosni i
Hercegovini; oko 700 jedinki u Srbiji; oko 1400 jedinki u Crnoj Gori i u Sjevernoj Makedoniji;
oko 200 do 300 jedinki u Kosovu i cca. 450 do 600 jedinki u Albaniji. U Bugarskoj trenutno
stanje populacija iznosi oko 2500 jedinki (Markov i sur., 2016) koje nisu ugrozene, ali jo$

uvijek zahtijevu znaCajne mjere oCuvanja i obnove kako bi bile dugorocno odrzive.



Nakon trenda opadanja koji je trajao do 2000. godine s 477 do 750 jedinki na cijelom
prostoru Grcke, zbog zabrane lova i provodenja mjera zastite dolazi do porasta u veli€ini
populacije balkanske divokoze koja trenutno broji oko 1500 jedinki (Papaioannou, 2016;
Papaioannou i sur., 2019). U Hrvatskoj, balkanska podvrsta divokoze se danas nalazi na
podrugju Dinare i Biokova. Prema Sprem i Buzan (2016) na Dinari obitava oko 60 jedinki,

dok se na Biokovu nalazi oko 600 jedinki (Kavci¢ i sur., 2021).



1.1 Hipoteze i ciljevi istrazivanja
1.1.1 Hipoteze istraZivanja

1. Postoje bitne razlike u alelnoj i genotipskoj u€estalosti izmedu istrazivanih populacija
te Ce razlike biti izraZene izmedu geografski udaljenijih populacija.
2. Zbog izoliranih i fragmentiranih staniSta te ogranicenog protoka gena izmedu

populacija postotak parenja u srodstvu bit ¢e visok.

1.1.2 Ciljevi istrazivanja

1. Na osnovu informativnosti molekularnih biljega (mikrosatelita i mtDNA) utvrditi
genetsku varijabilnost i populacijsku strukturu balkanske divokoze.

2. Odrediti genetsku povezanost odnosno udaljenost izmedu populacija balkanske
divokoze rasprostranjenih na podrucju Hrvatske, Bosne i Hercegovine, Srbije, Crne Gore,

Sjeverne Makedonije, Albanije, Bugarske i Grcéke.



2. PREGLED RELEVANTNE LITERATURE

Paleontoloski dokazi pokazuju da su Rupicaprini nastali tiiekom miocena u Aziji i da
se Rupicapra proSirila Europom tijekom srednjeg pleistocena (Masini i Lovari, 1988). Danas
je svrstana u dvije vrste: sjeverna divokoza (Rupicapra rupicapra) i juzna divokoza
(Rupicapra pyrenaica). Medutim, postoje kontroverze oko taksonomije vrsta i podvrsta
divokoza (Crestanello i sur., 2009; Corlatti i sur., 2011) koja je podvrgnuta stalnim revizijama
od pocetka dvadesetog stoljeca (Corlatti i sur., 2021). Prema crvenoj listi ugrozenih vrsta
(International Union for Conservation of Nature - IUCN), vrste R. rupicapra i R. pyrenaica
su trenutno klasificirane kao najmanje zabrinjavaju¢e zbog Cega je potrebno analizirati

genetsku strukturu podvrsta divokoza da bi se utvrdio status zastite.
2.1 Dosadas$nja istrazivanja podvrste R. r. balcanica

Balkanska divokoza je jedna od najmanije istrazivanih podvrsta sjeverne divokoze,
bilo da se radi o genetskim, ekoloSkim i drugim istrazivanjima. Od ukupno 608 znanstvenih
radova objavljenih o sjevernoj divokozi u periodu od 1980. do 2020. godine, samo je 14
znanstvenih radova o podvrsti R. r. balcanica (Corlatti i sur., 2022b). Od tih 14 objavljenih
znanstvenih radova, samo su tri znanstvena rada obradila genetsku raznolikost i
populacijsku strukturu balkanske divokoze ali na lokalnoj razini (Sprem i Buzan, 2016 —
populacije balkanske divokoze u Hrvatskoj i jedna populacija u Bosni i Hercegovini; Markov
i sur., 2016 — populacije balkanske divokoze u Bugarskoj; Papaioannou i sur., 2019 —
populacije balkanske divokoze u Grékoj). Balkanska divokoza bila je uklju¢ena i u druge
znanstvene radove koji su za cilj imali prou¢avanje taksonomije, populacijske genetike i
filogenetske analize podvrsta divokoza, ali prikupljeni uzorci za ova istraZivanja nisu
obuhvacala cijeli opseg rasprostranjenosti podvrste R. r. balcanica, te se veéinom radilo o

malom broju uzoraka.

U pocecima genetskog istrazivanja roda Rupicapra, primjena razli¢itih molekularnih
biliega imala je za svrhu potvrditi geografsku klasifikaciju podvrsta predlozenu u radu
Couturier (1938) i Dolan (1963). Citogenetska istrazivanja somatskih stanica u divokoza
otkrile su kariotip s 54 akrocentricha kromosoma i s jednim parom metacentri¢nog
kromosoma koji ¢ine autosome (2n = 58, Gallagher and Womack 1992). Analiza genetske
varijabilnosti lokusa alozima (Nascetti i sur., 1985), minisatelita (Pérez i sur., 1996) i
polimorfizama duzine restrikcijskih fragmenata (RFLP) mitohondrijske DNA (Hammer i sur.,
1995) pokazala je znatno vecéu divergenciju izmedu populacija dviju predlozenih vrsta R.

pyrenaica i R. rupicapra, nego izmedu populacija unutar iste vrste.



Razvojem novih tehnologija i metoda u podrucju populacijske genetike doprinijelo je
otkrivanju novih molekularnih biliega koji se danas primjenjuju u prou¢avanju genetske
strukture populacija Zivotinjskih i biljnih vrsta to pokazuju podaci Banke gena (NCBI) gdje
je arhiviran veliki broj sekvenciranih cijelih genoma ili njegovih odredenih regija. Pérez i sur.
(2000) odredili su panel mikrosatelita goveda i koza prikladnih za analizu i kod divokoza,
8to su kasnije napravili i Zemanova i sur. (2015) koji su razvili razli¢ite mikrosatelitne setove
za neinvazivna populacijsko-genetska istrazivanja divokoza (Tablica 1). Pérez i sur. (2002)
su koristili mikrosatelite da bi odredili genetsku povezanost izmedu predlozenih vrsta i
podvrsta, te dobili uvid u filogeniju roda Rupicapra. Analiza mikrosatelita u 8 od predlozenih
10 podvrsta pokazala je jasnu razliku izmedu svakog para populacija i jasno je razdvojila
dvije skupine koje odgovaraju dviema predlozenim vrstama divokoza. Posto mitohondrijski
geni evoluiraju 7 do 12 puta brZze od nuklearnih, za prou€avanje obrazaca evolucije
analizirana je mtDNA. Rodriguez i sur. (2007) su identificirali nuklearni pseudogen
citokroma b kod divokoza te su predlozili da pseudogen potjeCe iz vrlo divergentne
mitohondrijske linije koja nije opstala u mitohondriju i transponirana je u jezgru u vremenu
nastanka specijacije. Usporedba ograni¢enog broja sekvenci mtDNA pokazuje procjenu da

je trajanje razdvajanja dviju predlozenih vrsta divokoza trajao oko 1,5 milijuna godina.

Rodriguez i sur. (2009) su analizirali dio sekvence citokroma b (349 parova baza)
da bi istrazili genetsku povezanost izmedu predlozenih vrsta i podvrsta divokoza, te da bi
bolje shvatili utjecaj pleistocenskih glacijacija na nastanak podvrsta. Rezultati istrazivanja
Rodriguez i sur. (2009) su otkrila postojanje triju citokrom b linija: skupina ,West" kojoj su
pripadale jedinke podrijetiom s Iberije i Zapadnih Alpa; skupina ,Central” kojoj su pripadale
jedinke podrijetlom s Apenina i gorja Chartreuse te skupina ,East koja je predstavljala
populacije na istoku Alpa ukljuCujuci populacije balkanske divokoze. Ovo istrazivanje je
proSireno (Rodriguez i sur., 2010) analizom dodatnih regija DNA sekvenci koje su
uklju€ivale ND1, 12S, tRNApro, CR, mikrosatelite (20 lokusa) i obradeno je svih 10 podvrsta
divokoza. Rezultat istrazivanja pokazao je neskladna filogenetska stabla dobivena
analizom mikrosatelita i mtDNA gdje je potonja tvorila 3 skupine ,West®, ,Central® i ,East"
koje nisu odgovarale skupinama dobivenim Neighbor-Joining analizom mikrosatelita.
Kontrastna filogenetska stabla za mtDNA i mikrosatelite pokazuju dogadaje hibridizacije

medu vrlo divergentnim linijama u srediSnjem podrudju distribucije.

Kako bi dobili dodatne informacije o patrilinearnom filogenetskom poloZaju roda

Rupicapra, Pérez i sur. (2011) su analizirali Y kromosom.



Definirali su 10 haplotipova Y-kromosoma koji su tvorili dvije haplogrupe koje se slazu s
taksonomskom klasifikacijom, umjesto tri skupine prethodno formirane za mMtDNA i
mikrosatelite. Nakon ovog istrazivanja Pérez i sur. (2013) koristili su gen za melanokortin-
1 receptor (MC1R) odgovoran za boju krzna na osnovu kojeg su definirali najmanje dva

odvojena klastera koji odgovaraju R. rupicapra i R. pyrenaica.

Nedavne molekularne analize kompletnih mitohondrijskih genoma (lacolina i sur.,
2021) potvrduju prethodno objavljenu podjelu roda u tri skupine (Pérez i sur., 2017b) gdje
su se dvije podudarale s klasi¢nim vrstama (R. pyrenaica i R. rupicapra) dok je tre¢a skupina
bila sastavljena od podvrsta R. p. ornata i R. r. cartusiana. Zbog boljeg razumijevanja
filogenije divokoza, TeSija (2022) koristio je sastavljenu i anotiranu sekvencu mtDNA te
dijelove jezgrinog genoma (NDNA) jer su novija istrazivanja pokazala da se odnosi izmedu
pojedinih vrsta i podvrsta mogu preciznije opisati koristenjem molekularnih markera koji
sadrzZe vecu koli¢inu varijabilnih mjesta kao §to je kompletna sekvenca mtDNA. IstraZivanje
TesSija (2022) rezultiralo je velikom varijabilnosti u protein-kodiraju¢im regijama (PCG) s tim
da je R. rupicapra imala niZu raznolikost unato¢ vec¢em broju uzoraka, dok je na razini
podvrste R. r. balcanica (ukljuéujuéi i jedan hibrid R. r. balcanica x R. r. rupicapra) bila
vidljiva najveca stopa diferencijacije. Filogenetske analize kombinacije rekonstruiranih
MtDNA sekvenci (maksimalna vjerodostojnost i Bayesovska analiza) s pet mtDNA sekvenci
preuzetih iz Banke gena rezultirale su jednakim filogenetskim stablima kao i kod Rodriguez
i sur. (2010) za rod Rupicapra, podijelivSi ga u tri mtDNA klastera (mtDNA ,West“, mtDNA
,central*, mtDNA ,East‘). Evolucijska pozadina roda Rupicapra i dalje ostaje nejasna
(Corlatti i sur., 2021) jer koriStenje markera s razli€itim nacinima evolucije moze rezultirati

sukobljenim filogenijama, osobito kada je uklju€ena hibridizacija izmedu divergentnih linija.

Glavni sustav tkivne podudarnosti (engl. Major Histocompatibility Complex - MHC)
su geni koji kodiraju receptore koji prepoznaju i vezu antigene te su vrlo vazni za stvaranje
imunosti kod kraljeznjaka. Zbog svoje varijabilnosti koja je povezana s razli€itim obiljeZljima
fitnesa i odrzivosti populacija, smatraju se izvrsnim markerima u evolucijskoj konzervaciji.
MHC DRB egzon 2 kodira aminokiseline za vezanje antigena zbog ¢ega se moze Koristiti
kao mjera funkcionalne raznolikosti DRB alela. Stipoljev (2022) analizirala je genetsku
raznolikost egzona 2 MHC DRB lokusa skupine Il u 110 jedinki iz populacija koje pokrivaju
vecinu podrucja rasprostranjenja roda Rupicapra koriStenjem metode sekvenciranja
sliede¢e generacije (engl. Next generation sequencing — NGS). Identificirala je Cetrnaest

novih DRB alela od koji su tri pronadena u podvrste R. r. balcanica.



Tablica 1. Podaci o razvijenim mikrosatelitnim lokusima za analizu populacijske genetike balkanske divokoze (prema Zemanova i sur., 2015).

Set Lokus Pocetnica Ponavljajué¢i motiv Velicina Pristupni broj C(uL) Referenca
raspona (pb)
F: 5-GGAAAACCCCCATATATACCTATAC-3' Buchanan |
OarFCB20 R 5 AAATGTGTTTAAGATTCCATACATGTG-3' (TG)n 80-104 120004 03 sur, 1994.
. , TC)n GC(TC)n Buchanan
F: 5-CCCTAGGAGCTTTCAATAAAGAATCGG-3' ¢
0arFCB304 | 2 e e e > GC(TC) GC(TO)n 130-146 L01535 03 & Crawford
(AC)n 1993,
F: 5-GGACTCTACCAACTGAGCTACAAG-3 (AT)n (GT)n Arevalo i
SR-CRSP-5 R: 5-TGAAATGAAGCTAAAGCAATGC-3 AT(GT)n 154-174 L22197 02 sur., 1994,
SET 1
F: 5.GAACTGAACTTGTTAGTATGTTGGG-3' Anisur.,
Sys4 R: 5-TTGTTATGCTTGATGTTATTTTGTTAC-3" (AC)n 170-180 AY725829 0.3 2005.
F: 5. ACACAAATCCTTTCTGCCAGCTGA-3' Barendse |
CSSM66 R: 5-AATTTAATGCACTGAGGAGCTTGG-3' (CAn 193-255 AF232764 03 sur, 1994,
F: 5-GTTCAGGACTGGCCCTGCTAACA-3' Toldo i sur.,
ETHI0 R: 5-CCTCCAGCCCACTTTCTCTTCTC-3' (AC)n 205-213 222739 0.3 1993.
F: 5-AAGTGTCTGGGTTCTCTTTCTCTA-3' Anisur.,
Syas4 R: 5~ATGTCAGTATGGGATGATGAATG-3' (TG)n 83-101 AY725834 03 2005.
F: 5-GTGCCCCATCACACATG-3' Kogi i sur.,
SR-CRSP-11 R: 5-GTGGTTCTTTACGCTGAGCC-3' (CA TG(CA H2-132 i 02 1995.
SET 2
F: 5.GCACCACAACAAAGAGGAGC-3' Anisur.,
SY259 R: 5-TGAAGACATAAGGGCGAACAG-3' (AC)n 156-166 AY725833 0.3 2005.
F:5.GCTTTCAGAAATAGTTTGCATTCA-3' Barendse |
TGLASS R:5-ATCTTCACATGATATTACAGCAGA-3' (AT)n 132-156 GQ368903 03 g 1094,



Veli¢ina

Set Lokus Pocetnica Ponavljaju¢i motiv Pristupni broj C(uL) Referenca
raspona (pb)
F: 5-GAGCAAGGGAATTCAGTGGAGC-3 Buitkamp i
SET 2 BOBT24 R: 5-TGTATTTTACATTCAGGTCTGTGATCC-3 (CAn 148-176 i 0.3 sur., 1996.
F:5-GTATGTATTTTTCCCACCCTGC-3' Bishop i
BM1258 R:5-GAGTCAGACATGACTGAGCCTG-3' (TG)n 101-129 G18385 0.2 sur., 1994.
SET 3A F: 5-CTGCAGTTCTGCATATGTGG-3' cermp |
ILSTS030 R: 5-GTTTCTTCTTAGACAACAGGGGTTTGG- (CA)n 152-180 L37212 0,3 sur 1595
3 . .
F: 5-GATCACCTTGCCACTATTTCCT-3' Steffen i
ETH225 R: 5'-ACATGACAGCCAGCTGCTACT-3' (CA)n 138-150 214043 03 sur., 1993.
F: 5-CATAGTTCATTCACAATATGGCA-3' Bhebhe i
SET 3B SR-CRSP-6 R: 5-CATGGAGTCACAAAGAGTTGAA-3' (G 140-150 L22198 03 sur., 1994.
Matthews &
F: 5-GATGAGTGGGCACAGTGGCCT-3'
NRAMPL R 5.TTCAAGTGTCTTATTTACACCCATTG-3' (TG 196-218 AFOOS380 04 Craword

F — forward“ po€etnica; R — ,reverse” pocetnica; pb — parova baza; C — koncentracija po€etnice (u mikrolitrima)
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Slika 1. Geografska rasprostranjenost balkanske divokoze. Karta raspona distribucije
(narancasti poligoni) izradena je pomoc¢u podataka preuzetih s IUCN Crvenog popisa
ugrozenih vrsta (preuzeto s: https://www.iucnredlist.org/resources/spatial-data-download;
02.06.2022). Zeleni kvadrati oznaCavaju podrucja gdje je zasti¢ena Natura 2000 ekoloSkom
mrezom.

2.2 Povijest populacija balkanske divokoze u Hrvatskoj

U posljednja dva stolje¢a, prekomjerni lov, uniStavanje stanista, urbanizacija, bolesti
i praksa obnavljanja ili ponovnog unoSenja snazno su utjecali na veli€inu i geografsku
distribuciju populacija divokoza (Crestanello i sur., 2009). Pretpostavlja se da su ucinci
ljudskih aktivnosti jaci kod divokoza u usporedbi s drugim, homogenije rasprostranjenim
vrstama, jer se oCekuje da ¢e zivot u polu-izoliranim planinskim vrhovima kod ove vrste
dovesti do niske genetske raznolikosti unutar populacija i zna€ajne razlike izmedu njih zbog

lokalne adaptacije.

Zbog fragmentacije staniSta, prekomjernog lova i krivolova, introdukcije alpske
podvrste, hibridizacije te mnogih drugih ¢imbenika neke od podvrsta su ve¢ zasti¢ene na
nacionalnoj razini poput tatranske divokoze (Zemanova i sur., 2015). Balkanska podvrsta
divokoze je zasti¢ena Natura 2000 mrezom jedino u Gr&koj i Bugarskoj, a u Hrvatskoj samo
na podrucju Dinare i predstavlja jedinu hrvatsku autohtonu populaciju balkanske divokoze
(Slika 1).
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Povijesni podaci i arheoloSka istraZzivanja potvrdili su veliku brojnost populacija
divokoza u sjeverozapadnom Dinarskom gorju u Hrvatskoj, no tijekom ranih 1900.-ih, zbog
neodrzZivog lova, krivolova, ispade stoke, velikog broja grabeZljivaca i prirodnih dogadaja
(Frkovi¢, 2009) populacije su istrijebljene prije nego $to je procijenjena njihova taksonomska
klasifikacija (Miracle i Sturdy, 1991).

a) Polimorfizam dulline
Utorak
zoraks |
Uzorak ¢~ (CEEICECEET

Polimorfizam strukture

Uzorak A

Uzorak D ar or o e ar oar or o o

b)

Uzorak A

Uzorak B

Uzorak C

—
= =

Slika 2. Razlic¢iti tipovi polimorfizma kod mikrosatelita: a) polimorfizam u duljini
ponavljajuéeg motiva i strukture mikrosatelita; b) polimorfizam u duljini ponavljajuceg
motiva analiziran kapilarnom elektroforezom, (preuzeto S:
https://www.biomnigene.fr/en/our-solutions/microsatellite-analysis.html; 12.10.2022.)

Posljednji zapisi o divokozi na masivu Velebita datiraju iz 1907. godine, kada je uoceno
nekoliko zivotinja koje kasnije nisu mogle biti pronadene (Skorup, 2005). Smatra se da su
posljednji primjerci odstrijeljeni u krivolovu iznad Ba$kih Ostarija, te Jablanca u blizini
Krasna (Frkovi¢, 2008). Ovaj Stetan ljudski utjecaj pokuSao se ispraviti ponovnim
uvodenjem nakon Drugog svjetskog rata koji je zanemario genetske probleme.
Translokacije divljagi kao alat za obnovu ili jaCanje populacija divljagi za potrebe lova

postala je raSirena praksa u devetnaestom stolje¢u (Apollonio i sur., 2014).
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Pomno pracenje izvornih i translociranih populacija je €esto izostajalo iako je bilo klju¢no
za razumijevanje ¢imbenika uspjeha i neuspjeha tih translokacija. Mnogi biotiCki i abioticki
¢imbenici mogu utjecati na uspjeh translokacije, uklju€ujuci genetsku raznolikost (Wright i
sur., 2014) time Sto translokacije obi¢no ukljuuju male izvorne populacije i ogranieni broj
jedinki. Nadalje, genetski drift je jadi u manjim populacijama te ¢e narusiti genetsku
raznolikost i uzrokovati medupopulacijsku divergenciju ako su populacije izolirane.
Translocirane populacije najées¢e imaju visok indeks unutar populacijske endogamije, te
su pod utjecajem inbriding depresije (Charlesworth i Charlesworth, 1987). Dugoro¢no
gledano, gubitak genetske raznolikosti kod translociranih populacija takoder smanijuje
sposobnost populacije da se prilagodi buducim izazovima, odnosno gubi se njen evolucijski
potencijal (Wright i sur., 2014) zbog Cega je potrebno integrirati genetska ispitivanja u
programe translokacije. Veéina istrazivanja o genetskim ucincima translokacije se zasniva
na raznolikosti neutralnih biljega kao sto su mikrosateliti (Wright i sur., 2014). Mikrosateliti
su polimorfni DNA lokusi koji sadrze ponovljene nukleotidne sekvence, obi¢no od 2 do 7
nukleotida po jedinici (Su i sur., 2017). Duljina ponavljaju¢eg motiva ista je za vecinu
ponavljanja unutar pojedinaénog mikrosatelitnog lokusa (Slika 2a). Nasuprot tome, kada se
broj ponavljanja za odredeni lokus razlikuje, to rezultira alelima razli¢ite duljine (Slika 2b).
Ogromna Kkoli¢ina podataka koja proizlazi iz velikog broja mikrosatelitnih lokusa u
organizmima cini ih Siroko prihvacenim alatom za prouCavanje genetske raznolikosti i

divergencije unutar i izmedu populacija (Su i sur., 2017).

Slika 3. Ispustanje alpske divokoze u Lomsku dulibu na sjevernom Velebitu 10. rujna 1978.
(izvor Frkovi¢, 2008).

Analiza mikrosatelita podrazumijeva umnazanje mikrosatelitnih lokusa koriStenjem
fluorescentno obiljeZzenih pocetnica i lancane reakcije polimeraze (engl. Polymerase Chain
Reaction - PCR). Oznaceni PCR proizvodi zatim se analiziraju kapilarnom elektroforezom

da bi se razdvojili aleli po veli€ini.
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Divokoze su reintroducirane u Dinarsko gorje izmedu 1964. i 1978. godine, s
jedinkama koje su potjecale iz razligitih podrugja (Sprem i sur., 2015) pri emu se nije
razmatrala genetska struktura autohtonih i translociranih populacija. Na podrucje Velebita
divokoze su reintroducirane u dva navrata (Frkovi¢, 2008). Prva translokacija se odvijala
tijekom 1974. godine kada su ispuStene jedinke koje su uhvacéene u posebnom lovistu
"Prenj* u Bosni i Hercegovini. Divokoze su ispustene na lokalitet Veliki lom koji se nalazi na
podrucju strogog prirodnog rezervata Hajduc¢ki i Rozanski kukovi. Prva reintrodukcija se
odvila 28. studenog 1974. kad je ispusteno 6 divokoza, a druga mjesec dana kasnije, tocnije
24. prosinca kad su ispustena 4 grla (Frkovi¢, 2008). U drugom navratu tijekom 1978.
godine, ispusteno je 5 divokoza (3 zenke i 2 muzjaka; Slika 3) koje su bile podrijetiom s
Kamniskih Alpa u Sloveniji §to je na kraju uzrokovalo hibridizaciju izmedu alpske i balkanske

divokoze (Sprem i Buzan, 2016; Kavsié i sur., 2018).

Na podruéje Biokova divokoza je reintroducirana prije 56 godina, toCnije od 1.
studenog 1964. do 23. listopada 1969. kada je ispusteno ukupno 48 jedinki (Sabi¢, 2014.;
Tablica 2, Slika 4).

Slika 4. Ispustanje balkanske divokoze na Biokovo (izvor Sabié, 2014).

Do 1960-ih godina nije bilo nikakvih pisanih tragova o postojanju divokoze na Biokovu.
Jedini dokaz su bili arheoloSki ostaci divokoza u Spilji Baba koja se nalazi na
sjeveroistocnom dijelu Biokova. Danasnje populacije balkanske divokoze na Velebitu i
Biokovu su potomci jedinki koje potje€u iz posebnog lovista ,Prenj“ osnovano 1961. godine
koje je obuhvaéalo planinske masive Cvrsnicu i Prenj (Rapaié¢ i Kunovac, 2020).
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Prije osnivanja lovista, Austro-Ugarska monarhija je ve¢ 1893. godine proglasila Cvrsnicu i
Prenj kao zasticena podrucja s ciljem zastite staniSta i rijetkih vrsta divljaCi (Knezevi¢, 1893).
Primorska banovina kojoj su pripadala ova lovista je 1934. godine brojala oko 2600 jedinki
(Knezevi¢, 1893). Osim Hrvatske, s podru€ja posebnog lovista Prenj ukupno su
translocirane 434 jedinke balkanske divokoze na podrucja u Bosni i Hercegovini (Gnjat,
kanjon Une, Sator, kanjon Ugra, Duboka, Vranica, Sokolina, Koprivnica, Kamenica), Srbiji

(Prokletije, Berdap, Stolovi), Argentini (Ande) i Novom Zelandu (Rapaic i Kunovac, 2020).

Tablica 2. Podaci o datumu i broju reintroduciranih balkanskih divokoza na Biokovo u
razdoblju od 1964. do 1969. prema Sabié (2014).

Datum Broj reintroduciranih jedinki
31.10.1964. 7
20.11.1964.
26.11.1964.
24.09.1965.
03.10.1967.
10.10.1967.
10.10.1969.
23.10.1969.

Ukupno 48

o o o o1 o o N

Prema Mikuleti€¢ (1978) s Prenj planine su, u razdoblju od 1962. do 1974.
translocirane 364 jedinke balkanske divokoze za ukupno 14 IoviSta bivSe drzave.
Mogucnost identificiranja utjecaja povijesnih reintrodukcija na genetsku varijabilnost
populacije i njezinu geografsku distribuciju od primarnog su interesa pri provedbi strategija

zastite i gospodarenja divokozama (Crestanello i sur., 2009).
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3. REZULTATI | RASPRAVA
3.1. Pregled objavljenih kvalifikacijskih znanstvenih radova
3.1.1. Balkanska divokoza, arhipelag ili poluotok? Uvidi iz nuklearne i mitohondrijske DNA

Balkanska divokoza (Rupicapra rupicapra balcanica, Bolkay 1925) rasprostranjena
je na Balkanskom poluotoku, duz planinskih masiva od Hrvatske na sjeveru do Gréke na
jugu i Bugarske na istoku. Poznavanje genetske strukture populacija balkanske divokoze
ograni¢eno je na lokalna istrazivanja. U svim zemljama u kojima je prisutna smatra se
ugrozenom, dok akcijski plan gospodarenja postoji samo u Bugarskoj gdje je zasticena
Natura 2000 ekoloSskom mrezom. U Hrvatskoj je zavi€ajna podvrsta samo na podrucju
ekoloske mreze HR5000028 Dinara, te akcijski plan gospodarenja jo$ uvijek nije izraden.
Stoga je glavni cilj ovog istrazivanja bio prikupiti informacije o genetskoj raznolikosti i
populacijskoj strukturi balkanske divokoze duZz njezine rasprostranjenosti kako bi se
podrzao razvoj strategija gospodarenja i o€uvanja. S tim ciljem, koristili smo mikrosatelitne
lokuse i djelomiénu regiju mtDNA (kontrolnu regiju - CR) kako bismo odgovorili na pitanja o

utjecaju geografske izolacije na genetsku raznolikost populacija balkanskih divokoza.

Za potrebe ovog istraZzivanja ukupno je prikupljen 101 uzorak balkanske divokoze u
razdoblju od 2011. do 2018. diljlem lokaliteta gdje je ova podvrsta rasprostranjena (Slika 1).
Uzorci su podijeljeni u osam grupa prema zemlji podrijetla: Hrvatska (HRV), Bosna i
Hercegovina (BIH), Srbija (SRB), Crna Gora (MNE), Albanija (ALB), Sjeverna Makedonija
(MKD), Bugarska (BGR) i Gréka (GRC). Od ukupnog broja prikupljenih uzoraka, kompletni
genotipovi dobiveni su kod 92 jedinke, dok je CR mtDNA uspjesSno sekvencionirana u 44

jedinke.

Za analizu mtDNA prikupili smo 56 dodatnih uzoraka koji pripadaju drugim
podvrstama divokoze (R. p. pyrenaica, R. p. ornata, R. r. rupicapra, R. r. tatrica, R. r.
carpatica). Uzorci (kosti, osuSena kozZa i miSi¢no tkivo) dobiveni su od jedinki odstrijeljenih
u regularnim lovovima, jedinki uginulih prirodnom smrcu i primjeraka iz zbirki lovackih
muzeja. Prije izolacije DNA iz kosti pripremili smo protokol demineralizacije kako bismo
dobili 8to viSe izolata DNA (Buzan i sur., 2020).

Dvadeset mikrosatelita je amplificirano pomo¢éu PCR multipleksa koji su ve¢ bili
koriSteni u istraZivanju populacijske genetike divokoza (Zemanova i sur., 2011; Buzani sur.,
2013; Sprem i Buzan, 2016). Djelomiéna CR mtDNA je amplificirana koristenjem po&etnica

i protokola opisanog u Rodriguez i sur. (2010).
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U Prilogu 1. detaljno su opisane statistiCke metode i raCunalni programi koji su koristeni u
prvom istrazivanju za analizu populacijske strukture i utjecaja geografske izolacije na

genetsku raznolikost populacija balkanske divokoze.

Nakon testiranja na prisutnost nul alela odabran je finalni set od 16 mikrosatelitnih
lokusa koji su koriSteni u daljnjim analizama (Tablica 1). Isklju€ili smo Cetiri lokusa zbog loSe
amplifikacije, visokog postotka nul alela i monomorfizma. Dva isklju¢ena lokusa, SY58 i
INRA121, predstavljala su iste probleme i u drugim istrazivanjima (Buzan i sur., 2013;
Sprem i Buzan, 2016), stoga je preporuka da se ova dva lokusa izuzmu u buduéim
istrazivanjima vrsta Rupicapra. Set je dao ukupno 116 alela u osam analiziranih populacija,
s prosjekom od 7,25 alela po lokusu. Samo je populacija iz Bosne i Hercegovine znac¢ajno
odstupala od Hardy-Weinberg ekvilibrijuma (HWE), dok je populacija iz Srbije jedina imala

viSak heterozigota.

Racunalni program STRUCTURE koji se zasniva na Bayesovskim metodama je
koristen za procjenu broja izvornih genskih skupova (K) kod analiziranih populacija
balkanske divokoze. Dodatno je primijenjena metoda opisana u Evanno i sur. (2005) kako
bi se donijela odluka o najvjerojatnijem broju prisutnih genskih skupova, odnosno klastera
(K) u analiziranim populacijama koja je u ovom slu¢aju predlozila K=3 kao optimalni broj.
STRUCTURE model za K=3 je pridruzio jedinke iz Srbije i Bugarske u dva privatna klastera

dok su ostale pripadale jednom zajedni¢kom klasteru (Prilog 1).

Indeks genetske diferencijacije (Fsr vrijednost) je pokazao sli¢ne rezultate gdje je
populacija iz Bugarske imala najveéu vrijednost i zna¢ajno se razlikovala od drugih
populacija dok Mantelov test nije pokazao znafajan utjecaj izolacije zbog udaljenosti

populacija (engl. isolation by distance - IBD).

Kontrolna regija je uspjeSno amplificirana u 44 uzroka balkanske divokoze i svih 56
dodatnih uzoraka podvrsta R. p. pyrenaica, R. p. ornata, R. r. rupicapra, R. r. tatrica i R. r.
carpatica. Sekvenca duga 376 parova baza je poravnata sa 109 sekvenci preuzetih s NCBI
banke gena (pristupni brojevi AM279274-279275, EU887481-EU887488, GU951843—
GU951916, KC594557-KC594572, KP730619-KP730627). Ukupno je pronadeno 30 novih
haplotipova koji su uneseni u NCBI banku gena pod pristupnim brojevima MT746066 -
MT746095 (HRCR17 - HRCR46).

Median-joining mreza konstruirana na osnovu sekvenci CR mtDNA pokazala je
prisutnost privatnih haplotipova u svih osam analiziranih populacija balkanske divokoze dok
su dva haplotipa (HRCR9 i HRCR20) bila zastupljena u viSe populacija ukazuju¢i na

moguce translokacije i hibridizaciju podvrsta u proSlosti (Prilog 1).
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Uvid u genetsku strukturu balkanske divokoze predstavljenu u istrazivackom radu u
Prilogu 1. pruza potrebnu polaznu to¢ku za procjenu statusa zastite, te ée omoguciti razvoj
strategija potrebnih za odrzivo gospodarenje i oCuvanje populacija balkanske divokoze, ne

samo u Hrvatskoj vec¢ i u drugim zemljama gdje ova podvrsta obitava.

Kljuéne rije€i: oCuvanje, genetska raznolikost, mtDNA, populacijska genetika, Rupicapra

rupicapra balcanica
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3.1.2 Tragovi povijesnih reintrodukcija u genetskoj raznolikosti: slu¢aj balkanske divokoze

Premjestanje divljin zZivotinjskih vrsta postala je uobiCajena praksa diliem svijeta
kako bi se ponovno uspostavile lokalne populacije kojima prijeti izumiranje. Sjeverna
divokoza (Rupicapra rupicapra L.) jedna je od primjera uspjesno reintroduciranih vrsta u
mnogim podrucjima Europe, ali i na drugim kontinentima poput Juzne Amerike i Novog
Zelanda. Danas$nje populacije divokoza na Velebitu i Biokovu su potomci uspjesno
reintroduciranih jedinki uhvaéenih na planinskim podrucjima u Bosni i Hercegovini (R. r.
balcanica) i Sloveniji (R. r. rupicapra). Arheoloski podaci potvrduju da su divokoze nekada
ziviele na planini Biokovo, ali prije reintrodukcije tijekom 1960-ih godina, nije bilo pisanih

dokaza o njihovom nedavnom postojanju na tom podrucju.

Glavni cilj ovog istrazivanja je bio utvrditi to¢nost postojecih povijesnih podataka o
podrijetlu populacije balkanske divokoze na planini Biokovo te procijeniti genetsku
raznolikost i populacijsku strukturu izvorne i translocirane populacije 56 godina nakon prve
reintrodukcije.

Koristili smo 16 mikrosatelitnin lokusa (Tablica 1) koji su testirani u prvom
istrazivanju (Prilog 1) za analizu genetske strukture tri izvorne populacije divokoza s Prenja,
Cvrsnice i Cabulje te s planine Biokovo. U Prilogu 2 detaljno su opisane statisticke metode
i raCunalni programi koji su koriSteni u drugom istraZivanju za analizu genetske raznolikosti

i populacijske strukture izvornih i translociranih populacija.

STRUCTURE model pokazao je jasnu odvojenost populacija na Biokovu od
balkanskih divokoza koje nastanjuju Prenj i zna¢ajnu genetsku sli¢nost izmedu biokovske
populacije i populacija na Cvrsnici i Cabulji (Prilog 2). Ovi rezultati upuéuju da sadasniji
genetski sastav biokovskih populacija ne potjece iskljucivo s Prenja, to je bilo navedeno u
dostupnoj literaturi (Frkovi¢, 2008; Sabi¢, 2014; Sprem i Buzan, 2016) i iz osobnih intervjua,
ve¢ da su jedinke podrijetiom i s Cvrsnice i Cabulje. Evanno algoritam je identificirao K=3
kao optimalan broj izvornih populacija otkrivenih metodom STRUCTURE za Ccetiri
analizirane populacije i otkrio je jo$ jedan vrh na K=5 §to ukazuje na mogucu daljnju podjelu

genetske strukture unutar populacija.

Provedena je dodatna analiza genetske strukture populacija koriste¢i GENELAND
raCunalni algoritam, koja osim genetskog dijela uzima u obzir i prostorni kontekst
analiziranih jedinki. GENELAND analiza prepoznala je balkansku divokozu s Prenja kao

zaseban genetski skup, razli¢it od populacija koje obitavaju na Cvrsnici i Cabulji.
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Pretpostavka je da su rijeka Neretva i drzavna cesta M17 geografske granice za
rasprostranjenost podvrste, buduéi da Cine barijeru za izmjenu genetskog materijala. Ova
metoda je predlozila Cetiri prostorna klastera, ali bez dodijele jedinki zadnjem tzv. ,duh®

klasteru $to upucuje na mogu¢u dodatnu genetsku podjelu unutar populacija.

Nasi rezultati genetske raznolikosti pokazuju da populacija balkanske divokoze s
Biokova moze posluziti kao potencijalni izvor za buduce translokacije, posebno na izvorna
stanista, Cvrsnicu i Cabulju, koja su trenutno ugroZena gubitkom genetske raznolikosti zbog

krivolova, §to za posljedicu ima visoku stopu parenja u srodstvu i pojavu genetskog drifta.

Kljuéne rijec€i: Biokovo, genetska struktura, mikrosateliti, Prenj, translokacija
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3.1.3 Primjena mikrosatelita u otkrivanju povijesti istrijebljenih planinskih papkara

Tijekom devetnaestog stolje¢a translociranje divljih zivotinja je postalo uobi¢ajena
praksa i sluzilo je kao nacin gospodarenja za jaCanje ili obnavljanje populacija divljaci u
lovne svrhe. U to vrijeme, genetski sastav autohtonih i translociranih populacija nije
razmatran. Za razliku od nekih drugih vrsta papkara, divokoza nije bila podvrgnuta
opseznim operacijama novog ili ponovnog uvodenja na odredena podruc¢ja kako bi se
podrzao potpuni oporavak povijesnog areala vrste ve¢ su se translokacije odvile uglavhom
zbog lokalnih inicijativa (lovacka drustva) s ciliem obnove populacija divokoza na izoliranim

planinskim lancima za lovne svrhe.

Povijesni podaci i arheoloSka istrazivanja potvrdili su veliku brojnost populacija
divokoza u sjeverozapadnom Dinarskom gorju u Hrvatskoj, no zbog neodrzZivog lova,
krivolova, predacije i drugih ¢imbenika tijekom ranih 1900-ih, populacije sjevernih divokoza
(Rupicapra rupicapra) u sjevernom Dinarskom gorju su istrijebljene.

Tijekom 1970-ih izvrSene su reintrodukcije u svrhu ponovnog uspostavljanja
populacije na Dinarskom podrucju (Slika 3). Translokacija se obavila iz susjednih podrucja
u Sloveniji i Bosni i Hercegovini pri ¢emu su reintroducirane dvije podvrste sjevernih
divokoza: alpska divokoza (R. r. rupicapra) i balkanska divokoza (R. r. balcanica). Prije
reintrodukcije to¢na taksonomska klasifikacija autohtone istrijebljene populacije, na razini

podvrsta, nije bila poznata.

Kako bismo razjasnili koja je podvrsta bila prisutna prije reintrodukcije, genotipizirali
smo Cetiri lubanje divojaraca (muzejski primjerci) koji su bili podrijetlom s planine Velebit.
Jedinke su potjecale iz vremena prije lokalnog izumiranja populacije (1886., 1893., 1895. i
1939. godina). DNA je bila uspjeSno ekstrahirana iz srednjeg sloja i vanjske ovojnice
rogova. Kako bi se izbjegla mogucéa kontaminacija, laboratorijski rad s uzorcima starih
kostiju (starijih od 100 godina) proveden je u namjenskom, fizi€ki izoliranom laboratoriju za
drevnu DNA. Za amplifikaciju DNA koristen je set od 20 mikrosatelitnih lokusa i protokol
opisan u Zemanova i sur. (2011). Za dobivanje odgovora na postavljenu hipotezu koriStene
su dvije analize, Bayesovska metoda klasteriranja te diskriminantna analiza glavnih
komponenti (DAPC).

Genotipovi dobiveni iz muzejskih uzoraka lubanja su usporedeni s referentnom
skupinom od 52 genotipa poznatog podrijetla prethodno analizirana u Sprem i Buzan
(2016). Za referentne populacije su odabrani genotipovi koji su imali procijenjeni koeficijent
pripadnosti (q) jednoj od podvrsta veci od 85%. Ovaj kriterij odabira rezultirao je s 20

genotipova koji su pripadali alpskoj i 32 genotipa dodijeljena balkanskoj podvrsti.
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Tri od Cetiri muzejska uzorka uspjeSno su amplificirana za svih 20 mikrosatelitnih lokusa,
dok su za Cetvrti uzorak dobiveni aleli na 16 mikrosatelitnih lokusa. STRUCTURE (s q
vrijednostima izmedu 0,55 i 0,73) i DAPC (s vjerojatno$¢u individualne pripadnosti od 0,99
i 1,00) analize pokazale su vecu procijenjenu vjerojatnost da je na analiziranom podrucju
prije reintrodukcije obitavala alpska podvrsta divokoze (Prilog 3).

Rezultati ovog istrazivanja daju vrijedan pokazatelj najvjerojatnijeg genetskog i
taksonomskog sastava autohtone populacije divokoza koja je obitavala na sjevernom
Dinarskom gorju prije provodenja reintrodukcije. Ove informacije ¢e posluziti kod planiranja
buducih projekata reintrodukcije na ova podrucja koje ¢e uzimati u obzir genetsku strukturu

jedinki, da bi se ustanovile nove ali i o€uvale postoje¢e populacije.

Kljuéne rije€i: Rupicapra rupicapra, genetsko podrijetlo, povijesni uzorci, reintrodukcija
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3.2. OBJEDINJENA RASPRAVA

Rezultati ovog doktorskog istrazivanja su otkrili postojanje genetski i geografski
razliCitih populacija balkanske divokoze. Rasprostranjenost ovih populacija je
neujednacena i pokriva samo dijelove masiva i planinskih lanaca u zemljama u kojima se
nalazi (Slika 1). Niske stope kolonizacije podvrste i smanjeni protok gena izmedu izoliranih
populacija mogu rezultirati genetskom diferencijacijom zbog parenja u srodstvu i gubitkom
alelnih varijanti kao posljedica genetskog drifta (Willi i sur., 2006), kao i ve¢om osjetljivosti
na zarazne bolesti (Stipoljev 2022). Smanjena genetska raznolikost u malim i izoliranim
populacijama mogla bi, zauzvrat, uzrokovati negativne utjecaje na fitnes, Sto rezultira
smanjenjem efektivne veli€ine populacije i, na kraju, poveéanjem vjerojatnosti izumiranja
(Pelletier i sur., 2019). Ostale prijetnje opstanku divokoza na Balkanu su krivolov
(Papaioannou i Kati, 2007), introdukcija drugih podvrsta divokoza, uglavnom alpskih
divokoza (lacolina i sur., 2019), sukcesija Suma (Kavci¢ i sur., 2019), izgradnja cestovnih
infrastruktura (Kati i sur., 2020), intenzivna ispasa stoke, grabeZljivci, neodrziv lov i prirodni
dogadaiji (Sprem i Buzan, 2016). Status zastite i gospodarenja unutar razligitih nacionalnih
zakonodavstava razlikuje se izmedu zemalja u kojima obitava (&lanice i ne€lanice Europske
Unije) i ovisi o stupnju interesa lokalnih zajednica za o€uvanje podvrste (Anderwald i sur.,
2020). Dosadasnja istrazivanja genetske strukture balkanske podvrste divokoze nisu
ukljucivala cijeli raspon distribucije i bila su ograni¢ena na lokalna istrazivanja (Bugarska -
Markov i sur., 2016; Hrvatska i Bosna i Hercegovina - Sprem i Buzan, 2016; Gréka -

Papaioannou i sur., 2019).

lako se broj publikacija o Rupicapra rodu znacajno povecao tijekom posljednja dva
desetljeéa, i dalje postoje velike razlike s obzirom na vrste i podvrste, a istrazivanja se
uglavnom fokusiraju na alpsku divokozu i, u manjoj mjeri, pirinejsku divokoza (Corlatti i sur.,
2022b). Balkanska divokoza je uklju€ena u nekoliko filogenetskih studija koje su koristile i
nuklearne i mitohondrijske biljege, ali su ta istrazivanja ukljucivala mali broj uzoraka koja su
potjecala ve¢inom s jednog lokaliteta (npr. Pérez i sur., 2002; Rodriguez i sur., 2009;
Rodriguez i sur., 2010; Pérez i sur., 2011; Pérez i sur., 2013; Pérez i sur., 2017a; Pérez i
sur., 2017b; lacolina i sur., 2021; Pérez i sur., 2022).

Filogeografska istrazivanja temeljena na mtDNA otkrila su tri vrlo stare skupine
divokoza oznacene kao zapadna (mtDNA “West®), srediSnja (mtDNA ,Central®) i isto¢na
(mtDNA ,East®) s jasnim geografskim uzorkom diljem Euroazije (Crestanello i sur., 2009;
Rodriguez i sur., 2010) i njihovu prisutnost u Europi koja je procijenjena na 1,9 milijuna
godina u ranom pleistocenu (Lalueza-Fox i sur., 2005; Rodriguez i sur., 2010; Pérez i sur.,
2014).
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To je daleko starije od starosti fosila Rupicapra u Europi koji su pronadeni na Balkanskom
poluotoku i odgovaraju pocetku srednjeg pleistocena, izmedu 780 i 750 tisu¢a godina
(Fernandez i Crégut, 2004). Otkriveno je da je rasprostranjenost podvrsta divokoza
naslijede kvartarne glacijalne-interglacijalne dinamike kada su mnoge svojte bile zarobljene
u relativno malim refugijalnim podrucjima koja su ukljuCivala juzne poluotoke: Iberijski,
Apeninski i Balkanski (Pérez i sur., 2022). Skupina mtDNA ,West" je ograni¢ena na Iberijski
poluotok i na zapadni dio Alpa, dok je mtDNA ,Central“ skupina dijeljena izmedu podvrsta
ornata i cartusiana. Skupina mtDNA ,East‘ predstavlja sve podvrste rasprostranjene od
Alpa prema istoku u koju spada i balkanska divokoza. Ovu podjelu podrzavaju i rezultati
dobiveni kombinacijom glavnog sustava tkivne podudarnosti (MHC) i sekvenci mtDNA koji
su pokazali da je posljednja glacijacija izazvala demografski pad i male podjedinice u
populacijama divokoza (Mona i sur., 2008) za razliku od mnogih drugih vrsta koje su
dozivjele demografski pad u Sredozemnim refugijima tijekom glacijalnog maksimuma, a
zatim se naknadno proSirile kako su temperature rasle (Petit i sur., 2003). Rast temperature
smanjio je raspolozivi teritorij za divokoze zbog ¢ega su se formirale male podjedinice
izolirane na planinskim vrhovima. Prou¢avanje nuklearnih biljega otkrilo je mnogo mladu
divergenciju izmedu podvrsta od one uolene iz mtDNA i introgresiju posredovanu
muzjacima u srediSnjem dijelu distribucije (mtDNA ,Central; Pérez i sur., 2022).
Posljediéno, potrebno je obuhvatiti razli€¢ite molekularne biljege kako bi se proSirio pogled
na procese diversifikacije roda Rupicapra i pruzili dokazi za reviziju pretpostavljene

taksonomske klasifikacije (Corlatti i sur., 2021).
3.2.1. Genetska raznolikost balkanske divokoze

Genetska raznolikost istraZivanih populacija balkanske divokoze (Prilog 1) je niska
u usporedbi s vrijednostima objavljenim u studiji Rodriguez i sur. (2010). Ova razlika moze
biti posljedica veceg broja mikrosatelita koje su koristili Rodriguez i sur. (2010). Sli¢na
situacija pronadena je u istrazivanju populacijske genetike alpskih divokoza (Soglia i sur.,
2010), koje je pokazalo vece procjene genetske raznolikosti u usporedbi s rezultatima na
istoj podvrsti u istrazivanju Buzan i sur. (2013). Ove razlike u procjenama genetske
raznolikosti unutar iste podvrste mogle bi se objasniti razlikama u veli€ini uzorka,
koriStenjem razliCitog ili veCeg broja mikrosatelita, kao i zastupljeno$¢u razli€itih mjesta
uzorkovanja. Prosjecna vrijednost opazene heterozigotnosti (0,553) bila je nesto niza od
oCekivane heterozigotnosti (0,581) Sto ukazuje na generalni viSak homozigota. Uzrok tomu
je posljedica prostornog strukturiranja populacija u subpopulacije (Pérez i sur., 2002; Buzan
i sur., 2013).
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Posebno je zanimljiva niska raznolikost Bugarske populacije, koja dolazi iz
“Drzavnog lovnog rezervata lzvora” u zapadnim Rodopima i predstavlja glavnu izvornu
populaciju za translokacije divokoza u Bugarskoj. Promatrane vrijednosti mogu biti rezultat
negativnih fluktuacija u broju divokoza u nedavnoj proSlosti, dok je trenutna veli€ina
populacije oko 250 jedinki koja je geografski izolirana (Markov i sur., 2016). Prema
Hristovichu (1939), na Rodopima je procijenjeno da obitava ukupno 150 do 200 jedinki, a
ukupan broj u Bugarskoj je oko 1000 divokoza. Sve do sredine 19. stolje¢a balkanska
divokoza imala je Siri raspon rasprostranjenosti u Bugarskoj, jer je naseljavala gotovo sva
prikladna stanista u Rilsko-rodopskom planinskom lancu. Krajem 19. stolje¢a podvrsta je
nestala s mnogih svojih podrué¢ja uvodenjem dalekometnih pusaka (Avramov i Valchev,
2010). Markov i sur. (2016) sumnjaju da je populacija iz “Drzavnog lovnog rezervata lzvora”
dozivjela efekt uskog grla zbog prekomijernog lova i krivolova u svojoj novijoj povijesti, §to
bi moglo dovesti do kontinuiranog gubitka genetske raznolikosti. Gubitak genetske varijacije
jos uvijek se ne vidi u genetskom sastavu bugarske populacije iako postoje male naznake
u opazenoj Fis vrijednosti (0,035) koja pokazuje manje parenje u srodstvu, suprotno

visokom koje su ocekivali Markov i sur. (2016).

STRUCTURE i Fsr rezultati predstavljeni u prvom istrazivanju (Prilog 1) su otkrili
postojanje tri genetski i geografski razli€ite populacije koje obitavaju na Balkanskom
poluotoku. Genetska diferencijacija bila je najizrazenija kod populacija iz Bugarske i Srbije.
Znacajne Fsr vrijednosti mogu se objasniti izolacijom populacija zbog geografskih obiljezja
planinskih lanaca u Srbiji i Bugarskoj, buduéi da bi mogli predstavljati prepreku protoku
gena. Genetska diferencijacija uzrokovana sli¢nim ¢imbenicima pronadena je kod divokoza
u drugim planinskim lancima, ne samo izmedu (Pérez i sur., 2002; Crestanello i sur., 2009;
Rodriguez i sur., 2010) nego i unutar podvrsta (Crestanello i sur., 2009; Buzan i sur., 2013;
Markov i sur., 2016; Papaioannou i sur., 2019). Visoka genetska diferencijacija populacije
iz Bugarske koju pokazuju i Fst i STRUCTURE analize mogla bi biti rezultat male efektivhe
veli€ine populacije u Rodopima na kraju 19. stoljecCa i viSestrukih genetskih uskih grla s
kojima se ova populacija susrela (Markov i sur., 2016). Prema Akcijskom planu za
balkansku divokozu u Bugarskoj (Valchev i sur., 2006), genetska diferencijacija ove
populacije rezultat je nepostojanja prirodnih koridora izmedu populacija u Zapadnim
Rodopima, Rili, Pirinu i Centralnom Balkanu, kao i fragmentacija na razini lokalnih
populacija. Osim izolacije zbog fragmentacije stanista, drugi C¢imbenik koji je mogao dovesti
do takve genetske diferencijacije mogla bi biti hibridizacija s alpskom divokozom, buduéi da
su jedinke ove podvrste unesene 1977. godine u lovni rezervat Kormisosh (Valchev i sur.,
2006).
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Genetska diferencijacija balkanskih divokoza iz Srbije od susjednih populacija nije
bila neoCekivana, buduci da je slican obrazac uo€en i kod drugih vrsta, ukljuCujuéi i
dinarsko-balkansku populaciju vuka (Canis lupus) gdje su prepoznate dvije subpopulacije:
“zapadna” subpopulacija s jedinkama iz Bosne i Hercegovine i Hrvatske te “isto¢na”
subpopulacija s jedinkama iz Srbije i Sjeverne Makedonije (Djan i sur., 2014). Cimbenici
koji su uzrokovali razli€itu genetsku strukturu analiziranih populacija vukova ukljuCuju efekt
uskog grla, razli¢ite demografske povijesti subpopulacija, lovni pritisak, te moguénost da
rijeka Drina djeluje kao barijera izmjeni genetskoga materijala (Djan i sur., 2014.). Ova rijeka
djeluje kao prirodna barijera i za druge vrste, uklju€ujuci risa (Lynx lynx; Melovski i sur.,
2012) te divlju macku (Felis silvestris; Urzi i sur., 2021), a geografske karakteristike
Dinarskog gorja i kanjon rijeke Drine su mozda utjecali i na balkansku divokozu, kao i lovni
pritisak, §to za posljedicu ima podjelu na subpopulacije. U istrazivanju genetske strukture
populacija divlje macke koju su proveli Urzi i sur. (2021) identificirana je podjela na zapadne
i jugoistoCne populacije, ali su autori naglasili vaznost ravnomjernog uzorkovanja i
izbjegavanja ,praznina“ u uzorkovanju izmedu analiziranih podrucja $to bi moglo utjecati na
finalne rezultate i njihovo tumacenje. Stoga bi bilo vazno dodatno istraZiti populacije
podvrsta obitava. Takoder, bitno je kombinirati razliite molekularne markere kako bi se
razjasnio status i povijest populacija divokoza u ovoj zemlji i da bi se razjasnio ucinak
fragmentacije pogodnih stanista, povijesnih procesa ili ekoloSkih barijera na promatranu

genetsku diferencijaciju.

S druge strane, nije pronadena znacajna korelacija izmedu genetske i geografske
udaljenosti populacija. Sli¢an slu€aj zabiljezen je kod alpskih divokoza (Soglia i sur., 2010),
gdje Sest geografskih populacija s razli€itih mjesta na juznom lancu Alpa nije pokazalo
znacajnu korelaciju genetskih i geografskih udaljenosti. Zna¢ajna korelacija pronadena je
nakon uklanjanja populacije s Lombardskih predalpa, za $to su Soglia i sur. (2010)
pretpostavili da je mozda pretrpjela mogucée posljedice utjecaja efekta osnivaca (engl.
founder effect) u kombinaciji s geografskom izolacijom i da su razliCite genetske

karakteristike izvorne metapopulacije mogle poremetiti oCekivani obrazac IBD-a.

Analiza sekvenci kontrolne regije otkrila je Sesnaest privatnih i dva zajednicka
haplotipa (HRCR9 i HRCR20) kod balkanskih divokoza, te je pokazala da postoji izmjena
gena izmedu susjednih populacija, u ovom slu¢aju izmedu Srbije i Crne Gore. Haplotipne i
nukleotidne vrijednosti su pokazale relativno visoku varijabilnost medu analiziranim
sekvencama balkanske divokoze. Provedene filogenetske analize mtDNA sekvenci
divokoza (TeSija 2022) su pokazale najvecu stopu diferencijacije kod podvrste R. r.

balcanica uklju€ujuéi i jedan hibrid (R .r. balcanica x R. r. rupicapra).
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Median-joining mreza odvojila je gr€ke haplotipove od haplotipova koji pripadaju
drugim analiziranim populacijama (13 mutacija). Cetiri sekvence balkanske divokoze iz
Grcke analizirane u ovom istraZivanju potjecale su sa sjevernog Pindskog gorja, gdje su
Papaioannou i sur. (2019) otkrili vec¢u varijabilnost medu populacijama balkanskih divokoza,
blizu raznolikosti vecih populacija alpske podvrste u Alpama. Sli¢ni rezultati pronadeni su u
istraZivanju maj€inski naslijedenih biliega u drugim podvrstama divokoza (Schaschl i sur.,
2003; Crestanello i sur., 2009; Rodriguez i sur., 2009; Rodriguez i sur., 2010; Buzan i sur.,
2013), gdje su uocene privatne filogrupe i ograni€eni protok gena izmedu susjednih
populacija. Filogeografska analiza populacija divokoza koje obitavaju na Dinaridima duz
Slovenije, Hrvatske i Bosne i Hercegovine je utvrdila postojanje endemskih haplotipova
balkanske divokoze na podruc¢ju Dinare, Biokova i Prenja kao i tragove povijesnih
translokacija na podrugju Velebita (Sprem i Buzan, 2016).

Schaschl i sur. (2003) pokazali su geografsko strukturiranje na bazi mtDNA alpskih
populacija divokoza u istoénim Alpama kao posljedicu imigracije divokoza iz razliitih
pleistocenskih refugija oko Alpa nakon povlagenja glacijala, a ne zbog topografskih
prepreka protoku gena. Za sve parove populacije prou¢avane u Crestanello i sur., (2009),
diferencijacija je uvijek bila ve¢a za CR nego za mikrosatelite, Sto je bilo i oCekivano s

obzirom na vecu osjetljivost ovog lokusa na genetski drift.
3.2.2. Utjecaj povijesnih dogadaja na genetsku strukturu balkanske divokoze

Kada su se usporedile sekvence balkanske divokoze sa skupom podataka koji
sadrZi sve druge vrste Rupicapra spp. (Prilog 1), pronaden je jedan zajednicki haplotip s
alpskom divokozom i dva zajednicka s tatranskom divokozom (HRCR9, HRCRZ20,
HRCR38). Haplotipska mreza grupirala je balkanske haplotipove podrijetiom s Dinare u
Hrvatskoj, Rodopa u Bugarskoj i Prenja u Bosni i Hercegovini s alpskim haplotipovima koji
su potjecali sa Sjevernog Velebita (HRCR9). Rezultati analize mtDNA pokazuju da su se u
pros$losti odvile translokacije divokoza $to je dovelo do hibridizacije izmedu podvrsta (Sprem
i Buzan, 2016; Kavéié i sur., 2018; lacolina i sur., 2019). Koristeéi mtDNA Sprem i Buzan
(2016.) su potvrdili postojanje hibrida izmedu balkanske i alpske divokoze na Velebitu Sto
je posliedica reintrodukcije podvrsta tijekom 1970-ih (Frkovi¢, 2008). Hibridi izmedu
balkanske i alpske podvrste na ovom podrucju su imali zna€ajno drugaciji obrazac razvoja
rogova od ,Cistih® podvrsta, gdje je kod hibrida zabiljezena veca stopa pocCetnog rasta
rogova do 2,5 godine i znatno nize stope kompenzacije u prvih 4,5 godina zivota kod oba
spola (Kav¢ic i sur., 2018). Obrasci razvoja rogova u divokoze mogu se razlikovati unutar
populacija i podvrsta, a uglavnom su pod utjecajem genetske strukture, spola i dostupnosti

resursa.
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Veci poCetni rast rogova i niske stope kompenzacije u hibridnoj populaciji mogu ukazivati

na ucinak heterozisa, odnosno pojavu hibridne snage (Kavci¢ i sur., 2018).

Sli¢ni obrasci se mogu pojaviti u Rodopima u Bugarskoj, zbog izvr§ene introdukcije
alpske divokoze na podrucje Kormisosh rezervata (Valchev i sur., 2006). Alternativho
objasnjenje Markov i sur. (2016) je da signali introgresije koji su vidljivi iz mikrosatelita kod
balkanske populacije, prije odrazavaju zajedni¢ki polimorfizam predaka koji se mogao
nakupiti genetskim driftom nego hibridizaciju. Pretpostavlja se da se hibridizacija dogada i
izmedu balkanske i karpatske divokoze (R. r. carpatica) u kontaktnoj zoni u Nacionalnom
parku Perdap (Srbija; Damm i Franco, 2014) gdje su podvrste prirodno rasprostranjene. U
Niskim Tatrama (Slovacka) primjenom citokroma b potvrdena je pojava hibrida izmedu
endemske podvrste divokoze (R. r. tatrica) i alpskih jedinki unesenih zbog potreba

komercijalnog lova (Crestanello i sur. 2009).

Sekvenciranje cijelog genoma moglo bi pojasniti utjecaj hibridizacije na status
zastite, buduéi da bi hibridizacija izmedu vrsta ili podvrsta, koja je rezultat legalnog i
ilegalnog premjestanja divokoza, mogla dovesti do gubitka lokalne prilagodbe odredenim
niSama (Corlatti i sur., 2022b). Buduca istrazivanja o ucincima hibridizacije na osobine
povezane s fitnesom populacija su od iznimne vaznosti za planiranje odgovarajuc¢ih mjera
zastite. Do danas, preporuke za izbjegavanje Sirenja hibrida opcenito ukljuuju uklanjanje
ne-endemskih populacija, definiciju jedinica zastite (engl. conservation units - CU) za
razliite podvrste divokoza, a koje bi trebale oprezno razmotriti translokacije jedinki koje
nose odgovarajucu genetsku pozadinu (Corlatti i sur., 2011) i pazljivo pra¢enje potencijalnih

dogadaja hibridizacije u tijeku (lacolina i sur., 2019).

U znanstvenim radovima u Prilogu 2 i Prilogu 3, koriStenjem mikrosatelita, analiziran
je genetski trag povijesnih reintrodukcija divokoza na planinska podrucja u Hrvatskoj i
genetska raznolikost izvornih i translociranih populacija. U Prilogu 2 vidljiva je razlika u
genetskom sastavu izmedu balkanskih divokoza koje nastanjuju Prenj i ostalih analiziranih
populacija u Bosni i Hercegovini (Cvrsnica i Cabulja). STRUCTURE i GENELAND rezultati,
temeljeni na analizi mikrosatelitnih lokusa, otkrili su prepreke protoku gena izmedu
prou¢avanih populacija, ali vjerojatno i posljedicu nedavnog efekta uskog grla u
populacijama, zbog istrebljenja divokoza u ratu (Frkovi¢, 2008) i lokalnu prilagodbu
populacija. Strmi kanjon rijeke Neretve, jedne od najvecih rijeka Jadranskog slijeva odvaja
Prenj planinu od Cvrsnice i Cabulje i &ini sluZzbenu granicu izmedu rezervata divljaci
,Cvrsnica“ i ,Prenj* ustanovljenih tijekom 1893. godine od strane Austro-Ugarske monarhije
(Rapaic i Kunovac, 2020).
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Krajobrazne znacajke doline rijeke Neretve, kao i drzavna cesta M17, izgradena u sklopu
europske rute E73, mogu biti ucinkovite prepreke prirodnom S$irenju podvrste, jer

onemogucuju razmjenu gena izmedu proucavanih populacija.

Ali isto tako, smanjenje populacije u posljednjem ratu je doprinijelo da male skupine
divokoza ostanu izolirane u ograni¢enim stanistima ali su geografski vrlo blizu jedna drugoj.
Prirodna migracija izmedu jedinki s Prenja i Cvrsnice trenutno je malo vjerojatna zbog
prisutnosti spomenutih barijera, no to mozda nije bio slu€aj prije izgradnje infrastrukture.
Safner i sur. (2019) su utvrdili da rijeka Kupa (duz dijela slovensko-hrvatske granice) nije
djelovala kao prirodna barijera na genetsku strukturu prekograniénih populacija sjeverne

divokoze (Rupicapra rupicapra).

Zbog migracijske krize tijekom 2015. godine, duz drzavne granice uz rijeku Kupu je
postavljena 178 km duga ograda u obliku Zilet Zice, 8to je uzrokovalo znacajni mortalitet
papkara (Pokorny i sur., 2017) i §to ¢e vjerojatno uzrokovati prekid prekograniénog protoka
gena. Takoder, divokoze karakterizira visoka fenotipska plasti¢nost i sposobnost migracije
na vece udaljenosti zbog €ega je izmedu 2004. i 2019. zabiljezeno viSe slu€ajeva gdje su
jedinke stare od dvije do pet godina preplivale od 300 m do 3300 m u otvorenom moru
(Kavéi¢ i sur., 2020). U Hrvatskoj su zabiljezena &etiri takva slu¢aja dok je u Spanjolskoj
zabiljezen jedan takav slucaj gdje je muzjak star dvije godine plivao prema otvorenom moru.
Prema saznanjima Kavc€i¢ i sur. (2020) ovo je prva objavljena informacija o koristenju
morskih dionica, Sto sugerira da Cak i srednje veliki vodotoci i jezera vjerojatno nece u
potpunosti blokirati kretanje divokoza. Razlozi ovog neobi¢nog ponasanja kod divokoza
ostaju nepoznati, pretpostavka je da je jedan od uzroka neprilagodena kombinacija

fizioloSkih potreba (npr. pojedinaéni pokusaji rasprsivanja).

STRUCTURE model je pokazao da je reintroducirana balkanska divokoza na
Biokovu genetski sliénija populaciji s Cabulje, $to sugerira da su reintroducirane jedinke u
planini Biokovo mozda potjecale s ovog podrugja kao i iz Cvrsnice (Prilog 2). Prema Juri¢
(1998), u lovistu Cvrsnica koje ukljuéuje i teritorije susjedne planine Cabulje, prebrojane su
992 jedinke balkanske divokoze. Moguce je da su populacije Cvrsnica i Cabulja u pro$losti
bile povezane i Cinile jedinstvenu populaciju, $to moze se zaklju€iti iz STRUCTURE
rezultata. Zbog rata na Balkanu 1990.-ih i nastavka ilegalnog lova i krivolova, ova
pojedinaCna populacija se brojéano smanijila te je rascjepkana i izolirana u visokim

planinskim stanistima.

Kako bi se potvrdila STRUCTURE analiza, prostorni kontekst analiziranih populacija

uzet je u obzir i testiran s GENELAND racunalnim programom.
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GENELAND analiza otkrila je sli€an obrazac grupiranja jedinki kao i kod STRUCTURE
modela, ali je predloZila dodatni Cetvrti prostorni klaster duz MCMC lanca. GENELAND je
medu tri analizirane populacije u Bosni i Hercegovini detektirao dva prostorna klastera, dok

je jedan prostorni klaster odgovarao populaciji na Biokovu.

Razliku u genetskoj strukturi izmedu Prenja i Biokova otkrili su i Sprem i Buzan
(2016.) koji su koristili BAPs algoritam za prostorno grupiranje skupina i pokazali odvajanje
populacije balkanske divokoze na Prenju od populacije na planini Biokovo. Cetvrti klaster
koiji je otkrio prostorni model GENELAND bio je takozvani “duh klaster” (Frantz i sur., 2009),
buduci da mu nije dodijeljena niti jedna analizirana individua. Duh klasteri nisu neuobicajena
pojava, ali su jo§ uvijek slabo shvaceni fenomen koji moZze biti uzrokovan heterogenom
distribucijom uzoraka (Aziz i sur., 2018). Moguée je da svi skupovi koje je identificirao
GENELAND predstavljaju pravu genetsku podjelu, ali stupanj diferencijacije medu njima je
prenizak da bi grupiranje bilo dosljedno (Frantz i sur. 2009.). Druga moguc¢nost je da model
GENELAND moze precijeniti broj genetskih klastera kada na analizirane populacije pod
IBD utjecajem (Frantz i sur., 2009). Razlika izmedu genetske strukture divokoza koje
obitavaju na Biokovu od populacija Cvrsnice i Cabulie mozZe biti posljedica povijesnog

efekta osnivaca i novijeg genetskog drifta zbog izolacije i lokalne prilagodbe.

Unato¢ desetljecima dugotrajnog neodrzivog lova, krivolova, predacije i drugih
prirodnih dogadaja (Sprem i Buzan, 2016), razine parenja u srodstvu (Fis vrijednost) u
analiziranim populacijama su i dalje umjerene. Rezultati genetskog sastava balkanske
divokoze na Biokovu mogu utjecati na odrzivost populacije kroz vrijeme, te je vrlo vazno
pratiti genetske parametre reintroducirane populacije kako bi se sprije€io gubitak genetske

raznolikosti zbog parenja u srodstvu i genetskog drifta (DeMay i sur., 2017).

U buduc¢im planirani projektima translokacija divokoza u svrhu o€uvanja populacija
ili za potrebe lova treba uzeti u obzir koje podvrste ve¢ obitavaju na tom ili Sirem podrucju
da bi se smanjio rizik od gubitka diferenciranih genskih fondova $to moze dovesti do
genetskog izumiranja nekih svojti (Corlatti i sur., 2011). Translokacije su neizbjezno ugrozile
genetski integritet nekih populacija autohtonih europskih papkara (Linnell i Zachos, 2011),
kao na primjer: jelen (Cervus elaphus - Senn i Pemberton, 2009; Frantz i sur., 2017), srna
(Capreolus capreolus - Olano-Marin i sur., 2014; Biosa i sur., 2015) i divokoza (Rupicapra
spp. - Crestanello i sur., 2009; Zemanova i sur., 2015; Sprem i Buzan, 2016). Unato¢
zabiljeZenim osobinama povezanim s hibridizacijom (Kavci¢ i sur., 2018), njene posljedice
na prilagodbu, Zivotnu povijest i evolucijski potencijal ostaju uglavhom nepoznate (lacolina
i sur., 2019).

29



ProSle translokacije divokoza ostavile su genetski trag u novijim populacijama koji
se sada moze koristiti za rekonstrukciju nedokumentiranih dogadaja (Crestanello i sur.,
2009). U slucaju reintrodukcije na Velebit kada je u dva navrata provedena reintrodukcija
divokoze i to 1974. godine ispustanjem 10 divokoza s Prenja i 1978. godine ispustanjem 5
divokoza podrijetlom iz KamniSke Bistrice (Slovenija) zanemarena je genetska struktura
autohtonih i translociraninh populacija. Za odredivanje taksonomskog statusa izvorne
populacije na Velebitu prije reintrodukcije koriStena je molekularna forenzika koja ukljucuje
multilokusnu genotipizaciju povijesnih uzoraka i statisticke alate poput testova dodjele
(Prilog 3).

Na osnovu g vrijednosti STRUCTURE testa dodjele, muzejski uzorci su bili sli¢niji
alpskoj podvrsti, ali ne u tolikom postotku da bi se dao konacni rezultat. DAPC test je sve
analizirane muzejske uzorke pripisao alpskoj poduvrsti, ali vazno je naglasiti da DAPC ne
uklju€uje nikakve procjene nesigurnosti za vjerojatnost pripadnosti. Nekoliko Cimbenika

moglo je pridonijeti nedostatku razlucivosti rezultata u obje analize.

U istrazivanju evolucijske povijesti divokoza koju su objavili Rodriguez i sur. (2010),
Neighbour-Joining stablo temeljeno na udaljenosti dijeljenih alela izmedu svih podvrsta
Rupicapra otkrilo je dvije glavne skupine koje odgovaraju juznoj i sjevernoj divokozi. Vecina
balkanskih i alpskih divokoza pripadala je razli¢itim podskupinama sjeverne divokoze ali
bez jasne granice razdvajanja izmedu njih. S druge strane, njihovi rezultati STRUCTURE
analize za K = 3 su pokazali da su pojedine alpske i balkanske divokoze grupirane u isti
genetski klaster, vjerojatno dijeledi istu evolucijsku povijest. Ovo je dokaz da su mikrosateliti
bolji markeri za nedavnu geografsku diferencijaciju populacija, ali ipak u nekim slu¢ajevima
nisu dovoljni za otkrivanje lokalnih stopa introgresije gena (niska genetska diferencijacija)
koje se onda mogu podcijeniti (Oliveira i sur., 2008). Sprem i Buzan (2016) navode da je
prosjeCna vrijednost Fst izmedu svih analiziranih populacija divokoza u Dinarskim
planinama iznosila 0,103 Sto je vrlo niska genetska diferencijacija izmedu referentnih
podvrsta i Sto predstavlja dodatni problem za primijenjene testove dodjele. Nadalje,
referentni i muzejski uzorci dolaze iz razli€itih populacija s razli¢itim efektivnim veli¢inama
populacije i razmakom od viSe od 100 godina, $to bi moglo biti dovoljno da se frekvencije
alela mijenjaju zbog mijeSanja i genetskog drifta. Treba imati na umu da STRUCTURE
analiza pokusava $to bolje uklopiti parametre modela kako bi objasnio uzorke uocene u
podacima. Dakle, iako nije uzorkovana “prava” populacija kojoj su muzejski uzorci pripadali,
STRUCTURE bi i dalje morao prikazati jednu od uzorkovanih podvrsta kao najvjerojatnije

izvornu populaciju (Cornuet i sur., 1999).
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Cak i uz sve opisane nesigurnosti, nasi rezultati jo§ uvijek daju vrijedan pokazatelj
najvjerojatnijeg genetskog i taksonomskog sastava autohtone populacije divokoza prije
reintrodukcije.

Koristenje molekularnih markera, u ovom slu¢aju mikrosatelita i mtDNA, dalo je
vazne informacije o genetskoj raznolikosti i evolucijskoj povijesti populacija balkanskih
divokoza. Utvrdivanje stupnja unutarpopulacijske genetske raznolikosti vazan je kriterij za
odredivanje buduc¢ih jedinica za zastitu (CU) i gospodarenje (engl. management units - MU;
Bonin i sur., 2007) da bi se osigurala dugorona odrzivost podvrste diliem njene
rasprostranjenosti.
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4. ZAKLJUCCI

e Rezultati ovog doktorskog istrazivanja pokazali su prisutnost glavnog genetskog
klastera koji €ini vecinu analiziranih populacija balkanske divokoze i razdvajanje jedinki
iz Bugarske u potpuno izoliranu populaciju, dok je populacija iz Srbije samo djelomiéno
izolirana jer jo$ uvijek dijeli mtDNA liniju s populacijama iz Crne Gore.

o Najveta znalajna razlika u alelnoj i genotipskoj ucestalost utvrdena je izmedu
populacije iz Bugarske i svih ostalih analiziranih populacija, dok se populacija iz Srbije
znacajno razlikovala od populacija iz Sjeverne Makedonije i Hrvatske.

e Pojava parenja u srodstvu je zabiljezena u skoro svim analiziranim populacijama (Fis
vrijednosti), osim populacije u Srbiji koja je imala veci udio heterozigota.

e Populacije balkanske divokoze imaju uzorak arhipelaga diljem rasprostranjenosti kao
posljedica fragmentacije stanista i populacija te ukupnog smanjenja veli€ine populacija
zbog viSestrukih ¢imbenika kao $to su krivolov i neodrZiv lov, povecana gustoca
infrastrukture, natjecanje sa stokom za pasnjake, predacija i uvodenje drugih podvrsta
divokoza, uglavhom alpske divokoze.

o Tijekom posljednjih desetlje¢a, balkanskoj divokozi prijeti izumiranje u mnogim
dijelovima rasprostranjenosti. Treba ozbiljno razmotriti introdukciju novih jedinki u male,
fragmentirane populacije zahvaéene genetskim driftom ili genetskom erozijom.
Introdukcije i translokacije bi, medutim, trebale biti podrzane prethodnim genetskim
pregledom kako bi se sprijeCile neZeljene negativne posljedice.

e Buduca neinvazivna uzorkovanja treba provesti tako da se pokrije vecina geografske
distribucije da bi se izbjegle greSke uzorkovanja i kako bi se otkrila podrucja genetskog
diskontinuiteta i identificirali (potencijalni) koridori. Dodatno, DNA analiza arheolo$kih i
muzejskih uzoraka u slu¢aju Biokova pomogla bi u razjadnjavanju povijesti populacije
podvrste i definiranju njezinog statusa.

e Istrazivanje genetske strukture predstavljeno u ovom doktorskom radu pruza potrebnu
polaznu to€ku za procjenu statusa zastite balkanske divokoze. Koristenje molekularnih
markera, u ovom slu€aju mikrosatelita i mtDNA, dalo je vazne informacije o genetskoj
raznolikosti i evolucijskoj povijesti populacija balkanske divokoze.

e Dugorocna postojanost balkanske divokoze ovisi o dovoljnoj genetskoj raznolikosti za
prilagodbu promjenjivom okoliSu. Daljnje genetske, ekoloske, imunoloske,
epidemioloSke i demografske analize su nuzne da bi se osigurao monitoring populacija
balkanske divokoze te identifikacija potencijalnih rizika gubitka genetske varijabilnosti

bitnih za oCuvanje ove podvrste.
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Abstract

The Balkan chamois (Rupicapra rupicapra balcanica) is widespread on the Balkan Peninsula, aloag mountain massifs from
Croatia in the north to Greece in the south and Bulgarin in the cast. Knowledge on the genetic structure of Balkan chamois
populations is himited and restricted to local studies. Therefore, the main objective of this study was to use nuchear (16
microsatelfites) and mitochondnal (partial 376 base pairs control region) mirkers (o investigate the genetic structure of this
chamois subspecics throughout its distribution range and 1o obtain information on the degree of connectivity of the different
(subjpopulations. We extracted DNA from bone, dned skin and muscle tissue and successfully genotyped 92 individuals
of Balkan chamoss and sequenced the partial control region in 44 individuals. The Bayesian analysis suggested 3 genetic
clusters and assigned individuals from Serbia and Bulgana to two sepasate clusters, while individuals from the other coun-
tries belonged to the same cluster. Thirty new haplotypes were obtained from partial mitochondsial DNA sequences, with
private haplotypes in all analyzed populations and only two laplotypes shared among populations, indicating the possibility
of pust translocations. The subspecies genetic composition presented here provides the necessary starting point 1o assess the
conservation status of the Balkan chamoss and allows the development of conservation strategies necessary for its sustain-
ahle management and conservation.

Keywords Conscrvation - Genetic diversity - mtDNA - Population genetics - Rupicapra rupicapia ialcanica
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Introduction

Chamois (Rupicapra spp.) are medium-sized ungulates
that inhabat alpine pastures and rocky areas on the main
mountain massifs of both Evrope and the Near Eust (Cor-
latti et al. 2011) and, exceptionally, the low elevations of
niver gorges (Papaioannou and Kati 2007), forested und
coastal areas (Safner ¢t al, 2019; KavE&c et al, 2020). The
current distribution of Rupicapra spp. has been shuped
by the natural fragmentation of suitable habitats and the
resulting constraints on gene flow between different popu-
lations (Buzan et al. 2013).

The currently accepted taxonomy of chamaois, based on
morphological, behavioral and molecular evidence, recog-
nizes two species: the Northern chamois (Rupicapra rupi-
capra) with seven subspecies distributed in the Alps (R.
r. rupicapra and R. r. cartiana), the Balkans (R. r. bal.
canica), the Tatras (R. . tarrica) and the Carpathians (R
r. carpatica), in western Asia (R, r. asiatico) and the Cau-
casus (R. v caucasica) (Anderwald et al. 2020); and the
Southern chamois (Ruptcapra pyrenaica), which includes
three geographically isolated subspecies on the Cantabrian
Massif (R. p. parva). the Pyrenees (R. p. pyrenaica) and
the central Apennines (K. p. ommata) (Herrero et al. 2020).

Over the past two decades, the genus Rugricapra has been
the subject of numerous genelic studies in which, depend-
ing on the scope of the study, different markers were used.
Microsatellites have been a useful tool in studies of popula-
tion structure (Papasoannou et al. 2019; Sogha et al. 2010,
Sprem and Buzan 2016), phylogeography (Pérez et al,
2002; Rodriguez et al. 2010) or conservation (Buzan et al.
2013; Crestanello et al. 2009; Markov et al. 2016), Com-
plete mitogenome (Pérez et al. 2014; lacolina et al. 2021) or
partial regions of maternally inherited mitochondrial DNA
(MIDNA) have been wsed to study popukstion genetics, sys-
temiics and evolution (Hummer et al. 1995; Rodriguez et al.
2007; Rodriguez et al. 2009; Buzan et al. 2013; Sprem and
Buzan 2016; Pérez et al. 2017b: Morayikovi et al. 2019).
Nuclear markers such as antosomal introns (Pérez et al,
2017a} or the melanocortin-1 receptor gene (MCIR; Pérez
et al. 2013), which is related to the coloration pattern of
chamois fur, have been used to study the effects of historical
and evolutionary events on the diversification of Rupicapr
spp.. whereas the Y chromosome use has been rare and lim-
ited to phylogenetic studics. due to the methodological dif-
ficulties assocaated with the marker (Pérez et al. 2011),

The effects of historical and evolutionary events on cham-
ois diversification wnd taxonomy are still under discussion,
Previous phylogenctic findings based on mtDNA suggest
the presence of three major mitochondrial lineages within
the genus Rupicapra which correspond to the geographic
distribution of the species and are referred to as the West
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(R. p. parva and R. p. pyrenaica), Central (R. p. ornata and
R r. carmusiana) and East (the six remauining subspecies
including R. ». balcanica) (Rodriguez et al, 2009; Rodrigucz
etal. 2010; Pérez et al. 2014). Although Balkan chamois
has been included in several phylogenetic studies that used
both nuclear and mitochondral markers (Rodriguez et al,
2009 Rodriguez et al, 2010; Pérez et al. 201 7a; Pérez et al.
2017b), it remains one of the less-studied Northern cham-
0is subspecies (Kati ef al. 2020), Current knowledge on
the genetic diversity amt structure of the Balkan chamois
population is limited and restnicied to regional-local studics
(e.g. Bulgaria—Markoy et al, 2016; Croatia and Bosnia and
Herzegovinu—Sprem and Buzan 2016; Greece—Papaioun-
nou ot al. 2019). The distribution of the Balkan chamois is
patchy and covers only parts of the massifs and mountain
chains across the countries that form its range (Fig. 1b),
According to Buzan et al. (2013), the subspecies dispersals
is a legacy of Quaternary glacial-interglacial dynamics when
many taxa were trapped in relatively small refugial areas,
This seenario supports the combined results from the major
histocompatitality complex (MHC) and miDNA sexquences
that the Last glaciation produced a demographic decline and
small subunits m chamois popukations (Mona et al, 2008),
The subspecies” low rites of colonization and reduced gene
flow between isolated populations may result in genctic dif-
ferentiation due to the inbreeding effect amd i loss of allelie
vartants as i consequence of genetic dnft (Wills et al. 2006).
Reduced genetic diversity in small and isolitted populations
might. in tum, cause negative impacts on fitness, resulting in
decreased effective population size und, eventually. increase
the probabihties of extinction (Pelletier et al. 2019). Other
threats to the Balkan chamois survival are considered to be
poaching (Papaioannou and Kati 2007), introductions of
other chamaois subspecies, mostly Alpine chamois (Tacoling
et al. 2019), forest succession (Kaveid et al. 2019), road
infrastruciure (Kat et al, 2020), intensive livestock grazing,
predation, unsustsinable hunting and natural events (Sprem
and Buzan 2016). Due to these threats, the Balkan chamois
is protected by Annexes I and 1V of the European Union
Habhitats Directive 92M3/EEC (OJ L 206, 22.7.1992) and
Appendix I of the Bern Convention (OJ L 38, 10.2.1982).
The conservation and management statizss within the differ-
ent national legislations varies between countries (members
and non-members of the EU) and depends on the degree of
the local communpities’ interest in the conservation of the
subspecies (Anderwald et ol, 2020). Considering the demo-
graphic independence of populations, conservation objec-
tives should be focused on defining conservation units such
as management (MUs) or evolutionarily significant units
(ESUs), based on & combination of molecular, morphologi-
cal. ecological, behavioral and biogeographic information
that cin be combined to identify populations that need to be
managed together (Funk et al. 2013),
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Fig.1 Analyses of the genctic stroure of Balkan dhamons populo-
toss across the Ballan Pasinsala, STRUCTURE adeuxture moded
reslts based oo sixtoen loci with correlated allele freguencies for
(a) K=2, (b) K=3 and (¢c) K=4. & Assignment of individual pemo-
types of Bakan chamois to cludens K=2 s inforrx] hy STRUCTU
RE b Geographic dastnibution of the Balkan chameoss gematypes. The
distnbution range map (in ansparast grey | was constricied ssing
shape dats downloaded from the IUON Rexd Liss of Theeasenad Spe-

cles. Each puc chart indscanies the poographic location of the sampled
popultion. The size of the pie charts indicales the mumber of sam-
ples collecied from o locality. Different colors of the pic chart inds-
cate proportions of respective genetic chusters per individwal Q {in %)
¢ Assipnment of individual genotypes of Balkan chamots 10 dusters
K=4 HRV Croutin, BIH Bosnia and Horzopovina, SRE Serbia, MNE
Montenegro, ALE Albania, MA Noeth Macedonss. SGR Bulgaria,
GRC Geeeee
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The main objective of thas study was to gather informa-
tion on the genetic diversity and population structure of
Balkan chamois along its distribution range to support the
development of management and conservation strategies.
With this aum, we used macrosatellite genoty pes and a partial
region of mDNA (Control Region—CR) 1o address ques-
tions regarding the influence of geographical isolation on the
genctic diversity of Balkan chamois populations.

Materials and methods
Samples collection and DNA extraction

A total of 101 specimens of Balkan chamois were collected
from 2011 10 2018 ut sites throughout its distribution range
(Fig. 1b). Of the total number of specimens collected, com-
plete genotypes were obtained for 92 individuals, while
MIDNA CR was successfully sequenced in 44 individuals
(Table S.1). For population-based analyses, Balkan chamois
individuals were divided into eight groups based on country
of ongin: Croatia (HRV ), Bosnia and Herzegovina (BIH),
Sertna (SRB), Montenegro (MNE), Albania (ALB), North
Macedonin (MKD), Bulgaria (BGR), and Greece (GRC),
For miDNA analyses, we collected 56 additional samples
belonging to other chamwois subspecies (R. p. pyrenaica, R.
. omata, R. 1. rupicapra, R. v tatrica, R, r. carpatica). Sam-
ples (bones, dried skin, und muscle tissue) were obtained
from hunted and naturally dead animals, remains of poached
individuals, and specimens from hunting museum collec-
tions. Muscle samples were preserved in 9%6% cthanol wixd
stored at -850 °C until extracton.

W extracted DNA from muscie (N =69) and skin (N = 1)
sumples using the commercial peqGOLD Tissue DNA
Mini Kit {PEQLAB Biotechnologic GmbH) following the
manufacturer’s prosocol in & volume of 150 pl.. DNA from
bone samples (N =22} wis extracted using 400 mg bone
powder following the procedure described in Buzan et al.
(2020} vsing the QlAump DNA Micro Kit (Qiagen) and a
final volume of 100 pl_

DNA concentrations were measured with Qubi® dsDNA
BR Assay Kit (Invitrogen) on a 3.0 Qubit Fluorimeter ( Life
Technologies).

Microsatellite amplification and genotyping

Twenty microsatellites were amplified using PCR multiplex
sets already screened in studses of chamois (Zemanovs et al,
201 1; Buzan et al. 2013; Sprem and Buzan 2016). We used
KAPA2G Fast Multiplex Mix and protocol (KAPA Biosys-
tems Roche) to amplify the target regions, If the multiplex
was unsuccessful, we repeated the unalysis with single-locus
PCR. Each reaction contained 6.25 pl. of KAPA2G Fast
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Multiplex Mix, 1.7 pL. primers (forward Auorescent-labeled)
al various concentrations (Table $.2), 2.5 pL. of DNA and
ddH,0 for a final volume of 13 pL. In a few tissue and bone
samples, the guality of DNA was low. so we used a volume
of 5 pL. of genomie DNA and reduced the amoumt of water
for the same final volume of 13 pL. Fragment analysis was
performed on an ABI 3130 Genetic Analyzer (Applicd Bio-
systems) using the GeneScan LIZ500 (-250) Size Stand-
ard (Applicd Biosystems). Microsatellite genotypes were
examined using Gene Mapper v. 4.0 software (Applied
Biosystems).

Mitochondrial DNA sequencing

The partisd CR of the miDNA was amiplified using the prim-
ers and protocol described in Rodrigues et al. (2010), Ampli-
cons were visualized on a 2% agarose gel and purified with
ExoSAP-IT PCR prodoct cleanup reagent (Applicd Biosys-
tems), Forward and reverse PCR products were sequenced
with the AB1 BigDye terminator mix v3.1 (Applicd Bio-
systems ) followed by electrophoresis in an ABI SeqStudio
Genetie Analyzer (Thermo Fischer Scientific).

Microsatellite data analysis

We used the Expectation-Maxemization (EM) algorithm
implemented in FreeNA (Chapuis and Estoup 2007} 10 esti-
mate null allele frequencies for cach microsatellite locus,
since they may cause a significant heterozygote deficit and
deviation of populations from the Hardy—Weinberg equi-
librium (HWE). Loci that had high estimates of null ailele
frequencies were excluded from further analysis. The same
software was used to caleulate the overall genetic differen-
tiation within the dataset, the global Fgp value (Chapais and
Estoup 2007).

Loci without null allele frequencies in each sampling
popstlation were tested for deviations from HWE with the
Markov chain method with 10,000 dememonzation steps.
500 batches and 10,000 subsequent iterations in GENEPOP
ver. 4,7.2 (Rousset 2008). The exact test based on a Markov
chain method implemented in GENEPOP was used to sna-
lyze pairwise linkage disequilibrium (LD) among all pairs of
loci across all populations. A sequentiad Boaferrond proce-
dure (Holm 1979) was applied 1o correct the effect of multi.
ple comparisons tests using adjust p-values function imple-
mented in R ver. 4.0.5 package stats (R Core Team 2020).

Genetix ver. 4.03.2 (Belkhir et al. 1996-2004) was used
1o cabculase the mean number of alleles, observed (H, ) and
expected (Hy: Nei 1978) heterozygosities for each locus in
all populations as well as the inbreeding coeflicient (Fg) and
its conhdence intervals, We estimated the allelic richness
in cach population using the mrefaction procedure imple-
mented in FSTAT ver. 2.9.3.2 (Goudet 2001), The number
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of prvate alleles was estimated using GenAIEX ver. 6.502
(Peakall and Smouse 2012). The genetie differentiation
between all pairs of populations (pairwise Fgy) was esti-
mated using the hierfstat 0.5-7 package (Goudet 2005) in R
The respective p-values were calculased with the same pack-
age using 100 bootstraps over loci lor each population par,

STRUCTURE ver. 2.3 4, (Pritchard et al 2000) was used
10 assign the Balkan chumois individuals to the most likely
number of genetic clusters (K), We performed &en independ-
ent runs for cach K between 1 and 10 under & model assum-
ing admixture and correlated allele frequency with aburn-an
of 10° steps and a run length of 10° Markov chain Monte
Carlo (MCMC) iterations. Structure Harvester (Earl and
vonHaoldt 2012) was used to compare the average estimates
of the likelihood of the data, Jn[Pr(XIK)| for each value of
K and to apply the ad hoc summary statistic AK developed
by Evanno et al, (2003) to estimate the most likely K. The
same software was used to penenate graphs for the mean log
posterior probability of the data (mean £ SD). The results
ol replicated runs for each value of K were combined using
the Greedy algonthm in CLUMPP ver. 1.1.2 (Jakobsson amd
Rosenberg 2007) and the summary outputs were displayed
graphically using DISTRUCT ver. 1.1 (Rosenberg 2004).
The modal cluster membership for cach individual in cach
sampled arca from the run with the highest log-likelihoods
was plotted on s map using QGIS ver. 2.18.21 (QGIS Devel-
opment Team 2018), The Photo Scape X softwage (MOOII
Tech) was used for image processing.

Isolation by distance (IBD) between pairs of Balkan
chamois populations was tested using the package ade genet
2.0.0 (Jombart 2008) in R. A Mantel 1est was applied to test
the correlation between genetie distance (Edwards 1971) and
geographic diances matnces,

We excluded Albania (n=4) and Greece (n=13) samples
from all population-based analyses because of the small
sample size and included them only in the individual-based
analyses.

Mitochondrial data analysis

The mitochondrial sequences were manually checked and
assembled in FinehTV ver. 1.5.0 (Geospiza Inc.). The 100
new sequences of CR were aligned using the Clustal W algo-
rithm implemented in MEGA X ver, 10,05 (Kumiwr et al.
2018) wgether with 109 sequences retrieved from Gen-
Bank (accession numbers AM279274-279275, EUSST481-
EUSS7488, GUOS1843-GLOS 1916, KCS94557.KC5W4572,
KP730619-KP730627: Table §.3), The final alignment
consisted of 376 base pairs (bp) and was used to generute
haplotypes in DoaSP ver, 5.0 (Librado and Rozas 2009),
All newly generated haplotypes were submitted 1o GenBank
(accessions MT746066-MTT46005),

Evolutionary relationships between haplotypes were
anilyzed by a Median-Joining network (Bandelt et al,
1999) constructed with NETWORK ver. 5.0 (Fluxus
Technology Ltd.). The weights of characters' value were
sel 1o 10, while the parameter epsilon, which specifies &
weighted genetic distance 1o the known sequences in the
dataset, was set to O to obtain a sparse spanning network.

Results
Within-population genetic diversity

OF the twenty microsatellites chosen for the analysis of
the Balkan chamois population structure, locus MAF214
could not be amplified in 12 individuals while loci SY58
and SR-CRSP-9 showed the presence of null allele (Table
$.4) and sigmificantly deviated from HWE. These loci
were therefore excluded, together with INRA1ZT thit was
monomorphic. Of the total 101 samples collected, com-
plete genotypes were obtained for 92 individuals. We re-
amplified approximately 10% of the genotypes suspected
of allelic dropout and all genotypes were confirmed. The
set of sixteen microsatetlite loci yiclded a total of 116
alleles in the eight Balkun chamoss populations, ranging
from 2 (ETH10, SR-CRSP-6) to 11 (BOBT24) with an
average of 7.25 alleles per locus (Table S.2).

The within-population genctic diversity of the six Bal-
kan chamois populations is shown in Table 1. The HRV
and BIH populations showed significant deviation from
HWE based on the exact tests i Genepop (p < 0.05). After
applying sequential Bonferroni correction, the HRV popu-
lation deviated from HWE for locus BMI1258 (p=0.04)
while the BIH population deviated significantly (p <0.01)
from HWE for loc: SY434, SY259 and SR-CRSP-6. The
Fis values varied between -0.019 (SRB) and 0,198 (MKD).
The sequentinl Boaferroni correction applied to the link-
age disequilibrium test showed o significant value only for
locus CSSM66 (p < 0.05),

The lowest allelic richness (AR) was detected in BGR
(2.522) while HRV population had the highest values
(3.187). The observed number of alleles (A) across micro-
satellite Joci ranged from 3187 in MKD 10 5.250 s BIH.
All populations had 5 privite alleles with exception of
SRB that had none, and MNE that had only 3. The Hy,
varied from 0489 in the MKD population to 0.605 in the
MNE population, The Hy ranged from 0.519 (BGR) 10
0.655 (HRV). SRB was the only population that showed
an excess of heterozygotes.
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Table 1 Genetic diversity of sixseea micwsatellite markens in tive Balkan chamals populations

Country lpopulation N H,=SD He £SD Fis HWE A AR N,
{1C 955%)

Croatia (HRV) 8 058940212 065520141 0174 Doare 4388 3187 5
{= 0077-0.236)

Bosnin s Herzegovine (BIH) 20 (L5406 + 0250 GhI520172 0133 (00 5.250 2941 3
(0.034-0.187)

Serbia (SRB) 24 0520212 054820097 0019 nom™ 3.750 2595 1]
(= 0.126-0(M45)

Montenegro (MNE) 8 0605 + 0235 061920179 0092 0203" 4,250 39 3
(= 0.113-0.103)

North Macedonea (MKD) 3 04893 0043 05320213 0198 0548 L7 2w b
(= 0.213-0.198)

Budgaria (BGR) 14 0SWe0213 (51940195 035 0.2406™ EE T 252 5
(= 0.147-0.112)

N—numiber of samples: Hy—observed heterozyposity. He—expectod beteanzygosity: SD- liard deviation: Fy—inbreoding cocflicient: IC

95%—95% Confdence Interval: HWE—Hardy-Weirberp equilibeium (after Boafernoni adjmstment p values: *—non—significant valoe; *—
sigmithcant o p<0.05; **—sigmificant ot p<001); A—average number of alleley; AR—alldhic dehiness; Ny—nusmber of private alleles

Genetic variability among populations

The global Fgy value for the six populations was 0.184
with a 95% confidence interval significantly different from
zero (Clw 0,149 — 0.223), The Jowest pairwise Fep vilue
was observed between HRV and MNE populations (0.084),
while the highest value was found between SRB and BGR
(0.292) populations. Pairwise Fep values between BGR and
all other analyzed populations were significant (Fig. .1}
Significant valves were found between SRB and other popu-
lations except MNE, and between BIH and MKD.

The STRUCTURE results for K=2 grouped the popuala-
tions HRY, BIH, MNE, ALB, MKD, GRC, as well as one
individual from BGR. while the other cluster contained indi-
viduals from BGR and SRB populations and one individual
from BIH population (Fig. 1a). According to the Evanm
method, the best model of population assignment was
with three clusters (Fig. $.2). The STRUCTURE analysis
for K=3 assigned individuals from SRB and BGR to two
private clusters while individuals from the other analyzed
populations belonged to one common cluster (Fig. 1b). A
further increse 1o K=4 indicated the divergence of BIH
from the other Balkan chamaois populations (Fig. 1¢).

Applying the Mantel test across the six populations of
Balkan chamois, no significant positive relatsonships were
found between genetic Edwards” and geographical distances
(p=0.375, r=0.082; Fig. 2),

Mitochondrial DNA variation
MIDNA vanation analysis was performed on a 376 bp
sequence of CR. For the analysis of miDNA divessity and

the construction of the haplotype network, fwo datasets were
used, one containing only individuals of Balkan chamois
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(Table S.1) and the second contarmng all subspecies ana-
Iyzed in this study together with GenBank sequences (Tuble
S.3). For the dataset containing only Balkan chamois indi-
viduals (44 sequences). the total haplotype and nucleotide
diversity were 0.913 and 0.031, respectively (Table 2). The
ALB population showed the highest values of haplotype
(1.000) and nucleohde (0.030) diversity while the lowest
were detected in BGR (Hd w 0,464, s 0.009),

The second dataset consisted of 100 new CR sequences,
which were aligned together with 109 sequences from Gen-
Bank. A total of 30 new haplotypes of CR were defined
and deposited in GenBank under Accession numbers
MT746066—MT746095 (HRCR 1 7—HRCR46), Of these,
15 were found in Balkan chamois populations, 2 were shared
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Table2 Diversity of pamiol CR of Balkan chamods populations

Population N b 5 Hd+5D 7+5SD

HRV 5 2 1 0N0=021% 001520005
BIH 10 3 2 [Py PPN D026 20004
SKB 7 212 0420071 0DIS£0.005
MNE 4 1 15 0500+0265 002040011
ALB L) 307 1000272 0020013
MKD 3 210 D66TL0314 001720008
BGR % 2 13 04640200 00K 0,006
GRC 4 3 XN 0833£0222  0028:0.010
Towal 44 18 48 a913.002% 005 a0003
N bes of s used for analysis. & ber of haplotyp
s ber of segregating sites, Hd haplotype diversity, x nucleots)

diversity, SD standard deviation, HEV Croata. 8/H Bosnia asd Her-
eegoving, SRB Serbia, MNE Montenegro, ALB Albania, MXD North
Mocedonia, 8GR Bulgaria, GRC Greeco

between Balkan and Tatra chamors, 1 was shared between
Bulkan and Alpine chamois, while Alpine chamois itself had
¥ and Carpathian chamois 3 haplotypes. Two haplotypes
were sdentified in the Southern chumois (Table S.3). Align-
ment of 209 individual sequences revealed 136 segregating
sites and the total number of mutations was 143,

In the network containing only Balkan chamois individu-
aly (Fig. 3a), all esght sumpled popuolations had private hap-
lotypes, while two haplotypes (HRCRY and HRCR20) were
present in multiple populations. One individual of Balkan
chamois from the HRV population was assigned the haplo-
type HRCR29, while others shared the haplotype HRCRY
with individuals from the BIH amxt BGR popalations. Simi-
larly, one individual from the HRV population shared hap-
lotype HRCR20 with individuals from the SRB and MNE
populations

In the median-joining network obtained from 209 indi-
viduals (Fig. 3b) three haplotypes were detected whese R
r. balcamea shared identical sequences with R. 7 rupicapra
(HRCR9) and R. r. tarrica (HRCR20 and HRCR38) subspe-
cies (see Table S.3 for haplotypes information).

Discussion

Our results revealed the existence of three genetically and
geographically distinct populations of Balkun chamois.
Genetic differentiastion was most pronounced in BGR und
SRB populations while miDNA results revealed private
haplotypes i all eight sampled populations. The increased
divergence between Balkan chamois populations and the
existence of unique haplotypes could be o result of histori-
cal (post-glacial colonization processes) and recent events
(anthropogenic impacts). The long-term persistence of sub-
species depends on sufficient genetic diversity to adapt to o

variable environment, understanding the genetic diversity
and structure of subspecies is thus important for taking
effective management and conservation action (Souza-Shi-
batta et al. 2018). The use of molecular markers, in this case
microsatellites and mDNA, peovided important information
on the genetic diversity and evolutionary history of the Bal-
kan chamois population. Based on our results, we recom-
mend that spatinl popalations should be considered MUs.
in order to ensure effective management and conservation

of this subspecics.
Genetic diversity

We excloded four loci from the final dataset due to cither
poor amplification, high per ge of null alleles or mono-
morphism, Two of the excluded loci, SY58 and INRAI21,
presented the same issues i other studies (Buzan et al. 201 3;
Sprem and Buzan 2016), therefoee we recommend excluding
these two loci in future stuchies of Rupicapra subspecies,

According 1o Rodriguez et al, (2010), the reason why
loci (SY434, SY259, and SR-CRSP-6) in the BIH popula-
ton diverged significantly from the HWE could be due to
the genetic charactesistics of the population (immigrants,
Wahlund effect) rather than locus systematical deviation
from the HWE Since there was no deviation of these loci
from HWE in other populstions, we retained them in all
subsequent analyses, Concordantly with our results, in the
stidy by Sprem and Buzan (2016), the population Prenj from
Bosnia and Herzegovina showed significant deviation from
HWE based on exact tests and significant positive valies of
Fyq. but the deviation from HWE remained non-significant
afier Bonferron: coerection,

The degree of intraspecific genetic divessity is in impor-
tant criterion for characterizing conservation units and iden-
tifying populations 1o be prioritized tor protection (Bonin
et al. 2007), Natural selection operates with the genetic
raw matenial of the population (Funk et ul. 2013) to enabke
adaptation to environmental change and. eventually, evo-
lution (Boain et al. 2007). The intersction of genetic and
demographie factors leads to a loss of intraspecific genctic
diversity, especially in small and isolated populations which
are threatened by inbreeding depression and thus increasing
the extinction probability (Bonin et al. 2007). The Balkan
chameis populations’ genetic diversity amalyzed i this study
(Table 1) is low when compared with values reported in
the study of Rodriguez et al. (2010). Here we report val-
ues of allelic nchness ranging from 2.522 to 3.187, whereas
Roxdngoez et al. (2010) observed an allelic richpess of 3.74
for the nine individuals of Balkan chamois analyzed. This
difference might be due to the higher number of micros-
alellites vsed by Rodriguce ¢t al, (2010). A similar situ-
ation was found in a study on the population genetics of
Alpine chamois (Sogha et al. 2010y, which showed higher
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estimates of genetic chversity compared o the results on the
same subspecies by Buzan et al. (2013), These differences
in estimates of genetic diversity within the same subspecies
could be explained by differences in sample size, the use of
different or farger numbers of microsatellites, as well as the
representation of diflerent sampling locations. In our study,
the average value of observed heterozygosities (0.353) was
slightly lower than expected heterozygosity (0.581) indi-
cating u general excess of homozygotes. This might be a
consequence of the spatial structuring of populations into
subpopulations (Pérez ef al. 2002 Buzan et al. 2013), Of
particular interest is the low diversity of the BGR popula-
tion. which comes from the “[zvora State Hunting Reserve™
(ISHR) in the western Rhodopes and constitutes a major
source population for chamois translocations in Bulgana.
The observed values might be the result of negative Muctua-
tions in the number of chamois in the recent past, the current
census size ks around 250 individuals and the population
15 geographcally isolated (Markov et al. 2016), Acconding
1o Hristovich (1939), a total of 150-200 individuals were
estimated on the Rhodopes and the total number in Bulgaria
was around 1000 chamoss. Until the mid-nineteenth century
the Balkan chamois had a wider range of distribation in Bul-
garia, as it inhahited almost all suitable habitats in the Rila-
Rhodopian mountain range. At the end of the nincteenth
century, the subspecies disappeared from many of its rangey
due 10 the introduction of long-range rifles (Avramov and
Vakhey 2010). Markov et al. (2016) suspected that the ISHR
population underwent bottlenecks due to overhunting and
poaching in its recent history, which might lead to a continu-
ous loss of genetic diversity. The loss of genetic vaniation is
not still seen in the genctic makeup of the BGR population
although there ure small indications in the observed value of
Fs (0.035) showing minor inbreeding, contrary to Markov
ct al. (2016) expectations of high inbreeding.

Genetic differentiation among Balkan chamois
populations

Bused on the pairwise Fgp values, the SRB population dif-
tered significantly from other populations, except MNE. A
similar pattern was recorded for the BGR population which
diffeved signsficantly from the other studied populations
(Fig. S.1). These significant Fgy values could be explained
by populations isolation within the geographical features of
the sampled arcas in SRB and BGR {Fig. 1), as they could
represent a barrier to gene flow. A genetic differengiation
coused by similar factors was found in chamois in other
mountain ranges, not only between (Pérez et al. 2002; Cres-
tanello et al, 2009; Rodriguez ot al, 2010) but also within
subspecies (Crestancllo et al. 2009; Buzan et al. 2013;
Markov et al. 2016; Papaicannou et ak. 2019).

The high genetic differentiation of the BGR population
shown hy both Fgy amdl STRUCTURE might be a result of
the small effective population size in the Rhodopes at the
end of the nineteenth century and the multiple genetic bottle-
necks experienced by this popualasion (Markov et al. 2016).
According to the Action Plan for the Balkan chamos in
Bulgaria { Valchey ot al. 2006), the genetic diferentiation of
this population is the result of the ahsence of natural corri-
dors between populations in West Rhodopes, Rila, Pirin and
Tseatralen Batkan, as well as the internal fragmentation at
the loeal population level In addition to ssolation by habitad
fragmentation, another factor that could have led to such
genetic differentiation could be hybridization with Alpine
chamois. since individoals from this subspecies were intro-
duced in 1977 in the Keemisosh hunting reserve (Valchev
et al. 2006). The genetic differentiation of the SRB popula-
tion from neighboring populations was not unexpected. since
& similar patiern was observed in other species, including the
Dinaric-Balkan wolf population (Canmix Lupuy) where two
subpopulations were recognized, the “western”™ subpopu-
lation with individoals from Bosmia and Herzegovina and
Croatia and the “castern” subpopulation with individuals
from Sertaa and North Macedonia (Djan et al. 2014), Such
a structure in the wolf population was attributed to several
canses, inchiding bottienedck. different demographic historics
of subpopulations, a consequence of differences in hunting
pressure, and the possitality that the river Drina acts as a
barrier, separating the Peridinaric region (Djan et al. 2014).
This river acts as a natural barrier between the Dinarides
and the Scardo-Pindic mountain for other species, inchding
the lynx (Lynx fynx: Melovski et al. 2012) and wildcat (Felis
stfvestray, Urziet al. 2021), and its presence might have also
wlfected the Balkan chamois, dividing it into subpopulations.
The study on wildcat by Urzi et al. (2021) net only identified
a division between western and south-castern populations
but also emphasazed the importance of even sampling and
avoiding sampling gaps between analyzed areas. 1t would
thus be important to further investigate the Serbian chamois
populations, sampling all (or most) of the areas inhabited
by the species and combining different molecular markers
to clarify the status and population history ol chamois in
this country to help disentangle the effect of discontinued
suitable habstats, historical processes, life historics or envi-
ronmental barriers on the observed genene differentiation,

No significant correlation was found between micros-
atellite genetic distance and geographic distance (Fig. 2).
A similar case was found in Alpine chamois (Sogha et al.
2010), where six geographic populations from different sites
on the southern slope of the Alps showed no significant cor-
relation of genetic and geographic distances. A significant
correlation was found after the removal of the Lombard Pre-
alps population, for which Soglia et al. (2010) hypothesized
that it may have suffered from possible impacts of 2 founder
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effect combined with geographic isolation and that differ-
ent gepetic chamscteristics of the source metapopulation may
have disrupted the expected IBD pattern.

Mitochondrial DNA diversity

We observed a relatively high amount of haplotype and
nucleotide diversity in the Balkan chamois populution
(h=0913; x=0.031: Table 2). The Balkan chamois popula-
tion from the BGR population had very low daversitics com-
pared with all other populations. which could be the result
ol its recent population history with multiple reductions in
numbers (Markov et al. 2016), On the other hand. the ALB
and GRC populations had high levels of diversity despite a
very limited sample size, Here we must take into account the
foct that molecular genetic studies of biodiversity that use
miDNA marker variation to chamctenze the existing genctic
diversity of species are particularly sensitive to sample size
(Phillips et al 2018),

The analysis of 44 partial CR sequences of Balkan cham-
ois revealed sixteen private and two common haplotypes
(HRCR9 and HRCR20, Fig. 3n), indicating genetic flow
among contiguous neighboring populations (SRB, MNE)
and the possibility of past trunslocations, whike geographi-
cally distant populations (BGR, GRC) were more differenti-
ated. The medzan-jowning network separited GRC haplotypes
from haplotypes belonging to other populations (13 muta-
tions). The four Greek Balkan chamois sequences obtained
in this study were from the noethern Pindus Mountains,
where Papaioannou et al. {2019) detected the higher vari-
ability among the Greek populations, close to the diversity
of the larger populations in the Alps. Similar results were
found in the studies of maternally inherited markers in other
chamois subspecies (Schaschl et al. 2003; Crestanello et al.
2000; Rodriguez et al. 2009, Rodriguez et al. 2010; Buzan
2013), where substructuring of the maternal gene pool nto
regional mitochondrial DNA phylogroups with fimited
gene flow between neighboring populations was observed.
Schaschl et ul. (2003) showed geographic structuring of
miDNA of Alpine chamois populations in Eastern Alps as a
consequence of immigration of chamois from different Pleis-
tocene refugia around the Alps after glacial retreat. and not
due 10 topographic barriers to gene flow. For all population
pairs studsed in Crestanello et al, (2008), differentiation was
always higher for the CR than for the microsatellites, which
was to be expected given the higher sensitivity of this locus
to genetic dnft.

When comparing the Balkan chamois sequences with the
dataset containing all other Rupicapra spp. (Fig. 3b), one
shared haplotype with Alpine chamois and two shared with
Tatra chamois were found (HRCRY, HRCR20, HRCR38),
The haplotype network grouped Balkan hoplotypes from
Dinara Mt in HRV, Rhodope Mt. in BGR, and Prenj Mt

€ Springer

mn BIH with Alpine haplotypes from North Velebit Mi
(HRCR9), Similar results were published in Sprem and
Buzan (2016), where haplotypes from the Biokovo, Dinara,
Velebit and Prenj Mts. grouped with six haplotypes from the
Velebit Mt as a result of past chamois translocations (see
Apollonio et al. 2014 for a review), The analysis of the com-
plete mitogenome ( lacolina ¢t al. 2021) revealed the pres-
ence of un R.r. rupicapra sequence withan the Ror. balcamica
clide. The results reported in the same study showed past
reintroductions und translocations in the Northern Dinaric
mountains in Croatia Translocations and genetic introgres-
sion might as well explain the presence of the HRCRY hap-
lotype in the BGR population, since according to Markov
et al. (2016) a few individuals of Balkan chamois from the
ISHR population may bave been introgressed with Alpine
genes. An alternative explanation, from the sume awthors,
suggested that the introgression signals might rather reflect
shared ancestral polymorphssm that might have accumulated
through genetic dnft

Based on the median-joining network analysis, Balkan
chamoss individuals from SRB and MNE populations shared
haplotypes with Tatra chamois (HRCR20 and HRCR38,
Fig. 3b). The two subspecies were previously described as
sister groups (Tacoling et al. 2021 ) and « similar result was
foand in the study by Rodrigucz et al. (2010), in which the
Neighbor-Joining tree, based on combined sequences of dif-
ferent regions of mDNA, grouped an individual of Balkan
chamois close to Tatra chamois. According to the supple-
mentary files of Rodriguez et al. (2010). this one individuoal
that grouped with the Tatra chamois originited from the
Serbian Carpathians. The same results were obtained for
the mtDNA cytochrome b region (Rodriguez ef al. 2009),
where the Balkan chamois shared the same haplotype with
the Tatra, Carpathian, Anatolian and Cavcasion chamois,
The shared haplotypes between Balkan and Tatra chamois
could be explaned by possible hiszorical events of introgres.
sion between subspecies or shared phylogeny, as previously
suggested by Rodriguez ot al. (2009},

Conclusions

Results of this study showed the presence of a4 main
genete cluster comprising most of the Balkan chamois
populations, the separation of the BGR chamois into a
completely isoluted population, whereas the SRB popula-
tion 1s only partially ssolated as it still shared meDNA line-
ages with the MNE chamoss. Our results thus reveal that
Balkan chamois populations create an archipelago rather
than a peninsula as a result of habitat und population frag-
mentation and an overall reduction in population size due
to multiple, non-exclusive fuctors such as poaching and
unsustainable hunting, increased density of infrastructure.
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competition with livestock for pastures, predation, and
the introduction of other subspecies of chamois, mainly
Alpine chamois,

During the last decades. the Balkan chamois has been
threatened wath extiaction i many parts of its distribu-
tion range, The introduction of new individuals into small,
fragmented populations affected by genetic drift or genctic
erosion should be strongly considered. Introductions and
trunslocations, however, should be supported by genetic
screening to prevent unwanied negative consequences. We
thus recommend a fine scale geographic sampling scross the
distribution range 10 detect areas of genetic discontinuity
and the identification of (potential) corridors. Overall, long-
ferm (genctic) monitoeing and the establishment of MUs is
warmly recomimended s a basis for sustainable management
of these populations and their conservation, The implemen-
tation of measures aimed at increasing genetic connectivity,
while reducing the risks associated with stochastic effects
are needed 1o improve the sustamability of Balkan cham-
ois populations in the future. Additionally, ancient DNA
analysis of archeological and muscum samples would help
clarifying the subspecses population history and defining its
baseline histarical genetic diversity.
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Abstract

The translocation of wild animal species became a common practice worldwide to re-establish local popu-
lations threatened with extinction. Archacological data confirm that chamois once lived in the Biokovo
Mountain but, prior to their reintroduction in the 19605, there was no written evidence of their recent
existence in the area. The population was reintroduced in the period 1964-1969, when 48 individuals of
Balkan chamois from the neighbouring mountains in Bosnia and Herzegovina were released. The main
objective of this study was to determine the accuracy of the existing historical data on the origin of the
Balkan chamois population from the Biokovo Mountain and to assess the genetic diversity and population
structure of the source and transbocated populations 56 years after reintroduction. Sixteen microsatellite
loci were used to analyse the genetic structure of three source chamois populations from Prenj, Cvrsnica
and Cabulja Mountains and from Biokove Mountain. Both STRUCTURE and GENELAND analyses
showed a dear separation of the reintroduced population on Biokovo from Prenj's chamois and consid-
erable genetic similarity between the Biokovo population and the Cvrsnica-Cabulja population. This
suggests that the current genetic composition of the Biokovo population does not derive exclusively from

Copyright Andreo Rezx ot al Thas 5 an open aceess artcle datributed under the terms of the Creative Commons Attnbetion License (CC BY
4.0), which permits unrestricted use, datritution, and reproduction in any medium, provided the oripwal athor and source are credted
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Prenj, as suggested by the available lirerarure and personal interviews, buralso from Cyrsnica and Cabulja.
GENELAND analysis recognised the Balkan chamois from Prenj as a separate cluster, distinet from the
populations of Cvrsnica and Cabulja. Our results thus highlight the need 1o implement genetic monitor-
ing of both reintroduced and source populations of endangered Balkan chamois to inform sustinable
management and conseevation strategies in order 1o maximise the chances of population persistence,

Keywords

Biokovo, genetic structure, microsatellize, Prenj, translocation

Introduction

The reintroduction and translocation of wild species for various purposes became a
common practice worldwide and was used as a conservarion rool for rescuing and re-
establishing extirpated populations (Cullingham and Mochrenschlager 2013). North-
ern chamois (Rupicapra rupicapra L.) is one of the examples of successfully translo-
cated species (Apollonio cr al. 2014) in many arcas of Europe (Crestancllo et al. 2009;
Martinkova er al. 2012; Sprcm and Buzan 2016), bur also on other continents such as
South America (Corlatti et al. 2011) and New Zealand (Christic 1964). Past transloca-
tions of chamois left a genetic signature in recent populations which can be now used
for reconstructing undocumented events (Crestanello et al. 2009).

Today'’s populations of the Northern chamois in northern Dinaric Mountains in
Croatia arc descendants of successfully translocated individuals caprured on moun-
tain arcas in Bosnia and Herzegovina (Rupicapra rupicapra balcanica) and Slovenia
(Rupicapra rupicapra rupicapra) (Apollonio etal. 2014; Sprem and Buzan 2016). Since
different subspecics were involved in past reintroduction cfforts, a contact zone was
formed on the northern Velebit Mountains where these subspecies hybridise (Sprem
and Buzan 2016).

The Balkan chamois (Rupicapra rupicapra balcanica) is one of the seven recog-
nised subspecics of the Northern chamois. It is found both in the mountainous
regions of Croatia and in the mountain ranges of the cight other countries of the
Balkan Peninsula, from north to south: Bosnia and Herzegovina, Serbia, Montene-
gro, Kosovo, North Macedonia, Albania, Bulgaria, and Greece. The lack of conti-
nuity of these habitats and overhunting in the post-Neolithic period have severcly
fragmented the subspecics’ present distribution (Corlarti et al. 2022). In addition
to low colonisation rates and reduced gene How between isolated populations,
which may lead to gencric differentiation duc to the inbreeding cffect and loss of
allelic variants, the Balkan chamois is threatened by poaching (Papaioannou and
Kati 2007), habitat change (Kavéi¢ et al. 2019), unsustainable hunring (Sprcm and
Buzan 2016) and by the introduction of Alpine chamois subspecics (Iacolina et al.
2019). As a conservarion measure, the Balkan chamois is listed in Annexes 11 and
1V of the Europcan Union Habitats Dircctive 92/43/EEC (O] L 206, 22.7.1992)
and in Appendix 111 of the Bern Convenrtion (O] L 38, 10.2.1982). The Balkan

chamois is one of the most poorly studied subspecies of Northern chamois and
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knowledge on the genetic diversity and structure of the Balkan chamois popula-
tion is limited and restricted to regional-local studics (Markov et al. 2016; Sprcm
and Buzan 2016; Papaioannou ct al. 2019; Rezi¢ ct al. 2022).

The genetic structure of the Balkan chamois population on the Biokovo has been
studicd only by Sprem and Buzan (2016), and few other ccological studies have
included this population in a population density estimation (Kavéi¢ er al, 2021a)
and rutting behaviour (Kavéi¢ et al. 2021b). The study of phylogencric relationships
in Sprcm and Buzan (2016) revealed the existence of endemic Balkan haplotypes
in the Prenj and Biokove Mountains and a genctic richness of the historically vi-
able Prenj population comparable to Alpine chamois studied in Buzan et al. (2013)
from the south-castern Alps. The palcontological findings in the Baba cave, which
are more than ten thousand years old, confirm that chamois once lived in Biokovo
(Sabi¢ 2011) bur, before the reintroduction in the 1960s, there was no written evi-
dence of the recent existence of chamois in rhis area. According o historical records,
the chamois on Biokovo Mt. are descendants of individuals translocated from the
“Prenj” hunring district in Bosnia and Herzegovina established in 1961 (Rapai¢ and
Kunovac 2020) which included both Prenj and Cvrsnica massifs. This hunting dis-
trict had, at that dime, stable and numerous chamois populations and was used for
many reintroduction programmes in the Balkans (Rapai¢ and Kunovac 2020). The
reintroduction of chamois on Biokovo Mt. was the result of the planned introduction
on this arca by the Union of Hunting Association, the municipality of Makarska and
the Union of Hunting Association of Imotski, mainly with the aim of increasing the
population size for hunting purposes (Sabi¢ 2011). Prior to the reintroduction from
the “Prenj” hunting district, assessment of the suitability of the Biokovo habitar was
made and, after a positive evaluation, a first release of 7 individuals (3 males and 4
females) took place on 1 November 1964 (Sabi¢ 2014). A total of 48 chamois was
successfully reintroduced in the period between 1 November 1964 and 23 October
1969 (Sabi¢ 2014). The success of the reintroduction of the Balkan chamois in the
Biokove M. is reflected by the latest populartion size estimare (Kaveic et al. 2021a),
according to which this arca is now inhabited by at least 600 individuals.

‘The main objective of this study was to determine the accuracy of historical data
on the origin of chamois in Biokovo, and to assess and document the genetic status of
both the source and wranslocated populations, 56 years after reintroduction, by using
microsatellite markers.

Materials and methods

Ethical statement

All samples used in this study were from hunted (regular hunting acriviries approved
by the competent Ministry of Agriculture of the Republic of Croaria within the annual
game management plans) and from remains of naturally dead animals (samples from
Bosnia and Herzegovina).
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Population sampling

We collected 20 samples from Biokovo and 29 samples from three arcas which serve
as source populations for reintroduction and possible recent recolonisation (Prenj,
Cvrsnica, and Cabulja Mountains). Derails of sampling locations are given in Fig, 1
and Table 1. The samples were collected between 2017 and 2020. After collection, the
samples were preserved in 96% ethanol, delivered and stored ac -80 “C in the Labora-
tory of molecular ecology, University of Primorska.

Figure . Results of the analysis of sixteen microsatellite loci in four Balkan chamois populations a geo-
graphical representation of results from STRUCTURE and GENELAND software, The pie charts show
the results from STRUCTURE for & = 3, The different colours of the pie charts represent the propor-
tions of cach ancestral genotype per individual g (in %) in cach of the four predefined Balkan chamois
populations. The size of the pie charts indicates the number of samples collected at cach location. The
different shapes and colours of the chamois silhouettes represent the results of the spatial analysis under
uncorrelated frequency model performed in GENELAND. The three spatial clusters are shown, while the
assignment to the fourth ghost duster was not shown because no individuals were assigned to it (see text
for detils). The dashed line indicates the national border, while the state road M17 in Bosnia and Herze-
govina is marked with an orange line. The green lines represent connections with other main roads. The
course of the river Neretva is marked by a blue line b genetic structure of the 49 Balkan chamois individu-
als analysed, shown as a bar plot from STRUCTURE at K = 3. Each vertical bar represents an individual,
and the percentage of each colour corresponds to the percentage of the respective ancestral genotype. The
studied populations are separated by a black line.
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Table |. Generic diversity of four Balkan chamois populations assessed using sixteen microsarelliee loci.

Population locality/ N H, H, HWE F,(IC%%) A AR N, N (C95%)

o

country (D) (SD)
Prenj 43°32'03°N, 12 0636 0.637 0013° 0.046 4.500 2517 11 10.500
17°54'1 2"E/BIH (0,274) {0.150) (<0.147-0.116) (6.500-18.601)
Cynnica 43°38'18°N, 12 0552 053 0011 0.014 3937 2223 3 7.700
17°38°30"E/BIH (0.287) {0.206) (-0, 131-00038) (4.100-13,(4x))
Cabudja 43729'11"N, 5 0575 0535 0913 0,659 3375 2376 2 -
17°37°20"E/BIH (0.251) {0.187) (-0.415-0.089)
Biokovo 437 19'47"N, 20 0584 0597 0389 0.048 4.625 235% 6 57.200
17°63'05"I/HRV (0.132) (0.138) (~0.050-0.084) (28600371 .800)

BIH - Bonia and Herzegovina, HRY - Croatia; V- number of sumples; , — observed heterozygosity; 1 - expected
hetesozygosity: SD - standard deviation: F_ — inbreeding aoefficient: /€ 95% — 95% Confidence Intenval: HWE
~ Handy-Weinberg equilibrium (after Bonferroni adjustment p values: ™ — non-significant value; * - sgnificant at
P < 0.05); A - average number of alleles; AR — allelic richness; N_— number of private all des: N - effective populacion
vize and its conhdence interval estimated with the chisquare (e, pammetnc).

DNA extraction and microsatellite amplification

We extracted DNA from tissue samples (V « 49) using the commercial peqGOLD Tis-
suc DNA Mini Kit (PEQLAB Biotechnologic GmbH) following the manufacturer’s
protocol in a final volume of 150 uL. DNA concentrations were measured with Qubit
dsDNA BR Assay Kit (Invitrogen BR Assay Kit, Carlsbad, CA, USA) on a 3.0 Qu-
bit Fluorimeter (Life Technologies, Carlsbad, CA, USA). Sixteen microsatellites were
amplified using PCR multiplex scts previously investigated in studies with chamois
(Zemanovi etal. 2011; Buzan et al. 2013; Sprem and Buzan 2016; see Suppl. material
1: Table S1). The PCR protocol described in Rezi¢ et al. (2022) was used for amplifica-
tion of microsatellitc regions. Genotyping crrors were assessed by re-genotyping of ten
randomly chosen individuals from the final data set and comparing these genotypes to
the initial ones. Fragment analysis was performed on an ABI 3130 Genetic Analyzer
(Applicd Biosystems) using the GeneScan LIZ500 (-250) Size Standard (Applied Bio-
systems). Microsatellite genotypes were analysed using Gene Mapper v. 4.0 software
(Applicd Biosystems).

Microsatellite data analysis

We used the Expectation-Maximization (EM) algorithm implemented in FREENA
(Chapuis and Estoup 2007) to estimate null allele frequencies for cach microsartel-
lite locus, as they can cause significant heterozygote deficit and population deviarion
from Hardy-Weinberg cquilibrium (HWE). Values of null allele frequency greater than
r 2 0.20 were reported (see Suppl. marterial 1: Table S2), FREENA software was also
uscd to calculate global £ values and £, values for cach pair of analysed populations,
both with and withour the use of the excluding null alleles (ENA) correction method,
as described in Chapuis and Estoup (2007). The Wilcoxon Two Sample test was used
to compare the corrected £, values with the original £ values and 1o test the signifi-
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cance of null alleles in the analyses. The Wilcoxon Two Sample test was performed in
R ver. 4.0.5 packag: stats (R Core Team 2020).

We considered cach sampling location as a separate population due to limired dis-
persal of subspecies berween mountain ranges (see Table 1). The exact probability test
for cach locus and population was used to test the deviation of the obscrved genotype
frequency from HWE using the Markov chain method with 10,000 dememorisation
steps, 500 batches and 10,000 subsequent iterations in GENEPOP ver. 4.7.2 (Roussct
2008). The same test, based on a Markov chain method implemented in Genepop,
was used to analyse pairwise linkage disequilibrium (£D) berween all pairs of loci in
all popularions. A sequential Bonferroni procedure (Holm 1979) was applied ro cor-
rect for the cffect of multiple comparison tests by using the adjust p-values funcrion
implemented in R ver. 4.0.5 package stats.

GENETIX ver. 4.05.2 (Belkhir et al. 1996-2004) was used to calculate the mean
number of alleles, observed () and expected (H,; Nei 1978) hererozygosity for each
locus in all populations, and the inbrecding cocfficient (#,) and its confidence in-
tervals. The number of private alleles was estimated using the GENALEX ver. 6.502
(Peakall and Smouse 2012). We estimated allele richness in cach population using the
rarcfaction procedure implemented in FSTAT ver. 2.9.3.2 (Goudet 2001). The same
software was used ro analyse the level of genetic ditferendiation between sampling pop-
ulations (pairwise F_ ) and calculare their respective p-values using 1000 permurations.

The Bayesian clustering program STRUCTURE ver, 2.3.4. (Pritchard et al. 2000)
was used to estimate the most likely number of ancestral genorypes (K) within the enire
sample, and to estimate the proportions of each ancestral genotype in Balkan chamois
individuals. We ran the analysis allowing for admixture and correlated allele frequency
with ten independent runs for cach K between 1 and 7 with a bum-in 500,000 steps
followed by 10" Markov chain Monte Carlo (MCMC) iterations. The results of the re-
peated runs for cach value of K'were combined with the Greedy algorithm in CLUMPP
v. 1.1.2 (Jakobsson and Rosenberg 2007), and the summary outputs were visualised
with DISTRUCT v. 1.1 (Rosenberg 2004), To estimate the most likely &, we applied
the ad hoc summary statistic AK developed by Evanno ct al. (2005). STRUCTURE
HARVESTER (Earl and vonHoldt 2012) was used to compare the average estimates of
the likclihood of the data, In[Pr(X|K)] for cach value of K. The same software was used
to gencrate graphs for the mean log posterior probability of the dara (mean = SD).

The modal proportions of ancestral genotypes for cach individual in cach sampled
arca from the run with the highest log-likelihoods was plotted on a map using QGIS
ver. 2.18.21 (QGIS Development Team 2018), We estimated the effective population
size (N) using the linkage disequilibrium-based method (Hill 1981; Waples 2006;
Waples and Do 2010) implemented in NeESTIMATOR V2 (Do et al. 2014). Rare
alleles below an allele frequency of 0.02 were excluded (as recommended by Waples
and Do 2010). The effective population size for Cabulja Mt. was not calculated due to
the small sample size.

The robustness of the results of STRUCTURE was estimated by analysing the
same data with the spatial Bayesian clustering model implemented in GENELAND
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software (Guillot et al. 2005a). Although there are several Bayesian clustering meth-
ods that perform sparial analysis of generic data, GENELAND was chosen because it
provides the most accurate estimates of true genetic structure (Safner cral. 2011). We
followed the recommendations of Guillot et al. (2005a) to set up the analysis. The al-
gorithm was run in two steps. In the first step, the algorithm was run ten times to infer
K under the uncorrelated frequency model, with the parameter indicating the degree of
uncertainty of the spatial coordinates sct to 10. The MCMC iterations were set to 10°
with a thinning of 100. The number of populations was set from K= 1 to K= 5. The
maximum number of nuclei in the Poisson-Voronoi tessellation was set to 300. After
determining the number of population clusters in the first step, we ran the algorithm
setting K to this number and leaving the other parameters as in the first step.

Results and discussion

The sixteen microsarellite loci yiclded a total of 95 alleles, which varied berween 2 (for
locus ETH10 and SR-CRSP-6) and 10 (for locus BM1258) with an average valuc of
5.937 alleles per locus (see Suppl. marerial 1: Table S1).

The values of null allcle frequencics were low for most analysed loci, except for loci
ETHI10, SY434, TGLA53, and SR-CRSP-6, whose frequencies were estimated to be
r 2 0.20 (sec Suppl. marerial 1: Table $2), The presence of null alleles was found in all
three popularions from Bosnia and Herzegovina. The various factors caused by naru-
ral population mechanisms, such as disassortative mating, bortlencck, fluctuations in
population size, can cause heterozygote deficit thar can be interpreted as false positive
presence of null alleles (Dabrowski et al. 2014), which led to the decision to retain all
analysed loci.

The Prenj population deviated from Hardy-Weinberg equilibrium (HWE) bur the
deviation was significant at the 0.05 level only for locus SY434 after applying sequen-
tial Bonferroni adjustment (Table 1). This may be a consequence of the recent severe
bottleneck in this population, which was previously stable. Gafi¢ and Dzcko (2009)
noted that the population of Balkan chamois in the Prenj hunting district, which
included both the Prenj and Cvrsnica massifs, was approximarely 4,000 individuals
in 1966, bur due 1o the civil war in the 1990s, the population was greatly reduced by
illegal hunting, with up to 95% of the population lost. Since no deviation from HWE
was abserved at this locus in other populations, we retained it in all subsequent analy-
ses, After applying the sequential Bonferroni correction to the linkage disequilibrium
results, no significant value was observed.

The Prenj population had the highest values of observed (0.636) and expected
(0.637) heterozygosity, and allelic richness (2.517). A similar pattern was recorded
in the study of Sprem and Buzan (2016) where the Prenj population had the highest
values of allelic richness, observed. and expected heterozygosity and significantly devi-
ated from HWE. In the Sprem and Buzan (2016) study: the Biokovo population had
the lowest allelic richness. The observed number of alleles (A) varied from 3.375 in the
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Cabulja population to 4.625 in the Biokovo population. All populations had private
alleles (N’) and the highest number of private alleles (11) was observed in the Prenj
population from Bosnia and Herzegovina (Table 1).

Effective population size was estimared for three sampled sites, excluding the
Cabulja population due ro small sample size (Table 1). Cvrsnica had the lowest results
for N, although very similar to those estimared for Prenj. The higher estimares for
the Biokovo population should be taken with caution, considering our results suggest
the presence of multiple funding sources. Additionally, Do et al. (2014) showed thar
microsatellite loci could lead to a slight upward bias for the linkage disequilibrium
method when the critical value is set to p = 0.02.

The lowest £, value was found between Cvrsnica and Cabulja (= 0.024), while
the highest and significant £ value (0.084) was observed between two neighbouring
populations from Bosnia and Herzegovina (Prenj and Cvrsnica; Table 2). The global
F_ values were 0.067 (C7 = 0.031-0.108) withour using the correction method and
0.071 (C = 0.038-0.112) with the ENA correction method for null alleles. The Wil-
coxon Two Sample test showed no significant differences between the corrected and
original F__values (p = 0.734), indicating that the presence of putative null alleles did
not affect the analysis (see Suppl. marerial 1: Fig. S1).

The algorithm developed by Evanno et al. (2005) identified K = 3 as the optimal
number of ancestral genotypes detected by STRUCTURE analysis for four analysed
populations and detected another peak at K = 5 suggesting a possible further generic
structure subdivision within the populations (see Suppl. marerial 1: Fig. §2). Accord-
ing to STRUCTURE results, populations from Prenj, Cvrsnica, and Biokovo had high
proportions of genomes from a single ancestral genotype (¢ 2 0.88 in all three popula-
tions), which for Prenj differ from Cvrsnica and Biokovo, while in the population from
Cabulja the highest proportion of same ancestral genotype as in Cvrsnica was lower
(g = 0.63; Fig. 1a). The diffcrence in genetic composition between Balkan chamois
from Prenj and other populations is likely duc to a barrier to gene How berween the
studied populations, but alse probably a consequence of recent bordeneck effect, due
to extirpation of chamois during the Balkan civil war (Frkovi¢ 2008) and population
local adapration. Cvrsnica, Cabulja, and Prenj Mts. are restricted to habitar patches,
particularly by the steep river canyon of Neretva, which might lead to their finc-scale
fragmentation. The Nerctva River, onc of the largest rivers in the castern part of the
Adriaric Basin, separates the Prenj Mt. from the Cvrsnica and Cabulja Mts. and forms
the official border between the “Cvrsnica™ and “Prenj” game reserves (Juri¢ 1998).
Landscape features of the Neretva River valley, as well as the adjacent road M17, built

Table 2. Pairwise F, values between four studied populations of Balkan chamois.

Populations Cyrsnica Cabulja Biokove
Pren) 0.084" 0.047% 0.074*
Cvnnica 0,024 0.072*
Cabudja 0.027%%

P values: ™ — non — significant value; * - significant ac p < 0.05.
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asa part of the European Route E73, can act as cffective barriers for the species natural
dispersal, and hinder gene exchange between the studied populations (Soglia et al.
2010; Buzan ct al. 2013). Additionally, the population decline in the last Balkan civil
war could have contributed by isolating small groups of chamois to restricted habitat
patches, although geographically very close to cach other. Individual propordons of
ancestral genotypes assigned by STRUCTURE support the higher levels of admixture
in Cabulja when compared to the other populations (Fig. 1b). According to the ¢
values, only onc individual from Cabulja had a g4 value above the threshold of 0.75
sharing similar genotype as individuals from the Cvrsnica population, while all oth-
ets had admixed genorype (¢ < 0.70). One individual from Cvrsnica stood out from
the others with a ¢ = 0.23 proportion of ancestral genotype that was present mostly
in Prenj population. As previously mentioned, natural migration between individuals
from Prenj and Cvrsnica is currently unlikely, due to the presence of barriers, however
this might not have been the case before the construction of the road infrastructure.
STRUCTURE indicated that the reintroduced Balkan chamois population in the
Biokovo Mt. is genetically more similar to the population from Cabulja, suggesting
that the reintroduced individuals in the Biokovo Mrt. may originate from this arca, as
well as from Cvrsnica, whereas animals translocated from Prenj did not leave detect-
able genetic signatures. According to Juri¢ (1998), 992 individuals of Balkan chamois
were counted in the Cvrsnica hunting ground which also includes the territories of
the ncighbouring Cabulja M. It is possible thar populations Cvrsnica and Cabulja
were connected in the past and formed a single population, as can be inferred from the
results of STRUCTURE. Duc to the civil war in the Balkans in the 1990s and conrin-
ued illegal hunting and poaching, this single population has dwindled in numbers and
become fragmented and isolated in the high mountain habitats (statements of local
people). The divergence between Prenj and Biokovo from Cvrsnica and Cabulja popu-
lations may be duc to the historical founder effect and more recent genetic drift due 1o
isolation, and local adapration. Despite decades of long unsustainable hunting, preda-
tion, poaching and natural events (Sprem and Buzan 2016) the inbreeding levels in the
analysed populations are still moderate. The results of genctic compoesition of Biokovo
population can influence population viability through time and it is very important to
monitor genetic parameters of the reintroduced population to prevent a loss of genctic
diversity due to inbreeding and genetic drift (DeMay cral. 2017).

To improve the previous analyses, the spatial context of individuals was taken
into consideration and tested with GENELAND. This analysis revealed a similar
pattern of clustering of individuals as STRUCTURE, but suggested an additional
fourth spadial cluster along the MCMC chain (see Suppl. material 1: Fig, $3).
GENELAND detected two spatial clusters among the three analysed populations
in Bosnia and Herzegovina, while one spartial cluster corresponded to the popu-
lation in Biokovo (Fig. 1). The distinction between Prenj and Biokovo was also
detecred by Sprcm and Buzan (2016), who used the BAPs algorichm for sparial
clustering of groups and showed the separation of the Balkan chamois popularion
of the Prenj Mr. from the Biokovo Mt. population. The fourth cluster revealed by
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GENELAND spatial model was a so-called “ghost cluster” (Frantz er al. 2009)
since no individual was assigned to it. Ghost clusters are not uncommon burt are
still a poorly understood phenomenon that can be caused by a heterogencous dis-
tribution of samples (Aziz et al. 2018). It is possible that all the clusters identified
by GENELAND represent a truc gencric subdivision, but the degree of differen-
tiation berween them was too low for the clustering to be consistent (Frantz ex al.
2009). Another possibility is that the GENELAND model might overestimate the
number of generic clusters when analysing populations which are affected by isola-
tion by distance (Frantz et al. 2009).

Future studies will need to incorporate non-invasive genetic sampling, telemerry
and behavioural patterns to confirm possible migration and gene flow between these
populations. In the available literature there is no indication of the exact location
where the animals released on Biokovo were caughe. It is only known that the indi-
viduals came from the Prenj hunting districr, which included two game reserves called
“Cwrsnica” and “Prenj” (established in 1893 by the Austro-Hungarian Empire) and
which were declared protected arcas (Rapai¢ and Kunovac 2020). Jurié (1998) stated
in his master’s thesis that the ranslocation of Balkan chamois from the game reserve
“Cvrsnica” began in 1962 and lasted unil 1970. During this period, a total of 101
Balkan chamois was translocated to different arcas in the Balkans, but the author did
not write any additional information about the location where the animals were caughe
or the places where they were translocated. It is not yer known whether these data exist.
Therefore, it is very important to establish standards for documenting and monitoring
specics translocation projects.

Conclusions

Non-invasive monitoring of genctic parameters of both reintroduced and source pop-
ulations of endangered Balkan chamois, rogether with demographic monitoring, is
crucial for sustainable management practices and improving conscrvation strategics
to maximise the chances of population persistence. Our genctic diversity results show
that the Balkan chamois population from Biokovo can serve as a potential source for
future translocations, especially to the source habitats, Cvrsnica and Cabulja, thar are
currently threatened by loss of gencric diversity due to unsustainable hunting and
poaching, leading to inbreeding and gencric drift.
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Abstract

During the early 1900s, Northern chamons (Rvpvowpra rupicapra) populations in the northern Dinaric Mountans were extir-
pated. During the 19605 and 19705 there were several remntroductions of individuals from two Northern chamois subspecies
(Alpine chamois, R. r. rypicapro and Balkan chamots, R 7. balcanica) from neighbouring arcas in the attempt (o re-establish
the population. Accurate taxonomic classification, at subspecies level, of the autochthonous extirpated population was not
known To clarify which subspecies was present before reintroduction, we genotyped four male chamois akulls originating
from Velebit Mountain, collected around 25 years before the population local extinction. DNA was successfully extructed
from middle layer and outer sheath of homs. Assignment based on microsatellite loci, using both Baycsian clustering in
STRUCTURE (with g values between 0.55 and 0.73) and DAPC (with individual membership probabilities of 0.99 and 1.00)

indicated higher waessed likelihood for the Alpine subspecies.

Introduction

Wilkdlife introduction outside a species’ native range, release
of captive-reared individuals, co-occurrence of related
domestic ammals, or the introduction of related exotic

51 Bera Basen
chorus busan O furmmel. upy v

' ey of Plat Beoesting, Genetics and N
Faculty of Agrivulture, University of Zagreh, Svetolimmnska
conta 28, 10000 Zagreb, Croutia

¥ Centre of Excellence for Biodiversity sl Molocubar Plust
Beeeding (Coll Crol* Biollv ). Svetodimnmuda costa 15,
1000 Zagreb, Croatin

' Depurment of Biadiveraty, Foculty of Mathemation,
Natural Sciences and Indi Techoologies, University
of Primeeska. Glagedpaiha X 6000 Koper. Shovenia

' Ewironmental Protexction College. Trg mbsdosti 7,
3320 Velenje, Snenia

' Depurtiment of Faherios, Apscibiore. Wikilife Mansgement
wnd Special Zoology. Faculty of Agricubmre. University
of Zagreh, Sverobimuemba cesta 28 10000 Zagreb, Croatie

¥ Departoment for Game Biology, Puhology sed Breating,

Facubty of Vi Medine. Uy My of Zagreh,
Hemeehovs 55, 10000 Zagreb, Croatia

Published ondioe: 25 Jamuary 2020

species—all represent possible sources of genctic pollution
and alterations in wild ungulate populations (Carpio et al.
2016; lacoling et al. 2019). Translocation of ungulates
management ool for reinforcement or reatoration of game
populations for hunting purposes became 4 widespread prac-
tice in the nineteenth century (Apollonio et al. 2014). At
that time, the genctic makeup of autochthonous and trans-
located populations was not considered. Therefore, translo-
cations have inevitably compromised the genetic integrity
of some populations of mative Evropean ungulates (Linnell
und Zachos 201 1), like, for example: red deer (Cervia ela-
phus—Senn and Pemberton 2009, Frantz et al. 2017), roe
deer (Capreolns capreolion—Olano-Marin ¢t al. 201 4; Biosa
et al. 2015), and chamois (Rupicapra spp.—Crestancllo et al.
2009; Zemanovd et al. 2015; Sprem and Buzan 2016). In the
case of the chumons, translocations of individuals for hunting
purposcs greatly increases the risk ol losing differentiated
gene pools and can lead to genetic extinction of some taxa
(Corlatti ct al. 201 1)

Contrary to some other ungulates” species chamois was
not subject to large scale (refntroduction operations to
support full recovery of species historical range. It was
mainly managed under some local efforts siming to restore
sutochthonous populations on solated mountan chains
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{Apolionio ct al. 2014). Historical data and archacological
research confirmed the past great abundance of chamois
in the wider Dinanc region (KneZevic 1938: Miracle and
Sturdy 1991) but, at the beginning of twenticth century,
due to predation, natural events and unsustainable hunt-
ing. this population was extirpated before i1s taxonomic
classification was assessed (Buzanet al. 2013; $pxem and
Buzan 2016). The last recorded sighting of autochthonous
chamois in the Velebit Mtn, part of the northern Dinaric
Mis, dates back to 1907, when several ammals were
observed (Skorup 2005). After a few decades from the
local extinction, the chamoss populstion was newly estab-
lished by a couple of reintroduction actions between 1964
and 1978. Individuals used for reintroduction originated
from two Northern chamois subspecies (Alpine cham-
ois—Rupicapra rupicapra rupicapra and Balkan chamos
Rupicapro rupicapra balcanicd) and diverse neighbouring
arcas (Sprem et al. 2015). In total, ten animals (5 F, S M)
of the Balkan subspecies from the Preny Min in Bosnia
and Herzegovina and five animals (3 F, 2 M) of the Alpine
subspecies from the Kamnik Alps in Slovenia were trans-
located to the Velebit Mtn (Frkovic 1981 Skorup 2005;
Frkovid 2008). So, today, historical samples represent the
only source of information on the taxonomic status of the
autochthonous northern Dinaric chamois population on
Velebit Mtn.

Molecular forensic methods, which include multilocus
geootyping of historical samples and statistical tools called
assignment tests are being increasingly helpful in wildlife
managemen! and conservation (Manel et al. 2005: Frantz
et al. 2006), DNA isolated from historical samples can be
used for the genetic reconstruction of populations origin or
even to defermine the source population of a single mdi-
vidual (Wandeler etal. 2007; Laster et al. 201 1: Polanc etal.
2012; Dufresnes of al. 2019). Additionally, historic infor-
mation, hased on genetic data. are important resources for
the choice of the most suitable individuals in reintroduction
or translocation actions (Paplinska et al. 2011: Apollonio
et al. 2014). However, genetic analysis of historical sam-
ples presents many challenges, including the sclection of an
appropriate sampling method, which will provide optimal
quality and quantity of DNA, but which, at the same time,
will not damage the sample/museum piece (Casas-Marce
et al. 2010; Burrell et al. 2015). For cervids and bovids, ant-
lers and horns were identified as suitable source of DNA for
such analyses (Hoffmann and Griebeler 2013; Buzan e al.
in preparation). For bovids. the middie layer between the
bone core and outer sheath of the horn can be sampled with-
out significantly damaging the horn (Jing et al. 2015). DNA
isolated from these sources can be successfully genotyped
and used to determine taxonomsc status of sampled animals
(Woods et al. 2017; Dufresnes et al. 2019), and to identify
impacts of past (rejintroductions on genetic varsability and
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its geographic distribation (King and Burke 1999; Apollonio
etal. 2014).

Assignment tests attempt to ‘assign’ multi-locus geno-
types of individuals 1o their population of origin, based on
the expected probabilities of that specific genotype ocour-
ring in each of the potential sources (Manel et al. 2005).
A standard spproach 1s to compute a discriminant func-
tion based on the expected genotypic frequency distribu-
tion under the assumption of Hardy-Weinberg and linkage
equilibrium mn each source populanon and then classify
unknowns 1o the group with the lighest discriminant score
(Manel et al. 2005). This methodology has shown high effi-
ciency in wildlife forensics (Ogden and Linacre 2015), as
for example: to detect a frand in a fishing competition in
Finland (Primmer et al. 2000), to confirm illegal transloca-
ton of red deer (Frantz et al. 2006), 10 confirm poaching of
the protected Sardinian mouflon (Ovis orientalis musimon)
(Lorenzimi et al. 2011).

In this study we &im to determine the taxonomic status of
chamois in the northern Dinaric Mis prior 1o their extirpa-
tion and reintroductions, using DNA solated from museum
samples and microsatellite markers.

Material and methods

Four skulls of male chamois from northern Dinarsc Mts—
Velebit Mtn (N 44° 57° 55", E 157 00" 04"), stored in the tro-
phy collection of the Croatian hunting association’s Museum
and Hunting club “Jarchica-Senj”, were the only available
samples with certified origin location and time from the
autochthonous northern Dinaric population. Museum sam-
ples were callected before reintroductions. in years: 1886,
1893, 1895, and 1939

Samples were handled in a clean room facility to avoid
contamination. From two skulls, the outer sheath of the hom
could not be removed, so bones were drilled with & dentist
dnll at 10,000 rpm 10 produce up 10 400 mg of bone pow-
der. For the other two samples, bone tissue from the middle
layer of horns was grounded into powder with 4 mortar and
pestle. DNA was extracted from bone powder using QlAamp
DNA micro Kit (Qragen) and EDTA followed by binding w
silica to produce 100 uL. of DNA extract (Adler etal 2011).
Detailed protocol is described in Buzan et al. (in prepara-
tron). Each sample was isoluted at least three times and sepa-
rately amplified.

Genotyping

We genotyped four museum samples with 20 microsatellites,
grouped in three multiplex sets. containing six or seven loc,
using the protocol described in Zemanova of al. (2011). 1f
the multiplex was unsuccessful, we repeated the analysis
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with single locus PCR. Multiplex and single locus PCR were
performed using the Qiagen Multiplex PCR Kit. Each reac-
von contaned 5 pl of Multiplex PCR Master Mix, 1 pL of
Q-Solution. primers (forward fluorescently labelled) with
concentrations between 0.1 and 0.8 pM, | pL. of extracted
DNA and ddH,0 1o & volume of 10 pl.. Fragment analy-
sis of all samples was performed on an ABI 3130 Gesetic
Analyser (Life Technologes) using a LIZS00 Size Standard
(Life Technologies) and separately to confirm replhicability
also on SeqStudio genetic analyser. Micrositellite gentypes
were examined using GeneMapper software v.3.7 (Life
Technologies).

Data analysis

Assignment of the four museum samples to a subspecies of
origin, based on microsatellite genotypes. was performed
using Bayesian model-based clustering implemented in
STRUCTURE 2.3 (Pritchard et al. 2000) and discriminant
analysis of principal components (DAPC. Jombart et al.
2010) implemented in R package adegenet (Jombart 2008},
For both analyses, we used microsatellite genotypes previ-
ously published by Sprem and Buzan (2016) as a reference
sample group for each subspecies. For the reference popala-
tions. we retained only genotypes with estimated member-
ship coefficients (q) to onc of the subspecies > 85%. This
selection cnitenia Jeft us with 20 genotypes assigned 1o the
Alpine and 32 1o the Balkan subspecies.

STRUCTURE analysis was performed using admix-
ture model with correlated allele frequencies, population
information (Alpine, Balkan or unknown) and selected the
option o update allele frequencies using only individuals
with known subspecics. Ten independent runs with 10

Markov-chain Monte Carlo (MCMC) sterations after a burn-
in period of 10% iterations, and number of populations (K)
set 10 2. The run with the highest loghkehhood value was
selected as the best assignment, and ¢ values for each indi-
vidual were then plotted using strutaG package (Archer ef al.
2016) in R 3.3.2 (R Core Team 2016).

In DAPC analysis, we used 52 genotypes of individuals
with known ongin (previously described reference samples)
1o estimate the discriminant function. The data were first
transformed using principal component analysis, and the dis-
criminant function was estimated from 20 retained principal
componcnts. We then used estimated discriminant coeffi-
cients 1o predict the scores of the discriminant functions for
the unassigned genotypes (museum samples) and estimate
the membership probabiliies for cach museum sample n
cach of the subspecies.

Results and discussion

Three out of four muscum samples were successfully ampli-
fied for all 20 microsatellite loci, while for the fourth sample
we were able 10 obtain the alieles & 16 microsatelhite loci
Re-screening with SeqStudio genetic analyser showed lower
rates of allelic dropout in longer alleles compared to ABI
3130 Genetic Analyser. Scoring patterns between machines
were consistent at all loc

STRUCTURE analysis detected higher proportions of
Alpine chamois genome. with individual membership values
ranging from 0.55 10 0.73 1 all four samples (Fg. 1). Whik
these proportions suggest assignment of all museum sumples
1o Alpine subspecies rather than to the Balkan one, the sup-
port for this result (in terms of g-values) is not conclusive.

Fg.1 Result from STRUCTU
RE analysis. Each bar reprosents b
ane indsvidual. Proportions of

grey (Alpine subsp. ) and black

(Ballan subsp ) represent the

coptribation of each subspecies o |
to cach individual's genome.

g 0 qt
S oo .u
3
2
o
&£
03 |
200 |
Agne Bakan Wuseym
=20 In=32) =4
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Membership probabilities obtained by DAPC analysis
were 1.00 for the first three museom samples, and 0.99 for
the fourth sample, all in favour of belonging to the Alpine
subspecies. The discrimination between reference individu-
als from different subspecies is visible on the plot of the
densities of individuals on the single discriminant function,
and discriminant function scores for all muscum samples
illustrate their assignment into Alpine subspecies (Fig. 2).
While this result seems more certain than STRUCTURE
q-values, it is important 1o stress that DAPC does not inclide
any estimates of uncertainty for membership probabilitics.
Discriminant function scores for the three museum samples
with complete genotypes were higher (2.44-3.16) than the
score of a single reference individual from the Alpine sub-
species (2.10), while the fourth muscum sample had a scoee
(1.03) lower than all Alpine individuals.

Several factors might have contributed 1o this lack of res-
olution in the results of both analyses. In the wide study of
the evolutionary history of chamois published by Rodriguez
et al. (2010) a Neighbour-Joining trée based on microsatel-
lite allele-sharing distances between 179 individuals from
all Rupicapra subspecies revealed two main clades corre-
sponding to the Iherian chamois and the Eastern chamois.
Most of Balkan and Alpine individuals belonged to different
subclades in Eastern lincages without a clear-cut between
them. On the other hand. their STRUCTURE results for
K =3 showed that individuals from Alpine and Balkan sub-
species grouped in the same genetic cluster, likely sharing
the same evolutionary history. Higher orders of structure
(K= 7-9) showed a differentiation between populations of
the ten currently recognized subspecies, though differences
were not always clear-cut. They also indicate that micros-
atellite differentiation scems to be more closely related to
morphological variation than mitochondrial DNA 1s. This
is evidence that microsatellites are better markers for recent

&) Springer

geographical population differentiation, but still in some
cases they are not sufficient to detect local rates of gene
introgression (low genetic differentiation) which, can then
be underestimated (Oliveira et al. 2008). Sprem und Buzan
(2016) reported that the average Fgp value between all ana-
lysed chamois population in the Dinaric Mts was 0.103. This
relatively low genctic differentiation between reference sub-
species presents an additional problem for the assignment
methods we applied (Ogden and Linacre 2015),
Furthermore, on the premise that temporal variance in
neutral genetic alleke frequencies, and therefore the amount
of random genetic drift, 1s nversely proportional to the
effective population size, we would expect direct conse-
quences of past population decline and extirpation on the
genetic patterns of historical populations (Waples 2005: Lui-
kart et al. 2010). Our reference and museum samples come
from different populations with different effective population
sizes and more than 100 years apart. which could be enough
for allele frequencies to change due to admixture and drift,
It has to be kept in mind that STRUCTURE attempts to
fit the parameters of the model as best as it can to explain
the patterns observed in the dati. So. even though the “true™
population of origin of the museum samples was not sam-
pled. STRUCTURE would still have to show one of the
sampled subspecies as the most likely source population
(Comuet et al. 1999) regardless of its biological ancestry.
Finally, even with all described uncertainties, our results
still provide a valuable indication on the most ikely genetic
and taxonomic composition of the autochthonous chamois
population. Such information is valuable for the manage-
ment and conservation implications of the population.
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