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1. UvOD

1.1. Raznolikost i ugrozenost slatkovodnih ekosustava

Voda predstavlja temeljni i neophodni ¢imbenik opstanka zivota na planeti Zemlji, a
slatkovodni ekosustavi ¢ine samo 0,01 % svih ekosustava na Zemlji (Dudgeon i sur., 2006.).
Zauzimaju manje od 1 % Zemljine povrSine, a istovremeno su vruce tocke bioraznolikosti
(eng. biodiversity hotspots) koje podrzavaju otprilike 10 % svih dosad opisanih vrsta
(Dudgeon i sur., 2006.; Strayer i Dudgeon, 2010.). Rastuc¢i antropogeni pritisak izrazito
negativno utjece na njihovu bioraznolikost, uzrokujuéi gubitak funkcija 1 usluga koje pruzaju
(Strayer i Dudgeon, 2010.; Darwall i sur., 2018.; Reid i sur., 2019.). Glavne prijetnje
bioraznolikosti slatkovodnih ekosustava su prekomjerno iskoriStavanje voda, izmjene
vodotoka, oneciS¢enje, urbanizacija, gubitak 1 fragmentacija stanista, klimatske promjene i
invazivne strane vrste (Dudgeon i sur., 2006.; Strayer i Dudgeon, 2010.). Medusobna
interakcija i djelovanje ovih antropogenih pritisaka rezultirala je smanjenjem populacija i
areala slatkovodnih vrsta diljem svijeta, stoga je ublazavanje brzog gubitka raznolikosti zbog
negativnih antropogenih aktivnosti jedan od najvecih izazova CovjeCanstva (Darwall i sur.,

2018.).

Slatkovodni ekosustavi Mediterana smatraju se jednom od vru¢ih tocaka globalne
bioraznolikosti. Dana$nja rasprostranjenost, genetska struktura i raznolikost slatkovodnih
organizama ovog podrucja odraz je proslih klimatskih uvjeta, geomorfolosSkih i
hidrogeografskih procesa poput promjena razine mora, tektonskih aktivnosti i glacijacija
(Hewitt, 2004.). Glacijacije tijekom pleistocena imale su znacajan ucinak na europske vrste
Ciji je dugoro¢ni opstanak u proslosti ovisio o glacijalnim refugijima smjesStenim na
mediteranskim poluotocima (Iberski, Apeninski i Balkanski) iz kojih su se mnoge kopnene i
vodene vrste u postglacijalnom periodu proSirile u srediSnje i1 sjeverne dijelove Europe
(Hewitt, 1999.; 2004.; 2011.). Jedna od posljedica ovih migracija jest postepeno smanjenje
genetske raznolikosti prema sjevernim podruéjima i veca raznolikost u juznim refugijalnim
populacijama. Ovakav uzorak genetske raznolikosti potvrden je brojnim filogeografskim
istrazivanjima (Hewitt, 2000.). Dugotrajna izolacija populacija u razli¢itim glacijalnim
refugijima Balkanskog poluotoka dovela je do njihove povecane genetske divergencije i/ili
specijacije te danas ovo podru¢je karakterizira visoka bioraznolikost 1 endemicnost

slatkovodne faune smjeStene u malim podruc¢jima i1 s malim veli¢inama populacija
2



(Banarescu, 2004.). Ova slatkovodna staniSta istovremeno su medu najugrozenijim i njihova
se bioloska raznolikost dramati¢no smanjuje, s visokim stopama izumiranja i velikim brojem
ugrozenih vrsta (Figueroa i sur., 2013.; Collen i sur., 2014.).

Hrvatska je smjeStena u jugoistocnoj Europi, dijelom na podru¢ju Balkanskog
poluotoka te zahvaljujuci paleogeomorfoloskim znacajkama obiluje vodom. Obzirom da je
smjestena u Cetiri biogeografske regije (alpinska, kontinentalna, mediteranska i panonska) te
obuhvaéa razli¢ita geoloska, pedoloska, hidroloska i klimatska podrucja, u njoj postoje
raznoliki slatkovodni i podzemni ekosustavi koji su kroz evolucijsku povijest omogucili
razvoj brojnih, Cesto endemskih vrsta (Verovnik i sur., 2004.; Bilandzija i sur., 2013.;
Klobucar i sur., 2013.; Previsi¢ i sur., 2014.; Jeli¢ i sur., 2016.). Geolosko-klimatski procesi u
proslosti i geomorfoloska obiljezja Balkanskog poluotoka snazno su utjecali na divergenciju i
specijaciju lokalnih slatkovodnih organizama stvaraju¢i mozaike divergentnih evolucijskih
linija. Fragmentirana paleohidrografska mreza dinaridskog krsa omogucila je stvaranje
biogeografskih barijera, zaStitu tijekom glacijacija 1 staniSte s konstantnim klimatskim
uvjetima $to je dovelo do velike raznolikosti 1 filogeografske strukturiranosti mnogih vrsta
(Hewitt, 2011.).

U Hrvatskoj, kao 1 u svijetu, slatkovodni ekosustavi su pod sve izrazenijim
antropogenim pritiskom koji negativno utjeCe na njihovu bioraznolikost. Jedan od prioriteta
Republike Hrvatske jest upravo zaStita i ocuvanje bioraznolikosti na svim razinama
organizacije, od ekosustava preko vrsta 1 populacija do jedinki i njihovog genetskog nasljeda

(NN 80/13), sto je u skladu s Konvencijom o bioloskoj raznolikosti (www.cbd.int).

1.2. Slatkovodni rakovi (Decapoda: Astacidea)

Predmet istrazivanja u okviru ove doktorske disertacije su dvije nativne vrste
slatkovodnih rakova osjetljive na promjene u staniStu, Austropotamobius torrentium
(Schrank, 1803) - poto¢ni rak i Astacus astacus (Linnaeus, 1758) - plemeniti rak. Ugrozene su
zbog negativnog antropogenog utjecaja na stanista, invazivnih vrsta i klimatskih promjena, sa
zabiljeZenim smanjenjem 1/ili nestankom populacija diljem areala (Maguire 1 sur., 2011.;
2018.). U danasnje vrijeme, slatkovodni rakovi predstavljaju visoko ugroZenu komponentu
slatkovodnih ekosustava, s viSe od 30 % ugroZenih vrsta (Richman i sur., 2015.).
Istovremeno, slatkovodni rakovi su najve¢i beskraljeZznjaci i1 klju¢ne vrste slatkovodnih
ekosustava, s vaznom ekonomskom i kulturnom ulogom u mnogim zajednicama. Odrzavaju

ravnotezu staniSta i znacajna su komponenta hranidbenih mreza zbog veliCine tijela, dugog
3



zivotnog vijeka, brojnosti i omnivornog nacina prehrane (Usio i Townsend, 2002.).
Osiguravaju normalno funkcioniranje ekosustava u kojima su prisutni, a gubitak njihovih
populacija moze ugroziti raznolikost cijelog stanista (Holdich, 2002.; Reynolds i sur., 2013.).
Smatra ih se pokazateljima kvalitete vode (eng. water quality indicators), pokazateljima
bioraznolikosti (eng. biodiversity indicators), trofickim regulatorima (eng. keystone trophic
regulators) 1 inzenjerima ekosustava (eng. ecological engineers) (Reynolds i sur., 2013.).
Nestanak rakova iz ekosustava dovodi do promjena u procesima i uslugama slatkovodnih
ekosustava, strukturi i funkcioniranju stanista, promjena u dinamici transporta sedimenta te
promjena u brojnosti i raznolikosti vrsta i sastavu zajednica (Reynolds i Souty-Grosset, 2012.;
Reynolds i sur., 2013.).

1.2.1. Raznolikost i rasprostranjenost slatkovodnih rakova

Slatkovodni rakovi (Decapoda: Astacidea) su monofiletska grupa organizama s preko
640 opisanih vrsta podijeljenih u cCetiri porodice: Astacidae, Cambaridae, Cambaroididae i
Parastacidae (Crandall i De Grave, 2017.). Rasprostranjeni su na gotovo svim kontinentima, s
najve¢om raznoliko$¢u vrsta 1 podvrsta na podrucju Sjeverne Amerike 1 Australije. Porodice
Astacidae, Cambaridaec i Cambaroididae rasprostranjene su na podrucju sjeverne polutke
(Azija, Europa i Sjeverna Amerika), a porodica Parastacidac na juznoj polutci (Juzna

Amerika, Australija, Madagaskar) (Crandall i Buhay, 2008.).

Na podrucju Europe, zapadno od Urala, prirodno obitava samo porodica Astacidae
Latreille, 1802 zastupljena s tri nativna roda: Astacus (Fabricius, 1775), Austropotamobius
(Skorikov, 1907) i Pontastacus (Bott, 1950). U usporedbi s ostalim kontinentima, Europu
karakterizira niska raznolikost vrsta i podvrsta, uz stalno prisutne taksonomske promjene i
rasprave o to¢nom broju nativnih vrsta. Opcenito je prihva¢eno misljenje da na podrucju
Europe Zivi Sest nativnih vrsta porodice Astacidae: Austropotamobius pallipes (Lereboullet,
1858) - bjelonogi ili primorski rak, A. torrentium, A. astacus, Pontastacus leptodactylus
(Eschscholtz, 1823) - uskoskari, turski ili barski rak, Astacus pachypus (Rathke, 1837)
(Holdich, 2002) i Austropotamobius bihariensis (Kouba i sur., 2014.; Parvulescu, 2019.). Uz
prisutnost nativnih vrsta rakova, u Europi danas Zive i invazivne strane vrste koje se dijele se
na stare, unesene su u Europu prije 1980. godine, i nove, unesene nakon 1980. godine (Kouba
i sur., 2014.). Strane vrste rakova u Europu su unesene s namjerom uzgoja u konzumne svrhe
i nadomjestanja nativnih vrsta ¢ija je brojnost bila u opadanju, a nedugo nakon introdukcije,

pokazale su se invazivnima. Osim §to su se u kompeticiji S nativnim vrstama pokazale
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nadmo¢nima (agresivnije, fertilnije, prilagodljivije na promjene u okoliSu), ove su vrste u
Europu donijele patogen Aphanomyces astaci Schikora, 1906 koji u nativnim vrsta uzrokuje
letalnu bolest racju kugu. Najces¢e stare invazivne vrste su sjevernoamerickog podrijetla -
vrsta Pacifastacus leniusculus (Dana, 1852) - signalni rak iz porodice Astacidae te vrste
Faxonius limosus (Rafinesque, 1817) - bodljobradi rak i Procambarus clarkii (Girard, 1852)
iz porodice Cambaridae. U nove strane invazivne vrste ubrajaju se dvije australske vrste roda
Cherax (Erichson, 1846): Cherax destructor (Clark, 1936) i Cherax quadricarinatus (Von
Martens,1868), sjevernoamericke vrste roda Faxonius: vrsta Faxonius immunis (Hagen,
1870), Faxonius juvenilis (Hagen, 1870), Faxonius cf. virilis te tri vrste roda Procambarus:
Procambarus cf. acutus, Procamabarus virginalis i Procambarus alleni (Kouba i sur., 2014.).

U Hrvatskoj su dosadasnjim istrazivanjima utvrdene Cetiri nativne europske vrste;
bjelonogi rak, potoc¢ni rak, plemeniti rak, uskoskari rak, i tri invazivne strane vrste podrijetlom
ve¢inom iz Sjeverne Amerike; signalni rak, bodljobradi rak i mramorni rak (Maguire i sur.,
2018.). Bjelonogi rak rasprostranjen je na podrucju Like, Dalmacije i nekih dalmatinskih
otoka; potoc¢ni rak obitava u kontinentalnom dijelu Hrvatske u potocima na visim nadmorskim
visinama; plemeniti rak, takoder na podru¢ju kontinentalne Hrvatske 1 uskoskari rak, koji se
prosirio s podru¢ja Posavine i Slavonije prema zapadnom, juznom i sjevernom dijelu
Hrvatske (Maguire i sur., 2018.). U Hrvatskoj je signalni rak prvi put zabiljezen u rijeci Muri
2008. godine (Maguire i sur., 2008.) gdje se prirodno proSirio nizvodnim putem iz Austrije i
Slovenije. 1z rijeke Mure se proSirio nizvodno u rijeku Dravu s procijenjenom brzinom
nizvodnog Sirenja od 18-24,4 km godisnje, Sto je ujedno i najveca zabiljeZena brzina u Europi
(Hudina i sur., 2009.). U 2011. godini zabiljezen je u rijeci Korani u koju je unesen od strane
ljudi (Hudina i sur., 2013.), a u kojoj se §iri uzvodno i nizvodno te postupno istiskuje nativne
vrste (Dragicevi¢ 1 sur., 2020.). Bodljobradi rak prvi put je zabiljezen u mo¢varnom podrucju
Parka prirode Kopacki rit 2003. godine gdje se prirodno prosirio rijekom Dunav iz Madarske
(Maguire i1 Klobucar, 2003.). U usporedbi s ranijim podacima ova vrsta je znacajno proSirila
svoj areal 1 nastavlja se uspjes$no S§iriti u hrvatskim slatkovodnim ekosustavima ugrozavajuci
nativnog plemenitog i uskoSkarog raka (Maguire i sur., 2018.). Mramorni rak je zasad

zabiljezen samo u jezeru Soderica (Samardzié i sur., 2014.; Maguire i sur., 2018.).

1.2.2. Ugrozenost i zaStita slatkovodnih rakova

Klimatske promjene i invazivne strane vrste, zajedno s gubitkom i fragmentacijom

staniSta, prekomjernim iskoriStavanjem prirodnih dobara 1 razliitim oneci§¢ivacima,
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prepoznate su kao glavni uzroci globalnog smanjenja bioraznolikosti. Ove antropogeno
uzrokovane okoli$ne promjene mijenjaju odnose medu organizmima, uzrokuju pad broja vrsta
I promjene u njihovoj rasprostranjenosti, a danas su znacajno ubrzane uslijed sve intenzivnijeg
antropogenog utjecaja i zbog njih se organizmi ¢esto nalaze u novim uvjetima koji zahtijevaju
brz odgovor, brzi nego ikad u njihovoj evolucijskoj povijesti (Palumbi, 2001.). Stoga je
prepoznata sve veca potreba za pradenjem stanja i trendova bioloske raznolikosti u svrhu
odredivanja i1 kvantifikacije ovih antropogeno uzrokovanih okoliSnih promjena i poboljSanja
zastite. Usprkos znakovima brzih i razornih promjena u slatkovodnim ekosustavima,
bioraznolikost slatkih voda ostaje niskog prioriteta u globalnim i lokalnim inicijativama
(Gottstein i sur., 2011.). Zbog nedostatka konzervacijskih strategija s ciljem smanjenja i/ili
uklanjanja Stetnih promjena u slatkovodnim ekosustavima, u Hrvatskoj se povecava

vjerojatnost gubitka slatkovodne bioraznolikosti.

Brojnost i veli¢ina populacija nativnih vrsta rakova na podrucju Europe znacajno se
smanjila tijekom posljednjeg stolje¢a uslijed negativnih antropogenih pritisaka na njihova
staniSta, prekomjernog nekontroliranog izlova, klimatskih promjena s ekstremno su$nim
razdobljima te Sirenja stranih invazivnih vrsta rakova (Kouba i sur., 2014.; Jussila i sur.,
2021.). Antropogeni pritisak na staniSta najviSe se ocCituje u regulaciji vodenih tokova
(izgradnja brana i hidro-akumulacija, kanaliziranje korita, melioracija) koja uzrokuje
fragmentaciju 1 degradaciju prirodnih staniSta. Dodatno, velike koli¢ine otpadnih tvari u
slatkovodnim ekosustavima pogorSavaju kvalitetu vode 1 staniSta, a time povecavaju

ugrozenost slatkovodnih organizama.

Negativni utjecaj klimatskih promjena na rakove ocituje se u porastu temperature vode
i promjenama u rezimu vodotoka koji su rezultat promjena u oborinskim obrascima te
promjena u intenzitetu i ucestalosti ekstremnih vremenskih prilika (Moss i sur., 2009.;
Capinha i sur., 2013., Markovic i sur., 2014.). Klima je jedan od glavnih ekoloskih ¢imbenika
oblikovanja biogeografije slatkovodnih organizama. Rasprostranjenost vrsta tijekom geoloske
povijesti stalno se prilagodavala klimatskim promjenama stoga mozemo pretpostaviti da ¢e
sve snaznije i izrazenije klimatske promjene (IPCC 2021) uzrokovati promjene i pomake u
prirodnoj rasprostranjenosti vrsta. Klimatske promjene uzrokuju gubitak povoljnog stanista za
brojne vrste, Sto rezultira pomicanjem areala, pogotovo prema visim geografskim Sirinama 1
nadmorskim visinama (Pecl i sur., 2017.). Takoder, klimatske promjene promicu Sirenje

invazivnih stranih vrsta te Sirenje bolesti ¢iji su vektori invazivne strane vrste (Linders i sur.,
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2019.). Slatkovodna bioraznolikost je posebno osjetljiva na klimatske promjene zbog
ovisnosti o termalnim i hidroloskim reZzimima, ograni¢enoj moguc¢nosti rasprostranjivanja
mnogih slatkovodnih organizama i sinergijskog ucinka razli¢itih antropogenih stresora
(Woodward i sur., 2010.). Direktni utjecaj klimatskih promjena na slatkovodne ekosustave
ocituje se u poviSenoj temperaturi vode i promjenama u protoku vode koji rezultiraju
promjenama u fenologiji, rasprostranjenosti, gustoama populacija i sastavu zajednica te
promjenama u hranidbenim mrezama vodenih, ali i kopnenih ekosustava. Indirektni utjecaji

klimatskih promjena oc€ituju se u smanjenju koliCine kisika 1 promjene u kruZenju nutrijenata.

Slatkovodne vrste osjetljivije su na klimatske promjene od kopnenih ili morskih vrsta
zbog male veli¢ine slatkovodnih staniSta unutar kojih dolazi do intenzivnijeg/izrazenijeg
utjecaja antropogenih aktivnosti i invazivnih stranih vrsta (Strayer i Dudgeon, 2010.).
klimatske promjene zbog povecanja temperature 1 promjena u oborinskom rezimu (smanjenje
oborina, ¢eS¢1 vremenski ekstremi, susa klima 1 izraZzen proces desertifikacije) (Markovic 1
sur.,, 2014.). Za mediteranske vrste predvida se geografski pomak u njihovoj
rasprostranjenosti prema viSim geografskim Sirinama, a kao posljedicu mozemo ocekivati
smanjenje populacija i povecani rizik od izumiranja vrsta. Populacije slatkovodnih vrsta koje
su izlozene naglim promjenama u okoliSu moraju se prilagoditi novonastalim uvjetima ili
migrirati u nova podrucja s povoljnim ekoloskim uvjetima kako bi opstale. Sposobnost vrste i
njenih populacija da se prilagode klimatskim promjena ovisi o postojecoj genetskoj
varijabilnosti ili adaptivhom evolucijskom potencijalu (eng. standing adaptive variation) te

mogucnosti migracije u klimatski povoljna podrucja.

Uz klimatske promjene, invazivne strane vrste su jedan od glavnih uzroka gubitka
bioraznolikosti u slatkovodnim ekosustavima (Sala i sur., 2000.). Invazivne strane vrste
rakova agresivnije su od nativnih europskih vrsta pa ih u kompeticiji za prostor i hranu
istiskuju iz njihovih prirodnih staniSta. Nadalje, odlikuju se obiljezjima koja doprinose
njihovom invazivnom uspjehu, poput brzog rasta, ranijeg postizanja spolne zrelosti, visokog
fekunditeta i Sire ekoloske valencije (Souty-Grosset i sur., 2006.; Holdich i sur., 2009.;
Hudina i sur., 2014.). Osim kompeticijom, invazivne strane vrste ugrozavaju nativne jer
posjeduju vecu toleranciju na promjene u uvjetima okoliSa koji ukljuuju povisenje
temperature, oneéi$éenje i veéu koli¢inu organskih tvari (Souty-Grosset i sur., 2006.). Sirenje

invazivnih stranih vrsta je cesto povezano s njihovom veom sposobnosti prilagodbe na

7



klimatske promjene (Linders i sur., 2019.). Invazivne strane vrste rakova kopanjem zaklona
mehanicki uniStavaju staniSte te time utjeCu na stabilnost obale, transport i karakteristike
sedimenta, a udruzenom interakcijom bioturbacije, ekskrecije i mehani¢kog unistavanja mogu
znacajno promijeniti kvalitetu vode u nekom podrucju (Harvey i sur., 2014.). Naposljetku,
invazivne strane vrste dokazani su vektori $irenja bolesti ra¢je kuge koja je uzrokovana

patogenom A. astaci, na koju su same ve¢inom otporne, a koja je letalna za nativne vrste.

Na svjetskoj razini, vecina europskih vrsta iz porodice Astacidae uvrstena je na Crveni
popis ugrozenih svojti (eng. Red List of Threatened Species) Medunarodne unije za oCuvanje
prirode (eng. International Union for Conservation of Nature, IUCN). Nalaze se i na Dodatku
IIT Konvencije o zastiti europskih divljih vrsta 1 prirodnih stanista (Bernska konvencija) te na
Dodatku IT 1 Dodatku V Direktive o zastiti prirodnih stanista 1 divlje faune i flore. U Hrvatskoj
su za$ti¢eni Zakonom o zastiti prirode (NN 80/13) 1 Pravilnikom o proglasavanju divljih svojti

zaStiCenim 1 strogo zaSticenim (NN 144/13).

1.3. Integrativni pristup u konzervacijskoj biologiji

Konzervacijska biologija je mlada, ali brzorastu¢a bioloska disciplina koja ,,proucava
biolosku raznolikost, utvrduje prijetnje bioloSkoj raznolikosti te igra aktivnu ulogu u o¢uvanju
bioloske raznolikosti® (Primack, 2006.). Razvijena je kao odgovor na postojece prijetnje i
ubrzani nestanak razliCitih sastavnica 1 razina bioloske raznolikosti, a podrzana velikim
brojem znanstvenih dokaza o negativhom antropogenom utjecaju na vrste, zajednice i
ekosustave (Groom i sur., 2006.; Primack, 2006.). Konzervacijska biologija podrazumijeva
visoku razinu interdisciplinarnosti i spajanja niza bioloskih disciplina (populacijska genetika,
ekologija, biogeografija, fiziologija, morfologija) i ostalih znanosti (geologija, kemija, fizika,
klimatologija, sociologija, antropologija, ekonomija, politika). Groom i sur. (2006.) definiraju
konzervacijsku biologiju kao ,integrativan pristup zastiti i upravljanju bioloSkom
raznolikoS¢u* Sto potvrduje da se radi o interdisciplinarnoj disciplini koja povezuje prirodne i

drusStvene znanosti s ciljem ocuvanja bioloSke raznolikosti 1 sprjeCavanja izumiranja vrsta.

Prepoznavanje raznolikosti na svim razinama bioloSke organizacije osnovni je korak u
konzervacijskoj biologiji. Bioloska raznolikost obuhvaca tri organizacijske razine: genetsku
raznolikost (raznolikost gena unutar populacija i vrsta), raznolikost unutar i izmedu vrsta te
raznolikost ekosustava (raznolikost ekosustava, zajednica, krajolika). Poznavanje i ouvanje

genetske raznolikosti jedan je od neophodnih preduvjeta za razvoj ucinkovitih mjera zastite 1
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planova upravljanja, osobito kod ugrozenih vrsta. Istrazivanjem i ocCuvanjem genetske
raznolikosti u svrhu opstanka vrsta bavi se konzervacijska genetika. Temelji se na principima
molekularne biologije, populacijske genetike i evolucije, ali obuhvaca i elemente drugih
bioloskih disciplina.

Genetska raznolikost odrazava adaptivni evolucijski potencijal vrste koji omogucéava
bolju prilagodbu na promjene u okoliSu i njen dugoro¢ni opstanak (Frankham i sur., 2002.;
Toro i Caballero, 2005.). Definirana je kao raznolikost alela i genotipova prisutnih u
populaciji koje rezultiraju morfoloskim, fizioloSkim i bihevioralnim razlikama izmedu jedinki
i populacija (Frankham i sur., 2002.). Osnovne mijere genetske raznolikosti su alelno
bogatstvo, stupanj heterozigotnosti i postotak polimorfnih lokusa u populaciji. Veca genetska
raznolikost ¢ini vrstu otpornijom i bolje prilagodenom za opstanak u promjenjivim uvjetima
okolisa. Niska genetska raznolikost moze biti uzrokovana razli¢itim ¢imbenicima, poput
fragmentacije staniSta, akumulacije Stetnih alela te smanjenjem veli¢ine populacije i
nastankom malih izoliranih populacija koje su puno osjetljivije na stohasticke procese u
okolisu (npr. genski pomak). Smanjenje populacije moze dovesti do parenja u srodstvu (eng.
inbreeding) ¢ije medudjelovanje s fragmentacijom, gubitkom genetske raznolikosti,
poveéanom ekspresijom Stetnih recesivnih alela i smanjenjem sposobnosti opstanka (eng.
fitness), u konacnici moze prouzrociti vrtlozno izumiranje ili ekstinkcijski vorteks (eng.
extinction vortex) (Frankham i sur., 2002.). Dugoro¢no ocuvanje genetske raznolikosti
osigurava odrzanje adaptivnog evolucijskog potencijala populacije ili vrste, dok kratkoro¢no
oCuvanje genetske raznolikosti osigurava odrzanje njene reprodukcijske sposobnosti
(Frankham i sur., 2002.).

Kapacitet odredene vrste da se prilagodi promjenama okoliSa u velikoj mjeri ovisi o
razini 1 prostornoj raspodjeli genetske raznolikosti. Glavna podrucja interesa konzervacijske
genetike, kao Sto su gubitak genetske raznolikosti, parenje u srodstvu i1 fragmentacija
populacija (Frankham i sur., 2002.), ujedno su i vazni ¢imbenici koji odreduju odgovor vrste
na klimatske promjene (Etterson, 2008.). Kako bi opstale, vrste koje su izloZzene naglim
promjenama u okoliSu, moraju se prilagoditi novonastalim uvjetima ili migrirati u nova
podru¢ja prateéi povoljne eckoloske uvjete (Aitken i sur., 2008.). Smanjena genetska
raznolikost ograni¢ava brzinu prilagodbe na nove klimatske uvjete, §to moZe rezultirati
geografskim promjenama u rasprostranjenosti vrste ili njenim izumiranjem. Osim prethodno
navedenih, jedan od potencijalnih uzroka smanjenja genetske raznolikosti nativnih

slatkovodnih vrsta su i invazivne strane vrste koje kroz direktnu i indirektnu kompeticiju
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uzrokuju smanjenje veli¢ine populacija nativnih vrsta (Jones i Closs, 2015.; Gallardo i sur.,
2016.; Vera-Escalona i sur., 2019.).

Za identifikaciju potencijalnih klimatskih refugija (eng. climate change refugia) i
refugija od invazivnih vrsta (eng. ark sites) te procjenu utjecaja istih na genetsku raznolikost i
strukturu populacija, preporuca se integrirani pristup koji kombinira klasi¢nu populacijsku
genetiku i modele rasprostranjenosti vrsta (eng. species distribution models). Ovi su modeli
tijekom zadnjeg desetljeca nasli vrlo Siroku primjenu u mnogim podrucjima biologije,
ukljucujuéi istrazivanja vezana uz rizike uzrokovane invazivnim stranim vrstama (Jimenez-
Valverde i sur., 2011., Guisan i sur., 2014.) te evolucijsku i konzervacijsku biologiju
(Pearson, 2007., Kozak i sur., 2008.). Kao jedan od vaznih alata za razvoj ucinkovitih
konzervacijskih strategija i usmjeravanje odluka glede zastite vrsta (Ferraz i sur., 2012.;
Guisan i sur., 2013.; Sofaer i sur., 2019.), postali su klju¢ni i gotovo neizbjezni za predvidanje
posljedica utjecaja invazivnih stranih vrsta i klimatskih promjena na vrste i stanista (Aradjo i
sur., 2012., Palaoro i sur., 2013.; Gallardo i Aldridge, 2013.).

Identifikacija klimatski stabilnih podruc¢ja i podrucja bez invazivnih stranih vrsta u
kojima populacije nativnih vrsta imaju vecu vjerojatnost za prezivljavanje mogu usmjeravati
odluke glede in situ i ex situ mjera zastite. Osnovni cilj konzervacijske biologije jest zastita
bioloske raznolikosti u prirodi, odnosno in situ, a idealna strategija zaStite obuhvaca o¢uvanje
prirodnih zajednica i populacija unutar njihova prirodnog areala i ekosustava. Medutim, u
vrijeme sve intenzivnijih antropogenih pritisaka i klimatskih promjena, in situ konzervacija za
mnoge ugrozene vrste nije dovoljna. Kao dopuna in situ konzervaciji, preporuca se ex situ
konzervacija radi obnove populacija i povetanja vjerojatnosti njihova opstanka. Razli¢ite
metode potpomognute migracije (eng. assisted migration), kao Sto su obnova populacija (eng.
restocking; dodavanje jedinki u postojecu populaciju radi povecanja njene gustoce 1/ili
genetske raznolikosti), introdukcija (unoSenje jedinki u podrucje unutar ili izvan prirodnog
areala vrste kada je staniSte u kojem se populacija nalazila unisteno i vrsta tamo ne moze
opstati ili nije moguée ukloniti ¢imbenik koji je doveo do njezino nestanka) i reintrodukcija
(unoSenje jedinki u podrucje unutar prirodnog areala vrste, s kojeg je ona prethodno nestala),
oznacene su kao strategije upravljanja ugrozenim vrstama i mjere prilagodbe na klimatske
promjene i invazivne vrste (Weeks i sur., 2011.; Frankham i sur., 2017.). lako su ove metode
potpomognute migracije istaknute kao dobre konzervacijske strategije za oCuvanje nativnih
vrsta, one istovremeno mogu imati negativne posljedice na lokalne populacije, zajednice i

ekosustave stoga je potrebno dobro planiranje i procjena rizika u svakom konkretnom slucaju
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(Ricciardi i Simberloff, 2009.; Hewitt i sur., 2011.; Peterson i Bode, 2021.; Bucharova,
2017.). Navedeni rizici potpomognute migracije ukljucuju rizik da translocirane vrste postanu
invazivne s negativnim bioloskim, ekoloskim i socioekonomskim ucincima, potencijalno
Sirenje bolesti 1 patogena te ugrozen opstanak izvorne populacije zbog uklanjanja jedinki iz
postoje¢ih populacija. Prevladavanje ovih rizika moguée je pazljivim planiranjem Kkoje
ukljucuje procjenu rizika (eng. risk assessments), analizu troskova i koristi (eng. cost-benefit
analyses), pracenje potpomognute migracije, znanja o biologiji, ekologiji i genetskoj
raznolikosti vrste, poznavanje kapaciteta rasprostranjivanja i mogucih barijera u migracijskim
rutama te modeliranje rasprostranjenosti vrste pod utjecajem klimatskih promjena i invazivnih
vrsta (Butt i sur., 2021.).

1.3.1. Integrativni pristup u konzervaciji slatkovodnih rakova

Smanjenje populacija nativnih slatkovodnih rakova diljem svijeta istaknulo je potrebu
za razvojem ucinkovitih konzervacijskih strategija 1 planova upravljanja (Richman 1 sur.
2015; Taylor i sur., 2019.; Jussila i sur., 2021.). Suvremeni multidisciplinarni pristup u
konzervaciji ovih osjetljivih vrsta ukljuuje poznavanje genetske strukture i odabir klimatski
stabilnih podruc¢ja u kojima populacije imaju najvecu vjerojatnost za prezivljavanje (Souty-
Grosset i Reynolds, 2009.; Kozak i sur., 2011.; Guisan i sur., 2013.; Capinha i sur., 2013.;
Chucholl, 2017.).

Molekularno-geneticke analize u sluzbi konzervacijske genetike rakova koriStene su za
precizno utvrdivanje stupnja ugrozenosti vrsta i predlaganje djelotvornih metoda njihove
zaStite jer omogucuju uvid u evolucijsku proslost, srodstvene odnose, intraspecijsku genetsku
raznolikost, populacijsku strukturu, efektivnu velicinu populacija, protok gena izmedu
populacija te razinu genetske diferenciranosti i izoliranosti populacija. Spoznaje o genetskoj
strukturi 1 varijabilnosti omogucuju identifikaciju populacija koje imaju najvecu
konzervacijsku vrijednost 1 prioritet u zastiti te koje se mogu u budu¢im planovima
upravljanja koristiti kao izvoriSne (donorske) za programe repopulacije/reintrodukcije kako bi
se osigurao njihov opstanak. Takoder, na temelju istrazivanja genetske raznolikosti i
populacijske strukture upotrebom razli¢itih biljega mitohondrijske ili jezgrine DNA moguce
je identificiranje evolucijski znacajnih jedinica (eng. evolutionarily significant units) kao i
jedinica upravljanja (eng. management units). Definiranje konzervacijskih jedinica od

iznimne je vaznosti buduci da veéina vrsta nije genetski uniformna, ve¢ se sastoje od mozaika
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povijesno izoliranih evolucijskih linija s jedinstvenom genetskom raznoliko$¢u (Moritz,
1999.; Barbosa i sur., 2018.; Coates i sur., 2018.). Evolucijski znacajne jedinice predstavljaju
populacije koje su recipro¢no monofiletske za mitohondrijske i jezgrine alele (Moritz, 1999.).
Predstavljaju vaznu sastavnicu evolucijskog nasljeda vrste jer se radi o linijjama s ograni¢enim
protokom gena prema drugim takvim linijama unutar vrste (Frazer i Bernatchez, 2001.).
Jedinice upravljanja predstavljaju demografski nezavisne populacije, tj. funkcionalne
komponente unutar evolucijski znacajnih jedinica na kojima se mogu provoditi konkretni
konzervacijski programi (Moritz, 1999.). Radi se o jedinicama koje su odijeljene geografskim
barijerama, a ponekad se definiraju kao populacije medu kojima ne postoji ili postoji mali
protok gena, ali nisu odijeljene tijekom duljeg evolucijskog razdoblja. Kljuéni faktor u
njihovom definiranju je demografska (ne)povezanost, a ne razina povijesnog protoka gena
(Palsbell i sur., 2007.). Identifikacija konzervacijskih jedinica kao vaznih elemenata
intraspecijske raznolikosti znacajna je za genetsko spaSavanje malih izoliranih populacija s
velikim postotkom parenja u srodstvu, upravo kroz restauraciju protoka gena, obnovu vrsta,
repopulaciju i/ili reintrodukciju (Coates i sur., 2018.). Moritz (1999.) u svrhu genetskog
spaSavanja ugrozenih populacija preporuc¢a mijesanje jedinica upravljanja, ali ne i mijeSanje
jedinki razli¢itih evolucijski znacajnih jedinica.

Najcesce koriStene metode u istrazivanjima genetske raznolikosti i konzervacijske
genetike slatkovodnih rakova su genotipizacija mikrosatelitskih lokusa te sekvenciranje
mitohondrijske i jezgrine DNA (Souty-Grosset i sur., 2003.; Fratini i sur., 2005.; Gouin i sur.,
2006.; Vorburger i sur., 2014.; Blaha i sur., 2016.; Schrimpf i sur., 2017.; Berger i sur.,
2018.). Mikrosateliti su Cesto koristeni biljezi u populacijskoj i konzervacijskoj genetici.
Takoder se nazivaju jednostavne ponavljajuce sekvence - SSR (eng. simple sequence repeats)
ili kratke uzastopno ponavljajuce sekvence - STR (eng. short tandem repeats). Karakterizira ih
kodominantnost, visoka stopa mutacija i polimorfnost koja proizlazi iz varijacije duljine alela
koju uzrokuje razli¢it broj ponavljanja mikrosatelitnog motiva. Zbog brze evolucije, sluze u
analizi nedavnih i trenutnih evolucijskih dogadaja. Mitohondrijska DNA zbog svog malog
genoma jednostavne strukture i organizacije, haploidnosti, maj¢inskog nasljedivanja,

nedostatka rekombinacije i introna, takoder predstavlja vrlo koristan molekularni biljeg.

Pored istrazivanja genetske raznolikosti, konzervacija nativnih vrsta rakova ukljucuje i
identifikaciju povoljnih stanista te ispitivanje utjecaja klimatskih promjena i invazivnih vrsta
(Richman i sur., 2015.). Modeli rasprostranjenosti vrsta, poznati i kao modeli povoljnosti

staniSta (eng. habitat suitability model) ili modeli ekoloske niSe (eng. ecological niche model)
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koriste se za izradu karata potencijalne rasprostranjenosti vrsta, odnosno rasprostranjenosti za
vrstu povoljnog staniSta. Kroz modeliranje povoljnih stanista, koriStenjem podataka o
prisutnosti vrsta i niza okoliSnih varijabli te razli¢itih scenarija klimatskih promjena,
procjenjuje se potencijalna trenutna ili buduca rasprostranjenost vrsta. Ovaj pristup
omogucuje definiranje okolisno povoljnih i nepovoljnih podrucja za ugrozene vrste na temelju
kojih se mogu izdvojiti prioritetna podruc¢ja za konzervaciju. Ona obuhvaéaju podrucja koja
¢e se naci pod najvecim pritiskom i1 na koja Ce trebati usmjeriti posebne mjere zastite i
upravljanja, kao 1 podrucja koja ¢e moci posluziti u budu¢im planovima upravljanja kao
potencijalni refugiji bitni za opstanak vrsta, istovremeno uzimajuci u obzir utjecaj invazivnih
stranih vrsta i klimatskih promjena (Jiménez-Valverde i sur., 2011.; Guisan i sur., 2013.,
2014.). lzrada modela povoljnosti staniSta za proucavane vrste te njihova projekcija u
buduénost prema razli¢itim scenarijima klimatskih promjena omogucuje identifikaciju
podrucja koja ¢e biti izrazito nepovoljna za njihovo prezivljavanje, kao i podrué¢ja koja ce
osigurati dugotrajni opstanak vrste. Takoder, na temelju preklapanja podataka o genetskoj
varijabilnosti vrsta s podacima o njihovoj potencijalnoj buducoj rasprostranjenosti, kao i s
buduc¢om potencijalnom rasprostranjenoSc¢u stranih invazivnih vrsta pod utjecajem klimatskih
promjena, mozemo identificirati populacije i podru¢ja koja imaju najvec¢u konzervacijsku
vrijednost 1 kojima treba dati najveci prioritet u zastiti. Modeli rasprostranjenosti vrsta
koristeni za istrazivanje posljedica utjecaja klimatskih promjena i invazivnih vrsta, predvidaju
velike gubitke povoljnih staniSta za europske vrste slatkovodnih rakova do kraja ovog stoljeca
(Capinha i sur., 2013.; Ghia i sur., 2013.; Markovic i sur., 2014.; Chucholl i sur., 2016., 2017.;
Piyapong i sur., 2020.; Préau i sur., 2020.).

1.4. Plemeniti rak (Astacus astacus)

1.4.1. Geografska rasprostranjenost, ekologija, morfologija, filogenija, ugroZenost i

zaStita

Plemeniti rak je najrasprostranjenija europska vrsta porodice Astacidae. Prirodno je
rasprostranjen Sirom Europe, od Skandinavije na sjeveru, do Francuske na jugozapadu, Rusije
na istoku te Grcke na jugu (Kouba i sur., 2014.). Zbog visokocijenjene vrijednosti kao
konzumne vrste Cesto je prenoSen i izvan prirodnog areala. U Hrvatskoj prirodno obitava u
rijekama, potocima i jezerima dunavskog sliva, ali je unesen i u slatkovodna stanista
jadranskog sliva, stoga se moZe na¢i u kontinentalnoj, alpinskoj i1 mediteranskoj

biogeografskoj regiji (Maguire i sur., 2018.). Nastanjuje rijeke, potoke i jezera s ilovastim,
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pjeskovitim i §ljunkovitim dnom, s puno zaklona i razvijenom obalnom vodenom vegetacijom

te visokom koncentracijom kisika u vodi.

Plemeniti rakovi narastu do ukupne duzine tijela do 15 cm. Karakteristicno obojenje
tijela je varijabilno, obi¢no s ledne strane tamnosmede (maslinasto zelena do crna, ponekad
plavicasta ili crvenkasta), a s trbuSne strane zeleno-smede boje. Od vrsta roda
Austropotamobius razlikuju se po dva para postorbitalnih grebena na gornjoj strani karapaksa,
Sto je ujedno i karakteristika cijelog roda Astacus. Karapaks je gladak bez trnova s malim
granuliranim izboc¢enjima iza cervikalne brazde (red sitnih izboCenja obi¢no sa samo jednim
jaCe izrazenim tupim trnom). Rostrum im je dobro razvijen i najeS€e ravan s glatkim

rubovima (strane su paralelene ili trapezoidne), a apeks rostruma je istaknut i dosta dugacak.

Istrazivanjima mitohondrijske DNA 1 mikrosatelitnih lokusa plemenitog raka
ustanovljeno je postojanje najvece genetske raznolikosti u jugoistocnoj Europi gdje su
populacije ove vrste prezivjele pleistocenske oledbe u glacijalnim refugijima te bile izvoriste
rekolonizacije europskih voda nakon oledbi (Schrimpf i sur. 2014; Laggis i sur. 2017).
Utvrdeno je postojanje Sest mitohondrijskih linija koje su se diverzificirale zahvaljujuc¢i
prezivljavanju populacija u izoliranim glacijalnim refugijima na podruéju zapadnog i juznog
dijela Balkana (Schrimpf i sur., 2017.; Laggis i sur., 2017.) te zapadnog dijela crnomorskog
bazena (Schrimpf i sur., 2017.). U dosadas$njim je istrazivanjima bio uklju¢en mali broj
uzoraka iz Hrvatske koji su se izdvojili u zasebnu liniju s visokom genetskom raznolikosc¢u.
Danasnja rasprostranjenost i filogeografska struktura ove vrste oblikovana je geolosko-
klimatskim dogadajima i utjecajima Covjeka (translokacije, oneciS€enje, utjecaj stranih
invazivnih vrsta rakova). Naime, plemeniti rak predmet je razmjene i trgovine ve¢ vise od
2000 godina (Skurdal i Taugbel, 2002.). Farme slatkovodnih rakova postoje i danas u
mnogim europskim zemljama, naro€ito u sredi$njoj i sjevernoj Europi (Jussila i sur., 2021.).
Spomenuta razmjena i trgovina te pokuSaji obnavljanja prirodnih populacija rezultirali su
antropogenim translokacijama koje su doprinijele unistavanju i/ili promjeni prirodne genetske

strukture i rasprostranjenosti ove vrste (Schrimpf i sur., 2014.).

Smanjenje populacija plemenitog raka zabiljezeno je diljem Europe (Jussila 1 sur.,
2021.). Usporedbom povijesnih i recentnih podataka ustanovljeno je da je 55 % hrvatskih
populacija plemenitog raka izgubljeno (Maguire i sur.. 2018.). Ova je vrsta ugrozena

regulacijom vodenih tokova, velikim koli¢inama otpadnih tvari u vodenim ekosustavima te
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Sirenjem invazivnih stranih vrsta rakova koje su vektori Sirenja racje kuge, od koje plemeniti
rakovi ugibaju, stoga je proglasen ugroZzenom vrstom te zaStiCen nacionalnim i
medunarodnim zakonima. Na nacionalnoj razini vrsta je zaSti¢ena Zakonom o zastiti prirode
(NN 80/13) i Pravilnikom o strogo zasti¢enim vrstama (NN 144/13), dok je u sklopu zakonske
zaStite na medunarodnoj razini uvrstena na Dodatak III Konvencije o zastiti europskih divljih
vrsta 1 prirodnih staniSta (Bernska konvencija) te na Dodatak V Direktive o zastiti prirodnih
stanista i divlje faune i flore. Plemeniti rak ima status osjetljive vrste (eng. vulnerable, VU) na
Crvenom popisu rakova slatkih i bo¢atih voda Hrvatske (Gottstein i sur., 2011.) i na Crvenoj
listi ugrozenih svojti Medunarodne unije za ouvanje prirode (ITUCN). Takoder, prema Clanku
17 Direktive o staniStima, status plemenitog raka u tri biogeografske regije u Hrvatskoj

oznacen je kao nepovoljan-neodgovaraju¢ (https://nature-art17.eionet.europa.eu/articlel7/).

1.4.2. Pregled istraZzivanja morfoloske i genetske raznolikosti plemenitog raka
1.4.2.1. Pregled dosadasnjih istrazivanja morfoloske raznolikosti plemenitog raka

Prva istrazivanja o taksonomiji i biogeografiji plemenitog raka temeljena su na
morfoloskim karakteristika vrste (Karaman, 1929.; Bott, 1950., 1972.; Karaman, 1962., 1963.;
Albrecht, 1983.).

Sint i sur. (2005.) istrazivali su morfoloSku varijabilnost plemenitog i bjelonogog raka
u austrijskoj pokrajini Tirol koriStenjem velikog broja morfometrijskih znacajki u kombinaciji
s multivarijatnim statistickim metodama. U istrazivanju su koristili 21 morfometrijsku
znaCajku kako bi utvrdili postoje li morfoloSke razlike izmedu razli¢itih populacija te
odredivanja koje morfometrijske znacajke najbolje doprinose njihovom razlikovanju.
Rezultati su pokazali da postoje razlike u morfometrijskim znacajkama na razini spola,
razli¢itih populacija 1 geografskih regija te su utvrdene znaCajke koje najviSe doprinose
razlikovanju razli¢itih populacija. Ovo istrazivanje posluzilo je kao temelj buduc¢im
istrazivanjima morfoloske varijabilnosti slatkovodnih rakova (Sint i sur., 2006., 2007.;
Maguire i Daki¢, 2011.; Vlach i Valdmanova, 2015.; Rudolph i sur., 2016.; Maguire i sur.,
2017.; Mijosek i sur., 2017.; Puretanovic i sur., 2017.; Berger i sur., 2018.).

Sint i sur. (2007) su u svom istrazivanju fenotipske karakterizacije bjelonogog,
plemenitog 1 poto¢nog raka koristili 21 morfometrijsku znac¢ajku u kombinaciji s
hijerarhijskom klaster analizom i diskriminathom analizom. Rezultati su pokazali jasno

razdvajanje vrsta i populacija u morfometrijskim znacajkama te ukazali da geografski blize
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populacije posjeduju sli¢nije morfometrijske znacajke za razliku od geografski udaljenih
populacija. Potvrdili su uspjesno koristenje morfometrijskih metoda u karakterizaciji razlic¢itih
populacija slatkovodnih rakova, ¢iji se rezultati mogu koristiti za identifikaciju potencijalnih
donorskih populacija za programe reintroducije i/ili jedinica upravljanja. Proporcije
glavoprsnjaka i klijesta pokazale su se kao najvazniji ¢imbenik razdvajanja intraspecijskih

grupa.

Duretanovi¢ i sur. (2017.) su analiziranjem morfometrijske varijabilnosti plemenitog
raka iz razli¢itih regija Balkanskog poluotoka ustanovili postojanje razlika izmedu populacija
iz razli¢itih slatkovodnih ekosustava, koje odrazava njihovu geografsku udaljenost.
Morfometrijske znacajke koje najvise doprinose razdvajanju Zenki iz razli¢itih populacija su
bile duzina abdomena, Sirina rostruma, ukupna duzina te duZina i Sirina klijeSta, dok
razdvajanju muzjaka iz razli¢itih populacija najviSe doprinose teZina, Sirina glave te Sirina

karapaksa 1 duzina klijesta.

1.4.2.2. Pregled dosadasnjih istraZivanja genetske raznolikosti plemenitog raka

Dosadasnja istrazivanja genetske raznolikosti i populacijske strukture plemenitog raka
koristila su proteinske (alozimi) i molekularne biljege (mitohondrijski geni za COI i 16S
rRNA) te manji ili ve¢i broj mikrosatelitnih lokusa. Rana istraZivanja genetske raznolikosti
plemenitog raka temeljila su se na elektroforezi proteina (alozima), medutim pokazala su
nisku razinu varijabilnosti i mali broj polimorfnih lokusa (Fevolden i Hessen, 1989.;
Agerberg, 1990.; Fevolden i sur., 1994.). Prve molekularne biljege za procjenu genetske
varijabilnosti populacija plemenitog raka upotrijebili su Schulz (2000.) i Edsman i sur.
(2002.).

Schulz (2000) je istrazivao genetsku raznolikost njemackih populacija plemenitog raka
primjenom analize nasumi¢no umnozene polimorfne DNA — RAPD (eng. random amplified
polymorphic DNA) koja je omogucila dobro razdvajanje populacija s obzirom na pripadnost

razli¢itim ,,stockovima®.

Edsman i sur. (2002.) su analiziranjem varijacija u veli¢ini mikrosatelita unutarnje
transkribiraju¢e razmaknice 1 — ITS1 (eng. internal transcribed spacer 1) ribosomalne DNA
detektirali genetsku raznolikost i diferencijaciju izmedu $vedskih populacija plemenitog raka.
Nadalje, Alaranta i sur. (2006.) analizirali su genetsku diferencijaciju populacija plemenitog

raka iz Finske, Svedske i Estonije koriStenjem navedene ITS1 regije. Medutim, kasnijim
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istrazivanjem ustanovljeno je da je 1TS1 regija dio gena s vise kopija i ne moZe biti tretirana
kao kodominantni Mendelov biljeg; intragenomska varijabilnost regije ITS1 u slatkovodnih

rakova ograniCava njenu upotrebu za detaljnije filogenetske rekontrukcije (Harris i Crandall,
2000.).

Koiv i sur. (2008., 2009.) su razvili prve vrsno specificne mikrosatelitne lokuse za
plemenitog raka koji su kasnije koristeni u istrazivanjima genetske raznolikosti i populacijske
strukture (Gross i sur., 2013.; Schrimpf i sur., 2014.; Blaha i sur., 2016.; Laggis i sur., 2017.).
Medutim, broj upotrebljivih lokusa u ovim istraZzivanjima bio je prilino nizak (Sest do 10
lokusa) zbog nedosljednog umnazanja te mnogo dodatnih fragmenata (eng. sttuter bands) i
fragmenata nastalim nespecificnim umnazanjem Sto je otezavalo pouzdanu genotipizaciju

(Gross i sur., 2017.).

Schrimpf i sur. (2011.) su proveli prvo opsezno filogeografsko istrazivanje plemenitog
raka na temelju kratkog fragmenta mitohondrijskog gena za COI. Istrazivanje su proveli s
ciljem utvrdivanja genetske strukture i raznolikosti plemenitog raka na podrucju sredi$nje i
jugoistoc¢ne Europe koje obuhvaca crnomorski, sjevernomorski i balti¢ki sliv. Rezultati su
pokazali veliku raznolikosti haplotipova u jugoisto¢noj Europi (crnomorski sliv) u usporedbi s
niskom raznolikosti haplotipova u srediSnjoj Europi (sjevernomorski i balticki sliv). Velika
haplotipska raznolikost i broj privatnih haplotipova u populacijama crnomorskog sliva
upucivali su na postojanje glacijalnih refugija na podru¢ju Balkana. Dominantna prisutnost
haplotipa HO1 u istrazivanom podru¢ju 1 niska haplotipska raznolikost indiciraju

rekolonizaciju iz podrucja Balkanskog poluotoka prema sredisnjoj Europi.

Gross i sur. (2013.) su proveli prvu populacijsko-geneti¢ku analizu plemenitog raka na
podrucju baltickog i crnomorskog sliva koriste¢i mikrosatelitne biljege. Rezultati su ukazali
na postojanje dvije visoko diferencirane grupe populacija koje odgovaraju navedenim
slivovima. Populacije baltickog sliva bile su manje genetski varijabilne i s manjim brojem

privatnih alela u usporedbi s populacijama crnomorskog sliva.

Schrimpf i sur. (2014.) su napravili veliko istrazivanje genetske raznolikosti i
filogeografske povijesti plemenitog raka na podrucju sjevernomorskog, baltickog,
crnomorskog, jadranskog i egejskog sliva. Molekularnim analizama mitohondrijske (COl,
16S) i nuklearne (mikrosateliti) DNA je utvrdeno da je najveca genetska raznolikost ove vrste

u jugoisto¢noj Europi, gdje su populacije prezivjele pleistocenske oledbe u glacijalnim
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refugijima te posluzile za rekolonizaciju europskih voda nakon oledbi. Rekonstrukcijom
filogenetskih odnosa ustanovili su postojanje Cetiri evolucijske linije koje su se diverzificirale
tijekom pleistocena. Uz pomoé¢ migracijskih modela otkrili su da su kolonizacije
sjevernomorskog i baltickog sliva tekle neovisno jedna o drugoj putem razli¢itih migracijskih
putova iz istoénog crnomorskog sliva. Podru¢je zapadnog Balkana nije doprinijelo
spomenutim kolonizacijama, ali je vjerojatno doprinijelo kolonizaciji donjeg dijela dunavskog
sliva. U kasnijem istrazivanju Schrimpf i sur. (2017.) su predlozili ¢etiri jedinice upravljanja
za ocuvanje genetske raznolikosti plemenitog raka na podrucju zapadne Europe koriStenjem

mitohondrijske DNA i mikrosatelita.

Makkonen i sur. (2015.) su istrazivali genetsku raznolikost populacija plemenitog raka
na podrucju Finske i Estonije koriStenjem mitohondrijskog gena za COIl. Ustanovili su
postojanje samo jednog haplotipa na cijelom podrucju istrazivanja Sto ukazuje na izuzetno
nisku genetsku raznolikost u sjevernim dijelovima njegovog areala. UoCena niska raznolikost
moze biti rezultat male veli¢ina populacije utemeljitelja, antropogenih translokacija, Sirenja
invazivnih stranih vrsta rakova koji nose ra¢ju kugu i unistenja originalne populacije zbog

epidemije racje kuge.

Blaha i sur. (2016.) su istrazivali efekt utemeljitelja i njegov utjecaj na genetsku
raznolikost translociranih populacija plemenitog raka, 10 godina nakon unosa. KoriStenjem
mikrosatelitnih lokusa otkrili su nisku genetsku raznolikost izvoriSne populacije te visok
stupanj parenja u srodstvu §to ukazuje na njenu dugotrajnu izoliranost i malu veli¢inu. Unato¢
tome, translocirana populacija nije pokazivala znacajno smanjenje genetske raznolikosti U
odnosu na izvoriSnu populaciju. Iako je izvoriSna populacija imala nisku raznolikost,
dovoljno je raznolika da se moze koristiti u konzervacijske svrhe i programe reintrodukcije

i/ili repopulacije.

Skuza i sur. (2016.) su analizirali genetsku raznolikost plemenitog raka na podrucju
Poljske koristenjem mitohondrijskih gena (COI i 16S). U istrazivanom podrucju ustanovili su

postojanje dva COI haplotipa i jednog 16S haplotipa.

Laggis i sur. (2017.) su koristili mitohondrijsku DNA (16S i COl) za istraZivanje
filogenetskih odnosa populacija plemenitog raka te mikrosatelitne lokuse za analiziranje
genetske strukture i demografske povijesti plemenitih rakova u Grckoj. Ustanovili su veliku

genetsku raznolikost grékih populacija plemenitog raka i njithovu jasnu odvojenost od ostalih
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europskin populacija. Filogenetske analize otkrile su postojanje Sest evolucijskih linija
plemenitog raka u Europi, od kojih su dvije evolucijske linije sadrzavale isklju¢ivo grcke
haplotipove i identificirane su prvi put, dok su haplotipovi u ostalim linijama identi¢ni s
prethodno opisanima u Schrimpf i sur. (2014.). Procjena vremena odvajanja ukazuje na
divergenciju gré¢kih mitohondrijskih linija tijekom pleistocena §to potvrduje postojanje juznog
glacijalnog refugija (Grcka, juzni Balkan). Analiza mikrosatelitnih lokusa ustanovila je
prostorno strukturiranje genetske raznolikosti na istrazivanom podrucju i postojanje Sest do

devet genetskih grupa te osam potencijalnih genetskih barijera.

Gross i sur. (2017.) su razvili nove tetranukleotidne mikrosatelitne biljege pogodne za
populacijsko-geneti¢ke analize plemenitog raka te otkrivanje hibrida plemenitog i uskoskarog
raka. Multipleks reakcija sastavljena od dobroumnazaju¢ih i lako genotipiziraju¢ih 19
mikrosatelitnin lokusa omogucila je istrazivanje genetske strukture, analizu srodnosti,
identifikaciju 1 genetsko upravljanje ,,stockovima* (izbor donorskih populacija, planiranje

parenja, izbjegavanje razmnoZavanja u srodstvu).

Mrugata i sur. (2017.) istraZzuju rasprostranjenost slatkovodnih rakova u dotad
neistrazenom podrucju Balkanskog poluotoka (Albanija) te analiziraju genetsku raznolikost

plemenitog raka upotrebom gena za COlI.

Panicz i sur. (2019.) su istrazivali genetsku raznolikost i strukturu prirodnih populacija
plemenitog raka na sjeverozapadu Poljske na temelju analize mikrosatelitnin lokusa i
polimorfizma duZine umnoZenih fragmenata - AFLP (eng. amplified fragment length

polymorphism).

Dannewitz i sur. (2020.) su istrazivali genetsku strukturu plemenitog raka na podrucju
Svedske, Norveske i Finske, te su rekonstruirali postglacijalnu kolonizaciju s juga prema
baltickom slivu i1 proucavali utjecaj antropogenih translokacija na genetsku strukturu
populacija. Analiziranjem veéeg broja mikrosatelitnih lokusa otkrili su tri genetske grupe
populacija koje odgovaraju sjeveru, sredini i jugu Fenoskandije. Medu trima grupama,
najveca genetska raznolikost zabiljezena je u juznoj, koja je ujedno genetski slicna
populacijama srediSnje Europe. Uocena genetska struktura odrazava dvije postglacijalne
kolonizacijske rute baltickog bazena iz glacijalnih refugija na jugoistoku Europe i prosle

antropogene translokacije plemenitog raka.

19



1.5. Poto¢ni rak (Austropotamobius torrentium)

1.5.1. Geografska rasprostranjenost, ekologija, morfologija, filogenija, ugroZenost i
zaStita

Poto¢ni rak je najmanja vrsta porodice Astacidae. Prirodno je rasprostranjen u
Luksemburga na zapadu, Grcke na jugu te Turske i Bugarske na istoku (Kouba i sur., 2014.).
Nastanjuje vodotoke na vis§im nadmorskim visinama te je u Hrvatskoj rasprostranjen u
rijekama crnomorskog i jadranskog sliva (Maguire i sur., 2018.). Prilagoden je na uvjete u
hladnim vodotocima te je njegova rasprostranjenost u Hrvatskoj usko povezana s krskim
reljefom (Klobucar i sur., 2013.). Prirodna staniSta vrste nalaze se u izvoriSnim te gornjim
dijelovima manjih loti€¢kih sustava prosje€ne godiSnje temperature vode do 10 °C, s
koncentracijom Kisika iznad 4 mg/L, brzog strujanja i kamenog supstrata (Maguire i sur.,
2002.; Maguire i Gottstein — Matocec, 2004.). Jedinkama odgovaraju stanista s puno zaklona i
razvijenom obalnom vodenom vegetacijom. Ova vrsta je izrazito osjetljiva na onec¢iscenje i

modifikacije vodotoka i preferira stanista visoke kvalitete vode (Machino i Fiireder, 2005.).

Poto¢ni rakovi narastu do ukupne duzine tijela do 11 cm, maksimalno do 15 cm
(muzjaci dosegnu duljinu tijela od 8 do 10,5 cm, a Zenke 6 do 9 cm). Od vrsta roda Astacus
razlikuju se po samo jednom paru postorbitalnih grebena na gornjoj strani karapaksa, $to je
ujedno karakteristika cijelog roda Austropotamobius. Od druge vrste roda Austropotamobius,
bjelonogog raka, razlikuje se po nedostatku trnova iza cervikalne brazde. Karakteristi¢no
obojenje tijela je varijabilno, tamnosmede do maslinastozeleno, uz rjedu pojavnost svjetlije ili
plave nijanse. Rostrum je najéeS¢e oblika jednokostrani¢énog trokuta, uz postojece

intraspecijske varijacije u duzini i obliku vr$nog dijela (apeks rostruma).

Rezultati molekularno-filogenetickih istrazivanja roda Austropotamobius pokazali su
da je vjerojatno mjesto nastanka ovog roda bio sjeverozapad Balkanskog poluotoka, odakle su
se dvije vrste ovog roda prosirile u podruc¢je danasnjeg areala (Trontelj i sur., 2005.; Klobucar
i sur., 2013.; Jeli¢ i sur., 2016.). Alpska i dinaridska orogeneza tijekom srednjeg i kasnog
miocena smatraju se uzrokom filogeografskog razdvajanja ancestralne populacije koja je,
naposljetku, dovela do nastanka dviju razli¢itih vrsta; potoénog raka sa sjeverne strane
Dinarida i bjelonogog raka s juzne strane (Trontelj i sur., 2005., Klobucar i sur., 2013.).

Istrazivanjima mitohondrijskih gena poto¢nog raka utvrdeno je postojanje sedam geografski 1
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genetski izoliranih filogrupa, od kojih je Sest rasprostranjeno u slatkovodnim ekosustavima
Hrvatske, s najve¢im brojem linija i raznoliko$¢u u vodotocima sjeverno-sredi$njih Dinarida
(Klobucar i sur., 2013.). Ustanovljena velika genetska raznolikost i filogeografski uzorak ove
vrste smatraju se rezultatom procesa okrSavanja Dinarida koje je uzrokovalo fragmentaciju
paleohidrografske mreze i geografsku izolaciju te omogucilo uvjete za alopatrijsku specijaciju
(Trontelj i sur., 2005., Klobugar i sur., 2013.). Takoder, danasnja rasprostranjenost i genetska
struktura poto¢nog raka, rezultat je pleistocenskih klimatskih promjena te brze postglacijalne

rekolonizacije srediSnje Europe iz glacijalnih refugija kroz dunavski sliv.

Nedavnim istrazivanjima u Europi i Hrvatskoj, kao i kod ostalih nativnih vrsta,
zabiljezen je znacajni pad broja jedinki poto¢nog raka (Maguire i sur., 2018.). Smatra se da je
29 % populacija poto¢nog raka u Hrvatskoj izgubljeno tijekom posljednjeg stolje¢a. Njegova
su prirodna staniSta Cesto izolirana te nakon nestanka lokalne populacije, ne dolazi do
prirodne rekolonizacije (Maguire i sur., 2018.). Uzroci smanjenja broja populacija su
mnogobrojni, a najée$¢i je negativni antropogeni utjecaj na staniSta ove vrste, klimatske
promjene i invazivne strane vrste rakova koje prenose bolest rac¢ju kugu. Potoc¢ni rak je vrsta
osjetljiva na promjene u kvaliteti 1 temperaturi vode, stoga onecis¢enja 1 klimatske promjene
koje se manifestiraju kao periodi ekstremne i dugotrajne suSe, predstavljaju izazov za

prezivljavanje populacija ove vrste (Kouba i sur., 2016.).

Potocni rak je ugrozena vrsta, zasticena nacionalnim 1 medunarodnim zakonima. Na
nacionalnoj razini zasti¢ena je Zakonom o zastiti prirode (NN 80/13) i Pravilnikom o strogo
zasticenim vrstama (NN 144/13) te je uvrStena u Crveni popis rakova slatkih 1 bocatih voda
Hrvatske kao osjetljiva vrsta (eng. vulnerable, VU) (Gottstein i sur., 2011.). Na medunarodnoj
razini, poto¢ni rak nalazi se na Crvenom popisu ugrozenih svojti Medunarodne unije za
o¢uvanje prirode (IUCN) u kategoriji nedovoljno istrazene vrste (eng. data deficient, DD)
(Fiireder 1 sur., 2010.). Takoder, uvrSten je u Dodatak III Konvencije o zastiti europskih
divljih vrsta 1 prirodnih staniSta i u Dodatak II i Dodatak V Direktive o zastiti prirodnih
stanista i divlje faune i flore (Council directive 92/43/EEC, 2000.). Prema Clanku 17
Direktive o staniStima, status poto¢nog raka u tri biogeografske regije u Hrvatskoj oznacen je

kao nepovoljan-neodgovaraju¢ (https://nature-art17.eionet.europa.eu/article17/).

Dosada$njim su istrazivanjima prikupljeni podaci o biologiji, ekologiji i morfoloskoj
varijabilnosti potonog raka u Hrvatskoj. Takoder, utvrdena je njegova detaljna

rasprostranjenost te cinjenica da se broj populacija zna¢ajno smanjio u posljednjem stoljec¢u
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(Maguire i Gottstein Matocec, 2004., Maguire i sur., 2011., Maguire i sur., 2018.). Nadalje,
dosadasnja su istrazivanja uklju¢ila i analizu molekularno-filogenetskih i filogeografskih
odnosa roda Austropotamobius (Trontelj i sur., 2005.; Klobucar i sur., 2013.). Do danas nisu
provedena istrazivanja genetske strukture populacija poto¢nog raka, a ¢iji bi rezultati pomogli

u identifikaciji vru¢ih tocaka genetske raznolikosti na hrvatskoj, odnosno europskoj razini.

1.5.2. Pregled istrazivanja morfoloske i genetske raznolikosti poto¢nog raka
1.5.2.1. Pregled dosadasnjih istraZivanja morfoloske raznolikosti poto¢nog raka

Morfometrijska mjerenja Cesto se koriste za istraZivanje morfoloSke varijabilnosti
slatkovodnih rakova (Grandjean i sur., 1997.; Grandjean i Souty-Grosset, 2000.; Sint i sur.,
2005.; Sint i sur., 2006.; Sint i sur., 2007.; Maguire i Daki¢, 2011.; Vlach i Valdmanova,
2015.; Puretanovi¢ i sur., 2017.; Mijosek i sur., 2017.; Maguire i sur., 2017.; Berger i sur.,
2018.; Parvulescu, 2019). Danas se morfometrijska analiza koristi i u integriranom pristupu
konzervaciji kako bi se ustanovila morfoloSka kompatibilnost donorskih populacija. Uz
tradicionalnu i1 geometrijsku morfometriju, u istraZivanjima morfologije slatkovodnih rakova
koriste se 1 meristicke znacajke, kao Sto je broj trnova na merusu tre¢eg maksilipeda ili
prisutnost medijane rostralne kriste (Fiireder 1 Machino, 2002.; Harlioglu, 2002.; Karaman,
1961., 1962.; Trontelj i sur., 2005.).

Morfologija vrsta iz roda Austropotamobius ¢esto je proucavana, medutim vecina
morfoloskih istrazivanja odnosi se na bjelonogog raka, dok je na poto¢nom raku proveden
manji broj istrazivanja. Istrazivanja morfoloSke raznolikosti potocnog raka do sada su bila
temeljena ve¢inom na tradicionalnim morfometrijskim 1 meristiCkim znacajkama. Prva
istrazivanja morfoloske raznolikosti poto¢nog raka napravljena su u svrhu razlikovanja
razli¢itih populacija i podvrsta na temelju morfometrijskih 1 meristickih znacajki (Karaman,
1929.; Bott, 1950.; Karaman, 1961., Albrecht, 1982.; Starobogatov, 1996.). Medutim,
napravljena su koriStenjem malog broja jedinki i morfoloskih znacajki koje nisu bile dovoljno
pouzdane za razlikovanje razli¢itih populacija (Holdich i sur., 2002.). Trenutno su prihvacene
tri podvrste roda Austropotamobius na temelju morfologije, ali nisu potvrdene molekularnim

podacima: A.t. torrentium, A. t. danubicus i A. t. macedonicus (Crandall i De Grave, 2017.).

Trontelj i sur. (2005.) su prilikom istrazivanja molekularno-filogenetskih odnosa roda
Austropotamobius uo¢ili izrazenu medijanu rostranu kristu kao dijagnosticku znacajku za

razlikovanje divergentne mitohondrijske filogrupe rasprostranjene u dijelu sjevernih Dinarida.
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Sint i sur. (2005.) su istrazivali morfolosku raznolikost europskih vrsta rakova
primjenom multivarijantne statisticke analize. U svom istrazivanju koristili su 21
tradicionalnu morfometrijsku znacajku za razlikovanje populacija bjelonogog i plemenitog
raka iz austrijske pokrajine Tirol. Kasnije su iste morfometrijske znacajke koristili za
istrazivanje morfoloske varijabilnosti mijeSane populacije bjelonogog i poto¢nog raka (Sint i
sur., 2006.). Rezultati su pokazali dobro odvajanje ovih dviju vrsta u morfoloskim
karakteristikama te su pronadene jedinke koje bi mogle predstavljati interspecijske hibride.
Zatim su napravili genotipsku karakterizaciju triju vrsta slatkovodnih rakova, bjelonogog,
poto¢nog 1 plemenitog raka (Sint i sur., 2007.). Primjena hijerarhijske klaster analize i
diskriminantne analize omogucila je razlikovanje vrsta te populacija iste vrste, koje je odraz
geografske udaljenosti. Nadalje, na temelju ustanovljene morfologije, identificirali su jedinice

upravljanja.

Vlach 1 Valdmanové (2015.) istrazivali su alometriju 1 spolni dimorfizam poto¢nog
raka u Ceskoj. Multivarijantnom analizom tradicionalnih morfometrijskih znacajki ustanovili
su postojanje znacajnih razlika izmedu spolova ¢ime je potvrdeno postojanje spolnog
dimorfizma u poto¢nih rakova. Takoder, ustanovili su da razlikovanju muzjaka i Zenki najvise
doprinose morfometrijske znacajke abdomena, karapaksa i klijeSta. Uocili su da, nakon
postizanja spolne zrelosti, veéina tijela raste alometrijski; pozitivna alometrija ustanovljena je
u duzini karapaksa kod muzjaka, Sirini karapaksa i abdomena te omjeru duzine i Sirine klijeSta
zenki. Negativni alometrijski rast zabiljezen je u duljini rostro-cervikalnog dijela karapaksa,

Sirini 1 visina klijesta.

Daki¢ 1 Maguire (2016.) su istrazivale zivotni ciklus i morfometrijske karakteristike
potocnog raka u dvije krSke rijeke u Hrvatskoj. Rezultati su pokazali da se muzjaci i Zenke
znacajno razlikuju u svim mjerenim morfometrijskim obiljezjima i teZini tijela, dok se jedinke
iz dviju populacija medusobno znacajno razlikuju u Sirini karapaksa, duzini, Sirini i debljini
klijesta kod muzjaka te ukupnoj duZini tijela, Sirini karapaksa, debljini klijesta i Sirini prve
abdominalne pleure kod zenki. Pretpostavljaju da su zabiljezene morfometrijske razlike

izmedu dviju populacija posljedica adaptacije na specifi¢ne stani$ne i ekoloske uvjete.

Maguire i sur. (2017.) istrazivali su morfolosku varijabilnost poto¢nog raka
multivarijantnom analizom morfometrijskih 1 meristickih znacajki populacija u Parku prirode
Zumberak-Samoborsko gorje u Hrvatskoj. Istrazivanjem su utvrdili postojanje morfoloskih

razlika izmedu jedinki koje pripadaju trima prethodno otkrivenim mitohondrijskim
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filogrupama. Morfometrijske karakteristike koje su doprinosile razdvajanju muzjaka iz
razlic¢itih filogrupa su klijesta, karapaks i rostrum, a kod zenki karapaks, rostrum i ukupna
duzina. Iako su se populacije razlikovale morfoloski i genetski, nije utvrdena znacajna

korelacija izmedu genetskih i morfometrijskih udaljenosti.

Berger i sur. (2018.) primijenili su integrativni pristup u konzervaciji poto¢nog raka na
temelju istrazivanja genetske i morfoloske raznolikosti kako bi identificirali potencijalne

donorske populacije za buduce repopulacije i reintrodukcije.

Parvulescu (2019.) je opisao novu vrstu roda Austropotamobius na temelju
molekularno-filogenetickih analiza i morfologije. Vrsta Austropotamobius bihariensis
oznaCena je kao endem planinskog masiva Apuzeni u Rumunjskoj, a uofene morfoloske
karakteristike koje razlikuju ovu vrstu od ostalih su nedostatak dentikulacije na donjem rubu

antenalnog egzopoda, kratki rostrum zvonolikog oblika i manji broj tuberkula na klijestima.

1.5.2.2. Pregled dosadasnjih istraZivanja genetske raznolikosti poto¢nog raka

Dosadasnja istrazivanja genetske raznolikosti poto¢nog raka temeljena su na analizi
mitohondrijskih gena za citokrom ¢ oksidazu podjedinica | (COI) i 16S rRNA (Trontelj i sur.,
2005.; Schubart i Huber, 2006.; Klobug¢ar i sur., 2013.; Berger i sur., 2018.; Parvulescu i sur.,
2019.) te mikrosatelitnih lokusa iz blisko srodnih vrsta (lorgu i sur., 2011.; Berger i sur.,
2018.; Parvulescu 1 sur., 2020.) ili koriStenjem malog broja vrsno specifi¢nih mikrostatelita

(Vorburger i sur., 2014.).

Trontelj i sur. (2005.) su proveli prvo istrazivanje molekularno-filogenetskih odnosa
vrsta roda Austropotamobius na ve¢em dijelu njihovog areala koriStenjem mitohondrijskog
gena COIl. Analize su otkrile veliku genetsku raznolikost na podrucju sjeverozapada
Balkanskog poluotoka, koji se smatra mjestom nastanka i centrom radijacije ovog roda,
odakle su se dvije vrste diverzificirale i prosirile u podru¢je danasnjeg areala. Alpska i
dinaridska orogeneza tijekom srednjeg i kasnog miocena smatraju se uzrokom
filogeografskog odvajanja ancestralne populacije roda Austropotamobius koja je, naposljetku,
dovela do nastanka dviju razli¢itih vrsta, bjelonogog raka i potocnog raka. Naredna tektonska
zbivanja stvorila su niz novih staniSta i uvjetovala daljnja razdvajanja genetskih linija 1
migracije populacija. Takoder, ustanovljeno je postojanje triju odvojenih genetskih linija

unutar poto¢nog raka, linija na podru¢ju gornjeg dijela rijeke Kupe (dinaridski kr$ na granici
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Hrvatske i1 Slovenije), linija na podruc¢ju juznog Balkana, i linija koja obuhvaca populacije s

ostatka areala.

Schubart i Huber (2006.) istrazivali su genetsku raznolikost poto¢nog raka u
Njemackoj te prosirili istrazivanje od Trontelj i sur. (2005.) sekvenciranjem dodatnog
molekularnog biljega, mitohondrijskog gena za 16S rRNA. Na temelju analize
mitohondrijskih gena COI i 16S rRNA potvrdili su da je genetska raznolikost poto¢nog raka u
srediSnjoj Europi, sjeverno od Alpa uvelike smanjena i homogena u odnosu na veliku
genetsku raznolikost juzno od Alpa 1 na podruc¢ju Balkana. Uoceni obrazac povecane genetske
raznolikosti juznih populacija te postepeno opadanje genetske raznolikosti prema sjevernijim
populacijama objasnjavaju postglacijalnim Sirenjem i genetskim uskim grlom (eng. genetic
bottleneck) koji se dogodio tijekom brze rekolonizacije srediSnje Europe iz juZnih glacijalnih

refugija.

lorgu i sur. (2011.) su testirali upotrebu mikrosatelitnih lokusa razvijenih za druge
vrste deseteronoZnih rakova za potrebe istraZzivanja genetske raznolikosti 1 populacijske
strukture potocnog raka. Od velikog broja testiranih lokusa (55), uspje$no su umnozili pet
polimorfnih mikrosatelitnin lokusa, uz zabiljezena odstupanja od Hardy-Weinbergove

ravnoteze i1 prisutnost nul alela.

Klobucar 1 sur. (2013.) su istrazivali filogeografiju i filogeniju poto¢nog raka u svrhu
objasnjavanja utjecaja paleogeologije dinaridskog krsa i okrSavanja u oblikovanju evolucijske
povijesti 1 genetske raznolikosti slatkovodnih vrsta na podru¢ju zapadnog Balkana. Na
temelju analize mitohondrijskih gena za COI i 16S rRNA utvrdili su postojanje velike
genetske raznolikosti, prisutne u obliku sedam geografski i genetski izoliranih monofiletskih
filogrupa, od kojih je Sest rasprostranjeno u slatkovodnim ekosustavima Hrvatske, s najve¢im
brojem linija i raznoliko$¢u u sjeverno-sredisnjoj dinaridskoj regiji (eng. northern - central
Dinaric region, NCD). Filogrupe su nazvane prema geografskim podru¢jima na kojima su
populacije rasprostranjene: Banovina (BAN), SrediSnja i jugoisto¢na Europa (CSE), Gorski
kotar (GK), Lika i Dalmacija (LD), juzni Balkan (SB), Zeleni vir (ZV) te Zumberak, Plitvice i
Bjelolasica (ZPB). Velike vrijednosti genetskih udaljenosti i nepostajanje jasnih razlika u
morfologiji izmedu jedinki razli¢itih filogrupa ukazali su na moguce postojanje kripticnih
vrsta. Takoder, autori su istaknuli da bi ove visoko divergentne linije trebale imati prioritet u

konzervaciji vrste jer nastanjuju vrlo malo geografsko podrucje.
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Vorburger i sur. (2014.) su analizirali genetsku raznolikost i povezanost populacija
potoénog raka u Svicarskoj koristenjem osam novorazvijenih mikrosatelitnih biljega, uz etiri
dodatna mikrosatelitna biljega razvijenih za srodne vrste deseteronoznih rakova. Rezultati su
pokazali nisku genetsku varijabilnost istrazivanih populacija, ali istovremeno visoku genetsku
diferenciju. Autori su zakljucili da se navedeni mikrosateliti mogu koristiti u konzervaciji
poto¢nog raka i identifikaciji potencijalnih donorskih populacija za buduce pokusaje

reintrodukcije.

Petrusek i sur. (2017.) su istrazivali genetsku varijabilnost i podrijetlo populacija
potoénog raka u Ceskoj koristenjem mitohondrijskog gena za COI. Molekularno-filogeneticka
analiza otkrila je da proucavane populacije imaju dva razliita podrijetla. Jedinke iz
geografski izolirane populacije na istoku Ceske nose haplotip koji je prethodno utvrden u
Sloveniji i Hrvatskoj, na temelju ¢ega zaklju¢uju da je ova populacija vjerojatno introducirana
od strane ¢ovjeka. Suprotno tome, u vecini ¢eskih populacija prisutan je dominatni haplotip,
inace Siroko rasprostranjen u Njemackoj te nekoliko haplotipova koji se medusobno razlikuju
u tockastoj mutaciji. Navedeni uzorak govori u prilog scenarija postglacijalna rekolonizacije
te dvostrukog podrijetla poto¢nog raka u Ceskoj, s prirodnim i antropogenim ¢imbenicima

koji su oblikovali sadasnju raznolikost i areal ove vrste.

Berger i sur. (2018.) koristili su integrativni pristup u konzervaciji poto¢nog raka u
Austriji, Njemackoj i Svicarskoj temeljem molekularno-filogenetickih, morfometrijskih i
populacijsko genetickih analiza. Rezultati su pokazali prethodno utvrdeno (Klobucar i sur.,
2013.), populacije sredisnje Europe pokazuju nizak stupanj varijabilnosti u odnosu na

jugoistocne.

Parvulescu 1 sur. (2019.) otkrili su novu mitohondrijsku liniju poto¢nog raka na
podrucju gorja Apuzeni u Rumunjskoj koja je naknadno opisana kao nova endemska vrsta
roda Austropotamobius (Austropotamobius bihariensis) na temelju meristickih znacajki i

molekularno-filogenetickih analiza (Parvulescu, 2019.).

1.6. Utjecaj klimatskih promjena i invazivnih vrsta na slatkovodne rakove

Slatkovodni rakovi izdvojeni su kao posebno osjetljiva skupina organizama na
klimatske promjene zbog ograni¢ene moguénosti rasprostranjivanja. Predvidene promjene u
termalnim i hidroloskim rezimima reducirat ¢e koli¢inu klimatski povoljnih podrudja za

rakove, uzrokuju¢i suZenja njihovog prirodnog areala 1 ve¢u simpatriju s invazivnim stranim
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vrstama rakova koji su nosioci bolesti rac¢je kuge te na taj naCin doprinijeti daljnjem
smanjenju populacija nativnih vrsta rakova diljem Europe (Capinha i sur., 2013.). Imajuc¢i na
umu da je za mnoge vrste rakova, migracija u klimatski povoljna stanista ugrozena zbog
ograni¢enih moguénosti rasprostranjivanja i izoliranosti stanista, stru¢njaci predlazu asistiranu
migraciju, reintrodukciju i/ili repopulaciju kao glavne konzervacijske strategije (Souty-
Grosset i Reynolds, 2009.; Olden i sur., 2011.; Capinha i sur., 2013.). Rezultati istrazivanja
procjene osjetljivosti slatkovodnih rakova na klimatske promjene pokazali su da je 87 %
istrazivanih vrsta visoko osjetljivo na klimatske promjene, 35 % ima nisku adaptivnu
sposobnost, dok je 57 % visoko izlozeno klimatskim promjenama (Hossain i sur., 2018.).
Moguce posljedice utjecaja klimatskih promjena na rasprostranjenost slatkovodnih vrsta
rakova istrazene su u brojnim publikacijama, koriste¢i modele ekoloSke niSe ili modele
povoljnosti stanista (Liu i sur., 2011.; Capinha i sur., 2013.; Ghia i sur., 2013.; Gallardo i
Aldridge, 2013.; Markovic i sur., 2014.; Chucholl, 2016., 2017.; Hossain i sur., 2018.; Yarra i
sur., 2018.; Préau i sur., 2020.; Zhang i sur., 2019.; Piyapong i sur., 2020.). Tako je na primjer
pomocu takvih modela potvrdeno da ¢e populacije nativnih europskih vrsta rakova biti
posebno ugrozene zbog klimatskih promjena, ali i invazivnih stranih vrsta. Capinha i sur.
(2013.) istrazivali su ucinak klimatskih promjena i invazivnih vrsta rakova na
rasprostranjenost nativnih europskih vrsta. Modeliranjem povoljnih stanista na temelju
razli¢itih klimatskih scenarija predvidjeli su veliko smanjenje areala; gubitak povoljnih
staniSta za plemenitog raka iznosio je 71 %, potocnog raka 52 %, uskoskarog raka 20 %,
bjelonogog raka 19 % i za vrstu A. pachypus 31 %. Istovremeno, ve¢ina klimatski povoljnih
podru¢ja za slatkovodne rakove predvidena je u vodotocima koji su nedostupni zbog
prirodnih barijera i izoliranosti slatkovodnih stani$ta. Predvideno je da ¢e povoljni uvjeti za
plemenitog raka ostati uglavnom unutar staniSta koje trenutno nastanjuju i pristupacnih
vodotokova (85 %), dok ¢e buduci povoljni uvjeti za bjelonogog, uskoskarog i poto¢nog raka
biti unutar trenutno nenaseljenih i nedostupnih vodotokova (57 %, 58 % i 67 %, redom).
Temeljem preklopa potencijalne buduce rasprostranjenosti nativnih i invazivnih stranih vrsta
rakova, predvidjeli su preklapanje u njihovoj rasprostranjenosti i povoljnim stanistima. Stoga,
autori predlazu premjestanje vrsta u klimatski povoljna podruéja izvan njihovog povijesnog
areala u svrhu konzervacije nativnih vrsta. Ghia i sur. (2013.) su modeliranjem ekoloske niSe
bjelonogog raka u sjevernoj i srediSnjoj Italiji otkrili da je povecanje temperature u
najtoplijem razdoblju godine kriti€no za rizik od lokalnog izumiranja. Uc¢inak klimatskih

promjena i invazivnih vrsta na ugrozene slatkovodne vrste analizirali su Gallardo i Aldridge
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(2013.). U svom istrazivanju procjenjivali su utjecaj klimatskih promjena i rasprostranjenosti
invazivnog signalnog raka na rasprostranjenost nativnog bjelonogog raka. lako su
modeliranjem predvidjeli da ¢e obje vrste biti podlozne negativnom utjecaju klimatskih
promjena, procijenjeno smanjenje areala i gubitak povoljnih stanista biti ¢e veéi za signalnog
raka. Stovise, preklapanje u rasprostranjenosti obje vrste smanjit ée se za 13-17 %, $to moze
znaliti smanjenje utjecaja signalnog raka na bjelonogog. Markovic i sur. (2014.) su u svom
istrazivanju utjecaja klime na slatkovodne vrste Europe predvidjeli da ¢e 6 % cestih vrsta i 77
% rijetkih vrsta izgubiti 90 % svog trenutnog areala. Takoder, potvrdili su osjetljivost

slatkovodnih rakova na buduce klimatske promjene predvidanjem gubitka areala od 22%.

Modeliranje potencijalne rasprostranjenosti 1/ili ekoloSke niSe izradeno je u brojnim
publikacijama s ciljem istrazivanja utjecaja invazivnih stranih vrsta rakova na nativne
europske vrste. Chucholl (2016.) je koristio multivarijatne statistiCke analize i modele
ekoloske niSe za procjenu sadaSnje i buduce rasprostranjenosti devet vrsta rakova (Sest
invazivnih stranih vrsta rakova i tri nativne vrste) u jugozapadnoj Njemackoj. Zakljuc¢io je da
su ekoloske nisSe nativnih vrsta povezane s hladnijim temperaturama (izuzev bjelonogog raka),
nizim indeksom ljudskog utjecaja 1 ve¢im nagibom terena, u usporedbi s ekoloSkom niSom
invazivnih stranih vrsta. Analize su pokazale najvece preklapanje u povoljnim staniStima
izmedu signalnog raka 1 nativnih vrsta. Takoder, ustanovljeno je da signalni rak predstavlja
najvecu prijetnju konzervaciji nativnih vrsta rakova u Njemackoj zbog najvise brzine Sirenja.
Naredne godine, Chucholl (2017.) je koristio modele ekoloSke niSe za planiranje konzervacije
potocnog 1 plemenitog raka u jugozapadnoj Njemackoj. Modeliranjem su otkrivene dotad
nepoznate populacije bjelonogog raka u Njemackoj te su identificirani klimatski povoljni
vodotoci za buduce programe reintrodukcije. Préau i sur. (2020.) su modeliranjem ekoloskih
niSa ugrozenog bjelonogog raka i invazivnog signalnog raka u Francuskoj predvidjeli
povoljna stanista ovih vrsta pod utjecajem razli¢itih klimatskih scenarija. ldentificirali su
povoljna podru¢ja za konzervaciju postoje¢ih populacija i buduée programe zastite i/ili
reintrodukcije. Modeli su pokazali preklapanje ekoloskih niSa bjelonogog i signalnog raka te
veliko smanjenje povoljnih stanista za obje vrste. Piyapong i sur. (2020.) su u svom
istrazivanju procjenjivali potencijalnu rasprostranjenost nativnog bjelonogog raka te dviju
invazivnih stranih vrsta, bodljobradog i signalnog raka. Istrazivanje je pokazalo da je
bjelonogi rak vise ugrozen povisenjem temperature uslijed globalnog zatopljenja nego
potencijalnom buducom rasprostranjeno$¢u invazivnih vrsta. Autori su istaknuli vaznost

pronalaska okolisnih varijabli koje objasnjavaju trenutnu rasprostranjenost vrsta u predvidanju
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interakcija nativnih i invazivnih stranih vrsta te predlaganje u¢inkovitih strategija upravljanja

ovim vrstama kako bi se smanjio negativni utjecaj invazivnih vrsta.

1.7. Ciljevi i hipoteze istraZivanja

Opceniti cilj ove doktorske disertacije je istraziti morfolosku i genetsku raznolikost
potoc¢nog i plemenitog raka te razviti modele povoljnosti stanista koji ¢e predvidjeti kako ¢e
klimatske promjene te prisutnost i Sirenje invazivnih stranih vrsta rakova utjecati na njihovu

buducu rasprostranjenost i dugoro¢ni opstanak.
Specificni ciljevi istrazivanja:

1. Utvrditi morfoloske znacajke koje omoguéuju razlikovanje jedinki razli¢itih populacija

potocnog 1 plemenitog raka koriStenjem morfometrijskih podataka.

2. Istraziti genetsku raznolikost unutar i medu populacijama poto¢nog i plemenitog raka
upotrebom mitohondrijskin (COI, 16S rRNA) i nuklearnih (ITS2, mikrosateliti) DNA
biljega te doprinijeti novim spoznajama o njihovim srodstvenim odnosima i evolucijskoj
povijesti te identificirati evolucijski bitne jedinice i jedinice upravljanja kao osnovu za

razvoj strategija zastite i upravljanja ovim ugroZenim vrstama.

3. lzraditi modele povoljnosti stanista za poto¢nog i plemenitog raka te njihovu projekciju u
buduénosti koriStenjem razli¢itih scenarija klimatskih promjena u svrhu identifikacije
podrucja koja ¢e biti izrazito nepovoljna za njihovo prezivljavanje, kao i podrucja koja ¢e

osigurati njihov dugotrajni opstanak.

4. lzraditi modele potencijalno povoljnih staniSta za invazivne vrste rakova u svrhu
predvidanja staniSta i nativnih populacija rakova koja ¢e biti pod njihovim najveéim

pritiskom u buduénosti.

5. Postaviti temelje za pravilnu zaStitu 1 planove upravljanja populacijama potocnog i
plemenitog raka preklapanjem podataka o genetskoj raznolikosti proucavanih nativnih
vrsta s podacima o njihovoj potencijalnoj buducoj rasprostranjenosti, kao i s budu¢om

potencijalnom rasprostranjenos¢u stranih invazivnih vrsta pod utjecajem klimatskih
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promjena te identificirati populacije i podru¢ja koja imaju najvecu konzervacijsku

vrijednost i kojima treba dati najveci prioritet u zastiti.

6. Identificirati potencijalne buduce refugije poto¢nog i plemenitog raka tijekom klimatskih
promjena.

Hipoteze istrazivanja:

1. Populacije poto¢nog 1 plemenitog raka razlikuju se u morfoloSkim znacajkama ovisno o

pripadnosti razli¢itim evolucijskim linijama, slivovima 1 vrsti staniSta.

2. Populacije poto¢nog i plemenitog raka u Hrvatskoj karakterizira velika genetska

raznolikost i sloZena evolucijska povijest.

3. Populacije poto¢nog i plemenitog u Hrvatskoj su genetski i geografski izolirane te su obje

vrste posljedi¢no genetski strukturirane.

4. Klimatske promjene uzrokovati ¢e pomicanje areala poto¢nog i plemenitog raka na vise

nadmorske visine, u dijelove vodotoka s konstantnim protokom i hladnijom vodom.

5. Klimatske promjene i invazivne strane vrste negativno ¢e utjecati na razinu genetske

raznolikosti poto¢nog i plemenitog raka.
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Abstract — The noble crayfish (4stacus astacus), a keystone species of high ecological, economic, and
cultural importance in Europe, is threatened due to a long-term population decline caused by anthropogenic
pressure on its habitats, the presence of non-indigenous invasive crayfish species and climate change. Since
the effective protection of the remaining populations requires conservation measures based on the
comprehensive knowledge of the species, including good understanding of its genetic and morphological
variability, our aim was to study morphological features of the noble crayfish in Croatia using geometric
morphometrics for the first time. We applied two-dimensional geometric morphometrics to find
morphological differences among 15 populations of the noble crayfish from Croatian freshwater habitats,
grouped according to previously established (a) mitochondrial (genetic) lineages, (b) genetic clusters
inferred from nuclear microsatellites, as well as (c) river basins and (d) habitat types (lotic, lentic). Overall,
the results indicated the existence of morphological diversity among the studied populations of the noble
crayfish in Croatia. Shape analysis showed differences in cephalon based on crayfish affiliation to different
genetic lineages, genetic clusters, river basins and habitat types. Our study provided novel insights into

morphological diversity of the endangered noble crayfish in the area of its high genetic diversity.

Keywords: Astacus astacus / freshwater crayfish / biodiversity / landmarks / shape analysis

1 Introduction

Freshwater ecosystems in the Mediterranecan Basin are
considered one of the global biodiversity hotspots (Myers
et al, 2000). Concurrently, they are among the most
endangered habitats and their biodiversity is declining
dramatically, with high extinction rates and copious amount
of threatened species (Dudgeon et al., 2006; Strayer and
Dudgeon, 2010; Collen et al., 2014). One of Mediterranean
countries is Croatia, located in the south-eastern Europe, on the
dividing line between four biogeographical regions. Due to its
outstandingly diverse ecological, climatic, and geomorpho-
logic features, alongside complex paleo-hydrogeology, Croatia
hosts unique and various freshwater biodiversity (Previsi¢
et al., 2009; Maguire et al., 2018; Lovrenci¢ et al., 2020b,
Buj et al., 2020; Gross et al., 2021). It is recognized as an
important centre of native and endemic animal and plant
species diversity as well as an important wildlife refuge area.

*Corresponding author: imaguire@biol.pmf.hr

Croatian freshwaters also represent hotspot of native
European astacofauna by harbouring four native crayfish
species with high genetic and morphological diversity compa-
ring to other parts of Europe (Maguire et al., 2014; Jeli¢ et al.,
2016; Maguire et al., 2017; Lovrenci¢ et al., 2020a, b;
Gross et al., 2021). However, crayfish as keystone species
and ecosystem engineers are negatively affected and highly
threatened by anthropogenic pressure on their habitat (Jussila
etal.,2021). The noble crayfish Astacus astacus (L.) is the most
highly appreciated indigenous crayfish species in Europe,
known for its economic and cultural value. Previous studies have
shown that the noble crayfish populations harbour the greatest
genetic diversity in the south-eastern Europe where populations
survived Pleistocene glaciations and subsequently re-colonised
European freshwaters (Schrimpfetal.,2014; Gross et al.,2021).
Natural distribution and genetic structure of 4. astacus have been
greatly altered and diminished across Europe due to habitat
degradation, pollution, climate change, the introduction of non-
indigenous invasive crayfish species, and a high amount of
manmade translocations and stockings (Schrimpf et al., 2017).
As aresult, 4. astacus has been classified as vulnerable by the
TUCN Red List of Threatened Species (Edsman ez al., 2010) and
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protected by international legislation (Annex III of the Bern
Convention, Annex V of Habitat Directive (92/43/EEC).
Moreover, A. astacus is listed as vulnerable in Croatia with a
decreasing population trend (Gottstein et al., 2011), and is
protected by national legislation (NN 80/13). Effective
protection of its existing populations requires conservation
measures based on the comprehensive knowledge of the species,
including information on its genetics and morphology (Sint
et al., 2005; Souty-Grosset and Reynolds, 2009). Moreover, the
outcomes of (re)introduction programmes, as one of the
conservation approaches, highlighted the importance of using
stocking material that will fit into its new habitat (Sint et al.,
2005; Souty-Grosset and Reynolds, 2009).

Large-scale genetic analyses indicated the existence of
seven divergent mitochondrial lineages within 4. astacus in
Europe, with highly differentiated populations characterised
by limited gene flow in the south-eastern Europe (Schrimpf
et al., 2014, Laggis et al., 2017, Gross et al., 2021, Lovrencié¢
et al., 2022). Phylogenetic reconstruction based on the
mitochondrial genes revealed that Croatian samples nested
within two mitochondrial lineages, Lineage 2 and 4 sensu
Schrimpf et al. (2014), with some populations harbouring
crayfish from both lineages. Results of microsatellite analyses
revealed low genetic diversity of 4. astacus in central and
north Europe due to frequent human translocations and/or
founder effects due to postglacial re-colonization, and the
highest genetic diversity in the south-eastern Europe (Laggis
et al., 2017; Gross et al., 2021). Moreover, population genetic
analysis showed the existence of two genetic groups (clusters)
of A. astacus in Croatia (Lovrenci¢ et al., 2022).

Research of the freshwater crayfish morphology showed that
they display great morphological diversity and phenotypic
plasticity due to the influence of environment and/or genetic
background (Haddaway et al., 2012; Perry et al., 2013).
Furthermore, studies have been focused on evaluating morpho-
logical traits based on meristic and traditional morphometric in
order to study different European crayfish species (Sint et al.,
2005; Maguire and Daki¢, 2011; Maguire et al, 2017,
Duretanovi¢ et al., 2017), while geometric morphometric
characters were used in studies of Austropotamobius torrentium
(Lovrencic et al., 2020a), A. pallipes (Scalici and Bravi, 2012),
Cambarus species (Helms et al., 2015) and Procambarus clarkii
(Malavé et al., 2018). The first studies on A. astacus
biogeography and taxonomy were based on the analyses of
morphological and meristic characteristics (Albrecht, 1983;
Karaman, 1929; Karaman, 1962; Karaman, 1963). Later,
morphometric variation among A. astacus populations was
studied based on the statistical analyses of a large set of
morphometric parameters per crayfish in order to define
characteristics that will distinguish different populations
(Sint et al., 2005; Buretanovié¢ et al.,2017). However, traditional
morphometric multivariate analyses possess a comparatively
low power in describing and visualising shape variation given
that variables are usually strongly correlated with size and do not
encode information about the relative location of the measure-
ments. On the other hand, geometric morphometrics provides a
solution to the problems inherent to traditional morphometric
procedures by analysing shape using a Cartesian landmark

coordinate system (Zelditch et al., 2004). This further allows for
various methods of visualisation that can communicate complex
morphological changes and detect subtle morphological diffe-
rences within and among species (Klingenberg, 2013). Thus, in
the present study we analysed the morphological features of
A. astacus using geometric morphometrics for the first time.

The aim of this study was to verify whether or not there are
significant morphological differences among A. astacus
populations belonging to different previously established
groups (Lovrenci¢ et al., 2022): (a) mitochondrial (genetic)
lineages, (b) genetic clusters inferred from nuclear micro-
satellites, as well as (c) river basins and (d) habitat types (lotic,
lentic). We hypothesized that morphology of 4. astacus
cephalon differs among different groups, and that our study
will provide novel insights into biodiversity of this endangered
species in the area of its high genetic diversity.

2 Material and methods
2.1 Sampling

This study was conducted by collecting adult crayfish from
15 populations across A. astacus distribution range in Croatia
(Tab. 1, Fig. 1). Crayfish were collected with permission
obtained from Ministry of Environmental Protection and Energy
of the Republic of Croatia and in accordance with ethical
standards. Catching was conducted either by hand during the
night or with baited LiNi traps (Westman et al., 1978) that were
left in the water body overnight. All sampled specimens were
euthanised by freezing and identified to the species level
according to the key of crayfish families in Europe (Holdich
etal.,2006). Only adult (crayfish longer than 60 mm total length
(Holdichetal.,2006)), uninjured, intermolt crayfish were used in
the further analyses in order to minimise the influence of
ontogenetic allometry. Also, the sexes were merged in the further
analyses since previous studies showed that morphological
differences in cephalon shape were not affected by sexual
dimorphism in crayfish (Scalici et al., 2010, Helms et al., 2015;
Lovrenci€ et al., 2020a).

Crayfish specimens were grouped into a priori defined
genetic lineages and genetic clusters, as well as their affiliation
to river basins and habitat types (Tab. 1). Previous molecular
phylogenetic analyses based on the two mitochondrial genes
(COI and 16S RNA) were conducted on the same samples by
Lovrencéi¢ et al. (2022), and the results revealed the presence of
two mitochondrial lineages of A. astacus in Croatia. These
results enabled a priori classification of our specimens into
three groups: Lineage 2 and Lineage 4 sensu Schrimpf et al.
(2014) and the group containing specimens from both Lineages
2 and 4 (in further text abbreviated as Lineage 2/4).
Likewise, previous population genetic analysis using nuclear
microsatellites was conducted on the same specimens, and
the results of Bayesian assignment test in the software
STRUCTURE enabled a priori classification of each specimen
into one of two genetic clusters: Genetic Cluster I and Genetic
Cluster II sensu Lovrenci¢ et al. (2022). Moreover, specimens
were also assigned to certain river basin (Drava, Sava or Danube)
and habitat type (lentic or lotic).
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Table 1. List of studied Astacus astacus populations including information on the sample size (N), genetic lineage defined according
to Lovrenc¢i¢ et al. (2022), genetic cluster (I and II) defined according to Lovrenc¢i¢ et al. (2022), river basin and habitat type.
L2-Lineage 2 sensu Schrimpf et al. (2014), L4-Lineage 4 sensu Schrimpf et al. (2014), L2/L4-both lineages present in the same population.

Population Abbr. N Genetic lineage Genetic cluster Basin Habitat
Bednja BED 25 L2 I 1I Drava lotic
Bijela BIJ 7 L4 II Sava lotic
Breznica BRE 11 L4 I Sava lotic
Glogovica GLO 26 L4 II Sava lotic
Ilova ILO 17 L4 II Sava lotic
Kikovac KIK 18 L4 II Sava lotic
Kutjevacka KUT 12 L4 II Sava lotic
Motiénjak MOT 20 L2/L4 II Drava lentic
Otuca OTU 2 L2/L4 II Zrmanja lotic
Peratovica PER 4 L4 1T Sava lotic
Vuka VUK 19 L4 II Danube lotic
Slobostina SLO 18 L4 II Sava lotic
Totovec TOT 19 L4 I Drava lentic
Velic¢anka VEL 29 L4 II Sava lotic
Jaruga JAR 2 L2 II Sava lotic

2.2 Geometric morphometrics and multivariate
analyses

Geometric morphometric methods (GM) focus on the
geometry of shape that is estimated using the relative
locations of landmarks and/or outlines rather than on linear
measurements. In comparison with traditional morphome-
trics, it provides better quantification and visual presentation
of the morphological structures, and allows high statistical
sensitivity that detects small changes in the shape of
morphological units (Adams et al., 2013). Due to numerous
advantages, geometric morphometrics represent an innova-
tive advancement in the analysis of morphology, and is now
routinely used across the tree of life in all sorts of biological
studies (Adams et al., 2013). Moreover, morphometrics is
usually applied in combination with multivariate statistics to
complement studies on crayfish genetics (Sint et al., 2007,
Bertocchi et al., 2008) and ecology (Inoue ef al., 2013). In
the present study, following the procedure detailed in
Lovrenci¢ et al. (2020a), GM analysis was focused on the
cephalon shape using dorsal photographs of specimens.
Images for digitisation were obtained by scanning dorsal
view of crayfish cephalon using Epson Perfection V600
Photo scanner. Namely, dorsally positioned specimens were
placed in a water basin on the flatbed scanner in order to
obtain two-dimensional digital images. The GM analyses
were performed using TPS 1.49 series software (Rohlf,
2015) and MorpholJ 1.06d (Klingenberg, 2011). Total of 14
landmarks were digitized using TpsDig v.2.17 (Rohlf, 2015)
(Appendix 1). The number and selection of landmarks were
based on the combination of points from Scalici et al.
(2010), Scalici and Bravi (2012), and Lovrenci¢ et al.
(2020a). Non-shape variation in translation, rotation and size
from the original landmark configurations was removed by
Generalized Procrustes Analysis (GPA) in MorpholJ 1.06d.
The Canonical Variate Analysis (CVA) was performed using
the same software in order to discriminate groups based on
cephalon shape variation in different groups referred to in

Table 1. In order to find the shape characteristics that the best
distinguish groups of specimens, CVA was chosen over
Principal Component Analysis (PCA) since it maximizes the
differences between groups, constructing variables in
the way that it describes relative positions of groups in
the sample, while PCA not, and it represents general
variation in the sample (Zelditch et al., 2004). Further, CVA
is one of the most used approaches to discriminate among
groups since it maximizes distinction among groups in
relation to the variation within groups (Campbell and
Atchley, 1981). The results were reported as Procrustes and
Mabhalanobis distances with the respective p-values for these
distances after permutation tests (10,000 iterations). Scatterplots
of canonical scores were built to visualize the relationships
among the a priori defined groups, while shape variation
described by CVA was graphically depicted in the form of
wireframes. In addition, CVA results were represented in
scatterplots (CV1 vs CV2) with marginal density plots obtained
using the packages ggplot2v.3.3.5 (Wickham, 2016), cowplot
v.1.1.1 (Wilke et al., 2019) and ggpubr v.0.4.0 (Kassambara,
2020) in R 4.0.0 (R Core Team, 2021).

We checked the existence of allometry (i.e., shape change
related to size) by performing correlation analysis between
Procrustes coordinates and centroid size. To assess whether or
not differences between a priori groups are explained by size
differences and allometry, we performed alternative CVAs
removing the shape component due to allometry (Klingenberg,
2016). Both analyses were implemented in Morphol 1.06d
(Klingenberg, 2011).

In order to account for the impact of uneven sample size in
the a priori groups we created a routine that allows generating
subsamples where each group has the same sample size by
randomly selecting specimens. The number of specimens of
each group was constrained by the group with the smallest
sample size (i.e., genetic lineages =22, genetic clusters =40,
river basins= 18, and habitat types=18). This routine was
repeated 250 times for each of the a priori classifications and
CVA was carried out in all subsamples. Separation between
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Fig. 1. Geographical location of the studied Astacus astacus populations (details about sampling sites are provided in Tab. 1). Map of Europe
was adapted from https://commons.wikimedia.org/wiki/File:Croatia_in_Europe.svg. Map was prepared in QGIS 3.10 software and edited in

Inkscape v. 0.91.

groups was assessed visually with scatterplots (CV1 or CV1
vs CV2) and by plotting Mahalanobis distance dendrograms
(only in classifications with more than two groups, i.e.
genetic lineages and river basins). Analyses were performed
inR 4.0.0 (R Core Team, 2021) using the packages geomorph
v.4.0.1 (Adams and Otarola-Castillo, 2013), Morpho v.2.9
(Schlager et al., 2021), and shapes v.1.2.6 (Dryden, 2021).
Complementarily, we tested for potential confounding effects
between a priori classifications with similar partitioning of
specimens within their groups (i.e., genetic lineage vs river
basin, genetic cluster vs habitat type, and river basin vs
habitat type). For this, we performed Principal Component
Analysis (PCA) on the Procrustes coordinates and fitted
linear models considering the first three PC scores (cumula-
tive proportion of variance explained ~ 56 %) as dependent
variables and a priori classifications as factors. We compared

models including each a priori classification separately
(~ genetic lineage; ~ river basin; ~ genetic cluster; ~ habitat
type) with models including combinations of these by pairs
(~ genetic lineage +river basin; ~ genetic cluster + habitat
type; ~ river basin + habitat type). Akaike information criterion
(AIC) was then employed to assess which models fit the data
better (i.e., those with lower AIC values). A better support for
models containing a single factor over those containing pairs of
factors would be in agreement with the presence of important
confounding effects; while the contrary would support that both
factors contribute to explain shape variability within our sample.
Linear models were fitted with the aov() function in the
R package Stats v. 4.2.0 (R Core Team, 2021) and AIC values
were obtained in the R package A/Ccmodavgv.2.3.1 (Mazerolle,
2021). We considered a significance threshold of p < 0.05 for all
the analyses.
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Fig. 2. Cephalon shape variation of Astacus astacus revealed by Canonical Variate Analysis. Scatter plots of the first two canonical variate axes
(CV1 and CV2) with associated wireframe representations depicting shape changes along positive and negative extremes of the axes. Dark grey
landmark wireframe configurations represent cephalon morphologies along negative extremes, while light grey landmark wireframe
configurations represent cephalon morphologies along positive extreme. Different colour dots represent different groups: (A) genetic lineage,
(B) genetic cluster, (C) river basin, (D) habitat type, with maps showing their distribution in Croatia.

3 Results

3.1 Cephalon shape variation according to A. astacus
genetic lineages

Cephalon shape variation analyses included 229 crayfish
(Tab. 1). Results of CVA showed the differentiation among

A. astacus genetic lineages based on the cephalon shape
(Fig. 2). The first two canonical variates (CVs) explained entire
shape variation: CV1 accounted for 71.65%, while the CV2
accounted for 28.35% of the variability. The CVA separated to
some extent the specimens into three groups, corresponding to
the previously defined genetic lineages. CV1 separated,
with somewhat overlap, the Lineage 4 from Lineage 2 and
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Table 2. Procrustes distances (below diagonal) and Mahalanobis distances (above diagonal) between different groups of Astacus astacus with

p-values from permutation tests (10,000 permutation rounds).

Procrustes and Mahalanobis distances

A) Genetic lineage Lineage 2
Lineage 2

Lineage 2/4 0.031%*
Lineage 4 0.034%%*
B) Genetic cluster 1

I

I 0.029**
C) River basin Drava
Drava

Danube 0.057%*
Sava 0.026**
D) Habitat type Lentic
Lentic

Lotic 0.025%*

Lineage 2/4 Lineage 4

2.103%* 2.175%*
2.038%**

0.024*

II

2.324%*

Danube Sava

4.393%* 2.397%*
2.899%:

0.036%*

Lotic

1.811%%*

*Indicates statistical significance at p < 0.05.
**Indicates statistical significance at p < 0.0001.

Lineage 2/4, while CV2 separated, with certain overlap, the
Lineage 2 and mixed Lineage 2/4 (Fig. 2A). Overall cephalon
shape, as quantified by Procrustes and Mahalanobis distances,
differed among the genetic lineages, with all distances being
statistically significant (Tab. 2). Randomised subsampling
revealed much better separation among genetic lineages with
slight overlap (Appendix 2).

Shape changes that contributed to the distinction among
crayfish from different lineages were mostly visible in the
apical part of the cephalon (rostrum), the lateral edge of the
cervical groove, the placement of the postorbital ridges, and
the overall cephalon length and width (Fig. 2A).

Shape change along the CV1 axis was mostly determined by
the length and width of the cephalon, the width of lateral edge of
the cervical groove, and the placement of the postorbital ridges
(Fig. 2A). Shape changes along +CV1 were characterised by
enlargement of the rostrum, elongating and narrowing of the
cephalon, narrowing of the lateral edge of the cervical groove, and
the two postorbital ridges placed closer to the lateral edge of the
body. These characteristics were more pronounced in some
specimens belonging to the Lineage 2 and Lineage 2/4. In contrast,
—CV1 wasrelated to the reduction of rostrum size, both length and
width, shortening and widening of the cephalon, widening of the
lateral edge of the cervical groove, with two postorbital ridges
placed distant from the lateral edge of the body. These
characteristics prevailed in some specimens from Lineage 4.

Shape changes along +CV2 were generally characterised
by larger rostrum, narrower cephalon, shortening of the lateral
edge of the carapace, and the two postorbital ridges placed
distant from the lateral edge of the body and rostrum. These
morphological characteristics were generally pronounced in
the crayfish from the Lineage 2 and partially Lineage 4. Shape
changes along —CV2 were pronounced in the crayfish from the
Lineage 2/4 and partially Lineage 4, and were characterised by
smaller rostrum, wider cephalon, widening of the lateral edge
of the carapace, and with the two postorbital ridges placed
closer to the lateral edge of the body (Fig. 2A).

3.2 Cephalon shape variation according to A. astacus
genetic cluster

Results of CVA showed the differentiation between
crayfish from different genetic clusters (Fig. 2B). Shape
changes along the positive extreme (+CV1) included crayfish
from the Genetic Cluster II sensu Lovrenci¢ et al. (2022,
Tab. 1) that were characterised by shorter and narrower
rostrum, wider cephalon, and wider lateral edge of the cervical
groove. Contrary, shape changes along the negative extreme
(-CV1) indicated crayfish from the Genetic Cluster I sensu
Lovrenéi¢ et al. (2022, Tab. 1), and were characterised by
longer and larger rostrum, elongated and narrower cephalon,
and narrower lateral edge of the cervical groove (Fig. 2B).
Procrustes and Mahalanobis distances separated significantly
crayfish from different clusters (Tab. 2B). Randomised
sampling revealed similar results (Appendix 3).

3.3 Cephalon shape variation according to river basin

The CVA showed that shape variation among crayfish from
three river basins was explained in the first two dimensions of
the shape space (Fig. 2C). The first two canonical variates
(CVs) explained the shape variation: CV1 accounted for
78.70%, while the CV2 accounted for 21.30% of the
variability. Procrustes and Mahalanobis distances separated
crayfish from different basins, all being statistically significant
(Tab. 2C). Randomised sampling showed much better
separation among crayfish belonging to different river basins
with no overlap (Appendix 4).

The CV1 differentiated crayfish from the Drava and
Danube River basins: the crayfish from the Danube basin
(shape associated with the positive extreme, along +CV1) had
smaller rostrum, smaller and wider cephalon, wider
lateral edge of the cervical groove, and the two postorbital
ridges placed distant from the lateral edge of the body and
closer to the rostrum, than the crayfish from the Drava basin
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(shape associated with the negative extreme, along —CV1) that
were characterised by narrower and elongated cephalon with
larger rostrum, narrower lateral edge of the cervical groove,
and the two postorbital ridges placed closer to the lateral edge
of the body (Fig. 2C). Crayfish from Sava basin occupied an
intermediate position in the morphospace with a high degree of
overlapping with two other basins.

The CV2 partly separated crayfish from the Danube and
Sava River basins with the shape changes mostly pronounced
in the width of the lateral edge of the carapace and cervical
groove, the rostrum, and the placement of the postorbital ridges
(Fig. 2C). Shape changes along the positive extreme (+CV2)
were characterised by wider lateral edge of the carapace and
cervical groove, wider rostrum apex, and the two postorbital
ridges and spines placed closer to the lateral edge of the body.
These characteristics were mostly present in the specimens
from the Danube basin. In contrast, some of the crayfish from
the Sava basin (shape associated with the negative extreme,
along —CV2) were characterised by narrower lateral edge of
the carapace and cervical groove, and the two postorbital
ridges placed distant from the lateral edge of the body.

3.4 Cephalon shape variation according to habitat
type

Results of CVA showed the differentiation between crayfish
from different habitat types (Fig. 2D). Shape changes along the
positive extreme (+CV 1) designated the crayfish from the lentic
habitats (lakes), and were characterised by longer and larger
rostrum, elongated and narrower cephalon, narrower lateral edge
of the cervical groove, but wider lateral edge of the carapace.
Contrary, shape changes along the negative extreme (—CV1)
indicated crayfish from the lotic habitats (rivers and streams) that
were characterised by shorter and narrower rostrum, shorter and
wider cephalon, wider lateral edge of the cervical groove, but
narrower lateral edge of the carapace (Fig. 2D). Randomised
sampling revealed similar results (Appendix 5). Procrustes and
Mahalanobis distances separated significantly crayfish from
different habitats (Tab. 2D).

3.5 Allometry analyses

We detect allometric change affecting the cephalon of
A. astacus (p-value < 0.0001), where bigger specimens show an
expansion of posterior region of the head, narrower rostrum, and
longer lateral edge of the carapace, in comparison with smaller
specimens (Appendix 6). However, proportion of variation for
which the allometric regression accounts is comparatively low
(7.66 %). Groups within each a priori classification are still
separated by CVA when removing allometric component of
shape and the morphological changes associated to each CV are
equivalent to those of the original analysis (Appendix 7).
Therefore, size of individuals did not affect our results.

3.6 Linear model fit
The results of the linear modelling showed that crayfish

cephalon shape significantly differed among genetic lineages
(p-value=3.11%10""°), genetic clusters (p-value=1.64*10""),

and habitat types (p-value=3.05%¥10"%), while we did not
observe significant effect based on river basins (p-value=
9.1*¥10~") (see Appendix 8 for detailed results). The models
including genetic clusters + habitat types and river basins +
habitat types as factors fit the data better than the models
inChlding those Separately (AIC genetic clusters + habitat types —
1236.70; AIC | e e 125668, AIC generic
clusters — 1250809 AIC habitat types — 126042: AIC river basins
1267.03); while the model including genetic lineages + river
basins as factors fits the data better than the model including
only river basins and slightly worse than the model including
only genetic lineages (AIC  _ —~ = = =1244.28; AIC
lineages 124153: AlIC river basins — 1267.03

4 Discussion

The present study provides important insight into the
morphological diversity of the studied A. astacus populations
through the application of geometric morphometrics. This
approach was used for depicting cephalon shape differences/
differentiation among 4. astacus specimens. Our study
revealed existence of variation in the cephalon shape among
A. astacus inhabiting Croatian freshwater habitats. Results
indicated that cephalon morphology differs among mitochon-
drial lineages, but also between microsatellite clusters, among
river basins and between habitat types. Additionally, these
results were consistent after applying randomization routines
to correct uneven sample size of a priori defined groups,
supporting that this aspect has no major impact on our
analyses. Even though the presence of allometry is well
supported, this seems to play a minor role in the morphological
differentiation of the different a priori defined groups, as
results remain the same after removing allometric component
of shape. Moreover, differences in the crayfish cephalon shape
among a priori defined groups are also supported by PCA and
derived linear models, except for the case of river basins.
However, the later might be due to the fact that results from
PCA, contrary to those from CVA, not necessarily reflect
differences between predefined groups, even if they exist
(Krzanowski, 2000).

Majority of studies on the morphological variability of
freshwater crayfish have been based on traditional morpho-
metrics that includes multivariate analyses of crayfish body
linear measures to quantify shape (Ghia et al., 2006; Sint et al.,
2006; Bertocchi et al., 2008; Bok et al., 2010; Maguire and
Daki¢, 2011; Benzer et al., 2017; Maguire et al., 2017). In our
study, we applied geometric morphometrics, in combination
with CVA, on A. astacus for the first time. This approach has
allowed us to establish a comparative framework, based on
quantitative and statistically tractable data, where new
specimens can be included and classified into predefined
groups, with associated probabilities. This is in fact one of the
direct applications of CVA (McKeown and Schmidt, 2013)
and, in our case, it would allow to infer, for example, genetic or
ecological aspects from morphology.

Freshwater crayfish exhibit high intraspecific morphologi-
cal variation that reflects both environmental influence and/or
genetic background (Sint et al., 2005; Sint et al., 2007; Ghia
et al., 2006; Bertocchi et al., 2008; Mathews et al., 2008;
Cataudellaetal.,2010; Haddaway et al.,2012; Perry et al.,2013;
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Helmsetal.,2015; Rudolphetal.,2016). Moreover, they display
phenotypic plasticity, meaning that individual phenotype is not
only determined by its genotype, but can also be shaped through
habitat and its local environmental conditions (Haddaway et al.,
2012). In general, species can exhibit a wide phenotypic
variation due to their widespread distribution within heteroge-
neous habitats, genetic and behavioural differences among
individuals or populations, and ontogenetic and evolutionary
forces that can also affect their phenotype (Rudolf ef al., 2016).
Phenotypic plasticity can affect not only the morphological, but
also physiological and behavioural aspects of an organism,
including its life history traits (Sommer, 2020). Phenotypic
plasticity enables adaptations to the local ecological conditions
that may lead to pronounced morphological differences between
populations, but also may portray populations living under
similar ecological conditions that in the end will exhibit similar
morphology (Sint et al., 2005). Even though crayfishes exhibit
morphological plasticity as a consequence of genetic variation or
environmental factors or their interaction, our study corroborates
geometric morphometrics as a valuable tool in studying
variability and slight morphological differences. In our case,
application of GM on the a priori defined groups (e.g., genetic
groups) helped us to perceive morphological features
(e.g., shape of rostrum) that characterise those groups and to
separate them to some extent. Moreover, this study confirmed the
anterior part of the crayfish body, e.g. cephalon and rostrum
shape, as a source of variation within and among populations as
demonstrated for Austropotamobius torrentium (Lovrenci¢
et al., 2020a). Further, it confirmed the advantage of using
carapace and particularly cephalon in studying variation, since
measurements are not affected by loss, regeneration, or
abdominal muscle contractions (Sint et al., 2005).
Mitochondrial DNA sequences revealed the existence of
several distinct evolutionary lineages within A. astacus in
Europe (Schrimpf ez al., 2014, Laggis et al., 2017, Gross et al.,
2021, Lovrenéi¢ et al., 2022), so one of our aims was to
determine whether two genetic lineages identified in Croatian
populations differ in cephalon shape, and if it can be used as a
feature that can be used to distinguish lineages. Our study
showed slight differences in the cephalon shape between
crayfish from different lineages revealed by mitochondrial
DNA analyses (Lovrenci¢ et al., 2022). Observed differences
could be the consequence of species evolutionary history.
According to Schrimpf et al. (2014), A. astacus probably
survived last glaciations in the western and southern parts of
Balkans, as well as in the lower part of the Danube basin, and
then spread northward and westward along the Danube
drainage system. The observed differences among genetic
lineages in morphology probably mirror the long-term
separation of A. astacus populations, experienced during the
cold periods of the Pleistocene when nearly all of the central
and northern Europe was unsuitable for crayfish, and therefore,
they were mainly confined to refugia in the Iberian, Italian, and
Balkan Peninsulas (Hewitt, 2011). The results of phylogenetic
analysis are congruent with shape variation to some extent;
genetic lineages described within 4. astacus are still
evolutionary very young and mostly unsupported in the
phylogenetic reconstruction (Gross ef al., 2021), which is also
reflected in morphology. In conclusion, observed changes/
differences in cephalon shape reflect phylogenetic reality with
numerous individuals overlapping /without clear separation

among/between genetic lineages. Since model including
genetic lineages +river basin fits the data better than the
model including only river basins and slightly worse than the
model including only genetic lineages we can conclude that
river basin does not contribute to obtained separation.

Considering groups based on the previous microsatellite
genotyping (Lovrencic et al., 2022), studied crayfish belong to
two distinct genetic clusters. Most of the individuals were
assigned to Genetic Cluster 11, whereas the Genetic Cluster I
grouped individuals from populations TOT and partly BED,
with the sign of possible admixture in BED. Our results, both
nonrandomised and randomised, revealed that morphology of
cephalon differs between the two genetic clusters. Since
models including genetic cluster and habitat slightly better fit
the data than single models, we may say that both factors
contribute to explain shape variability.

Astacus astacus showed variation in the cephalon shape
among three different river basins: Sava, Drava and Danube.
The geometric morphometrics suggested separation among
populations belonging to separate river basin which was
especially pronounced for the individuals from the Drava and
Danube River basins. This is contrary to findings by Malato
et al. (2017) who studied differences between fish from genus
Rhoadsia and concluded that fish body shape from different
drainages overlaps. However, our results are concordant with
findings of Jerry and Cairns (1998) who studied Australian
bass and revealed morphological differences among popula-
tions belonging to different riverine drainages.

Finally, our results, both nonrandomised and randomised,
showed morphological variation between different habitat
types, i.e. lakes and rivers. Crayfish from lentic sites had a
narrower, more elongated cephalon and rostrum than those
from lotic sites with shorter and wider cephalon (generally
smaller head, rostrum and apex). The morphological characte-
ristics that differentiate specimens from different habitats can
be correlated with lifestyle habits resulting in an improved
performance of a species (Rudolph ef al., 2016). For example,
streamlined body shape is associated with a reduced resistance
to the water flow, which might mitigate drag and increase
opportunities of finding shelters. This pattern of morphological
difference is similar to that observed in other decapods
crustaceans, such as the case reported by Perry et al. (2013) for
Orconectes rusticus. Moreover, our results showed that
crayfish from lotic habitats possess less pronounced rostrum
that can, according to Perry et al. (2013), facilitate their life
among the rocks on the river bed, the search for food and
shelter from predators. This finding is consistent with the
results of Rudolph et al. (2016) that studied the only South
American parastacid that inhabits both rivers and lakes,
Samastacus spinifrons. Their study revealed that lake speci-
mens exhibit more robust body, more pronounced rostrum and
more elongated, less thick claws and longer phallic papillae
compared to fluvial populations. This phenomenon explains
variations in morphological forms that occur as a result of the
ability of organisms/genotype to produce distinct phenotypes
in response to different environmental conditions (Sommer,
2020). Furthermore, Perry et al. (2013) studied the effect of
water velocity on the size and shape of invasive crayfish
Orconectes rusticus, and reported that specimens that inhabit
streams with high-velocity water flow are slender than those
that inhabit lakes and streams with low-velocity flow. They
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confirmed that elevated water velocity can affect crayfish
morphology with crayfish size as an important factor
mediating the response to water velocity what is in accordance
with results obtained in our study. Therefore, both genetic
variation and phenotypic plasticity play important roles in
predictable phenotypic differentiation across flow regimes
(Langerhans, 2008; Perry et al., 2013).

In conclusion, we applied geometric morphometrics to
address cephalon shape variation of the noble crayfish, and it
proved as appropriate for studying its morphology. Moreover,
analyses of cephalon showed as suitable for separation of
different groups. Overall, our results indicated the existence of
morphological diversity of the noble crayfish in Croatia. Our
study showed differences of the cephalon shape based on
crayfish affiliation to different genetic lineages, genetic
clusters, river basins and habitat types (lotic, lentic). Despite
some equivalence in the partitioning of specimens within the
groups of the different a priori classifications exists, our
analyses based on PCA and linear modelling show that these
factors contribute in different ways to the shape variation of
our sample which denotes that, if present, confounding effects
are not important. This is further supported by the fact that
shape changes related to the separation of groups are different
for each of the considered a priori classifications. Therefore,
observed morphological characteristics are attributed not only
to genetics but also to environmental factors that speaks in
favour of their phenotypical plasticity.

Supplementary Material

Appendix 1. Position of the 14 landmarks on the dorsal side
of Astacus astacus cephalon. Landmarks 1, 2 and 14 describe
apex; Landmarks 1, 2, 3, 4, 12, 13 and 14 describe rostrum;
Landmarks 7 and 8 describe lateral edge of cervical groove;
Landmarks 4, 5, 6, 10, 11 and 12 describe postorbital ridges.

Appendix 2. Cephalon shape variation of Astacus astacus
revealed by Canonical Variate Analysis on a priori defined
genetic lineages accounting for uneven sample size. Scatter
plots of the first two canonical variate axes (CV1 and CV2) are
shown. Different colour dots represent individuals assigned to
certain genetic lineages (blue, Lineage 2; grey, Lineage 4;
yellow, Lineages 2/4). Separation of the genetic lineages is also
represented by Mahalanobis distance dendrograms.

Appendix 3. Cephalon shape variation of Astacus astacus
revealed by Canonical Variate Analysis on a priori defined
genetic clusters accounting for uneven sample size. Scatter
plots of the first canonical variate axis (CV1) are shown.
Different colour dots represent individuals assigned to certain
genetic cluster (blue, Cluster I; yellow, Cluster II).

Appendix 4. Cephalon shape variation of Astacus astacus
revealed by Canonical Variate Analysis on individuals
affiliated to different river basin accounting for uneven sample
size. Scatter plots of the first two canonical variate axes (CV1
and CV2). Different colour dots represent individuals assigned
to certain river basin (blue, Drava; grey, Sava; yellow,
Danube). Separation of the river basins is also represented by
Mabhalanobis distance dendrograms.

Appendix 5. Cephalon shape variation of Astacus astacus
revealed by Canonical Variate Analysis on individuals
affiliated to different habitat type accounting for uneven

sample size. Scatter plots of the first canonical variate axis
(CV1). Different colour dots represent individuals assigned to
certain habitat type (blue, lentic; yellow, lotic).

Appendix 6. Regression analysis between shape and
centroid size showing associated shape changes corresponding
to positive (upper) and negative (lower) extremes (shape
changes are displayed with scale factors magnified x100 to
ease interpretation).

Appendix 7. Cephalon shape variation of Astacus astacus
revealed by Canonical Variate Analysis after removing allome-
tric component of shape. Scatter plots of the first two canonical
variate axes (CV1 and CV2) with associated wireframe
representations depicting shape changes along positive and
negative extremes of the axes. Dark blue landmark wireframe
configurations represent cephalon morphologies along extremes,
while light blue average landmark wireframe configurations.
Different colour dots represent different groups: (A) genetic
lineage, (B) genetic cluster, (C) river basin, (D) habitat type.

Appendix 8. Detailed results of linear models.

The Supplementary Material is available at https://www.kmae.
org/10.1051/kmae/2022006/olm.
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ABSTRACT

Background. The noble crayfish (Astacus astacus) is a native European species in
decline, with a contracting range and diminishing populations and abundance. Previous
studies revealed this species significant genetic diversity in the south-eastern Europe,
with populations from the western and the southern part of the Balkan Peninsula being
the most divergent. However, sampling of populations from the western part of the
Balkans was limited and insufficient for investigating genetic diversity and population
divergence for the purpose of conservation planning and management. Thus, the
major aim of this study was to fill in this knowledge gap by studying mitochondrial
and microsatellite DNA diversity, using 413 noble crayfish from 18 populations from
waterbodies in the western part of the Balkan Peninsula.

Methods. Phylogenetic analysis of studied populations and their mitochondrial
diversity were studied using COI and 16S sequences and population genetic structure
was described using 15 microsatellite loci.

Results. Phylogeographic analysis revealed new divergent mitochondrial haplotypes
for the populations in the westernmost part of the Balkan Peninsula in the tributaries
of the Sava and Drava rivers. Microsatellite data indicated that these populations
harbour an important component of genetic diversity within A. astacus. The results
suggest that the western part of the Balkans played an important role as microrefugia
during the Pleistocene climate fluctuations, allowing the long term persistence of A.
astacus populations in this region. These results will also be important to supporting
conservation decision making and planning.

Subjects Aquaculture, Fisheries and Fish Science, Conservation Biology, Genetics, Zoology,
Freshwater Biology

Keywords Astacus astacus, South-east Europe, Cytochrome oxidase subunit I, Conservation,
Glacial refugia
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INTRODUCTION

Freshwater crayfishes are important organisms for normal functioning of freshwater
food webs in many parts of the world (Usio ¢ Townsend, 2004) and they are considered
flagship species for the conservation of aquatic systems (Fiireder ¢ Reynolds, 2003), hence
an understanding of their biodiversity and conservation status is a priority (Souty-Grosset
& Reynolds, 2009). One of the most widely distributed native European freshwater crayfish
species is Astacus astacus (noble crayfish) whose range and abundance have declined
rapidly due to a negative anthropogenic influence upon their habitats (e.g., fragmentation,
destruction and pollution), overfishing and adverse impacts of invasive alien crayfish
species (Kouba, Petrusek ¢ Kozdk, 2014). Besides being able to outcompete native crayfish
(Hudina et al., 2016), invasive crayfish are also vectors of the pathogen Aphanomyces
astaci, the causative agent of the crayfish plague, which is mostly lethal to native European
crayfish species (Alderman, Holdich & Reeve, 1990; Kozubikovd-Balzarovd ¢ Horkd, 2015).
As a result, A. astacus is listed by the IUCN as a Vulnerable species (Edsman et al., 2010).
Also, it is listed in the Appendix III of the Bern Convention, and in Appendix V of Habitat
Directive (92/43/EEC). In order to ensure that noble crayfish conservation is effective, it is
necessary to develop management plans based on sound knowledge of the species ecology,
biology and genetics (Schulz & Grandjean, 2005; Souty-Grosset ¢ Reynolds, 2009).

Further complicating the understanding of the diversity within the noble crayfish is
that it has been frequently translocated, especially in the central and northern Europe
(Policar & Kozdk, 20155 Jussila et al., 2016; Gross et al., 2017), as it is a valued human food
source, potentially over millennia, and is economically important, attracting a premium
price in the market place. As a consequence, the natural distribution of genetic variation
in the noble crayfish is thought to have been impacted by historical introductions in many
European regions (Schrimpf et al., 2011; Schrimpf et al., 2014; Gross et al., 2013; Gross et
al., 2017), necessitating comprehensive geographic sampling, to distinguish original and
remnant populations from recent translocations, and identify potentially missed or hybrid
populations.

Nevertheless, it is presumed that noble crayfish populations in south-eastern Europe have
maintained their original genetic structure, since this species has been of little commercial
interest in the region and although diminishing, may reflect historical evolutionary and
phylogenetic patterns (Simic et al., 2008; Maguire, Jelic ¢ Klobucar, 20115 Parvulescu ¢
Zaharia, 2014; Slavevska-Stamenkovic et al., 2016; Puretanovic et al., 2017). Conversely,
crayfish from south-eastern Europe (Croatia, Slovenia and Bosnia and Herzegovina) have
been used for restocking of freshwaters in the central Europe that were devastated by
crayfish plague in the late 19th century (cf. Jussila et al., 20165 Schrimpf et al., 2014). Thus
genetic signatures from crayfish native to this region may be present in central Europe,
further highlighting the need for a comprehensive understanding of the genetic structure
throughout the species range.

Large-scale studies of mitochondrial cytochrome oxidase subunit I (COI'), and the 16S
rRNA sequences by Schrimpf et al. (2014) indicated the existence of four mitochondrial
DNA (mtDNA) lineages within the noble crayfish in Europe, with populations from the
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south-eastern Europe (Black Sea basin) having the highest genetic diversity in Europe. The
populations from the western part of the Balkan Peninsula were the most divergent;
however, the authors further more detailed analysis of the south-eastern European
populations as their sampling was not exhaustive. Recently, Laggis et al. (2017) studied
populations from the southernmost part of the south-eastern Europe (Greece) using the
same mtDNA markers. Their research included extensive sampling of noble crayfish and
the results revealed the existence of two new noble crayfish mtDNA lineages (they called
groups) endemic to Greece, and showed that newly discovered lineages possessed the
highest haplotype richness and genetic diversity found so far.

The major aim of this study was to fill in the gap in our understanding of the genetic
diversity of the noble crayfish in south-eastern Europe by studying mitochondrial and
microsatellite DNA variation in 18 previously unstudied populations from this region.
The first aim was to examine mitochondrial variation using the COI barcoding gene and
16S rRNA in A. astacus populations from less sampled parts of the south-eastern Europe
and compare diversity and genealogical relationships with previously studied European
populations using these markers (Schrimpf et al., 2014; Laggis et al., 2017; Mrugata et al.,
2017). The second aim of this study was to describe genetic structure and characteristics
of 18 A. astacus populations from waterbodies in the western part of the Balkan Peninsula
using a suite of 15 microsatellite loci developed by Gross et al. (2017) to assist conservation
planning and the protection of priority populations of this species in this region. Results of
the present study will help guide efficient and effective conservation plans and management
strategies for protecting the genetic diversity and maintaining the adaptive potential of
A. astacus populations on the regional level in south-eastern Europe.

MATERIALS & METHODS

Sample collection and DNA isolation

This study used more than 400 noble crayfish samples from 18 populations in the western
part of the Balkans (Fig. 1, Table 1). The specimen collection was conducted in Croatia,
Romania, Serbia and Slovenia with the approval of local authorities (Croatia UP/I-612-
07/18-48/148; Romania 408/CJ/27.11.2018; Serbia 324-04-10/2021-04 and 03 No. 026-
419/2; Slovenia 35601-1262 150/2006-6 and 35601-135/2010-9). Crayfish were collected
by hand or with trapped baited traps (Westman, Pursiainen ¢ Vilkman, 1978; Kozdk et al.,
2015). Crayfish samples from Albania were purchased from a fisherman on the Prespa
Lake. The Prespa Lake and Ohrid Lake are approximately 10 km apart, and waters from
the Prespa Lake feed Ohrid Lake through underground karst channels. Out of the Ohrid
Lake springs the only outlet, the Black Drim River, which flows in a north direction into
Albania and thus into the Adriatic Sea. A pereiopod from each specimen was removed and
preserved in 96% ethanol. Wild caught crayfish were then released back into the water.
This sampling method does not harm crayfish as these appendages regenerate after the next
moulting. Total genomic DNA was extracted from the pereiopod muscle tissue with the
Sigma GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, USA) following
the manufacturer’s protocol and stored at —20 °C.
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Republic of North Macedonia

Figure 1 Geographical location of the studied Astacus astacus populations. Details about sampling sites
are provided in Table 1. Map was prepared in QGIS 3.10 software (available at: https://qgis.org/en/site/)
and finished in GIMP 2.10 (available at: https://www.gimp.org/). In order to distinguish red and green cir-
cles on the map, we included letters R for red, and G for green.

Full-size Gal DOI: 10.7717/peer;j.11838/fig-1

Mitochondrial DNA analyses
Mitochondrial 165 and COI gene fragments were amplified and sequenced with primers
16Sar/16Sbr (Simon et al., 1994) and LCO-1490/HCO-2198 (Folmer et al., 1994) allowing
comparisons to be made with 165 and COI sequences from previous studies on this species
(Schrimpf et al., 2014; Laggis et al., 2017; Mrugata et al., 2017) available from GenBank.
Polymerase chain reactions (PCR) for COI were prepared in a total volume of 25
pl containing 10-50 ng/pl DNA template, 1.5 mM Promega Buffer, 0.04 U HotStart
Polymerase, 0.15 mM of each ANTP, 0.7 mM MgCl, and 0.4 pM of each primer. PCR
conditions for COI were as follows: initial denaturation at 94 °C for 3 min, followed by 35
cycles of denaturation at 94 °C for 45 s, annealing at 48 °C for 60 s and extension at 72 °C
for 60 s, and the final extension of 10 min at 72 °C. The final reaction mix in a total volume
of 10 uL for 16S gene contained 0.05 U GoTaq G2 HotStart Polymerase, 1.5 mM GoTaq
FlexiBuffer, 0.2 mM of each dNTP, 0.275 uM of each primer, and 10-50 ng/pl of DNA
template. PCR conditions for 16S were as follows: initial denaturation at 95 °C for 3 min,
followed by 40 cycles of denaturation at 95 °C for 1 min, annealing at 52 °C for 1 min and
extension at 72 °C for 1 min, and the final extension of 5 min at 72 °C. The purification of
PCR products was performed with EXOAnP Mix (20 U/pl of Exonuclease I (New England
Biolabs), 5 U/pl of Antarctic phosphatase (New England Biolabs). The sequencing of
purified PCR products was prepared by Macrogen, Inc. (Seoul, South Korea), with the
same forward primers used for the gene amplifications.

Sequences were edited in SEQUENCHER v. 5.3 (Gene Codes Corporation, Ann Arbor,
USA) and aligned using MAFFT v.7.187 (Katoh ¢ Standley, 2013). The final alignment for
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Table 1 Information on sampling sites. Information on sampling sites with abbreviation (Abbr.), habitat type, country, river basin and major tributary, sea basin (BS,
Black Sea; AS, Adriatic Sea), coordinates, putative refugial area (WBA, western Balkans; WBS, western Black Sea; SBA, southern Balkans), year of sampling, sample size
and origin (status) of studied Astacus astacus populations.

Site Abbr. Habitat Country Basin/Tributary Sea Coordinates Refugial  Year Sample  Status
basin area size

Kocevska KOC river Slovenia Danube/Sava BS 45.573N, 14.797E W BA 2015 10 native

Bloke BLO lake Slovenia Danube/Sava BS 45.786N, 14.516E W BA 2015 28 native

Jaruga JAR river Croatia Danube/Sava BS 45.048N, 15.225E W BA 2008 23 native

Plitvice PLI lake Croatia Danube/Sava BS 44.879N, 15.615E W BA 2008 9 probably introduced
Maksimir MAK lake Croatia Danube/Sava BS 45.831N, 16.026E W BA 2016 30 introduced

Kacer KAC river Serbia Danube/Sava BS 44.222N, 20.280E W BA 2014 29 native

Moti¢njak MOT lake Croatia Danube/Drava BS 46.305N, 16.386E W BA 2016 32 probably introduced
Totovec TOT lake Croatia Danube/Drava BS 46.345N, 16.469E W BA 2016 30 probably introduced
Jankovac JAN stream Croatia Danube/Drava BS 45.522N, 17.684E W BA 2016 30 native

Vuka VUK river Croatia Danube BS 45.438N, 18.258E W BA 2016 31 native

Resnicki RES stream Serbia Danube/Velika Morava BS 44.090N, 20.937E W BA 2014 30 native

Korenica KOR lake® Serbia Danube/Velika Morava BS 44.228N, 21.413E W BA 2014 17 native

Gazivode GAZ lake® Serbia Danube/Velika Morava BS 42.942N, 20.648E W BA 2014 26 native

Grlisko GRL lake® Serbia Danube/Timok BS 43.812N, 22.232E W BA 2014 13 native

Somesul SOM river Romania Danube/Tisa BS 46.712N, 23.338E W BS 2016 22 native

Petresti PET river Romania Danube/Tisa BS 45.909N, 23.559E W BS 2016 11 native

Bezid BEZ lake Romania Danube/Tisa BS 46.413N, 24.878E W BS 2016 9 native

Prespa PRE lake Albania L. Ohrid/Black Drim AS 40.865N, 20.944E S BA 2014 33 native

Notes.

dreservoirs

rIead
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the COI gene fragment was 655 bp long, while for 16S was 475 bp long. New 16S and COI
sequences were submitted to GenBank and BOLD data bases, and their GenBank accession
numbers are MW726211-MW726336 and MW726338—-MW726635 for 16S and COI
sequences, respectively (Table SI in Supplements). Additionally, all available sequences
of 16S and COI genes of A. astacus were downloaded from GenBank (COI sequences
from Schrimpf et al. (2014) and Laggis et al. (2017) were 350 bp-long, while sequences from
Mrugata et al. (2017) were 635 bp long, and 16S sequences were 475 bp long). GenBank
accession numbers of the haplotypes obtained in the present study, as well as the ones from
Schrimpf et al. (2014), Laggis et al. (2017) and Mrugata et al. (2017) are reported in Tables
Sl and S2.

In order to reconstruct phylogenetic tree that will be comparable with trees obtained in
previous studies (Schrimpf et al., 2014; Laggis et al., 2017) we concatenated COI and 16S
sequences, and used only those samples for which sequences of both genes were available.
This made concatenated data set (used in phylogenetic reconstruction) smaller compared
to the COI data set that was used for other analyses. The 350 bp long COI sequences
and 475 bp 16S sequences from the same individual were concatenated and collapsed
to unique haplotypes using FaBox (Villesen, 2007). The full concatenated COI/16S data
set included 83 haplotype combinations (Table S2) and the final alignment was 825 bp
long including a single gap-containing position observed in 16S fragment. The optimal
models of nucleotide evolution for each partition of the concatenated data set were selected
under the Bayesian information criterion (BIC) using the jModelTest (Darriba et al.,
2012). The selected model for 16S was HKY+I, while for COI was HKY+G. Phylogenetic
tree was reconstructed using the concatenated haplotypes in BEAST v.2.5.2 (Bouckaert
et al., 2019). Since the null hypothesis of equal evolutionary rate throughout the tree
was rejected at a 5% significance level, we used a relaxed uncorrelated lognormal clock
model and the arthropod substitution rate of 2.3% pairwise sequence divergence for COI
(0.0115 substitutions/s/Ma/l) (Brower, 1994) along with an estimated molecular clock for
the 16S. The tree prior was set as the birth-death and independent substitution models
were assigned to each mtDNA gene. The Markov Chain Monte Carlo (MCMC) analysis
run comprised 300,000,000 generations, sampled every 10,000 generations. In order to
determine convergence, the Effective Sample Size (ESS) values were checked in Tracer
(Rambaut et al., 2018). The best fit tree was produced using the Maximum clade credibility
tree option in TreeAnnotator 2.5.2 after the 20% of the sampled trees was discarded as
burn-in.

Additionally, the phylogenetic relationships were estimated using Bayesian analysis
(BA) in MrBayes ver.3.2. (Huelsenbeck ¢ Ronquist, 2001; Ronquist & Huelsenbeck, 2003)
with priors set according to the suggested model for each partition (16S: HKY+I, COI:
HKY+G). Two separate runs with four Metropolis-coupled Monte Carlo Markov chains
(MMCM) were performed for 10,000,000 generations, and trees were sampled every
1,000 generations. After effective sample size (ESS values > 200) for each parameter was
confirmed with Tracer, the first 25% of sampled trees were eliminated as burn-in, and
a 50% majority-rule consensus tree was constructed, with nodal values representing the
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posterior probabilities. Sequences of Pontastacus leptodactylus (Acc. No. KX279350) were
used as an outgroup.

The median-joining network (M]) approach (Bandelt, Forster ¢» Rohl, 1999) was used in
order to establish non-hierarchical phylogeographic and phylogenetic relationships among
samples. To that end, three data sets were prepared; two including only COI sequences,
and one including concatenated (165+COI) sequences. The COI sequence data set I
comprised 655 bp sequences obtained in this study, while data set II comprised 350 bp
long sequences published in Schrimpfet al. (2011); Schrimpf et al. (2014)) and Laggis et
al. (2017), combined with sequences obtained in this study and the study by Mrugala et
al. (2017). The sequences obtained in this study and the study by Mrugala et al. (2017)
were trimmed to 350 bp in order to match size of data sets from Schrimpfet al. (2011);
Schrimpfet al. (2014)) and Laggis et al. (2017). This approach enabled us to associate COI
haplotypes obtained in the present study to the COI haplotypes obtained in their research
and indirectly to the lineages sensu Schrimpfet al. (2014) and groups sensu Laggis et al.
(2017). Since one of our aims was to position our new samples into previously constructed
phylogenies (Schrimpf et al., 2014; Laggis et al., 2017), we adopted their naming of lineages
or/and groups. The MJ networks were generated using the program PopART v.1.7 (Leigh
¢ Bryant, 2015) with all parameters set to default values.

Genetic diversity indices (number of segregating sites, number of haplotypes, haplotype
diversity, nucleotide diversity, average number of nucleotide differences) were calculated
in program DNASP v.6 (Rozas et al., 2017).

Analysis of molecular variance (AMOVA) (Excoffier, Smouse & Quattro, 1992) was
performed in Arlequin v.3.5 (Excoffier & Lischer, 2010) in order to estimate hierarchical
distribution of genetic diversity of A. astacus. Populations were grouped on the basis of
major tributaries of the Danube River (Drava, Sava, Vuka, Velika Morava, Timok, Tisa)
and Prespa Lake. Standard AMOVA computations were performed with three hierarchical
levels: among groups (river basins/tributaries), among populations within groups, and
within populations. The variance components were tested statistically by non-parametric
randomisation tests using 10,000 permutations. Genetic differentiation among populations
and river catchments was analysed through estimation of pairwise values of ®gr.

Microsatellite DNA analyses

A total of 19 species-specific tetranucleotide repeat microsatellite loci were amplified
following the protocols and procedures described by Gross et al. (2017) with the following
modifications; initial screening of a few Balkan A. astacus populations revealed that they
possess much higher variability and wider allele size range at many loci than the eastern
European (Czech Republic and Estonia) populations used in the study of Gross et al.
(2017). Therefore, we split the single 19-plex microsatellite panel into two multiplex
(10-plex and 9-plex) panels (Table S3). Only 15 loci were used for data analysis, as it
later became apparent that at four loci, the allele size ranges still overlapped in some
populations (Aast4_26, Aast4_47, Aast4d_10 and Aast4_30) (Table S3). The PCR reaction
(10 ul) contained 1x Type-it Multiplex PCR Master Mix (QIAGEN, Germany), 200 to 400
nM of each primer (Table S3 ), and ca 5 ng/ ul of DNA template. Touchdown program was
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used for PCR amplification: initial activation of 5 min at 95 °C, followed by 20 cycles of 30 s
at 95 °C, 90 s at 60 °C, 30 s at 72 °C, with the annealing temperature decreasing 0.5 °C per
cycle, followed by 10 cycles of 30 s at 95 °C, 90 s at 50 °C, 30 s at 72 °C and a final extension
for 30 min at 60 °C. The multiplex panels of microsatellite loci were genotyped on Applied
Biosystems 3500 Genetic Analyser (Life Technologies, USA) using internal GeneScan
600 LIZ Size Standard v2.0 (Life Technologies, USA) and microsatellite genotypes were
scored using GeneMapper v.5 software (Life Technologies, USA). Microsatellite genotypes
were initially scored automatically and were double-checked manually by two experts.
Subsample of 50 individuals (12% of total 413 analysed individuals) was genotyped twice
to check the genotyping consistency.

MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004) was used to assess the potential
presence of genotyping errors due to scoring of stutter peaks, large allele dropouts and
null alleles. FSTAT v. 2.9.3.2 programme package (Goudet, 2001) was used for calculating
allele frequencies, Fs and pair-wise Fgr values (as estimated by Weir and Cockerham’s
), for estimating expected (unbiased genetic diversity) and observed heterozygosities
(Hg, Ho) and rarefied allelic richness (Ag), and for testing the significance of differences
in average values of Ag, Hg and H o among groups of populations (1,000 permutations,
two-sided tests). The private allelic richness (Ap;rqr) Was estimated by rarefaction method
using HP Rare v.Feb-2-2009 (Kalinowski, 2005) and multiplied by number of loci in order
to make it comparable to the number of observed private alleles (Ap,). GENEPOP v. 3.3
(Raymond & Rousset, 1995a) was used to test genotypic distributions for conformance
to Hardy-Weinberg (HW) expectations and to test the loci for genotypic disequilibria.
All probability tests were based on the Markov chain method (Guo & Thompson, 1992;
Raymond ¢ Rousset, 1995b) using 1,000 de-memorization steps 100 batches and 1,000
iterations per batch. Sequential Bonferroni adjustments (Rice, 1989) were applied to correct
for the effect of multiple tests. Analysis of molecular variance (AMOVA) incorporated in
ARLEQUIN v. 3.5.1.2 (Excoffier ¢ Lischer, 2010) was used to partition genetic variance
hierarchically between population groups, between populations within groups and among
individuals within the populations. Populations were grouped based on major tributaries
of the Danube River (Drava, Sava, Tisa, Velika Morava, Timok and Vuka) and the Prespa
Lake.

Principal Coordinates Analysis (PCoA), implemented in PAST v. 4.05 (Hammer, Harper
& Ryan, 2001), was used to explore and to visualize D, genetic distance (Nei, Tajima ¢
Tateno, 1983) matrix between populations in multidimensional space. The D, distances
were calculated using POPULATIONS v1.2.3.1 software (Langella, 1999).

Long-term effective population size (N, ) was assessed from the microsatellite data using
the coalescent-based approach implemented in Lamarc v.2.1 (Kuhner, 2006), considering a
mutation rate of 5 x 10~* and a mixed mutational model with 30% KAM as in Gouin et al.
(2011). We ran three replicates of two initial chains retaining 10,000 genealogies sampled
every 200 and discarding the first 1,000 as burn-in, followed by one final chain retaining
30,000 genealogies sampled every 200 and discarding the first 5,000 as burn-in.
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Combined mtDNA and microsatellite analyses

In order to visualise the distribution of A. astacus genetic diversity across geographic
space and connect genetic diversity patterns to geographic features we applied Alleles
in Space (AIS) package (Miller, 2005), with software implementation of Mantel test and
interpolation of genetic landscape shape (GLS). The Mantel test was used to test for
correlations between genetic and geographic distances using three datasets: (a) COI data
set including all sequences (350 bp long), (b) COI data set including only sequences
obtained in this study (655 bp long), (c) genotypes of 15 microsatellite loci. Mantel tests
were performed at the individual level using an analogue of Nei’s genetic distances (Nei,
Tajima & Tateno, 1983) between pair of individuals. For the Mantel test and other analyses
run in AIS package, significance was tested using 10,000 permutations.

GLS interpolation was performed using two datasets: (a) full COI data set including all
sequences (350 bp long) aiming to get insight into diversity on the European level, and
(b) genotypes from 15 microsatellite loci in order to get insight into local diversity on
the Balkan Peninsula. First, sampling sites were connected through a network based on
the Delaunay triangulation, in which the simple mismatch molecular distances between
connected sampling sites were calculated based on the molecular data obtained from all
individuals. Surface calculation was based on midpoints of edges derived from Delaunay
triangulation. Surface heights were calculated based on residual genetic distances.

The values of molecular distance were set in the mid-points of each connection in
the network using the Alleles in Space (AIS) software (Miller, 2005). The raw molecular
distances were interpolated. The matrix of the ‘elevation’ values was imported into QGIS
3.10 software (available at: https://qgis.org/en/site/) to generate molecular divergence
surface image using the inverse distance weighted (IDW) algorithm, plotted over a map of
Europe.

RESULTS

Phylogenetic relationships among populations using mitochondrial
COl and 16S
The phylogenetic tree inferred by BEAST using concatenated data set indicated six mostly
unsupported previously described genetic lineages sensu Schrimpf et al. (2014) and groups
sensu Laggis et al. (2017) (Fig. 2A), with all newly obtained concatenated haplotypes
(Hap49, Hap50, Hap51, Hap52, Hap53, Hap54) nested within them. Most of the lineages
diversified during Pleistocene, within the period between 1.7 and 0.5 mya (Fig. 2A).
Phylogenetic reconstruction using BA in MrBayes revealed unresolved relationships
among lineages/groups and weak nodal support with numerous polytomies (Fig. S1).
New haplotypes from Serbian populations (Hap49, Hap52 and Hap53) grouped with
haplotypes from Kosovo, Montenegro and Germany (Fig. 2A). Haplotype 51 from Slovenia
and haplotype 54 from Montenegro recovered within the same unsupported clade together
with haplotypes from Croatia, Austria and Czechia (Fig. 2A). The haplotype representing
specimens from the Lake Prespa in Albania (Hap50) was positioned within the clade
encompassing haplotypes from Greece (Fig. 2A).
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Figure 2 Bayesian phylogram and Median joining network. (A) Bayesian phylogram based on the concatenated COI and 168 haplotypes of the
noble crayfish using BEAST. Values at nodes represent posterior probabilities >0.5. Phylogenetic clades are represented as in Schrimpf et al. (2014)
(Lineages 1-4) and Laggis et al. (2017) (Group 1 and 2), and the position of new haplotypes is indicated by circle at the end of the branch. (B) Me-
dian joining (MJ) network of concatenated sequences (COI and 16S) of the noble crayfish. Numbers of mutational steps are given as hatch marks.
The size of the circle is proportional to the frequencies of the haplotype, with black dots indicating extinct ancestral or unsampled haplotypes. Hap-
logroups are represented by different colour as in (A).

Full-size Gl DOI: 10.7717/peer;j.11838/fig-2

The median-joining (M]) networks for concatenated data set (Fig. 2B), as well as for two
COI datasets (Figs. 3 and 4), were mostly congruent and they depicted haplotype relatedness
and distribution within A. astacus. The MJ network based on long COI sequences (655
bp) revealed the existence of 11 unique haplotypes, separated by different number of
mutational steps (Fig. 3). The analysis of short-sequences data set (350 bp) produced MJ
network containing 60 haplotypes, with 12 established in the present study, six of them
(sshl, ssh4, ssh5, ssh6, ssh10, ssh11) obtained for the first time (Fig. 4). The MJ network
based on the concatenated data set encompassed 83 haplotypes, six of them (Hap49-Hap54)
obtained for the first time (Fig. 2B).

In the long-sequences MJ network, haplotype Lshm9 (detected in the Slovenian
populations BLO and KOC (Sava River, tributary of the Danube River)) and haplotype
Lshm10 (discovered in Croatia, in the TOT and MAK populations (Drava and Sava,
tributaries of the Danube River, respectively)) were separated by five mutational steps,
whereas 10 bp changes were observed between Lshm9 and Lshm3, and 11 between Lshm9
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Figure 3 Median-joining network of COI sequences (655 bp long) obtained from Astacus astacus pop-
ulations. Frequencies of haplotypes are proportional to the size of circles. The black dots indicate the me-
dian vectors, and numbers of base pair changes are indicated by hatch marks. Circles are coloured ac-
cording to samples affiliation to the river tributary/ river basin/ country (RS-Serbia, RO-Romania, HR-
Croatia, AL-Albania, SI-Slovenia). Haplotypes are labelled from Lshm1 to Lshm11 (Lshm —long sequence
haplotypes (samples) used also for microsatellites analyses). The three letter codes indicate sampling lo-
cality (for details see Table 1) with numbers of analysed specimens in brackets. In order to distinguish red
and green circles in the network, we included letters R for red, and G for green.
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and Lshm6 (Fig. 3). In the short-sequences MJ those two haplotypes (ssh10 and ssh11,
respectively) were separated by one and three bp changes, respectively, from the closest
haplotype that was recorded in Austria and Czech Republic (Fig. 4). The same was observed
from the concatenated MJ; Hap51 (COI haplotype ssh10) and Hap25 (COI haplotype
Aas18) were separated by one base pair change (Fig. 2B). Moreover, when BEAST tree
was reconstructed with concatenated sequences the same grouping was observed; Hap51
and Hap25 form well supported subclade within unsupported lineage 4 sensu Schrimpf
etal. (2014) (Fig. 2A), while this subclade was less supported in the Bayesian phylogram
(Fig. S1). The Lsmh2/ssh2 COI haplotype was recorded in Croatian populations from the
Drava River system (MOT and JAN) as well as in the Romanian populations (BEZ and
SOM) from the Tisa River system where also Lshm4/ssh5 was recorded (Figs. 3 and 4).
The former (ssh2 haplotype) is widely distributed in Europe (Fig. 4). Interestingly, in the
populations MOT and JAN another COI haplotype was recorded (Lshmé6/ssh7, Figs. 3
and 4) indicating presence of crayfish belonging to two distinct lineages/groups in the
Drava River system. In concatenated data set, in both MJ and BEAST tree, Hap42 (COI
haplotype ssh7) was closely related to Hap41 (COI haplotype Aas26) and Hap54 (COI
haplotype ssh6) distributed also in Germany and Montenegro, respectively (Fig. 2). Some
of the A. astacus specimens from Serbian waterbodies had ssh4 (in concatenated data set
Hap53) haplotype, while most of them possessed the Lshm3/ssh3 haplotype (Figs. 3 and
4). Both haplotypes were geographically restricted to the Danube River basin tributaries
Velika Morava and Timok. In addition, in concatenated data set the later formed Hap26
that is positioned close to haplotypes distributed also in Romania and Kosovo (Fig. 2).
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Figure 4 Median-joining network of 350 bp long Astacus astacus COI sequences. The black dots indicate the median vectors, and numbers of
base pair changes are indicated by hatch marks. Frequencies of haplotypes are proportional to the size of circles. Purple colour presents share of pre-
viously haplotyped sequences (Schrimpf et al., 2014; Laggis et al., 2017; Mrugata et al., 2017) and yellow colour presents share of sequences obtained
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The remaining specimens from Serbia were collected from the Sava River system (KAC)
and they carried haplotype Lshm1/ssh1 (Figs. 3 and 4) that in concatenated data set forms
Hap49, positioned closely to haplotype Hap28 from Croatia (Fig. 2). The Lshm7/ssh8
haplotype was established in the Vuka population, and in concatenated data set (Hap43)
analyses is positioned closely to haplotypes recovered from the Save River in Croatia, but
also haplotypes found in Germany (Figs. 2, 3 and 4). Finally, haplotype Lshm11/ssh12 was
found in Croatian populations, and in concatenated data set it formed Hap28 that was
positioned central to haplotypes from Danube’s tributaries in Croatia, Serbia and Romania,
but also from the Rhine River system (Figs. 2, 3 and 4).

Summarised results of genetic diversity indices of 655 bp long COI sequences revealed
that populations from the Danube’s tributaries Sava, Drava and Tisa rivers possessed higher
number of haplotypes and nucleotide diversity compared to other river systems that were
characterised by only one haplotype (Table 2).

Genetic differentiation of populations based on pairwise comparison of COI sequences
revealed very high ®gr-values indicating genetically isolated populations with limited gene
flow (Table S4). However, some of the population pairs’ ®sr-values were extremely low
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Table 2 DNA polymorphism indices. DNA polymorphism indices calculated using 655 bp-long COI
sequences obtained from 18 Astacus astacus populations grouped according the river system: n, number
of specimens; S, number of segregating sites; h, number of haplotypes; Hy, haplotype diversity; standard
deviation in brackets, Pi, nucleotide diversity; standard deviation in brackets, k, average number of nu-
cleotide differences, BS, Black Sea basin, AS, Adriatic Sea basin.

River system Basin n S h Hy Pi k
Sava BS 64 19 4 0.750 (0.0003) 0.01274 (0.0004) 8.344
Drava BS 44 20 3 0.681 (0.0003) 0.01423 (0.0004) 9.323
Vuka BS 16 0 1 0 0 0
Velika Morava BS 31 0 1 0 0 0
Timok BS 12 0 1 0 0 0
Tisa BS 30 2 3 0.421 (0.087) 0.0007 (0.0002) 0.437
Prespa Lake AS 13 0 1 0 0 0
Total 210 34 11 0.876 (0.008) 0.0145 (0.0005) 9.473

Table 3 Analysis of molecular variance. Analysis of molecular variance using mitochondrial COI sequences (655 bp long) and 15 microsatellite
loci of Astacus astacus. For mtDNA data, populations were grouped based on their affiliation to major tributaries of the Danube River (Drava, Sava,
Vuka, Velika Morava, Timok, Tisa) and Prespa Lake. For microsatellite DNA data, populations were grouped based on their affiliation to major
tributaries of the Danube River (Drava, Sava, Tisa, Velika Morava, Timok and Vuka) and the Prespa Lake.

DNA marker d.f. Sum of Variance Percentage of
squares components variation

Mitochondrial data

Among groups 6 530.89 1.66 31.10

Among populations within groups 11 391.22 3.21 61.05

Within populations 192 88.46 0.46 8.56

Microsatellite data

Among groups 6 1285.12 0.92 14.62

Among populations within groups 11 1096.26 2.34 37.18

Within populations 778 2360.32 3.03 48.21
Notes.

df, Degrees of freedom

and not statistically significant. If populations are grouped according to the Danube River
tributaries (Sava, Drava, Velika Morava, Vuka, Timok, Tisa) and the Prespa Lake, values
of genetic differentiation varied from 0.193 (Drava-Sava) to 1.00 (Prespa Lake vs Vuka,
Velika Morava and Timok), again demonstrating genetically different groups (data not
shown).

Results of AMOVA conducted on 655 bp long COI sequences grouped according to
specimen’s affiliation to major tributaries of the Danube River (Drava, Sava, Vuka, Velika
Morava, Timok, Tisa) and Prespa Lake, revealed that most of the variance is contained
among population within groups (61.05%, P < 0.001; Table 3), followed by variance
among groups (31.1%), and a small amount of the variance was found within populations
(8.56%).
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Table 4 Genetic diversity parameters inferred from 15 microsatellite loci for 18 sites of the noble crayfish (see Table 1 for full names of popula-

tions).
Population Basin/tributary Sea basin n P A A, Ay ApRar H. H, Fys Puwe
KOC Danube/Sava BS 10 0.73 2.07 2.05 0 0.30 0.344 0.333 0.032 NS
BLO Danube/Sava BS 28 1.00 3.40 2.90 2 1.65 0.465 0.464 0.003 NS
JAR Danube/Sava BS 23 0.93 3.47 3.05 4 3.00 0.562 0.577 —0.027 NS
PLI Danube/Sava BS 9 1.00 2.87 2.79 2 2.25 0.422 0.380 0.106 NS
MAK Danube/Sava BS 30 0.93 2.93 2.39 8 6.15 0.355 0.350 0.013 NS
KAC Danube/Sava BS 29 0.93 4.07 3.37 10 9.30 0.522 0.547 —0.049 NS
Aver. Sava 0.92 3.14 2.76 4.33 3.75 0.45 0.44 0.03
MOT Danube/Drava BS 32 1.00 3.87 3.34 2 2.85 0.573 0.562 0.020 NS
TOT Danube/Drava BS 30 1.00 3.27 3.09 1 1.65 0.577 0.557 0.036 NS
JAN Danube/Drava BS 30 1.00 4.13 3.26 3 1.80 0.557 0.529 0.051 <0.05
Aver. Drava 1.00 3.76 3.23 2.00 2.10 0.57 0.55 0.04
VUK Danube BS 31 0.87 2.67 2.33 0 0.75 0.404 0.411 —0.017 NS
RES Danube/V. Morava BS 30 0.93 3.67 2.96 8 4.95 0.510 0.529 —0.037 NS
KOR Danube/V. Morava BS 17 0.73 2.00 1.91 0 0.60 0.306 0.267 0.133 NS
GAZ Danube/V. Morava BS 26 0.47 1.53 1.48 0 0.15 0.126 0.133 —0.063 NS
Aver. V. M. 0.71 2.40 2.12 2.67 1.95 0.31 0.31 0.01
GRL Danube/Timok BS 13 0.33 1.33 1.31 0 0.65 0.106 0.113 —0.069 NS
SOM Danube/Tisa BS 22 0.93 2.53 2.22 1 0.30 0.334 0.342 —0.024 NS
PET Danube/Tisa BS 11 0.73 1.93 1.89 1 1.05 0.313 0.309 0.013 NS
BEZ Danube/Tisa BS 9 0.47 1.73 1.69 0 0.00 0.144 0.163 —0.143" NS
Aver. Tisa 0.71 2.06 1.93 0.67 0.45 0.26 0.27 —0.01
PRE L. Ohrid/Black Drim AS 33 0.73 2.27 1.83 11 11.25 0.237 0.230 0.027 NS
Notes.

BS, Black Sea; AS, Adriatic Sea; 1, sample size; P, proportion of polymorphic loci; A, average number of alleles/locus; Ag, mean allelic richness; Ap;, number of private alle-
les; Aprrar» rarefied values of number of private alleles; H., expected and H,,, observed heterozygosity; Fis, inbreeding coefficient; Pywe, probability of deviations from expected

Hardy-Weinberg proportions after sequential Bonferroni adjustments (15 simultaneous tests per population).

*P <0.05.

Microsatellites analyses

Genetic diversity
A total of 180 alleles were observed across the 15 microsatellite loci with an average of 12.0

alleles per locus, ranging from 6 alleles at Aast4_7 to 26 alleles at Aast4_17 (Table S3).

The average observed heterozygosity of the studied loci was 0.407 and varied from 0.254
(Aast4_2) to 0.518 (Aast4_17) (Table S3).
All microsatellite loci in studied crayfish populations were in linkage equilibrium (data

not shown). Only a single population (JAN from Croatia) displayed significant deviation

from expected HW proportions after applying sequential Bonferroni correction (Table 4).
MICROCHECKER software provided evidence for putative null alleles at 4 out of 15
microsatellite loci in four populations (one to two loci per population, data not shown).

However, as only 4 out of 270 tests were significant (1.5%, less than the expected Type-I

error level), we decided not to exclude any loci from further analysis.

Genetic variation, expressed as the proportion of polymorphic loci (P), mean allelic

richness (Ag) and observed heterozygosity (Hp), was on an average higher in the
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populations from the Black Sea basin than in the Adriatic Sea basin (P =0.82 and 0.73,
Ar =2.5and 1.8, Hp =0.386 and 0.230, respectively). Among the major tributaries of the
Danube River, the highest average variation was observed in the Drava River populations
(P =1.00, Ag = 3.2, Hp = 0.549), while the lowest average variation was recorded in the
Tisa River populations (P =0.71, Ag = 1.9, Hp =0.271) (Table 4). Overall, the most
variable populations were JAR and KAC from the Sava River, MOT, TOT and JAN from
the Drava River and RES from the Velika Morava River, while the least variable populations
were GAZ from the Velika Morava River, GRL from the Timok River and BEZ from the
Tisa River (Table 4).

The results of the hierarchical gene diversity analysis by AMOVA revealed that for the
total data set, the highest percentage of variation was present within populations (48.21%),
followed by variation among populations within river systems (37.18%) and among river
systems (14.62%) (Table 3).

Of the total 180 alleles, 127 were shared by the Black Sea and Adriatic Sea basin
populations, 11 alleles were confined to the Adriatic Sea basin and 42 alleles were found
only in the Danube River basin of the Black Sea basin. Among major tributaries of the
Danube, 26, 6, 8 and 2 alleles were confined to the Sava, Drava, Velika Morava and Tisa
rivers, respectively (averaged values are shown in Table 4). When the number of private
alleles was rarefied, the highest private allelic richness (average number of rarefied private
alleles) was again confined to the Prespa population from the Adriatic Sea basin, followed
by Sava, Drava and Velika Morava populations of the Danube basin, while the lowest
private allelic richness was indicated for the Vuka, Timok and Tisa populations of the
Danube basin (Table 4).

Genetic differentiation and population structure

The overall level of genetic differentiation between all studied samples was high (global
Fsr =0.501) with pairwise estimates of Fgr ranging from 0.211 (between JAR and MOT
populations in Croatia) to 0.838 (between Serbian GRL and Romanian BEZ populations)
(Table S4). The average level of differentiation among populations from different major
tributaries of the Danube (Sava, Drava, Velika Morava, Tisa) was relatively high (average
pair-wise Fgr ranging from 0.360 between Sava and Drava to 0.623 between Velika Morava
and Tisa) but lower than their differentiation from the PRE population of the Adriatic Sea
basin (average pair-wise Fgr from 0.578 between Drava and PRE to 0.736 between Tisa and
PRE). Within the major tributaries of the Danube, populations were more differentiated in
Sava, Velika Morava and Tisa (average pair-wise Fsr 0.425, 0.473 and 0.502, respectively)
than in Drava (average pair-wise Fg7 = 0.281) (data not shown).

PCoA analysis provided good resolution of spatial population relationships reflecting
their affiliation to the river systems (Fig. 5). The Adriatic Sea basin PRE population was
clearly separated from the Black Sea basin populations on both PCo1l and PCo2. Further,
PCol clearly separated populations belonging to the Tisa, Timok and Velika Morava
tributaries from the populations belonging to the Sava and Vuka rivers (Fig. 5). PCo2
separated populations from the Tisa River tributaries and populations from Serbia (both
Timok and Velika Morava tributaries) (Fig. 5).
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Figure 5 PCoA scatterplot of the first two coordinates. See Table 1 for full names of populations. In or-
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Effective population size

Effective population size estimates varied strongly between populations and within river
basins, ranging from 9 to 4920 (Table 5). The highest values were found in the Croatian
populations of MOT, TOT and JAN located in the north-western part of the study area in
the Drava River basin, with N, values of 4920, 4864 and 4742, respectively. Globally, the
Croatian populations displayed the highest effective population sizes (mean N, = 2951),
while lower estimates appeared mainly in the eastern populations of Serbia (mean N, =
1113; the value drops to 539 if the north westernmost population of KAC from the Sava
River basin is not considered), Romania (mean N, = 272) and Albania (N, = 491). The
lowest N, values were found in the Romanian population of BEZ (N, = 11), and the
Serbian populations of GAZ (N, = 18) and GRL (N, =9).

Spatial analysis

Mantel’s tests showed significant correlations between genetic and geographical distances
(r =0.317 (Ppmanter < 0.001) for 655 bp long COI sequences dataset; r = 0.096 (Ppganter <
0.001) for 350 bp long COI sequences dataset; r = 0.493 (Ppganrer < 0.001) for microsatellite
dataset). Alleles in Space (AIS) analysis was used to visualise the general genetic divergence
on the European level for the COI data set (Fig. 6). Also, AIS was used to delineate genetic
divergence in the area of interest (Balkan Peninsula) for the microsatellite data set (Fig. 7).
The GLS interpolation on the COI data set showed that the area of the highest genetic
divergences for A. astacus was located in the southern part of the Balkan Peninsula (Greece,
Albania and North Macedonia) (Fig. 6). Moderate level of genetic divergence was observed
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Table 5 Effective population size estimates - Theta (©), effective population size (N.) and its 90% con-
fidence interval (CI) estimated from the microsatellite data with Lamarc for the 18 Astacus astacus pop-
ulations from the Balkans. ® = 4N L. L=5 x 107*.

Pop. (%) Ne 90% CI
KOC 0.668 334 200-572
BLO 2.043 1021 962-1704
JAR 4.485 2243 1987-3384
PLI 1.117 558 336-790
MAK 3.152 1576 1044-2106
KAC 6.812 3406 2356—43800
MOT 9.839 4920 4050-5041
TOT 9.727 4864 3777-5005
JAN 9.483 4742 3435-5006
VUK 3.512 1756 1171-2224
RES 3.628 1814 1288-2260
KOR 0.634 317 288-560
GAZ 0.037 18 14-38
GRL 0.019 9 1-11

SOM 1.193 597 319-643
PET 0.419 209 166-345
BEZ 0.023 11 8-17

PRE 0.981 491 352-985

among populations in Croatia and Slovenia, whereas the lowest divergences were indicated
among populations from southern Serbia, Romania, Germany and Poland. The GLS
interpolation on the microsatellite dataset indicated the highest genetic divergences was
across a large area in the western part of Balkans (covering Sava and Drava River basins in
Croatia and Slovenia) and the area in the southern Balkans (approximately corresponding
to North Macedonia) (Fig. 7). Areas with the lowest genetic divergence were from parts of
Romania, Serbia and Hungary.

DISCUSSION

In the present study we have updated the current knowledge on the mtDNA diversity of
A. astacus in Europe by analysing numerous unstudied populations in the western part
of the Balkan Peninsula. Study revealed new haplotypes (both COI and 16S) that nested
among haplotypes belonging to different lineages described in previous studies (Schrimpf et
al., 2014; Laggis et al., 2017). Moreover, genetic structure of studied A. astacus population
revealed by microsatellites indicated that populations in the western part of the Balkans
harbour important components of genetic diversity for the species as anticipated in the
previous studies (Schrimpfet al., 2011; Schrimpf et al., 20145 Schrimpf et al., 2017; Gross

et al., 2013; Laggis et al., 2017). The finding of population structuring at both local, and
larger geographic scales in this study is consistent with other studies of A. astacus across its
distribution range (Schrimpf et al., 2011; Schrimpf et al., 20145 Schrimpf et al., 2017; Gross et
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Figure 6 The genetic landscape map inferred by 350 bp long Astacus astacus COI sequences. A genetic
landscape map based on COI was overlaid onto a relief map of Europe. Black dots refer to the sampling
sites, red colour presents high molecular divergence between neighbouring populations, while blue colour
correspond to areas of lower molecular divergence among populations.

Full-size &l DOI: 10.7717/peer;j.11838/fig-6

al., 2013; Makkonen, Kokko & Jussila, 2015; Bldha et al., 2016; Laggis et al., 2017; Mrugata
et al., 2017; Panicz et al., 2019).

Astacus astacus is characterised by the complex evolutionary history as it has a
large distributional range across a number of large catchments, and phylogeographic
patterns and genetic diversity shaped through past geo-climatic processes and recent
anthropogenic activities (translocations, reintroductions) (Kouba, Petrusek ¢» Kozdk,
20145 Policar & Kozdk, 2015). Climate oscillations during the Pleistocene followed by
postglacial (re)colonization processes from southern refugia, shaped the biodiversity of
current European fauna (Hewitt, 1999), including A. astacus. Populations isolated in the
southern refugia and micro-refugia accumulated genetic variation throughout the glacial
period, however some of that diversity was lost due to bottlenecks and the founder effects
experienced by populations during subsequent range expansions to the north (Hewitt,
1999). The observed pattern of reduced genetic diversity indicated by low haplotype
diversity, allelic richness and fewer private alleles, in the north and central Europe (areas
with pronounced glaciations) point to more recent range expansion into these regions
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Divergence

Figure 7 The genetic landscape map inferred by multilocus microsatellite genotypes of 18 Astacus as-
tacus populations. To avoid extrapolating beyond the spatial extent of collection points, the genetic land-
scape is clipped to the extent of the original network (sampling extent) and to the boundaries of the region
of analysis. Details about sampling sites (abbreviations) are provided in Table 1.

Full-size & DOI: 10.7717/peer;.11838/fig-7

(Gross et al., 2013; Klobucar et al., 2013; Schrimpf et al., 2014; Laggis et al., 2017; Berger et
al., 2018, this study).

Previous studies suggested that A. astacus populations persisted through glaciations on
the Balkan Peninsula, in three refugia: (I) western part of the Balkan Peninsula (waterbodies
of the Adriatic and the eastern Black Sea basins in Croatia and Montenegro (Schrimpf et
al., 2014); (II) the eastern Black Sea basin (waterbodies of the lower Danube in Romania,
Bulgaria, Hungary (Schrimpf et al., 2014); (III) southern Balkans (Greece) (Laggis et al.,
2017). These suggestions are supported by our finding of high genetic diversity between and
within populations on the Balkan Peninsula compared to those in central and northern
Europe (Schrimpf et al., 20145 Laggis et al., 2017; Mrugatla et al., 2017; this study). The
most likely postglacial colonization route of A. astacus towards north and central Europe
was through the Danube River system (Schrimpf et al., 2014; Laggis et al., 2017). Also,
human activities, such as translocations and re/introductions of A. astacus, also probably
strongly influenced the natural genetic structure and diversity (e.g., population mixing
and introgression between introduced and indigenous populations) across Europe (Souzy-
Grosset & Reynolds, 2009; Schrimpf et al., 2011; Schrimpf et al., 2014; Gross et al., 2013; Gross
et al., 2017; Makkonen, Kokko ¢ Jussila, 2015).

Phylogenetic analyses based on the concatenated mtDNA data positioned newly obtained
haplotypes within previously described haplogroups (Schrimpf et al., 2014; Laggis et al.,
2017) which are mostly weakly supported. The median-joining network for concatenated
data set as well as for 350 bp COI data set reflected those relationships, while the analysis
of longer COI sequences (655 bp) refined relations and indicated existence of undescribed
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diversity. These results uncovered how length of COI sequences could influence on
discrimination and relationships between haplotypes. Even though short barcode sequences
are suitable for species identification, frequently they are not accurate for resolving
phylogenetic relationships (Min ¢ Hickey, 2007; Vecchioni et al., 2017; Meiklejohn, Damaso
& Robertson, 2019) and therefore in the future studies that will use longer sequences data
sets possibly clearer insight into phylogenetic relationships among different haplotype
groups within A. astacus will be gained.

It is worth mentioning that the number of mutational steps between A. astacus
mtDNA lineages/groups is much lower when compared to the number of mutational
steps between mtDNA lineages within other European freshwater crayfish species, such as
Austropotamobius pallipes (varying from 1 to 26) and Austropotamobius torrentium (varying
from 1 to 36) (Fratini et al., 2005; Klobucar et al., 2013; Jelic et al., 2016). Compared to other
European freshwater crayfish species, A. astacus exhibits lower genetic diversity (Klobucar
et al., 2013; Maguire et al., 2014; Akhan et al., 20145 Jelic et al., 2016). Based on the Barcode
of Life Data Systems (BOLD system; http://www.boldsystems.org) records, all published
A. astacus COI sequences form a single BIN (barcode index number) (cluster), while
other European crayfish species form 17, 5 and 5 BINs (A. torrentium, A. pallipes and
Pontastacus leptodactylus, respectively). Therefore, it can be inferred that all A. astacus
mtDNA lineages/groups that have been described up to now (Schrimpf et al., 2014; Laggis
etal., 2017) belong to a single species with indication that southernmost populations
(haplotypes from well supported Group 1 and 2 sensu Laggis et al. (2017) could present
subspecies A. astacus balcanicus (Laggis ef al., 2017)/ A. balcanicus balcanicus (Crandall ¢
De Grave, 2017). Future studies will probably clarify/resolve this taxon status as suggested
in the study of Astacus colhicus by Bldha et al. (2021). Nevertheless A. astacus displays
relatively low level of genetic variation across its large geographic range compared to other
members of the Astacidae family.

It is important to highlight the distribution range of haplotypes Lshm9 and Lshm10,
that is limited to the westernmost part of the Drava and Sava tributaries in Croatia, and in
the Sava River tributaries in Slovenia, likely indicating that this area of species distribution
might have had an important role as microrefugia allowing A. astacus populations to
survive Pleistocene climate fluctuations.

The present study established presence of crayfish with COI haplotype Lshm2 (ssh2,
identical to COI haplotype Aas01 from Schrimpf et al. (2014)) in Croatia. This haplotype
was recorded exclusively in the Drava River drainage, and is the most widely distributed
haplotype in Europe. Moreover, haplotype Lshm2, as well as closely related haplotypes
(Lshm4 and Lshm5) were recorded in the A. astacus populations from Romanian
waterbodies. According to our results and Schrimpf et al. (2014), it can be presumed
that this haplotype did not originate in the Croatian freshwaters, but rather in Romania.
Presence of closely related haplotypes in tributaries of the Tisa and Drava Rivers provide
evidence of historical hydrological connection between those rivers (both tributaries of the
Danube River). Moreover, the microsatellites based genetic distances (observed in PCoA
plot) also indicated closer relationships of Drava’s populations JAN and TOT to Romanian
Tisza populations than to Sava or V. Morava populations.
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Our results regarding populations TOT and MOT showed discrepancy between
observations and expected results. Since the geographical distance between these two
lakes is only 8 km, it was expected that specimens from both populations would share
similar/identical haplotypes. However, this was not the case; the crayfish from TOT
possessed distinct COI haplotype that grouped together with samples from MAK, BLO and
KOC, while in the MOT population we discovered the presence of two distant haplotypes
(Lshm2 and Lshm6). The observed genetic structure indicated complex evolutionary history
of A. astacus in the Drava drainage that possibly played an important corridor for crayfish
post-glacial range expansion. Moreover, it should be pointed out that both TOT and MOT
are gravel pits that were part of the Drava River, so it is possible that these A. astacus
populations represent remnant astacofauna formerly present in local river systems but now
lost because of invasive species (Hudina et al., 2009) and therefore represent important ark
sites (Peay, 2009). On the other hand, as the gravel pits are regularly used by fisherman
the possibility of introduction of translocated crayfish from unknown locations cannot
be excluded (Maguire, Jelic ¢ Klobucar, 2011). Similar scenarios of crayfish translocations
were found in different crayfish species across the globe: e.g., Australia (Nguyen et al., 2002)
and Europe (Petrusek et al., 2017).

The Serbian noble crayfish populations possess widely distributed haplotypes that have
pan-European distribution, without an apparent geographical pattern.

The Prespa Lake samples analysed in the present study, and the Ohrid Lake samples
studied in Mrugatla et al. (2017) share a single COI haplotype what possibly indicates a
historical bottleneck that reduced their diversity. Possible bottleneck for PRE population
was also indicated by relatively small effective population size, what is similar to findings in
Laggis et al. (2017) for A. astacus in Greece, and Gouin, Grandjean ¢ Souty-Grosset (2006);
Gouin et al. (2011)) for A. pallipes in France.

The AMOVA results are not congruent between COI dataset and microsatellites what
might be a consequence of different effective population sizes or/and mutation rates of
the bi-parentally and maternally inherited markers (Chesser ¢ Baker, 1996). While COI
suggested that majority of variance exist among populations within major tributaries of
the Danube River (Drava, Sava, Vuka, Velika Morava, Timok, Tisa) and Prespa Lake,
AMOVA for microsatellite revealed that most of genetic variation is within populations,
which is similar to findings in Schrimpfet al. (2017) and Panicz et al. (2019). Observed
genetic structuring might be an indication that A. astacus used to be widely distributed,
and nowadays populations are isolated within drainages (tributaries/basins) but still retain
a part of their original diversity, which is also consistent with high ®sr pairwise values.

Genetic structuring of A. astacus populations in the studied area was influenced by
isolation by distance at a moderate level as observed using both COI and microsatellites
datasets. However, isolation by distance probably was not the only factor that contributed
to the observed genetic differences between populations; significant differences could be a
consequence of landscape characteristics that produced geographically isolated population
which have no surface water connection. Hydrogeography and complex landscape character
of studied area played an import role onto the genetic differentiation of different freshwater
taxa (e.g., Previsic et al., 2009; Klobucar et al., 2013; Jelic et al., 2016). Furthermore, genetic
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structure of A. astacus populations in Europe was shaped through anthropogenic influence
(Schrimpf et al., 20145 Laggis et al., 2017), and possibly unexpected similarity between KAC
(Serbia) and JAR and PLI (Croatia) populations can be explained by artificial stockings
between the two countries.

The COI data set GLS interpolation indicated that, on the European level, the entire
Balkan area was an important refugium for A. astacus in the past. Within the Balkan area,
as shown by microsatellite GLS interpolation, there is a spatial subdivision of genetic
diversity pattern within this large refugium suggesting several microrefugia (e.g., western
and southern parts of the Balkan Peninsula) also known for the occurrence of distinct
freshwater taxa, such as amphipods, fish or insects (Economidis ¢» Banarescu, 1991; Previsic
et al., 2009; Grabowski et al., 2017; Vucic et al., 2018).

Using microsatellite markers, we revealed high genetic diversity (12.0 alleles per locus)
and high differentiation (Fsr = 0.512) among populations, however relatively low diversity
within populations (on an average 2.8 alleles per locus), indicating a long-term isolation of
small refugial populations. This strong population subdivision may limit local adaptation
and facilitate random genetic drift which might result in diminished evolutionary potential
of A. astacus (Nguyen et al., 2004; Steeves, Johnson & Hale, 2017; Hoffmann, Miller & Weeks,
2020). The pairwise Fgr values obtained in our analyses indicated clear signs of high
differentiation among populations within different tributaries of the Danube River and
the Prespa Lake, as well as between population-pairs. This study revealed the highest value
of global Fgr compared to other studies (Fsr = 0.264 in Gross et al. (2013); Fsr =0.232 in
Schrimpf et al. (2014); Fst = 0.400 in Laggis et al. (2017)).

Even though the number of samples per population was not even, application of
microsatellite data rarefaction showed that results of rarefied and not rarefied data are
congruent, and different sample number did not influence much the results. The highest
genetic diversity, revealed by microsatellites, was found in JAR and KAC (Sava), MOT, TOT
and JAN (Drava), and in RES (Velika Morava) populations. These crayfish populations
exhibit the highest values of average number of alleles per locus, allelic richness, expected
and observed heterozygosity of all studied populations. Furthermore, those genetic diversity
estimates were higher than the ones reported in previous studies where the same set of
tetranucleotide microsatellite loci were used (Gross ef al., 2017). When comparing other
microsatellite studies on A. astacus, higher values of genetic diversity estimates were
detected in populations from the southern Balkans (Laggis et al., 2017), while lower values
of genetic diversity estimates were observed in the populations from central, northern and
eastern Europe (Gross et al., 2013; Schrimpf et al., 2014; Panicz et al., 2019). The values of
indices obtained in the present study suggested the postglacial re-colonisation towards
north followed by decreasing genetic diversity, as it is observed for numerous taxa (Taberlet
et al., 1998; Hewitt, 1999). Since JAR, KAC, MOT, TOT, JAN and RES populations possess
the highest reservoir of genetic diversity, and high effective population sizes, they could play
an important role in future conservation programs. Crayfish from those populations could
be a source for repopulation/restocking but bearing in minds their genetic background
as well as composition of recipient population need to be taken into account in order
to avoid inbreeding/outbreeding depression (Souty-Grosset ¢ Reynolds, 2009; Hoffmann,
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Miller & Weeks, 2020). Furthermore, special effort should be taken in conservation of
these populations not only because they harbour the highest genetic diversity, but also
have the greatest number of private alleles, along with populations from PRE and MAK.
Rare alleles are often considered a minor element in genetic conservation programmes,
but they can be very important for the long-term response to selection and the survival of
populations and species (Allendorf & Luikart, 2007). Moreover, PCoA analysis also revealed
that the most distinct population was PRE (Black Drim/Adriatic Sea basin) and the rest of
populations were well distinguished and grouped mainly according to their affiliation to
river system. On the other hand, the lowest genetic diversity was recorded in GAZ (Velika
Morava), GRL (Timok) and BEZ (Tisa) populations, which are also characterised with low
effective populations sizes. These values of genetic diversity estimates are among the lowest
compared to all previous population genetic studies (Gross et al., 2017).

In several populations the expected heterozygosity was higher than the observed
heterozygosity indicating homozygote excess. In order to estimate the deviation from the
Hardy-Weinberg equilibrium caused by inbreeding, which reduces the amount of genetic
diversity in a population, we calculated the inbreeding coefficient (Fs; proportional to the
loss of genetic diversity and consequently loss of adaptive evolutionary potential of the
species (Frankham, 2005)). Since the Frs values in populations were slightly higher/lower
than zero, we could conclude that inbreeding/outbreeding occurs, but is still not significant,
and the intra-population variability is still evident.

Compared to previous population genetic studies of A. astacus (Gross et al., 2013;
Schrimpf et al., 2014; Mrugata et al., 2017; Panicz et al., 2019), the overall genetic diversity
in the study area was notably high. Our study confirms higher haplotype diversity and
number of private haplotypes/alleles in the Black and Adriatic Sea basins compared to the
North and Baltic Sea basins further corroborate a glacial refugium in the Balkan area.

It is necessary to know the genetic structure of the species in order to be able to
preserve its integrity and within species diversity (Schrimpf et al., 2014). The combination
of phylogenetic information and the degree of threat to species are both important for
establishing conservation priorities (Owen et al., 2015). The results we obtained could
be used as a starting point for developing future management plans. We would suggest
that crayfish from populations with distant mtDNA haplotypes and, to some extent,
between different tributaries of the Danube River (Sava, Drava, Tisa, Velika Morava,
Timok) and the Prespa Lake should be treated separately in the future conservation
projects (e.g., restocking/repopulations) that will require careful and balanced approach in
order to avoid outbreeding and inbreeding depression (Schrimpf et al., 2017). Preserving
genetic variability between and within A. astacus populations will ensure their evolutionary
potential and long-time survival.

CONCLUSIONS

In the present study we updated the current knowledge on the mtDNA diversity of A.
astacus in Europe by including previously understudied populations and geographic
regions. New haplotypes were discovered restricted to the western part of the Balkan
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Peninsula. Analyses of microsatellites revealed population structuring at both local, and
larger geographic scales observed across the A. astacus distributional range and indicates
a complex genetic structure and confirmed that populations in the western part of the
Balkans harbour important component of genetic diversity of the species. This information
will help inform future conservation and management programs.
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Integrating population genetics
and species distribution modelling
to guide conservation of the noble
crayfish, Astacus astacus, in Croatia

Leona Lovren¢i¢*, Martina Temunovi¢%*, Riho Gross?, Marin Grgurev* & Ivana Maguire!™*
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The noble crayfish, Astacus astacus, is an indigenous European freshwater species. Its populations
show significant declines caused by anthropogenic pressure on its habitats, climate change and the
spread of invasive species. Diminishing populations’ trends and loss of genetic diversity highlight the
need for effective conservation that will ensure their long-term survival. We combined population
genetics and species distribution modelling (SDM) to reveal the impact of climate change and invasive
species on the noble crayfish, and to guide future conservation programs of current populations. Our
study showed that Croatian populations of A. astacus harbour an important part of species genetic
diversity and represent significant genetic reservoir at the European level. The SDM results predicted
substantial reductions of suitable habitats for A. astacus by the 2070; only 13% of its current potential
distribution is projected to remain stable under pessimistic Representative Concentration Pathway
(RCP 8.5) emission scenario. Moreover, most of the populations with high genetic diversity are located
in the areas predicted to become unsuitable, and consequently have a high probability of being lost in
the future. Further, SDM results also indicated considerable decrease of future habitat suitability for
invasive crayfish species in Croatia, suggesting that climate change poses a major threat to already
endangered A. astacus. The obtained results help in the identification of populations and areas with
the highest conservation value which should be given the highest priority for protection. In order to
preserve present diversity in areas that are predicted as suitable, we propose assisted migration and
repopulation approaches, for enhancing populations’ size and saving maximum genetic variability.
The result of our research emphasizes once again the benefits of multidisciplinary approach in the
modern biodiversity conservation.

One of the greatest challenges faced by humanity is the mitigation of rapid biodiversity loss, associated with
negative anthropogenic activities'. Indigenous crayfish species are among the most threatened animal taxa in
European freshwaters where they are experiencing substantial population declines across their entire distribu-
tion ranges®*. Thus, the requirement for appropriate conservation actions and policies are urgently needed*.
The noble crayfish, Astacus astacus, is a keystone species of high ecological, economic, and cultural impor-
tance in Europe®. It is an indigenous European freshwater species whose gene pool and wide current distri-
bution have been shaped by geo-climatic events (i.e. Pleistocene glaciations) and anthropogenic impacts (i.e.
translocations, pollution, habitat degradation). In Croatia, A. astacus is recorded in all three biogeographical
regions: Continental, Alpine and Mediterranean. It is naturally distributed in the waterbodies of the Black Sea
drainage, with a few recorded populations in the Adriatic Sea drainage that are of anthropogenic origin®. Large-
scale genetic analyses revealed that A. astacus encompasses several mitochondrial lineages that have separated
and diversified during the Pleistocene glaciations in the western and southern Balkans’, as well as in the lower
Danube basin’. Results of microsatellite analysis revealed a differentiation of northern European populations
from central European populations, with the former exhibiting a lower genetic diversity'®. Furthermore, Schrimpf
etal.”!! and Laggis et al.® revealed that this species harbours the highest genetic diversity in south-eastern Europe,
while, low genetic diversity was detected in central and northern Europe, resulting from founder effects due to
postglacial re-colonization and frequent human translocations for economic reasons’. Climate change is also
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among the major pressures for a decline in A. astacus populations, and its recognised vulnerability'? prompted
the protection afforded by international legislation (Annex III of the Bern Convention, Annex V of Habitat
Directive (92/43/EEC). In Croatia, its conservation status in all three biogeographical regions is unfavourable-
inadequate following EU Habitats Directive (details are provided at https://nature-art17.eionet.europa.eu/artic
le17/); during the last decade, 55% of A. astacus populations extirpated®, demonstrating the inadequacy of the
species conservation. Consequently, as decreasing population trends continued?, A. astacus is listed as vulner-
able even though protected by national legislation (NN 80/13).

Apart from being threatened by climate change, habitat loss and deterioration, the introduction of non-
indigenous crayfish species (NICS), and their pathogens, are of additional major concern for indigenous crayfish
species decline in freshwater ecosystems across Europe®. The NICS displace indigenous crayfish species through
transmission of diseases such as crayfish plague caused by the oomycete Aphanomyces astaci, which is listed
among the World’s 100 Worst Invasive Alien Species'%. Furthermore, NICS’ success is attributed to competitive
exclusion, tolerance to poor water quality and altered habitat’. In addition, apart from direct competition with
indigenous crayfish populations, NICS possess the ability to change food webs and entire ecosystems®. During
the last two decades, three NICS have been recorded in Croatian freshwaters: the marbled crayfish (Procambarus
virginalis), the spiny-cheek crayfish (Faxonius limosus) and the signal crayfish (Pacifastacus leniusculus)®'. Since
the presence of P, virginalis remains limited to one local population'®, and P. leniusculus and E. limosus have more
extensive ranges, they represent the most problematic NICS for A. astacus populations in Croatian freshwaters.
Faxonius limosus was first recorded in the Nature Park Kopacki rit (eastern part of Continental Croatia) in 2003
where it has spread naturally along the Danube River from Hungary®. Compared to previous data this species has
significantly expanded its range and continues to successfully spread in Croatian freshwater ecosystems displacing
native A. astacus and Pontastacus leptodactylus®'®. Pacifastacus leniusculus is one of the most successful crayfish
invaders in Europe® Indeed, Chucholl® found P. leniusculus to be the greatest threat to indigenous crayfish spe-
cies among six NICS, in south-western Germany. This species is the most widespread NICS in Croatia due to its
high dispersal rate which is among the highest recorded rates in Europe'®. It is distributed in the continental part
of the country, particularly in the Mura and Drava Rivers, as well as in the Korana River, where it was illegally
introduced'®. The Korana River and its tributaries are the hotspots of indigenous Croatian astacofauna diversity,
namely, A. astacus, Austropotamobius torrentium and P. leptodactylus, which encompass various divergent line-
ages, are distributed in those freshwater ecosystems®'”. To guide best-practice conservation and management
actions for A. astacus populations in Croatia, we aimed to identify areas of potential current and future habitat
suitability overlap between the indigenous A. astacus and the two problematic NICS using Species Distribution
Modelling (SDM) (details are provided below). Identifying such areas will enable perceiving locations where
endangered A. astacus may overlap with its invasive competitors, currently or in the future, under different
climate change scenarios. This information, combined with genetic data, is a crucial piece of information for
selecting A. astacus populations with the highest priority for protection.

Recent substantial declines and local extinctions of indigenous European crayfish populations have high-
lighted the need for developing appropriate conservation programmes and policies*. Contemporary, conservation
planning includes genetic screening and selection of potentially suitable habitats for long-term preservation®.
Genetic variability within the species is essential for species survival by securing its evolutionary and adaptive
potential which result in populations’ capability of responding to new environmental conditions'®. Reintroduc-
tions and/or restocking, as an approach for conservation of endangered species, are frequently disputed'*?’, but
they are still emphasized as management strategies for the conservation of indigenous crayfish species?**!. For
successful conservation, greater insight into genetic diversity and structure of endangered crayfish populations
is needed*. Microsatellites are among the most popular and versatile genetic markers with wide applications
in population genetics, conservation biology, and evolutionary biology*:. Population genetics analyses using
microsatellites have been used successfully in several studies of A. astacus by providing insights into patterns
of contemporary genetic diversity and structure, gene flow, effective population sizes, evolutionary history, and
fates of introductions’~'"**?*. Conservation of indigenous crayfish species does not only include the assessment
of a population’s genetic diversity in order to obtain restocking material for restoring their populations, but
also includes the selection of potentially suitable habitats/sites in the future. The translocation of crayfish for
reintroduction or restocking has been attempted many times across Europe, but the low rate of this measure’s
success showed the need to improve site selection®. Species distribution modelling, also known as ecological
niche modelling, is increasingly suggested as part of conservation decision making by forecasting environmental
suitability for an endangered species*>?. Species distribution models require georeferenced biodiversity observa-
tions (e.g., species occurrences) and geographic layers of environmental information (e.g., climate, land cover,
soil attributes). This approach represents a useful tool for selecting suitable habitats for conservation actions,
such as translocation, and selection of sites for protection, and at the same time taking into consideration impacts
of invasive species and climate change on species and habitats>?~*. Global climate changes impact the size and
extent of areas that may potentially be inhabited by many species®**2. Moreover, climate change is causing distri-
butional shifts of many species worldwide due to altering environmental conditions to which they are adapted?.
Factors like increasing water temperatures and long-term droughts could, undoubtedly impact dispersal-limited
freshwater crayfish impairing their survival®, while favouring the future spread of warm-water adapted NICS*.

Maintaining genetic diversity in an indigenous species is a pivotal goal at the global (European) and local
(Croatian) levels (EU-Biodiversity strategy for 2030). Therefore, the present study has combined population
genetic analyses and SDM as a guide for the future conservation actions of A. astacus genetic diversity. To provide
such a baseline for conservation programs, the aims of our study were:
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Population | Abbr |N | P Ny, |Ar |Ap |Hg H, Fig Pywe | Null alleles
Moti¢njak MOT |21 |1.00 |3.73 [3.33 |2.70 |0.580 |0.562 |0.032 ns 4_42

Breznica BRE 14 |1.00 |3.67 |3.20 |2.10 |0.541 |0.495 0.087 | * 4 35

Burgeti BUR 19 |1.00 |3.33 |294 |0.15 |0.450 |0.453 | -0.005 |ns 4_42

Ilova ILO 24 1100 |520 |4.19 |195 |0.684 |0.630 0.081 | ns 417,420
Otuca OouT |9 1.00 | 347 |341 |1.50 |0.573 |0.511 0.114 |ns 43

Bijela BIJ 21 | 1.00 | 447 |3.72 |3.30 |0.590 |0.568 0.037 | ns 4 42,4 48
Glogovica GLO |28 |1.00 |520 |3.95 |0.90 |0.638 |0.569 0.109 | ns 42,43
Kikovac KIK 30 |1.00 |4.00 |3.42 |0.60 |0.554 |0.566 | -0.021 |ns

Slobostina SLO 27 1093 |4.07 |3.32 |2.70 |0.565 |0.455 0.198* | * 4.17,4 37,4 42,4 32,4 3,4 35
Bednja BED 30 |1.00 |6.00 |4.18 |2.25 |0.624 |0.582 0.069 | ns 435,43
Kutjevacka KUT |16 |1.00 |4.93 |4.23 |3.30 |0.674 |0.586 0.133 | * 4_37

Veli¢anka VEL 30 |1.00 |527 |4.07 |3.90 |0.600 |0.515 0.145* | ns 4 38,4 37,43
Jaruga JAR 23 1093 |347 |3.05 |2.10 |0.562 |0.577 | -0.03 ns

Maksimir MAK |30 [0.93 |293 |239 |3.30 |0.355 |0.350 0.013 | ns 4.3

Totovec TOT |30 [1.00 |3.27 |3.09 |1.35 |0.577 |0.557 0.036 | ns 4_42

Jankovac JAN 30 |1.00 |4.13 |3.26 |0.30 |0.557 |0.529 0.051 |* 4.32,4 44
Vuka VUK |31 |0.87 |267 |233 |0.15 |0.404 |0.411 | -0.02 ns

Table 1. Summarizing results across 15 microsatellite loci of population genetic diversity of studied A.

astacus populations (N number of specimens, P proportion of polymorphic loci, N, average number of alleles/
locus, Ay allelic richness, Apy rarefied number of private alleles, Hg expected heterozygosity, Hy, observed
heterozygosity, F;s inbreeding coefficient and Py probability of deviation from Hardy-Weinberg equilibrium
after Bonferroni adjustments (not significant (ns) or significant (*)), null alleles—loci showing null alleles.
Reference populations from Gross et al. (2021): JAR, MAK, TOT, JAN, VUK.

(1) To reveal genetic diversity and population structure of A. astacus from 17 localities in Croatia (Table 1),
using mitochondrial DNA (mtDNA) and nuclear DNA (microsatellite) markers;

(2) To assess potential suitable habitats for the current and future period under different climate change sce-
narios for endangered A. astacus as well as for two NICS (P. leniusculus and F limosus), and to identify
areas of their potential current and future distribution overlap in Croatia using SDM;

(3) To combine genetic data from A. astacus with its potential future distribution areas, as well as with future
potential distribution of both NICS in order to identify populations and areas of the highest conservation
value and priority for protection.

We expect that a combination of SDM and genetic data will provide the required information needed to
develop conservation programs for endangered A. astacus. Genetic characterisation will help identifying popula-
tions that should be given the highest priority in conservation, and which can also serve as suitable donor popu-
lations for possible repopulation and reintroduction programs not only in Croatia, but also in other European
countries. Furthermore, we will be able to define areas and habitats that will be under the greatest pressure from
NICS and climate change, as well as potential ark sites for this species long-time survival.

Results

Phylogenetic assignment of studied populations using mtDNA sequencing. Intraspecific phy-
logenetic relationships and haplotype relatedness within A. astacus were described by the Median-joining (M])
networks (Fig. 1). Reconstruction based on concatenated mtDNA data indicated the existence of six previously
reported genetic lineages undefined sensu Schrimpf et al.” and Laggis et al.® within A. astacus in Europe (Fig. 1).
Both COI and 16S + COI MJ networks exhibited comparable results and based on the number of mutational steps
could possibly indicate the presence of a new distinct lineage containing haplotypes from the two Croatian pop-
ulations and several Slovenian populations (Lsh18/Hap51 and Lsh19/Hap61 in Fig. 1, Supplementary Table S1).
Remaining novel concatenated haplotypes obtained from studied Croatian populations (Hap55-Hap60) were
nested within formerly recognised mtDNA lineages. Precisely, haplotypes were recovered within two lineages,
Lineages 2 and 4 sensu Schrimpf et al.”, with some populations harbouring crayfish with haplotypes from both
lineages (populations JAN, MOT, OTU) (Fig. 1, Supplementary Table S1). The most widespread were popula-
tions belonging to Lineage 4 sensu Schrimpf et al.” encompassing the whole A. astacus distribution range in
Croatia, while Lineage 2 sensu Schrimpf et al.” was found only in a few populations (Supplementary Fig. S1 and
Supplementary Table S1).

Population genetics.  Genetic diversity. 'The final data set for the microsatellite analyses comprised 413
samples and 15 microsatellite loci; 269 successfully genotyped noble crayfish samples from 12 populations in this
study, and reference data from five populations obtained in Gross et al.”. No evidence of linkage disequilibrium
between pairs of loci tested over all populations was detected after Bonferroni correction (p=0.0004), hence all
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Figure 1. Median joining networks showing intraspecific phylogenetic relationships among (a) COI haplotypes
from studied Croatian populations, and (b) concatenated COI + 16S haplotypes from a European-wide dataset
of Astacus astacus, with novel haplotypes labelled. Colours depict samples affiliation to mitochondrial lineages
sensu Schrimpf et al.” and groups sensu Laggis et al.®.

microsatellites were considered as independent markers. Likewise, no signs for genotyping error due to stutter-
ing or large allele dropout were observed as assessed by MICRO-CHECKER software. Null alleles were detected
within several loci and populations (Table 1). Estimated null allele frequencies were mostly low, ranged from
0.00001 (several combinations) to 0.284 (4_37 in population VEL). Only two loci (4_37 and 4_42) exhibited a
high null allele frequency, > 0.2, according to Chapuis and Estoup®. Even though the Fg; values increased slightly
when recalculated using adjusted allele frequencies (Table 2), no significant differences were observed between
uncorrected Fgp values and Fgp values corrected for null alleles (t-test=0.44, p=0.32). Furthermore, no locus
showed null alleles across all populations and a bias on our evaluation of the population structure due to null
alleles was very unlikely. Therefore, all subsequent analyses were conducted using the original data set.

The summary statistics of the genetic diversity indices, for each population across 15 microsatellite loci, is
shown in Table 1. All 15 microsatellite loci were polymorphic across all studied populations (Table 1). A total of
175 alleles were observed across the 15 microsatellite loci with an average of 12 alleles per locus, ranging from
5 alleles at locus 4_19 to 22 at locus 4_17. The mean number of alleles across loci ranged from 2.67 (VUK) to
6.00 (BED), mean allelic richness from 2.33 (VUK) to 4.23 (KUT), and Hg from 0.355 (MAK) to 0.684 (ILO)
(Table 1). Total number of private alleles was 32. Rarefied number of private alleles ranged from 0.15 to 3.90,
with the highest number observed in populations VEL, BIJ, KUT and MAK. The lowest number of private alleles
was indicated for populations BUR, VUK, JAN and KIK (Table 1).

The Hy among populations ranged from 0.350 (MAK) to 0.630 (ILO), and the Hg from 0.355 (MAK) to
0.684 (ILO). Hg and H, averaged to 0.560 and 0.524, respectively. The inbreeding coefficient per population was
low to moderate and statistically not significant in the majority of populations (Fis=-0.027 up to 0.198), so the
intra-population variability was still evident. Only populations SLO and VEL exhibited statistically significant
higher values of Fjg (0.198 and 0.145, respectively) indicating homozygote excess/heterozygote deficit. Significant
deviations from Hardy-Weinberg equilibrium (HWE) were observed in four populations (BRE, SLO, KUT,
JAN). Deviations from HWE were accompanied by positive Fig values, indicating the heterozygote deficit and
homozygote excess. Also in those populations, null alleles were detected (Table 1). Bottleneck analysis revealed
consistent signs for recent contraction of population size in the populations JAR and TOT, which showed signifi-
cant (p <0.05) heterozygote excess according to the three mutational models tested (Supplementary Table S2).

Genetic differentiation and structure. 'The pairwise Fg; values ranged from 0.116 (between population KUT
and OTU) to 0.556 (between MAK and BUR), with the global Fs=0.319 (Table 2). Populations MAK and VUK
exhibited the highest Fg values in comparison with other populations.
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MOT BRE BUR ILO OTU BIJ GLO KIK SLO BED KUT VEL JAR MAK TOT JAN VUK
MOT 0.292 0.305 0.207 0.228 0.271 0.224 0.294 0.229 0.147 0.228 0.209 0.240 0.462 0.267 0.272 0.422
BRE 0.296 0.371 0.227 0.254 0.278 0.228 0.339 0.278 0.285 0.202 0.227 0.287 0.500 0.307 0.346 0.381
BUR 0.311 0.377 0.274 0.309 0.313 0.235 0.288 0.334 0.255 0.251 0.286 0.204 0.550 0.382 0.336 0.478
ILO 0.212 0.241 0.281 0.191 0.146 0.160 0.207 0.171 0.188 0.157 0.169 0.222 0.392 0.245 0.247 0.331
OTU 0.230 0.262 0.316 0.196 0.245 0.222 0.288 0.182 0.202 0.121 0.171 0.239 0.447 0.267 0.290 0.426
BIJ 0.270 0.284 0.317 0.150 0.246 0.180 0.270 0.226 0.243 0.213 0.207 0.241 0.491 0.328 0.323 0.435
GLO 0.228 0.236 0.242 0.164 0.228 0.183 0.134 0.207 0.178 0.182 0.243 0.187 0.448 0.266 0.273 0.361
KIK 0.297 0.345 0.298 0.206 0.289 0.273 0.129 0.268 0.249 0.224 0.293 0.275 0.498 0.346 0.309 0.448
SLO 0.237 0.293 0.344 0.179 0.190 0.235 0.209 0.273 0.235 0.172 0.212 0.237 0.461 0.279 0.321 0.386
BED 0.149 0.286 0.261 0.195 0.206 0.243 0.184 0.251 0.241 0.221 0.234 0.203 0.408 0.217 0.154 0.409
KUT 0.233 0.216 0.255 0.167 0.116 0.218 0.192 0.226 0.188 0.225 0.130 0.239 0.440 0.266 0.260 0.358
VEL 0.213 0.242 0.291 0.177 0.180 0.213 0.250 0.296 0.222 0.236 0.147 0.256 0.438 0.268 0.291 0.377
JAR 0.239 0.293 0.205 0.228 0.246 0.241 0.188 0.277 0.240 0.204 0.245 0.259 0.506 0.312 0.310 0.439
MAK 0.464 0.506 0.556 0.393 0.446 0.492 0.450 0.496 0.457 0.406 0.441 0.440 0.509 0.361 0.462 0.538
TOT 0.278 0.321 0.394 0.259 0.278 0.338 0.276 0.356 0.293 0.227 0.281 0.284 0.321 0.378 0.276 0.383
JAN 0.284 0.360 0.349 0.258 0.300 0.331 0.287 0.318 0.336 0.160 0.274 0.303 0.320 0.469 0.289 0.438
VUK 0.424 0.389 0.486 0.332 0.428 0.435 0.365 0.449 0.386 0.411 0.364 0.382 0.442 0.539 0.392 0.448

Table 2. Pairwise uncorrected Fgy; values (below) and Fg; values corrected for null alleles (above) from 15
microsatellite loci between all populations pairs (all values are statistically significant, p <0.05; see Table 1 for
populations’ abbreviation).

Population genetic structure was detected by the Bayesian clustering analysis implemented in the software
STRUCTURE. The Bayesian Assignment Test was applied in order to assign individuals into clusters. The Evanno
method, as implemented in STRUCTURE HARVESTER, revealed that the optimal number of clusters was two
(AK=2). Individuals were assigned to a certain cluster if their assignment probability was > 0.8, where individu-
als with membership to a cluster below this threshold were considered to be admixed. Most individuals showed
a high assignment to one genetic cluster. The cluster I included individuals from populations MAK, TOT, JAN
and BED, whereas the cluster II comprised crayfish from populations MOT, BRE, BUR, ILO, BIJ, GLO, KIK,
SLO, KUT, VEL, JAR, VUK and OTU (Fig. 2). In the populations OTU and BED evidence of admixture was
observed in some individuals (Fig. 2). In addition, with the purpose of getting finer insight into genetic structure
of A. astacus, we report the second most probable number of distinct genetic clusters, AK=5: I) MOT, BED,
JAN; II) BRE, VUK; III) BUR, GLO, KIK, JAR; IV) ILO, OTU, BIJ, SLO, KUT, VEL; and V) MAK, TOT (Sup-
plementary Fig. S2).

Structure in the distribution of genetic variation was also depicted by the principal coordinates analysis
(PCoA) (Fig. 2), where the PCol axis accounted for 25.94%, while the PCo2 axis accounted for 16.84% of the
variation in the data. The PCoA revealed the existence of two well separated distinct clusters, with indication of
another cluster between them. These results were congruent with the results of STRUCTURE (Fig. 2).

In order to reveal partitioning of genetic variance by AMOVA, populations were grouped according to their
affiliation to the genetic clusters inferred by the Bayesian clustering analysis (Fig. 2). The results of the hierarchical
genetic diversity analysis by AMOVA revealed that most of the genetic variation was represented among crayfish
within populations (66.67% of variance) followed by variation among populations within clusters (27.01% of
variance), while there was less variation between genetic clusters (6.31% of variance) (Supplementary Table S3).

Species distribution models (SDMs). Model performances. We evaluated model performance using
area under the receiver operating characteristic curve (AUC)*. All SDMs for all species had excellent perfor-
mance following interpretations for AUC values given in the literature’”*, with AUC> 0.9, regardless of the
method used (Supplementary Table S4). The current ensemble model for A. astacus had an AUC value of 0.998,
while for the NICS (P, leniusculus and F. limosus) AUC values were 0.999 for both species.

Current and future Habitat suitability. Based on model projections under current environmental con-
ditions, A. astacus habitat suitability values (ranging from 0, indicating areas of no or low suitability, to 1 indicat-
ing areas of the highest suitability) largely corresponded to current known distribution of this species in Croatia
(Fig. 3a). Largest continuous suitable habitat for this species was projected into Continental Croatia, along and
between the Drava and Sava Rivers, and along the Kupa River towards the south into Alpine Croatia, while
smaller and more isolated areas of suitable habitat were predicted in the area of Mediterranean Croatia, where
this species is not indigenous.

Current projections for NICS revealed highly suitable habitats for F. limosus in the easternmost part of Croatia
corresponding to the regions along the Danube River and lower parts of the Sava River, and the small areas of
suitable habitat were predicted along the middle part of the Sava River that could enable this species spreading
towards the west of Croatia (Fig. 3b). For P. leniusculus, suitable habitats under current conditions were predicted
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Figure 2. Genetic structure of the 17 studied Astacus astacus populations (see Table 1 for abbreviation) based
on 15 microsatellites. (a) Genetic clustering inferred by STRUCTURE with the suggested K=2 clusters. (b)
Plots of the first two axes of a principal coordinates analysis (PCoA) based on Nei’ D, genetic distances. Each
dot represents one population with colours depicting genetic cluster identified in STRUCTURE. Grey shading
in the map indicates projected future habitat suitability for A. astacus under RCP 8.5 scenario in 2070. Map was
produced in ArcGIS 10.3 program package by authors of this study.

in the Continental Croatia. The suitable habitats were anticipated along and between the Sava and Drava Rivers,
as well as along the Kupa River, overlapping with habitats suitable for A. astacus (Fig. 3¢c).

Main trends in projected future habitat suitability under two considered RCP scenarios were similar for all
species; therefore, we only report and show results for the more extreme RCP 8.5 pessimistic scenario (Fig. 3),
while results for mid-range RCP 4.5 scenario are in the Supplement (Supplementary Fig. S3).

Future projections for A. astacus suggest considerable negative impact of climate change on habitat suitability
of this endangered species in Croatia (Fig. 3d). In particular, future climate change projections forecasted severe
reduction in suitable habitat by 2070 in the easternmost parts of the distribution in Croatia (along and between
the Sava and Drava Rivers) and to some (lesser) extent in the western part along the Kupa River towards the
Alpine Croatia. In addition, future maximum habitat suitability values did not exceed 0.62, compared to current
maximum of 0.98. Overall, potential future distribution of A. astacus was predicted to shift towards north-west
with some gain of suitable habitat predicted in the area of Slovenia (Figs. 3 and 4). Ensemble model projections
suggested that 87% of the current suitable habitat will be lost by 2070 under pessimistic RCP 8.5 scenario and
only 13% will remain suitable (Fig. 4). Under mid-range RCP 4.5 scenario 65% of the current suitable habitat is
projected to be lost and 35% remains stable.

Although the projected future suitable areas for NICS were wider compared to current ones, we found a
severe decrease in habitat suitability values for both NICS under future climate predictions which were the
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Figure 3. Ensemble potential habitat suitability for indigenous Astacus astacus and the two NICS, Pacifastacus
leniusculus and Faxonius limosus in Croatia under current conditions (a-c) and future RCP 8.5 scenario in 2070
(d-f) based on SDMs. Occurrences of each species used for building SDMs are shown with coloured points
(a-c). Note that habitat suitability values in current projections are on the scale from 0 (unsuitable) to 1 (high
suitability), while in the future projections habitat suitability values are on the scale from 0 (unsuitable) to
maximum projected habitat suitability value. Future projections (d-f) of all species are shown in relation with
the distribution of A. astacus allelic richness. Maps were produced in ArcGIS 10.3 program package by authors
of this study.

most pronounced in E limosus (Fig. 3e,f). Future maximum habitat suitability values did not exceed 0.43 for P
leniusculus and 0.17 for E limosus (Fig. 3e,f). In most global circulation model (GCM) projections, maximum
habitat suitability values were below the threshold maximizing the sum of sensitivity and specificity. Conse-
quently, binary maps did not provide any suitable areas for NICS in the future, regardless of the RCP scenario.
We therefore show and interpret only continuous future habitat suitability projections for NICS. Under future
environmental conditions F. limosus is predicted to gain suitable habitats towards the west from its current
distribution, along the Sava and Drava Rivers, although with very low probability, while suitable habitats for P
leniusculus are predicted to remain relatively similar to current ones, however with lower probability (Fig. 3e,f).
Under current conditions we found an overlap between suitable habitats for A. astacus and P, leniusculus in the
north-west Croatia along the Drava River and southern tributaries of the Sava River, which seem to be suitable
for both species (Fig. 4a). Contrary, no overlap was detected between current suitable areas for A. astacus and
E limosus (Fig. 4a).

Overlapping genetic variation of A. astacus with projected changes between its current and future habitat
suitability indicated that majority of the areas harbouring highly diverse A. astacus populations are expected to
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Figure 4. Potential overlap between suitable habitats for Astacus astacus and the two NICS. (a) Potential
overlap between suitable habitats for Astacus astacus and the two NICS, Pacifastacus leniusculus and Faxonius
limosus shown under current conditions. Projected changes between current and future habitat suitability for A.
astacus under RCP 8.5 scenario in 2070 in relation to (b) observed heterozygosity (H,) and (c) COI haplotypes
depicted by numbers and coloured according to mitochondrial lineages (both corresponding to Fig. 1). Known
species occurrences are also shown in (a,b). Maps were produced in ArcGIS 10.3 program package by authors of
this study.
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become unsuitable in the future (Figs. 3d and 4b). The only populations (sampled for microsatellites) remain-
ing in areas predicted to remain suitable in 2070 under RCP 8.5 scenario are MOT, BUR, BED, JAR and TOT
(Fig. 4b). Considering mtDNA, overlap of COI haplotypes and future habitat suitability indicated that 50% (8/16)
of COI haplotypes recorded in Croatia may be lost (namely, Lsh1, Lsh4, Lsh12, Lsh15, Lsh18, Lsh22, Lsh23 and
Lsh24) (Fig. 4c). Majority of those haplotypes are distributed only in the eastern part of the Continental Croatia
(Fig. 4c).

Discussion

In our research, the fine scale phylogenetics, population genetics and species distribution modelling were used to
explore genetic diversity and structure of A. astacus, as well as the impact of climate changes and invasive species
on its populations. Analyses of genetic data coupled with species distribution models revealed the vulnerability
of this keystone species to climate change.

The phylogenetic network based on mtDNA displayed intraspecific relationships within A. astacus consistent
with the findings of previous studies”™. Our results confirmed the existence of several genetic lineages, with the
indication of novel divergent lineage containing haplotypes from Croatia and Slovenia (Hap51/Lsh18 and Hap61/
Lsh19). Phylogenetic analysis indicates that all Croatian haplotypes belong to two mtDNA lineages (Lineages 2
and 4 sensu Schrimpf et al.”) that were also recorded in different countries across Europe. Astacus astacus exhibits
lower mtDNA diversity and lower genetic structuring, without an obvious geographical pattern’, compared to
other native European crayfish species'”**-%2. Precisely, the MJ network showed weak phylogeographic structure
and high haplotype-sharing even between geographically distant populations. This finding is consistent with the
results of previous studies®!! showing that the contemporary distribution and genetic structure of A. astacus were
shaped through past geo-climatic events, strong anthropogenic influence on its habitat and frequent human medi-
ated translocations that partly eroded their genetic structure. Similarities between distant A. astacus populations
in several cases were explained by artificial stockings from different countries or populations'®!!. Such a case
was also observed in our study; crayfish from population JAR were used for aquaculture in the geographically
distant hatchery Otocac, and consequently samples from both populations belonged to the same mtDNA lineage
and shared the same haplotype (Lsh2). The genetic lineages of A. astacus diversified during the late Pliocene and
throughout the Pleistocene, within the period between 1.7 and 0.5 mya®. Current A. astacus lineage distribution
shows a divergence pattern congruent with the phenomena of insularity and isolation of multiple southern glacial
refugia during repeated climatic pulses in the Pleistocene that produced a mosaic of lineages*’.

Population genetic analyses on A. astacus across the sampled localities revealed high within-population
genetic diversity and moderate differentiation among populations, that differed from the results of previous
studies using the same’ or different microsatellite loci”®!*!1?. Overall, we detected a high number of alleles,
proportion of polymorphic loci (P), allelic richness (Ay) and observed heterozygosity (Ho) in the study area.
Genetic diversity, expressed as the P, Ay and Hy, was higher in populations ILO, BED, KUT, VEL, while the level
of genetic diversity was lower in populations MAK, VUK, BUR. Reduced genetic diversity in the populations
MAK and BUR could be explained by the fact that they represent introduced populations****. Overall genetic
diversity across the sampled localities of A. astacus was high when compared to the results of Gross et al.'’,
Schrimpf et al.”!!, Laggis et al.® and Panicz et al.?* that used different set of microsatellite loci. A considerable
number of private alleles was found in the majority of populations suggesting the presence of the unique genetic
variation. Besides, private alleles are considered important in the long-term response to selection and the survival
of populations and species*®. We found that two populations (SLO and VEL), with significant homozygote excess,
are vulnerable to inbreeding which may reduce the populations’ genetic diversity, and consequently lead to the
loss of adaptive evolutionary potential of the species?’. Furthermore, we analysed whether the recent bottleneck
events influenced the observed genetic structure of the studied populations, and found that two populations did
experience a recent bottleneck event (JAR and TOT). Bottlenecks in small remnant populations with limited gene
flow could lead to low effective population sizes and cause fitness reductions across at least part of the species
distribution. In Croatia, as elsewhere in Europe, A. astacus populations are mostly isolated by natural (i.e., water-
shed boundaries) or artificial (i.e., anthropologically influenced) barriers, and their distribution being frequently
limited to small fragmented areas (geographical regions). Therefore, there is a reasonable concern that they may
undergo significant declines in effective population size and that much of their genetic diversity might be lost.

The results of STRUCTURE and PCoA indicated the presence of genetic structuring among A. astacus popu-
lations in Croatia by identifying two main genetic clusters. Moreover, they revealed the presence of admixed
individuals/populations assigned to different genetic cluster reflecting contributions of different ancestral groups
or artificial translocation. Furthermore, results indicated to some extant populations’ structuring according to
different river basins what is similar to that found by Gross et al.®. The pairwise Fg; values and AMOVA indicated
moderate to high levels of genetic differentiation among studied populations demonstrating isolated populations
with limited gene flow. The most genetically differentiated populations were MAK, TOT, JAN and VUK when
compared to other studied populations. Contrary to other populations, the Vuka River (population VUK) flows
directly into the Danube River which may explain the high Fg. Lower Fgp values obtained in this study reflected
well geographical proximity, with the exception of populations OTU and KUT. The native range of A. astacus is
restricted to the rivers of the Black Sea basin, whereas population OTU belongs to the Adriatic Sea basin. Thus,
low Fgr value obtained for this population pair could indicate anthropogenic translocation between those two
populations. Likewise, high values of Fg;. for MAK populations could also be explained by artificial stockings from
an unknown source. Moreover, it should be pointed out that MAK is recorded in an urban lake in Zagreb City,
and that it may have been introduced from the Sava River where Karaman*® recorded A. astacus. Therefore, it is
possible that this population represents a remnant astacofauna formerly present in the Sava River, with unique
genetics that no longer exists elsewhere. This study discovered a higher value of global Fg; (=0.319) compared
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to the study of A. astacus in central and northern Europe by Gross et al. (1 Fg;=0.264) and Schrimpf et al. (’;
Fgr=0.232), but a lower value than that was found by Laggis et al. (% Fgr=0.400) and Gross et al. (%; Fg;=0.512), in
A. astacus populations in Greece and across the Balkan Peninsula, respectively. A pattern of isolated populations
of freshwater species that contain high genetic diversity is characteristic for the Balkan Peninsula, that is recog-
nised as one of the freshwater biodiversity hotspots*>**>. Currently this region is characterised by fragmented
and complex habitats with frequently no suitable surface water connections. Therefore, restricted dispersal and
gene flow among populations probably led to genetic isolation of numerous freshwater species in this area,
including crayfish. However, limited gene flow may lead to reduced effective population sizes, lower genetic
diversity and increase the risk of local extinction, resulting in cascading effects through freshwater ecosystems®'.
Moreover, geographically isolated populations with low dispersal capabilities such as crayfish could experience
problems in accommodating to ongoing climate changes due to limited possibilities for migration and a shift in
their distribution toward more climate-suitable habitats.

Sensitivity to climate change in freshwater taxa was proved to be higher than in terrestrial taxa®, and vulner-
ability of freshwater crayfish to climate change, as well as to NICS has been demonstrated in many studies*>***. To
evaluate the impact of climate change and NICS on the endangered A. astacus, we performed SDM. The models
were able to capture the known ranges of A. astacus and two NICS in Croatia. Our predictions are concordant
with previous studies of A. astacus distribution in Croatia® majority of areas currently suitable for A. astacus
are located in the area of Continental Croatia, including parts of Alpine Croatia and small isolated areas in
Mediterranean Croatia where species was introduced®. Likewise, current projections for NICS, F. limosus and
P. leniusculus, revealed highly suitable habitats corresponding to their present distribution in Croatia, but also
encompassing areas for their potential spread. Our current projections suggested overlap between suitable habi-
tats for A. astacus and P. leniusculus, a competitor which negatively affects A. astacus populations in the rivers
of the continental part of Croatia through competitive exclusion and A. astaci transmission>'>. On the contrary,
modelling the current potential distribution of F. limosus in Croatia did not detect any overlap between current
suitable areas with A. astacus, as expected, since waterbodies of eastern Croatia are inhabited by P. leptodactylus®.

Overall, our future projections demonstrated that climate change may have major negative effects on the
distribution of A. astacus by reducing the surface of climate-suitable areas available for this native European
species. This result is in line with findings for other endangered aquatic species in Europe®. Change in ther-
mal and precipitation regimes caused by global warming will probably lead to drastic range contractions of A.
astacus. Consequently, this could drive population declines across the species distribution range in Croatia.
This conclusion supports the alarming studies of Capinha et al.** and Hossain et al.>* that predicted extreme
loss of habitat suitability for freshwater crayfish due to climate change. Thus, our results indicate that climate
change-driven habitat loss represents a greater threat to A. astacus than the potential future distribution of the
two studied NICS. A similar scenario was found for Austropotamobius pallipes in relation to the invasive P
leniusculus (3%, see below).

Future SDM projections suggested that the suitable habitat for A. astacus will likely shift towards the north-
west and practically disappear from the easternmost parts of Croatia due to the severe reduction (87% of cur-
rently suitable habitats) in habitat suitability by 2070. Furthermore, the most suitable areas for A. astacus in the
future were forecasted to be in the western Croatian waterbodies, some of which are at high altitudes where
Austropotamobius torrentium is currently recorded®. Even though the Alpine region and its freshwater ecosystems
represent suitable habitats for most crayfish species®, these two indigenous species might compete for habitats
and resources?. To overcome this, potential ark sites for A. astacus should be placed in the rivers and artificial
lakes at lower altitudes in the Alpine region, as well as within gravel pits and oxbows alongside the Drava and Sava
Rivers in the north-western part of Continental Croatia that were predicted as suitable in the future. These lower
altitude waterbodies of the Alpine region would provide suitable ark sites for the crayfish from mtDNA Lineage
2 and/or Genetic cluster II, while crayfish from mtDNA Lineage 4 and/or Genetic cluster I could find refugia
within gravel pits along the Drava and Sava Rivers in the north-western part of Continental Croatia. Keeping in
mind that those suitable habitats are inaccessible to A. astacus due to natural dispersal barriers, human interven-
tions would be needed. Assisted migration (AM) as an adaptation strategy for mitigating the projected effects
of climate change on species is widely proposed?®?!, especially for those with a life history features that prevents
them from migrating to suitable habitats. However, it is a controversial topic among conservation biologists, with
numerous identified risks. Arguments against AM include: risk of translocated species becoming invasive with
associated negative biological, ecosystem and socioeconomic effects; spread of diseases and pathogens that can
be transferred into new host species; removing individuals from existing populations increases the extinction
risks facing those source populations'™*. In order to overcome those arguments, careful planning encompassing
risk assessments, cost-benefit analyses, conducting AMs on a small scale, with robust monitoring that would
enable prompt corrective actions to be taken if needed, along with political and public promotion, could insure
successful AM implementations?.

Regardless of the RCP scenarios, our binary projections did not forecast any suitable areas for NICS in the
future which should be interpreted with caution due to (a) the small number of available occurrences for NICS
in the Croatian waterbodies used for SDMs; (b) models that do not account for human-mediated dispersal of
NICS®¢ (c) the naturalised climatic niches of NICS that can differ from their natives’ climatic niches®®; and (d)
underestimated potential range expansion in the future due to the known issue of non-equilibrium of NICS with
the environment within the invaded range®’. Nevertheless, our continuous future habitat suitability projections
showed that, even though the projected future suitable areas for NICS were more extensive than the current
ones, drastic decrease in habitat suitability values for both NICS were displayed under future climate predictions.
Explicitly, potential areas where A. astacus would overlap and compete with NICS virtually disappeared by 2070
under both climate change scenarios of high-warming (RCP 8.5) and low-warming conditions (RCP 4.5). This
result is consistent with the results of Préau et al.** showing no overlap between future suitable areas for A. pallipes
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and P, leniusculus in France based on SDMs, despite substantial ecological niche overlap between the two species.
Likewise, Gallardo & Aldridge* found that both endangered A. pallipes and invasive P, leniusculus were predicted
to be negatively affected by climate changes in Europe. However, the range contraction was predicted to be more
dramatic for the invasive P, leniusculus, leading to decreased overlap and consequently competition between the
two species in the future, particularly in our study area. A more recent study by Zhang et al.>®® confirmed that
invasive P. leniusculus may lose a substantial portion of suitable habitat in Europe by 2070 in response to climate
change. Moreover, Capinha et al.* studied the potential distribution of indigenous crayfish species and NICS in
Europe and found that climate-suitable areas were predicted to decrease by nearly 70% for A. astacus, 42% for P.
leniusculus, and 49% for E limosus by 2080. However, their models predicted that overlap of suitable ranges for
native European crayfishes and invasive crayfishes would increase in the future which is contrary to our results.
This may be because south-eastern Europe seems to be less suitable for P. leniusculus under changing climatic
conditions®***. It is therefore crucial to continue the monitoring of NICS invasions in the future.

Estimated reduction in habitat suitability by the end of this century indicates potential loss of a significant
portion of the A. astacus genetic variability, especially in the eastern part of Continental Croatia that may poten-
tially lose populations with high and unique genetic diversity. Minimising such possible losses in the future
requires viable A. astacus populations to be established and maintained in ark sites/climate change refugia. Our
results exposed an alarming need to prioritise conservation planning and management that will support exist-
ing populations and potentially establish new ones in the areas of stable habitat suitability that are expected to
sustain A. astacus into the future. Species responses to climate change will depend on their distribution shifts
to accommodate climate changes, and/or rely on the adaptation based on the standing genetic variation. Keep-
ing in mind low dispersal abilities and isolated populations, we argue that assisted migration and population
mixing approaches will be probably needed in the future to enhance the size and genetic diversity of remnant
populations in order to maintain the long-term survival of the species*****. Based on our results, we propose
several donor populations for future restocking and reintroduction strategies. Namely, populations ILO, KUT,
VEL, BAC and BIJ, contain high and unique genetic diversity both at the mitochondrial and nuclear level, but
they are predicted to be lost due to unsuitable habitats in the future. Dispersal as a fundamental behavioural
mechanism is of great importance for adaptation and species’ responses to rapidly changing climate?. Strong
dispersal limitations, habitat discontinuities and limited gene flow have a major effect on the ability of crayfish
populations to withstand climate changes. Thus, assisted migration in climate change refugia seems a logical
solution for slowing down genetic diversity erosion, reducing genetic load and the detrimental consequences of
inbreeding, but also allows variations in allele frequencies®*-62,

The adoption of such approaches for conservation purposes has gained significant momentum over the last
few decades; reintroduction of the A. astacus into restored waterbodies has become common practice, even
though the genetic origin of stocking material has rarely been considered'. Thus, potential ark sites should
represent areas that maintain the highest contemporary genetic diversity in the species and predicted climate-
suitable habitats for the future. Astacus astacus relocation should be preceded with a careful assessment regard-
ing potential negative consequences of assisted gene flow that can impact the success of relocated populations,
particularly when populations exhibit local adaptation to factors other than climate®**, Also, introgression
between local and translocated populations could result in outbreeding depression®". Still, Blaha et al.** found
no significant decline in genetic diversity between the source and translocated A. astacus populations after
introduction. Furthermore, their study showed that even though the source populations did not possess high
genetic diversity, their distinctiveness still made them suitable for conservation purposes. In addition, it is critical
that climatically suitable sites outside A. astacus historical range for conservation purposes should be free from
diseases, such as crayfish plague caused by oomycete Aphanomyces astaci.

In conclusion, our results suggest that securing the future of A. astacus will require significant interventions.
This paper provides a baseline to guide these actions. Specifically, SDM combined with population genetics
provided essential guidance for conservation actions aimed at safeguarding endangered A. astacus in Croatia
by revealing genetic structure and identifying sites most suitable for protection and sites where climate change
constitutes a threat. In addition, our study corroborates SDM as a valuable tool for conservation planning of
threatened crayfish species by identifying areas within a species’ distribution that may be vulnerable and suit-
able areas for assisted migration as shown in studies on European crayfish®*%, A. pallipes complex®>**3*536> and
A. torrentium®.

Material and methods

Genetic diversity and population structure. Sampling and DNA extraction. We collected A. astacus
samples across its entire distribution range in Croatia (Supplementary Table S1, Fig. 5). Specimens were collect-
ed by hand or baited traps in accordance with ethical standards and with permissions of local authorities. One
pereiopod from each individual was sampled and stored in 96% ethanol at 4 °C. Genomic DNA was extracted
from the pereiopod’s muscle tissue using GenElute Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich, St.
Louis, MO) following the manufacturer’s protocol and stored at —20 °C.

Phylogenetic assignment of studied populations using mtDNA. Samples used for phylogenetic reconstruction
are reported in Supplementary Table S1. Mitochondrial 16S and COI genes were amplified and sequenced with
universal primers 16Sar/16Sbr® and LCO-1490/HCO-2198% allowing comparison with previously published A.
astacus sequences’~>%. Polymerase chain reactions (PCR), purification and sequencing were performed accord-
ing to Gross et al.’. Sequences were edited and aligned in Bioedit v. 7.2.5°. The final COI alignment did not
contain any length variants or ambiguous sites and its final length was 623 bp, while 16S alignment contained
1 length variation and its final length was 475 bp. In order to perform phylogenetic analysis comparable with
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Figure 5. (a) Position of Croatia in Europe and (b) Geographical distribution of indigenous Astacus astacus
and the two NICS, Pacifastacus leniusculus and Faxonius limosus in Croatia. Pink dots—P. leniusculus; red
dots—F limosus; small green dots—A. astacus occurrences; bigger green dots—A. astacus populations included
into mtDNA analyses; green triangles—A. astacus populations included in both mtDNA and microsatellites
analyses. Map was produced in ArcGIS 10.3 program package by authors of this study.

previous studies of A. astacus, COI sequences (trimmed to 350 bp length) and 16S sequences (475 bp length)
from the same individual were concatenated (final alignment was 825 bp long). Sequences were collapsed to
unique haplotypes using FaBox’’, and all newly obtained haplotypes were submitted to GenBank (Supplemen-
tary Table S1).

Median-joining (M]) network approach” was used to visualise intraspecific relationships among haplo-
types within A. astacus using PopArt”. Since A. astacus is characterised by low diversification in mtDNA® and
within-species data sets have fewer characters for phylogenetic analysis which diminish the statistical power
of traditional phylogenetic methods’, we used phylogenetic networks that are better suited for description
of intraspecific evolutionary relationships. Two MJ networks were reconstructed in order to determine non-
hierarchical phylogenetic relationships between A. astacus haplotypes. Median-joining network I comprised
COI sequences (623 bp long) from Croatian populations obtained in this study and in the study by Gross et al.’.
Median joining network II included concatenated 16S + COI sequences (825 bp long) obtained in this study and
assembled with all available sequences at European level’->!%8, This approach enabled us to associate haplotypes
obtained in the present study to the haplotypes obtained in previous research and indirectly to the lineages sensu
Schrimpf et al.” and groups sensu Laggis et al.%.

Population genetics of studied populations using microsatellites. For microsatellite analyses we amplified 19
species-specific tetranucleotide repeat microsatellite loci developed by Gross et al.”4, and following modified
protocols and procedures as in Gross et al.’. Microsatellite loci were genotyped on Applied Biosystems 3500
XL Genetic Analyser (Life Technologies, USA) using internal GeneScan 600 LIZ Size Standard v2.0 (Life Tech-
nologies, USA). Genotypes were scored using GeneMapper v.5 software (Life Technologies, USA), and were
double-checked manually by two experts. Since four loci had overlapping allele size ranges (Aast4_26, Aast4_47,
Aast4_10 and Aast4_30) they were omitted from further data analyses which were performed using 15 micros-
atellite loci. Also, several samples from different populations with more than two non-amplified loci were omit-
ted from further analysis. Microsatellite loci were tested for potential presence of genotyping errors due to null
alleles, stutter peaks and large allele dropout using MICRO-CHECKER v.2.2.37%. Pairwise linkage disequilibrium
between all pairs of loci was tested using Fisher’s exact test in GENEPOP v. 4.7.276. Null allele frequencies based
on the expectation-maximization (EM) algorithm’” and corrected Fg values using the ENA method were esti-
mated using FreeNA?®® with a number of bootstrap replicates fixed to 10,000. The estimations of Fgp, with and
without null allele correction, were compared for each population using t-test in STATISTICA 13 (StatSoft. Inc).

Population genetics analyses were conducted with the microsatellite genotype data of 12 A. astacus popula-
tions obtained in this study that were supplemented with the microsatellite genotype data of five Croatian A.
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Variable ID Variable description (unit) Astacus astacus | NICS | Reference

bio2 Mean Diurnal Range (°C) X X Hijmans et al., 2005%

bio4 Temperature Seasonality (SD x 100) X X Hijmans et al., 2005%

bio5 Max Temperature of Warmest Month (°C) X Hijmans et al., 2005*

bio9 Mean Temperature of Driest Quarter (°C) | x Hijmans et al., 2005%

biol4 Precipitation of Driest Month (mm) X X Hijmans et al., 2005%

biol5 Precipitation Seasonality (CV) X X Hijmans et al., 2005%

biol8 Precipitation of Warmest Quarter (mm) X X Hijmans et al., 2005%

biol9 Precipitation of Coldest Quarter (mm) X X Hijmans et al., 2005%

alt Altitude (m) b'e X https://www2.jpl.nasa.gov/srtm
slope Slope derived from altitude (%) X X https://www2.jpl.nasa.gov/srtm
forest_clc Percentage of forest cover in 1km? (%) X Eltrt‘};ls-:égli\:rd.copernicus.eu/pan-european/corine—

Table 3. Environmental predictor variables used for building SDMs of indigenous Astacus astacus and the
two NICS, Pacifastacus leniusculus and Faxonius limosus. x—used in model building.

astacus populations (JAR, MAK, TOT, JAN and VUK) from the study by Gross et al.’ in order to enlarge data
set and make analyses more robust.

Population genetic diversity. Population genetic diversity was assessed with standard descriptive statistics using
GenAlEx v. 6.5178. Statistics included the percentage of polymorphic loci (P), mean number of alleles (N,),
observed heterozygosity (Hp) and unbiased expected heterozygosity (Hg). Further, FSTAT v.2.9.47° was used for
estimation of allelic richness (Ay) that was calculated as the number of alleles per locus independent of sample
size, and the inbreeding coefficient (Fy).

The number of private alleles (Apg) was estimated by rarefaction method using HP Rare v.Feb-2-2009%
and multiplied by the number of used loci. Deviations from the Hardy-Weinberg equilibrium (HWE) for each
population across all loci were tested using GENEPOP v. 4.7.27%. All probability tests were based on the Markov
chain algorithm using 10,000 dememorization steps, 100 batches and 5000 iterations per batch. Significance
levels were adjusted applying the Bonferroni correction to correct for the effect of multiple tests. Recent reduc-
tions in the effective population size using allele frequency data and potential signatures of recent bottlenecks
were tested using the heterozygosity excess method implemented in BOTTLENECK v.1.2.02%' under three dif-
ferent mutational models: infinite allele model (IAM), stepwise mutation model (SMM) and two-phase model
(TPM). Significant deviations from mutational-drift equilibrium were tested using the Wilcoxon sign rank test
with 10,000 simulations.

Population genetic differentiation and structure. Genetic differentiation between all population pairs was esti-
mated through pairwise Fgp values using FSTAT v.2.9.47°. Genetic structure among studied populations and
assembling of individuals into groups (genetic clusters) was assessed using the Bayesian model-based cluster-
ing approach implemented in STRUCTURE v.2.3.4.%. The conditions performed were 10 runs for each genetic
cluster (K) between 1 and 17 using a 100,000 burn-in period followed by 100,000 MCMC iterations, under the
admixture model, with correlated allelic frequencies. The number of optimal K was inferred using the protocol
defined by Evanno et al.** as implemented in STRUCTURE HARVESTER v. 0.6.93%*. STRUCTURE graphical
results were plotted with CLUMPAK®. In addition, structure in the distribution of genetic variation was visu-
alized by principal coordinates analysis (PCoA) using Nei’s genetic distance in GenAlEx v. 6.51. Hierarchical
analysis of molecular variance (AMOVA) was carried out using ARLEQUIN v. 3.5.1.2% in order to estimate
partitioning of genetic variance among groups, among populations within groups and within population. Popu-
lations were grouped according to their affiliation to the genetic clusters inferred from STRUCTURE; The cluster
I included individuals from populations MAK, TOT, JAN and BED, and the cluster II comprised crayfish from
populations MOT, BRE, BUR, ILO, BIJ, GLO, KIK, SLO, KUT, VEL, JAR, VUK and OTU (Fig. 2).

Species distribution models (SDMs).  Species occurrence data. 'We compiled all known presence-only
occurrences of A. astacus and the two NICS (P. leniusculus and E. limosus) from across Croatia from our own
published and unpublished field sampling®. This resulted in a total of 174 occurrences for A. astacus, 22 for E
limosus and 17 for P, leniusculus (Fig. 3).

Environmental data. We initially considered 22 environmental variables from various sources and databases
describing climate, topography and forest cover of the study area (Table 3). The 19 bioclimatic variables were
obtained from the WorldClim 1.4 database®, altitude and slope were derived from a digital elevation model
from the NASA Shuttle Radar Topography Mission (SRTM) elevation data (https://www?2.jpl.nasa.gov/srtm),
while the variable percentage of forest cover in 1 km? was calculated from the Corine Land Cover 2018 dataset
(https://land.copernicus.eu/pan-european/corine-land-cover). All environmental variables were used at a spa-
tial resolution of ~ 1 km? Predictor variables for SDMs of A. astacus and the two NICS were then selected based
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on our expert knowledge about their ecological relevance for the target species (potentially influencing species’
physiology and life history), excluding highly correlated ones based on variance inflation factor, VIF <10 (usdm
R package;ss). Thus, the final predictor set for A. astacus included ten, and for NICS nine environmental vari-
ables (see Table 3).

Modelling procedure. To assess the potential current and future habitat suitability of A. astacus and two NICS
(P, leniusculus and F. limosus), we developed SDMs using an ensemble approach implemented in R package
BIOMOD? ver. 3.3-7%%, For each species we applied three different modelling methods (Random Forest—RF,
Generalized Boosted Model—GBM and Maximum Entropy—Maxent) with ten replicates for each method (a
total of 30 models for each species). Occurrences were combined with 10,000 random pseudo-absences drawn
across the study area for methods that require absences®. In each run, 70% of the occurrences were used for
model calibration, and the remaining 30% were used for model evaluation using AUC*.

To build the current ensemble model we used only highly reliable models with AUC>0.9%7 and obtained this
ensemble as an AUC weighted average. The obtained current ensemble model was then projected under both
current and future environmental conditions to obtain potential habitat suitability maps for each species. For
future projections we used two RCP scenarios (mid-range emission scenario RCP 4.5 and pessimistic scenario
RCP 8.5) and four global circulation models (GCMs) suitable for Europe®? (CCSM4, MIROC5, MPI-ESM-LR
and HadGEM2-CC) for the 2070-time period (average for 2061-2080). Since future projections for variables
slope, altitude and forest cover were not available, we kept them as constant in our future projections, assuming
that they will not change for our study area during the considered time period. The available data on forest cover
change in Croatia during the last decades and current forest management structure and practices provide con-
fidence that at least for our study area, forest cover may remain stable in the future® [https://forest.eea.europa.
eu]. An ensemble future projection for each RCP scenario was obtained by taking an average of the four GCM
projections. Multiple RCPs and GCMs were used to address the associated uncertainties arising from different
climate change predictions®.

To obtain binary presence/absence maps helpful in model interpretation and for calculating changes in habitat
suitability for A. astacus, we applied a threshold maximizing the sum of sensitivity and specificity®® to ensemble
current and future continuous habitat suitability maps.

Finally, to estimate the effects of climate change on genetic diversity and structure of the focal species, we
overlapped genetic data of A. astacus with its potential current and future suitable areas, as well as with future
potential distribution of both NICS.
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GAP ANALYSIS REVEALED A MODERATE
EFFICIENCY OF PROTECTED AREAS FOR
THE CONSERVATION OF THE ENDANGERED
NOBLE CRAYFISH IN CROATIA
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Rooseveltov trg 6, Zagreb, Croatia

Lovrencié, L. & Maguire, I.: Gap analysis revealed a moderate efficiency of protected areas for
the conservation of the endangered noble crayfish in Croatia. Nat. Croat., Vol. 30, No. 2, 493-500,
2021, Zagreb.

The noble crayfish is a native European freshwater species, endangered due to the strong anthro-
pogenic influence on its habitats, climate change, and invasive crayfish species. In the present study,
we aimed to assess the effectiveness of nationally designated protected areas and the pan-European
Natura 2000 network in representing and maintaining over time the noble crayfish diversity using a
comprehensive species occurrence dataset. Overall, our gap analysis indicated moderate efficiency of
the existing protected areas in covering the noble crayfish diversity. Overlapping the distribution
map of the noble crayfish with the map of protected areas revealed that protected areas encompass
50% of recorded populations. This study can serve as an evaluation of the protected areas in conser-
vation of this key freshwater crayfish species.

Key words: Astacus astacus, Astacidae, Natura 2000 network, conservation planning, biodiversity
conservation

Lovrenci¢, L. & Maguire, I.: Gap analiza pokazuje umjerenu uc¢inkovitost zasti¢enih podrudja u
ofuvanju plemenitog ili rijeénog raka u Hrvatskoj. Nat. Croat., Vol. 30, No. 2, 493-500, 2021,
Zagreb.

Plemeniti ili rije¢ni rak je autohtona europska vrsta slatkovodnih rakova, ugroZzena mnogobrojnim
antropogenim pritiscima na njegova stanista, klimatskim promjenama i stranim invazivnim vrstama
rakova. Cilj ovog istrazivanja je bio procijeniti u¢inkovitost zasti¢enih podrucja i pan-europske mreze
Natura 2000 u o¢uvanju raznolikosti plemenitog raka u Hrvatskoj. U tu svrhu koristeni su podaci o
rasprostranjenosti vrste u slatkovodnim ekosustavima Hrvatske koji su preklopljeni s kartom
zasti¢enih podrudja sto je posluZilo u gap analizi. Rezultati analize su pokazali da su populacije ple-
menitog raka umjereno dobro pokrivene zasti¢enim podrucjima. Preklapanjem mape zasti¢enih pod-
rudja s mapom nalaza rakova zakljuceno je da je 50% populacija plemenitog raka unutar zasticenih
podrudja. Rezultati ovog istrazivanja mogu posluziti u izradi buduc¢ih planova upravljanja ovom
ugroZzenom vrstom.

Kljucne rijeci: Astacus astacus, Astacidae, Natura 2000, konzervacijski planovi, zastita biorazno-
likosti
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INTRODUCTION

Freshwater ecosystems around the world have been critically imperilled, mostly
due to growing anthropogenic pressure that negatively influence their biodiversity,
and consequently led to major population declines in freshwater species (STRAYER &
DubcroN, 2010). Currently, one in three freshwater species is threatened with extinc-
tion worldwide, and crayfish are among the most endangered groups (CoLLEN ef al.,
2014). Concurrently, crayfish are recognised as ecosystem engineers and keystone
species due to their high impact on freshwater ecosystems and their biodiversity
(REYNOLDs et al., 2013).

The noble crayfish, Astacus astacus, is a widely distributed native European fresh-
water species (Kousa et al., 2014). In Croatia, it is recorded in all three biogeographi-
cal regions (Continental, Alpine and Mediterranean), and naturally distributed in the
waterbodies of the Black Sea drainage, with a few recorded populations in the Adri-
atic Sea drainage that are of anthropogenic origin (MAGUIRE ef al., 2018). Currently, the
noble crayfish is endangered due to the strong anthropogenic influence on its habi-
tats, climate change, and spreading of non-indigenous invasive crayfish species and
their pathogens (JussiLa et al., 2021). European-wide population declines resulted in a
protection of the species under IUCN Red List of Threatened Species (Epsman et al.,
2010) and EU Habitat Directive (Annex III of the Bern Convention, Annex V of Habi-
tat Directive (92/43/EEC)). In Croatia, comparison of its previous and current distri-
butional data, in the overlapping localities, revealed that 55% of the populations dis-
appeared during the last decades (MaGUIRE et al., 2011, 2018). According to the Croa-
tian National Red List of freshwater crayfish, it is recognised as vulnerable with
decreasing population trends (GOTTsTEIN ef al., 2011), and is protected by the Croatian
Law of Nature Protection (NN 80/13). The conservation status of the noble crayfish,
as assessed within the framework of the EC Habitats Directive (Council of the Euro-
pean Communities, 1992), was noted as ‘unfavourable-inadequate’ in all three bioge-
ographical regions in Croatia (Ministry of Environmental Protection and Energy,
2019). This is the second worst possible conservation status under Article 17 of the
Directive, based on four parameters: range, population, habitat of species and future
prospects. According to this status, ‘a change in management or policy is required to
return the habitat type or species to favourable status, but there is no danger of
extinction in the foreseeable future’.

Previous genetic studies revealed that Croatian populations of the noble crayfish
constitute an important part of within-species genetic diversity (Gross ef al., 2021;
LOVRENCIC et al., under review). At the same time, species distribution models fore-
casted substantial reductions in its habitat suitability by the end of this century.
Namely, 87% of the currently suitable habitat is predicted to be lost by the 2070
time-period under the high-emissions ‘RCP8.5" global warming scenario (LOVRENCIC
et al., under review). Bearing in mind that most of the populations with high genetic
diversity are located in the areas predicted to become unsuitable, estimated reduction
in habitat suitability entails potential loss of a significant portion of the noble crayfish
genetic variability. This raises a question of how much of its diversity is actually cov-
ered by some level of protection. Since the prime task for the conservation is to secure
the long-term survival of species, it is important to evaluate the extent to which
existing protected areas in Croatia conserve the noble crayfish diversity.
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In Europe, the cornerstone of conservation has been the Natura 2000 network.
Natura 2000 is designated to support the long-term survival of the important habitats
and species throughout Europe, maintaining listed habitat and species at “favourable
conservation status” (European Commission, 2000). In Croatia, the implementation of
Natura 2000 led to the rise in the quantity of the conservation areas, which previously
covered 9.3% of the Croatian territory. Currently, Croatia has one of the most exten-
sive Natura 2000 networks in Europe covering 36.7% of the country and 15.4% of the
seashore.

Here we assess the effectiveness of both national protected areas and the pan-Eu-
ropean Natura 2000 network in representing and maintaining long-term survival of
the noble crayfish diversity using a comprehensive species occurrence dataset. The
aims of our study were to (1) overlap the distribution map of the noble crayfish with
the national protected areas and Natura 2000 network in order to  reveal the effec-
tiveness of the protected areas in safeguarding the noble crayfish, and (2) evaluate if
the effectiveness of the protected areas varies between biogeographical regions. In
order to achieve our goals, we performed gap analysis, a GIS-based approach that
overlays species distribution data onto a map of protected areas aiming to assess the
effectiveness of protected areas in preserving species diversity (JENNINGS, 2000; Rop-
RIGUES et al., 2004).

MATERIAL AND METHODS

Study area

Study area is located in Croatia, a country recognised as one of the hot spots of the
noble crayfish diversity. It encompasses the distribution of the noble crayfish in three
biogeographical regions in Croatia: Continental, Alpine and Mediterranean. Those
regions cover freshwater habitats belonging to the Black Sea drainage, and also the
Adriatic Sea drainage, where the noble crayfish was introduced (MacuIrk et al., 2018).
Characteristic habitat of the noble crayfish in the study area includes rivers, streams
and lakes with loam, sand or gravel bottom, where shelter availability is high. The
noble crayfish prefers water with high oxygen level, and soft banks where they con-
struct simple burrows for the shelters.

Species distribution data

Research was performed on the data from previously published work on the dis-
tribution of the noble crayfish in Croatia (Maculre & GOTTSTEIN-MAaTOCEC, 2004;
MAGUIRE et al., 2011, 2018; Gross et al., 2021; LOVRENCIC et al., under review). Geo-
graphic Information System (ArcGIS) was used for preparation of distribution data
(i.e. the point occurrences) of each noble crayfish population.

Gap Analysis

We performed the gap analysis, a GIS-based approach for ‘assessing the effective-
ness of protected areas in representing species diversity’ (RODRIGUES et al., 2004), by
comparing the distribution of the noble crayfish with the extent of the protected area
in Croatia. Gap analysis represents well-established conservation tool for the identifi-
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cation of the areas in which selected elements of biodiversity (e.g., species, habitats,
ecosystems) are represented, and through comparison with existing protected areas
recognises areas/regions that require additional protection. Precisely, we performed
gap analysis to assess how many of the noble crayfish populations are covered by
protected areas (Special Protection Areas (SPAs) designated under the Birds Direc-
tive 2009/147/EC, Special Areas of Conservation (SACs) designated under the Habi-
tats Directive 1992/43/EEC), and national and regional parks). We computed the
number of populations that were included or excluded from such areas in order to
detect populations and areas that need greater attention. In the gap analysis, the spe-
cies/populations is considered as ‘covered’ if any protected area overlapped with its
recorded distribution, and otherwise to be a ‘gap species/population’ (RODRIGUES ef
al., 2004). ArcGIS program package was used to overlap occurrence data with the
map of protected areas obtained from the online platform Bioportal (http://www.
bioportal.hr). Upon processing and overlapping layers, a single layer was produced,
and it was used to calculate the number and the percentage of populations covered
by protected areas.

RESULTS AND DISCUSSION

Overlap of the noble crayfish distribution and protected areas

Results presented in this study introduce, according to our best knowledge, the
first gap analysis of the noble crayfish. Thus, they can be used as an evaluation of the
protected areas in conservation of this key freshwater crayfish species. Gap analysis
including a total of 164 populations indicated moderate efficiency of protected areas
in covering the noble crayfish diversity (Fig. 1, Tab. 1). Overlapping the distribution
map of the noble crayfish with the map of protected areas revealed that 83 popula-
tions (51%) were covered, while 81 (49%) were located outside the existing protected
areas (Fig. 1, Tab. 1). The coverage gaps varied across different biogeographical
regions. The biogeographical region with the highest percentage of coverage (34 out
of 36 populations; 94%) was Alpine since in this region numerous areas are under
protection. In contrast, the Continental region that represents an important area with
high noble crayfish presence exhibited the lowest coverage (42 populations are within
(36%), and 74 outside (64%) protected areas) (Tab. 1). This region embodies the natu-
ral distribution area of the noble crayfish in Croatia, and thus it harbours populations
with the greatest genetic diversity on mitochondrial and nuclear level (Gross et al.,
2021; LovrENCIC et al., under review). Since various human activities, pollution, habi-
tat degradation and fragmentation are progressing, this region needs special atten-
tion in future conservation management and planning. In the Mediterranean region,
into which noble crayfish was introduced, 7 out of 12 populations (58%) are distrib-
uted within protected areas.

How well protected areas safeguard the endangered noble crayfish in
Croatia?

Representation of species and ecosystems in protected areas, and conservation
strategies is a core principle of global conservation priority setting approaches (Rop-
RIGUES et al., 2004). Our study revealed that the current protected areas in Croatia
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(Natura 2000 network, national and regional parks) partially encompass the areas
with high diversity of the noble crayfish, and in that sense, provide moderate level of
protection (Fig. 1, Tab. 1). As revealed in the gap analysis, there are coverage gaps in
the conservation of the noble crayfish, particularly in the habitats of the Continental
region in Croatia. Contrary, study by Lovrenci¢ ef al. (2020) that evaluated rep-
resentation of the stone crayfish (Austropotamobius torrentium) by protected areas in
Croatia, revealed its much greater coverage compared to the results of this study. The
effectiveness of the protected areas, especially Natura 2000 network, in fulfilling their

Fig. 1. Distribution map of recorded noble crayfish populations in Croatia overlapped with the pro-
tected areas. Protected areas include Special Protection Areas (SPAs) designated under the Birds
Directive 2009/147/EC, Special Areas of Conservation (SACs) designated under the Habitats Direc-
tive 1992/43/EEC), and national and regional parks. Red circles represent distribution data, while
protected areas are shown in green doted surfaces. Also black lines represent borders of /between
biogeographical regions.

Tab. 1. Number of the noble crayfish populations per each biogeographical region when overlapped
with the map of protected areas in Croatia. Protected areas include Special Protection Areas (SPAs)
designated under the Birds Directive 2009/147/EC, Special Areas of Conservation (SACs) designated
under the Habitats Directive 1992/43/EEC), and national and regional parks.

Blogeog‘raphlcal Within protected areas Outside protected Total
region areas
Mediterranean 7 (58.3%) 5 (41.7%) 12
Alpine 34 (94.5%) 2 (5.5%) 36
Continental 42 (36.2%) 74 (63.8%) 116
Total 83 (50.6%) 81 (49.4%) 164
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role of protecting biodiversity has been evaluated through gap analysis in numerous
studies at global or regional scales with the varying outcomes (RODRIGUES et al., 2004;
VEROVNIK et al., 2011; GRUBER et al., 2012; BAGELLA ef al., 2013; ABELLAN & SANCHEZ-FER-
NANDEZ, 2015; MAIORANO et al., 2015; OrLIKOWSKA et al., 2016; YANG et al., 2020; AHMADI et
al., 2020; SpiLiorouLou et al., 2021). Some studies reported great effectiveness of pro-
tected areas and/or Natura 2000 in safeguarding various groups on the European
level, such as butterflies (VEROVNIK ef al., 2011), birds of prey (Mazaris et al., 2013),
plants (Fors et al., 2017), and freshwater crayfish (LOVRENCIC et al., 2020). In contrast,
others revealed numerous gaps in the existing networks of protected areas making
them inadequate for the long-term preservation of biodiversity, as found for terres-
trial vertebrates in Italy (Ma1oraNo ef al., 2006, 2015), birds in tropical Andes (O’pEa et
al., 2006), endangered flora of Almeria (MENDOZA-FERNANDEZ et al., 2009), European
wetland species (JANTKE et al., 2011), and endemic species in Mediterranean tempo-
rary freshwater habitats (BAckLLA et al., 2013).

Freshwaters in Croatia, which belong to the Mediterranean biodiversity hotspot,
are characterised by high levels of diversity and endemism, but at the same time
exposed to higher levels of threat than the rest of Europe (MEpaIL & QuEzeL 1999;
Myekrs et al., 2000). Moreover, a study by Carrizo et al. (2017) showed that many Nat-
ura 2000 sites in freshwater ecosystems of southern and eastern Europe are managed
poorly, with the current level of protection not being sufficient. Therefore, the effec-
tiveness of the national protected areas and the Natura 2000 network should be
enhanced by better local management of both native and invasive species, habitat
restoration, public acceptance and engagement, collaboration among local and state
agencies, researchers, as well as landholders and funding bodies (BLiCHARSKA et al.,
2016; Carrizo et al., 2017).

CONCLUSION

Our results exhibited moderate efficiency of protected areas in Croatia in covering
the noble crayfish distribution, and thus its diversity. About 50% of the noble crayfish
populations were covered by some of the national protected areas. The percentage of
covered populations varied among biogeographical regions; the best covered was
Alpine region (94%), then the Mediterranean region (58%), and the least covered was
Continental region (36%). We propose that, in order to achieve better and effective
conservation of the noble crayfish, other available approaches, such as habitat resto-
ration, enhancing local management, raising public awareness through local cam-
paigns, should be included in future management plans and actions for this vulnera-
ble species.
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Abstract — Austropotamobius torrentium is one of four native European crayfish species inhabiting
Croatian freshwaters. Existence of eight divergent monophyletic mtDNA phylogroups was described within
A. torrentium; six of them are distributed in Croatia, with the highest genetic diversity established in its
northern-central Dinaric region. Recent small-scale study of the stone crayfish morphological variability
indicated significant differences among different phylogroups. In the present study larger sample size,
covering populations from five phylogroups, was analysed with the aim of determining whether there are
morphological characteristics that reliably separate stone crayfish from different phylogroups. Aiming this,
245 stone crayfish were analysed through traditional (TM) and, for the first time, geometric morphometric
(GM) analyses. Multivariate discriminant analyses included 24 TM characteristics per crayfish, while GM
comprised analyses of 22 landmarks on the dorsal side of cephalon. Both methods revealed congruent
results, and significant differences among phylogroups in analysed features were obtained, with the
cephalon shape contributing the most to crayfish discrimination. Research confirmed that both approaches,
combined with statistical methods, are useful in distinguishing and separating crayfish phylogroups.
Findings of present study are compatible with the previous molecular findings; stone crayfish present several
distinct evolutionary lineages whose species status are currently undefined and require urgent clarification.

Keywords: Austropotamobius torrentium / Generalized Procrustes Analysis / landmark / multivariate discriminant
analysis / semilandmark

Résumé - Diversité morphologique de I'’écrevisse des torrents — approche morphométrique
traditionnelle et géométrique. Austropotamobius torrentium est 1’une des quatre espéces indigénes
d’écrevisses européennes qui peuplent les eaux douces croates. L’existence de huit phylogroupes
divergents d’ADNmt monophylétiques a été décrite chez 4. torrentium ; six d’entre eux sont distribués
en Croatie, avec la plus grande diversité génétique établie dans sa région dinarique nord-centre. Une
étude récente a petite échelle de la variabilit¢ morphologique de 1’écrevisse des torrents a révélé des
différences significatives entre les différents phylogroupes. Dans la présente étude, on a analysé des
échantillons de plus grande taille, couvrant des populations de cinq phylogroupes, dans le but de
déterminer s’il existe des caractéristiques morphologiques qui séparent de fagon fiable les écrevisses des
torrents des différents phylogroupes. Dans ce but, 245 écrevisses des torrents ont été analysées par des
analyses traditionnelles (TM) et, pour la premiére fois, morphométriques géométriques (GM). Les
analyses discriminantes a plusieurs variables comprenaient 24 caractéristiques TM par écrevisse, tandis
que les analyses GM comprenaient des analyses de 22 repéres sur la face dorsale du céphalon. Les deux
méthodes ont révélé des résultats congruents, et des différences significatives entre les phylogroupes
dans les traits analysés ont été obtenues, la forme du céphalon contribuant le plus a la discrimination des
écrevisses. La recherche a confirmé que les deux approches, combinées a des méthodes statistiques, sont
utiles pour distinguer et séparer les phylogroupes d’écrevisses. Les résultats de la présente étude sont
compatibles avec ceux des études moléculaires précédentes ; les écrevisses des torrents présentent
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plusieurs lignées évolutives distinctes dont le statut d’espéce n’est pas encore défini et nécessite une

clarification urgente.

Mots-clés : Austropotamobius torrentium / Analyse procrustéenne généralisée / points de repére / analyse

discriminante multivariée / marques de semi-marques

1 Introduction

The stone crayfish Austropotamobius torrentium (Schrank,
1803) is one of four native European crayfish species
inhabiting streams and smaller rivers at higher altitudes of
both the Black Sea and the Adriatic Sea basins in Croatian
freshwater ecosystems (Maguire et al., 2011). In the last few
decades, noticeable declines of stone crayfish populations
have been recorded across its distribution range in Europe
(Weinldnder and Fiireder, 2009; Kouba et al., 2014). In Croatia,
losses are mainly caused by anthropogenic pressure onto the
stone crayfish habitats (fragmentation, waterbody engineering),
presence and spread of non-native invasive crayfish species
and diseases they transmit (e.g. crayfish plague), as well as
climate changes (Maguire et al., 2018). Therefore, the stone
crayfish is considered a threatened species, protected by national
(NN 80/13, 144/13) and international legislation (Appendix III of
the Bern Convention, Appendices II and V of the Habitat
Directive (92/43/EEC and 97/62/EU)). Efficient protection of
existing populations requires development of conservation and
management plans based on the sound knowledge of species,
including information on genetics and morphology (Peay, 2009;
Souty-Grosset and Reynolds, 2009).

Previous molecular-phylogenetic research based on
mtDNA by Trontelj et al. (2005) indicated that the stone
crayfish should be considered a species complex. Later,
Klobucar et al. (2013) discovered the existence of at least
seven divergent monophyletic phylogroups within A4. torren-
tium, with the highest genetic diversity recorded in the Dinaric
region of Croatia, while recently Parvulescu et al. (2019)
described another phylogroup endemic to the Romanian
Apuseni region. Moreover, latest analyses of meristic and
morphometric features of several stone crayfish populations,
belonging to different phylogroups, indicated their significant
differences and point to necessity of additional analyses that
would cover bigger sample size and wider area (Maguire et al.,
2017). Following that idea, a new Austropotamobius crayfish
species was just described (Parvulescu et al., 2019).

In this study we included larger sample size, complement-
ing data set from Maguire et al. (2017) covering populations
from five out of seven previously described mtDNA
phylogroups (Klobucar et al., 2013). Also, apart from
traditional morphometry, we used, for the first time geometric
morphometrics on A. forrentium. Geometric morphometrics
(GM) is a method with a growing application in different
organisms’ studies (Caumul and Polly, 2005; Cardini ef al.,
2007; Becking et al., 2016). It proved itself as a powerful tool
in detecting differences in morphology within and among
species (Lawing and Polly, 2010). Up till now, in the
freshwater crayfish research, GM has been applied in the
studies on the white-clawed crayfish (Austropotamobius
pallipes (Lereboullet, 1858)) (Scalici et al, 2010; Scalici
and Bravi, 2012), red swamp crayfish (Procambarus clarkii
(Girard, 1852)) (Malavé et al., 2018), rusty crayfish (Perry
et al., 2013) and two Cambarus species (Cambarus halli

Hobbs, 1968 and Cambarus englishi Hobbs & Hall, 1972)
(Helms et al., 2015).

The aim of this study was to verify if there are significant
differences among stone crayfish belonging to different
phylogroups, as previous preliminary results indicated
(Maguire et al., 2017). Further, the intention was to find
which traditional morphometric features discriminate the best
different phylogroups. Another objective was to validate if
landmark-based GM analyses are suitable for detecting
differences in shape among different A. torrentium phy-
logroups. Finally, the goal was to verify if results of the two
methods (traditional and geometric morphometrics) yield
congruent results. We expected that morphology of stone
crayfish differs among different phylogroups and that results
obtained by the two methods are congruent and compatible
with the previous molecular findings.

2 Materials and methods
2.1 Sampling

Prior to field work, all of the required permits (working in
protected areas, studying strictly protected species) were
obtained from the Ministry of Environmental Protection and
Energy of the Republic of Croatia. Crayfish were collected from
15 localities covering populations from five previously
described mtDNA phylogroups: Gorski Kotar (GK); Zumberak,
Plitvice and Bjelolasica (ZPB); Lika and Dalmatia (LD),
Banovina (BAN) and central and south-eastern Europe (CSE)
(Trontelj et al., 2005; Klobucar et al., 2013) (Tab. 1, Fig. 1).
Sampling was performed by hand during the night or with
hand-made traps (Maguire ez al., 2002) placed along banks of the
stream and left in the water overnight. All captured crayfish
specimens were identified to the species level and their sex was
determined. Only adult (total length > S5cm (Huber and
Schubart, 2005; Maguire and Klobucar, 2011)), uninjured,
intermolt crayfish were examined and measured; 245
individuals were included into traditional morphometric (TM)
analyses, and out of them 209 into geometric morphometric
(GM) analyses. Discrepancy in the number is due to the fact that
some of the landmark positions on some of the crayfish were
indistinct, so those crayfish were omitted from the GM analyses.

2.2 Traditional morphometric analyses

In order to perform traditional morphometric analyses, we
measured 24 morphometric characteristics per each crayfish,
using a digital calliper with precision of 0.01 mm; 21 were
taken from Sint et al. (2005); claw width (CLW), claw length
(CLL), claw height (CLH), length of the claw finger (CFL),
length of the claw palm (CPL), rostrum width (ROW), rostrum
length (ROL), head width (HEW), head length (HEL), areolar
width (ARW), areolar length (ARL), abdomen width (ABW),
abdomen height (ABH), abdomen length (ABL), telson width
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Table 1. List of samples; mtDNA phylogroups sensu Klobucar et al.
(2013); (Banovina (BAN), Lika and Dalmatia (LD), Gorski Kotar
(GK), Zumberak, Plitvice and Bjelolasica (ZPB), and central and
south-eastern Europe (CSE)) with sampled localities (streams)
and number of stone crayfish per group (total, and number of males
and females).

mtDNA phylogroup (locations) Crayfish number

(Male/Female)
BAN (Brucina, Maja) 42 (16/26)
LD (Krasulja, Orasnica) 61 (45/16)
GK (Bresni, Delnicki, Vele vode) 30 (20/10)
ZPB (Slapnica, Jarak, Sopotski slap, Sartuk) 33 (31/2)

CSE (Bliznec, Dolje, Okic¢nica, Jarak-Stojdraga) 79 (40/39)

(TEW), telson length (TEL), width of the carapace at the hind
edges (CEW), carapace height (CPH), carapace width (CPW),
width at the cervical groove (CGW), and total length (TL); and
extra three included cephalothorax length (CEF), apex length
and width (APL and APW, respectively). Bilateral character-
istics were recorded on the right body side because it was
proven that bilateral characteristics are symmetrical and show
no differences between the two body sides (Maguire et al.,
2017). Further, all of the measured morphometric character-
istics were normalised by dividing their value with the
corresponding postorbital length (POL=HEL + ARL) to
avoid comparison of different sized crayfish that could lead
to false results (Chambers et al., 1979; Palma and Andrade,
2002; Sint et al., 2005). Since t-test showed that males and
females differed significantly in characteristics describing
claws and abdomen, the two sexes were analysed separately
(Sint et al., 2007; Berger et al., 2017; Maguire et al., 2017,
Vlach and Valdmanova, 2015). Observed differences are
consequence of sexual dimorphism that is characteristic of
crayfish and appears upon crayfish attein sexual maturity
(Grandjean et al., 1997; Streissl and Hodl, 2002; Vlach and
Valdmanova, 2015). Analyses were performed in Microsoft
Excel (version 2010) and Statistica 13 (StatSoft. Inc). ANOVA
with Bonferroni post-hoc test was applied to verify if there
were differences among phylogroups in the measured
morphometric characteristics. The multivariate discriminant
analysis (MDA) was conducted in order to analyse differenti-
ation of phylogroups based on their morphometric character-
istics, and to select morphometric characteristics that made the
most significant contribution to separation of crayfish
belonging to different phylogroups. The results of the
canonical discriminant analysis were visualised by scatterplots
for the two discriminant functions.

2.3 Geometric morphometric analyses

Geometric morphometric (GM) method was applied for a
detailed analysis of shape variations of crayfish cephalon,
especially focussing on the shape of the rostrum and apex.
Data for both sexes were merged because no significant
differences were found between the two sexes in log-
transformed centroid sizes (¢=0.416; p=0.677) what is in
accordance with previous GM studies by Scalici et al. (2010)
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Fig. 1. Map of the study area with sampling sites produced in ArcGIS
10.3 program package. Different colours represent different
phylogroups sensu Klobutar et al. (2013); ZPB — Zumberak,
Plitvice and Bjelolasica; LD — Lika and Dalmacija; GK — Gorski
Kotar; CSE — Central and south-eastern Europe; BAN — Banovina

on A. pallipes (A. torrentium sister species) which revealed
lack of sexual dimorphism in GM variables. In order to
perform landmark-based morphometrics analyses, a digital
picture of the dorsal side of each crayfish cephalon was
obtained by scanning cephalon portion of each animal on the
Epson Perfection V600 Photo scanner. Each specimen was
positioned with dorsal side downwards in a water basin placed
on flatbed scanner, while the area of interest (cephalon) was
kept parallel to scanner by hand. Images were scaled to cm
scale. GM analyses were performed using TPS series (Rohlf,
2015) and MorpholJ (Klingenberg, 2011). The location of 22
equally distributed two-dimensional specific measuring points
(12 landmarks — LM and 10 semilandmarks — SM) on the
dorsal side of the crayfish cephalon were digitised using
software TpsDig2 (Rohlf, 2015) (Fig. 2). Position of LMs and
SMs was modified according to Scalici ez al. (2010) and Scalici
and Bravi (2012). Semilandmarks were used to describe
variation in the shape of rostrum apex and were treated as
equivalent to landmarks when computing superimposition.
They were defined as equally distant points between
corresponding landmarks as described in Zelditch et al
(2004). Digitalisation of the LM and SM was made in the same
order on each picture, after setting a scale factor. Each
specimen was subjected to Generalized Procrustes Analysis
(GPA), a procedure that separates the form of an organism into
two components, centroid size and shape, by eliminating the
non-shape variation resulting from positioning, orientation and
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Fig. 2. Position of the landmarks and semilandmarks on the dorsal
side of stone crayfish. Above — original scan with 12 landmarks (red
dots) and 10 semilandmarks (blue lines); Under — drawing 12
landmarks (red dots) and 10 semilandmarks (blue dots)

scaling (Rohlf and Slice, 1990; Bookstein, 1991). Procrustes
coordinates represent shape variables, while centroid size
represents size variable independent of shape; it equals the
square root of the sum of squared distances of each landmark
from their centroid (Zelditch et al., 2004). The measurement
error is important when analysing shape in GM, due to possible
errors in the landmark and semilandmark digitisation
(Klingenberg and MclIntyre, 1998; Klingenberg et al.,
2002). In order to evaluate the significance of measurement
error, a sample of 50 randomly picked individuals was
digitised twice by the same operator. Procrustes ANOVA was
conducted to access the measurement error by comparing the
mean square values of the individual variation with the mean
square values of the digitised Error 1.

The patterns of shape variation among five A. torrentium
phylogroups were examined by carrying out a canonical
variate analysis (CVA). Since our aim was to analyse if stone
crayfish from different phylogroups differ significantly in the
shape, we chose performing CVA over PCA (principle
component analysis). It is recommended to use PCA when
variation among individuals is analysed, whereas CVA is
suggested to be used for describing differences between groups
(Zelditch et al., 2004). Variation and changes in shape
described by CVA were graphically depicted in the form of

Table 2. Standardized canonical discriminant function coefficients
for morphometric characteristics of 4. torrentium males classified in
five phylogroups (LD, GK, ZPB, BAN and CSE) sensu Klobucar
et al. (2013); for each discriminant function (rootl-root4).

Characteristic Root 1 Root 2 Root 3 Root 4
CLH-d -0.414 2.313 0.067 -1.273
CPL-d 1.616 -0.212 -0.617 —1.133
TEL -0.477 -0.183 -0.207 -0.849
ABL -0.013 0.255 0.759 -0.359
CEF-d -0.018 -0.215 0.546 -0.304
CGW -0.743 0.276 0.270 -0.106
ABH 0.185 0.025 0.296 0.143
CFL-d -0.278 0.201 0.161 0.148
CPH 0.227 0.106 0.179 0.156
HEW 0.475 -0.181 0.061 0.189
TEW 0.265 0.036 -0.785 0.247
ABW -0.071 -0.193 0.158 0.250
HEL 0.083 0.049 0.283 0.266
ARW 0.271 -0.237 —0.490 0.280
CPW 0.3291 -0.128 —0.846 0.283
ROW -0.6921 0.073 0.019 0.342
CLW-d -0.3221 0.169 -0.628 0.427
APW 0.489 0.362 0.017 0.550
CLL-d -0.801 -2.655 0.672 1.838
Eigenvalue 10.587 1.208 0.718 0.183
Cum. Prop. 0.834 0.929 0.985 1.000
% Expl. Var. 83.381 92.902 98.557 100.000
Canonical R 0.955 0.739 0.646 0.393

wireframe to visualise the differentiation of the crayfish
belonging to different phylogroups.

In order to establish correlation between TM and GM
distances, Mantel test was conducted (Mantel, 1967) in
XLSTAT wver. 2019, implemented in Excel, using 9999
permutations. For TM distance matrix, Euclidian distances
for measured morphometric characteristics among phy-
logroups were calculated, while for GM distance matrix we
used Procrustes distances among phylogroups.

A level of significance of 1% (P < 0.01) was used in all
statistical analyses.

3 Results

3.1 Traditional morphometry

Traditional morphometry (TM) analyses included 245
crayfish from 15 populations assigned to five phylogroups, of
which 89 were females and 156 males. Results of ANOVA
displayed significant differences between phylogroups in the
measured morphometric characteristics, for both males
(F=4.01; P < 0.01) and females (F=3.35; P < 0.01) (details
are not shown), therefore we proceeded with multivariate
discriminant analysis. MDA revealed that morphometric
characteristics with the highest discriminatory impact (highest
loadings in discriminant functions) for males were those
describing claws (CLL, CPL, CLH) and head region (ROW,
CGW) (Tab. 2), while for females they included claws (CLL,
CLH), head (ROL, HEL and APW) and abdomen (TEW, ABW
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Table 3. Standardized canonical discriminant function coefficients
for morphometric characteristics of A. torrentium females classified in
five phylogroups (LD, GK, ZPB, BAN and CSE) sensu Klobucar
et al. (2013); for each discriminant function (rootl-root4).

Characteristic Root 1 Root 2 Root 3 Root 4
CLL-d —0.698 -0.398 1.506 ~1.117
TEW -0.527 0.348 0.567 0.038
ARW -0.486 0.129 0.328 -0.398
APW —0.465 —0.408 -0.281 0.791
ABH -0.433 -0.015 0.037 -0.042
HEW -0.323 0.069 -0.351 -0.190
ABW —0.246 -0.515 0.756 0.341
CPW -0.196 -0.328 0.333 0.155
HEL -0.127 —0.644 0.059 0.062
CFL-d -0.018 -0.154 -0.576 0.492
TL 0.059 -0.138 —-1.746 0.586
ABL 0.187 0.465 0.101 -0.420
CLH-d 0.199 0.564 -0.866 0.237
CLW-d 0.218 -0.126 -0.176 0.488
CEW 0.242 0.317 -0.610 —0.538
CGW 0.251 —0.406 0.129 0.282
TEL 0.518 0.526 0.287 0.546
CPH 0.576 0.156 -0.255 0.265
ROL 1.132 -0.156 0.344 0.026
Eigenvalue 5.316 1.399 0.978 0.635
Cum.Prop 0.638 0.806 0.923 1.000
% expl. Var. 63.820 80.625 92.370 99.993
Canonical R 0.917 0.763 0.703 0.623

Austropotamobius torrentium males

Table 4. Percentages of correctly classified individuals of A.
torrentium based on the function of the corresponding discriminant
analyses for males (% males) and females (% females); Lika and
Dalmatia (LD), Gorski Kotar (GK), Zumberak, Plitvice and
Bjelolasica (ZPB), Banovina (BAN) and central and south-eastern

Europe (CSE).

Phylogroup % males % females
LD 95.55 100.00
GK 95.00 90.00
ZPB 93.55 50.00
BAN 58.82 80.00
CSE 90.90 85.71
Total 89.80 86.36

and CEW) (Tab. 3). Stepwise analysis revealed high number of
correctly classified males and females per phylogroups:
89.81% of males and 86.36% of females were classified
correctly (Tab. 4).

Canonical variate analyses were performed on populations
classified in five a priori defined phylogroups: LD, GK, ZPB,
BAN and CSE. Scatter plots for the discriminant functions
(roots) are shown in Figure 3a (males) and b (females). The
first discriminant function discriminated well males belonging
to the phylogroups ZPB and LD from males belonging to the
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Fig. 3. Discrimination of the different phylogroups of a) males of
A. torrentium by the two discriminant function (Root 1/Root 2) and b)
females of A. torrentium by the first and third discriminant functions
(Root 1/Root 3). Different colour dots represent different phy-
logroups: green dots — Banovina (BAN), black dots — central and
south-eastern Europe (CSE), blue dots — Gorski Kotar (GK), purple
dots — Lika and Dalmatia (LD), orange dots — Zumberak, Plitvice
and Bjelolasica (ZPB)

phylogroups GK, CSE and BAN (Fig. 3a). The first
discriminant function was marked with high negative loadings
for CLL, CGW and ROW and with high positive loadings for
CPL and APW, therefore the smaller the values of CLL and
ROW, the more likely males belong to the phylogroups ZPB or
LD, and the higher the values of CPL and APW, the more
likely males belong to the phylogroups GK, CSE and/or BAN.
The second discriminant functions discriminated to some
extant males from the phylogroups ZPB and GK from the rest.
Since second discriminant function was marked with high
negative loadings for CLL and high positive loadings for CLH
and APW, we may assume the smaller the values of CLL, the
more likely males belong to the phylogroups ZPB or GK, and
the higher the values of CLH and APW, the more likely males
belong to the phylogroups LD, CSE and/or BAN.
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Table 5. Measurement error assessed by performing Procrustes ANOVA on centroid size and shape of stone crayfish. Sums of squares (SS) and

mean squares (MS) are in units of Procrustes distances.

Effect SS MS df F P (param.) Pillai tr. P (param.)
Centroid size

Individual 0.000038 0.000001 49 2.03 0.007

Error 1 0.000019 0.000000 50

Shape

Individual 0.18727328 0.0001910952 980 3.07 <.0001 14.02 <.0001
Error 1 0.02474525 0.0000123726 2000

For females, the first discriminant function (rootl)
discriminated individuals belonging to the phylogroup LD
and ZPB from those belonging to GK, BAN and CSE (Fig. 3b).
The first discriminant function was marked with high negative
loadings for CLL and TEW or ARW and with high positive
loadings for ROL and CPH. Accordingly, it can be presumed
the smaller the values of CLL and TEW or ARW the more
likely females belong to the phylogroups CSE, BAN and/or
GK, and the higher the values of ROL and CPH, the more
likely females belong to the phylogroups LD and/or ZPB. The
third discriminant function (root3) discriminated females
belonging to phylogroups GK from the rest. Since the third
discriminant function was marked with high negative loadings
for TL and CLH and with high positive loadings for CLL and
ABW, we may say the smaller the values of TL and CLH the
less likely females belong to the phylogroup GK, while the
higher the values of CLL and ABW the more likely females
belong to the phylogroup GK.

3.2 Geometric morphometrics

Geometric morphometric analyses included 209 crayfish
from 15 populations belonging to five previously described
mtDNA phylogroups. Generalized Procrustes Analysis
revealed the centroid size as size variables and Procrustes
coordinates as shape variables. The Procrustes ANOVA was
applied to assess the measurement error, and results showed
that the mean square for individual variation exceeded the
measurement error; therefore it was negligible (Tab. 5).

Results of CVA showed the differentiation among five
A. torrentium phylogroups caused by the cephalon shape
variation (Fig. 4). The first two canonical variates (CV1 and
CV2) explained 71.41% of the total variation of the cephalon
shape; CV1 accounted for 45.95% of the variability while the
CV2 accounted for 25.46% of the variability. The CV1 and
CV2 mostly separated phylogroups ZPB, GK, LD, while there
was an overlapping between the phylogroups BAN and CSE.
The cephalon shape, as quantified by Procrustes distances,
differed between the phylogroups (Tab. 6). The highest values
of the Procrustes distances were obtained between the
phylogroups ZPB and BAN (0.0599), followed by ZPB and
CSE (0.0548), while the lowest values of Procrustes distances
were observed between CSE and BAN (0.0210), and CSE and
LD (0.0269). All Procrustes distances between the phy-
logroups were statistically significant with p-values lower than
0.01.

Morphological variability of cephalon was mainly visible
in the anterior part, while the posterior area was less variable in
the shape (Fig. 4). Shape changes that contribute to the
distinction among crayfish from different phylogroups were
visible in the apical part of the cephalon, particularly in the
rostrum apex, rostrum base and width of the lateral edge of
the head. Shape changes along +CV1 are characterised by
general widening of the rostrum, shortening (LM 7) and
narrowing (LM 6 and 8) of the head, shifting of the lateral edge
of the head towards its apical part (LM 5 and 9), and elongation
of the apex (SM 1-2 and 1-12). These characteristics were
present in the majority of the specimens belonging to the
phylogroup GK, CSE, BAN and partly ZPB. In contrast,
—CV1 was related to reduction of rostrum size and length,
elongation (LM 7) and widening (LM 6 and 8) of the head,
shifting of the lateral edge of the head towards its distal part
(LM 5 and 9), and shortening of the apex (SM 1-2 and 1-12).
These morphological characteristics were generally present in
the phylogroup LD and partly in the phylogroup ZPB. Shape
changes along +CV2 were characterised by larger head,
narrower elongated rostrum (LM 2-3 and 11-12 and SM 13-17
and 18-22), and longer apex (SM 1-2 and 1-12). Shape changes
along —CV2 were characterised by wider and shorter rostrum
(LM 2- 3 and 11-12; SM 13-17 and 18-22), less robust head
and shorter apex (SM 1-2 and 1-12). These morphological
characteristics were generally pronounced in the crayfish from
the phylogroup ZPB, GK and partly LD.

The Mantel test showed significant correlation between
TM and GM distance matrices (»=0.756, p=0.007).

4 Discussion

This study aimed to determine morphological character-
istics which separate stone crayfish belonging to different
mtDNA phylogroups through analyses of traditional morpho-
metric features, and for this species for the first time through
geometric morphometric approach. Also, the goal was to
verify if the two methods yield congruent results, and if results
of morphometry are consistent with the results obtained in
previous molecular research (Klobucar et al., 2013). Overall,
results of morphometry were in agreement with results
obtained in previous molecular research (Klobucar et al., 2013)
and established significant differences in morphology among
stone crayfish from different phylogroups, with characteristics
of cephalon (both TM and GM) and claws (TM) contributed
the most to their divergence.
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Fig. 4. Cephalon shape variation among the phylogroups of 4. torrentium revealed by canonical variate analysis. Scatter plott of the two first
canonical variate axes (CV1 and CV2) with associated wireframe representation depicting shape changes among phylogroups along positive and
negative extremes of the axes. The light blue wireframes represent average cephalon shape, while the dark blue wireframes represent most
extreme shape changes. Different colour dots represent different phylogroups: green dots — Banovina (BAN), black dots — central and south-
eastern Europe (CSE), blue dots — Gorski Kotar (GK), purple dots — Lika and Dalmatia (LD), orange dots — Zumberak, Plitvice and Bjelolasica

(ZPB).

Table 6. Procrustes distances between the phylogroups of
A. torrentium (above diagonal, bold) with p-values from permutation
tests (10,000 permutation rounds) (below diagonal); Banovina
(BAN), central and south-eastern Europe (CSE), Gorski Kotar
(GK), Lika and Dalmatia (LD), Zumberak, Plitvice and Bjelolasica
(ZPB).

Phylogroup BAN CSE GK LD 7ZPB
BAN 0.0210 0.0455 0.0307 0.0599
CSE <0.0001 0.0452 0.0269 0.0548
GK <0.0001 <0.0001 0.0337 0.0316
LD <0.0001 <0.0001 <0.0001 0.0316
7PB <0.0001 <0.0001 <0.0001 <0.0001

Majority of recent studies on the freshwater crayfish
morphological variability were based on the statistical
analyses of morphometric characteristics using traditional
morphometrics. Analyses of large number of morphological
characteristics per specimen, in combination with multivariate
statistical analyses, enabled the identification of statistically

significant differences between populations of the same
species, e.g. A. pallipes (Ghia et al., 2006; Bertocchi et al.,
2008), A. leptodactylus (Deniz et al., 2010; Maguire and
Daki¢, 2011; Benzer et al., 2017), A. torrentium (Sint et al.,
2006; Maguire et al., 2017), A. astacus (Puretanovic et al.,
2017) as well as between different crayfish species (Sint et al.,
2006, 2007; Larson et al., 2012).

Application of geometric morphometric approach in
freshwater crayfish studies was not frequently used (Scalici
et al., 2010; Scalici and Bravi, 2012; Helms et al., 2015;
Malavé et al., 2018).

Various studies on the crustaceans showed that this group
of animals displays great morphological diversity and
plasticity (Wills, 1998; Garcia-Davila et al., 2006; Oda
et al.,2007; Stillman et al., 2008; Tanaka, 2009; Zimmermann
et al., 2011; Yampolsky et al., 2014). The variations in their
phenotype could be a consequence of adaptation to the
environment (Zimmermann et al., 2011; Yampolsky et al.,
2014) or genetic factors (Atashbar ef al., 2016; Hidayani et al.,
2018). Likewise, freshwater crayfish exhibit intraspecific
morphometric variation that reflects environmental influence
(Sint et al., 2005, 2006; Ghia et al., 2006; Haddaway et al.,
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2012; Perry et al., 2013; Rudolph et al., 2016) or genetic
background (Sint et al., 2007; Cataudella et al., 2010; Maguire
et al., 2017; Parvulescu, 2019) or probably combination of
both (Baric et al., 2005a, 2005b; Bertocchi et al. et al.,
2008; Mathews et al., 2008; Helms et al., 2015; Berger et al.,
2017).

Former molecular phylogenetic and phylogeographic
research of the stone crayfish based on the mtDNA revealed
existence of at least seven (Klobucar et al., 2013) or eight
(Parvulescu et al., 2019) highly divergent monophyletic
phylogroups within A. forrentium, with the highest genetic
diversity recorded in the north-central Dinarids in Croatia.
Especially high distances were obtained for phylogroups ZV,
GK, ZPB and LD. Since at that time there was no sufficiently
stable diagnostic feature that would reliable distinguish
crayfish from different phylogroups, it was suggested that
they represent cryptic species (Klobucar et al, 2013).
Resolving status of cryptic species is a challenge that requires,
beside molecular techniques, morphological approach (Mound
etal.,2010; Larson et al.,2012; Singhal et al., 2018). In a small
scale preliminary morphometric study of A. ftorrentium
populations originating from three phylogroups (ZV, GK
and ZPB) Maguire et al. (2017) revealed the characteristics
that clearly separate crayfish in a similar way as molecular
methods. Current study included larger number of populations
per phylogroup, and it covered five out of seven (eight)
phylogroups.

Analyses of variance for both sexes displayed significant
differences in morphometric characteristics among crayfish
belonging to different phylogroups what is in accordance with
previous research by Maguire et al. (2017). Similarly to results
of previous studies (Sint et al., 2005, 2007; Maguire et al.,
2017; Mijosek et al., 2017), males differ in more TM
characteristics than females. Multivariate discriminant anal-
yses, for both sexes, distinguished characteristics describing
claws, head and rostrum (Tabs. 3 and 4) as characteristic that
separate populations/phylogroups the best what confirmed
results of previous study (Maguire ef al., 2017). Percentage of
correctly classified female and male stone crayfish per
phylogroup was relatively high (from 50 to 100%; Tab. 4)
and similar to values obtained in other studies (Sint et al.,
2007; Maguire et al., 2017). Misclassification of some of
individuals could have been a consequence of paucity of
samples caused by limited sampling in certain areas (e.g. males
in BAN and females in ZPB) (Larson ef al., 2012). Scatterplots
of canonical analyses, for both sexes, displayed relatively well
separation of individuals from different phylogroups (Fig. 3a
and b), what is concordant with previous findings (Maguire
et al., 2017). Differentiation between individuals from
different phylogroups by CVA and high values of correctly
classified males and females per phylogroup indicated
clear morphological differentiation of phylogroups and
supported the use of traditional morphometrics in phylogroups
delimitation.

Geometric morphometrics analyses were applied previ-
ously on A. torrentium’s sister species A. pallipes in order to
study allometry during ontogenesis (Scalici and Gibertini,
2009; Scalici et al., 2010) and systematic relations of
A. pallipes species complex (Scalici and Bravi, 2012). In
the present study, significant variation in cephalon shape of
A. torrentium was observed by GM, and successful

intraspecific delimitation, based on morphological variation,
was obtained (Fig. 4). Each of the five phylogroups showed a
significantly different cephalon shape. The variation was
noticeable on the anterior part of the crayfish body, especially
rostrum, while the posterior part of the head was less variable
in shape, what is consistent with the findings by Bertocchi et al.
(2008); Larson ef al. (2012) or Rudolph et al. (2016). Results
of CVA showed clear separation of phylogroups ZPB, GK and
LD, while there was an overlapping between the phylogroups
BAN and CSE. Geometric morphometrics, as a new approach
in the research of the stone crayfish morphological features,
demonstrate itself as an improvement and complement to TM
studies as well as useful in the future population genetics and
ecological research of the stone crayfish phylogroups.

Results of both TM and GM canonical discriminant
analyses showed congruent topologies: separation among
phylogroups, with exception of an overlap of the crayfish from
the phylogroups BAN and CSE, which coincides with the
results of molecular phylogenetic research of stone crayfish
(Klobucar et al., 2013). Further, the results of Mantel test
established significant correlation between distances obtained
by the two approaches. Correlations between TM and GM
were already recorded for different organisms (e.g. crustaceans
(Malavé et al., 2018; de Melo and Masunari, 2017), honeybees
(Tofilski, 2008), cichlids (Parsons et al., 2003), oaks (Viscosi
et al., 2009)).

Overall, our results confirmed traditional and geometric
morphometrics as useful tools for identification and delimita-
tion of stone crayfish phylogroups and highlighted the urgent
need for taxonomic revision of stone crayfish phylogroups
status. At the same time, obtained results draw attention to the
importance of thorough knowledge about species, including
genetics, morphology and ecology, that are necessary for
development of proper conservation plans. Application of
scientifically based results in conservation measures could
help preservation of evolutionary potential and heritage, as
well as enable insight into historical biogeography of the
species.
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Abstract

Background: Austropotamobius torrentium is a freshwater crayfish species native to central and south-eastern
Europe, with an intricate evolutionary history and the highest genetic diversity recorded in the northern-central
Dinarides (NCD). Its populations are facing declines, both in number and size across its entire range. By extanding cur-
rent knowledge on the genetic diversity of this species, we aim to assist conservation programmes. Multigene phylo-
genetic analyses were performed using different divergence time estimates based on mitochondrial and, for the first
time, nuclear DNA markers on the largest data set analysed so far. In order to reassess taxonomic relationships within
this species we applied several species delimitation methods and studied the meristic characters with the intention of
finding features that would clearly separate stone crayfish belonging to different phylogroups.

Results: Our results confirmed the existence of high genetic diversity within A. torrentium, maintained in divergent
phylogroups which have their own evolutionary dynamics. A new phylogroup in the Kordun region belonging to
NCD has also been discovered. Due to the incongruence between implemented species delimitation approaches and
the lack of any morphological characters conserved within lineages, we are of the opinion that phylogroups recov-
ered on mitochondrial and nuclear DNA are cryptic subspecies and distinct evolutionary significant units.

Conclusions: Geographically and genetically isolated phylogroups represent the evolutionary legacy of A. torrentium
and are highly relevant for conservation due to their evolutionary distinctiveness and restricted distribution.

Keywords: Austropotamobius torrentium, Species delimitation, Species validation, MOTU, ESU, Phylogeographic
patterns, nuDNA, mtDNA, Evolutionary history

Background
The stone crayfish (Austropotamobius torrentium
(Schrank, 1803)) is an indigenous European crayfish spe-

[2]. The stone crayfish is a cold-adapted species active at
water temperatures > 5 °C with a mean annual water tem-
perature that does not exceed 10 °C [2]. It inhabits smaller

cies (ICS) [1]. It is the smallest of all European ICS and
is considered a keystone species in freshwater ecosystems
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pristine waterbodies at high altitude in central and south-
eastern Europe (Fig. 1) that are related to karstic forma-
tions [1, 2]. The species exhibits high genetic diversity
represented by the eight distinct mtDNA lineages/phylo-
groups discovered so far [3-5].

Lately, studies have shown that populations of the stone
crayfish, as well as those of other ICS, are declining [1,
6]. They are threatened by habitat deterioration [2], water
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Fig. 1 Geographical distribution of different A. torrentium mtDNA phylogroups in Europe produced in ArcGIS 10.3 program package and finished
in the program Inscape 1.0 by authors of this study. Symbols used on the map: dots represent samples from previous research [3-5], and triangles
samples from this study. Colours depict mitochondrial phylogroups: black—central and south-eastern Europe (CSE), blue—Gorski Kotar (GK),
purple—Lika and Dalmatia (LD), orange—Zumberak, Plitvice and Bjelolasica (ZPB), pink—southern Balkans (SB), green—Banovina (BAN), red—
Zeleni Vir (Z2V), gray—Apuseni Mountain (APU) and turquoise blue—Kordun (KOR), new phylogroup discovered in the present study. River systems
abbreviations: Db Danube, Dr Drava, Sv Sava, Ti Tisza, Mo Morava. Also shown: the extent of the Lake Pannon at 9.5 Ma, 6.5 Ma and 4.5 Ma (adapted
according to Magyar et al. [76]) and shaded in blue. Possible pre-glacial and post-glacial dispersal routes are indicated; red arrows indicate: (1)
possible colonisation of the Apuseni Mountains through delta systems of paleo-Danube and paleo-Tisza on the northern shelf margin of the Lake
Pannon and (2) colonization of southern Balkan after formation of the freshwater Danube drainage system. Orange arrows (3) indicate post-glacial
recolonisation of northern part of A. torrentium areal through leading edge expansion of CSE phylogroup (adapted according to Klobucar et al. [4]).

Shaded gray area in the main map is enlarged in the bottom left corner

quality decline [7], climate change [6, 8], the presence/
spreading of non-indigenous invasive American crayfish
species and their pathogens, e.g., Aphanomyces astaci
causative agent of the disease crayfish plague [9, 10]. ICS
are offered differing levels of protection under interna-
tional and national laws, with the stone crayfish listed in
the Annexes II and V of the EU Habitats Directive [11].
The conservation status of A. torrentium remains unre-
solved as it noted as being “data deficient” on the global
TUCN Red List [12], whilst in Croatia it is classed as vul-
nerable [13].

The maintenance of genetic diversity is considered fun-
damental to modern conservation efforts, as it is essen-
tial for securing the evolutionary potential and long-term
survival of a species [14]. In order to protect vulnerable
species adequate conservation plans are urgently needed
on a global scale which requires sound knowledge of both

the morphologic and genetic diversity of this species in
addition to the identification of evolutionary independ-
ent lineages within the species [2, 15, 16].

The first morphological studies aimed to distinguish
between different populations of the stone crayfish [17]
which resulted in the identification of four subspecies:
Austropotamobius torrentium torrentium [17], A. t. mac-
edonicus [18], A. t. dalmatinus [18] and A. t. danubicus
[19, 20]. Later, studies based mainly on meristic char-
acteristics confirmed previously described subspecies
[20, 21]. Recently, Maguire et al. [22] discovered differ-
ences among distinct populations (representing differ-
ent mtDNA phylogroups defined by preciding genetic
analyses [4]) of the stone crayfish in a small geographical
region in Croatia. This was achieved by analysing a num-
ber of individual morphometric and meristic character-
istics with these findings corroborated by a large scale
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geometric morphometric analyses applied to stone cray-
fish populations for the first time [23]. Even though these
studies confirmed morphological delineation between
phylogroups (the cephalon shape being pertinent), it was
shown that morphological variation within phylogroups
is also present [22, 23]. Freshwater crayfish are known
to exhibit high intraspecific morphological variation
and plasticity reflecting environmental influence and/
or genetic background [22, 24, 25]. Hence, it is hard to
find unique and unambiguous morphological character
specific only for one phylogroup that would be suitable
to clearly distinguish between phylogroups thus resolv-
ing the taxonomic status of A. torrentium phylogroups in
addition to describing a new species.

Until now, molecular phylogenetic studies of A. torren-
tium were based on the analyses of mitochondrial genes
for cytochrome c oxidase subunit I (COI) and 16S riboso-
mal RNA (168 rRNA) [3-5, 26, 27]. Trontelj et al. [3] dis-
covered three highly divergent mtDNA phylogroups: one
distributed in the southern part of the Balkan Peninsula,
another in a small area on the border between Slovenia
and Croatia, and the third that encompasses the rest of
Europe. This finding indicated that the stone crayfish
should be considered a species complex. Later, Klobucar
et al. [4] confirmed Trontelj et al. [3] findings, and discov-
ered the existence of four additional phylogroups, with
the highest genetic diversity found in the Dinaric region
of Croatia. The phylogroups were named after geographi-
cal areas of their distribution: central and south-eastern
Europe (CSE), southern Balkans (SB), Banovina (BAN),
Gorski Kotar (GK), Lika and Dalmatia (LD), Zeleni Vir
(ZV), Zumberak, Plitvice and Bjelolasica (ZPB), with
the five latter situated in the north and central Dinar-
ides (NCD). Recently, Parvulescu et al. [5] discovered the
existence of a new phylogroup, endemic to the Romanian
Apuseni Mountain region (APU). Combining the molec-
ular mtDNA analyses with morphological data, the APU
phylogroup was proposed as a new species Austropota-
mobius bihariensis [28].

Species delimitation requires integrative taxonomic
approach that combines molecular, morphological, eco-
logical, and geographical data to build species hypotheses
[29, 30]. This approach enables taxonomy to go beyond
naming the species and assists in understanding the pro-
cesses that shape the species [31, 32].

Even though mitochondrial genes (COI and 16S rRNA)
are appropriate for resolving taxonomic relationships
between genera and species [33-35], they show some
drawbacks in species delimitations (e.g., higher failure
rate at proposing species delimitation hypothesis com-
pared to nuclear markers) [31, 36, 37]. Therefore, the
need for a nuclear marker that can be used in the recon-
struction of genetic relationships as well as in the species
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delimitation has been recognised [38, 39]. Yao et al. [40]
proposed the second internal transcribed spacer (I7S52)
as a nuclear marker that is complementary to mitochon-
drial COI and 16S rRNA, and is suitable in studying rela-
tionships of lower taxonomic categories (e.g. genera,
species) [41] as well as for species delimitation [42].

In order to extand current knowledge about the stone
crayfish diversity and provide baseline for conservation
programs, the aims of our study were:

(a) to update phylogenetic findings based on the largest
dataset used so far that includes new samples from
previously unstudied stone crayfish populations
from Croatia, Slovenia and Republic of North Mac-
edonia

(b) to test if ITS2 is a good nuclear marker for phylo-
genetic inference on A. torrentium and verify phy-
logenetic congruence between mitochondrial and
nuclear DNA markers

(c) to evaluate alternative scenarios in the background
of the currently observed distribution, genetic vari-
ability and phylogeographic patterns via varied
molecular clock calibrations

(d) to apply species delimitation methods aiming to
identify Molecular Operational Taxonomic Units
(MOTUs) within A. torrentium, and to reassess
their taxonomic status

(e) to study meristic characteristics on a large data set
in order to find reliable character/characters that
will clearly and undoubtedly distinguish MOTUs

(f) to give new perspectives in A. torrentium conserva-
tion programs through the identification of Evolu-
tionary Significant Units (ESUs).

Results

Sequence data

We obtained a total of 153 (58 new) COI and 72 (24 new)
16S rRNA unique haplotypes. The concatenated COI/16S
rRNA data set included 151 (78 new) haplotype combi-
nations (Additional file 1). Analyses of COI gene revealed
166 (27.95%) variable sites, of which 141 (23.74%) were
parsimony informative, while 65 (13.59%) sites were vari-
able in 16S rRNA sequences, with 51 (10.27%) of them
being parsimony informative. Obtained /752 sequences
showed only 27 (2.45%) variable sites, and 20 (1.81%)
were parsimony informative. Analysis of the ITS2
sequences using FastGap revealed gapmatrix with 26
(2.35%) gap sites, 13 being informative.

Phylogenetic reconstruction
All implemented criteria of phylogenetic reconstruction
(BA, MP and ML) yielded mostly congruent topologies
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for COI/16S rRNA concatenated data set (Fig. 2a). The
new phylogroup, belonging to the Kordun region (part
of NCD) was discovered, while majority of the newly
obtained sequences nested within the eight previously
reported phylogroups [4, 5]. Moreover, phylogroups
belonging to the NCD region (ZV, GK, 7ZPB, LD, BAN,
KOR) and APU appeared as monophyletic clades, well
supported by bootstrap values and Bayesian posterior
probabilities (Fig. 2a). The ‘Southern Balkans’ (SB) phylo-
group was not supported as monophyletic; it comprised
four sub-clades and two individual haplotypes repre-
sented in a basal polytomy with the monophyletic CSE
clade. Numerous sub-clades also existed within well-sup-
ported monophyletic CSE phylogroup.

The Bayesian inference of phylogeny based on the
nuclear gene ITS2 yielded a tree topology with seven well
supported phylogroups and the KOR lineage (Fig. 2b).
Unlike in mtDNA phylogeny, CSE haplotypes have not
formed separate monophyletic clade, but rather com-
bined with SB haplotypes in a well supported clade. Phy-
logenetic relations among groups were not resolved with
the majority of them form polytomy within A. forren-
tium, with the exception of well-supported separation of
APU phylogroup (Fig. 2b).

In general, the common feature of the phylogenetic
recontructions of both datasets was that phylogroups
were well supported in the phylogenetic trees, but the
relationship among them was unresolved, showing weak
support for deeper nodes.

Phylogeographic analysis and genetic diversity
A median-joining (MJ) network for concatenated
COI/16S rRNA data set was used to visualise haplo-
type relatedness and haplotype distribution within A.
torrentium (Fig. 2c). All nine phylogroups were highly
divergent and separated by large numbers of mutational
steps. The newly discovered KOR phylogroup was 42
mutational steps distant from closely related ZPB phylo-
group. The CSE phylogroup showed a complex structure
consisting of large number of closely related haplotypes
with a broad geographical distribution, separated by a
small number of mutational steps. The SB phylogroup
comprised six subclades separated by a large number of
mutational steps. The SB and CSE phylogroups showed
the smallest between-group number of mutational steps,
whilst the ZV phylogroup showed the largest number of
mutational steps when related to its closest neighbouring
phylogroup BAN. Further, contrary to the relations in the
phylogenetic tree, the APU phylogroup was closest to the
BAN and not to the ZV phylogroup.

The results of TCS network analysis, based on the CO/
data set (used also as species delimitation approach;
Additional file 2), were concordant with MJ results. The
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TCS network revealed the existence of 18 MOTUs with
CSE, GK, ZV, LD, KOR, APU and ZPB phylogroup each
representing one MOTU. The SB phylogroup was split
into nine separated MOTUs. The BAN phylogroup was
split into two MOTUs; haplotype 41 formed the first one,
and the second contained all other BAN haplotypes.

The obtained values of uncorrected sequence diver-
gences (p-distances) and patristic distances within and
between phylogroups for COI 16S rRNA and ITS2 are
shown in Additional file 3. The obtained values of genetic
distances for all genes were calculated using p-distances
and K2P distances were congruent. The p-distances
between phylogroups ranged from 4.98 to 9.62% for COI,
and from 0.00 to 5.05% for 16S rRNA gene. The highest
values of genetic distances were observed when ZV, GK
and APU clades were compared with other phylogroups,
for both 16S rRNA and COI markers. The range of p-dis-
tances within phylogroups for the COI gene was between
0.17 and 5.33%, and between 0.00 and 2.75% for 16S
rRNA gene. The values of p-distances for the ITS2 gene,
which showed less genetic variation than mitochondrial
genes, were mostly congruent to the results obtained for
mitochondrial genes, ranging from 0.00 to 0.79% between
groups, and from 0.00 and 0.29% within groups (Addi-
tional file 3). Patristic distances between the phylogroups
indicated various molecular divergence between several
phylogroup pairs with values ranging from 0.08 to 0.22.

Time of divergence

Divergence time estimates based on a mitochondrial data
set using three molecular clock and four geological cali-
brations are presented in Fig. 3 (for details see Additional
file 4). The results of divergence time approximations
overlapped, with the mean values of three molecu-
lar calibration approaches as follows: (a)~17.90 Ma
for the split between A. pallipes and A. torrentium,
(b) ~ 8.80 Ma for the split between populations belonging
to the NCD+ APU from BAN+ SB+ CSE phylogroups,
(c) ~5.01 Ma for the split of SB+ CSE phylogroups from
BAN phylogroup, and (d) ~ 3.12 Ma for the split between
SB and CSE phylogroups.

Geological calibration points showed a wider range of
different divergence times estimates. The Tisza—Dacia
microplate tectonic displacement that, according to
Péarvulescu et al. [5], occurred ~16 Ma, gave the largest
intervals of possible divergence times, and was not con-
sistent with other geological and molecular calibrations.
The results of new geological calibration point used in
this research (Fig. 3), based on the contact between the
paleo-Tisza and paleo-Danube river systems [43], accom-
panied by the process of desalination of the Lake Pannon,
indicated that this dispersion route could have enabled
colonisation of the species north-east distribution range
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Fig. 2 Phylogenetic recontruction for A. torrentium. a Phylogram inferred from concatenated COl/76S rRNA (new haplotypes obtained in this study
are marked with an asterisk) and b phylogram inferred from /TS2 haplotypes depicting the phylogenetic relationships within A. torrentium. Numbers
at the nodes indicate maximum likelihood and maximum parsimony nonparametric bootstrap support values and Bayesian posterior probabilities,
respectively. ¢ Median joining (MJ) network for concatenated CO//165 rRNA. Numbers of mutational steps are given in red above branches except
when it equals one. The size of the circle is proportional to the frequencies of the haplotype. The black dots indicate extinct ancestral or unsampled
haplotypes. Phylogroups are represented by different colour: black—central and south-eastern Europe (CSE), blue—Gorski Kotar (GK), purple—Lika
and Dalmatia (LD), orange—Zumberak, Plitvice and Bjelolasica (ZPB), pink—southern Balkans (SB), green—Banovina (BAN), red—Zeleni Vir (ZV),
gray—Apuseni Mountain (APU) and turquoise blue—Kordun (KOR)




Lovrenci¢ et al. BMC Evol Biol (2020) 20:146

Page 6 of 20

(See figure on next page.)

Astacus astacus and Pontastacus leptodactylus were used as outgroups

Fig. 3 Chronogram of 95% highest posterior density intervals (HPD) of divergence time estimates (in Ma) obtained with the mean values in
brackets a using arthropod evolutionary rate [134, 135], b using decapod evolutionary rate [136], ¢ using mid-points of a uniform distribution
[137], d using geological calibration based on the connection of paleo-Tisza-paleo-Danube river systems e and g using geological calibration
based on the uplift of the Dinaric Mountains [4, 61], f using geological event based on the separation of the Tisza—Dacia microplate from

Dinarides [5]. Different colours denote the HPD of distinct lineages: dark blues—split of A. pallipes and A. torrentium; light blue—split of NCD
(north and central Dinaric phylogroups =27V, GK, LD, KOR, ZPB) 4+ APU from the BAN, SB and CSE phylogroups; purple—split of BAN from CSE 4 SB
phylogroups; grey—split of CSE and SB phylogroups. In the upper right corner BEAST estimates of divergence times for A. torrentium based on the
paleo-Danube-paleo-Tisza geological calibration is given; maximum clade credibility tree based on concatenated sequence. Horizontal node bars
depict the 95% HPD intervals and are coloured according to posterior probability support (blue bars—posterior probabilities > 0.95; orange bars—
posterior probabilities 0.50-0.95, green bars—posterior probabilities <0.50. APU Apuseni, ZV Zeleni Vir, GK Gorski Kotar, LD Lika and Dalmatia, KOR
Kordun, ZPB Zumberak, Plitvice and Bjelolasica, BAN Banovina, SB southern Balkans, CSE central and southeastern Europe. Austropotamobius pallipes,

including the Apuseni region. Estimates of this calibra-
tion approach yielded results consistent with molecu-
lar and geological calibrations based on the intense
Dinarides uplift. The median values for the key points
in A. torrentium evolution based on this geological cali-
bration were: (a) 13.24 Ma (HPD 18.70-8.55 Ma) for
the split of A. pallipes and A. torrentium, (b) 6.13 Ma
(HPD 8.21-4.46 Ma) for the split of NCD+ APU from
BAN + SB+ CSE phylogroups, (c) 3.67 Ma (HPD 5.22—
2.46) for the split between BAN and CSE+ SB phylo-
groups and (d) 2.25 Ma (HPD 3.21-1.51 Ma) for the split
between CSE and SB phylogroups.

Species delimitation and validation

Species delimitation analyses (ABGD, GMYC, bPTP,
mPTP, TCS) for mtDNA (COI) confirmed the existence
of different A. torrentium MOTUs (Fig. 4, Additional
file 5). The number of supported groups varied depend-
ing on the applied method. In the ABGD analysis for the
majority of prior intraspecific divergence values (P), ini-
tial partitioning identified nine MOTUs (ABGD lumper
approach), while the results from recursive partitioning
singled out the existence of 18 MOTUs (ABGD splitter
approach). The ABGD lumper, as the most conserva-
tive approach, recognised six phylogroups as a single
MOTU: APU, GK, KOR, LD, ZV, ZPB, while BAN phy-
logroup was split into two MOTUs. CSE and SB phy-
logroups were lumped into one MOTU. The ABGD
splitter revealed nine MOTUs in the SB phylogroup,
while haplotypes belonging to CSE phylogroup were
recovered as a single MOTU. Delimitation results from
ABGD splitter were consistent with the results obtained
by TCS method. The mPTP method delimited 21 puta-
tive MOTUs that were mostly congruent with the results
from ABGD splitter and TCS. The bPTP recognised
between 26 and 45 MOTUs, 9 with Bayesian support
values over 0.95. The GMYC single threshold approach
identified 22 ML clusters (confidence interval: 19-36)
and 29 entities (confidence interval: 25—53), but most of

them lacked statistical support. Overall, PTP and GMYC
yielded unrealistically high number of MOTUs, and rely-
ing only on the supported groups, the number of recog-
nised groups was lower. Nested sampling analysis yielded
marginal likelihood estimations ranging from — 4195 to
— 4539 (Additional file 6). The model receiving the high-
est marginal likelihood score was GMYC, and calculated
Bayes factor values showed decisive support for species
tree topology associated with this species delimitation.

Single-locus species tree (COI) based on GMYC and
multi-locus species tree (COI+ 16S rRNA 4 ITS2) based
on the phylogeny showed a pattern of divergence between
phylogroups; all phylogroups formed own monophyletic
clades (Fig. 5). Species trees were congruent, showing the
pattern of high genetic diversity, with no clear separation
of genetic clusters (phylogroups).

Meristics

Within-phylogroup variation in the number of spines
on the ventral side of the merus of the third maxilliped
was apparent, while significant difference between stud-
ied phylogroups was obtained (H (7, N=732)=112.94,
P <0.001), with crayfish from ZV possessing more spines
compared to crayfish from other phylogroups, except
KOR (Additional file 7).

Presence and pronunciation of rostral crista was
inconsistent, and differed among phylogroups (x> 21, N =
735 =491.58, P<0.01); some of the crayfish from KOR,
CSE and LD did not have rostral crista; in the rest of phy-
logroups rostral crista were present, and variation in the
level of pronunciation exists. Crayfish from GK did not
have weak crista, and in the SB phylogroup we did not
record any crayfish with strong crista (Additional file 7).

In the studied phylogroups all three types of den-
ticulation on the lower surface of antennal exopodite
(smooth=no denticulation, tubercles, spines) were
recorded, with phylogroups differed in the percentage
of different type of denticulation (x* 14 y\ _ 735=176.22,
P <0.01) (Additional file 7).
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Fig. 4 Species delimitation results visualised as bars on an ultrametric Bayesian maximum clade credibility tree of A. torrentium COI gene. Next
to the tree phylogroups obtained according to reconstruction of mtDNA and nuDNA are presented. Then follows two partitions of Automatic
Barcode Gap Discovery (lumper and splitter) (ABGD [101]), General Mixed Yule Coalescent (GMYC [102]); Bayesian implementation of the Poisson
Tree Processes (bPTP [140]); Multi-rate Poisson Tree Processes (mPTP [141]), and Templeton, Crandall and Sing method (TCS [129]). Also, in the
last column phylogroups' abbreviations are given: ZV Zeleni Vir, GK Gorski Kotar, ZPB Zumberak, Plitvice and Bjelolasica, LD Lika and Dalmatia, BAN
Banovina, SB southern Balkans, CSE central and southeastern Europe, APU Apuseni. As outgroups Austropotamobius pallipes, Astacus astacus and
Pontastacus leptodactylus were used
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was used as an outgroup

Fig. 5 Species tree of A. torrentium inferred with *BEAST and visualised with DENSITREE, based on GMYC species delimitation model (a) and
multilocus species delimitation (b). Next to the trees phylogroups’ abbreviations are given: ZV Zeleni Vir, GK Gorski Kotar, ZP8 Zumberak, Plitvice and
Bjelolasica, LD Lika and Dalmatia, BAN Banovina, SB southern Balkans, CSE central and southeastern Europe, APU Apuseni. Austropotamobius pallipes
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The “shape” of the tip of the endopodit of the first gono-
pod differed among males from different phylogroups (x*
7 N = a14=151.67, P<0.01), with a small percentage of
males from CSE, ZPB and KOR possessing a 1st gono-
pod tip measuring half the length of the gonopod (Addi-
tional file 7). The length of the second gonopod tip did
not differ among males from different phylogroups (x* ;
N = 414=7, P=0.42), with all males, but a small percent-
age from ZPB, posses the tip of the 2nd gonopod that was
a third of the length of the gonopod (Additional file 7).
The length of the exopodite of the second gonopod dif-
fered among males from different phylogroups (x* ; y _
414=209.82, P<0.01). Variation within phylogroups was
evident, with the exception of males from ZV who all
possessed an exopodite that was half the length of the
second gonopod (Additional file 7).

Discussion

Phylogenetic structure, genetic diversity

and phylogeographic analysis

This study confirmed the complexity of A. torrentium’s
phylogenetic structure which consists of nine highly
divergent and genetically diverse phylogroups [3-5]. An
important discovery of this study was the establishment
of novel haplotypes distributed in the Kordun region
(part of NCD) forming a new Kordun phylogroup (KOR)
(Fig. 2a, ). This is the result of the comprehensive sam-
pling of a previously poorly studied region and indicates
that future studies could potentially reveal more diversity
within stone crayfish. All phylogroups were well sup-
ported as deeply divergent monophyletic clades, with

the exception of the SB phylogroup that shows a para-
phyletic relationship towards CSE phylogroup on both a
mitochondrial and nuclear phylogenetic reconstructions.
Even though the phylogroups were highly supported,
their phylogenetic relationship is best described as unre-
solved polytomy (Fig. 2a, b). This lack of resolution could
have emerged from a rapid and simultaneous divergence
of the phylogroups [4, 44, 45].

For both mitochondrial genes, ranges of genetic dis-
tances between and within the phylogroups (Additional
file 3) were in accordance with previously reported in
Trontelj et al. [3], Klobucar et al. [4], Petrusek et al. [27]
and Berger et al. [46]. Some of the observed ranges of the
COI genetic distances between phylogroups were within
the range of genetic distances found between Asta-
cus species (3, 47], Austropotamobius species [3, 48] or
Australian Parastacidae crayfish [49]. The lowest value
of sequence divergence calculated between SB and CSE
demonstrate their genetic similarity. Namely, ancestors
of SB phylogroup went through a southern expansion
[4, this study], presumably through paleo-Morava, right
tributary of the paleo-Danube. This idea is supported by
the fact that the oldest SB clades are distributed nowa-
days in Serbia’s Morava tributaries (Fig. 1). Populations of
SB sub-clades were probably isolated during glaciations
in the numerous micro-refugia in the southern part of
the Balkan Peninsula and did not come into the second-
ary contact post-glacially which resulted in high genetic
distances among them, which is similar to the findings of
Laggis et al. [50] for the noble crayfish (Astacus astacus)
and Economidis and Banarescu [51] for freshwater fishes.
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Further, the CSE phylogroup experienced a fast and far-
reaching range expansion during the post-glacial recolo-
nization and is currently spread over the largest area of
A. torrentium distribution in Europe (Fig. 1), so conse-
quently this phylogroup shows numerous haplotypes
separated by small number of mutational steps (Fig. 2c).

Ranges of pairwise patristic distances found between
several phylogroups were equal to, or exceeded the typi-
cal crustacean species level distinction value of 0.16 sub-
stitutions per site, which point to the existence of cryptic
species (Additional file 3). However, our COI patristic
distances between phylogroups are much lower com-
pared to the ranges of patristic distances found for other
cryptic crustacean species that represent deep and old
divergent lineages [52-54]. We may conclude that the
phylogroups within A. torrentium are highly divergent
but “young” in evolutionary terms, and in a shifting
phase from genetic lineages to species, where additional
studies of meristic characteristics and their high intra-
phylogroup variation (Additional file 7) failed to provide
distinct morphological characters that would unambigu-
ously distinguish genetic lineages into species, or that
would, at least, further advocate specific status of those
highly divergent genetic lineages. To avoid taxonomic
inflation, results that indicate an incongruence between
morphologic and genetic data should be considered care-
fully during delimitation of species, whilst leaving the
possibility of cryptic species and/or subspecies being in
existence [55]. Contrary to this reasoning, Parvulescu
[28] recently described a new species Austrobotamobius
bihariensis. If accepted as a new species and considering
its position in the phylogenetic tree that is not basal, A.
torrentium would become paraphyletic.

It is difficult to find a suitable nuclear marker with
enough resolution to delimit closely related species
amongst others because of slower evolution rate of non-
coding nuDNA as previously observed for many dif-
ferent species [56, 57]. In the present study the nuclear
ITS2 marker was found suitable for inferring A. tor-
rentium phylogenetic tree. Phylogenies inferred from
single nuclear genes often have low resolution and low
statistical support of the clades [58], but we achieved
better resolution by including gaps through simple indel
coding method [59] to render the indels phylogenetic
information for these tree search methods. We identi-
fied lineages recognised also by mtDNA (GK, ZV, APU,
LD, ZPB, KOR, BAN), except for CSE and SB phylo-
groups that clustered together (Fig. 2b). This clustering
was expected since CSE and SB share close evolutionary
history [3, 4]. The relationship among phylogroups was
unresolved probably due to the lower genetic variability
and slower evolutionary rate of ITS2, also demonstrated
by low intraspecific genetic distances (Additional file 3).
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The findings agree with other studies that evaluated the
diversity of this nuclear gene in crustaceans [47, 60—62].
Obtained values of genetic distances within and between
phylogroups were of intraspecific level compared to the
interspecific distances found for other European Astaci-
dae (e.g., 1-5% between sister species Pontastacus (Asta-
cus) pachypus and Pontastacus (Astacus) leptodactylus
vs. 0.00-0.79% between phylogroup pairs in this study)
[47].

The accumulation of characters that contribute to high
genetic diversity and intricate phylogeographic patterns
are a consequence of numerous events such as vicariant
processes and isolation. This is especially pronounced
in organisms of limited dispersal potential such as cray-
fish [63]. Furthermore, such setups are frequently found
in organisms distributed in the karst habitats known for
their complex and fragmented (paleo)hydrography [54,
64, 65]. One such region is the Dinaric Karst that pos-
sesses a high level of biodiversity, with many endemic
species of freshwater surface and subterranean fauna
[61, 64, 66—68]. A similar effect is observed in the karstic
Apuseni Mountains, which represented a refugium that
preserved some endemic and relic species of Gastropoda,
Isopoda and Diplopoda species [69].

Evolutionary history

It has been shown that southern Europe and the Balkan
Peninsula are regions possessing high plant and animal
genetic diversity and are recognised as European biodi-
versity hotspots [70]. Previous studies of Austropota-
mobius torrentium [3, 4, 27] revealed that its complex
evolution was formed from Miocene, to Pleistocene.
Distinct evolutionary phylogroups emerged through the
intensification of Neotectonic movements and the devel-
opment of karstification that has a heavily fragmented
palaeohydrography, along with periodic climatic shifts
during the Pleistocene [3, 4]. Recently, a different per-
spective on the evolutionary history of A. torrentium was
proposed [5]. Namely, a new calibration point for spe-
cies divergence time estimates was used: the separation
of the Tisza—Dacia Mega-Unit from the Dinarides that
was dated to~16 Ma [5]. According to the authors, this
process included “the Tisza—Dacia Mega-Unit (which
includes the Apuseni Mountains), which broke away
from a larger plate that included the Dinarides and trave-
led toward the northeast during the Miocene” Appar-
ently, the process caused the split of the APU phylogroup
ancestor, trapped on the “floating island’, from the rest of
A. torrentium. Reconnection of the Apuseni Mountains
freshwater system with other freshwater systems in the
area occured ~ 5 Ma [5]. This approach yielded much ear-
lier separation dates for A. torrentium and its sister spe-
cies A. pallipes,~42 Ma (HPD 32-54 Ma), as well as the
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split between Astacus and Austropotamobius ~48.8 Ma
(HPD 62.4-37.5 Ma), and among all mtDNA phylo-
groups of A. torremtium, compared to previous esti-
mations. Although Parvulescu et al. [5] brought a new
perspective to the geological history of the A. torren-
tium species complex, it lacked congruence with previ-
ous research and molecular clock calibrations [3, 4, 61].
Furthermore, contemporary geological literature indi-
cates an ongoing debate about the geodynamic evolu-
tion of the Apuseni Mountains during the Neogene [71
and references within]. Recent integrative studies [72
and references within] point to Paleozoic origin of the
Apuseni Mountains that were shaped during Mesozoic
and strongly influenced by the contact between Tisza and
Dacia Mega-Units during Triasic and Early Jurassic, what
indicate the dissconection of the Apuseni and the Dinar-
ids since the Triassic period. Shifts in the region that
occurred during the Miocene were primarily related to
the deformation and bending of the Eastern Carpathians,
and not to the tectonic separation of the Apuseni Moun-
tains from the Dinarides [73]. Until the beginning of the
Pliocene, there was a continuous sea or brackish lake
between the two areas, while continental conditions with
the freshwater lake system began at about 4.5 Ma [74].
Keeping in mind this data, the present study attempted
to reconcile both geological calibration approaches and
bring a new plausible perspective on A. torrentium evo-
lutionary history.

The uplift of Dinarides caused the genus Austropota-
mobius to split into A. pallipes to the west of Dinarides,
and A. torrentium on the east [3, 4, 61]. The uplift of the
Dinaric and Carpathian Mountains [75] triggered the iso-
lation of the Pannonian basin from the rest of the Para-
tethys and the formation of the large brackish/ freshwater
Lake Pannon [76]. The complete isolation of the Lake
Pannon from the inflow of saline water was estimated
to~11.7 Ma [77-79] which coincides with the emergence
of the paleo-Danube, discharging directly into the Lake
Pannon through its large delta [76, 78]. This caused a
change in the depth and water salinity of Lake Pannon,
turning it into a shallow brackish/freshwater environ-
ment [80]. Together with its northern tributaries, such as
the paleo-Tisza, the paleo-Danube formed a shelf margin
that prograde from the northwest to the southeast [78].
Klobucar et al. [4] assumed that during this period (prob-
ably until~6.5 Ma) the populations of A. torrentium in
the NCD region were isolated from the east by the large,
mostly brackish Lake Pannon and, from the north and
west, by mountain ridges of uplifting Dinarides and Alps.
Crayfish could survive only in the shallow parts of the
lake due to the strong freshwater influx from surrounding
rivers. Freshwater conditions are corroborated by find-
ings of freshwater molluscs that were widespread in the
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shallow parts of the lake ~4.5 Ma [74, 76]. Magyar et al.
[76] also observed that the paleo-Danube delta lobes in
the central part of the Pannonian Basin approached the
lower flow of the paleo-Tisza River. This was later con-
firmed as the shelf margins of the paleo-Danube and the
paleo-Tisza were observed as coalesced, and their origi-
nal, almost perpendicular strike, can be detected until
5.3 Ma [78]. We argue that the connection between the
paleo-Danube and Paleo-Tisza Rivers could have allowed
the ancestor of the current APU phylogroup to colonise
the Apuseni Mountains around 5.3 Ma (Fig. 3).

The paleo-Tisza—paleo-Danube connection coincides
with the end of the Messinian Salinity Crisis (MSC) that
lasted from ~5.96 Ma until ~5.33 Ma [81, 82]. The MSC,
besides having a strong influence on hydrology, caused
increased temperature, aridity and evaporation in the
Northern Hemisphere [83]. It is also speculated that the
MSC caused a lowering of the water level of the Lake Pan-
non, at least in its northern part [84]. Thus, A. torrentium
colonisation of the Apuseni Mountains would be possible
at the end of the MSC (~ 5.3 Ma), throughout the north-
ern margin of Lake Pannon (Fig. 1), which is indicated
by the lowest genetic distances between ZV/GK phylo-
groups and APU phylogroup, previously also observed
by Parvulescu et al. [5], and confirmed in this study. Also,
during MSC, the sea-level dropped for 50-200 m in the
Dacian Basin connected to the Black Sea, situated to the
east from Lake Pannon [85]. It is assumed that during
the MSC, paleo-Danube ran across the south Carpathi-
ans and overflowed from the freshwater Pannonian into
the saline Dacian Basin [86]. Therefore, we consider that
the northern dispersal route of A. torrentium towards the
Apuseni region is equally, if not more likely than the pre-
viously proposed scenario [5]. It is possible that numer-
ous populations existed in the northern areas, and on the
northern dispersal route, but did not survive the adverse
climatic conditions during glaciations unlike populations
in Apuseni that survived in refugia in karst, similar to the
NCD populations. The remnant populations exhibited
limited or non post-glacial range expansion and contact
indicating the existence of multiple ‘refugia within refu-
gia’ [87], as previously suggested by Klobucar et al. [4].

Formation of the Danube River basin and its drain-
age network, as we know it today, with its right-sided
tributaries (e.g., Velika Morava and Sava), is estimated
to Pliocene [78, 88-90]. This, along with the cold cli-
matic conditions [91-93] which are favourable for A.
torrentium [2] could have allowed its south-eastward
spreading. Estimated divergence times between BAN
(the most eastern NCD phylogroup) and SB + CSE coin-
cide with this period (Fig. 3 and Additional file 4), which
also indicates their closer genetic relatedness compared
to other phylogroups (Figs. 1, 2). Further, our results
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indicate that the divergence between CSE and SB coin-
cide with the beginning of glaciations that started in the
Northern Hemisphere during the late Pliocene-early
Pleistocene [89, 94] and continued with CSE spreading
northward through the Danube River drainage showing
a post-glacial leading edge effect as previously suggested
in Klobucar et al. [4]. Similar scenarios of post-glacial (re)
colonisation of Europe from the southern refugia were
recorded for numerous aquatic and terrestrial taxa [51,
95, 96].

Species delimitation

Molecular species delimitation proved to be a valu-
able tool for the species identification as a stand-alone
method or as part of an integrative taxonomic approach
[97]. Contrary to this, a large number of papers reported
taxa oversplitting, overlumping or the incongruence
among implemented methods [36, 37, 55, 65, 98]. Fur-
thermore, the MOTUs delimited by the analyses of
mtDNA represent a hypothesis that should be considered
with caution even if well-supported [31]. Species delimi-
tation conducted on our dataset showed a high degree of
discordance among methods, with a majority suggest-
ing an unrealistically high number of MOTUs/potential
species (9-30) within A. torrentium (Fig. 4, Additional
file 5). While some of these MOTUs might be the result
of revealing previously undescribed diversity, others may
be the result of discovering isolated populations currently
undergoing speciation [37, 99]. However, in many cases,
it is obvious that the analyses oversplit taxa, because the
intra-specific genetic divergence for majority of these
identified MOTUs is too low to currently consider them
as distinct species (Additional file 3). Relatively high
genetic divergence (Figs. 2, 5, Additional file 3) indicates
that identified MOTUs are in the process of splitting and
may evolve into different species in the future [100]. The
single locus-based species delimitation approaches, as
ABGD, GMYC, bPTDP, are known to oversplit taxa and
their performance is sensitive to many factors such as
higher substitution rates, the number of species included,
uneven sampling, varying population sizes, level of gene
flow, the number of singletons in the input trees and
unresolved nodes [36, 37, 42, 97, 101-105]. Further, spe-
cies delimitation results inferred on single locus data are
known to reflect locus variability, as more variable loci
led to a higher number of proposed MOTUs [65]. How-
ever, the majority of these delimitations are taxonomi-
cally uninformative. Furthermore, most of these methods
have been designed for species-rich data sets [32, 106].
Performance of species delimitation approaches can
also be affected by the ratio of population sizes to spe-
cies divergence times [97]. Failure to sample interme-
diate haplotypes could also be the reason causing the
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oversplit in the phylogroup CSE, BAN and especially SB
due to incomplete geographical coverage, so further sam-
pling could help resolving this oversplitting scenario. The
higher number of MOTUs obtained by the tree-based
analyses could be a consequence of the fact that those
methods tend to overestimate the number of species and
they actually reflect genetic structure of the data showing
the population structure within the species [107]. This
could be the reason why BFD species delimitation recov-
ered GMYC as the most appropriate model for our data
set (Additional file 6), reflecting prominent substructure
within A. torrentium.

Obtained results again suggested the presence of deep
divergence within A. torrentium, harbouring monophy-
letic and geographically isolated phylogroups with their
own evolutionary trajectories. It is important to point
out that strong divergence is not necessarily dependent
on the intrinsic characteristics of a species, but could also
represent the landscape dynamics of a species habitat
[108]. Dinaric karst with fragmented palaeohydrography
created important biogeographical barriers that led to
diversification events and strong phylogeographic struc-
ture in many taxa on the Balkan Peninsula. Currently
observed distribution patterns and diversity of freshwater
biota are often connected with the geomorphological fea-
tures of this region and its geo-climatic history [70, 109,
110].

Meristics

The meristics ([22], this study Additional file 7) and
geometric morphometrics [23] could separate crayfish
belonging to different phylogroups to some extent, but
variation in studied characters, within groups, was evi-
dent. Obtained results demonstrated freshwater crayfish
plasticity and high intraspecific morphological variation
which reflects both the environmental influence and
genetic background. Our research on the morphology of
A. torrentium has not indicated sufficiently stable diag-
nostic characters that would be helpful in distinguish-
ing crayfish from different phylogroups. Hence we may
conclude that morphological traits are not conserved
among phylogenetic lineages. The lack of denticulation
on the lower edge of antennal scale (antennal exopo-
dite) was pointed out by Parvulescu [28] as among the
most important distinguishing morphological feature to
separate newly described A. bihariensis from A. torren-
tium belonging to CSE phylogroup and analysed in his
study. Contrary to this, in our study of the largest data
set analysed so far and including crayfish from all phylo-
groups but APU, we found this character variable; as the
absence of denticulation was observed in all phylogroups
(Additional file 7). Accordingly, neither can we use this
character, nor any other tested characters reliably in the
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description of a new species. At the moment, based on
the obtained results, we may conclude that observed
mtDNA/nuDNA phylogroups present cryptic subspe-
cies [111-114] that should be treated as separate ESUs
and, especially ones belonging to the NCD region, should
have conservation priority.

Conservation

Our multigene phylogenetic analyses as well as species
delimitation methods revealed that the genetic diversity
and evolutionary history of A. torrentium is complex
and intricate with an everlasting need for further study-
ing (Figs. 1, 2, 3). The geoclimatic processes have left
distinguishing signatures in the current distribution and
genetics of A. torrentium giving rise to highly divergent
phylogroups with their own independent evolution. Dis-
covered phylogroups play a fundamental role in the long-
term survival and evolution dynamics of A. torrentium.
Considering that A. torrentium shows a decreasing popu-
lation trend and is listed as vulnerable species in Croa-
tia [13], one of the most important aims of our study was
to provide a baseline for the conservation and manage-
ment of unique genetic variability found within this spe-
cies through the identification of evolutionary significant
units (ESUs). Recognition of ESUs facilitates conserva-
tion planning and management without the necessity of
formally naming new species or elevating taxa to species
level [63]. Taxonomic revision with the description of
new species must be a thoughtful process, which consid-
ers the whole genus Austropotamobius and not only the
taxons/groups within A. torrentium species-complex, so
the number of species would not be over- or underesti-
mated. Due to the incongruence between implemented
approaches, including lack of morphological characters
associated with phylogroups that would be conserved
among them (Additional file 7), we were conservative
in the inferences drawn from the analyses, and declared
phylogroups recovered both on mitochondrial and
nuclear DNA as cryptic subspecies and distinct ESUs
(ESUL=BAN, ESU2=CSE, ESU3=GK, ESU4=KOR,
ESU5=LD, ESU6=SB, ESU7=2ZV, ESU8=ZPB,
ESU9 = APU) (Additional file 8).

Geographically and genetically isolated phylogroups
represent the evolutionary legacy of A. torrentium which
is highly relevant for conservation due to their mostly
small distribution ranges and evolutionary distinctness.
Since human mediated translocation and restocking of
crayfish for repopulation are encouraged with the aim
of increasing the genetic diversity of endangered popu-
lations [115], future conservation programs should con-
sider conducting translocations and repopulations only
within the same ESU [46, 116-118].
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Furthermore, one of the fundamental issues in the
conservation of freshwater species is in maintaining
genetic diversity by defining the degree of connectiv-
ity between populations [119] and finding a balance
between outbreeding and inbreeding depression that
represent potential threat while restocking/repopulat-
ing, so future research should be focused on the study of
the genetic structure of phylogroups. Population genetic
analyses based on microsatellites can contribute to the
understanding of the degree of genetic variation within
and among populations, potentially identify management
units (MUs) and source populations for future introduc-
tions, as well as to reveal recent evolutionary changes and
possible population-level hybridisation events through
secondary contacts [46, 50, 117, 118, 120]. In addition,
cytogenetic research, next generation sequencing and
genomic approaches may advance understanding of phy-
logenetic relationships and taxonomic status of mt and
nuDNA phylogroups which, without doubt, play a pivotal
role in long term future evolution of A. torrentium.

Conclusions
Results corroborate high genetic diversity within A. for-
rentium preserved in divergent phylogenetic groups.
Because there was no congruence between imple-
mented species delimitation approaches, and we lack
establishing morphological characters conserved within
lineages, we conclude that established phylogroups,
recovered both on mitochondrial and nuclear DNA,
are cryptic subspecies and distinct evolutionary sig-
nificant units that present evolutionary legacy of A. tor-
rentium and are highly relevant for conservation due to
their mostly small distribution ranges and evolutionary
distinctness.

Methods

To accomplish our aims, we applied a multi-gene molec-
ular approach in the phylogenetic reconstructions and
several methods of species delimitation analyses, as well
as divergence time estimates using both molecular evolu-
tionary rates and geological/hydrological calibration.

Sampling, DNA extraction, gene amplification

and sequencing

Total of 279 crayfish from 63 locations from Croatia,
Slovenia and Republic of North Macedonia were sam-
pled and analysed (Fig. 1, Additional file 1). One perei-
opod from each individual was sampled and stored in
96% ethanol at 4 °C until DNA isolation. Sampling was
conducted in accordance with ethical standards and all
required permissions were obtained from Ministry of
Environmental Protection and Energy of the Repub-
lic of Croatia. The specimen collections in Slovenia and
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Republic of North Macedonia were conducted with per-
missions of local authorities.

Genomic DNA was extracted from muscle tissue using
GenElute Mammalian Genomic DNA Miniprep kit
(Sigma-Aldrich, St. Louis, MO) following the manufac-
turer’s protocol, and stored in a freezer until PCR. Mito-
chondrial COI and 16S rRNA, and nuclear ITS2 genes
were amplified and sequenced, with details provided in
the Additional file 9.

Sequence data and phylogenetic analyses

Sequences were edited using SEQUENCHER 5.4.6 (Gene
Codes Corporation, Ann Arbor, MI USA) and aligned
using MAFFT [121]. The chromatograms were checked
manually for base pair ambiguities and indications for
nuclear—mitochondrial pseudogenes (numts) as rec-
ommended by Buhay [122]. The COI alignment did not
contain any length variants or ambiguous sites, while
the sequences of the 16S rRNA cointained length vari-
ation. The ITS2 region contained length variations and
nine ambiguous sites. The final alignments were 582 and
476 bp long for COI and 16S rRNA, respectively, while
ITS2 region was 1102 bp long. Number of haplotypes,
number of polymorphic sites, and number of parsimony
informative sites for each gene alignment was calculated
using MEGA X [123] and DnaSP 6.12.03 [124].

The phylogenetic analyses encompassed a total of
1114 16S rRNA and COI genes sequences of which 642
mtDNA sequences (431 COI and 211 16S rRNA) were
downloaded from GenBank, and 472 sequences (198
COI and 274 16S) were obtained in this study (Addi-
tional file 1). The sequences were collapsed to unique
haplotypes with DnaSP 6.12.03 [124]. New haplotypes
from this study were deposited in the GenBank and will
be publicly available after manuscript acceptance. Phy-
logenetic analyses were performed on two data sets:
the first data set consisted of concatenated COI and
16S rRNA sequences, and the second data set included
only ITS2 sequences. Prior to concatenation, the incon-
gruence length difference test [125] as implemented in
PAUP* 4.0a164 [126] was applied to assess congruence
between two mitochondrial genes. There was no sig-
nificant heterogeneity amongst the partitions (P=0.78),
and the final alignment for concatenated mitochondrial
sequences was 1058 bp long. Austropotamobius pallipes
was chosen as an outgroup (GenBank accession num-
bers for COI KX369673, KX369674; and 16S rRNA:
KX370093, KX370094). Phylogenetic relationships were
reconstructed using three different optimality criteria:
maximum parsimony (MP), maximum likelihood (ML)
and Bayesian analysis (BA), with settings provided in the
Additional file 9. Nodes in the phylogenetic trees with
bootstrap values P>75 in ML and MP, and posterior
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probabilities (pp) values>0.95 in BA were considered
supported.

Haplotype networks and genetic diversity

Median-joining (MJ) network approach [127] was used
to visualise intraspecific evolutionary relationships and
haplotype relatedness within A. torrentium on concat-
enated mitochondrial data set using the PopArt [128].
Phylogenetic network using statistical parsimony was
constructed for the COI gene using the TCS 1.21 soft-
ware [129] and visualised using tcsBU [130].

Pairwise comparison of uncorrected sequence diver-
gences (p-distances) and corrected Kimura’s two-param-
eter distances (K2P) between and within phylogroups
for COI, 16S rRNA and ITS2 was performed in MEGA
X [123]. The pairwise patristic distances were computed
from the ML tree using the program PATRISTIC v1.0
[131] with the aim of comparing obtained values with the
proposed crustacean species delimitation threshold of
0.16 substitutions per site in the mitochondrial COI gene
[39].

Time of divergence

In order to estimate divergence times among mtDNA
phylogroups, concatenated data set (COI and 16S rRNA)
was used in the Bayesian statistical framework imple-
mented in BEAST 2.5.2 [132]. The analyses were run
on the Cipres Science Gateway [133]. For this purpose,
seven different calibration approaches were employed
(three molecular and four geological). Molecular clock
calibrations were based on the arthropod substitution
rate of 2.3% pairwise sequence divergence (0.0115 subs/s/
Ma/l) [134, 135], and the decapod substitution rate of
1.4% pairwise sequence divergence (0.007 subs/s/Ma/l)
[136] for COI partition along with an estimated molecu-
lar clock for the 16S rRNA partition of mtDNA data set.
In the third approch, we implemented substitution rates
according to Schubart et al. [137] with setting the mean-
Rate prior as a uniform distribution between 0.0083—
0.01165 subs/s/Ma/l for COI and 0.00325-0.0044 subs/s/
Ma/l for 16S rRNA. Following Klobucar et al. [4] we used
mid-points of these intervals (0.0099 for COI and 0.0038
for 16S rRNA) as an ucld.mean prior. For the geological
calibrations of the molecular clock, we used three previ-
ously described approaches. Firstly, we used the episode
of intense uplifting of the Dinarids [138] that caused the
split between A. pallipes and A. torrentium estimated
to~12.5 Ma and~16 Ma [for details see [4] and [61]].
TreeModel prior distribution was set to normal, with a
mean of 12.5 Ma or 16 Ma and a standard deviation of
0.5. The second approach was based on the tectonic sepa-
ration of the Apuseni Mountains (Tisza—Dacia micro-
plate) from Dinarides that, according to Parvulescu et al.
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[5], took place 16 Ma and it was used as a calibration
point for splitting between APU and other NCD phylo-
groups. TreeModel prior distribution was set to normal,
with a mean of 16 Ma and standard deviation of 0.5.
For the fourth geological calibration point, we used the
occurence of the fluvial connection between the paleo-
Danube River and paleo-Tisza River systems that took
place around 5.3 Ma [78]. That event could have enabled
the colonisation of nowadays north-eastern areal of A.
torrentium distribution. TreeModel prior distribution
was set to normal, with a mean of 5.3 Ma and standard
deviation of 0.5. Divergence time estimates were cal-
culated using relaxed molecular clock with log normal
distribution, birth—death model of speciation, independ-
ent substitution models assigned to mtDNA genes, and
run for 150,000,000 generations with details provided in
Additional file 9.

Species delimitation and validation

Application of multiple species delimitation approaches
is generally preferable comparing to reliance on a single
method [55]. Several methods of single-locus species
delimitation were conducted using: the Automatic Bar-
code Gap Discovery (ABGD) method of Puillandre et al.
[101], the General Mixed Yule Coalescent (GMYC, sin-
gle threshold algorithm) method of Pons et al. [139], the
Bayesian implementation of the Poisson Tree Processes
(bPTP) method of Zhang et al. [140] and multi-rate Pois-
son Tree Process (mPTP) method of Kapli et al. [141].
Molecular species delimitation methods generate a cer-
tain number of MOTUs and were applied only to the COI
dataset due to the largest number of available sequences
and higher variation levels compering to other markers
(e.g. 16S rRNA and ITS2).

The ABGD, genetic pairwise distances based method,
was performed using the online version of the program
[101] with default parameters and Kimura 2 param-
eter (K2P) model. Tree-based methods, such as GMYC,
bPTP and mPTP, employ a phylogenetic tree as input
for the analysis. The GMYC method was performed
using the time-calibrated ultrametric tree based on COI
gene obtained using BEAST 2.5.2, and was run using the
SPLITS package [142] in R. The same input tree was used
for both bPTP and mPTP methods [140, 141]. The details
regarding reconstruction of input tree for species delimi-
tation analyses are reported in the supplementary data
(Additional file 9). Boundaries of potential species were
also inferred by using the statistical parsimony network
reconstruction software TCS [129].

We estimated A. torrentium single-locus species trees
using *BEAST v.2.5.2 [143] with the same parameters
as for species delimitation. The COI haplotypes were
assigned into different species trees topologies according
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to the results of phylogeny and species delimitation anal-
yses (ABGD lumper and splitter partitions strategy—in
the further text ABGD lumper and splitter [144], TCS,
GMYC, bPTP, mPTP), as well as the assumption that all
crayfish belong to the same species. Bayes factor delimi-
tation (BFD) approach was applied to compare candi-
date *BEAST species tree models based on Bayes factors
(BF) [145]. Nested sampling analysis [146] was used for
the marginal likelihood estimation (MLE) of each spe-
cies tree [147] in order to calculate the BFs between two
models, with details in Additional file 9. The multi-locus
species tree was estimated using *BEAST on data set
comprising three loci (COI, 16S rRNA, ITS2) sampled
from 38 individuals representing nine phylogroups of the
stone crayfish. We imported three aligments along with
additional file with recoded gaps as matrix of binary char-
acters. *BEAST co-estimated three gene trees embed-
ded in a shared species tree and the analysis was run for
150,000,000 generations using the birth—death tree prior
and a relaxed molecular clock with an uncorrelated log-
normal distribution. Previously established substitution
models were assigned to each datasets, with A. pallipes
as outgroup. The substitution rate for COI and 16S rRNA
were set according to Schubart et al. [138] and estimated
rate for ITS2. Gene trees for mitochondrial genes were
linked, while nuclear unlinked. Species tree was visual-
ised in DensiTree v.2.2.6 [199].

Meristics

Meristic characteristics were examined under a magni-
fying glass by the same researcher. In total, 749 crayfish
collected during the period of the last 20 years, were exa-
minded and 735 were included into analyses, covering all
phylogroups except APU that was previously analysed by
Parvulescu [28] (Additional file 1, Additional file 9).

We recorded: number of spines on the ventral side of
the merus of the third maxilliped, presence and pronun-
ciation of rostral crista, and absence/presence and type of
denticulation (spines or tubercles) on the lower surface of
the antennal exopod. Additionaly, in males, shape of the
tip of the endopodit of the first and the second gonopod,
and the length of the exopodit of the second gonopod
were noted. All bilateral characters were recorded for the
right side of the body, because previous studies showed
that there are no significant differences in their distribu-
tion on the two body sides [22]. All details on studied
meristic characteristics are given in, Additional file 7,
Additional file 9.

Differences in the recorded meristic characters (ordinal
variables) between phylogroups were tested by nonpara-
metric Kruskal-Wallis ANOVA and chi-square test in
STATISTICA 13.5.
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Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/512862-020-01709-1.

Additional file 1: List of Austropotamobius torrentium, as well as Aus-
tropotamobius pallipes, Astacus astacus and Pontastacus leptodactylus
sequences used in the analyses. The information comprises the name of
the country and sampling site, mtDNA phylogroup, COI haplotype ID and
their GenBank Accession numbers, 165 haplotypte ID and their GenBank
Accession numbers, concatenated sequences ID, /752 1D and their Gen-
Bank Accession numbers and bibliographic references.

Additional file 2: TCS phylogenetic network based on Austropotamobius
torrentium COl gene.

Additional file 3: Estimates of evolutionary divergence over sequence
pairs of Austropotamobius torrentium. Range values of within and between
genetic distances of nine A. torrentium mtDNA phylogroups (ZV—Zeleni
Vir; GK—Gorski Kotar; ZPB—Zumberak, Plitvice and Bjelolasica; LD—Lika
and Dalmatia; BAN—Banovina; SB—southern Balkans; CSE—central and
southeastern Europe; APU—Apuseni) for COI, 165 rRNA and /T52. Observed
ranges of pairwise patristic distances for COl within and between the
phylogroups measured on ML tree are also provided.

Additional file 4: Estimation of divergence times based on Austropota-
mobius torrentium mitochondrial data set using three molecular clock and
four geological calibrations.

Additional file 5: Results of species delimitation analyses performed
on Austropotamobius torrentium COI dataset applying different methods
(ABGD (lumper, splitter), TCS, bPTP, mPTP and GMYC).

Additional file 6: Results of Bayes factor species delimitation (BFD) based
Austropotamobius torrentium COI dataset.

Additional file 7: Results of Austropotamobius torrentium meristic charac-
teristics analyses.

Additional file 8: Map of proposed evolutionary significant units (ESUs)/
cryptic subspecies for Austropotamobius torrentium. The map depicted in
figure was produced in ArcGIS 10.3 program package and finished in the
program package FreeHand MXa by authors of this study.

Additional file 9: Material and methods extended. The detailed informa-
tion about gene amplification and sequencing, phylogenetic reconstruc-
tion, time of divergence estimates, species delimitation and validation,
and analyses of meristic characteristics. Additional file also includes list of
used references.
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Abstract

Climate change imperils the persistence of many species essential for ecosystem functioning and services,
including European freshwater crayfish. The stone crayfish, Austropotamobius torrentium, is globally
endangered due to anthropogenic pressure on its habitats, climate change and the invasive crayfish species,
particularly the signal crayfish (Pacifastacus leniusculus). Aiming to guide A. torrentium conservation within the
hotspot of its genetic diversity in the western Balkan Peninsula, we combined population genetics and species
distribution models (SDMs) to reveal the impact of climate change and the invasive P. lenjusculus. Population
genetic analyses based on newly developed microsatellites revealed moderate within-population genetic
diversity and high differentiation among populations, reflecting isolated populations with limited gene flow.
Alongside strong genetic structuring, we discovered high level of inbreeding coefficient indicating homozygote
excess within the majority of populations. The SDMs results predicted substantial reductions of suitable
habitats for A. torrentium by 2070; 80% of its currently suitable habitat is predicted to be lost under high-
warming climate change scenario. Obtained results indicated that 44% of populations with high and/or unique
genetic diversity, including three highly divergent and geographically restricted evolutionary lineages, are
located in the areas predicted to become unsuitable in the future, highlighting their vulnerability to extinction.
Further, SDMs revealed considerable decrease of future habitat suitability for P. leniusculus, suggesting that
climate change represents greater threat to A. torrentium. Our study highlights the importance of conserving
remnant A. torrentium populations through assisted migration and population mixing that can help populations
overcome the risks of inbreeding and maladaptation, and thus enabling A. torrentium to withstand the ongoing
climate change.

Keywords

stone crayfish, population genetics, species distribution modelling, ecological niche modelling, habitat
suitability, conservation
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Introduction

Climate change is recognised as one of the leading threats to freshwater biodiversity (Markovic et al., 2014;
Dudgeon, 2019). For freshwater organisms, such as crayfish, ongoing climate change imperil populations
through rising water temperatures and altered river flow regimes due to changes in precipitation patterns and
the frequency of extreme weather events (Moss et al.,, 2009). In addition, climate change accelerates the
potential spread of non-indigenous crayfish species (NICS) and their associated pathogens (Rahel and Olden,
2008; Hulme, 2017). Narrow distribution ranges limited by watershed boundaries and preferences for higher
altitudes or habitats where their dispersal is limited enhance the indigenous crayfish species (ICS) vulnerability
to both to climate change and NICS. Given the insular nature of freshwater habitats, ICS will have limited ability
to shift their distribution towards climate suitable habitats in the future due to their low dispersal capacity and
geographic barriers (Strayer and Dudgeon, 2010). In addition, life history characteristics that include low
reproductive output and long-life span coupled with small population sizes, limit the ability of ICS populations
to respond to environmental change via local adaptation (Foden et al., 2013). In particular, recent global
assessment of freshwater crayfish vulnerability to climate change has shown that 36% of species have low
adaptive capacity and 87% can be considered as highly sensitive to climate change (Hossain et al., 2018). The
former study also highlighted that four out of five indigenous European freshwater crayfish are vulnerable to
climate change. Consequently, effective conservation plans are challenging tasks and are urgently needed for
ensuring the persistence and long-term survival of highly imperilled crayfish species under multiple threats.

The stone crayfish, Austropotamobius torrentium (Schrank, 1803), is often emphasized as one of the most
threatened freshwater crayfish species in Europe (Chucholl and Schrimpf, 2016; Maguire et al., 2018;
Parvulescu et al., 2020). It is indigenous to central and south-eastern Europe (Kouba et al., 2014), with the
centre of its genetic diversity located in the western Balkan Peninsula (Trontelj et al., 2005, Klobucar et al.,
2013; Lovrencic et al., 2020). This cold-adapted species inhabits small pristine waterbodies at higher altitudes
with great hydro-morphological heterogeneity (Streissl and Hodl, 2002; Pockl and Streissl, 2005).
Austropotamobius torrentium is a keystone species and an ecosystem engineer that influences both species
composition and trophic pathways in freshwater habitats (Weinlander and Fiireder, 2016). Due to its small size,
it was never of economic importance and there are no records of its translocations around the county,
therefore we believe that its distribution and genetic structure in Croatia is mostly natural.

Over the last decades, dramatic population declines and local extinctions have been reported throughout its
geographic range, including its diversity hotspot in Croatia (Maguire et al., 2011, 2018; Chucholl and Schrimpf
2016; Berger et al., 2018; Parvulescu et al., 2020). Observed declines are likely driven by several co-occurring
threating processes, including anthropogenic impacts on its freshwater habitats, climate change, and the
introduction of NICS (Richman et al., 2015; Jussila et al., 2021). Even though declines are observed, the
conservation status of A. torrentium remains unresolved as it is listed as “data deficient” on the global IUCN
Red List (FUreder et al., 2010). It is protected by international (Annex Ill of the Bern Convention, Annex Il and V
of the EU Habitats Directive (92/43/EEC)) and European national legislations. Following EU Habitats Directive,
A. torrentium is considered to be a priority species for which each member state needs to designate specific
Natura 2000 sites (Special Areas of Conservation, SACs). In Croatia, it is classified as vulnerable due to the
decreasing populations trends (Gottstein et al., 2011), and is protected by national legislation (NN 80/13, NN
144/2013).

Large-scale genetic studies revealed that A. torrentium harbours high genetic diversity characterised by nine
geographically and genetically isolated mitochondrial lineages (Lovrenci¢ et al., 2020). Seven of these divergent
lineages are distributed in the western Balkan Peninsula, and six of them have highly restricted distributions
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within the northern-central Dinaric region in Croatia (Trontelj et al., 2005; Klobucar et al., 2013; Lovrenci¢ et al.,
2020). Each of these mitochondrial lineages is recognised as distinct evolutionary significant unit (ESU)
requiring conservation prioritisation due to their genetic distinctiveness and limited distributions (Coates et al.,
2018; Lovrenci¢ et al., 2020). In contrast, more widespread central European populations of A. torrentium
belong to a single lineage with low haplotype diversity (Schubart and Huber, 2006; Petrusek et al., 2017; Berger
et al., 2018; Parvulescu et al., 2020).

In the context of declining populations, small population size can result in the loss of genetic variation and the
adaptive potential of the species overall, and is one of the core issues in conservation biology. Both inbreeding
and drift reduce genetic diversity in small populations, which limits the capacities of populations to adapt to
rapidly changing environments, lowers fertility, decreases disease resistance and increases the risk of local
population extinction (Frankham et al., 1996 and 2005; Lande et al., 1996; Reed et al., 2003; Smith et al., 2006).
Since loss of intraspecific genetic diversity associated with declining population trends directly impacts species'
long-term survival, protection of genetically unique lineages of A. torrentium is a priority for maintaining the
overall adaptive capacity of this species (Frankham et al.,, 2002; Lovrenci¢ et al., 2020). Furthermore,
conservation planning requires a detailed understanding of intraspecific genetic diversity both within and
among populations. In this regard, microsatellite markers are recognised as a valuable tool in studying
population genetics and conservation biology of imperilled species (Abdul-Muneer, 2014). However, due to
relatively low number of usable loci available from previous studies of A. torrentium genetic diversity (lorgu et
al., 2011; Vorburger et al., 2014; Berger et al., 2018; Parvulescu et al., 2020), the need for the development of
new microsatellite loci for conservation genetic purposes of A. torrentium was identified as a priority.

NICS and their pathogens are one of the major threats to ICS (Holdich et al., 2009). NICS represent major global
change drivers that can alter biodiversity and ecosystem functioning (Linders et al., 2019) due to transforming
the structure and species composition of ecosystems by dominating and supressing or excluding native species
(Souty-Grosset et al., 2016). Furthermore, NICS displace ICS through transmission of deadly diseases such as
crayfish plague caused by the pathogenic oomycete Aphanomyces astaci to which they are relatively resistant
(Jussila et al., 2021). This alien pathogen is known to cause devastating mass mortalities and numerous
population collapses in all native European crayfish species (Grandjean et al., 2017; Jussila et al., 2021). Three
NICS are currently present in Croatia: the marbled crayfish Procambarus virginalis, the spiny-cheek crayfish
Faxonius limosus and the signal crayfish Pacifastacus leniusculus (Maguire et al., 2018). With the exception of P.
virginalis, with a distribution limited to one local population, P. leniusculus and F. limosus have expanded their
ranges over the last two decades, and continue to spread successfully in Croatian freshwater ecosystems
(Maguire et al., 2018; Dragicevi¢ et al., 2020). Moreover, apart from different competitive advantages, NICS
success may be enhanced by a superior ability to adapt to climate change (Linders et al., 2019).

The most problematic invasive competitor for the A. torrentium is P. leniusculus, one of the most successful
crayfish invaders in Europe (Ercoli et al., 2021), and most widespread NICS in Croatia (Dragicevic et al., 2020). It
is distributed in the continental part of the country, including the Mura, Drava, and Korana Rivers, which
together with their tributaries host three ICS (Astacus astacus, A. torrentium and Pontastacus leptodactylus)
(Maguire et al., 2018; Dragicevi¢ et al., 2020). In other countries, P. leniusculus also poses a high threat to other
ICS (Chucholl, 2016; Préau et al., 2019; Jussila et al., 2021). For example, in Germany, among the six invasive
NICS, P. leniusculus was found to have the highest habitat overlap with the local ICS, including A. torrentium
(Chucholl, 2016). Likewise, the signal crayfish has been shown to have significant impact on the populations of
the endangered Austropotamobius pallipes in France due to equivalent niches of these two species (Préau et
al.,, 2019), however, up to our knowledge, no similar information on niche quantification exists for P.
leniusculus in relation to A. torrentium.
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Species distribution models (SDMs) have become increasingly useful tools to assess the impact of climate
change on species of conservation concern (Guisan and Thuiller, 2005; Guisan et al., 2013; Araujo et al., 2019;
Casazza et al., 2021; Zhang et al., 2020). They have become an important component of conservation planning
as they link science to policy and decision making processes (Araujo et al., 2019; Randin et al., 2020; Taheri et
al., 2021; Blair et al., 2022). For example, SDMs can be useful to identify areas of habitat suitability where
populations can be maintained in the future and can thus serve as climate refugia (“ark sites”), as well as to
identify sites or drainages that are at risk from invasive species (Jiménez-Valverde et al., 2011; Briscoe et al.,
2016) or potential alien invasive species-free refugia for endangered species (Johovic et al. 2020). Also, SDMs
represents a valuable tool for selection of suitable habitats for the purpose of assisted migration or
translocation of species of conservation significance (Guisan et al., 2013). Several studies, using SDMs for
crayfish conservation, have already emphasised the vulnerability of European crayfish by predicting the
extreme loss of suitable habitats due to climate change and increased interactions with NICS (Capinha et al.,
2013; Ghia et al., 2013; Chucholl et al., 2016 and 2017; Piyapong et al., 2020; Préau et al., 2019; Lovrencic¢ et al.,
2022).

Since maintenance of genetic diversity of an indigenous crayfish is considered a cornerstone of species
conservation, we here combined population genetics and SDMs to provide a baseline for design of the future
conservation strategies for A. torrentium under climate change. The specific aims of our study were: (1) to
understand the genetic diversity and population structure of A. torrentium within its diversity hotspot in
Croatia using a set of newly developed microsatellite markers; (2) to assess potential current and future habitat
suitability of indigenous A. torrentium in relation to its standing genetic variation and currently designated
Natura 2000 sites in Croatia, as well as in relation to potential current and future distribution of invasive P.
leniusculus under different climate change scenarios; (3) to quantify niche overlap between A. torrentium and
P. leniusculus. We anticipate that our results will enable the identification of populations and areas of the
highest conservation value and priority for protection of A. torrentium under ongoing climate change and NICS
threats. As such the results will provide valuable information for the development of appropriate conservation
and management plans for A. torrentium including the hotspot of its unique genetic diversity.

Materials and methods
Sample collection and DNA isolation

Austropotamobius torrentium samples were collected throughout its distributional range in Croatia (Fig. 1,
Table 1) for population genetic analysis from natural habitats. A total of 422 specimens were collected from 16
localities that were carefully chosen to represent all seven previously identified ESUs in Croatia: Banovina
(BAN), central and south-eastern Europe (CSE), Gorski Kotar (GK), Kordun (KOR), Lika and Dalmatia (LD), Zeleni
Vir (ZV), Zumberak, Plitvice and Bjelolasica (ZPB), (Lovrenci¢ et al., 2020) (Fig. 1). Crayfish were collected by
hand or baited traps, along approximately 100m of shoreline, in accordance with ethical standards and the
approval of local authorities. Tissue samples were obtained non-destructively by taking a pereopod from each
individual (stored in 96% ethanol), enabling the crayfish to be returned to the water. Genomic DNA was
extracted from the pereopod muscle tissue with GenElute Mammalian Genomic DNA Miniprep kit (Sigma-
Aldrich, St. Louis, MO) following the manufacturer’s protocol, and stored at -20 °C.
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Figure 1 Geographical locations of the studied Austropotamobius torrentium populations. Colours depict
populations affiliation to specific Evolutionarily Significant Unit (ESU) of A. torrentium sensu Lovrenci¢ et al.
(2020): green - Banovina (BAN), gray - central and south-eastern Europe (CSE), blue - Gorski Kotar (GK),
turquoise blue - Kordun (KOR), purple - Lika and Dalmatia (LD), red - Zeleni Vir (ZV), orange - Zumberak, Plitvice
and Bjelolasica (ZPB).

Table 1. Genetic diversity within populations of Austropotamobius torrentium. Pop. — population, Pop. Abb. —
population abbreviation, ESU - Evolutionarily Significant Unit sensu Lovrenci¢ et al. (2020), ESU Abb. —
Evolutionarily Significant Unit abbreviation, N — sample size, P - proportion of polymorphic loci, N, — average
number of alleles/locus, A - allelic richness, Apz - private alleles with rarefied private allele frequency in
parentheses, UH¢ - unbiased expected heterozygosity, Ho - observed heterozygosity, Fis - inbreeding coefficient
and Puwe - probability of deviation from Hardy-Weinberg equilibrium after Bonferroni adjustments (not
significant (ns) or significant (*)).

Pop. Pop. Abb. ESU ESUAbb. N P Na Aq Aor uH  Ho Fis Piwe
Bruéina BRU Banovina BAN 31 1.00 475 3.62 1(0.40) 0.551 0.473 0.144 ns
Maja MAJ Banovina BAN 30 1.00 413 319 1(1.12) 0456 0313 0.317* *
BAN average 1.00 444 341 1(0.76) 0.504 0.393 0.231
Bliznec BLI Central and South-eastern Europe CSE 29 1.00 413 3.48 5(2.72) 0.524 0.431 0.180* ns
Jarak (Stojdraga) JAS Central and South-eastern Europe CSE 21 1.00 388 290 3(1.12) 0.362 0.351 0.032 ns
Okiénica OKI Central and South-eastern Europe CSE 32 1.00 5.00 3.84 5(2.88) 0.543 0.440 0.193* *
Dolje Dou Central and South-eastern Europe CSE 31 1.00 450 3.86 2(2.08) 0.595 0.465 0.221* *
CSE average 1.00 438 3.52 4(2.24) 0.506 0.422 0.157
Delnicki Potok DEL Gorski Kotar GK 29 0.75 275 250 0(0.64) 0.393 0.349 0.113 *
Vele Vode VEL Gorski Kotar GK 31 0.88 3.13 249 0(0.24) 0.344 0363 -0.055 ns
GK average 081 294 249 0(0.44) 0369 0356 0.029
Zrvnica ZRN Kordun KOR average 11  0.88 3.88 3.79 3(2.80) 0.585 0.455 0.232* ns
Krasulja KRA Lika and Dalmatia LD 30 0.88 3.13 272 0(0.64) 0.454 0.434 0.045 ns
Orasnica ORA Lika and Dalmatia LD 33 0.88 325 253 0(0.80) 0.307 0.227 0.262* *
Prijeboj PRI Lika and Dalmatia LD 24 1.00 350 311 0(0.08) 0.532 0485 0.090 *
LD average 092 329 279 0(0.51) 0431 0382 0.132
Zeleni Vir yAY) Zeleni Vir ZV average 29 1.00 450 3.89 10(8.00) 0.584 0.402 0.316* *
Jarak (Sosice) JAR Zumberak, Plitvice and Bjelolasica  ZPB 10 0.75 238 232 0(0.08) 0307 0325 -0.061 ns
Sartuk SAR Zumberak, Plitvice and Bjelolasica  ZPB 27 088 288 260 1(1.52) 0.457 0315 0.315* *
Sopotski slap SOP Zumberak, Plitvice and Bjelolasica  ZPB 24 0.75 2.63 2.18 2(0.88) 0.262 0.058 0.782* *
ZpPB average 0.79 2.63 2.37 1(0.83) 0.342 0.233 0.345
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Development of novel microsatellite markers in A. torrentium suitable for population genetics
Partial genome sequencing

For the purpose of development of novel microsatellite markers approximately 1 pg of genomic DNA was
extracted from a crayfish muscle sample using DNAeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). The
purified genomic DNA was quantified with Qubit HS (Invitrogen, USA) and normalized to 2 ng/uL and
subsequently processed using Nextera-based library preparation (Illumina, San Diego, CA) following the
manufacturer’s instructions. Quantification and size estimation of the library was performed on a Bioanalyzer
2100 High Sensitivity DNA chip (Agilent, Santa Clara, CA). Next, the library was normalized to 2 nM and
sequenced on a MiSeq Benchtop Sequencer (2 x 250 bp paired-end reads) (lllumina, USA at the Monash
University Malaysia Genomics Facility). The reads were assembled de novo into contigs using IDBA-UD (—mink
31 —maxk 251 setting) (Peng et al. 2012).

Detection of microsatellite motifs and initial testing of loci for amplification success and polymorphism

The open-source QDD version 3 (Meglécz et al., 2014) was used to identify contigs possessing microsatellite
motifs as well as to design primer pairs suitable for the amplification of these loci. Primers were subsequently
filtered based on suggestions by the authors of the software (Meglécz et al., 2014). A selection of contigs
including di-, tri-, and tetra-nucleotide repeats were used for subsequent analysis. As a result, a total of 35
primer pairs were selected and initially tested for amplification success and presence of polymorphism in seven
individuals of A. torrentium (each specimen representing one ESU present in Croatia). Forward primers were
designed with a 19 bp M13-tail that was labelled during the PCR reaction using a universal fluorescently (either
6-FAM, NED, PET or VIC) labelled M13 primer (CACGACGTTGTAAAACGAC). Additionally, previously published
species-specific microsatellite loci from Vorburger et al. (2014) (AT1, AT9, AT22, AT37) and Berger et al. (2018)
(ATOR37) were included. Furthermore, six microsatellite loci (Aas5, Aas6, Aas3040, AP1, AP6 and Aitali3),
designed for closely related crayfish species (A. astacus, Austropotamobius pallipes, Austropotamobius italicus),
were suitable for cross-amplification (lorgu et al., 2011; Vorburger et al., 2014; Berger et al., 2018) and were
tested for polymorphism in A. torrentium. The PCR reaction (10 pl) contained 1x GoTag® Colorless Master Mix
(Promega), 75 nM of forward primer, 300 nM of reverse primer, 300 nM of M13, and ~10-50 ng of DNA
template. Touchdown program was used for PCR amplification: initial activation of 3 min at 95 °C, followed by
20 cycles of 30 s at 95 °C, 90 s at 60 °C, 30 s at 72 °C, with the annealing temperature decreasing 0.5 °C per
cycle, followed by 12 cycles of 30 s at 95 °C, 90 s at 50 °C, 30 s at 72 °C and a final extension for 30 min at 60 °C.
Electrophoresis was performed in Macrogen, Inc. (Seoul, South Korea), while the length of fragments was
determined using internal GeneScan 600 LIZ Size Standard and software GeneMapper v.4 (Life Technologies,
USA).

Selection of the suitable microsatellite markers for population genetics of A. torrentium

From the initially tested microsatellite loci, eight polymorphic microsatellite markers were selected for
population genetic studies of A. torrentium: ATM57, ATM78, ATM79, ATM64, AT1, AT37, ATOR37 and Aas3040.
Details on these primers are provided in Supplement Table S1. The PCR reactions and touchdown program
were used for PCR amplification as described above. Selected primers were split into two sets for avoiding the
overlap of the allele size ranges: (set 1) ATM57, ATM64, ATM78 and ATM79, and (set Il) AT1, AT37, ATOR37 and
Aas3040. Single PCR reactions for the same individual were performed for each primer pair, and the PCR
products of the same set consisting four primer pairs (labelled with four different fluorescent dyes) were then
pooled together. Genotyping was performed by capillary electrophoresis using Macrogen, Inc. (Seoul, South
Korea). Raw alleles were scored manually in two independent scorings using GeneMapper v.4.0 (Life
Technologies, USA) and allele sizes were binned with TANDEM v.1.08 (Matschiner and Salzburger, 2009).
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Pairwise linkage disequilibrium (LD) was investigated for all pairs of loci using GENEPOP v.4.7.2 (Rousset, 2008),
and significance levels were adjusted for multiple comparisons by applying Bonferroni correction.
Microsatellite loci were assessed for potential presence of genotyping errors due to scoring of null alleles,
stuttering and large allele dropout using MICRO-CHECKER v.2.2 (Van Oosterhout et al., 2004). Null allele
frequencies based on the expectation-maximization (EM) algorithm (Dempster et al., 1997) were estimated
using FreeNA (Chapuis and Estoup, 2007) with the ENA method and a number of bootstrap replicates fixed to
10,000. The estimations of Fs;, with and without null allele correction, were compared for each population
using t-test in STATISTICA v.13 (StatSoft. Inc).

Population genetic diversity

The within-population genetic diversity was described by calculating the percentage of polymorphic loci (P),
mean number of alleles (N,), observed heterozygosity (Ho), unbiased expected heterozygosity (Hg) inferred
using GenAlEx v.6.51 (Peakall and Smouse, 2012), and allelic richness (Ag) which was calculated and corrected
for sample size by rarefaction using FSTAT v.2.9 (Goudet, 2003). Private alleles (Apz) were identified using
GenAlEx, while the private allele frequency was corrected for sample size in HPRARE (Kalinowski, 2005), and
multiplied by number of used loci. The inbreeding coefficient, Fis, was calculated for each population in FSTAT,
with significance assessed using 1,000 permutations. Deviations from the Hardy-Weinberg equilibrium (HWE)
for each population across all loci were estimated using GENEPOP v.4.7 (Rousset, 2008). Probability tests were
based on the Markov chain algorithm using 10,000 dememorization steps, 100 batches and 5,000 iterations per
batch, while significance levels were adjusted for multiple comparisons by applying the Bonferroni correction.
Genetic signatures of demographic contraction and recent bottlenecks were assessed using the heterozygote
excess and the mode-shift tests, both implemented in BOTTLENECK v.1.2 (Piry et al., 1999) under three
different mutational models (infinite allele model, stepwise mutation model and two-phase model). Significant
deviations from mutational-drift equilibrium were tested using the Wilcoxon sign rank test with 10,000
simulations, and the distribution of allele frequency classes was examined for a deviation from the normal L-
shaped distribution (Luikart et al., 1998).

Genetic differentiation and population structure

Levels of genetic differentiation between population pairs were estimated by pairwise comparisons of Fs;
values using FSTAT, and evaluated using 1,000 permutations. The analysis of molecular variance (AMOVA) was
used to partition the total genetic variance among ESUs, among populations within ESU and within population
in ARLEQUIN v.3.5 (Excoffier and Lischer, 2010). Population genetic structure and assignment of individuals into
genetic clusters was inferred using Bayesian model-based clustering method as implemented in STRUCTURE
v.2.3 (Pritchard et al., 2000) and model-free Discriminant Analysis of Principle Components (DAPC) (Jombart et
al., 2010). For STRUCTURE, the conditions performed were 10 runs for each genetic cluster (K) between 1 and
16 with a 100,000 burn-in period followed by 100,000 Markov Chain Monte Carlo iterations, using correlated
allele frequencies under a straight admixture model. The best value of K that fits our data was determined
using the Evanno method (AK method; Evanno et al., 2005) as implemented in STRUCTURE HARVESTER (Earl
and von Holdt, 2012). STRUCTURE graphical results were plotted with CLUMPAK (Kopelman et al., 2015). The
DAPC, which is a model-free approach that does not use a priori geographical assumptions on sample origins,
was carried out using the dapc function of the ‘adegenet’ package (Jombart, 2008) in the R statistical package
(http://www.R-project.org/). The number of clusters within the data set (K) was selected using the find.clusters
function and Bayesian information criterion (BIC). The chosen number of K was based on the minimum number
of clusters after which the BIC decreased by a negligible amount. Genetic relationships among populations
were estimated via pairwise D, genetic distances and visualised using Principal Coordinate Analysis (PCoA)
implemented in GenAlEx and as an unrooted neighbour-joining dendrogram in POPULATIONS v.1.2 (Langella,
1999).
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Species distribution models (SDMs)
Species occurrence and environmental data

We obtained the known occurrence data for A. torrentium and for NICS P. lenijusculus from literature and our
field surveys. In total, we compiled 124 occurrences for A. torrentium and 17 for P. leniusculus used as
modelling inputs. We considered a combination of seven bioclimatic and two topographic variables as
environmental predictors for our SDMs (Table 2). The bioclimatic variables were obtained from the WorldClim
1.4 database (Hijmans et al., 2005), while altitude and slope were derived from a digital elevation model from
the NASA Shuttle Radar Topography Mission (SRTM) data (Farr et al., 2007). All variables were used at a
resolution of 30 arc-s (~1 km). Environmental predictors were selected based on our expert knowledge about
their potential relevance for the ecology of the focal species, influencing their eco-physiology and distribution,
as well as based on previously published literature using SDMs for crayfish (Chucholl, 2017; Lovrenci¢ et al.,
2022). In addition, our selection was guided to avoid multicollinearity between the predictors, thus we
removed variables with variance inflation factor VIF >10 using the R package usdm (Naimi, 2014; 2015).

Table 2 Environmental predictor variables used for building SDMs of A. torrentium and P. leniusculus.

Variable Variable description (unit) Reference

bio2 Mean Diurnal Range (°C) Hijmans et al., 2005

bio4 Temperature Seasonality (SD x100) Hijmans et al., 2005

bio5 Max Temperature of Warmest Month (°C) Hijmans et al., 2005

biol4 Precipitation of Driest Month (mm) Hijmans et al., 2005

biol5 Precipitation Seasonality (CV) Hijmans et al., 2005

biol8 Precipitation of Warmest Quarter (mm) Hijmans et al., 2005

biol9 Precipitation of Coldest Quarter (mm) Hijmans et al., 2005

alt Altitude (m) https://www2.jpl.nasa.gov/srtm
slope Slope derived from altitude (%) https://www?2.jpl.nasa.gov/srtm

Modelling approach and habitat suitability changes

Species distribution models for each species were built using three commonly-used modelling techniques
(Random Forest—RF, Generalized Boosted Model—GBM and Maximum Entropy—Maxent) implemented in the
R package BIOMOD?2 v 3.3.7 (Thuiller et al., 2009; 2016). We sampled 10,000 random pseudo-absences across
the study area as background data for modelling techniques that require absences (Barbet-Massin et al., 2012).
For each method, we generated 10 replicates and, in each run, 70% of the initial occurrences were used for
model calibration, and the remaining 30% for model evaluation. Model performance was evaluated using the
area under the receiver operating characteristic curve (AUC) (Hanley and McNeil, 1982) following the values
proposed by Araujo et al. (2005). Resulting SDMs from different model techniques and runs were assembled
into the current ensemble model based on AUC weighted average and including only highly reliable models
with AUC > 0.9 (Thuiller et al., 2009).

The obtained current ensemble model was projected under both current and future environmental conditions
to obtain potential habitat suitability maps for each species. For the future projections, we used the same set
of environmental predictors and two representative concentration pathways (RCPs) describing moderate and
pessimistic potential future emission scenarios for the 2070-time horizon (2061-2080 average): RCP 4.5 and
RCP 8.5, respectively. Future projections of habitat suitability were based on four different general circulation
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models (GCMs) shown to be suitable for Europe (CCSM4, MIROCS5, MPI-ESM-LR and HadGEM2-CC; McSweeney
et al. 2015). Different modelling techniques, RCPs and GCMs projections were chosen to account for known
uncertainties in the modelling process (Aradjo and New, 2007; Thuiller et al., 2019). To obtain a consensus
future prediction of habitat suitability for each RCP, we averaged the SDM projections arising from the four
different GCMs.

In order to have comparable predictions between the two species and across time periods, habitat suitability
values were shown on the scale between 0 (unsuitable) to 1 (high suitability). Aiming to estimate changes in
habitat suitability between current and future conditions posed by climate change, we first converted
continuous habitat suitability outputs into binary presence-absence predictions using the conservative
minimum training presence (MTP) threshold. This threshold presents the lowest predicted habitat suitability
value associated with any of the occurrences used in the model calibration, thus predicting all known species
observations as present (Pearson et al., 2007). To gain a more specific view of the climate change threat to
endangered A. torrentium, we calculated overall habitat suitability changes between current and future, as well
as habitat suitability changes within the currently designated Natura 2000 sites for this species in Croatia.
Finally, to estimate the impacts of climate change on genetic variation of the focal species, we overlaid genetic
variation data of A. torrentium with its potential current and future suitable areas. In addition, current and
future habitat suitability of A. torrentium were estimated in relation to potential current and future distribution
of invasive P. leniusculus.

Niche comparison between the indigenous A. torrentium and invasive P. leniusculus

We compared and quantified the niche overlap between the two crayfish species within the shared available
environmental space in Croatia using the PCA-env approach and procedures implemented in the R package
ecospat (Broennimann et al.,, 2012; Di Cola et al.,, 2017). For this purpose, we used the same species’
occurrences and environmental variables as for our SDMs. Briefly, species occurrences were transformed into
densities by kernel smoother and the niche overlap was then calculated in a gridded available environmental
space (here 1,000x1,000 grid) summarized by the first two PCA axes (Broennimann et al., 2012). We used the
Schoener’s D as niche overlap metrics which ranges from 0 (no overlap) to 1 (complete overlap) (Warren et al.,
2008). Finally, we carried out tests of niche equivalency and similarity to test whether two niches of the native
and invasive crayfish species in Croatia are equivalent (identical) and/or more similar than expected by chance
(we used the alternative “greater” in the similarity test to specifically test for niche conservatism) (for details
see Warren et al., 2008 and Di Cola et al., 2017). In both tests, the observed D value was compared to the
simulated null distribution of D values obtained by 1,000 replications to assess the significance.

Results
Amplification success and polymorphism of microsatellite loci in A. torrentium

From the total of 35 newly developed markers that were selected for initial testing, 11 amplified successfully,
but only four (ATM57, ATM78, ATM79, ATM64) were polymorphic among the seven tested A. torrentium
individuals. Three previously published markers for this species (AT1, AT37, ATOR37) were also found suitable
based on these individuals. Markers from closely related species applied to A. torrentium were unsuccessful,
with the exception of one locus (Aas3040) from A. astacus that cross-amplified and was polymorphic.
Therefore, we used a set of eight polymorphic microsatellites: ATM57, ATM78, ATM79, ATM64, AT1, AT37,
ATOR37, and Aas3040.

No signs of genotyping error due to stuttering or large allele dropout were observed across loci. A total of 114
alleles were observed across all loci with the number of alleles per locus ranged from 7 (ATM78, ATM79) to 22
(ATM57, AT37), and the Hq varied from 0.194 (ATOR37) to 0.571 (AT37) (Table S1). Linkage disequilibrium was
found in three out of 28 pairwise comparisons of loci after Bonferroni corrections. Estimated null allele

9



349
350
351
352
353
354
355
356

357

358
359
360
361
362
363
364
365
366
367
368
369
370
371

372
373
374
375
376
377

378

379
380
381
382
383
384
385

386
387
388
389
390
391

frequencies were mostly low, ranging from 0.00001 (12 combinations) to 0.39 (ATOR37 in population SAR)
(Table S1). Two loci (AT1 and ATOR37) exhibited a high null allele frequency, > 0.2, according to Chapuis and
Estoup (2007). Omitting those two loci from analyses did not have any substantial effect on the results (data
not shown). The Fs; values increased slightly when recalculated using adjusted allele frequencies, but no
significant differences were observed between uncorrected Fs; values and Fs; values corrected for null alleles
(t-test, p=0.2). Also, the FreeNA analysis, after applying the ENA correction, indicated that potential bias on
average Fsr calculations caused by null alleles was minor (global Fs; with correction for null alleles = 0.442).
Therefore, all loci were included in further population structure analyses.

Population genetic diversity

The summary statistics of the genetic diversity indices for studied A. torrentium populations is shown in Table
1. Over all, the microsatellite markers showed a moderate level of polymorphism (Table 1). The N, ranged from
2.38 (JAR) to 5.00 (OKI), and Ag from 2.18 (SOP) to 3.89 (ZV). Total number of Apz was 33, whereas rarefied
number of Apg ranged from 0.08 (JAR, PRI) to 7.68 (ZV). The greater number of Apz was observed in populations
ZV, ZRN, BLI, OKI, while the lower number was found in populations DEL, JAR, KRA, ORA, PRI, SOP and VEL
(Table 1). The Hp ranged from 0.058 (SOP) to 0.485 (PRI), and the He from 0.262 (SOP) to 0.595 (DOLJ). The
multilocus F;s per population was high in the majority of populations (Fis ranging between -0.061 in JAR to
0.782 in SOP), indicating homozygote excess/heterozygote deficit. Significant deviation from Hardy-Weinberg
equilibrium was observed in nine populations, and was accompanied by null alleles and positive Fs values,
indicating the existence of a heterozygote deficit/homozygote excess. Bottleneck analysis did not reveal
consistent signs for recent contraction of population size according to the three mutational models tested
(Table S2). Moreover, no recent bottlenecks were detected for any population as suggested by the L-shape
graph that shows a characteristic L-shape distribution (alleles with low frequency are the most numerous)
(Figure S1).

Genetic diversity, expressed as the P, N, Az and Hp was, on the average, higher in the populations from the
ESUs BAN, CSE, KOR and zV, than in the ESUs GK, LD, and ZPB (Table 1). Overall, the most variable populations
were BRU from BAN; BLI, OKI, DOLJ from CSE; ZRN from KOR; PRI from LD; and ZV from ZV, while the least
variable populations were DEL from GK, ORA from LD, JAR, SAR, SOP from ZPB. The highest private allelic
richness was found in the ESU ZV, followed by KOR and CSE, while the lowest private allelic richness was
indicated for the BAN, GK, LD and ZPB.

Genetic differentiation and population structure

Genetic differentiation among 16 studied populations showed high level of genetic differentiation (global Fs; =
0.463, p < 0.001 for all pairs), with pairwise Fs; values ranging from 0.078 (between populations MAJ and BRU)
to 0.689 (between populations ORA and SOP) (Table S3). As expected, lower Fs; values were recorded between
populations within the same ESU, while higher Fs; were found between populations belonging to different
ESUs. The results of the analysis of molecular variance (AMOVA) indicated that the majority of genetic variation
occurs among crayfish within populations (49.10%), followed by the variance among the ESUs (36.08%), and
variance among populations within the same ESU (14.82%) (Table S4).

The Bayesian clustering analysis performed in STRUCTURE revealed that the individuals from 16 populations
grouped into eight distinct genetic clusters encompassing following populations (AK = 8): 1) BRU, MAJ; 2) BLI,
JAS, OKI, DOLJ; 3) VEL, DEL; 4) ZRN; 5) KRA, ORA, PRI; 6) ZV; 7) JAR, SAR, SOP; 8) several individuals from DOLJ
and OKI (Figure 2, Figure S2). All individuals were well partitioned into the eight clusters according to their
assignment probabilities, showing good separation among individuals from distinct ESUs (Figure 2). Precisely,
populations from the same ESU constitute the same genetic cluster, with a minimal amount of admixture
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present. The population ORA exhibited a minor proportion of ancestry from the genetic cluster 1 (ESU BAN).
Moreover, both populations, ORA and PRI, included several individuals presenting a genetic profile
characteristic of population from cluster 4 (ESU KOR). The DAPC analysis resulted in the relatively congruent
assignment of individuals according to their affiliation to the same ESU; the proposed number of clusters for
the DAPC was eight (Figure 2, Figure S3). Furthermore, individuals from the ESUs GK, ZV, CSE and ZPB were
more separated than others that clustered closely together (ESUs LD, BAN and KOR). LD was split into two
genetic subclusters, placed closely together. The majority of the genetic structure in DAPC was captured in the
first two principal components (scree plot of the eigenvalues, Figure 2). Structure in the distribution of genetic
variation was also depicted by the Principal Coordinates Analysis (PCoA) (Figure 2), where the PCol axis
accounted for 45.17%, the PCo2 axis accounted for 20.79%, and the PCo3 axis accounted for 10.93% of the
variation in the data. PCol separated population belonging to ESUs LD, KOR and BAN from the populations
belonging to CSE, GK, ZV and ZPB. PCo2 separated populations from the ZPB and ZV from the rest of the
populations. PCo3 additionally separated GK and CSE. As observed for Bayesian analysis, PCoA and NJ
dendrogram provided good resolution of spatial population relationships reflecting their affiliation to the same
ESU and relatively high level of differentiation.
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Figure 2 (a) Genetic structure of the 16 studied Austropotamobius torrentium populations based on 8
microsatellites inferred by STRUCTURE with the suggested K = 8 clusters. (b) DAPC scatterplot of the first two
principal components for genetic clusters of Austropotamobius torrentium (K = 8). Clusters are represented by
distinguishable colors and numbers (1-ZPB; 2,7-LD; 3-ZV; 4-GK; 5-BAN; 6-KOR; 8-CSE). The inset shows the
discriminant analysis (DA) eigenvalue. (c) PCoA scatterplot of the first three coordinates. (d) Neighbour-joining
dendrogram based on D, distances. For details on populations (geographical location, sample size, ESU) see
Figure 1 and Table 1. Colours depict populations’ affiliation to evolutionarily significant unit (ESU) of A.
torrentium sensu Lovrenci¢ et al. (2020).

Predicted changes between current and future suitable habitat
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Model performance metrics indicated excellent performance across methods and runs for both species, with
AUC ranging from 0.931 to 0.991 (mean 0.986 * 0.013) for A. torrentium and from 0.886 to 0.99 (mean 0.983 +
0.032) for P. leniusculus. The current ensemble model for A. torrentium and P. leniusculus had an AUC of 0.998
and 0.999, respectively.

According to our ensemble model predictions under current conditions, highly suitable areas for A. torrentium
agreed well with the known distribution of this species in the study area and mainly occurred in the north-west
of the country, roughly corresponding to the Alpine biogeographical region in Croatia, while in the Continental
biogeographical region they corresponded to areas of higher altitudes (Figure 3a). Under current projection,
3,700 km” are covered with Natura 2000 sites designated for A. torrentium (Figure S4a). Future projections
under both climate change scenarios (RCP4.5 and RCP8.5) suggested that this endangered crayfish species may
experience a drastic decrease of its potential suitable habitat in the study area, as well as displacement of the
suitable habitat towards north-west, outside of its currently designated Natura 2000 sites (Figure 3b,c). In
particular, when we quantified the changes in suitable habitat for A. torrentium between current and future
binary ensemble predictions, 57% of its total currently suitable area is predicted to be lost by the 2070 under
the moderate RCP4.5, and 80% under pessimistic RCP8.5 scenarios, while only 43% and 20% is predicted to
remain stable, respectively (Figure 4a, Figure S5). Predicted decline of suitable habitat was, however, less
pronounced within the designated Natura 2000 sites. When we compared the relative proportional change in
size of the suitable habitat residing within these Natura 2000 sites, no change is predicted under RCP4.5;
however, 40% of the currently suitable habitat is predicted to remain stable and 60% is predicted to be lost in
the future under RCP8.5 scenario (Figure S4b,c). In addition, following our predictions, four out of 16 (25%)
investigated populations and 23% of all currently known occurrences fall within the areas predicted to become
unsuitable in the future under the RCP4.5. Under pessimistic RCP8.5 scenario, seven out of 16 (44%) studied
populations, namely BRU, MAJ, ZRN, KRA, ORA, PRI and SAR, as well as 65% of known occurrences are
predicted to be lost (Figure 3c, Figure 4a). This suggests that some of the populations with the highest genetic
diversity and three unique ESUs (BAN, KOR and LD) may be lost in the future (Figure 3c, Figure 4a).

For invasive P. leniusculus areas of suitable habitat were predicted mainly in the Continental biogeographical
region of the country along the Drava and Sava Rivers, as well as along the Kupa River (Figure 3d). Currently,
the two crayfish species overlap their potential geographic distributions in the area of the Kupa and Korana
Rivers (Figure 4b). Although the extent of the potentially suitable habitat for P. leniusculus remains relatively
similar under both future projections (Figure 3e,f), habitat suitability values were predicted to decrease,
indicating lower probability of NICS occurrence. Thus, our future predictions did not identify any areas of
overlap between indigenous A. torrentium and invasive P. leniusculus when continuous habitat suitability
projections were converted into binary using the MTP thresholds.

12



450

451
452
453
454
455
456

A. torrentium P leniusculus

Current

@ A. torrentium occurrences

N 7 J/,. o
Habitat suitability - : Habitat suitability
1 (high) =t o 1 (high)
- 02550 100 -
- — km 0 (low)
- i

@ A. torrentium occurrences @ P, leniusculus occurrences

2070 RCP 4.5

==
Lk

, L
02550 100
——

(9}

o 0]

o

o

M~ . .

o . 0.325

N : EZE ® 03250402

@ 0402-0454 s

O ek 02550 100
©zpe @ 04590465 mm—wmmmkm

Figure 3 Ensemble model predictions of habitat suitability under current and future conditions for the
indigenous Austropotamobius torrentium (a-c) and invasive Pacifastacus leniusculus (d-f) within the study area.
In a) and b) A. torrentium habitat suitability is shown in relation to its currently known distribution and
designated Natura 2000 sites for its protection in Croatia, while in c) future habitat suitability is shown in
relation to observed heterozygosity (Ho) of the studied populations and their affiliation to different ESUs
depicted by corresponding colours (as in Figure 1).
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Figure 4 a) Predicted changes between current and future (2070) suitable habitat for the endangered crayfish
Austropotamobius torrentium under RCP 8.5 scenario in relation to its currently known distribution and
affiliation of known occurrences to different ESUs. b) Predicted overlap between potential current distribution
of A. torrentium and invasive Pacifastacus leniusculus within the study area. Shown predictions are based on
ensemble SDMs.

Niche overlap analysis

The first two PCA-env axis explained 48.9% and 30.5% of the environmental variability in the study area
(cumulatively 79.45%), with altitude (alt) and mean diurnal range (bio2) contributing the most to the PC1 and
precipitation variables - precipitation seasonality (bio15) and precipitation of warmest quarter (bio18) - to the
PC2 (Figure 5d). Niche quantification analysis showed very limited niche overlap between the indigenous A.
torrentium and invasive P. leniusculus in Croatia with D = 0.02 (see the classification by Rédder and Engler
(2011)) with P. leniusculus currently exploiting a smaller part of the available environment in Croatia compared
to indigenous A. torrentium (Figure 5a-c). The equivalency test showed that the two niches were not identical
because the observed D overlap value was significantly lower than 95% of the simulated values (p<0.05; Figure
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5e). In addition, the niche similarity test indicated that the two niches were not more similar than the random
expectations because the observed D value was within the 95% confidence interval (p>0.05), thus rejecting the
niche conservatism between the two crayfish species within the study area (Figure 5f).
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Figure 5 Environmental niches of A. torrentium and P. lenjusculus along the first two PCA-axes (a-b). Gray
shading indicates the species occurrence density by grid cell, while solid and dashed lines in a-c depict 100%
and 50% of the available environmental space in Croatia. c¢) Pairwise niche overlap between the two crayfish
species in Croatia (blue = A. torrentium, red = P. leniusculus, yellow = overlap). d) The PCA biplot showing the
contribution of the nine environmental variables on the first two PCA-axes (for variable abbreviations see Table
2.). Niche equivalency (e) and niche similarity test (f). Observed D value (D=0.02, red diamond) is shown in
relation to simulated null distribution of D values obtained by 1000 replications (gray bars).

Discussion

Our study provides an integrated approach combining population genetics, assessment of potential climate
change impacts based on SDMs and niche overlap quantification between target and invasive crayfish to guide
the conservation prioritisation of endangered crayfish A. torrentium and its populations residing within the
hotspot of its genetic diversity located in the western Balkan Peninsula. Based on newly developed set of
microsatellite loci we revealed moderate to high within-population genetic diversity and high differentiation
among populations concordant with ESUs previously established using mtDNA data (Lovrencic et al., 2020).

SDM projections suggest that climate change may considerably reduce the total area of suitable habitat for A.
torrentium under future scenarios by the 2070, thus directly threatening its unique genetic diversity and
restricted divergent lineages occurring within the study area. Moreover, a majority of areas currently suitable
for A. torrentium are predicted to shift outside of Croatia in a north-west direction, as well as beyond currently
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designated Natura 2000 sites for the focal species. This points to potentially reduced efficiency of the current
Special Areas of Conservation in the future and highlights the possible need for putative assisted migration or
translocations of target populations. We discuss our results in the light of possible future conservation
strategies.

Development and optimization of microsatellite loci

Microsatellite loci are commonly used markers in population genetic studies with frequent application in
conservation genetics (Guichoux et al., 2011; Vieira et al., 2016), including crayfish (Gouin et al., 2006;
Vorburger et al., 2014; Blaha et al., 2016; Schrimpf et al., 2017; Berger et al., 2018; Gross et al., 2021; Lovrenci¢
et al., 2022). However, we experienced a number of experimental challenges during their optimisation,
amplification and genotyping (e.g., stuttering, monomorphic loci, null alleles, artefactual bands, triallelic
patterns, and extensive manual corrections). Consequently, out of all tested microsatellite loci, only eight were
polymorphic and scorable for this study similar to previous studies on crayfish that used only a small number of
microsatellite loci (Gouin et al., 2002 and 2006; K&iv et al., 2008; lorgu et al., 2011; Berger et al., 2018;
Parvulescu et al., 2020). Those studies also observed a significant departure from Hardy-Weinberg equilibrium
across numerous loci, mostly due to null alleles. Nevertheless, selected loci provided useful insights into
genetic diversity and population structure of A. torrentium. The total number of recorded alleles in our study
(98 across eight loci) was sufficient for estimation of genetic diversity parameters given the number of loci used
(Kalinowski, 2002). Moreover, the number of alleles per selected locus was almost three times higher than in
the previous studies of A. torrentium (K&iv et al., 2008; lorgu et al., 2011; Vorburger et al., 2014; Berger et al.,
2018). The selected loci enabled the identification of populations with the highest conservation value and
priority for protection, as well as the selection of suitable donor populations for potential future restocking and
reintroduction programs (see below).

Population genetic diversity

Understanding the genetic diversity and structure of an endangered species is the foundation of all
conservation efforts as the genetic diversity is essential for evolutionary adaptation that is a key to the long-
term survival of species (Yarra and Magoulick, 2019; Clay et al., 2020; Victoriano and Elia, 2021). Here, we used
microsatellite loci to assess genetic diversity, population structure, and connectivity of the A. torrentium
populations in Croatia. The study area constitutes an important part of its distribution range because it
harbours the highest genetic diversity on mtDNA and nuDNA level (Lovrenci¢ et al., 2020). However, our study
using microsatellites revealed lower genetic diversity, additionally corroborating its vulnerable status (Maguire
et al., 2018).

Overall genetic diversity was moderate to high when compared to populations from other parts of the range. In
particular, genetic diversity indices, Az and Ho were higher in our populations than in the populations occurring
at species' range edges in Austria, Switzerland and Germany (Vorburger et al., 2014; Berger et al., 2018), but
lower than in the populations from Romania (lorgu et al., 2011; Parvulescu et al., 2020), even though not
directly comparable due to difference in microsatellite loci used. Also, a high frequency of private alleles was
found in several populations (e.g., BLI, OKI, ZRN, ZV) suggesting local genetic divergence and isolation, and
enhancing the long-term response to selection pressures. In contrast, populations without private alleles, with
lower heterozygosity and allelic richness (e.g., DEL, VEL, KRA, ORA, JAR, SOP) might be less able to adapt to
future changes.

We may presume that many studied A. torrentium populations are vulnerable due to their small and isolated
nature. Specifically, we found that several populations (e.g., ORA, SAR, SOP) with significant homozygote excess
and low genetic diversity indices are vulnerable to inbreeding which may further reduce the level of genetic
diversity, and consequently lead to the loss of adaptive evolutionary potential of the species overall (Frankham,
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2002). Based on microsatellite data, which may be informative for demographic events within the past 10-50
generations (Peery et al., 2012), we have not found evidence for population bottlenecks, which appears to be
in conflict with the observed heterozygote deficit. Also, numerous populations (MAJ, OKI, DOLJ, DEL, ORA, PRI,
ZV, SAR and SOP) significantly deviated from HWE, mainly caused by heterozygote deficiency, reflected in
positive Fis values. Deviations in HWE and significant local homozygote excess are frequently attributed to the
presence of null alleles, inbreeding or the Wahlund effect (De Meels, 2018; Manangwa et al., 2019). The
presence of null alleles might be the explanation for the observed departures from HWE and increased Fis
values in some populations (e.g., SAR, SOP). The instability of the flanking regions of microsatellites leads to
weak or null amplification of one or both alleles resulting in artificial homozygote excess (Selkoe and Toonen,
2006). In populations with homozygote excess, but with low frequency of null alleles, homozygote excess may
be caused by mating of close relatives (Van Oosterhout et al., 2004; Selkoe and Toonen, 2006), or caused by
recent translocations as shown in studies of Australian crayfish species (Miller et al., 2014; Whiterod et al.,
2016). Also, given the recent decrease in population size (Maguire et al., 2018), inbreeding is a plausible
explanation for the observed heterozygote deficit. A Wahlund effect due to unrecognized population
substructure could be ruled out as the cause of the observed heterozygote deficit, as concluded in the study by
Yue et al. (2010) and Blaha et al. (2016). Here, no population substructure was found based on results from
both Bayesian clustering analyses implemented in STRUCTURE and DAPC, with the exception of populations
OKI and DOLJ where a small proportion of individuals belonged to different unique cluster. Despite the
potential influence of one or more of the above mentioned processes, additional studies using more
populations per ESU, higher number of loci and/or genome-level scans are required to further investigate the
complex demographic history and intriguing patterns of genetic diversity within A. torrentium.

Population differentiation and structure

Population genetic analyses revealed strong genetic structuring among A. torrentium across Croatia,
demonstrating isolated populations with limited gene flow, typical for species with low vagility (Clay et al.,
2020). The fixation index (Fsr) indicated high overall genetic differentiation and low genetic connectivity among
populations. Obtained pairwise Fsr values reflected populations’ affiliation to certain ESU and geographical
proximity. As expected, the Fs; values were the lowest between populations within the same ESU, and higher
among geographically distant populations. Namely, the most genetically differentiated population was ORA
when compared to other studied populations, which is geographically the most distant population. The Fs;
values among our populations are higher compared to values estimated in other studies of A. torrentium
(Vorburger et al., 2014; Berger et al., 2018; Parvulescu et al., 2020), which indicates long periods of isolation
and limited gene flow, and is in line with divergence times among ESUs within A. torrentium that was estimated
to Miocene and Pliocene (Klobucar et al., 2013; Lovrencic et al., 2020). The results of the AMOVA show that the
greatest diversity is contained within populations, and the least between populations within the same ESU,
which is congruent with Fs; values. This is similar to findings for European crayfish species, the noble crayfish,
A. astacus (Panicz et al.,, 2019; Gross et al., 2021), narrowed-clawed crayfish, Pontastacus leptodactylus
(Khoshkholgh and Nazari, 2019), and white-clawed crayfish, A. pallipes (Gouin et al., 2006), as well as for
Australian Euastacus armatus (Whiterod et al., 2016). Genetic structuring with minimal indications of
admixture was also identified by clustering analysis in STRUCTURE and DAPC, with both clustering methods
showing similar grouping with the earlier ESUs identification (Lovrencic¢ et al., 2020).

Predicted impacts of climate change on distribution and genetic variation of A. torrentium - implications for
conservation prioritization

Projections of our SDMs are consistent with previous studies pointing to severe contractions of suitable habitat
in response to future climate change scenarios for many freshwater organisms that require colder
temperatures, including crayfish (Capinha et al., 2013; Markovic et al., 2014; Bush and Hoskins, 2017; Préau et
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al., 2019). According to our projections, A. torrentium may lose up to 80% of currently suitable habitat within
the study area and 7 out of the 16 (44%) studied populations, including three highly divergent and
geographically restricted evolutionary lineages (KOR, LD and BAN) may be at risk of extinction by 2070 under
RCP 8.5 scenario. This includes some of the most genetically diverse and/or unique A. torrentium populations
(e.g. BRU, MAJ, ZRN, KRA, PRI, SAR and ORA). Such loss of genetic diversity and distinct ESUs may in turn
substantially decrease overall species adaptive capacity to rapidly changing environments and jeopardize the
long-term survival in the uncertain future (Wright et al., 2008). Decreasing genetic diversity increases the
extinction risk of populations due to a decline in fitness, which can lead to further reduction in population size
and a higher risk of stochastic demographic extinction (Markert et al., 2010).

Potential climate refugia (ark sites), defined as areas of stable habitat under future climate conditions that may
support long term species survival (Barrows et al., 2020), are predicted to occur along the north-west border of
Croatia and further north-west into Slovenia, to higher-altitude regions. Hydrology in the study area of the
western Balkan Peninsula is highly fragmented and frequently lacks suitable surface water connections due to
complex geo-climatic history and environmental heterogeneity, leaving remnant crayfish populations isolated
(Klobucar et al., 2013). Pattern of isolated populations of freshwater species that contain high genetic diversity
is characteristic for area of Dinaric karst in the western Balkan Peninsula, recognised as one of the freshwater
biodiversity hotspots (Hewitt, 2004; Myers et al., 2000). Moreover, evidence of local genetic structuring and
highly divergent evolutionary lineages within A. torrentium reflects their limited dispersal ability, which is
characteristic for many aquatic species (Monaghan et al., 2002; Yamamoto et al., 2004), including freshwater
crayfish (Barnett et al., 2020; Gross et al., 2021). Further, limited dispersal ability and low gene
flow/connectivity may lead to reduced population sizes, reproductive success, and genetic diversity,
consequently decreasing the likelihood of population persistence (Lowe and Allendorf, 2010). Thus,
compensatory movements needed to reach ark sites/climate refugia will be particularly difficult for isolated
populations and lineages that cannot disperse fast enough due to topographic and hydrological barriers, as well
as low dispersal capacity in general (Barnett et al., 2019; Dudgeon, 2019; Clay et al., 2020). Consequently,
conservation efforts should focus on improving the genetic connectivity of populations through waterbodies
connectivity restoration programs (Er&s et al., 2018) that could be beneficial for native species, but at the same
time could enable non-native invasive species to enter/spread into previously unattainable habitats/non-
invaded areas (Manenti et al.,, 2019). Alternative conservation approach includes assisted
migrations/translocations of populations that are at risk of extinction/disappearance (Miller et al., 2014;
Whiterod et al., 2016; Lovrenci¢ et al., 2022). Even tough species translocations carry the potential risk of
further eroding biodiversity and disrupting ecosystemes, if carefully planned, assisted migration and population
mixing approaches could be a valuable conservation strategy for connecting crayfish populations and
overcoming risks of genetic erosion in highly fragmented landscapes under ongoing climate change (Butt et al.,
2020).

Based on our findings, prioritised populations for the in situ conservation should include BLI, OKI, DOLJ, and ZV
because they hold high levels of genetic diversity which promotes population resilience and overall species
adaptive potential in the face of rapidly changing environmental pressures (Frankham, 2002). Their in situ
conservation will be plausible because, under both RCP scenarios, their habitats are predicted to remain stable.
High level of genetic diversity was also recorded for ZRN, but since its habitat is predicted to be lost under RCP
8.5 scenario or reduced under RCP 4.5 scenario, alternative adequate stable habitats for possible translocation
should be considered (e.g. western part of Croatia, towards Slovenian border or higher altitudes in the same
region, respectively). In addition, some populations (e.g., ESU LD-ORA, PRI, KRA; ESU BAN- BRU/MAJ; ESU ZPB-
SOP, SAR, PRI) should be given particular attention because they are highly divergent, and despite their
low/lower genetic diversity they may be disproportionately important for the species/ESUs survival due to their
relict character (Hampe and Petit, 2005). Additionally, our SDM predictions for those populations indicated loss
of suitable habitat (RCP 8.5 scenario), or significant habitat reduction (RCP 4.5. scenario) in the future.
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Consequently, their survival will depend on human-mediated translocations into suitable habitats/climate
refugia (either to western part of Croatia, towards Slovenian border (RCP 8.5 scenario) or regionally, into
streams on higher altitudes (RCP 4.5 scenario)). For the populations in ESU GK (DEL and VEL) that were
predicted to persist within the stable habitats (both RCP scenarios), but show low level of genetic diversity, we
would suggest mixing approaches (reinforcement) that could reduce further genetic erosion (Lavrik, 2022).
Moreover, all of the mentioned ESUs have restricted distribution ranges and their unique genetic architecture
should be given prioritization in conservation because they significantly contribute to overall diversity of the
species and local biodiversity (Crandall, 1998; Yarra and Magoulick, 2019).

Finally, although decline of the suitable habitat was predicted to be less severe within the currently designated
Natura 2000 sites for the focal species, we still detected a decrease of 60% under RCP 8.5 compared to current
suitable area. Since suitable habitats are predicted to shift towards north-west into Slovenia, establishment of
transboundary (Croatia-Slovenia) sites to maintain genetic and phylogeographical diversity in the future should
also be considered. This approach should include, amongst other, enhanced transboundary collaboration of
local and state agencies and researchers that could provide effective long-term crayfish protection (Carrizo et
al., 2017; Lovrencic et al., 2020).

Predicted impacts of climate change on NICS

We found relatively low overlap between potential current geographic distribution of A. torrentium and
invasive P. leniusculus currently located along the Kupa and Korana Rivers, while no areas of distributional
overlap were predicted in the future within the study area. Even more limited niche overlap was identified
within the available environmental space in Croatia and the two crayfish niches were neither identical, nor
more similar than expected by chance, thus not supporting the niche conservatism pattern (Wiens and
Graham, 2005; Warren et al., 2008). In contrast, Préau et al. (2019) found relatively high levels of niche overlap
between P. leniusculus and A. pallipes in France where the two species seem to exploit equivalent niches in the
available environment. Likewise, Chucholl (2016) reported relatively high niche overlap between P. leniusculus
and A. torrentium for Germany, however their study assessed environmental niche overlap based on SDMs
only. On the other hand, pattern of decreased distribution overlap between native and invasive crayfish in
response to climate change has been previously reported for Europe and specific countries (Gallardo and
Aldridge, 2013; Préau et al., 2019, Lovrencic et al., 2022).

We acknowledge that our SDM predictions for P. leniusculus may have underestimated the potential future
distribution of this invasive competitor within the study area due to known caveats when modelling invasive
species (Jarnevich et al., 2015). In particular, P. leniusculus is in the expansion phase of invasion in our study
area with the recorded rate of downstream dispersion among the highest in Europe (Hudina et al., 2009;
Dragicevi¢ et al., 2020). Thus we may assume that it did not yet reach its distributional equilibrium in this part
of the invaded range, which could also explain the narrow environmental space currently occupied as well as
limited niche overlap with A. torrentium. Moreover, we cannot account for human-mediated dispersal of NICS
in the future which is a common practice (Hudina et al., 2013; Strand et al., 2019; Jussila et al., 2021).

In conclusion, although A. torrentium needs to undoubtedly confront challenges from both climate change-
related impacts and invasive crayfish, at least for the moment, climate change seems to pose the greatest
threat to its future in this disproportionally important part of its distribution range. In the light of these
uncertainties, continuous monitoring of the P. leniusculus invasion is needed, including transboundary
monitoring schemes to validate our results (Black and Bartlett, 2020; Madzivanzira et al., 2021). Finally, the
findings of this study have relevance to other crayfish species of conservation importance, and also emphasize
the importance of multidisciplinary approach in the modern biodiversity conservation.

19



678

679
680
681

682
683

684
685

686
687
688

689
690
691

692
693

694
695
696

697
698
699

700
701

702
703
704

705
706
707

708
709
710

References

Abdul-Muneer, P.M., 2014. Application of microsatellite markers in conservation genetics and fisheries
management: recent advances in population structure analysis and conservation strategies. Genet. Res. Int.
2014, e691759. https://doi.org/10.1155/2014/691759.

Araujo, M.B., Pearson, R.G., Thuiller, W., Erhard, M., 2005. Validation of species—Climate impact models under
climate change. Glob. Chang. Biol. 11, 1504-1513. https://doi.org/10.1111/j.1365-2486.2005.01000.x.

Araujo, M.B., New, M., 2007. Ensemble forecasting of species distributions. Trends Ecol. Evol. 22, 42-47.
https://doi.org/10.1016/j.tree.2006.09.010

Araujo, M.B., Anderson, R.P., Mdrcia Barbosa, A., Beale, C.M., Dormann, C.F., Early, R., et al., 2019. Standards
for distribution models in biodiversity assessments. Sci. Adv. 5, eaat4858.
https://doi.org/10.1126/sciadv.aat4858.

Barbet-Massin, M., lJiguet, F., Albert, C. H., Thuiller, W., 2012. Selecting pseudo-absences for species
distribution models: How, where and how many? Methods Ecol. Evol. 3, 327-338.
https://doi.org/10.1111/j.2041-210X.2011.00172.x

Barnett, Z.C., Adams, S.B., Ochs, C.A., Garrick, R.C., 2020. Crayfish populations genetically fragmented in
streams impounded for 36-104 years. Freshw. Biol. 65, 768—785. https://doi.org/10.1111/fwb.13466.

Barrows, C.W., Ramirez, A.R., Sweet, L.C., Morelli, T. L., Millar, C.I., Frakes, N., et al., 2020. Validating climate-
change refugia: empirical bottom-up approaches to support management actions. Front. Ecol. Environ. 18,
298-306. https://doi.org/10.1002/fee.2205

Berger, C., Stambuk, A., Maguire, |., Weiss, S., Fureder, L., 2018. Integrating genetics and morphometrics in
species conservation—A case study on the stone crayfish, Austropotamobius torrentium. Limnologica 69, 28—
38. https://doi.org/10.1016/j.limno.2017.11.002.

Black, R., Bartlett, D.M., 2020. Biosecurity frameworks for cross-border movement of invasive alien species.
Environ. Sci. Policy. 105, 113—119. https://doi.org/10.1016/j.envsci.2019.12.011.

Blaha, M., Zurovcovd, M., Kouba, A., Policar, T., Kozak, P., 2016. Founder event and its effect on genetic
variation in translocated populations of noble crayfish (Astacus astacus). ). Appl. Genet. 57, 99—106.
https://doi.org/10.1007/s13353-015-0296-3.

Blair, M.E., Le, M.D., Xu, M., 2022. Species distribution modeling to inform transboundary species conservation
and management under climate change: promise and pitfalls. Front. Biogeogr. 14, e54662.
https://doi.org/10.21425/F5FBG54662.

Briscoe, N.J., Kearney, M.R., Taylor, C.A., Wintle, B.A., 2016. Unpacking the mechanisms captured by a

correlative species distribution model to improve predictions of climate refugia. Glob. Change Biol. 22, 2425-
2439. https://doi.org/10.1111/gch.13280.

20



711
712
713

714
715
716

717
718

719
720
721

722
723
724

725
726
727

728
729

730
731
732

733
734

735
736
737

738
739
740

741
742
743

744
745

Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpierre, B., Pellissier, L., Yoccoz, N.G., et al., 2012.
Measuring ecological niche overlap from occurrence and spatial environmental data. Glob. Ecol. Biogeogr. 21,
481-497. https://doi.org/10.1111/j.1466-8238.2011.00698.x.

Butt, N., Chauvenet, A.L., Adams, V.M., Beger, M., Gallagher, R.V., Shanahan, D.F.,, et al., 2021. Importance of

species  translocations under rapid climate change. Conserv. Biol. 35, 775-783.
https://doi.org/10.1111/cobi.13643

Bush, A., Hoskins, A.J., 2017. Does dispersal capacity matter for freshwater biodiversity under climate change?.
Freshw. Biol. 62, 382—396. https://doi.org/10.1111/fwb.12874.

Capinha, C., Larson, E.R., Tricarico, E., Olden, J.D., Gherardi, F., 2013. Effects of climate change, invasive species,
and disease on the distribution of native European crayfishes. Conserv. Biol. 27, 731-740.
https://doi.org/10.1111/cobi.12043.

Carrizo, S.F., Lengyel, S., Kapusi, F., Szabolcs, M., Kasperidus, H.D., Scholz, M., et al., 2017. Critical catchments
for freshwater biodiversity conservation in Europe: identification, prioritisation and gap analysis. J. App. Ecol.
54, 1209-1218. https://doi.org/10.1111/1365-2664.12842.

Casazza, G., Abeli, T., Bacchetta, G., Dagnino, D., Fenu, G., Gargano, D., et al., 2021. Combining conservation
status and species distribution models for planning assisted colonisation under climate change. J. Ecol. 109,
2284-2295. https://doi.org/10.1111/1365-2745.13606.

Chapuis, M.P., Estoup, A. 2007. Microsatellite null alleles and estimation of population differentiation. Mol.
Biol. Evol. 24, 621-631. https://doi.org/10.1093/molbev/msl191.

Chucholl, C., Schrimpf, A., 2016. The decline of endangered stone crayfish (Austropotamobius torrentium) in
southern Germany is related to the spread of invasive alien species and land-use change. Aquat. Conserv.: Mar.
Freshw. Ecosyst. 26, 44-56. https://doi.org/10.1002/aqc.2568.

Chucholl, C., 2016. The bad and the super-bad: prioritising the threat of six invasive alien to three imperilled
native crayfishes. Biol. Invasions 18, 1967—1988. https://doi.org/10.1007/s10530-016-1141-2.

Chucholl, C., 2017. Niche-based species distribution models and conservation planning for endangered
freshwater crayfish in south-western Germany. Aquat. Conserv. Mar. Freshw. Ecosyst. 27, 698-705.
https://doi.org/10.1002/aqc.2734.

Clay, M., Brannock, P.M., Barbour, M., Feminella, J.W., Santos, S.R., Helms, B.S., 2020. Strong population
structure and differentiation within and among burrowing bog crayfish species of southern Alabama wetlands.
Wetlands 40, 1595-1606. https://doi.org/10.1007/s13157-020-01273-w.

Coates, D.J., Byrne, M., Moritz, C., 2018. Genetic diversity and conservation units: dealing with the species-
population continuum in the age of  genomics. Front. Ecol. Evol. 6, 165.
https://doi.org/10.3389/fevo.2018.00165

Crandall, K.A., 1998. Conservation phylogenetics of Ozark crayfishes: Assigning priorities for aquatic habitat
protection. Biol. Conserv. 84, 107-117. https://doi.org/10.1016/5S0006-3207(97)00112-2.

21



746
747
748

749
750

751
752

753
754
755

756
757

758
759
760

761
762
763

764
765

766
767

768
769
770

771
772

773
774
775

776
777

778
779

Dragicevi¢, P., Faller, M., Kutle$a, P., Hudina, S., 2020. Update on the signal crayfish, Pacifastacus leniusculus
(Dana, 1852) range expansion in Croatia: a 10-year report. Bioinvasions Rec. 9, 793-807.
https://doi.org/10.3391/bir.2020.9.4.13.

De Meels, T., 2018. Revisiting Fis, Fs;, Wahlund effects and null alleles. J. Hered. 109, 446-456.
https://doi.org/10.1093/jhered/esx106.

Dempster, A.P., Laird, N.M., Rubin, D.B., 1997. Maximum likelihood from incomplete data via the EM algorithm.
J. R. Stat. Soc. Series. B. Stat. Methodol. 39, 1-38. https://doi.org/10.1111/j.2517-6161.1977.tb01600.x.

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F.T., d'Amen, M., Randin, C., et al., 2017. ecospat: an R
package to support spatial analyses and modeling of species niches and distributions. Ecography 40, 774-787.
https://doi.org/10.1111/ecog.02671.

Dudgeon, D., 2019. Multiple threats imperil freshwater biodiversity in the Anthropocene. Curr. Biol. 29, R960—
R967. https://doi.org/10.1016/j.cub.2019.08.002.

Earl, D.A., Von Holdt, B.M., 2012. STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE
output and implementing the Evanno method. Conserv. Genet. Resour. 4, 359-361.
https://doi.org/10.1007/s12686-011-9548-7.

Ercoli, F., Ghia, D., Gruppuso, L., Fea, G., Bo, T., Ruokonen, T. J., 2021. Diet and trophic niche of the invasive
signal crayfish in the first invaded Italian stream ecosystem. Sci. Rep. 11, e8704.
https://doi.org/10.1038/s41598-021-88073-2.

Erés, T., O'Hanley, J.R., Czeglédi, I., 2018. A unified model for optimizing riverscape conservation. J. Appl. Ecol.
55, 1871-1883. https://doi.org/10.1111/1365-2664.13142.

Evanno, G., Regnaut, S., Goudet, J., 2005. Detecting the number of clusters of individuals using the software
STRUCTURE - a simulation study. Mol. Ecol. 14, 2611-2620. https://doi.org/10.1111/j.1365-294X.2005.02553.x.

Excoffier, L., Lischer, H.E.L., 2010. Arlequin suite ver 3.5: A new series of programs to perform population
genetics analyses under Linux and Windows. Mol. Ecol. Resour. 10, 564-567. https://doi.org/10.1111/j.1755-
0998.2010.02847 .x.

Farr, T.G., Rosen, P.A., Caro, E., Crippen, R., Duren, R., Hensley, S., et al., 2007. The shuttle radar topography
mission. Rev. Geophys. 45. https://doi.org/10.1029/2005RG000183.

Foden, W.B., Butchart, S.H., Stuart, S.N., Vié, J.C., Akgcakaya, H.R., Angulo, A., et al., 2013. Identifying the world's
most climate change vulnerable species: A systematic trait-based assessment of all birds, amphibians and

corals. PLoS ONE 8, e65427. https://doi.org/10.1371/journal.pone.0065427.

Frankham, R., 1996. Relationship of genetic variation to population size in wildlife. Conserv. Biol. 10, 1500—
1508. https://doi.org/10.1046/j.1523-1739.1996.10061500.x

Frankham, R., Ballou, J.D., Briscoe, D.A., 2002. Introduction to conservation genetics. Cambridge University
Press, New York.

22



780
781

782
783

784
785

786
787
788

789
790
791

792
793
794

795
796

797
798
799

800
801
802

803
804
805

806
807

808
809

810
811
812

813
814

Frankham, R., 2005. Genetics and extinction. Biol. Conserv. 126, 131-140.
https://doi.org/10.1016/j.biocon.2005.05.002.

Flreder, L., Gherardi, F., Souty-Grosset, C., 2010. Austropotambius torrentium (errata version published in
2017). The IUCN Red List of Threatened Species 2010

Gallardo, B., Aldridge, D.C. (2013). Evaluating the combined threat of climate change and biological invasions
on endangered species. Biol. Conserv. 160, 225—-233. https://doi.org/10.1016/].biocon.2013.02.001

Ghia, D., Fea, G., Sacchi, R., Di Renzo, G., Garozzo, P., Marrone, M., et al. 2013. Modelling environmental niche
for the endangered crayfish Austropotamobius pallipes complex in northern and central Italy. Freshw. Crayfish
19, 189-195. https://doi.org/10.5869/fc.2013.v19-2.189.

Gottstein, S., Hudina, S., Luci¢, A., Maguire, I., Ternjej, |., Zganec, K., 2011. Crveni popis rakova (Crustacea)
slatkih i bocatih voda Hrvatske. Zagreb: DrZavni zavod za zastitu prirode. (Red list of freshwater and brackish
Crustacea in Croatia; in Croatian).

Grandjean F., Roques, J.A.C., Delaunay, C., Petrusek, A., Becking, T., Collas M., 2017. Status of Pacifastacus
leniusculus and its role in recent crayfish plague outbreaks in France: improving knowledge on distribution and
crayfish plague infection patterns. Aquat. Invasions 12, 541-549. https://doi.org/10.3391/ai.2017.12.4.10.

Goudet, J. 2003. FSTAT version 2.9.4: a program to estimate and test population genetics parameters. Updated
from Goudet [1995]. Available from http://www.unil.ch/izea/softwares/fstat.html.

Gouin N., Souty-Grosset, C., Ropiquet, A., Grandjean, F., 2002. High dispersal ability of Austropotamobius
pallipes revealed by microsatellites markers in a french brook. Bull. Fr. Peche Piscic. 367: 681-689.
https://doi.org/10.1051/kmae:2002059

Gouin N., Grandjean, F., Souty-Grosset, C., 2006. Population genetic structure of the endangered crayfish
Austropotamobius pallipes in France based on microsatellite variation: biogeographical inferences and
conservation implications. Freshw. Biol. 51, 1369-1387. https://doi.org/10.1111/j.1365-2427.2006.01570.x.

Gross, R., Lovrenci¢, L., Jelié, M., Grandjean, F., Buretanovi¢, S., Simi¢, V., et al., 2021.Genetic diversity and
structure of the noble crayfish populations in the Balkan Peninsula revealed by mitochondrial and
microsatellite DNA markers. Peer) 9, e11838. https://doi. org/10. 7717/ peerj. 11838.

Guichoux, E., Lagache, L., Wagner, S., Chaumeil, P., Léger, P., Lepais, O., et al.,, 2011. Current trends in
microsatellite genotyping. Mol. Ecol. Resour. 11, 591-611. https://doi.org/10.1111/j.1755-0998.2011.03014..x.

Guisan, A., Thuiller, W., 2005. Predicting species distribution: Offering more than simple habitat models. Ecol.
Lett. 8, 993—-1009. https://doi.org/10.1111/j.1461-0248.2005.00792.x.

Guisan, A., Tingley, R., Baumgartner, J. B., Naujokaitis-Lewis, I., Sutcliffe, P. R., Tulloch, A. I, et al., 2013.
Predicting  species  distributions for conservation decisions. Ecol. Lett. 16, 1424-1435.
https://doi.org/10.1111/ele.12189.

Hanley, J.A., McNeil, B.J., 1982. The meaning and use of the area under a receiver operating characteristic
(ROC) curve. Radiology 143, 29-36. https://doi.org/10.1148/radiology.143.1.7063747.
23



815
816

817
818

819
820

821
822
823

824
825
826

827
828
829

830
831
832

833
834

835
836
837

838
839

840
841
842

843
844
845

846
847

848
849
850

Hampe, A., Petit, R.J., 2005. Conserving biodiversity under climate change: the rear edge matters. Ecol. Lett. 8,
461-467. https://doi.org/10.1111/j.1461-0248.2005.00739.x.

Hewitt, G.M., 2004. Genetic consequences of climatic oscillations in the Quaternary. Philos. Trans. R. Soc. Lond.
B. Biol. Sci. 359, 183-195. https://doi.org/10.1098/rstb.2003.1388.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high resolution interpolated climate
surfaces for global land areas. Int. J. Climatol. 25, 1965-1978. https://doi.org/10.1002/joc.1276.

Holdich, D.M., Reynolds, J.D., Souty-Grosset, C., 2009. A review of the ever increasing threat to European
crayfish from non-indigenous crayfish species. Knowl. Manage. Aquat. Ecosyst. 394-395, 11.
https://doi.org/10.1051/kmae/2009025

Hossain, M.A., Lahoz-Monfort, J.J., Burgman, M.A., B6hm, M., Kujala, H., Bland, L.M., 2018. Assessing the
vulnerability of freshwater crayfish to climate change. Divers. Distrib. 24, 1830-1843.
https://doi.org/10.1111/ddi.12831.

Hudina, S., Faller, M., Luci¢, A., Klobucar, G., Maguire, I., 2009. Distribution and dispersal of two invasive
crayfish species in the Drava River basin, Croatia. Knowl. Managt. Aquatic Ecosyst. 394-395, 09.
https://doi.org/10.1051/kmae/2009023

Hudina, S., Zganec, K., Luci¢, A., Trgovéié, K., Maguire, 1., 2013. Recent invasion of the karstic river systems in
Croatia through illegal introductions of the signal crayfish. Freshw. Crayfish 19, 21-27.
https://doi.org/10.5869/fc.2013.v19.021.

Hulme, P.E., 2017. Climate change and biological invasions: evidence, expectations, and response options. Biol.
Rev. 92, 1297-1313. https://doi.org/ 10.1111/brv.12282.

lorgu, E.l., Popa, O.P., Petrescu, A.M., Popa, L.O., 2011. Cross-amplification of microsatellite loci in the
endangered stone-crayfish Austropotamobius torrentium (Crustacea: Decapoda). Knowl. Manag. Aquat.
Ecosyst. 401, 08. https://doi.org/10.1051/kmae/2011021.

Jarnevich, C.S., Stohlgren, T.J., Kumar, S., Morisette, J.T., Holcombe, T.R., 2015. Caveats for correlative species
distribution modeling. Ecol. Inform. 29, 6-15. https://doi.org/10.1016/j.ecoinf.2015.06.007.

Jiménez-Valverde, A., Peterson, A.T., Soberdn, J., Overton, J.M., Aragdn, P., Lobo, J.M., 2011. Use of niche
models in invasive species risk assessments. Biol. Invasions 13, 2785—-2797. https://doi.org/10.1007/s10530-
011-9963-4.

Johovic, I., Gama, M., Banha, F., Tricarico, E., Anastacio, P.M., 2020. A potential threat to amphibians in the
European Natura 2000 network: Forecasting the distribution of the American bullfrog Lithobates catesbeianus.
Biol. Conserv. 245, e108551. https://doi.org/10.1016/j.biocon.2020.108551.

Jombart, T., 2008. Adegenet: a R package for the multivariate analysis of genetic markers. Bioinformatics 24,
1403-1405. https://doi.org/10.1093/bioinformatics/btn129.

Jombart, T., Devillard, S., Balloux, F., 2010. Discriminant analysis of principal components: a new method for
the analysis of genetically structured populations. BMC Genet. 11, 94. https://doi.org/10.1186/1471-2156-11-
94.

24



851
852

853
854

855
856

857
858
859
860

861
862
863

864
865
866

867
868
869

870
871

872
873

874

875
876

877
878
879

880
881
882

883
884
885

Jussila, J., Edsman, L., Maguire, |., Diéguez-Uribeondo, J., Theissinger, K., 2021. Money Kills Native Ecosystems:
European Crayfish as an Example. Front. Ecol. Evol. 9, e648495. https://doi.org/10.3389/fevo.2021.648495.

Kalinowski, S.T., 2002. How many alleles per locus should be used to estimate genetic distances?. Heredity 88,
62-65. https://doi.org/10.1038/sj.hdy.6800009.

Kalinowski, S.T., 2005. hp-rare 1.0: a computer program for performing rarefaction on measures of allelic
richness. Mol. Ecol. Notes 5, 187-189. https://doi.org/10.1111/j.1471-8286.2004.00845..x.

Khoshkholgh, M., Nazari, S., 2019. The genetic diversity and differentiation of narrow-clawed crayfish
Pontastacus leptodactylus (Eschscholtz, 1823)(Decapoda: Astacidea: Astacidae) in the Caspian Sea Basin, Iran as
determined with mitochondrial and microsatellite DNA markers. J. Crustac. Biol. 39, 112-120.
https://doi.org/10.1093/jcbiol/ruy113.

Klobuéar, G.I., Podnar, M., Jeli¢, M., Franjevi¢, D., Faller, M., Stambuk, A., et al., 2013. Role of the Dinaric Karst
(western Balkans) in shaping the phylogeographic structure of the threatened crayfish Austropotamobius
torrentium. Freshw. Biol. 58, 1089—1105. https://doi.org/doi:10.1111/fwb.12110.

Koiv, K., Gross, R., Paaver, T., Kuehn, R., 2008. Isolation and characterization of first microsatellite markers for
the noble crayfish, Astacus astacus. Conservation Genetics 9, 1703—1706. https://doi.org/10.1007/s10592-008-
9539-8.

Kopelman, N.M., Mayzel, J., Jakobsson, M., Rosenberg, N.A., Mayrose, |I. 2015. Clumpak: a program for
identifying clustering modes and packaging population structure inferences across K. Mol. Ecol. Resour. 15,
1179-1191. https://doi.org/10.1111/1755-0998.12387

Kouba, A., Petrusek, A., Kozak, P., 2014. Continental-wide distribution of crayfish species in Europe: update and
maps. Knowl. Manag. Aquat. Ecosyst. 413, 5. https://doi.org/10.1051/kmae/2014007.

Lande, R. Shannon, S., 1996. The role of genetic variation in adaptation and population persistence in a
changing environment. Evolution 50, 434-437. https://doi.org/10.1111/j.1558-5646.1996.tb04504.x.

Langella, O., 1999. Populations, 1.2.30. http://bioinformatics. org/~ tryphon/populations/.

Lavrik, M., 2022. Current Conservation Regimes and the Road to Laws on Assisted Migration. Environ. Manage.
1-16. https://doi.org/10.1007/s00267-022-01629-4.

Linders, T.E.W., Schaffner,U., Eschen, R., Abebe, A., Choge, S.K., Nigatu, L., et al., 2019. Direct and indirect
effects of invasive species: Biodiversity loss is a major mechanism by which an invasive tree affects ecosystem
functioning. J. Ecol. 107, 2660-2672. https://doi.org/10.1111/1365-2745.13268.

Lovrenci¢, L., Bonassin, L., Bostjanci¢, L.Lj., Podnar, M., Jeli¢, M., Klobucar, G., et al., 2020. New insights into the
genetic diversity of the stone crayfish: taxonomic and conservation implications. BMC Evol. Biol. 20, 1-20.
https://doi.org/10.1186/s12862-020-01709-1.

Lovrenci¢, L., Temunovi¢, M., Gross, R., Grgurev, M., Maguire, I., 2022. Integrating population genetics and
species distribution modelling to guide conservation of the noble crayfish, Astacus astacus, in Croatia. Sci. Rep.
12, e2040. https://doi.org/10.1038/s41598-022-06027-8.

25



886
887

888
889
890

891
892
893

894
895

896
897
898

899
900
901
902

903
904
905

906
907
908

909
910
911

912
913

914
915

916
917
918
919

920
921
922

Lowe, W.H., Allendorf, F.W., 2010. What can genetics tell us about population connectivity?. Mol. Ecol. 19,
3038-3051. https://doi.org/10.1111/j.1365-294X.2010.04688.x.

Luikart, G., Allendorf, F.W., Cornuet, J.-M., Sherwin, W.B. 1998. Distortion of allele frequency distributions
provides a test for recent population bottlenecks. J. Hered. 89, 238-247.
https://doi.org/10.1093/jhered/89.3.238.

Madzivanzira, T.C., South, J., Ellender, B.R., Chalmers, R., Chisule, G., Coppinger, C.R., et al., 2021. Distribution
and establishment of the alien Australian redclaw crayfish, Cherax quadricarinatus, in the Zambezi Basin.
Aquat. Conserv.: Mar. Freshw. Ecosyst. 31, 3156-3168. https://doi.org/10.1002/aqc.3703.

Maguire, 1., Jeli¢, M., Klobucar, G., 2011. Update on the distribution of freshwater crayfish in Croatia. Knowl.
Manag. Aquat. Ecosyst. 401, 31. https://doi.org/10.1051/kmae/2011051.

Maguire, 1., Klobuéar, G., Zganeg, K., Jeli¢, M., Luci¢, A., Hudina, S., 2018. Recent changes in distribution pattern
of freshwater crayfish in Croatia - threats and perspectives. Knowl. Manag. Aquat. Ecosyst. 419, 2.
https://doi.org/10.1051/kmae/2017053.

Manangwa, 0., De Meel(s, T., Grébaut, P., Ségard, A., Byamungu, M., Ravel, S., 2019. Detecting Wahlund
effects together with amplification problems: Cryptic species, null alleles and short allele dominance in Glossina
pallidipes populations from Tanzania. Mol. Ecol. Resour. 19, 757—772. https://doi.org/10.1111/1755-
0998.12989

Manenti, R., Ghia, D., Fea, G., Ficetola, G F., Padoa-Schioppa, E., Canedoli, C., 2019. Causes and consequences
of crayfish extinction: Stream connectivity, habitat changes, alien species and ecosystem services. Freshw. Biol.
64, 284-293. https://doi.org/10.1111/fwb.13215.

Markert, J.A., Champlin, D.M., Gutjahr-Gobell, R., Grear, J.S., Kuhn, A., McGreevy, T.J., et al., 2010. Population
genetic diversity and fitness in multiple environments. BMC Evol. Biol. 10, 1-13. https://doi.org/10.1186/1471-
2148-10-205.

Markovic, D., Carrizo, S., Freyhof, J., Cid, N., Lengyel, S., Scholz, M., et al., 2014. Europe's freshwater
biodiversity under climate change: distribution shifts and conservation needs. Divers. Distrib. 20, 1097-1107.
https://doi.org/10.1111/ddi.12232.

Matschiner, M., Salzburger, W., 2009. TANDEM: integrating automated allele binning into genetics and
genomics workflows. Bioinformatics 25, 1982—1983. https://doi.org/10.1093/bioinformatics/btp303.

McSweeney, C.F., Jones, R.G., Lee, R.W., Rowell, D.P., 2015. Selecting CMIP5 GCMs for downscaling over
multiple regions. Clim. Dyn. 44, 3237-3260. https://doi.org/10.1007/s00382-014-2418-8.

Meglécz, E., Pech, N., Gilles, A., Dubut, V., Hingamp, P., Trilles, A., et al, 2014. QDD version 3.1: a user-friendly
computer programfor microsatellite selection and primer design revisited: experimental validation of variables
determining genotyping success rate. Mol. Ecol. Res. 14, 1302-1313. https://doi.org/10.1111/1755-
0998.12271.

Miller, A.D., Sweeney, O.F., Whiterod, N.S., Van Rooyen, A.R., Hammer, M., Weeks, A.R., 2014. Critically low
levels of genetic diversity in fragmented populations of the endangered Glenelg spiny freshwater crayfish
Euastacus bispinosus. Endanger. Species Res. 25, 43-55. https://doi.org/10.3354/esr00609.

26



923
924
925

926
927
928

929
930

931
932
933

934

935
936
937

938
939
940

941
942

943
944
945

946
947
948

949
950
951

952
953
954

955
956
957

Monaghan, M.T., Spaak, P., Robinson, C.T., Ward, J.V., 2002. Population genetic structure of 3 alpine stream
insects: Influences of gene flow, demographics, and habitat fragmentation. J. North Am. Benthol. Soc. 21, 114—
131. https ://doi.org/10.2307/1468304.

Moss, B., Hering, D., Green, A.)., Aidoud, A., Becares, E., Beklioglu, M., et al., 2009. Climate change and the
future of freshwater biodiversity in Europe: a primer for policy-makers. Freshw. Rev. 2, 103-130.
https://doi.org/10.1608/FRJ-2.2.1.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J. 2000. Biodiversity hotspots for
conservation priorities. Nature 403, 853—858. https://doi.org/10.1038/35002501.

Naimi, B., Hamm, N.A., Groen, T.A., Skidmore, A.K., Toxopeus, A.G., 2014. Where is positional uncertainty a
problem for species distribution modelling?. Ecography 37, 191-203. https://doi.org/10.1111/j.1600-
0587.2013.00205.x.

Naimi, B., 2015. usdm: Uncertainty analysis for species distribution models. R package version, 1, 1-12.

Panicz, R., Napora-Rutkowski, t., Keszka, S., Skuza, L., Szenejko, M., Smietana, P., 2019. Genetic diversity in
natural populations of noble crayfish (Astacus astacus L.) in north-western Poland on the basis of combined SSR
and AFLP data. Peer) 7, e7301. https://doi.org/10.7717/peerj.7301.

Parvulescu, L., lorgu, E.l., Zaharia, C., lon, M.C., Satmari, A., Krapal, A.M., et al., 2020. The future of endangered
crayfish in light of protected areas and habitat fragmentation. Sci. Rep. 10, 1-12.
https://doi.org/10.1038/s41598-020-71915-w.

Peakall, R., Smouse, P.E., 2012. GenAlIEx 6.5: genetic analysis in Excel. Population genetic software for teaching
and research — an update. Bioinformatics 28, 2537-2539. https://doi.org/10.1111/j.1471-8286.2005.01155.x.

Pearson, R.G., Raxworthy, C.J., Nakamura, M., Townsend Peterson, A., 2007. Predicting species distributions
from small numbers of occurrence records: a test case using cryptic geckos in Madagascar. J. Biogeogr. 34,
102-117. https://doi.org/10.1111/j.1365-2699.2006.01594..x.

Peery, M.Z,, Kirby, R., Reid, B.N., Stoelting, R., Doucet-Béer, E., Robinson, S., et al., 2012. Reliability of genetic
bottleneck tests for detecting recent population declines. Mol. Ecol. 21, 3403-3418.
https://doi.org/10.1111/j.1365-294X.2012.05635.x

Peng, Y., Leung, H.C.M.,, Yiu, S.M., Chin, F.Y.L.,, 2012. IDBA-UD: a de novo assembler for single-cell and
metagenomic sequencing data with highly uneven depth. Bioinformatics 28, 1420-1428.
https://doi.org/10.1093/bioinformatics/bts174.

Petrusek, A., Pesek, P., Lestina, D., Martin, P., Fischer, D., Kozak, P., Vlach, P., 2017. Mitochondrial DNA
provides evidence of a double origin for the stone crayfish Austropotamobius torrentium in the Elbe basin.
Limnologica 62, 77-83. https://doi.org/10.1016/j.limno.2016.11.004.

Piry, S., Luikart, G., Cornuet, J.-M., 1999. BOTTLENECK: a computer program for detecting recent reductions in

the effective population size using allele frequency data. J. Hered. 90, 502-503.
https://doi.org/10.1093/jhered/90.4.502.

27



958
959
960

961
962

963
964

965
966
967

968
969

970
971
972

973
974

975
976
977

978
979

980
981

982
983
984

985
986
987

988
989

990
991

Piyapong, C., Tattoni, C., Ciolli, M., Dembski, S., Paradis, E., 2020. Modelling the geographical distributions of
one native and two introduced species of crayfish in the French Alps. Ecol. Inform. 60, e101172.
https://doi.org/10.1016/j.ecoinf.2020.101172 (2020).

Pockl, M., Streissl, F., 2005. Austropotamobius torrentium as an indicator for habitat quality in running waters.
Bull. Fr. Péche Piscic. 376-377, 743—758. https://doi.org/10.1051/kmae:2005030.

Pritchard, J.K., Stephens, M., Donnelly, P., 2020. Inference of population structure using multilocus genotype
data. Genetics 155, 945-959. https://doi.org/10.1093/genetics/155.2.945.

Préau, C., Nadeau, I., Sellier, Y., Isselin-Nondedeu, F., Bertrand, R., Collas, M., et al., 2019. Niche modelling to
guide conservation actions in France for the endangered crayfish Austropotamobius pallipes in relation to the
invasive Pacifastacus leniusculus. Freshw. Biol. 65, 304-315. https://doi.org/10.1111/fwb.13422.

Rahel, F.J., Olden, J.D., 2008. Assessing the effects of climate change on aquatic invasive species. Conserv. Biol.
22, 521-533. https://doi.org/10.1111/j.1523-1739.2008.00950.x.

Randin, C.F., Ashcroft, M.B., Bolliger, J., Cavender-Bares, J., Coops, N.C., Dullinger, S., et al., 2020. Monitoring
biodiversity in the Anthropocene using remote sensing in species distribution models. Remote Sens. Environ.
239, e111626. https://doi.org/10.1016/j.rse.2019.111626.

Reed, D.H., Frankham, R., 2003. Correlation between ftness and genetic diversity. Conserv. Biol. 17, 230-237.
https://doi.org/10.1046/j.1523-1739.2003.01236.x

Richman, N.l.,, Bbhm, M., Adams, S.B., Alvarez, F., Bergey, E. A., Bunn, J.J., et al., 2015. Multiple drivers of
decline in the global status of freshwater crayfish (Decapoda: Astacidea). Phil. Trans. R. Soc. B. 370, e20140060.
https://doi.org/10.1098/rstb.2014.0060.

Rodder, D., Engler, J.0., 2011. Quantitative metrics of overlaps in Grinnellian niches: advances and possible
drawbacks. Glob. Ecol. Biogeogr. 20, 915-927. https://doi.org/10.1111/j.1466-8238.2011.00659.x.

Rousset, F., 2008. genepop’007: a complete reimplementation of the GENEPOP software for Windows and
Linux. Mol. Ecol. Resour. 8, 103—106. https://doi.org/10.1111/j.1471-8286.2007.01931.x.

Schrimpf, A., Piscione, M., Cammaerts, R., Collas, M., Herman, D., Jung, A., et al., 2017. Genetic characterization
of Western European noble crayfish populations (Astacus astacus) for advanced conservation management
strategies. Conserv. Genet. 18, 1299-1315. https://doi.org/10.1007/s10592-017-0981-3.

Schubart, C.D., Huber, M.G.J., 2006. Genetic comparisons of German populations of the stone crayfish,
Austropotamobius torrentium (Crustacea: Astacidae). Bull. Fr. Péche Piscic. 380-381, 1019-1028.

https://doi.org/10.1051/kmae:2006008

Selkoe, K.A., Toonen, R.J., 2006. Microsatellites for ecologists: a practical guide to using and evaluating
microsatellite markers. Ecol. Lett. 9, 615-629. https://doi.org/10.1111/j.1461-0248.2006.00889.x.

Smith, K.F., Sax, D.F., Lafferty, K.D., 2006. Evidence for the role of infectious disease in species extinction and
endangerment. Conserv. Biol. 20, 1349-1357. https://doi.org/10.1111/j.1523-1739.2006.00524 .x.

28



992
993
994

995
996
997

998
999

1000
1001

1002
1003

1004
1005

1006
1007

1008
1009
1010

1011
1012
1013

1014
1015

1016
1017

1018
1019
1020

1021
1022
1023

1024
1025

Souty-Grosset, C., Anastacio, P.M., Aquiloni, L., Banha, F., Choquer, J., Chucholl, C., Tricarico, E., 2016. The red
swamp crayfish Procambarus clarkii in Europe: impacts on aquatic ecosystems and human well-being.
Limnologica 58, 78-93. https://doi.org/10.1016/j.limno.2016.03.003.

Strand, D.A., Johnsen, S.I., Rusch, J.C., Agersnap, S., Larsen, W.B., Knudsen, S.W., et al., 2019. Monitoring a
Norwegian freshwater crayfish tragedy: eDNA snapshots of invasion, infection and extinction. J.Appl. Ecol. 56,
1661-1673. https://doi.org/10.1111/1365-2664.13404.

Strayer, D.L., Dudgeon, D., 2010. Freshwater biodiversity conservation: recent progress and future
challenges. J. North Am. Benthol. Soc. 29, 344-358. https://doi.org/10.1899/08-171.1.

Streissl, F., H6dl, W., 2002. Habitat and shelter requirements of the stone crayfish: Austropotamobius
torrentium Schrank. Hydrobiologia 477, 195-199. https://doi.org/10.1023/A:1021094309738.

Taheri, S., Naimi, B., Rahbek, C., Aradjo, M.B., 2021. Improvements in reports of species redistribution under
climate change are required. Sci. Adv. 7, eabe1110. https://doi.org/10.1126/sciadv.abe1110.

Thuiller, W., Lafourcade, B., Engler, R., Aradjo, M.B., 2009. BIOMOD — A platform for ensemble forecasting of
species distributions. Ecography 32, 369-373. https://doi.org/10.1111/j.1600-0587.2008.05742.x.

Thuiller, W., Guéguen, M., Renaud, J., Karger, D.N., Zimmermann, N.E., 2019. Uncertainty in ensembles of
global biodiversity scenarios. Nat. Comm. 10, 1-9. https://doi.org/10.1038/s41467-019-09519-w.

Trontelj, P., Machino, Y., Sket, B., 2005. Phylogenetic and phylogeographic relationships in the crayfish genus
Austropotamobius inferred from mitochondrial COI gene sequences. Mol. Phylogenet. Evol. 34, 212-226.
https://doi.org/10.1016/j.ympev.2004.09.010.

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M., Shipley, P., 2014. MICRO-CHECKER: software for
identifying and correcting genotyping errors in microsatellite data. Mol. Ecol. Notes 4, 535-538.
https://doi.org/10.1111/j.1471-8286.2004.00684.x

Victoriano, P.F., D’Elia, G., 2021. Evolving in islands of mud: old and structured hidden diversity in an endemic
freshwater crayfish from the Chilean hotspot. Sci. Rep. 11, 8573. https://doi.org/10.1038/s41598-021-88019-8.

Vieira, M.L.C., Santini, L., Diniz, A.L., Munhoz, C.D.F., 2016. Microsatellite markers: what they mean and why
they are so useful. Genet Mol Biol. 39, 312—328. https://doi.org/10.1590/1678-4685-GMB-2016-0027.

Vorburger, C., Rhyner, N., Hartikainen, H., Jokela, J., 2014. A set of new and cross-amplifying microsatellite loci
for conservation genetics of the endangered stone crayfish (Austropotamobius torrentium). Conserv. Genet.
Resour. 6, 629-631. https://doi.org/10.1007/s12686-014-0157-0.

Warren, D.L., Glor, R.E., Turelli, M., 2008. Environmental niche equivalency versus conservatism: quantitative
approaches to niche evolution. Evol.: Int. J. Org. Evol. 62, 2868-2883. https://doi.org/10.1111/j.1558-
5646.2008.00482.x.

Weinldnder, M., Flreder, L., 2016. Native and alien crayfish species: do their trophic roles differ? Freshw. Sci.
35, 1340-1353. https://doi.org/10.1086/689031.

29



1026
1027
1028

1029
1030

1031
1032

1033
1034
1035

1036
1037

1038
1039

1040
1041
1042

1043

Whiterod, N.S., Zukowski, S., Asmus, M., Gilligan, D., Miller, A.D., 2016. Genetic analyses reveal limited
dispersal and recovery potential in the large freshwater crayfish Euastacus armatus from the southern Murray—
Darling Basin. Mar. Freshw. Res. 68, 213-225. https://doi.org/10.1071/MF16006.

Wiens, J.J., Graham, C.H., 2005. Niche conservatism: integrating evolution, ecology, and conservation biology.
Annu. Rev. Ecol. Evol. Syst. 36, 519-539. https://doi.org/10.1146/annurev.ecolsys.36.102803.095431.

Wright, L.I.,, Tregenza, T., Hosken, D.J., 2008. Inbreeding, inbreeding depression and extinction. Conserv.
Genet., 9, 833-843. https://doi.org/10.1007/s10592-007-9405-0.

Yamamoto, S., Morita, K., Koizumi, |., Maekawa, K., 2004. Genetic differentiation of white-spotted charr
(Salvelinus leucomaenis) populations after habitat fragmentation: Spatial-temporal changes in gene
frequencies. Conserv. Genet. 5, 529-538. https://doi.org/10.1023/B:COGE.00000 41029.38961.a0.

Yarra, A.N., Magoulick, D.D., 2019. Modelling effects of invasive species and drought on crayfish extinction risk
and population dynamics. Aquat. Conserv.: Mar. Freshw. Ecosyst. 29, 1-11. https://doi.org/10.1002/aqc.2982.

Yue, G.H,, Li, J., Bai, Z.,, Wang, C.M., Feng, F., 2010. Genetic diversity and population structure of the invasive
alien red swamp crayfish. Biol. Inv. 12, 2697-2706. https://doi.org/10.1007/s10530-009-9675-1.

Zhang, Z., Mammola, S., Liang, Z., Capinha, C., Wei, Q., Wu, Y., et al., 2020. Future climate change will severely
reduce habitat suitability of the Critically Endangered Chinese giant salamander. Freshw. Biol. 65, 971-980.
https://doi.org/10.1111/fwb.13483

30



1044 Supplementary Tables

1045 Table S1 Characterization of eight selected microsatellite loci for population genetics of Austropotamobius
1046 torrentium. ATM57, ATM78, ATM79, ATM64 represent microsatelite loci developed in this study; AT1 and
1047 AT37 from Vorburger et al. (2014); ATOR37 from Berger et al. (2018); Aas3040 from lorgu et al., (2011).

No. of Observed
Locus Repeat motif Dye Set Primer sequences 5’ - 3'* alleles allele size Ho
range (bp)
ATM57  AAGG 6-FAM | F: M13-TCTGGGTCTAGAGCAGCGG 22 303-459 0.503
R:TGGCAAATGGTGAGGAGGAT
ATM64 AGG PET | F: M13-TACTTGAGGGATCGACCAGC 10 281-308 0.316
R: TGACAAAGGTGGCTCGTGAT
ATM78 AGGC VIC | F: M13-GCGTCCGGGATACTCTTGAA 7 236-264 0.342
R: CATCTTCTGTGGTGCCACCT
ATM79  ACG NED | F: M13-TACGACTCTCCTGGACCTCC 7 184-205 0.282
R: TTGATTCTCAAGGAGCGGCC
AT1 (AGG)...(AGC) NED 1l F: M13-GAGGTCTAAGGCGACGAGG 12 209-257 0.357
R: CAAGTAAGGGCCGGGTGAG
AT37 TAACC 6-FAM Il F: M13-ACTATCCGACCGAACGAACC 22 252-362 0.571
R: ACAGAACCGATTCTTGGCAT
ATOR37 AC PET 1l F: M13-GTGCTTCTGTTGTTCGCTCTT 15 156-184 0.194
R: TGTTGTGCTAACTGTTGTGAGTCC
AAS3040 TA ViC I F: M13-GTTGTGTGGTAACTCCTGACGA 19 224-260 0.380

R: CAATCGTATCCCACATGCAG
1048 * Forward primers with 19 bp M13-tail (TGTAAAACGACGGCCAGT).

1049 Table S2. Probability (bold indicates significant p-values; p < 0.05) of bottleneck for Austropotamobius
1050 torrentium population using Wilcoxon sign rank test under three different mutational models: infinite allele
1051 model (IAM), stepwise mutation model (SMM) and two-phase model (TPM).

Wilcoxon sign-rank test 1-tail Wilcoxon sign-rank test 2t

Pop. ESU

IAM TPM SMM 1AM TPM SMM
BRU BAN 0.16 0.63 0.97 0.31 0.84 0.07
MAJ BAN 0.32 0.73 0.99 0.64 0.64 0.04
BLI CSE 0.01 0.53 0.98 0.02 1.00 0.05
JAS CSE 0.96 0.99 0.99 0.20 0.04 0.02
OKI CSE 0.04 0.19 0.73 0.07 0.38 0.64
DoU CSE 0.01 0.04 0.47 0.01 0.07 0.95
DEL GK 0.01 0.02 0.34 0.02 0.05 0.69
VEL GK 041 0.71 0.96 0.81 0.69 0.11
ZRN KOR 0.00 0.02 0.15 0.01 0.04 0.30
KRA LD 0.01 0.04 0.41 0.02 0.08 0.81
ORA LD 0.77 0.96 0.96 0.58 0.11 0.11
PRI LD 0.00 0.16 0.68 0.00 0.31 0.74
yAY SB 0.01 0.10 0.37 0.01 0.20 0.74
JAR N 0.66 0.78 0.92 0.84 0.56 0.44
SAR ZPB 0.00 0.00 0.19 0.01 0.01 0.38
SOP ZPB 0.78 0.96 0.98 0.56 0.11 0.05

1052
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Table S3 Pairwise Fsr values from 8 microsatellite loci between 16 Austropotamobius torrentium population
pairs (all values are statistically significant, p < 0.05).

BRU
MAJ
BLI
JAS
oKl
pou
DEL
VEL
ZRN
KRA
ORA
PRI
v
JAR
SAR
soP

0.509 0.554

0582 0.666 0.522 0.545
0534
0573 0625 0513 0.565 0.680
0523 0.560 0.427 0.487 0.575
0526 0.601 0.531 0.635 0.540 0.661 0.564 0.588 0.689 0.518
BRU MAJI BU JAS OKI DOU DEL VEL 7RN KRA ORA PRI ZV JAR SAR SOP

IGTOEN 027 03 04 05 05 07

Table S4 Analysis of Molecular Variance (AMOVA) within and among 16 populations of Austropotamobius

torrentium (level of significance is based on 10,000 iterations). Populations were grouped based on their
affiliation to Evolutionary Significant Unit (ESU).

Sourse of variation d.f. Sum of squares Percentage of variation
Among ESU 6 905.19 36.08
Among populations within ESU 9 229.71 14.82
Within populations 828 1236.01 49.10
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1063 Figure S1 Distribution of allele frequencies in different allele frequency class for each population based on
1064 mode-shift test using eight microsatellite loci in Austropotamobius torrentium. Populations are grouped
1065 according to ESUs (Evolutionary Significant Units).
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Figure S2 (a) Delta K and (b) posterior probability plots representing the most probable number (K = 8) of
genetic clusters of Austropotamobius torrentium in Croatia (obtained with Structure Harvester using Evanno
method). The optimum K value is 8 — the point where the plateau in the posterior probability starts with
maximum delta K value.
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Figure S3 Inference of number of clusters. Graphical representations of Bayesian information criterion (BIC) for
every number of clusters, using DAPC.
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1081 Figure S4 Habitat suitability changes within Natura 2000 sites designated for A. torrentium under a) current b)
1082 RCP 4.5 c) RCP 8.5.
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1084 Figure S5 Predicted changes between current and future (2070) suitable habitat for the endangered crayfish
1085  Austropotamobius torrentium under RCP 4.5 scenario.
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Lovrenci¢, L., Temunovié, M. & Maguire, I.: How well does NATURA 2000 protect threatened
stone crayfish in Croatia? Nat. Croat., Vol. 29, No. 2, 241-253, 2020, Zagreb.

The stone crayfish Austropotamobius torrentium (Schrank, 1803) is a threatened native European
freshwater crayfish species for which Natura 2000 network represents the most important conservation
effort at the European level. In Croatia, there are altogether 25 Natura 2000 sites defined specifically
for this species. In the present study, we aimed to assess the effectiveness of Natura 2000 sites in pre-
serving stone crayfish diversity through gap analysis, a GIS-based approach that overlays species
distribution data on a map of designated Natura 2000 sites. Our results showed that the existing Nat-
ura 2000 network in Croatia encompasses most of the areas with a high diversity of A. torrentium;
currently designated sites harbour 73.3% of recorded A. torrentium populations. Future conservation
planning efforts, and possible expansion of Natura 2000, should be focused on newly discovered A.
torrentium populations that present divergent evolutionary lineages.

Key words: Austropotamobius torrentium, Astacidae, gap analysis, conservation planning, biodiver-
sity conservation

Lovrenci¢, L., Temunovi¢, M. & Maguire, I.: Koliko dobro postojeca Natura 2000 mreza stiti
ugrozenog potoc¢nog raka u Hrvatskoj? Nat. Croat., Vol. 29, No. 2, 241-253, 2020, Zagreb.

Potocni rak Austropotamobius torrentium (Schrank, 1803) je ugroZena autohtona europska vrsta slat-
kovodnog raka porodice Astacidae za kojeg mreza Natura 2000 predstavlja najvazniju inicijativu u
konzervaciji na europskoj razini. U Hrvatskoj ukljucuje 25 podrudja odredenih posebno za ovu vrstu.
Cilj ovog istrazivanja je bio procijeniti uc¢inkovitost Natura 2000 podrucja u oc¢uvanju raznolikosti
potocnog raka kroz gap analizu koja se temelji na preklapanju karata rasprostranjenosti ove vrste i
Natura 2000 odredenih podrudja koriStenjem GIS programskog paketa. Rezultati su pokazali da
postojeca mreza Natura 2000 u Hrvatskoj obuhvaca 73,3% populacija poto¢nog raka te ukljucuje i
podrudja njegove najvece raznolikosti. Pri izradi buducih planova konzervacije ove vrste i mogucih
prosirenja Natura 2000 podrucja posebnu paznju treba obratiti na novootkrivene populacije koje ujed-
no predstavljaju evolucijski divergentne linije.

Kljucne rijeci: Austropotamobius torrentium, Astacidae, gap analiza, konzervacijski planovi, zastita
bioraznolikosti

INTRODUCTION

Austropotamobius torrentium (Schrank, 1803), the stone crayfish, is a cold-adapted
crayfish species native to smaller pristine water bodies related to karstic formations at
higher altitudes in central and south-eastern Europe (Kousa ef al., 2014). In Croatia it
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is distributed mainly in water bodies of the Black Sea drainage, with a few populations
in the Adriatic Sea basin (MAGUIRE et al., 2018). It is characterised by complex evoluti-
onary history and high genetic diversity represented by nine distinct mitochondrial
phylogroups, seven of them inhabiting freshwaters of Croatia (KLoBUCAR et al., 2013;
PARvULEscU et al., 2019; LovrRenciC et al., 2020). Nowadays numerous populations be-
longing to different phylogroups are threatened by human activities and protection of
them is indispensable (MAGUIRE ef al., 2018).

Stone crayfish conservation activities ought to secure the long-term survival of spe-
cies by taking into account the complexity of natural ecosystems involving all levels of
biological diversity and organisation (RobriGues et al., 2004; JANTKE et al., 2013). The-
refore, the development of broad-scale conservation networks of protected areas is
considered to be a fundamental step for preventing future biodiversity loss through
enabling the continuation of eco-evolutionary processes (Poiant et al., 2000; RoDRIGUES
et al., 2004; Maoirono et al., 2006) and adaptation of species to changes in the distribu-
tion of suitable habitats under the ongoing climate change (Aratjo et al., 2011). Effe-
ctive preservation includes: the evaluation of the existing conservation areas in the
representation of biodiversity, identification of underrepresented elements, and recom-
mendation how the conservation could be enhanced (ABELLAN & SANCHEZ-FERNANDEZ
2015; Bosso et al., 2016). For this reason, systematic approaches to conservation planning
for protecting A. torrentium should be focused on the preservation of its unique genetic
diversity so as it ensures adaptive potential and evolutionary response to the fast chan-
ges in the environment and pressures on its habitats.

One of the most important conservation efforts at European level is the Natura 2000
network. Natura 2000 is the largest network of protected areas in the world, established
by the European Union (EU) with the aim of ensuring the long-term survival of its most
valuable and threatened species and habitats. The network includes Special Protection
Areas (SPAs) designated under the Birds Directive 2009/147/EC and Special Areas of
Conservation (SACs) designated under the Habitats Directive 1992/43/EEC. The effe-
ctiveness of this network in representing biodiversity has been assessed in numerous
studies at global or regional scales through gap analysis (RopriGUEs et al., 2004; JANTKE
et al., 2011; VEroOVNIK et al., 2011; GRUBER et al., 2012; BAGeLLA et al., 2013; ABELLAN &
SancHez-FERNANDEZ, 2015; Ma1oraNoO et al., 2015; OrLikowsKA ef al., 2016), and the
outcomes of these studies vary.

Gap analysis is a GIS-based approach for assessing the effectiveness of protected
areas in representing species diversity by comparing the distribution of species with
the extent of the conservation network (RopriGues et al., 2004; JenniNgs, 2000; Bosso et
al., 2016). It is a widely implemented and useful tool for the identification of different
elements (e.g., species, habitats, ecosystems) that require greater and/or stronger pro-
tection (Jennings, 2000; Scorr et al., 2001; OLprieLp et al., 2004; Dietz & Czech, 2005;
O’Dka et al., 2006).

Croatia has one of the most extensive Natura 2000 networks in Europe covering
36.73% of the land territory and 15.42% of the seashore. Moreover, Natura 2000 in
Croatia includes 25 designated sites (Sites of Community Importance — SCI) for A.
torrentium that were defined according to historical and recent data on the distribution,
size of populations, and abundance of this vulnerable species (MAGUIRE et al., 2011).
The state members propose their SCI areas to the European Union and once approved,
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they can be appointed as SACs (Special Areas of Conservation) that are targeted to
important measures in order to conserve the habitats and species in question.

From a practical conservation perspective, it is critical to evaluate the extent to which
present and future protected areas cover A. torrentium diversity in freshwater ecosystems.
Therefore, the aim of this research was to assess the effectiveness of the Natura 2000
network in preserving stone crayfish diversity in Croatia, through performing gap
analysis that overlays A. torrentium distribution data on a map of Natura 2000 sites. This
study provides the first comprehensive analysis of the effectiveness of conservation are-
as in protecting the endangered stone crayfish in Croatia.

MATERIAL AND METHODS

Study area

The karstic freshwaters of the north-central Dinarides in the western part of the Bal-
kans are considered the primary centre of radiation of the stone crayfish, harbouring the
highest number of lineages and the greatest genetic diversity, while diversity outside
this area is greatly reduced (TrRoNTELj et al., 2005; KLoBuCar et al., 2013; BErGER ef al., 2018;
PARvuLEscU et al., 2019; LovreNciC et al., 2020) (Fig. 1). Nowadays the phylogeographic
pattern of the stone crayfish is connected to the palaeo-hydro-geomorphological and
climatic history of the Balkan Peninsula. The karstification processes fragmented the
palaeohydrography of the area, which facilitated geographical isolation and enabled
allopatric speciation shaping this species’ intricate evolution (TrRoNTEL] et al., 2005; Kro-
BUCAR et al., 2013). Because habitat deterioration, decline in water quality, climate change
and the spreading of invasive alien crayfish species and their pathogens caused popula-
tions decline throughout its distribution range (Kousa et al., 2014; MAGUIRE et al., 2018),

Fig. 1. Distribution of Austropotamobius torrentium phylogroups in Europe. Colours depict distribution
of different mitochondrial phylogroups: pink — central and south-eastern Europe (CSE), purple — Gor-
ski Kotar (GK), blue — Lika and Dalmatia (LD), red — Zumberak, Plitvice and Bjelolasica (ZPB), green
—Banovina (BAN) and black — Zeleni Vir (ZV), yellow — southern Balkans (SB), grey — Apuseni Moun-
tain (APU) and turquoise — Kordun (KOR, new phylogroup, LovRENCIC et al., 2020).
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the stone crayfish is listed as threatened and protected in Appendix III of the Bern Con-
vention and Annexes II and V of the EU Habitats Directive (92/43/EEC and 97/62/EU).
Furthermore, it was declared a Natura 2000 species in 2013.

Species distribution data

This study was performed on a dataset that included previously published work
on the distribution of A. torrentium in Croatian freshwater bodies (MAGUIRE & GoOTT-
STEIN-MATOCEC, 2004; MAGUIRE et al., 2011; KLoBUCAR ef al., 2013; MAGUIRE et al., 2018).
Distribution data (i.e. the point occurrences) of each A. forrentium population were
prepared using a geographic information system (ArcGIS). The dataset was split into
three subsets according to the chronology of population sampling: (I) distribution
dataset based on the historical data collected from the literature (Grusg, 1861; §O§TARIé,
1888; Car, 1901; Brusing, 1907; EnTz, 1914; S. KARAMAN, 1929; M. KArRAMAN, 1961, 1962,
1963; ALBrECHT, 1982, SKET, 1988; SEKULIC ef al., 1989; DELIC, 1993; GoTTsTEIN, 1998; Go-
TTSTEIN & KEROVEC, 1998; GOTTSTEIN ef al., 1999; MAGUIRE et al., 2002; MAGUIRE & GoOTT-
sTEIN-MATOCEC, 2004), and the fieldwork conducted in order to establish Natura 2000
sites (before 2014) (MAGUIRE et al., 2011); (II) a distribution dataset that included addi-
tional populations discovered during the NIP project (EU Natura 2000 Integration
Project with the main aim of gathering new distributional data about concerned taxo-
nomic groups in Croatia in order to assess threat status and plan conservation activi-
ties; 2014-2016) (MAGUIRE et al., 2018); (IIT) combined distribution dataset (all literature
and documented occurrences available before 2016; I+II).

Gap Analysis

Gap analysis was applied to assess how much of A. torrentium diversity is covered
by Natura 2000 network with a computation of the amount of populations included
or excluded in order to detect areas that need better protection. It is a methodology
that “identifies the gaps in representation of biological diversity (biodiversity) in are-
as managed exclusively or primarily for the long-term maintenance of populations of
native species and natural ecosystems” (Scotr et al., 1993). In gap analysis, a species is
considered as a ‘covered’ by the conservation network if at least one occurrence was
recorded inside the reserve network, while species is considered as a ‘gap’” if it is not
represented in any of the protected areas (RopRIGUES et al., 2004).

First, in order to determine how well Natura 2000 represents A. torrentium diversi-
ty in Croatia, we overlapped its occurrence data with the map of the Natura 2000 sites
using ArcGIS. We used the distribution datasets mentioned above (I, II, III) together
with GIS data layers (the entire Natura 2000 network for Croatia and SCI for A. torren-
tium; available at http:/www.bioportal.hr/gis/) supplied by Institute for Environment
and Nature Conservation. Layers were processed, and then combined to produce a
single layer of Natura 2000 in Croatia as currently defined. Second, we evaluated the
percentage of populations outside and inside Natura 2000 by analysing several settin-
gs: (a) distribution map of dataset I overlapped with a map of A. torrentium-designated
Natura 2000 sites (SCI); (b) distribution map of dataset I overlapped with a map of A.
torrentium-designated Natura 2000 sites (SCI); (c) distribution map of dataset III over-
lapped with a map of A. torrentium-designated Natura 2000 sites (SCI); (d) distribution
map of dataset Il overlapped with a map of the entire Natura 2000 network in Croatia.
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RESULTS AND DISCUSSION

Natura 2000 and Stone Crayfish distribution overlapped

To the best of our knowledge, there have been no previously published studies on
the effectiveness of the Natura 2000 network on preventing further stone crayfish
losses. Thus, this study represents the first evaluation of the conservation value of
Natura 2000 for a species sensitive to environmental and human activities, one that is
ecologically important and presents a key component of the biodiversity in the fre-
shwater habitats (REynoLps et al., 2013).

One of the first stages of systematic conservation planning for A. torrentium was the
review of conservation areas in th e Natura 2000 network. Our gap analysis, including
61 populations of A. torrentium in Croatia belonging to seven major mtDNA phylogro-
ups, showed that the Natura 2000 network performs well in representing its diversity,
which is confirmed by high percentage of covered populations (Figs. 2-5, Tab. 1).

Overlapping the distribution map of A. torrentium populations (dataset I; occurren-
ces recorded before 2014) with the A. torrentium-designated Natura 2000 sites (SCI)
revealed that 39 populations (79.6%) were covered, while 10 (20.4%) were located out-
side the designated sites (Fig. 2, Tab. 1). It should be noticed that A. torrentium popula-
tions recorded in dataset I served as the basis for the designation of Natura 2000 sites.

Tab. 1. Number of populations per mitochondrial phylogroup in four different settings (a-d): (a) dis-
tribution map of dataset I overlapped with a map of Austropotamobius torrentium-designated Natura
2000 sites (SCI); (b) distribution map of dataset II overlapped with a map of A. torrentium-designated
Natura 2000 sites (SCI); (c) distribution map of dataset III overlapped with a map of Natura 2000 sites
designated for A. torrentium (SCI); (d) distribution map of dataset III overlapped with a map of the
entire Natura 2000 network in Croatia. Central and south-eastern Europe (CSE), Gorski Kotar (GK),
Lika and Dalmatia (LD), Zumberak, Plitvice and Bjelolasica (ZPB), Banovina (BAN), Zeleni Vir (ZV),
Kordun (KOR).

Phylogroup a b c d
Number of populations covered GK 13 2 15 15
by Natura 2000 A 1 / 1 1
ZPB 2 10 11
LD / 5 7
CSE 11 1 12 13
BAN 1 / 1 1
KOR / / 0 0

Total 39 (79.6%) 5 44 (73.3%) | 48 (80.0%)
Number of populations not GK 0 / 0 0
covered by Natura 2000 AV 0 / 0 0
ZPB 2 / 2 1
LD 3 / 3 1
CSE 3 2 5 4
BAN 2 / 2 2
KOR / 4 4 4

Total 10 (20.4%) 6 16 (26.7%) | 12 (20.0%)
Total number of populations 49 11 60 60
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Fig. 2. Distribution map of recorded A. torrentium populations (dataset I) overlapped with the desig-
nated Natura 2000 sites for A. torrentium (SCI). Dots represent distribution data based on the literature
and fieldwork conducted in order to establish Natura 2000 sites for A. torrentium (recorded occur-
rences before 2014). Colours depict different mitochondrial phylogroups present in Croatia: pink —
central and south-eastern Europe (CSE), purple — Gorski Kotar (GK), blue — Lika and Dalmatia (LD),
red — Zumberak, Plitvice and Bjelolasica (ZPB), green — Banovina (BAN) and black — Zeleni Vir (ZV).
Natura 2000-designated sites are represented by red lines and grey areas.

Fig. 3. Distribution map of additional A. forrentium populations discovered during the NIP project (dataset II;
occurrences represented by green triangles recorded from 2014 to 2016) overlapped with the Natura 2000 sites
designated for 4. torrentium (SCI) that are represented by red lines and grey areas.
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Fig. 4. Distribution map of all recorded A. torrentium populations in Croatia (dataset III; occurrences
based on the literature and fieldwork conducted in order to establish Natura 2000 sites (different col-
oured dots represent different mitochondrial phylogroups) with additional populations discovered
during the NIP project (green triangles) (all documented occurrences before 2016) overlapped with the
Natura 2000 sites designated for A. torrentium (SCI; represented by red lines and grey areas).

e i 7

3 B

Fig. 5. Distribution map of all recorded A. torrentium populations in Croatia (dataset III; occurrences
based on the literature and fieldwork conducted in order to establish Natura 2000 sites (different col-
oured dots represent different mitochondrial phylogroups) and additional populations discovered
during the NIP project (green triangles) (all documented occurrences before 2016) overlapped with the
entire Natura 2000 network in Croatia (SPAs and SACs for Croatia with SCI for A. torrentium). Natura
2000 designated sites (SCI for A. torrentium) are represented by red lines and grey areas, while SPAs
and SACs for Croatia are represented by areas with black diagonal lines.
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During the NIP project 11 new populations of A. torrentium were recorded (dataset
II; recorded occurrences 2014-2016) (MAGUIRE et al., 2018). Gap analysis revealed an
additional five populations located inside the Natura 2000 sites designated previously
for A. torrentium, while six populations were outside the protected area (Fig. 3, Tab. 1).
Detailed molecular analyses of collected crayfish samples during NIP project revealed
the existence of a new mtDNA phylogroup (phylogroup KOR in Fig. 1; LovRENCIC et
al., 2020) that was not covered by the currently designated Natura 2000 sites for A.
torrentium.

Our results using a combined distribution dataset (dataset III; all literature and
documented occurrences available before 2016) showed that A. torrentium-designated
Natura 2000 sites (SCI) covered the species range relatively well, with currently desi-
gnated sites harbouring 73.3% of recorded populations in Croatia (Fig. 4, Tab. 1).

Overlapping the map of the entire Natura 2000 network in Croatia with a complete
distribution map of A. torrentium (dataset III) revealed four additional populations
included in the Natura 2000 network (altogether 48 populations out of 60). Hence, al-
together 80.0% of recorded A. forrentium populations were covered by the Natura 2000
network (Fig. 5, Tab. 1).

The distribution of mitochondrial phylogroups and the number of populations per
phylogroup are displayed in Fig. 1 and Tab. 1. Overlapping all the known distribution
data with the entire Natura 2000 network in Croatia showed that the mtDNA phylo-
grups with the highest percentage of coverage were GK and ZV, which are among the
oldest phylogroups in the species phylogenetic tree (all point occurrences covered by
some level of protection), while the phylogroup with the least coverage was KOR (all
occurrences outside Natura 2000). Phylogroup KOR represents a newly discovered
genetically divergent lineage distributed in the Kordun region (LovrReNCIC et al., 2020).

How Natura 2000 works for Crayfish in Croatia?

Freshwater ecosystems are among the most diverse habitats in the world and, at the
same time, the most threatened by human activities (STrRaYER & DupcEeon, 2010). High
intra- and inter-specific diversity are particularly widespread in freshwater environ-
ments, where the isolation of species with limited capacity for dispersal, such as fresh-
water crayfish, often leads to high genetic divergence. Erosion of the freshwater biodi-
versity at European level associated with habitat degradation, overexploitation, inva-
sive alien species, pollution and climate change indicate the need to find an effective
way of managing species. Therefore, the aim of maintaining existing biodiversity un-
derlies most of the conservation efforts (e.g., Natura 2000) nowadays.

Our study results revelaed that the current Natura 2000 network in Croatia encom-
passes most of the areas with high diversity of A. torrentium, and in that sense, provides
good protection (Figs. 2-5, Tab. 1). Even though this finding is in agreement with other
studies evaluating the effectiveness of Natura 2000 (VErovNIK et al., 2011; MazARts et
al., 2013; KarLimanis et al., 2015; Fois et al., 2017), there are numerous gap analyses
revealing that coverage of species and ecosystems by existing networks of protected
areas is insufficient for the long-term maintenance of biodiversity (Dierz & Czech 2005;
Marorano et al., 2006; O'Dka et al., 2006; AraUjo et al., 2011; JANTKE et al., 2011). Since
some of the studies showing poor Natura 2000 network effectiveness were based on
species that are not listed in EU directives (MENDOZA-FERNANDEZ ef al., 2009; JANTKE et
al., 2011; BAGeLLA ef al., 2013; MaIoRrANO et al. 2015), it was expected that our species of
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interest would have a high level of coverage. Austropotamobius torrentium is, indeed, a
Natura 2000 species, protected on both national and international level, with sites
designated for ensuring its survival and persistence.

The Natura 2000 network in Croatia is conceived in such a way as to be able to
prevent further A. torrentium diversity loss; nonetheless gap analysis based on pro-
tected area coverage alone does not necessarily reflect this efficacy (Carrizo et al., 2017;
Hermoso et al., 2019). Although the Natura 2000 coverage may be satisfactory in terms
of encompassing the recorded occurrences of this species, there are several drawbacks.
For example, from a practical point of view, single occurrences within reserve networks
and site protection alone are considered insufficient to ensure long-term survival and
to safeguard freshwater biodiversity, especially of species with demanding habitat
requirements, and do not take into account climate change (RopriGues et al., 2004a;
Carrizo et al., 2017). Global climate changes impact the size and extent of areas that
may potentially be inhabited by species (PARMESAN, 2006). So, in the case of A. torren-
tium , which is a cold-adapted species, we may assume distribution shifts to higher and
colder habitats in the future under further climate change.

Moreover, an additional limitation of gap analysis is that it does not predict species
viability and does not reveal previous habitat losses, which can lead to a misleading
result in the context of present distribution (JENNINGS ef al., 2000). Furthermore, despite
the overlap with protected areas, many Natura 2000 sites in freshwater ecosystems of
southern and eastern Europe are managed poorly (Carrizo et al., 2017). Since habitat
destruction, climate change and invasive alien species present major threats to fresh-
water biodiversity (CARDINALE et al., 2012; CasTro et al., 2015), the efficacy of the Nat-
ura 2000 network must be enhanced by better local management of freshwater re-
sources. Essential practical actions would require a range of activities/measures, from
habitat restoration works to managing invasive species. An important and unavoidable
activity that should be incorporated is building collaboration among various partici-
pants involved, including such stakeholders as local and state agencies, researchers,
landholders and funding bodies (BLicHaRrska et al., 2016; Carrizo et al., 2017).

Even though the gaps in the diversity coverage could be overcome by extension of
Natura 2000 network, there is a strong emphasis on directing resources to the most
threatened populations with high conservation value instead of constantly increasing
the size of protected areas. Improving existing conservation sites rather than designat-
ing new ones should be the primary focus of the future efforts in increasing conserva-
tion outcomes (Hermoso et al., 2019). The Natura 2000 network is considered a rigid
network due to the limited potential of adding new sites or adjusting the locations of
existing sites (OrLIKOwWsKa et al., 2016). However, there is a potential to improve its
effectiveness through better management of sites and by implementing local legislation
and regulations (Fors et al., 2017). Currently, management practices which are not re-
ceiving adequate attention in policy or implementation, low level and quality of pub-
lic participation with lack of flexibility on the part of the authorities are the greatest
challenges to the functioning of the Natura 2000 network (BricHARska ef al., 2016). One
of the focal points in the future conservation of threatened species such as the stone
crayfish should be public acceptance and engagement (Davis et al., 2014; BLICHARSKA
et al., 2016; Fors et al., 2017). Developing and implementing guidelines for public par-
ticipation are needed for successful conservation and improvement of the existing
Natura 2000 network across Europe.
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CONCLUSIONS

This study provides the first gap analysis that estimates the effectiveness of the
Natura 2000 network in supporting and maintaining A. torrentium diversity in Croatia
using a comprehensive and recently available species occurrence dataset. This analysis
can serve as a model for other Natura 2000 species and as a base for possible extension
of the Natura 2000 network.

Our results showed that the Natura 2000 network in Croatia covers species distri-
bution relatively well, and, with good management, we could consider the Natura 2000
network well suited for the long-term conservation of A. torrentium diversity.

Since conservation planning implies securing the evolutionary potential of the spe-
cies, itis important to point out that a recently discovered phylogroup from the Kordun
region is not covered by the current Natura 2000 network; thus this region should be
proposed as an additional area of protection in the future extension of the Natura 2000
network.

In order to achieve effective conservation plans, one of our future goals is to develop
species distribution models under different climate change scenarios to effectively
address future distribution under climate changes. Furthermore, since population ge-
netics plays an important role in conservation planning, greater insight into genetic
structure of the populations is needed for the identification of the populations that have
the highest conservation value.
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Integracijom rezultata niza bioloskih disciplina (molekularna filogenija, populacijska
genetika, geometrijska morfometrija, modeliranje povoljnosti stani$ta) u ovom istrazivanju
nastojala se utvrditi morfoloska i genetska raznolikost poto¢nog i plemenitog raka te istraziti
utjecaj klimatskih promjena i invazivnih stranih vrsta rakova na njihovu raznolikost.
Navedeni podaci posluzit ¢e kao kvalitetna osnova za izradu ciljanih konzervacijskih
strategija 1 planova upravljanja s ove dvije osjetljive 1 kljucne vrste slatkovodnih ekosustava.
Rezultati su potvrdili postojanje velike intraspecijske genetske i morfoloske raznolikosti
potocnog 1 plemenitog raka u Hrvatskoj Sto upucuje na vaznost njihovog ocuvanja. Takoder,
Bayesovskom analizom populacijske strukture utvrdena je specificna raspodjela genetske
raznolikosti i postojanje vise odvojenih genetskih grupa, dvije za plemenitog raka i osam za
poto¢nog raka. Nadalje, modeli povoljnosti stanista pokazali su da bi klimatske promjene
mogle imati veliki negativni utjecaj na buduéu koli¢inu potencijalno povoljnih stanista te
posljedicno smanjenje areala potocnog i1 plemenitog raka, ali i invazivnih vrsta. Ovo
istrazivanje predstavlja temelj za upravljanje 1 ocCuvanje genetskih resursa potocnog i
plemenitog raka uslijed klimatskih promjena te identificiranje potencijalnih buducih

klimatskih refugija.

3.1. Integrativni pristup u konzervaciji plemenitog raka
3.1.1. Morfoloska raznolikost populacija plemenitog raka u Hrvatskoj

Morfoloska raznolikost populacija plemenitog raka u Hrvatskoj istrazivana je
metodom geometrijske morfometrije (Znanstveni rad 1). Ustanovljeno je postojanje razlika u
morfoloSkim znaCajkama prednjeg dijela glavoprsnjaka izmedu populacija ovisno o njihovoj
pripadnosti razli¢itim mitohondrijskim linijama (Linija 2, Linija 4 ili Linija 2/4 sensu
Schrimpf i sur., 2014), genetskim grupama na temelju nuklearnih mikrosatelita (Genetska
grupa I, Genetska grupa Il), slivovima (Sava, Drava, Dunav) i tipovima stanista (lenticko,
loti¢ko) (Znanstveni rad 1). Rezultati rekonstrukcije filogenetskih odnosa plemenitog raka
(Znanstveni radovi 2 i 3) u wvelikoj su mjeri podudarni s rezultatima geometrijske
morfometrije; populacije koje pripadaju dvjema razli¢itim evolucijskim linijama imaju razlicit
oblik glavopr$njaka (Znanstveni rad 1). Naime, genetske linije plemenitog raka evolucijski su

mlade i ve¢inom nepodrzane u filogenetskoj rekonstrukciji (Schrimpf i sur., 2014.; Laggis i
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sur., 2017.; Znanstveni rad 2), $to je vidljivo i u njihovoj morfologiji. Nadalje, utvrdeno je da
se dvije genetske grupe plemenitog raka razlikuju u obliku glavopr$njaka i pogotovo
rostruma, S$to dijelom odrazava pripadnost razli¢itim staniSnim tipovima. Prilikom
proucavanja genetske raznolikosti plemenitog raka na podruc¢ju zapadnog Balkana utvrdeno je
grupiranje populacija prema rijeCnim slivovima (Znanstveni rad 2). U ovom istrazivanju,
utvrdene su morfoloske razlike izmedu tri sliva u Hrvatskoj, s osobito izrazenim razlikama
izmedu jedinki iz dravskog i dunavskog sliva (Znanstveni rad 1). Nadalje, rezultati
geometrijske morfometrije su pokazali da jedinke iz lentiCkog staniSta (stajacice) imaju uzu te
izduzeniju glavu 1 rostrum, dok jedinke iz loti¢kih staniSta (tekucice) posjeduju Siru 1 manju
glavu i rostrum. Ovaj rezultat je usporediv s rezultatima istrazivanja na vrsti Samastacus
spinifrons, jedinoj juznoamerickoj vrsti iz porodice Parastacidae koja nastanjuje i rijeke i
jezera (Rudolph i sur., 2016.). Jezerske populacije ove vrste imaju robusnije tijelo, izrazeniji
rostrum te izduzena 1 uza klijeSta u usporedbi s rijenim populacijama. Sli¢no je pronadeno iu
istrazivanju Perry i sur. (2013.) vrste Orconectes rusticus, u kojem jezerske populacije imaju
vece 1 robusnije tijelo, izraZeniji rostrum te izduZena i1 uZa klijeSta u usporedbi s rije¢nim
populacijama. Uocene morfoloske razlike izmedu jedinki razli¢itih staniSta vjerojatno su
povezane sa Zzivotnim uvjetima u kojima zive (Rudolph 1 sur., 2016.). Hidrodinamican
(vretenasti) oblik predstavlja morfoloSku prilagodbu za svladavanje otpora vode 1 vecu
pokretljivost. Rakovi iz loti¢kih staniSta imaju manje izrazen rostrum S§to, prema Perryju 1 sur.
(2013.), moze olaksati kretanje medu kamenjem 1 korijenjem korita tekucica te olaksati
potragu za hranom i skloniStem od predatora. Takoder, Perry i sur. (2013.) su prilikom
proucavanja utjecaja brzine strujanja vode na veli¢inu i oblik vrste O. rusticus, uocili da
jedinke koje zive u potocima s visokom brzinom strujanja vode su manjih tjelesnih proporcija
od onih koje zive u jezerima ili potocima s manjom brzinom strujanja vode. Time je
potvrdeno da poviSenje brzine strujanja vode moze utjecati na morfologiju slatkovodnih vrsta
rakova, $to je u skladu s rezultatima ovog istrazivanja. Sposobnost organizma i/ili genotipa da
stvara razli¢it fenotip u razli¢itim ekoloSkim uvjetima moZe objasniti postojanje razlika u
morfologiji izmedu rakova iz razli¢itih staniSta (Sommer, 2020.). Naime, genetska
varijabilnost 1 fenotipska plasticnost igraju vaznu ulogu u oblikovanju morfologije
slatkovodnih rakova (Langerhans, 2008.; Haddaway i sur., 2012.; Perry i sur., 2013,

Znanstveni rad 1).

Vecina prethodnih istraZzivanja morfoloske raznolikosti populacija slatkovodnih vrsta

rakova iz porodice Astacidae, ukljucuju¢i plemenitog raka, temelji se na tradicionalnoj
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morfometriji velikog broja znacajki u kombinaciji s multivarijantnim statistickim analizama
(Ghia i sur., 2006.; Sint i sur., 2005.; 2006.; Bertocchi i sur., 2008.; Bok i sur., 2010.; Maguire
i Daki¢, 2011.; Maguire i sur., 2017.; Berger i sur., 2018.). Geometrijska morfometrija prvi
put je koriStena za istrazivanje morfoloske varijabilnosti plemenitog raka (Znanstveni rad 1) i
pokazala se kao dobar alat za detekciju morfoloskih razlika unutar vrste te analizu
varijabilnosti veli¢ine i oblika prednjeg dijela glavopr$njaka. Znacajna prednost geometrijske
morfometrije jest prouc¢avanje oblika neovisno o veli¢ini i moguénost grafickog predstavljanja

varijabilnosti oblika.

3.1.2. Genetska raznolikost i struktura populacija plemenitog raka u Hrvatskoj

Genetska raznolikost populacija plemenitog raka proucavana je analizom
mitohondrijskih gena (COI, 16S) i nuklearnih mikrosatelitnih markera na podru¢ju Hrvatske i
Balkana (Znanstveni radovi 2 i 3).

Filogenetski odnosi populacija plemenitog raka rekonstruirani na temelju
mitohondrijskih gena u skladu su s rezultatima dosada$njih istrazivanja (Schrimpf i sur.,
2014.; Laggis i sur. 2017.). Ustanovljeno je postojanje Sest prethodno utvrdenih evolucijskih
linjja s naznakom postojanja nove divergentne linije koja obuhvaca nove haplotipove iz
Hrvatske i Slovenije (Znanstveni radovi 2 i 3). Hrvatske populacije plemenitog raka pripadaju
dvjema evolucijskim linijama, L2 i L4 sensu Schrimpf i sur. (2014.), koje su takoder
zabiljezene 1 u drugim europskim zemljama. Velik broj zabiljezenih kao i1 novootkrivenih
haplotipova u ovom istrazivanju idu u prilog Cinjenici o podru¢ju zapadnog dijela Balkana,
odnosno Hrvatske, kao vrucoj tocki genetske raznolikosti plemenitog raka, ali i drugih
slatkovodnih organizama (Hewitt, 2011.).

Medutim, u usporedbi s drugim vrstama rakova iz porodice Astacidae, plemenitog
raka karakterizira niza raznolikost na razini mitohondrijske DNA 1 slabije genetsko
strukturiranje, bez ociglednog geografskog obrasca. Rezultati filogenetickih analiza odrzavaju
slabo filogeografsko strukturiranje i prisutnost istih haplotipova ¢ak i u geografski udaljenim
populacijama §to je u skladu s rezultatima prijas$njih istrazivanja koja su pokazala da je
danaSnja rasprostranjenost i genetska struktura plemenitog raka oblikovana geoloSko-
klimatskim dogadajima u proslosti i ¢estim antropogenim translokacijama koje su djelomi¢no
narusile njegovu prirodnu genetsku strukturu (Schrimpf i sur., 2014.; Laggis i sur., 2017.;

Znanstveni radovi 2 i 3). Procijenjena vremena odvajanja linija pokazala su da se plemeniti
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rak kao vrsta diverzificirao relativno nedavno, $to se odrazava i na slabim podrzanostima
grana na filogenetskom stablu (Znanstveni rad 2).

Koristenjem molekularnog sata na temelju mitohondrijskih gena procijenjeno je
vrijeme divergencije genetskih linija plemenitog raka (Znanstveni rad 2). Sva odvajanja
dogodila su se u geoloskom razdoblju pleistocena kojeg karakteriziraju snazne oscilacije
klimatskih i1 ekoloskih uvjeta za vrijeme izmjene glacijala i interglacijala. Promjene klime i
reljefa utjecale su na gubitak kontakta izmedu rezidualnih slatkovodnih povrsina i na taj nacin
pridonijele genetskoj divergenciji vrste te stvorile mozaike evolucijskih linija (Hewitt, 2004.).
Danasnja rasprostranjenost genetskih linija plemenitog raka pokazuje navedeni uzorak
divergencije u skladu s fenomenom postojanja izoliranih juznih glacijalnih refugija tijekom
pleistocena iz kojih je tekla postglacijalna rekolonizacija ostatka Europe (Hewitt, 2004.).

Populacijsko-geneticke analize na temelju mikrosatelita ustanovile su postojanje
visoke genetske raznolikosti populacija plemenitog raka u Hrvatskoj (Znanstveni radovi 2 i
3). Ustanovljen je velik broj alela, alelnog bogatstva, privatnih alela, i visoke razine uocene
heterozigotnosti te su identificirane populacije s razliCitim vrijednostima indeksa genetske
raznolikosti. Ovi se podaci mogu koristiti za razvoj programa reintrodukcije ili repopulacije.
Genetska raznolikost populacija na podru¢ju Balkana, i pogotovo Hrvatske (Znanstveni
radovi 2 i 3), visa je u usporedbi s raznolikosti populacija iz srediSnje i Sjeverne Europe
(Gross i sur., 2013.; Schrimpf i sur., 2014.; 2017.; Laggis i sur., 2017.; Panicz i sur., 2019.).
Znacajne pozitivne vrijednosti koeficijenta parenja u bliskom srodstvu i velik udio
homozigotnih jedinki koji ukazuju na potencijalni gubitak genetske raznolikosti pronadeni su
u samo dvije populacije na podru¢ju Hrvatske. Takoder, rezultati ukazuju da su neke
populacije nedavno prosle kroz usko grlo, $to u malim izoliranim populacijama s ograni¢enim
protokom gena moze dovesti do smanjenja efektivne veli¢ine populacije, njenog fitnesa,
adaptivne vrijednosti i u kona¢nici nestanka (Frankham 2005).

Odredivanje genetske strukture hrvatskih populacija plemenitog raka provedeno je na
temelju Bayesovske analize pomocu programa STUCTURE. Utvrdeno je da se populacije u
Hrvatskoj grupiraju u dvije genetske grupe te da postoje populacije koje sadrze jedinke iz obje
grupe §to odrazava pripadnost zajedni¢koj ancestralnoj grupi ili antropogene translokacije.
Ovakva genetska struktura djelomi¢no se poklapa s rezultatima filogenije na temelju
mitohondrijskih gena (Znanstveni rad 3). Vrijednosti koeficijenta diferencijacije i rezultati
analize molekularne varijance ukazuju na postojanje srednje do visoke razine genetske

diferenciranosti izmedu istrazivanih populacija koja je odraz njihove prirodne izoliranosti i
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smanjenog protoka gena. U usporedbi s globalnim vrijednostima koeficijenta diferencijacije iz
prijasnjih istrazivanja, vrijednost dobivena u istrazivanju genetske diferenciranosti hrvatskih
populacija (Znanstveni rad 3) veca je od one izmedu populacija srediSnje i sjeverne Europe
(Schrimpf i sur., 2014.; Gross i sur., 2013.), ali manja od one izmedu grékih populacija na
jugu Balkanskog poluotoka (Laggis i sur., 2017.) i populacija koje su ukljucivale cijeli
Balkanski poluotok (Znanstveni rad 2). Visoka razina genetske raznolikosti i diferenciranosti
populacija iz ovog istrazivanja u skladu je s oCekivanjem s obzirom da se Hrvatska nalazi na
podru¢ju zapadnog Balkana koji je vruca toCka bioraznolikosti 1 jedan od potvrdenih

glacijalnih refugija plemenitog raka (Schrimpf i sur., 2014.).

3.1.3. Potencijalni utjecaj klimatskih promjena i invazivnih vrsta rakova na genetsku
raznolikost plemenitog raka

Modeli povoljnosti staniSta pokazali su da ¢e populacije plemenitog raka biti
ugrozenije budué¢im klimatskim promjenama, nego Sirenjem invazivnih vrsta rakova.
Rezultati sugeriraju gubitak oko 87 % trenutno povoljnih staniSta do kraja stoljeca te
pomicanje potencijalno povoljnih stanista plemenitog raka prema sjeverozapadu, $to moze
negativno utjecati na ukupnu razinu genetske raznolikosti ove vrste. Naime, velik dio
genetske raznolikosti plemenitog raka bit ¢e izgubljen ukoliko populacije zaista nestanu zbog
gubitka staniSta uslijed klimatskih promjena. Preklapanjem podataka o genetskoj raznolikosti
1 buducoj rasprostranjenosti ove vrste ustanovljeno je da su najugrozenije populacije ujedno
one koje imaju najvecu 1 jedinstvenu genetsku raznolikost. Gubitak takvih populacija u
kontinentalnoj Hrvatskoj mogao bi negativno utjecati na razinu ukupne genetske raznolikosti
plemenitog raka na europskoj razini.

Odgovor vrste na klimatske promjene velikim dijelom ovisi o postojecoj genetskoj
raznolikosti koja omogucuje prilagodbu na nove uvjete okolisa te sposobnosti
rasprostranjivanja pojedine vrste. Slatkovodni rakovi su osobito ugroZena skupina jer ih
karakteriziraju Cesto geografski 1 genetski izolirane populacije te niska moguénost
rasprostranjivanja. U istrazivanju provedenom u okviru Znanstvenog rada 3 po prvi put su
predloZena takva podrucja koje moZemo smatrati klimatskim refugijima za plemenitog raka.
Potencijalni budu¢i refugiji bitni za opstanak plemenitog raka tijekom predstoje¢ih klimatskih
promjena identificirani su u slatkovodnim ekosustavima na nizim nadmorskim visinama
alpinske regije (Linija 2, Genetska grupa II) te u $ljun¢arama i mrtvajama uz rijeke Dravu i

Savu u sjeverozapadnom dijelu kontinentalne Hrvatske (Linija 4, Genetska grupa 1). S
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obzirom da su ova podrucja izvan mogucnosti prirodnog rasprostranjivanja plemenitog raka i
nedostupna zbog prirodnih barijera Sirenja, bit ¢e potrebno premjestanje potpomognuto od
strane Covjeka. Asistirana migracija je Cesto predlozena kao konzeravacijska strategija za
ublazavanje uc¢inaka Klimatskih promjena i invazivnih vrsta (Butt i sur., 2019.). Naime,
repopulacija i reintrodukcija nativnih vrsta rakova smatra se temeljem njihove konzervacije
(Souty-Grosset i Reynolds, 2009.; Kozak i sur., 2011.; Olden i sur., 2011.; Capinha i sur.,
2013.), stoga su rezultati ovog istrazivanja od posebne vaznosti za upravljanje i oCuvanje
genetskih resursa plemenitog raka uslijed klimatskih promjena i invazivnih vrsta (Znanstveni
rad 3). Potencijalna podrucja reintrodukcije trebala bi biti smjeStena unutar prirodnog areala
vrste, zadovoljavati njihove ekoloske potrebe 1 biti sigurna od invazivnih stranih vrsta rakova
I patogena koje oni nose (Armstrong i Seddon, 2008.; Kozak i sur., 2011.; Souty-Grosset i
Reynolds, 2009.; Chucholl, 2017.).

Modeli potencijalne rasprostranjenosti invazivnih vrsta uslijed buducih klimatskih
promjena, predvidjeli su drastiéno smanjenje povoljnih stanista za signalnog i1 bodljobradog
raka u Hrvatskoj (Znanstveni rad 3). Shodno tome, potencijalna podrucja gdje bi se areali
ovih invazivnih vrsta rakova mogli u buduénosti preklopiti s arealom plemenitog raka ce
gotovo nestati. Slican obrazac smanjenja buduce rasprostranjenosti invazivnih vrsta rakova
ustanovljen je u istrazivanju Préau i sur. (2020.) gdje u slucaju bjelonogog raka i signalnog
raka ne dolazi do preklapanja buduce rasprostranjenosti unato¢ preklapanju njihovih
ekoloskih niSa. Takoder, Zhang i sur. (2021.) su potvrdili da ¢e signalni rak izgubiti veliki dio

povoljnih staniSta u Europi do kraja stolje¢a uslijed klimatskih promjena.

3.1.4. Smjernice za konzervaciju plemenitog raka u Hrvatskoj

Kombinacijom podataka razli¢itih bioloskih disciplina postavljeni su temelji konzervacije
plemenitog raka u Hrvatskoj. Integracijom morfoloskih, genetickih i ekoloskih podataka
identificirane su populacije plemenitog raka i podru¢ja koja imaju najveéu konzervacijsku
vrijednost i kojima treba dati najveéi prioritet u zastiti. U istrazivanju provedenom unutar
Znanstvenog rada 3 su prvi put identificirani potencijalni budu¢i klimatski refugiji za
plemenitog raka te populacije koje su potencijalni izvor jedinki za reintrodukcije i
repopulacije. Nadalje, predloZene su jedinice upravljanja plemenitog raka vezane uz genetske
linije i grupe unutar pojedinih rijeka i pritoka. S obzirom da su danasnja rasprostranjenost i
genetska struktura plemenitog raka pod velikim utjecajem antropogenih translokacija, njegove

mitohondrijske linije nisu striktno monofiletske 1 ne predstavljaju evolucijski znacajne
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jedinice (Scrhimpf i sur., 2017.); identifikacija jedinica upravljanja u ovom sluc¢aju smatra se

prikladnijom.

Osim prepoznavanja genetske i morfoloske raznolikosti te procjene utjecaja klimatskih
promjena i invazivnih vrsta, prilikom izrade konzervacijskih planova za ugrozene vrste
potrebno je procijeniti ucinkovitost postoje¢ih zasticenih podrucja u ocuvanju njihove
raznolikosti, usporedbom rasprostranjenosti vrste s opsegom zasticenih podruéja (Rodrigues i
sur., 2004.; Jennings, 2000.; Bosso i sur., 2016.). U svrhu procjene uéinkovitosti nacionalnih
zaStiCenih podrucja i pan-europske mreze Natura 2000 u oCuvanju raznolikosti plemenitog
raka u Hrvatskoj putem gap analize (eng. gap analysis), koriSteni su podaci o
rasprostranjenosti ove vrste koji su preklopljeni s kartom zasticenih podrucja (Znanstveni rad
4). Rezultati analize su pokazali da su populacije plemenitog raka umjereno dobro pokrivene
zaSticenim podrué¢jima buduéi da se 50 % populacija nalazi unutar zasticenih podrucja. Velik
broj populacija s jedinstvenom genetskom raznolikoséu, a koje su istovremeno ugrozene
buduc¢im klimatskim promjenama nalaze se izvan zaSti¢enih podrucja; kontinentalna regija u
kojoj se nalazi vec¢ina prirodnih populacija plemenitog raka najmanje je pokrivena zastic¢enim
podru¢jima (Znanstveni radovi 3 i 4). Istrazivanje Carrizo i sur. (2017.) pokazalo je da se
mnogim slatkovodnim Natura 2000 podrucjima u juznoj i istocnoj Europi upravlja lose i da
trenutna razina zastite nije dovoljna. Naime, samo proglasenje zaStite podru¢ja ne moze
posti¢i oCuvanje vrijednosti zbog kojih je proglaseno, ve¢ je potrebno trajno pratiti promjene i
provesti aktivnosti za pobolj$anje stanja podrucja, kao $to su upravljanje stranim invazivnim
vrstama, restauracija slatkovodnih staniSta, povecanje sudjelovanja javnosti te suradnje
lokalnih i drzavnih agencija, znanstvenika i tijela za financiranje (Blicharska i sur., 2016.;
Carrizo isur., 2017.).

3.2. Integrativni pristup u konzervaciji poto¢nog raka
3.2.1. MorfolosSka raznolikost populacija poto¢nog raka u Hrvatskoj

Morfoloska raznolikost poto¢nog raka u Hrvatskoj i morfoloSke znacajke koje
razlikuju jedinke iz razli¢itih populacija prouc¢avane su na temelju geometrijske i tradicionalne
morfometrije te analize meristickih znacajki (Znanstveni radovi 5 i 6). Dobiveni podaci
koriSteni su za rjeSavanje taksonomskog statusa mitohondrijskih filogrupa i identifikaciju
potencijalnih donorskih populacija za buduce reintrodukcije 1/ili repopulacije. Takoder, ovo

istrazivanje potvrdilo je prednji dio glavoprSnjaka, rostrum 1 apeks (vrh rostruma) kao dobre
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morfoloske znacajke za razlikovanje razli¢itih populacija, §to je u skladu s prethodnim
istrazivanjima slatkovodnih rakova (Taylor, 2000.; Bertocchi i sur., 2008.; Scalici i sur.,
2010.; Rudolph i sur., 2016.). Geometrijska morfometrija, kao noviji pristup u istrazivanju
morfoloske varijabilnosti po prvi je puta upotrebljena u istrazivanju morfologije poto¢nog
raka i pokazala se korisnom za opisivanje oblika glavoprsnjaka (Znanstveni rad 5). Rezultati
ukazuju na postojanje fenotipske plasti¢nosti i visoke intraspecijske morfoloske varijabilnosti
koja odrazava dvojaki utjecaj okolisa i genetske pozadine.

Geometrijsko-morfometrijska analiza pokazala je da su populacije poto¢nog raka u
Hrvatskoj morfoloSki raznolike (Znanstveni rad 5). Naime, utvrdeno je da se populacije
dijelom razlikuju u morfoloskim znacajkama prednjeg dijela glavoprSnjaka (od vrha rostruma
do cervikalne brazde) ovisno o pripadnosti razli¢itim mitohondrijskim linijama te da se
rezultati morfoloSkih istrazivanja djelomi¢no poklapaju s rezultatima molekularno-
filogenetickih analiza (Klobucar i sur., 2013.). Istrazivanje meristickih znacajki na velikom
broju jedinki poto¢nog raka utvrdilo je veliku intraspecijske varijabilnost te postojanje
raznolikosti unutar i izmedu razli¢itih filogrupa (Znanstveni rad 6). Ustanovljeno je da su
morfoloske znacajke varijabilne i da ne postoji determinacijska znacajka koja bi pomogla
razlikovanju filogrupa te omogucéila moguci opis vrsta. Takoder, nedostatak dentikulacije na
donjem rubu antenalnog egzopoda, koje Parvulescu (2019.) isti¢e kao jednu od glavnih
morfoloskih karakteristika za razlikovanje novo opisane vrste A. bihariensis, pokazala se kao
iznimno varijabilna znacajka u istrazivanju provedenom unutar Znanstvenog rada 6
(nedostatak dentikulacije zabiljezen je u svim filogrupama). Stoga, velika intraspecijska
varijabilnost morfometrijskih 1 meristickih znacajki dovodi u pitanje validnost vrste A.
bihariensis. Nadalje, zbog nepodudarnosti rezultata implementiranin metodologija
(morfometrija, meristika, molekularne metode razgraniavanja potencijalnih vrsta),
ukljucujuéi nedostatak morfoloSkih znacajki koje bi bile specificne za svaku filogrupu,
genetski i geografski izolirane filogrupe poto¢nog raka proglasene su kripti¢nim podvrstama i

evolucijski zna¢ajnim jedinicama (Znanstveni radovi 5 i 6).

3.2.2. Genetska raznolikost i struktura populacija poto¢nog raka u Hrvatskoj

IstraZivanje genetske raznolikosti i rekonstrukcija filogenetskih odnosa upotrebom
mitohondrijskih i nuklearnih DNA markera potvrdili su veliku genetsku raznolikost i slozenu
filogeografsku strukturu potocnog raka u Hrvatskoj (Znanstveni rad 6). Utvrdeno je

postojanje devet genetski i geografski izoliranih monofiletskih filogrupa koje karakterizira
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bazalna politomija kao odraz brze diverzifikacije ancestralnih linija (Trontelj i sur., 2005.;
Klobucar i sur., 2013.; Jeli¢ i sur., 2016.; Parvulescu i sur., 2019.). Tijekom ovog istrazivanja
i opseznog uzorkovanja prethodno neistrazenog podrucja ustanovljeno je postojanje nove
divergentne filogrupe na podrucju Korduna (filogrupa KOR), §to ukazuje na potencijalno

postojanje jo$ neotkrivene raznolikosti.

Utvrdena velika genetska raznolikost na razini mitohondrijske DNA, ovim
istrazivanjem potvrdena je i na razini nuklearne DNA. Naime, pronalazak informativnog
nuklearnog markera pokazao se kao problem u istrazivanju filogenije slatkovodnih rakova
zbog sporije stope evolucije i niske genetske varijabilnosti nuklearne DNA (Chu i sur., 2001.;
Blaha i sur., 2016.; Jeli¢ i sur.,, 2016.). Tako i u istrazivanju provedenom u okviru
Znanstvenog rada 6, upotrebom nuklearne regije 1TS2 potvrdene su gotovo sve filogrupe, ali
filogenetski odnosi izmedu njih su ostali nerijeSeni. Mitohondrijski geni pokazali su se kao
informativniji filogenetski biljezi jer sadrze vec¢i broj varijabilnih mjesta koja osiguravaju
dovoljan broj informativnih znacajki za filogeneticke analize pa time i bolje razlucivanje

filogenetskih odnosa.

Kompleksna filogeografska struktura i danaSnja rasprostranjenost filogrupa poto¢nog
raka odraz su paleoklimatskih i paleogeoloskih procesa koji ukljucuju alpsku i dinaridsku
orogenezu, proces okrSavanja, pleistocenske izmjene glacijala 1 interglacija te
postpleistocensku rekolonizaciju kroz dunavski sliv (Trontelj i sur., 2005.; Klobucar i sur.,
2013., Znanstveni rad 6 ). Sest upotrijebljenih kalibracija molekularnog sata (tri geoloske i tri
molekularne) pokazale su da su geografski izolirane i duboko divergentne filogrupe nastale
uslijed intenzifikacije tektonskih gibanja tijekom pliocena i pocCetkom pleistocena te procesa
okrSavanja koje je fragmentiralo paleohidrografiju ovog podru¢ja (Znanstveni rad 6).
Navedene promjene klime i reljefa utjecale su na gubitak kontakta izmedu rezidualnih
slatkovodnih povrSina i na taj na¢in pridonijele genetskoj diverzifikaciji vrste (Trontelj i sur.,
2005.; Klobugar 1 sur., 2013.). Otkri¢em nove filogrupe poto¢nog raka na podrucju planinskog
masiva Apuzeni u Rumunjskoj, Parvulescu i sur. (2019.) predlozili su novi pristup u
objasnjenju danasnje rasprostranjenosti filogrupa poto¢nog raka. Kao moguéi uzrok odvajanja
apuzenske filogrupe od blisko srodnih filogrupa sjeverno-sredi$nje dinaridske regije (GK, LD,
BAN, ZV, ZPB) navode tektonsko pomicanje i odvajanje Tisa-Dacia mikroploce, koje je
zapocelo u miocenu (prije 16 milijuna godina) i prema autorima prenijelo dio ancestralne

populacije poto¢nog raka do danasnjeg polozaja u gorju Apuzeni. Navedeni geoloski dogadaj
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koristili su za geolosko kalibriranje molekularnog sata ¢iji su rezultati pokazali puno starije
odvajanje filogrupa unutar poto¢nog raka, ali i unutar cijelog roda Austropotamobius.
Obzirom da navedeni proces nije bio u skladu s prethodnim istrazivanjima i tri molekularne
kalibracije, u istrazivanju U sklopu Znanstvenog rada 6 ponudeno je drugacije objasnjenje
podrijetla apuzenske filogrupe. KoriStena je nova geoloska kalibracija za procjenu vremena
divergencije filogrupa prema kojoj je uspostava hidroloske veze izmedu dviju rijeka, paleo-
Dunava i paleo-Tise, prije 5.3 milijuna godina mogla omoguciti pretku apuzenske filogrupe
prirodno Sirenje i kolonizaciju prema gorju Apuzeni. Upotrijebljena geoloska kalibracija
rezultirala je procijenjenim vremenima odvajanja koje su u skladu s prethodnim
istrazivanjima 1 molekularnim kalibracijama. Takoder, jedno od potencijalnih objasnjenja
podrijetla apuzenske filogrupe jest da su brojne populacije poto¢nog raka postojale u
sjevernim podrucjima areala, ali nisu prezivjele klimatske uvjete tijekom pleistocenskih
glacijala, za razliku od populacije u Apuzenskom gorju. Naime, planinski masiv Apuzeni
identificiran je kao jedan od pleistocenskih refugija i mogao je omoguciti prezivljavanje u

krskim staniStima, sli¢no populacijama sjeverno-sredisnje dinaridske regije (Pullaiah, 2019.).

Taksonomski status filogrupa potocnog raka i1 pitanje postojanja kripti¢nih vrsta
nastojao se rijeSiti opseznijim istrazivanjem morfometrijskih i meristickih znacajki te
molekularnim metodama razgranicavanja potencijalnih vrsta (eng. species delimitation)
(Znanstveni rad 6). Medutim, primijenjene morfoloSke analize i metode razgrani¢avanja vrsta
rezultirale su nepodudarnos¢u morfoloSkih 1 genetskih podataka. Morfoloske analize
(geometrijska i tradicionalna morfometrija te meristika) pokazale su da je intraspecijska i
unutarpopulacijka raznolikost prevelika i da ne postoji jedinstvena morfoloSka znacajka za
razlikovanje filogrupa. Metode razgrani¢avanja potencijalnih vrsta (ABGD, GMYC, bPTP,
mPTP) predlozile su nerealno visok broj potencijalnih vrsta (9-30) koje nuzno ne
predstavljaju samo neotkrivenu raznolikost, ve¢ i izolirane populacije koje prolaze proces
specijacije (Hofmann i sur., 2019.; Loretan i sur., 2020.). Naime, u¢inkovitost molekularnih
metoda razgraniCavanja vrsta osjetljiva je na brojne c¢imbenike kao Sto su visoka
supstitucijska stopa koriStenog gena, broj ukljuéenih vrsta, nejednoliko uzorkovanje,
varijabilna veli¢ina populacija, razina protoka gena te politomije i nerijeSena filogenetska
grananja (Dellicour i Flot, 2015.; Ahrens i sur., 2016.; Luo i sur., 2018.; Hofmann i sur.,
2019.). Nadalje, ve¢i broj predlozenih potencijalnih vrsta moze biti posljedica tendencije
metoda razgraniCavanja da precjenjuju broj vrsta i odraZzavaju genetsku strukturu podataka

pritom prikazuju¢i populacijsku strukturu unutar vrste (Sukumaran i Lacey, 2017.). Stoga smo
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u ovom istrazivanju zauzeli konzervativni pristup u svrhu izbjegavanja ,taksonomske
inflacije” (Isaac 1 sur., 2004.) (i istovremenog ostavljanja mogucnosti postojanja kripti¢nih
vrsta i/ili podvrsta) te filogrupe proglasili kripticnim podvrstama i evolucijski znacajnim
jedinicama poto¢nog raka. Filogrupe su genetski visoko divergentne, ali evolucijski mlade, u
prijelaznoj fazi izmedu genetskih linija i vrsta. Vrijednosti genetskih udaljenosti unutar i

izmedu grupa ukazuju na relativno stare evolucijske linije ili vrste u nastanku.

Postojanje sedam genetski i geografski izoliranih evolucijski znacajnih jedinica na
podru¢ju Hrvatske potvrdeno je i koriStenjem mikrosatelitnih markera (Znanstveni rad 7).
Rezultati populacijsko-genetickih analiza pokazali su srednju razinu genetske raznolikosti
populacija, $to zapravo predstavlja nizu genetsku raznolikost od ocekivane, ¢ime je dodatno
potvrdena ugrozenost ove vrste. Prosje¢no najvecu genetsku raznolikost pokazuju populacije
filogrupa/ESU BAN, CSE, KOR i ZV s visokim brojem alela, vrijednostima alelnog
bogatstva i heterozigotnosti, dok populacije iz filogrupa GK, LD i ZPB pokazuju nize
vrijednosti. Genetska raznolikost populacija poto¢nog raka u Hrvatskoj je umjerena do visoka
u usporedbi s rezultatima lorgu i sur. (2011.), Vorburger i sur. (2014.), Berger i sur. (2018.),
te Parvulescu i sur. (2020.). Indeksi genetske raznolikosti, izrazeni kao broj alela, alelno
bogatstvo 1 uoCena heterozigotnost, bili su viSi u populacijama iz Hrvatske nego u
populacijama iz Austrije, Svicarske i Njemacke (Vorburger i sur., 2014.; Berger i sur., 2018.),
ali nizi od populacija iz Rumunjske (Iorgu i sur., 2011.; Parvulescu i sur., 2020.). Populacije
analizirane u istrazivanju provedenom unutar Znastvenog rada 7 pokazuju veci broj privatnih
alela u odnosu na populacije iz drugih istrazivanja (Berger 1 sur., 2018., Parvulescu 1 sur.,
2020.). Prisutnost velikog broja privatnih alela i alelnog bogatstva ukazuje na podruéja velike
genetske raznolikosti koja su kroz duga razdoblja bila stabilna i u kojima su postojali uvjeti za
kontinuirane evolucijske procese kao $to su npr. glacijalni refugiji (Hewitt, 2011.).
Dosadasnja istrazivanja rakova porodice Astacidae pokazala su da je podrucje zapadnog
Balkana poznato kao vruc¢a tocka raznolikosti ovih vrsta (Trontelj i1 sur., 2005.; Klobucar i
sur., 2013.; Schrimpf i sur., 2014.; Jeli¢ i sur., 2016.; Znanstveni radovi 2 i 6). Ovo podrucje
sluzilo je kao glacijalni refugij iz kojeg je krenula rekolonizacija srediSnjih i sjevernih
dijelova Europe nakon posljednjeg ledenog doba, $to je vidljivo i iz podataka o smanjenoj
genetskoj raznolikosti rakova u tim podru¢jima (Gross i sur., 2013., Blaha i sur., 2016.,
Berger i sur., 2018.). Nadalje, postojanje velikog broja privatnih alela i jedinstvene genetske
varijabilnosti moze biti klju¢no u dugoro€nom odgovoru vrste na selekcijske pritiske.

Populacije bez privatnih alela, s nizom heterozigotnosc¢u i alelnim bogatstvom mogle bi imati
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problema u prilagodbi na promjene u okoliSu. Smanjenje genetske raznolikosti povecava rizik
od izumiranja populacija zbog smanjenja fitnesa, Sto moze dovesti do smanjenja efektivne
veli¢ine populacije 1 veceg rizika od stohastickog demografskog izumiranja (Markert i sur.,
2010.). Suprotno tome, populacije s ve¢im Sansama za dugoro¢ni opstanak su one s visokom
razinom genetske raznolikosti koja promice opstanak populacije i jam¢i adaptivni potencijal
populacija suocenih s brzim promjenama okoli$nih pritisaka (Frankham, 2003.). U veéini
populacija zabiljezene su viSe vrijednosti koeficijenta parenja u bliskom srodstvu $to ukazuje
na parenje u bliskom srodstvu, a predstavlja udio uocenih heterozigota u odnosu na ocekivani
broj heterozigota u populaciji i oznacava gubitak raznolikosti (Frankham, 2005.). Mnoge
populacije poto¢nog raka su osjetljive na promjene u okoliSu i stresore zbog male veliCine 1
prirodne izoliranosti. Naime, populacija s ve¢im udjelom homozigota i niskim vrijednostima
indeksa genetske raznolikosti su osjetljive na parenje u bliskom srodstvu $to moze dodatno
smanjiti koli¢inu genetske raznolikosti populacija i posljedi¢no dovesti do gubitka adaptivnog
evolucijskog potencijala vrste (Frankham 2005). Nadalje, brojne istrazivane populacije
pokazale su odstupanje od Hardy-Weinbergove ravnoteze S$to moze biti uzrokovano
prisustvom nul alela, parenjem u bliskom srodstvu ili Wahlundovim efektom. Odstupanje od
Hardy-Weinbergove u istraZzivanim populacijama je naj¢eS¢e zdruZzeno sa znatnim deficitom
heterozigota i pozitivnim vrijednostima Fis koeficijenta ili zabiljeZenim nul alelima.
Smanjenje heterozigotnosti 1 opcenito genetske raznolikosti moze se objasniti 1 uc¢inkom
uskog grla (eng. bottleneck). Medutim, koriStenjem mikrosatelita koji se smatraju
informativnim markerima za demografske dogadaje unutar zadnjih 10-50 generacija (Peery i
sur., 2012.), nije pronadeno da je ijedna od istrazivanih populacija nedavno prosla kroz ,,usko

grlo* (Znanstveni rad 7).

Populacije potocnog raka u Hrvatskoj geografski su strukturirane, s ograni¢enim
protokom gena i slabom povezanosti. Vrijednosti fiksacijskog indeksa upuéuju na visoku
diferencijaciju i genetsku izoliranost populacija koje odrazavaju njihovu prirodnu izoliranost i
slabu pokretljivost. Vrijednosti fiksacijskog indeksa su manje izmedu populacija unutar istih
evolucijski znacajnih jedinica, a veée S§to su populacije geografski udaljenije. Takoder,
vrijednosti fiksacijskog indeksa za hrvatske populacije ve¢e su u odnosu na one procijenjene u
drugim istrazivanjima poto¢nog raka (Vorburger i sur., 2014.; Berger i sur., 2018.; Parvulescu
i sur., 2020.) sto ukazuje na dulju izoliranost populacija i ograniCeni protok gena, §to je u
skladu s procijenjenim vremenima odvajanja filogrupa poto¢nog raka u miocenu i pliocenu

(Znanstvenim rad 6).
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Utvrdivanje genetske strukture populacija poto¢nog raka provedena je na temelju
Bayesovske analize pomocéu programa STRUCTURE. Utvrdeno je da se populacije u
Hrvatskoj grupiraju u osam genetskih grupa S§to je podudarno s evolucijski znacajnim
jedinicama (Znanstveni rad 7). Ovakva genetska struktura populacija se u velikoj mijeri
podudara s filogeografskom strukturom poto¢nog raka na temelju mtDNA (Znanstveni rad 6).
Utvrdeni obrazac genetske strukture posljedica je navedenih geolosko-klimatskih procesa u
proslosti 1 krskog reljefa koji predstavlja fragmentirano staniste s fiziCkim barijerama za
rasprostranjivanje i protok gena. Poznato je da divergencija stani§ta moZe uzrokovati
ekolosku izolaciju i genetsku diferencijaciju cak 1 geografski bliskih populacija kao $to je

utvrdeno i u naSim istrazivanjima (Znanstveni rad 6).

3.2.3. Potencijalni utjecaj klimatskih promjena i invazivnih vrsta rakova na genetsku

raznolikost potocnog raka

Modeli povoljnosti staniSta pokazali su da bi klimatske promjene mogle znacajno
smanjiti ukupnu povrSinu povoljnih staniSta poto¢nog raka na podrucju vruce tocke njegove
genetske raznolikosti do kraja 21. stoljeca, ¢ime bi izravno ugrozile njegovu genetsku
raznolikost i jedinstvene evolucijske linije (Znanstveni rad 7). Naime, rezultati predvidaju
gubitak oko 80 % trenutno povoljnih staniSta do 2070. godine te pomicanje potencijalno
povoljnih podrucja potocnog raka prema sjeverozapadu i viSim nadmorskim visinama, kao i
izvan trenutno odredenih Natura 2000 podrucja za ovu vrstu. Slicno, veliko smanjenje
povoljnih stanista za potocnog raka predvida se na podrucju cijelog areala vrste; Capinha i
sur. (2013.) predvidaju gubitak oko 52 % trenutno povoljnih staniSta za poto€nog raka na
europskoj razini. Preklapanjem podataka o genetskoj raznolikosti 1 buducoj rasprostranjenosti
ove vrste ustanovljeno je da ¢e 44 % istrazivanih populacija i 65 % zabiljezenih tocaka
poto¢nog raka potencijalno biti izgubljeno, ukljucujuci tri visoko-divergentne, geografski
izolirane evolucijske linije malih areala (Znanstveni rad 7). Takav gubitak genetske
raznolikosti 1 evolucijskih linija mogao bi znacajno smanjiti sposobnost prilagodbe ove vrste
na brze promjene u okolisu i ugroziti dugoro¢ni opstanak (Wright i sur., 2008.). Smanjenje
genetske raznolikosti povecava potencijalni rizik od izumiranja populacija zbog smanjenja
fitnesa, Sto moZe dovesti do daljnjeg smanjenja veli¢ine populacije i veceg rizika od
stohastickog demografskog izumiranja (Markert i sur., 2010.). Evolucijski znacajne linije

poto¢nog raka karakterizira mali areal i jedinstvena genetska arhitektura, stoga im treba dati
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prioritet u konzervaciji jer znacajno doprinose ukupnoj raznolikosti vrste, ali i lokalnoj

bioloskoj raznolikosti (Crandall, 1998.; Yarra i Magoulick, 2019.).

U istrazivanju provedenom u okviru Znanstvenog rada 7 po prvi put su predloZzena podrucja
koje mozemo smatrati klimatskim refugijima za poto¢nog raka tijekom predstojecih
klimatskih promjena. Potencijalni budu¢i refugiji bitni za opstanak poto¢nog raka ukljucuju
podru¢ja uz sjeverozapadnu granicu Hrvatske i prema staniStima na vi§im nadmorskim
visinama u Sloveniji. S obzirom da su ova podru¢ja nedostupna zbog prirodnih granica
Sirenja, predlozene strategije ocCuvanja ove vrste ukljuCuju programe repopulacije i1
reintrodukcije. Potreba za ovim strategijama naglaSena je i zbog potencijalno smanjene
ucinkovitosti trenutnih Natura 2000 podru¢ja odredenih za potoc¢nog raka u buduénosti

(Znanstveni rad 7).

Modeli potencijalne rasprostranjenosti signalnog raka u Hrvatskoj uslijed buducih
klimatskih promjena predvidjeli su veliko smanjenje povoljnih stanista, stoga su podrucja
gdje bi se eventualno njegova rasprostranjenost mogla preklopiti s rasprostranjeno$c¢u
poto¢nog raka u buducnosti virtualno nestala (Znanstveni rad 7). Smanjeno preklapanje
rasprostranjenosti izmedu nativnih i invazivnih vrsta rakova kao odgovor na klimatske
promjene zabiljezeno je ranijim istrazivanjima na podru¢ju odredenih europskih zemalja
(Gallardo 1 Aldridge, 2013.; Preau i sur., 2020., Lovrenci¢ 1 sur., 2022.). Takoder,
istrazivanjem u sklopu Znanstvenog rada 7 nije utvrdeno preklapanje ekoloskih niSa poto¢nog
i signalnog raka u Hrvatskoj. Suprotno tome, Chucholl (2016.) je utvrdio preklapanje
ekoloskih niSa potocnog i signalnog raka u Njemackoj. Sli¢no je pronadeno u istrazivanju
Préau 1 sur. (2020.) gdje u slucaju bjelonogog raka i signalnog raka ne dolazi do preklapanja

buduce rasprostranjenosti u Francuskoj, ali se njihove ekoloske nise preklapaju.

3.2.4. Smjernice za konzervaciju poto¢nog raka u Hrvatskoj

Integracijom morfoloskih, genetickih i ekoloskih podataka postavljeni su temelji
konzervacije poto¢nog raka u Hrvatskoj. ldentificirane su populacije i podru¢ja koja imaju
najvecu konzervacijsku vrijednost i kojima treba dati najveci prioritet u zaStiti te su
predlozene evolucijski znacajne jedinice i jedinice upravljanja. Takoder, prvi put su
identificirani potencijalni budu¢i klimatski refugiji za poto¢nog raka te populacije koje su

potencijalni izvor jedinki za reintrodukcije i repopulacije. Nadalje, procijenjena je
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ucinkovitost Natura 2000 podrucja u ocuvanju raznolikosti poto¢nog raka kroz gap analizu
koja se temelji na preklapanju karata rasprostranjenosti poto¢nog raka i Natura 2000
odredenih podruc¢ja koriStenjem GIS programskog paketa (Znanstveni rad 8). Rezultati su
pokazali da postoje¢a mreza Natura 2000 u Hrvatskoj obuhvaca 73,3 % populacija potocnog
raka te ukljucuje i podrucja njegove najvecCe raznolikosti (Znanstveni rad 8), s izuzetkom
novootkrivene filogrupe na podru¢ju Korduna (Znanstveni rad 6). Visok postotak
pokrivenosti populacija je ocekivan s obzirom da je potoc¢ni rad jedna od Natura 2000 vrsta, S
25 podrucja odredenih posebno za ovu vrstu. Pri izradi budu¢ih planova konzervacije ove
vrste posebnu paznju treba obratiti na novootkrivene populacije koje ujedno predstavljaju

evolucijski divergentne linije.
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. ZAKLJUCAK

Molekularno-filogeneticke analize na temelju mitohondrijske i nuklearne DNA potvrdile
su veliku genetsku raznolikost potocnog i plemenitog raka u Hrvatskoj; paleogeoloski i
paleoklimatski procesi u proslosti oblikovali su danasnju rasprostranjenost evolucijskih

linija.

Integracija rezultata razliCitih analiza (molekularna filogenija, populacijska genetika,
geometrijska morfometrija) omogucila je identifikaciju populacija s visokom i niskom

raznolikosti za potrebe upravljanja 1 konzervacije ovim dvjema ugroZenim vrstama.

Unutar plemenitog raka potvrdeno je postojanje Sest evolucijskih mitohondrijskih linija
koje predstavljaju jedinice upravljanja, uz naznaku postojanja nove linije koja sadrzi

haplotipove iz slovenskih i hrvatskih populacija.

Populacije plemenitog raka u Hrvatskoj posjeduju veliku genetsku raznolikost i visoku
razinu diferencijacije te predstavljaju dvije genetske grupe na temelju analize

mikrosatelitnih lokusa.

Istrazivanjem mitohondrijskih gena utvrdeno je sedam genetski i geografski izoliranih
filogrupa poto¢nog raka u Hrvatskoj koje su na temelju svoje jedinstvenosti i malog areala
proglasene kripticnim podvrstama ili evolucijski znac¢ajnim jedinicama. U ovom
istrazivanju otkrivena je nova filogrupa na podrucju Korduna §to ukazuje na postojanje jos

neotkrivene raznolikosti u neistrazenim podru¢jima.

Populacije potocnog raka u Hrvatskoj su genetski i geografski strukturirane te predstavljaju
osam genetskih grupa na temelju analize mikrosatelitnih lokusa. Karakterizira ih umjerena
genetska raznolikost i visoka diferencijacija populacija s ograni¢enim protokom gena. U
brojnim populacijama zabiljezene su znacajne vrijednosti koeficijenta parenja u bliskom

srodstvu koje potencijalno objasnjavaju niZe vrijednosti parametara genetske raznolikosti.

Klimatske promjene potencijalno ¢e uzrokovati negativne promjene u rasprostranjenosti

potocnog i plemenitog raka smanjenjem areala i1 klimatski povoljnih stanista.
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e Modeli povoljnosti stanista pokazali su da ¢e populacije plemenitog i poto¢nog raka biti

ugrozenije budu¢im klimatskim promjenama, nego Sirenjem invazivnih vrsta rakova.
Rezultati sugeriraju gubitak oko 87 % trenutno povoljnih staniSta do kraja stoljeca za
plemenitog raka te 80 % za poto¢nog raka, Sto moze negativno utjecati na ukupnu razinu

njihove genetske raznolikosti.

Preklapanjem podataka o genetskoj raznolikosti i buducoj rasprostranjenosti poto¢nog i
plemenitog raka ustanovljeno je da su najugrozenije populacije ujedno one koje imaju
najvecu 1 jedinstvenu genetsku raznolikost. Njihov nestanak moze negativno utjecati na

ukupnu razinu genetske raznolikosti, a time i na adaptivni potencijal vrsta.
Potencijalni buduci klimatski refugiji nalaze se u podru¢jima za koje su modeli predvidjeli
da predstavljaju dugoro¢no klimatski povoljna podrucja i u koje ¢e rakovi biti uneseni ili

ve¢ postoje na podrucju.

Rezultati ovog istraZzivanja mogu se iskoristi za izradu konzervacijskih strategija 1 planove

upravljanja ovim klju¢nim vrstama slatkovodnih ekosustava.
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