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CHAPTER | - LITERATURE REVIEW
Background of the study species and populations

1.1- A JUVENILE BROWN BEAR(URSUS ARCTO$

Bear biology and ecology

Brown bears {rsus arctos Linnaeus 1758) are solitary animals. Relatiortsveen individuals are mainly based on
mutual avoidance, except during the mating sead&n\V. 2002). Much like the majority of other largarnivores,
bears have wide home ranges and occur in low ptpuldensities. Females set up their home rangeistaeheir
mothers’ (philopatry), while males disperse (Clayen& Purroy 1991). Female home ranges may ovdifath
1983). Bears are more active at dusk and nighth(R883). Their activity depends on environmentaiditions,
amount of food and human activity (Swenson et &030In the Alps, brown bears mainly use forestetitat
between 300 m and 1400 m a.s.l. (Mustoni 2004).itlabse indicates that bears prefer deciduousnairdd forest,
but areas with bushes and conifer trees are adgtarty used (Preatoni et al 2005).

Brown bears are opportunistic omnivores. They tibjccollect food with the highest possible nutital value
available at any particular moment (AA.VV. 2002hel majority of food is of plant origin. Spring iket most
challenging season, especially until the beginmihthe growing season. Carcasses of animals tedtdliring winter
also represent an important spring food sourcev@iger & Purroy 1991, Frassoni 2002).

From the time the growing season begins until fateimn they like to graze and eat fruits of fotes¢s and plants
(cornel, hazel, strawberries, blueberries, bramfisnjak et al 1987). In autumn, when they areuawglating fat for
hibernation, forest trees (beechnut, acorn, chéestrazelnuts, walnuts) and fruit trees in orchafpksars, apples,
plums) are important food sources. Bugs (ants, syaspes, wood beetles, chafers, weevil) and thgia@ represent
high-protein food sources for the bear (AA.VV. 20Q2evenger & Purroy 1991).

On occasions bears hunt livestock, especiallyecatthey also find food at open-air waste dumps. Wney find
food on people’s properties (small cattle, orchab@® houses...) and cause damage, conflicts withipeaoise.

The bear hibernates in winter; however, this isdedp winter hibernation as we know, for exampiejarmice. Its
body temperature only drops 2°C and its pulse agéstive system slow down (Swenson et al 1997)ceSindoes
not drink fluids during this period, toxic wasteuds accumulating, especially in urea. The beaviater hibernation”
is actually a special form of starvation with theility to neutralize toxic waste (Nelson et al 197Bears from
southern European populations, such as the Italrmag be more active throughout the year. Spendinter in the
den is probably an adaptation to lack of food dynvinter time and possibly to giving birth to culvkich are not
fully able to thermoregulate (Swenson et al 2000).

Bears are known for their long lifespan, late séxuaturity, and extended reproductive cycle. laigpolygamous
species. Mating takes place from mid-May to eaudly.JAfter insemination embryos develop to the tagst stage.
Further development is stopped until late Novembibich is when implantation takes place. After thgestation
takes another 6 to 8 weeks. In January or Febrtemnales give birth in the den to 1 to 4 cubs; thesigh
approximately 0.5 kg (Hellgren 1998). Cubs are wered grown (juveniles) from when they are 1.2 # years old.
In the Scandinavian population, which is the mogtnisely researched European population, theyvksed that the
females give birth for the first time between ageand 6. The interval between two gestation peried®latively
short, approximately 2.4 years (Swenson et al 2000)



Historical and current status and distribution

The brown bear is the most widespread terrestrighal in the world, with a holarctic distribution Europe, Asia,
and North America, ranging from northern arcticdtmto dry desert habitats (Swenson et al 2000préypmately
200,000 individuals are estimated for this specied therefore is considered at low danger of etitincfrom the
IUCN (LR / Ic) in its worldwide range, but many pdations are extremely isolated and subject tormwse risk of
local extinction.

During the prehistoric era, the species was disteith throughout the European continent, with exoapdf major
islands such as Ireland, Iceland, Corsica and Sar@bervheen et al 1999; Ciucci & Boitani, 200)e reduction of
its range has increased in relation to human ptipalagrowth and rapid transformation of natural itetb
deforestation, agricultural transformation of therritory, and direct persecution by hunting, led aogradual
fragmentation, isolation, and in some cases, thi@aaion of many carnivore wild populations (Rai®93; Swenson
et al 2000). The brown bear is one of the specieerheavily affected by these processes: bears exteeminated
from most of Europe Western Europe and many arE&astern Europe and Northern Europe (Swenson E9%,
Breitenmoser, 1998). The species survived onlyparsely human-populated territories dominated bgeldorests,
and where effective legal protection was estabtigfMustoni, 2004).

Today, twelve distinct and demographically isolategpulations dwell in Europe. Only two are considetarge
populations (>5.000 individuals), four are mediuapplations size (500-5.000), one is a small popriat100-500),
while five have less than 100 individuals (Swensbal 2000; Linnell et al 2002). The total congistgit is estimated
at around 50.000 individuals, of whom only 1.008 autside Russia. The populations with higher diess{100-200
bears/1.000 km2) are found in the Ukrainian regiand Romanian (Slobodyan, 1993, lonescu, 1997)ewhose
with minor densities are registered in Finland &away (0.5-1/1.000 km2) (AA.VV. 1996; Swenson €2800).
Population densities are extremely variable dudifferences in food availability, the rate of hastéy humans and
the stage of population expansion/retreat.

Regarding Italy, a survey on historical distributishows that, at least until the beginning of tB¢hicentury, the
brown bear was widespread throughout the Alpsudiog the Ligurian Alps (Bologna & Vigna Taglianti985). The
Alpine population was extended to the Eastern Adpgards the Dinaric mountain region in the Balkadviere south,
the population was probably present from the nontigennines to the Apuan Alps.

A second isolated population was dwelling in thentcd-southern Apennines, from the Sibillini Mouint to
Campania and Puglia (Febbo & Pellegrini, 1990; Bgicet al 1995).

Currently, the brown bear survives in three digtgpeographic areas in Italy, the first is in thatcal Alps, with the
core area located in the Trentino region; the seédsrsituated in Apennine mountain range of ceritedy, with the
core area located in the Abruzzo, Lazio and Mdis¢ional Park. The third area of presence is itegadtaly, in the
region Friuli-Venezia Giulia, where is located retreproductive population, but only a few indivilumales
dispersing from the Dinaric population of Sloveraee annually present. (Krofel et al 2010).

The Alpine population (Ursus arctos arctos)

In the 17th century, the brown bear was still cdeséd widely distributed in Northern Italy. The tfagocess of
numerical decline and distribution contractionhe #Alps began during the 18th century due to dipecsecution and
indirect human-induced causes. Historical data sadme extermination, for instances, between 1861 1879, 226
brown bears were killed in Trentino-Alto Adige; ab#l in the province of Sondrio (Castelli, 1935)eT3dpecies was
legally protected in 1939 (Testo Unico, 5 June 19891016), but its decline continued due to illelgarvest. The
resulting numerical decline led to a contractiorrarfge distribution in both central and easternsAls a result, the
Alpine population disrupted into two small disjogroups (Dupré et al 2000), and the species becsotaed in the
central Italian Alps. In the eastern Alps the gsecimen in the region was killed in 1911. In 199€ar presence in
the entire Alpine range appeared stable, but asned with confidence only within the Brenta moumtgroup, in
Trentino-Alto Adige (Dupré et al 2000). The laspmaduction event was recorded in 1989 and the spestirvived
the anthropic pressure until 1997 when the spetgéssdefined “biologically extinct”, due to the peese of only 1-3
relict individuals of the former large Alpine-Balkaopulation (Dupré et al 2000).

In 1999, a translocation plan was initiated by ta@co Naturale Adamello Brenta (PNAB) in collabmatwith the
Trento province and the Italian Wildlife Institu(dNFS, now in ISPRA, the ltalian Institute for Emmmental
Protection and Research). The program was co-fubgeithe European Union through the “LIFE Ursus” grmam.
Between 1999 and 2002, 9 bears were captured iredm, fitted with radio-collars and released itite Park. The
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use of the Slovenian population as the source dgmeentation was justified by historic and genetiasiderations
(Dupré et al 2000; Randi et al 1994). Following ttenslocation, local managers were facing manjlexiges related
to monitoring of the reintroduced population anéded critical data on reproduction and demograplgvaluate the
success of the reintroduction. Obtaining this infation by physically re-capturing and handling indiials was not
considered feasible for the small population andimasive genetic sampling (NGS) was preferred araditional
field-based methods (De Barba et al 2010). The tgenaonitoring program started in 2002 in orderfaiow its
demographic and geographical expansion and changés genetic composition. First results were resmbby De
Barba et al (2010) and were promising: the popuagxpanded its distribution, increased rapidly &me genetic
diversity was high (expected heterozygosity He=@7#; allelic richness Na=4.55-5.41). However, revkthe
monitoring project is still ongoing, data on pogida demographic trends, reproductive success, ppllation
genetics dates back to 2002-2008, and a comprelessidy on population dynamics after 15 years fittin
reintroduction program is still lacking. Neverthede preliminary data showed that the population stilisgrowing at
the end of 2012 (growth rate: 15.6%) and it washir expanding its distribution area through ttaidh Alps and
abroad (Tosi et al. 2015).

Together with the monitoring project in the centrdps, the Autonomous Region of Friuli-Venezia Glin
collaboration with the University of Udine and ISRRstarted to collect non-invasive samples to nanlear
occurrence in Eastern Italy. The first sporadicorép of bear presence in Friuli-Venezia Giulia dhsek to the
second half of the 60s (Dupre et al 2000), butréeevery of the numerical consistency of the Dimagar population
in Croatia and Slovenia led to its progressive egpm to the north-west, with consequent recolditnaof Italian
and Austrian Alps. The monitoring project started®D01 but comprehensive and updated data on lsearrence in
this areas have not been publishedThe Appenninelatign Ursus arctos marsicanlis

The Apennine brown bear distribution has progredgibeen reduced since the 17th century (Febbo lgedrmi
1990, Boscagli et al 1995), but the largest raragiction occurred over the past 200 years, mostéy td direct

human persecution (Febbo and Pellegrini 1990). By 1970s the remnant bear population survived dlmos

exclusively in the Abruzzo, Lazio and Molise Nat@b®ark (Zunino & Herrero 1972). Many attempts take formal
assessments of the population abundance were ccamiebetween the 1970s and 1980s using differigmis sof
presence, approaches and methods, but a religbieaes of the Appenine brown bear population sias hever been
produced. The first estimate of 43 bears (95% CG8&3pwas produced applying a capture-mark-recaphaeeling to
DNA data collected during 2004, according to a esysttic sampling design (Ciucci & Boitani 2008). écend
estimate was conducted in 2015: 51 bears were a&stii(95% Cl = 47-66), including cubs. Comparimgults with
the survey in 2008, it is clear that the Apenninevwm bear population is small, but has not beetirdeg in recent
years. Additionally, the relatively high (closurerrected) density (39.7 bears/1,000 km2; 95% CI16-6-351.4)
indicated that habitat productivity within the caenge was adequate for bears and that effectingecaation of this
small bear population should have aimed to exphadcears’ range across a larger portion of theraeApennines
(Ciucci et al 2015).

The current extent of occurrence of the populatdppears to be differentiated into a core area éndie¢ Park and
some peripheral areas, where a limited number sfedsing bears are irregularly detected at mucledalensities.
The peripheral area includes a larger network ofgmted areas in the central Apennines. A recedystxamined the
bear occurrence outside the core area using diffexgurces of data (telemetry relocations, scatisiNA-verified
hair samples, sightings, indirect signs of presept®tos from camera traps, and damage to propgriizespite
stable occupancy by adults outside the core aepagducing females appeared to be restricted todhe portion of
the range (Ciucci et al 2017). The peripheral @extended northwest to the Lazio Ragion, northead east of the
core area and is partly included within a largetwoek of protected areas in the central Apennifésrti Simbruini
Regional Park, Monte Genzana Alto Gizio Natural dtes, Majella National Park, Gran Sasso Monti debga
National Park).
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1.2 - EUROPEAN AND ITALIAN BEAR DISTRIBUTION

Major threats

As wide-ranging omnivores, brown bears are attthatéo areas with available human-related foodsa&rof high
human use that attract bears may serve as signtififnartality sinks (Nielsen et al 2004, 2006). Adttially, bears
living near humans may be killed inadvertently (evghicle or train collisions), poached, or killed people hunting
for other species. In addition to direct removalbobwn bears, many other human activities (suclaggulture,
plantation forestry, highways, hydroelectric andnavipower developments, and human settlements) relimi
fragment, or erode the value of bear habitat (Prozt al 2005, Waller and Servheen 2005, Proctal 2012).
Habitat fragmentation is a serious threat thataiesl population units with deleterious demogragiid genetic
impacts (Proctor et al 2005, 2012).

The key threats to bears in Europe are: habitat doge to infrastructure development, disturbanoe, dcceptance,
poor management structures, intrinsic factors, deectal mortality, and persecution. Most threats expected to
increase in the future (Kaczensky et al 2013).

Phylogenetics of brown bear in Europe

Studies on the genetic variability of the brown rbaeross its distribution have been conducted usiiigchondrial

DNA analyses (Hartl & Hell 1994; Kohn et al 1995jller et al 2006; Randi et al 1994; Taberlet & Betn1992,

1994; Talbot & Shields 1996; Waits et al 1998). Bdars in Europe belong to the same subspeUiessg arctos
arctog. However, these studies revealed the presentwootighly divergent mitochondrial DNA lineagesHiurope

differing by the 7.13% of the control region seqeeiRandi et al 1994; Taberlet &Bouvet 1994): tlastErn lineage
(Romania, Slovacchia, Russia, Finland, Estonia,dewg and the Western lineage, which is furthedsutbed into

the Northwestern lineage (Norway, Sweden and Pe®rend the Southwestern lineage (Romania, Bulgarizece,
Balkans, Italy) showing lower degree of divergeridaring the Holocene, the bears expanded folloviorgstation

and deglaciation, starting from the refugia whemravconfined. Today the geographical separatiowdst the
Eastern and the Western lineage is quite clear.tWbelineages are sympatric only in Romania (KohrK&auer

1998, Zachos et al 2008), while a contact zone dé@tmthe Eastern and Northwestern lineage is fonrweden.
These data were corroborated using nuclear datartideht et al 2010).

The three evolutionary lineages suggest the presehthree glacial refugia during Pleistocene. Tigbet al (1998)
hypothesized three glacial refugia in Europe, thgriln, the Italian, and the Balkan. Saarma e2@0D7) studied the
mtDNA structure of bears from Eastern Europe argiested that Carpathians formed glacial refugiunbéars of
the eastern lineage. Recently, more complex seenhaie emerging, with a proposed model of expanaiuh

contraction to southern refugia in response to uary climatic fluctuations and geneflow among yafions

during the last glacial maximum (Valdiosera et@D2). Another hypothesis suggests that bears warallrrestricted
in glacial refugia, but survived in the cold tundtappe of central Europe and recolonized centuabjie after the
glacial maximum. The reasons for the detectionsofation of the European populations during theid@cene
glaciations using mtDNA is probably due to the sty@hilopatry of females (Stgen et al 2006) andeveduction
in population size and distribution (Zedrosserl &0®1).



These lineages correspond to three separated gdigrareas and, since evolve separately, are cenesiddistinct
Evolutionary Significant Units (ESU) (Randi et ad94; Taberlet & Bouvet 1994). Each of them sigmifity

contributes to the genetic diversity of the specidss aspect must be taken into consideratiomduntroduction and
restocking projects. Each of these units shoulgreserved taking into account the genetic struobdihie species.
Translocations of reproducers inside of the sanlg p®serve the genetic diversity and structurénefspecies, while
gene flow between different ESU should be avoided.

The mitochondrial DNA confirmed that bears from thstorical core area in the central Alps sharestiime mtDNA
haplotype with the Croatian bears (Randi et al 19%#4erefore, bears present in the Balkan Peningoththose
surviving in the central Alps belong to the samglpgeographic unit (the Southwestern line). Accogdio this,

bears from Slovenia were translocated in Trentnorder to repopulate central Italian Alps.

The phylogenetic history of the Apennine populatisrdifferent: historical information (Febbo & Pegjrini 1990)

and mtDNA characteristics (Randi et al 1994) intichat the Apennine population has been isolatad the Alpine

population for at least 400-600 years (Randi €t984, Lorenzini et al 2004). The persistent isolatnd population
bottlenecks, caused by human persecution and habés and fragmentation, led to the stochastidatiem of its

original genetic diversity and (Lorenzini et al 200Consequently, the Apennine population showsadribe lowest
levels of genetic variation in the world today (8kSek et al 2012).

The mtDNA characteristics of this population cowddte the hypothesis of an ancient isolation of Apennine

population from the larger Alpine-Dinaric populatiats mitochondrial haplotype is slightly diverggrom that of

the Alpine-Balkan populations (Randi et al 2007)stady on cranial morphological measurements gléadicated

that the Apennine bear is morphologically distifroin both a western (Alps, Pyrenees, Balkans, amodBpi) and
an eastern contingent (Caucasus and Transcauc#isai®fore suggesting that the Apennine populasioould be
considered as a separate taxon (Loy et al 2008)s,Thenetic and morphological data concur thatApennine

population should be considered as a separate,tagomely Ursus arctos marsicanus, endemic of ddteaha
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The framework: recent and ongoing conservation measures

Many conservation measures have been taken in trgeptect this species in Italy and in the nemiig countries.
Specific European financial programs, such as LbFgjects, Horizon2020 and Interreg projects, tetashelp
European member countries to implement conservatems for protected species.

This PhD thesis is part of the following completaatopean programs for protection of brown beaisaily:

LIFE Ursus - LIFE96 NAT/IT/003152: “Protection of Brenta brown bear population”
Main goals the reintroduction program in the Bremtauntain region of central Italian Alps were: a)ttanslocate
brown bears from Slovenia and avoid their extintiio the Alps;to assure the continuity of brown tbpgesence in
the region and preserve the legacy of the natiegbrbear population; to re-establish a minimum lagimpulation
of 40-60 bears in the central Alps in 20-40 yeaid a brown bear metapopulation in the Alps in tregkr term; b) to
promote the coexistence between humans and bedmsreasing awareness of the human population tisvarown
bears and the re-introduction project, through emvhental education and media information, and lirimg local
stakeholders in the project; c) to mitigate humaasb conflicts through protocols for damage evatumti
establishment of damage compensation schemes,npicavesf damage to properties, and management aiflg@m
bears and of emergency situations; d) to plan radng and scientific research to measure successh®f
reintroduction and allow timely intervention if daed necessary; €) to establish a network, at ttiernaé and
international level, between the different relevamthorities to promote population level management
A feasibility study was carried out by the formemthnal Wildlife Institute (now ISPRA) to evaluathe
environmental, administrative, socio-economic andmative aspects of a brown bear reintroductiothi central
Alps in Italy based on the analysis of ecologisakial and economic data. Based on a sample ad®86 kni, the
study verified the existence of a minimum suitatdbitat of ~1,700 kifor supporting a minimum viable population
of 35-50 bears, taking into account bear ecologieqlirements, environmental features, and humasepce. The
attitude of the human population living in non-unkereas was surveyed and found to be mostly (>78%yYable to
the re-introduction, despite lower levels of aceept in some areas. The study also highlighteché&uessity of
improving prevention and compensation measuresldonages possibly caused by bears. Finally, it vedsrohined
that, to achieve project objectives 9 bears (3 snatel 6 females and approximately (2-6 years dldjlsl be released
in the area were the last relict bears of Trenstilb existed. The Slovenian population should be source of the
translocated bears given the short time the padpuokathave been separated, the behavioral chastitsriand the
sustainability of the removal (stock taken from t8®venian hunting quota). The study concluded thate-
introduction was feasible and could lead in the-nhidlong-term to the successful re-establishméith® species in
the central Alps.
Translocations took place during four years, betw®899 and 2002. Bears were captured in two humésgrves in
southern Slovenia and released in the Parco Natéw@émello Brenta in the western part of TrentiAn.additional
female was released to replace one that died iavatanche shortly after release. All re-introdudeshrs were
equipped with a VHF collar and two ear tags towalfmecise determination of their position, at leagte per day,
and evaluate potential risks to people and praggrtherefore preventing situations of possibldlimb® with humans.
Radio-tracking was the main monitoring method frd®99 to 2003 and provided important data on sukvhabitat
use, and distribution of the translocated bearslidmacking through GPS/VHF technology is stilledsfor close
monitoring of problem bears. Starting in 2003, denmonitoring became the principal mean to obtéémographic,
reproductive, ecological, distribution and genéatformation on the released bears and their desceadThe method
is based on the analysis of the DNA extracted fimatogical samples, mostly bear hair and fecesectdld non-
invasively in the field, using a variety of sampjitechniques, but occasionally also tissue, blaod, bones retrieved
during capture operations or from bear carcassata fboom radio and genetic monitoring were completee with
additional information from traditional sign survegsual observation (i.e. female with cubs), aathera traps.



= LIFE ARCTOS - LIFEQ9 NAT/IT/000160: “Brown Bear Con servation: Coordinated Actions in the Alpine and
Apennine Range”
This project was the natural continuation of theviwus LIFE project, aiming at promoting the cons#ion of the
brown bear populations not only of the Alps, butoabf the Apennines, sustaining their recovery lgans of
management measures, consistent with the plandgmdsence, as well as the reduction of conflicith whe
anthropic activities. In addition, it promoted infeation and awareness among the main stakeholders.
The project aimed to achieve the following objeesiva) make livestock husbandry practices and agiguns more
compatible with the needs of bears; b) developmpte and implement best practices for monitorind emntrolling
livestock diseases that are potentially transnigtdab the bear population; c) increase the numibdamns in the
bear's range adopting effective prevention measamesincrease by at least 30% the use of compdii&andry
techniques; d) facilitate the involvement and pavttion of the social sector; €) encourage adnatisns to adopt
the tools, best practices and guidelines develofiegignificantly increase information and awarenés local
communities in areas where bears are present; glement emergency teams in the bear areas in the &wmd
Apennines.
The ARCTOS project has implemented a series obastreferring to four line activities aimed at mitting the
threats concerning the brown bear: raising humagctiwes more compatible with the presence of brbear with
particular attention to breeding of livestock; reduhe bear-human hostilities derived mainly freamage caused by
the plantigrade to farms, by their frequentatiomian settlements and habit to nourish with oggarbage.
Support has been provided also to farms locateeriitories with bear presence, both in the Alpd #re Apennines,
consisting of electric fences transferred on fosmlfor use. Bins for organic waste, provided \aithi-bear lids, were
placed in the critical areas in order to dissuadmals from getting close to the human settlemehtsugh the use of
barriers and road signs the vehicular traffic hesrblimited in the areas frequented by bears; n@oéfear feeding
sources, especially buckthorrRhamnus alpinygsin the Apennines. These shrubs are very appesgtiay bears,
especially in critical periods, but threatened lyod encroachment and leaf grazing by wild and dtimesgulate.
In order to conserve the buckthorns and to enseagesbaccessibility to such an important sourceofi f thinning of
beech woodlands, coppicing of dead buckthorns #enttipg of thousands of seedlings were performstmates of
the brown bear populations were performed. Althodgé populations in Italy are small sized, no difien
information and data on their effective size wevailable for the Apennines and for expansion aredke Alps. A
standard protocol for collecting, analyzing andistpgenetic data on Italian bears was elaborated.

Other two ongoing projects have the aim of protgcthe Alpine brown bear population, with a paracunterest in
expanding the environmental connectivity and thesdistribution of this population through the Alps

LIFE DINALPS LIFE13 NAT/SI/000550: “Population level management and conservation of brown bears in
northern Dinaric Mountains and the Alps”

It's the first project aiming at encouraging theumal expansion of brown bear from the Dinaric Mins into the
Alps. Other project’s main objective focuses oraklshing a more strategic territorial approachhi® conservation,
management, and monitoring of brown bear populatiora human-dominated, politically and physicéithgmented
landscape of northern Dinaric Mts. and the Alpse Pphoject area extends through four countries: &i@ Croatia,
Italy, and Austria.

The main objective of the project is providing gpkation-level monitoring, management and conséwadf brown

bears in northern Dinaric Mountains and south-eastdps to overcome the current local-scale prastiof brown
bear management, establishing a tightly-knit transidary network of professionals involved in thassues,
optimize monitoring methods and their applicatistart with long-term transboundary monitoring, gmdvide first

baseline data about these bears at the large-sealshoundary level.

Other objectives are decreasing of human-bear icch#ind promotion of coexistence through a varidtyactions,

from finding solutions in preventing bears fromaieimg anthropogenic food, to explore carrion froamg road kills
as an alternative natural source of protein, prargobears as an eco-tourist attraction, exploringlip attitudes
towards bears, and using this for targeted eduwatiand promotional activities to enhance undeditanof this

species and promoting co-existence.

Lastly, the natural expansion of Brown bear frormdic Mountains into the Alps is promoted, sincebite

modeling has shown that the Alps are capable gbatinmg a bear population and the small reintrodysepulation

in Trentino is thriving and natural expansion isval A multidisciplinary approach is used to lookairthis issue and
try to understand the social and physical barrerexpansion and the corridors that need to beepred. These
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informations are used to provide solutions to sttown further habitat fragmentation, increase aaafity of bears
in the areas where they are currently not permanpreasent, but where is the expansion is expetct@atcur.

BearConnect: “Functional connectivity and ecologichsustainability of European ecological networks -a case
study with the brown bear”

The BearConnect project aims at: evaluating fumeti@onnectivity and factors influencing brown bdéstribution,

movements, and effective dispersal in current andré landscapes scenarios, understanding thebrolen bears
have in ecosystems, with focus on trophic intecagtiand associated ecosystem services, assessieffabtiveness
of existing ecological networks for supporting thesilience of brown bear populations and associataxbystem
services, providing spatially explicit guidelines the improvement of ecological networks to beduselandscape
connectivity planning for the conservation of brolears and other species in Europe.

In order to accomplish and achieve these objectithess BearConnect project promotes further actieosrdinate
across Europe to combine different data types abiagl for the 10 European brown bear populationsilyae

telemetry, demographic, genetic and ecological datavaluate patterns of functional connectivityd dandscape
effects on bear movement and gene flow, derivesthecture of food web interactions and the econoraloe of a
key ecosystem service provided by brown bears;igiréiture changes in range dynamics of the browartand its
food resources; use quantitative models and siinkato assess whether existing ecological netwarkssuitable
for conserving biodiversity and ecosystems funatiand where management actions are required fapirament.
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Introduction to conservation genetics

Conservation genetics applied to small populations

Conservation is about preventing species from gartinct and to help them persist in the future.wedwver,
conservation efforts that aim to sustain a cersgpacies in the long-term require knowledge not aatbput the
number of individuals in a population but also atite genetic characteristics: this is the cons@maenetics’s area
of interest Conservation genetics is derived from populatiomegies, a discipline that describes the genetic
composition of populations to understand the catisasdetermine changes (evolutionary forces). {Eepecies is
made up of many evolutionary units, the populatidhat contain a certain quantity of genetic vailighon which
evolution can act. Genetic variability in populatsois described through allele frequencies thatveay in the course
of generations due to mutations, natural selecti@gration or genetic drift.

Conservation genetics uses population genetic yhaond techniques to reduce the risk of extinctiorthreatened
species. Its longer-term goal is to preserve speasedynamic entities capable of coping with emritental change.
The field of conservation genetics also includesubke of molecular genetic analyses to elucidatecas of species’
biology relevant to conservation management.

Major issues in conservation genetics applied tallspopulations include (Frankham et al 2002, niedif.

= Use of molecular markers for demographic monitofigopulations (minimum number of individuals, exffive
population size, population estimates)

= The deleterious effects of inbreeding on reproaductind survival (inbreeding depression)

= Deleterious effects on fitness that sometimes oasuwa result of outcrossing (outbreeding

= depression).

= The loss of genetic diversity and ability to evolmgesponse to environmental change (loss of ¢ioolary
potential)

» Fragmentation of populations and reduction in géone

= Random processes (genetic drift) overriding natseddction as the main evolutionary process

= Accumulation and loss (purging) of deleterious rtiates

= Genetic management of small captive populationsth@@dverse effect of adaptation to the captivérenment
on reintroduction success

= Definition of management units within species

= Use of molecular genetic analyses to understandctésmf species biology important for conservafiorating
system, dispersal and migration patterns, behavior)

A central issue in conservation genetics is thelle¥ genetic variation present, a prerequisitecfoslution (Pertoldi
et al 2007; Vali et al 2008). The rates of adapévelution need to, at least, match the rate ofrenmental change
in order for a population to persist (Pertoldi ER@07). Two potential consequences may be enwsidor loss of
genetic variability: a) low genetic variability cdre a threat in the long-term for adapting and \ewuglin disturbed
habitats and under changing environmental conditiand (b) inbreeding may occur in small, fragmenamd
isolated populations (i.e. increased relatednedshamozygosity between individuals), posing an idiae threat to
fitness in such a population (Pertoldi et al 2003ji et al 2008). An important prerequisite for tdesign of
conservation strategies is information on the spaedhich populations become inbred (Pertoldi eP@0D7). A
common rescue-strategy adopted by conservatiortigenecludes the increase of gene flow among patfmiis for
the maintenance of genetic diversity and allev@atitbreeding depression (Pertoldi et al 2007). Hawrehigh levels
of gene flow can reduce the capacity of populattonstay adapted to local conditions or introdued-atapted genes
that can reduce the viability of populations, kncagnoutbreeding depression (Pertoldi et al 2007).

A further important issue in conservation genetgshe current structure as well as a history gfopulation or
species, both in a demographic and phylogenetises@Pertoldi et al 2007). Evaluation of levels ehgtic diversity
is therefore common in population genetics andaidiqularly important in conservation genetics (\tl al 2008).
Comprehensive management plans for any speciesrafecvation concern should include plans for maiimg
existing genetic diversity, both to ensure abitityadapt to changing environments and to presémeossibility of
future speciation (Lacy, 1997).
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As mentioned above, European brown bear populatiang greatly in size, from large populations n&arssiam
Carpathian mountains and the Dinaric-Pindos aresdkad peninsula, and Scandinavia, to extremely Isarad
isolated populations in the Cantabrian mountaims,Ryrenees the Apennine mountains and the Alpdr¢&ser et al
2001). Nuclear DNA diversity has been investigatednany of these populations using microsatelliterkars.
Results clearly showed that low genetic diversitgwed in the smallest populations. The small pagouh may
suffer from genetic drift and inbreeding (Tabedetl 1997, Lorenzini et al 2004, Pérez 2009).dpding depression
has not been documented in wild brown bear pouafibut captive brown bears in Nordic zoos shaw#uuction
in litter size and increased incidence of albindue to inbreeding (Laikre et al 1996).

Genetics markers: from microsatellites to SNPs

A gene or DNA sequence, present with two or mordawmh of the same nucleotide sequence, is defired a
polymorphic and can be used as genetic markerset@@emarkers are the main tools used to study #metc
variability within and among populations, in fatttey allow to estimate which alleles are present(ticks, 2000). A
genetic marker can be represented by any variaide hereditable characteristics in populations, @ndlways
determined by genes, and not by the environmerd.m&in characteristics of a molecular marker atgnparphism,
expression stability during environmental, ontogemd morphologic changes, well identifiable and kfraple,
Mendelian heredity, expression codominance.

The genome of vertebrates and many other livinguiggns is largely made up of coding and non-codiNA
sequences. The first ones are organized in furatidomains and are necessary to regulate the preygithesis
consisting of a first phase of transcription of DN#o messenger RNA followed by a phase of traiwsiabf the
messenger RNA into protein. On the contrary, theoisd ones exist in families of repeated sequeralss, called
VNTRs (variable number tandem repeats).

Many different types of genetic markers can be dsedjenetic conservation applications: restrictenzymes and
restriction fragments length polymorphisms analyéR-LP), random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphisms (AFLP) asdme kind of VNTRs (satellites and minisatellitegre
extensively used in the past but are now obsolete.

More efficient markers took their place in the mgcgears: in the last decades STRs, also knowmasosatellites,
have become the most widely used DNA marker in @afdion genetics: they are a classified as VNTRg;coding
regions characterized by tandemly repeated segsgepoesent in many thousands throughout the eatikaryotic
genomes. STRs are codominant and made up of veryreipeats, from 2 to 8 nucleotides, repeated arigw times,
that produce clusters of a few dozen or few hundnecieotides per locus. The microsatellite mutatiesults in a
change in the number of repeats. The main advamb§d Rs is that they are usually highly polymomphéven in
small populations. The high polymorphism resultrira high mutation rate (26-10° substitutions by replication per
locus), primarily due to slippage during replicati@his characteristic makes them particularlyahlé to identify the
unique multilocus profile and sex of the sampledividuals fingerprinting analysis). Microsatellites are usually
amplified using PCR and alleles are visualized gisiel electrophoresis to separate fragments onbésis of
differences in length resulting from different nuenb of tandem repeats. The first step using SNRs identify
single nucleotides that are polymorphic using &alisry panel of a small number of individuals. Tisicommonly
done through DNA sequencing and once SNPs havediseovered, many tecniques exist among SNP gematyp
The composition of microsatellite sequences is ade, although there are many poliA/poliT regiomaoag
vertebrates (eg AAAAAAAAAAA or TTTTTTTTT), which aa not be used as genetic markers because extremely
unstable during polymerase chain reaction. The QAfotifs, on the other hand, are the sequencesefost
common dinucleotides. There are also repeated segs®f trinucleotides (eg CAG or AAT) or tetrareatides (eg
CAGT or AATG).

Today microsatellites are widely used in populatigmetics and are able to reconstruct the struetndehistory of
populations, parental relationships between indiaid and to determine the main population genetiarpeters.
Recently, single nucleotide polymorphisms (SNPs} becoming the marker of choice in evolutionary and
conservation genetics, as next-generation sequgnechniques are developing and genomic sequeficamation
accumulates. SNPs are abundant and widespreaddingcand non-coding regions of many species’ gersome
(Brumfield et al 2003, Morin et al 2004). Theseymbrphisms are base substitutions, insertions,etetions that
occur at single positions in the genome (BudowB84). The least frequent allele should have a aqu of 1% or
greater to be considered as an SNP. Because thaionutate at single base pair is low (about 1(h8nges per
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nucleotide per generation). SNPs usually consistrdy two alleles, thus are typically bi-allelic rkars. SNPs in
most species tend to be transitions, this becaassversions in coding regions are more likelydase an amino-
acid substitution than transitions and be subpesetection.

As a biallelic marker, SNPs are innately less \@edahan microsatellites but are the most prevdemh of genetic

variation and hence there is a substantial incrisadee number of loci available (Brumfield et &(B). Furthermore,
the simpler mutational dynamics of SNPs lends theaatage of a lowered rate of homoplasy, and, itapdly, there

is a capacity for rapid, large-scale and cost-éffeaenotyping (Chen & Sullivan 2003; Schlétter2004). Another

advantage of SNPs is that it is much easier todstalize the scoring of genotypes when more thanaberatory is

studying the same species. Moreover, SNPs are iaipacseful for studies involving partially degredi DNA (as

non-invasive and ancient samples) because thesharéand thus can be PCR-amplified from DNA fragteef less
than 50 bases.
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Non invasive genetics: challenges and solutions

Molecular techniques are increasingly applied #® gtudy of wildlife populations due to major advesiin the field
of molecular biology. In particular, the developrhenf the polymerase chain reaction (PCR) (Mullisaktl992), a
technique that allows researchers to amplify DNAgments even from minute amounts of DNA, has became
widespread tool in conservation biology. The cormabon of PCR and hypervariable DNA markers such as
microsatellites and SNPs has allowed researchesesldoess a broad array of ecological and conservaénetic
guestions (Frankham et al 2002). Due to these teghadvances, noninvasive genetic techniques (N&&8ame an
attractive approach to conservation biologists beeahey provide DNA samples of free-ranging ansnmainimizing
or avoiding disturbance and negative effects otwrapy (Taberlet et al 1999).Conservation biologist particular
have shown a deep interest in these techniquesshwhie now routinely used in forensic genetics &od
investigating the biology and the genetic diversifyelusive, rare and/or endangered species apidgity risks to
impact their survival, their recapture rates orirtip@pulation dynamics (Kohn & Wayne, 1997, Pigg&tfTaylor,
2003). NGS allows populations to be studied andsused (Frantz et al 2003, Broquet et al 2007) airajyDNA
extracted from biological traces such as hairs (Wéoet al 1999, Sloane et al 2000), faeces (Tabetlat 1996,
Gagneux et al 1997) and less direct sources of ¢etine and blood traces on snow (Valiere & Tadier2000),
sloughed skins (Bricker et al 1996), chewed foodeni@ containing buccal cells (Takenaka et al )9@®d bird
feathers (Segelbacher, 2002) or egg shells (Petrel997).

The DNA extracted from samples collected noninv@givcan provide species, individual, and sex idwatiion
(Taberlet et al 1999). NGS has increasingly recogphin the wildlife community, and it has been #&aplto estimate
population size, trend, and density, assess gedatigsity and structure, detect hybridization ayehe flow, and
evaluate colonization histories, relatedness antihmaystems for a variety of wildlife species,df$tad et al 2004,
Piggott et al 2006). NGS is also expanding ouritgbtb implement long-term monitoring programs feildlife
populations, including elusive species and smatlaegered populations, by allowing researchers tesiigate
demographic as well as genetic parameters.

However, NGS methods might present numerous pategmtoblems which generally tend to limit the efficcy of
this approach (Taberlet et al 1996, Broquet et172. Non-invasively collected samples usually ptevDNA
extracts characterized by low target DNA conceittraiow target DNA quality (Taberlet et al 1998pntaminations
by alien DNA and various molecules that can disturinhibit the polymerase chain reaction (PCR)qRet al 2003;
Broquet et al 2007), making it unreliable (Tabeedeal 1996, Gagneux et al 1997). High risk of eominhation during
DNA extraction and amplification and difficulties amplifying degraded DNA are a direct consequence.

As amplification success and genotyping errors loarsensible to template DNA concentration and caitipo
(Morin et al 2001), microsatellite genotypes froomfinvasive samples can be affected by errors (8aget al 1997,
Smith et al 2000) such as allelic dropout (ADO) ethiis the stochastic failure of one allele to afgpfor
heterozygous individuals, producing false homozggdiNavidi et al 1992, Constable et al 2001) anskfalleles
(‘misprinting’) which are artefacts of amplificatioproducts generated during the first steps of R@GR can be
misinterpreted as true alleles (Goossens et al)1998

Genotyping errors affect both the allele frequerstimates and the accurate discrimination of difielgenotypes.
False estimates of allele frequency can createtditial excess of homozygotes (Taberlet et al@,98agneux et al
1997a), a false departure from Hardy—Weinberg dxiim (Xu et al 2002), an overestimation of inhiewy rate
(Gomes et al 1999, Taberlet et al 1999) or unridiaiferences about population substructures (Mateal 2002).
Erroneous genotypes can distort or overestimatalptipn size estimates (Creel et al 2003), indigiddentification
(Taberlet & Luikart, 1999; Paetkau, 2003) and ptrga analysis (Miller et al 2002).

Many authors have recognized the complexities ofingasive genotyping, and have developed methoadslitiress
these problems (Taberlet et al 1996, 1999; Morial @001; Miller et al 2002): contaminations amaagnples could
be avoided using dedicated rooms for extractionanglification of low-DNA-content samples, while plification
from alien DNA could be avoided by using specifiingers (Bradley & Vigilant, 2002). Numerous qualitgntrol
protocols have been developed, including the adomf multiple-tube approacheshere the same DNA samples are
amplified independently several times per locuplicates) (Navidi et al 1992; Lucchini et al 200Zpmparison of
genotypes obtained with those from matched bloodissue (Parsons, 2001; Fernando et al 2003),egicate-
amplification at loci that present mismatches amoaglicates (Miller et al 2002) or among couplessohilar
genotypes (Woods et al 1999; Paetkau, 2003), peesing of samples for DNA quantity (Morin et ak001;
Segelbacher, 2002) and the use of pilot studiessanulations (Taberlet et al 1996; Valiere e28i02). Anyway, all
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these methods can involve a large extra experirhefftat (Ewen et al 2000), increasing the consuleshbcosts and
time required (Morin et al 2001).

Therefore, it is cheaper to conduct statisticatstean already available data. Commonly, the Hardyjiriberg
equilibrium test (Gomes et al 1999) is checkedeteal the homozygous excess resulting from eith#ratieles or
allelic dropout.
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CHAPTER Il - Thesis structure

This thesis deals with the application of molecutals in brown bear conservation and managemehaipn Non-
invasively collected brown bear samples, mostly laaid feces, were collected in the framework ofriphnual
collaborations with management authorities resgadior the conservation of this species in Italpn-invasive
samples were used in order to minimize disturbamdke natural habitat and facilitate the monitgrof this elusive
and endangered species.

All samples were genetically analyzed in orderdoconstruct individual genetic profiles and detefiminthe sex of
bears in the Alpine and Apennine brown bear pojmriat Standardized precautions were taken to déél this
challenging source of DNA.

Genetically identifying the largest possible numbgindividuals was the first step be achieved idev to monitor
demographic and genetic trend of these two smaluladions. Unfortunately, while the whole Alpineearwas
covered by the sampling program, only bears froengtbripherical area of the Apennines were colledtags making
impossible to study bears in central Italy at aytation level.

As part of this PhD program, | have personally gred all bear samples collected between 2014 add 20the
Alps and Apennines. The genotypes identified, togetvith those obtained with previous (2001- 2043) further
analyses (2016), were used to built a genotypebdatg the starting point to achieve the objectiokthis research
project, which aims at a) providing an updated dpson of the demographic, spatial and geneti¢ustaon the
reintroduced brown bear population in the ItalialpsAand assist managers with conservation and reamet
decisions and b) testing new genetic markers (reatedlites and SNPs) to increase the informatieitytent for
individual identification, sex determination andgrtage analysis on the Alpine and Apennine pojmunist

This PhD thesis has been divided into two sectitivesfirst part is devoted to the application ofi@eoilar genetics to
describe demographic trends, geographic distribupatterns and genetic statuShépter Ill) of the Alpine
population 15 years after the reintroduction progra

In order to achieve the first objective I: a) iresed the number of STR markers (from 10 to 15 liocthe Alpine
population to raise the informativity content fapulation genetics studies, and possibly resohaain parentage
assignments; b) presented an annual overview ef démographic status of the Alpine population fdoreg-term
monitoring program; ¢) measured the genetic ditiersver generations, highlighting possible trenisdentified
parentage relationships and provided a pedigreenstiuiction, showing if there is an increase ofésloling events
over generations; d) estimated the effective pdjmnasize; d) verified whether or not a connectlmetween the
reintroduced population in the central Alps andDiearic population was established.

| furthermore provided considerations for conseoratand management of this species in the Alpsingaknto
account the emerged demographic, spatial and gessiects.

The second part is methodological and is aboutldpirey a new set of SNP markers to enhance théutéso power
for population genetics analysis of the Alpine amknnine populationsQhapter IV). In order to identify reliable
and informative SNPs | a) tested the effectivertdsan existing SNP panel, developed for the Scandam brown
bear populations, on the two Italian brown bearspebies, identifying a set of SNPs that has patefir a SNP-
based individual and sex identification systemodkt into consideration the ascertainment bias #nees when
transferring SNP markers across populations; anddigd the selected subset of SNPs for parentsijgnanents in
the Alpine population, comparing its resolution gowvith that derived from STRE€hapter V).
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CHAPTER Il - History of a reintroduction:

genetics as a tool for long-term monitoring of the brown bear
population in the Italian Alps

ABSTRACT

In the 17th century, the brown bear was widelyritisted from western Italian Alps to the Dinarigi@n in the
Balkans. Direct human persecution and habitat feagation led to humerical contraction and geogradtdisruption
into an Alpine and a Dinaric population. At the eoid1990’s the Alpine brown bear population was sidered
biologically extinct, with only a few relict indiduals. In 2000’s a reintroduction program startéith whe aim of re-
establishing a viable population in central Alpsl @ametapopulation in the Alpine region. Betwee898nd 2002,
10 bears captured in Slovenia were released irrajelttlian Alps. Between 2000 and 2016, non-invasjenetic
monitoring based on individual genetic profiles ved®sen for the post-release monitoring and a aingsipproach
was used to monitor bear presence in eastern italse males from the Dinaric population were dispey. After 15
years from the reintroduction, we provide a genekadrview of the demographic, spatial and gendtitus of the
Alpine population and we evaluate whether or netnaztivity between the Alpine and Dinaric populatidhas been
reestablished. We analysed the genetic profile&s@f7&ear samples (mainly non-invasively collectd@)7 of which
(55.46%) successfully assigned to either releasegwly identified genotypes. We identified 102 tseaf the Alpine
population and 23 Dinaric bears in eastern ItaBmEgles started to reproduce in 2002 and gave tirl8 cubs (48
litters). The demographic trend was positive arepgbpulation expanded its distribution through Alyes. We found
that the Alpine population is still genetically ated, despite long distance male-biased dispbesatecently resulted
in the partial geographical overlap of the AlpinedaDinaric populations. Moreover, reproductive ®sscwas
strongly skewed towards a few male founders. Asoasequence, we found the effective population sizbe
extremely small (minimum Ne= 6.4, maximum Ne= 8d@pending on method used), allelic richness (Na) an
expected heterozygosity (He) decreased (Na fron33%bitb 4.067; He from 0.702 to 0.618) in less thanorf
generations, average coefficient of pairwise rela¢ss (Rxy) increased (from -0.129 in the firstegation to -0.077
in the last generation). Results of this study expected to have direct implications in managenaéntthe bear
population in the Alps and can assist conservatiforts providing methodological and practical glides for large-
scale monitoring programs following reintroductiarsng genetic sampling.
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INTRODUCTION

In response to ever-increasing anthropogenic inspatinatural ecosystems, conservation scientistagencies have
implemented guidelines for monitoring environmentdlanges and the dynamics of endangered species and
populations (Schwartz et al 2007). In this framdwanany programs aimed at monitoring the consepsend
anthropogenic pressures on wild populations toakaathge of the potential of molecular genetic merk&ibbs et al
1999, Nichols & Williams 2006). These markers canvjre reliable information relevant to both demeghic,
ecological and evolutionary population dynamics ofore efficiently and cheaper than traditional nboning
approaches (Wayne and Morin 2004, Allendorf & Lutkd006). Indeed, molecular markers can be used as
diagnostic tool for individual identification, thfest step needed to further elaborate a numbetenfiographic and
genetic parameters, such as abundance, vital iggestic diversity and, when combined with spatiérmation,
spatial movements and ranges (De Young & Honey2Q@5, Koelewijn et al 2010). Genetic monitoring Gdso
contribute in answering ecological issues on masiygfem, social behavior and dispersal patterngg ®ti al 1996,
Sigg et al 2005, Webster & Reichart 2005, Mooral &014) of elusive species.
In the last two decades, the ability of monitorintd populations has expanded thanks to the useoaofinvasive
genetic sampling (NGS), i.e. extracting DNA fronolbigical samples such as hairs, faeces, urine far ctimilar
sources without handling, capturing or even obsertiie animals (Kohn & Wayne 1997, Taberlet et989). Today,
despite difficulties related to the low quality agdantity of DNA and the consequent risks of gepity errors
(Taberlet et al 1996, Gagneux et al 1997, Creal @003), non-invasive samples are consideredbielisources of
DNA (Piggot & Taylor 2003, Waits & Peatkau 2005,n/6haden et al 2017). NGS is particularly appealordong-
term monitoring plans of endangered and elusiveiepdike bears (Kendall et al 2009) because distuce and
negative effects of capturing are avoided (Cattel€2008). Thus, many recent publications conegyrecology,
demography, population genetics or phylogeogragtiears have used NGS methods (Gervasi eta | 20808z et al
2009, Sawaya et al 2012, Schregel et al 2012, Tisagtaal 2014).
The brown bear has suffered intense populationenaitks in the past, mainly because of human patisecand
habitat degradation, resulting in a contractiorboth historical range and abundance. In the regeats, causes of
population declines have been rectified in mangsakabitats are recovering in many areas, anddasvi place to
prevent illegal actions such as poaching (Clarkle2002), allowing many species to recolonize histh areas of
presence.
Although wide dispersal capacities of male browarbeare well documented (Blanchard & Knight 199%attan et
al 2001), females do not disperse far away theitherts home ranges (Schwartz & Franzmann 1992),Atears
have low reproductive rates (Bunnell & Tait 198Ihese characteristics concur in limiting the ndtedonization
ability of this species (Hanski 1991, Hastings 1)9%us reintroductions have been often necessagxpedite this
otherwise slow recolonization and re-establishrpated populations (Swenson et al 2000).
In the 17th century the brown bear was still coastd widely distributed from western Italian Alpsthe Dinaric
region in the Balkans. The numerical decline stadering the 18th century (Dupré et al 2000, Mustdral 2003)
and in the 20th century bears were almost eradicktmm entire southern Europe (Swenson et al 2006
numerical decline led to a geographical contradtizsough the Alps. As a result, the Alpine populatdisrupted into
two small isolated groups in central and easteaiah Alps (Dupré et al 2000). The contraction gwmtd and, by the
1990’s, only a few relict individuals survived imrdral Italian Alps in Trentino region, thus thispulation was
considered biologically extinct (Dupré et al 200uystoni et al 2003The brown bear last survivinghe eastern
Italian Alps was killed in 1911.
Several conservation actions have been taken itatfiéwo decades to help the population bear gow Italy: in
2000's a reintroduction program started with then &if re-establishing a viable population in centhdps (50-90
bears)(De Barba et al 2010) and a metapopulatidimeirilpine region (Mustoni et al 2003). Betwee®3a%nd 2002,
10 bears captured in Slovenia were released i ténrtino region and were initially radio-monitorethe program
was co-funded by the European Union through thé-BE Ursus” project. Challenges in continuous moirigpithe
reintroduced bears with traditional field methodscéme evident, thus a genetic monitoring prograns wa
implemented in 2002. A parallel genetic monitorpprggram was started in Eastern Italy in 2001, wikenrecovery
of the numerical consistency of the Dinaric begsydation in Croatia and Slovenia led to its progies expansion to
the north-west, with consequent recolonizationtafidn and Austrian Alps and Prealps. The natuxglaasion of
bears from Dinaric mountains into eastern Italynisw promoted through the “LIFE Dinalps” program: a
multidisciplinary approach is used to look intostli$sue and try to understand the social and phlyb@rriers to
expansion and the habitat corridors that need forbiected.
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In-depth monitoring of bears is critical to assesatroduction outcomes and to ensure prompt astfonimproving

status and probability of population persistencall@det al 1999). Monitoring is mandatory undee tEuropean
Union Directive (1992), and recommended by coustseaction plans and guidelines (AA.VV.a 2007 V&een et al
1999, Swenson et al 2000; AA.VV.b 2007, IUCN 1995).

In this study, we obtained demographic informatjpopulation abundance, reproductive, recruitmeiat muortality

rates, sex ratio and age structure) from molecatenlyses of biological samples collected betwe@d0D2and 2016
from the brown bear populations in the Italian Alpdoreover, we reconstructed the spatial distrimutand
individual movements of brown bears to delineatiepas of geographic expansion from the reintroiducarea in
central Italian Alps and from eastern Italy bordevkere Dinaric brown bears of population are disipg. We aimed
to evaluate dispersal behavior and to assess wheth®t connectivity between the two isolated gapans have
been reestablished. Mating behavior, that can gy influenced by the small number of availabhates, is
investigated, especially because selective matang lave strong effects on genetic structure, éffeqiopulation
size, and inbreeding rates (Chesser 1991, Sigg?€0&, Sugg et al 1996, Vonholdt et al 2008).

Population genetic parameters, such as genetiahbibiy, inbreeding and the related effective papigin size, are
also examined. In small and isolated populatiospgeeially those descending from a limited numbefooinders
(Tokarska et al 2009), inbreeding events are nikedylto occur, resulting in most individuals withthe population
to be related after a few generations (Hedrick 200tbreeding events rapidly lead to reduced geneitversity

through loss and fixation of alleles, increase @ambzygosity, and shifts in allele frequencies (Rat al 1988,
Allendorf, Luikart and Aitken 2013). Inbred indiwidls may have reduced fitness and higher mortaditgs in
comparison with non-inbred individuals. Homozygpd#ads to the expression of deleterious recessiedées and
reduction of genetic diversity decreases long-tadaptative potential (Allendorf, Luikart and Aitke2013). Lower
fitness and higher mortality contribute to a furttmmerical decline of the population, which careennto an
“extinction vortex” (Blomqvist et al 2010).

Finally, we wanted to assess the power the sammintpcol after 15 years from the reintroductioresRits will

provide important information for planning futurerservation actions for bear population in thedtalAlps as well
as a model for other reintroduction programs.
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MATERIAL AND METHODS

Study area

The study area covers almost the entire north-eatderitory of the Italian Alps. It includes 4 adnstrative districts,
from west to east: Lombardia (LOMB), Trentino-Alfdige (TN-AD), Veneto (VEN) and Friuli Venezia Gial
(FVG) (Fig. 1 — blue line). Moreover, a few samplesre collected outside of the Italian border, &ighboring
countries (Austria, Switzerland, and Germany).sltai predominantly mountain region, with the eleatranging
from 100 m to 3500 m, comprising a variety of vegieh belts such as submediterranean, submontametane,
subalpine and alpine (Dupré et al 2000, Mustoral €003). Deciduous forests, dominant in the aedavi 1000 m,
are replaced by conifers at higher elevations, (1600 — 2000 m). Bushes and herbaceous plantspiake in
woodlands above 2000 m. Several valleys, carvedveys, torrents, lakes, cross the study area filoennorthern
alpine region to the southern subalpine and sulterednean area. Two major highways and railways Mu8
through the study area along the urbanized AdigkTeagliamento river valleys (fig 3.1). Human deysg high in
the alpine region (e.g. 81 inhabitantsim the Trento province) and mostly concentratethim valleys, where the
economy is dominated by tourism and agriculturdéfude farming and livestock are typical at mediutitiade areas
(500-1000 m), while the density of residents isdoand concentrated along valleys at higher elenati
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FIG 3.1- STUDY AREA(IN BLUE). THE RED LINE REPRESENTS MAJOR ROADSWHILE BLACK LINES REPRESENT THE
FOUR ADMINISTRATIVE REGIONS (LOMB=LOMBARDY; TN-AD=TRENTINO ALTO ADIGE; VEN=VENETO; FVG=FRIULI -
VENEZIA GIULIA).

Sampling procedures

Different sampling procedures were used, dependm¢he administrative districts, but standardizad ealibrated
according to the local context and following guides provided by the interregional action plantfar conservation
of brown bears in the Italian Alps (AA.VV 2010 - BOBACE): ascertaining bear dispersal through opmistic
genetic sampling was the only objective in non-n@ed areas, whereas an integration of systematit a
opportunistic approach with different sampling noetblogies was used to detect the largest possifebar of
individuals (including cubs) in areas of stableggrce. Both invasive (tissues, bones, teeth, bland,hairs) and
non-invasive samples (hairs, feces, saliva, unmee collected. Baited and unbaited hair-traps wesed following
Woods et al 1999, and transect sampling was coeduct search for fecal samples. Other samples eahected
during inspections at damaged livestocks and beshivhen bears were found dead (e.g. killed byclelgbllisions
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or poached) or during captures (e.g. for GPS-caltmitioning). (see De Barba et al 2010 for a nevid sampling

methods). All samples were collected using sterdiforceps or latex gloves and placed in coin epsektored in
silica dissecant or alternatively in 96% ethanephehding on sample type. Any remaining of the samgls removed
to avoid repeated sampling. Geographic coordinatze recorded when possible.

Field monitoring methods, such as GPS-VHF monitprghoto-trapping and direct counts of females withs, were
also carried out together with genetic samplingrifer to use an integrated approach. This kincatd & not reported
in this study, but are used to confirm genetic ltesu

Genetic methods

All samples collected between 2000 and 2016 wenetimlly analyzed. From 2010 to 2016, genetic ysed were
performed at the Italian Institute for Environmdraotection and Research (ISPRA, Italy) and bef0#&0, at the
University of ldaho upon obtaining CITES permi3e(Barba et al 2010). Genetic methods used unfib2fre
described in detail in De Barba et al. (2010). Fr2010 onwards, given the growing humber of samptélected,
methods were slightly modified to speed up the yamisl The following describes the major protocchmfpes: DNA
extractions started to be performed using a robpliitform on 48 or 96 well plates (Tecan FreedonOEV100
Liquid Handling Platform) and new commercial kitae Quick-g DNATM miniprep D3025, the ZR-96 Quick-g
DNATM (Zymo Research, Freiburg, Germany) and theeB$y® 96 Blood & Tissue Kit (QIAGEN, Hilden,
Germany). To minimize risks of contamination, DNxractions were performed in dedicated rooms, frfesources
of exogenous contaminant DNA, and a negative ctstvere added at each extraction. All DNA samplesaveluted
in 200uL of elution buffer and stored at -20°.

A total of ten microsatellite loci were used fodividual identification: the number of multiplex alification was
reduced from 3 to 2 (called M1 and M2). MultipleXLMvas used as a screening of sample quality ($ toecxclude
samples from non-target species or of poor quiyA (Peatkau 2003): a multi-tube approach (4 reyds per
locus) for non-invasively collected samples wasduSeaberlet et al. 1996, Adams and Waits 2007). (Sasnwere
kept for further analysis if had scorable resutts 0% of loci. Selected samples were amplified fibones at the
remaining 5 loci (M2) to complete the individual lilocus genotype. Sex was established througlattadysis of the
amelogenin gene (Ennis and Gallagher, 1994).

During the first 15 years, 10 loci were sufficidat parentage assessment. Subsequently, becalesss aff released
individuals, the occurrence of offspring and thecréasing relatedness among individuals, the numnidfer
microsatellite loci had to be increased. Startirogrf 2014, a third multiplex comprising 5 more I¢®I3) was added
to enhance the marker informativity content forqraage analysis, while the SRY locus (Fechner 1988) used to
confirm sex determination. All individuals idené&ti from 2000 to 2016 were processed for multipleX K list of all
15 autosomal loci with primer sequences, multipdexplifications, allelic size range, and refereniseprovided in
table 3.1.

The Qiagen Multiplex PCR Kit was used for amplifioa in the three PCR reactions: Th@l8CR reaction consists
of 0.80ul 10X reaction buffer, 0.8Q1 BSA (0.2%), 0.8Qul DNTPs (2.5 mM), 0.04l Taq polymerase (5Ull), 2 ul
DNA,0.14 ul G10M, 0.12ul G10P, 0.12u Mull, 0.06ul cxx20, 0.10ul Mul5 in M1, 0.15ul G10X, 0.09ul Mu59,
0.10ul G1D, 0.09ul Mu23, 0.07ul Mu50, 0.05ul AMG in M2, 0.12ul G10C, 0.10ul Mu09, 0.10ul G10H, 0.12ul
G10L, 0.18ul Mul10 and 0.08: SRY in M3. The PCR profile had an initial denation step of 2 minutes at 94 C°,
followed by 55 cycles of 15 seconds 94 C°, 30 sdsat 52,5 C°, a final extension of 30 second2at7 and 10
minutes at 72 C° followed by ten minutes at 4 Régative and positive controls were added to eaolpyof
reactions to test for contamination and calibratele calling among different runs. PCR productenir each
multiplex were added to 4@ mix of formamide and 2@l LIZ500 size standard and run in 16 separate leajgs on
the ABI Prism 3130xl Genetic Analyzer (Applied Bystem). PCR products were scored using GeneMapjievese
(version 4.0, Applied Biosystems - Life Technolagi€arlsbad, California, USA).
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Genotyping reliability and marker suitability

We estimated the power of the former 10 sex-indépenmicrosatellite markers in distinguishing indiwals through
the probability of identity test (PID), accordirgWaits et al. 2001. We further compared valueaiobtl by adding 5
loci. To overcome the bias caused by the presehclsely related individuals in the population, @lso calculated
the equivalent probability for pairs of siblingdPRibs), which are more likely to share identicahgtype by chance
(Waits et al. 2001). Allele frequencies, PID an®$lbs values and number of mismatches among diffeyenotypes
(MM) were calculated using GeneAlEx 6.502, sepdydiar bears belonging to the reintroduced popalatin the
central Italian Alps (founders and their offsprirag)d those dispersing from the Dinaric populatiod aampled in
eastern Italy. The probability of exclusion, definas the probability of excluding a random indiatifrom the
population given alleles of the offspring and thetiner, with both parents known (P1) and only oneipaknown
(P2) was calculated only for bears in central dtaliAlps. The number of mismatches was used tois@itthe
similarity of unique genotypes by looking at theggnce of genotypes with only 1-2 mismatches (Raatk03).
Presence of genotypes errors (allelic drop-outs faisk alleles) was regularly checked using GIML&/Rliere
2002), and four more PCR replicates at single e added in case of genotyping errors or misdaig. However,
given the enormous number of replicates in thel idédaset, we re-calculated genotyping errors faubset of
randomly selected non-invasive and invasive suéaisgenotyped samples in order to provide averagkies.
Multilocus consensus genotypes with a reliabilitys€re<95% calculated with RELIOTYPE (Miller et al. 2002)
were discarded, while others were kept for furtalysis.

: 0@y Size
Locus PCR primers (5'-3") M Dye range Reference
Mull-F AAGTAATTGGTGAAATGACAG M1 Hex 7592 Taberlet et al 1997
Mull-R GAACCCTTCACCGAAAATC Taberlet et al 1997
G1OM-FIm |GTTTGCCTCTTTGKCTACTGGA M1 Eam 106-125 Taberlet et al 1997
G10M-Rm CAAATAATTTAAATGCATCCCAGGGG Taberlet et al 1997
cxx20-F AGCAACCCCTCCCATTTACT M1 Ned 112-135 Ostrander et al 2001
cxx20-R TTGTCTGAATAGTCCTCTGCG Ostrander et al 2001
Mul5-F GCCTGACCATCCAACATC M1 Hex 125-135 Taberlet et al 1997
Mul5-R AAATAAGGGAGGCTTGGGT Taberlet et al 1997
G10P-Fp AGTTTTACATAGGAGGAAGAA M1 Fam 149-179 Paetkau & Strobeck 1995
G10P-Rp TCATGTGGGGAAATACTCTGAA Paetkau et al 1998
Mu50Fb GTCTCTGTCATTTCCCCATC M2 Hex 77-102 Bellemain & Taberlet 2004
Mu50Rib AACCTGGAACAAAAATTAACAC Bellemain & Taberlet 2004
G1D-FIm CCATCTCTCTTTTCCTTTAGGG M2 Pet 96-118 Taberlet et al 1997
G1D-R CTACTCTTCCTACTCTTTAAGAG Taberlet et al 1997
Mu23-F GCCTGTGTGCTATTTTATCC Taberlet et al 1997
M2 Fam 118-128

Mu23-RI AATGGGTTTCTTGTTTAATTAC Taberlet et 1997
Mu59-F GCTCCTTTGGGACATTGTAA M2 Ned 106-119 Taberlet et al 1997
Mu59-Rib TGACTGTCACCAGCAGGAG Bellemain & Taberlet 2004
G10X-F CCCTGGTAACCACAAATCTCT M2 Eam 126-156 Taberlet et al 1997
G10X-R TCAGTTATCTGTGAAATCAAAA Paetkau et al 1998
Amel4 AGAGGCAGGTCAGGAAGCAT M2 Fam 155-215 Ennis and Gallagher 1994
SE47 CAGCCAAACCTCCCTCTGC Ennis and Gallagher 1994
G10C_F AAAGCAGAAGGCCTTGATTTCCTC Taberlet et al 1997

— M3 Hex 97-116
G10C_R GGGACATAAACACCGAGACAGC Taberlet et al 1997
G10H_F CAACAAGAAGACCACTGTAA Paetkau & Strobeck 1995

- M3 Fam 221-257
G10H_R AGAGACCACCAAGTAGGATA Paetkau & Strobeck 1995
G10L _Fi ACTGATTTTATTCACATTTCCC Paetkau & Strobeck 1995

— M3 Pet 156-166
G10L_R GATACAGAAACCTACCCATGCCG Paetkau & Strobeck 1995
Mu09 F AGCCACTTTGTAAGGAGTAGT Taberlet et al 1997

- M3 Hex 174-206
Mu09_R ATATAGCAGCATATTTTTGGCT Taberlet et al 1997
MulO F ATTCAGATTTCATCAGTTTGACA 114-130 | Bellemain & Taberlet 2004

— M3 Ned .
MulO_R TCAGCATAGTTACACAAATCTCC Bellemain & Taberlet 2004
SRY_F GAACGCATTCTTGGTGTGGT( M3 Fem  75-75 Fechner 1996
SRY R TGATCTCTGAGTTTTGCATTTC Fechner 1996

TABLE 3.1-LIST OF ALL 15AUTOSOMAL LOCI AND PRIMER SEQUENCESLIST OF MULTIPLEX AMPLIFICATIONS ,

ALLELIC SIZE RANGE AND REFERENCES
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FIG 3.2 —SCHEMATIC REPRESENTATION OF MOLECULAR WEIGHTS OF AMR.IFIED LOCI AND DYE COLORS

Genetic databank

Since the Alpine population in central Alps was Braathe beginning of the project (9 founders) asmlated, and
immigration from the Dinaric population was unlikelit was effectively a close population. At thearstof the
reintroduction project a reference genetic databahkfounders (individual multilocus sexed genotypegas
constructed using blood and tissue samples (DeaBetrlal 2010), consisting of. So that, a referagareetic database
was developed and updated in the subsequent yadirsganewly identified bears, the offspring of fleeinders. The
genetic databank was developed using a “matchingoaph” to assign the founder samples to the reéere
genotypes (Adam and Waits 2007), using GeneAlEX)®.GBPeakall & Smouse 2006). New individuals (new
genotypes; the offspring) were identified if a) altiocus genetic profile did not match any exigtiprofile from
previous years, and b) a genetic profile was pritistibally assigned to a couple of putative pasertn independent
but similar genetic databank was developed forDhmearic bears dispersing in the eastern ItaliansAlgince males
have great dispersal capacity, we tested the hgpisitthat bears of the Dinaric population, sampiegastern Italy,
could have dispersed to central Italian Alps. Weduthe matching approach analyzing bears sampledninal Alps
and eastern Italy together to determine if thereeweatching genotypes.

Genotyping success among years, sampling appraaehsive/non-invasive), and type of organic mateftiasue,

hairs, tooth, bone, blood, feces, saliva, urine$ walculated as the number of successfully geedtygamples over
the number of all samples collected and analyzed.

Parentage analysis and pedigree reconstruction

Parentage relationships was evaluated using FRAMRware v.2 (Riester et al. 2009), a common likediti-based
package which uses Markov chain Monte Carlo samgpbrassign parentage. FRANz calculates LOD sdoresach

possible parent-offspring pairing and uses thisiwab assign parentage across a group of offsphingegative LOD

score means that the candidate parent is lesy likebe the true parent than not the true parénnegative LOD

score indicates that a candidate parent mismatth@se or more loci. Negative LOD scores can atsuowhen the
candidate parent and offspring share very commiateal at every locus. Conversely, a positive LODreaneans
that the candidate parent is more likely to betthe parent than not the true parent. The actual parent almost
always has a positive LOD score. Posterior prolisgsi which are the fractions of sampled pedigredts that

parentage assignment.

Parentage tests were performed every year for evenly genetically identified bear. Year of birthall putative

parents in the dataset was determined with previpugntage assignments and included in the analygés

considered putative parents all bears geneticadieaded in the study area and belonging to thetrosinced

population in central Italian Alps (founders andittoffspring). Parentage analysis was routinelsfqrened only for

bears of the central Alpine population and notlfears sampled in the eastern Alpine area sincetymamof bears of
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the original Dinaric populations are not at dispaead identification of parentage relationshipsEafstern bears is
outside the scope of this study. However, one f@sparentage analysis was performed including dépersing
from the Dinaric population as putative parentxrider to verify if gene flow was occurring betwebe two disjoint
nuclei in the central and eastern Italian Alps.

FRANz is able to take the year of birth into coesation to calculate when putative parents enterréproductive
age, that we set to 3 years for females and 4 yearsales, based on empirical data on this pojmuigsee results).
Sex information, derived from AMG and SRY data, waduded for putative parents and offspring. Thepgically
determined mean typing error of 0.002 among raf#& and allele frequencies were specified. A sksoftware for
parentage analysis (Colony v. 2.0.6.4, Jones andgv/2810) was used to confirm or reject parentaggasients.
Uncertain parental relationships were determinecdrwHiscordances in parentage assignments betweetwth
softwares were detected. A complete pedigree dfithaals was drawn using Graphviz v. 2.34.

Monitoring history, demographic and spatial distition

The complete monitoring history of the populatioaswised to construct a detailed life table for esachpled bear,
graphically described using the following legenda:

Not born
Alive and present in the population
Year of birth of a cub genetically determined yeaifter
Presence estimated
Hypothized year of death (not sampled since 2012)
Year of death
Dead
Captivated
Emigrated
? Disappeared
B Year of birth
Year of reproduction
Juvenile (M:1-4 years; F:1-3 years)
Adult (M:more than 4 vears: F: mcthan 3 veart

QN * B -

v N O® + ¢

TABLE 3.3—LIFE TABLE LEGENDA

Demographic data were directly derived or estimafrein the complete monitoring history of each bead
identification of parent-offspring relationshipsrFexample, an adult bear detected in 2013 and BQtL&ot in 2014,
was considered present in 2014 (symbol “2"). Thitikely true only for bears from central Italiarip8, and not for
those sampled in the eastern Italian border, wheees often move towards Slovenia to their teigtof origin.
Given the lack of homogeneity in information avhilay, bears belonging to the two disjoint nucleithe Italian
Alps were treated separately.

Year of birth and year of reproduction were estdtdd on the basis of parentage assignments, Hdt died
observational data were used to refine it: for gxamyear of birth was adjusted when a bear gealtizentified for
the first time in 2016, was known to be 1 yearailalder from field data (symbol ™*”).

Cubs were defined of age 0, and the transition dolthoods (3 years for females and 4years for rhales
determined by the onset of sexual maturity for Isgtkes, while juveniles are bears of age betwesmd13 or 4 years,
depending on sex.

The ascertained year of death (symbel)," was reported only when the bear carcass wasdiar the bear was
legally killed, while hypothized year of death (dyoh “s?”) was determined when the bear was not detectéd wi
genetic sampling for 2 consecutive years. This criterion was chosemlm data show that bears not detected for
two subsequent years were never detected aftervieacs following death are indicated with a crogsr(sol “t”).

Bears were considered emigrated from the coreiaréeentino (symbol ~1”) when they had crossed the Tagliamento
river and never came back, while they were consitiédisappeared” when not detected in the last 2 gears.
Further information will be needed to determine fiite of disappeared bears, since they could be, @aigrated, or
simply not sampled in the last years. A few beagsewcaptivated (symbol@”) for public safety (e.g. problematic
bears particularly prone to human aggression).

Data derived from individual identification and patage analysis included: yearly measures of tiplption size
(minimum counts), growth rate, age structure, sgiorfor adults and cubs at birth, number of repitive events
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(number of litters), number of male and femalesadpcing, number of cubs, survival rates among cjih&niles
and adults, and number of mortality events.

The spatial pattern of the population and individomeovements across the study area were evaluatttiren
geographic coordinates of bear samples in a Gl&dae and visualized using ArcView v.10.2 (ESRfiveare.

Census population size

The estimate of population size from non-invasiampgles Ko,) was obtained using the R package “capwire” v1.1.4
(Pennell and Miller, 2013), which has been develop® handle capture-recapture data collected inllsti@sed
populations, in the presence of marked capturerdgemeity. To avoid strong violation of the assuoptof
population closure, we analyzed separately thetgpae identified each year, from 2003 to 2013, gishe software
default parameter values. Capwire implements sewimographic models and includes functions to querfa
likelihood ratio test to choose between modelsfgoer parametric bootstrapping to obtain confidemtervals and
multiple functions to simulate data. We tested twodels: the ECM (Equal Capture Model), an equabaidity
model in which each individual has the same prdhgti/N, to be captured, and the TIRMPartition (Two Innate
Rates Model After Partitioning Data), a model tti@ides count data into three groups based on PABdrithm and

in which the population is a mixture of hard andyesampling individuals. The lower two groups atined for the
population estimation procedure implemented in d¢eggwwhile the upper group is excluded from thenestion
procedure.

Genetic diversity, inbreeding and effective pogdatasize

GeneAlEx 6.502 was used to calculate several pdaeaméescribing nuclear genetic diversity in thmtreduced
population: allele frequencies, mean number ofledi@er locus (Na), effective number of alleles d\Ne&shannon's
information index (1), observed (Ho) and expectathiased (uHe) heterozygosity and fixation index () these
measures were calculated per year and generationdér to highlight possible trends in genetidafaitity.

Arlequin v. 3.5 (Excoffier et al 2010) was usedhatsess deviations from Hardy—Weinberg equilibrithg) and to
calculate pairwise linkage disequilibrium (LD) begrgerations, both with an adjusted p-value corredimgnto 0.05
after the Holm—Bonferroni correction for multiplests (Holm, 1979). Since we are relatively certhat the brown
bear population in the Italian Alps is reprodudiyvisolated, we expect that the linkage disequilibr (LD) at neutral
loci may grow as a result of genetic drift (Nei arajima, 1981).

We also used GeneAlEx 6.502 to perform principahponent analysis (PCA). In conventional PCA, maskare
treated as variables and sampled individuals asttepl into a bi- or tri-dimesional Cartesian’s atioate system,
spanned by the top principal components (PCs), whitnmarize data information content. Because @ riéflects
variations due to population structure in the datasdividuals with similar multilocus genotypediviorm a cluster
in this subspace. The pattern of produced scattts fPC-plots) reflects inter-population relatibips or within-
population structures (Ma & Amos, 2012). We anallyzdl Dinaric bears sampled in eastern ltaly togetiith
reintroduced bears and their offspring to evaluftéhere was any kind of population sub-structuetween the
original and the reintroduced population. We createe PC-plot per generation in order to highligb$sible changes
over time. Genetic markers provide information alrelatedness between individuals (Thompson 19yB¢h 1988;
Queller & Goodnight 1989; Blouin et al. 1996; Ritth 1996a; Goodnight & Queller 1999; Lynch & Ritland
1999).We calculated pairwise relatedness coeffisiéRxy), interpreted as non-random mating withib-groups, per
generation using GeneAlEx 6.502. The coefficientad&tednessrky) measures the expected proportion of shared
alleles between pairs of individuals that are id@hty descent (IBD) (Blouin 2003).

We used three different estimators: RI (Ritland @994.RM (Lynch & Ritland 1999) and QGM (Queller and
Goodnight 1989). Linch & Ritland’s estimator Ri uek were multiplied by 2 to give a maximum valuelcénd
minimum of -1 (default max is 0.5), this to stardize LR’s range with the other two estimators.

Genetic drift in small populations can generaté&de disequilibrium (LD) due to stochastic fluctaas in allele
frequency occurring from generation to generatidi (981; Waples 1991). We used NeEstimator v.{Pédel et al.
2004), which uses Burrow's composite measure ofqligibrium (Bartley et al. 1992) to estimaté (the mean
squared correlation of allele frequencies at dififergene loci) and then contemporary (year 201&ctfe
population size (Ne). We also provided simulatidois slopes of heterozygosity loss over years antegions,
which we calculated for 100 and 500 years, usiegRtpackage “NEff” v1.0 (Grimm, Gruber & Henle, &)1
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RESULTS

Sample collection and microsatellite genotyping

A total of 8487 samples were collected during 2@008 using non-invasive approaches. In additions&@ples
were obtained non invasively from dead individuaicaptured bears. The majority of samples werkectgd, in the
core area, where bears were reintroduced (Tn-A805 Bamples), followed by the eastern Italian bo(B¥G — 804
samples), and other regions in between, (Ven - &38@ples, Lomb — 208 samples). A few samples (24 we
collected outside the Italian border, in Austriagr@any, and Switzerland. Most of the samples cmttaon-
invasively were hairs (6181), followed by fecesq92p

Microsatellite genotyping success rate ranged febli74% (2003) to 100% (2000 first year of the maniiig
program). The 100% genotyping success in 200k&ylidue to the sampling of only 3 invasive samp&&35 %
and 40,69% of invasive and non-invasive samples werccessfully genotyped, respectively. Among mwasive
samples, genotyping success was relatively highhéins and (65.38%) and saliva (54.55%), low farefe(28.23%)
and null for urin. Among invasive samples, 100%blafod samples were successfully genotyped, follotbwedhairs
(70.21%), tissue (61.54%), and bones and teeth \50%

All single values per year, administrative distidetd sample type, are reported in tables 3.4 @dCh average, a
unique genotype was identified on 55.43% of samples

N %
Year | Lomb | Tn-Ad | Ven | Fvg | Aus | Ger | Swiss A successfullyy Genotyping
sampled
genotyped success
200( 3 3 3 100.00%
2001 1 6 7 5 71.43Y%
2002 15 4 19 14 73.68%
200: 357 357 14¢ 41.74%
200¢ 472 22 494 271 56.07%
200¢ 1 32: 64 3 2 39: 242 61.58%
200¢ 41¢ 31 1 451 284 62.97%
2007 3 317| 11| 8€ 11 42¢ 23€ 55.14%
200¢ 10 43t 5| 67 517 28t 55.13%
200¢ 18 333 28| 2C 3 39¢ 20z 50.63%
2041¢ 23 69¢| 21| 65 807 431 53.41%
2011 22 61€| 37| 107 782 37¢ 48.34Y
201z 36 61€| 57| 7% 3 787 434 55.15%
201: 7 785 22| 9% 90¢ 562 61.94%
201¢ 36 50E| 25| 6% 631 37¢ 59.90%
201t 31 72€| 11| 5C 81¢ 45C 55.01%
201¢ 21 684| 22| 47 1 77t 42¢ 54.97%
TOT 20€| 730f| 23€| 804| 1C 1 13 8571 4757 55.46%

TABLE 3.4— NUMBER OF SAMPLES COLLECTED AND SUCCESSFULLY GENOWPED PER YEAR OF SAMPLING
AND ADMINISTRATIVE DISTRICT

Invasive Non invasive N sample: TOT
Year Tissue | Hairs Teeth | Bone | Blood | TOT | Hairs | Fece: | Saliv | Urin | TOT
200(C 3 3 0 3
2001 7 7 0 7
200z 6 2 8 11 11 19
2002 1 3 1 5 28¢ 63 352 357
2004 0 333 161 494 494
200¢ 5 5| 292 95 38¢ 39z
200¢ 3 1 4| 362 84 447 451
2007 4 1 5 27¢ 144 42% 42¢
200¢ 4 8 1 13 254 24¢ 1 504 517
200¢ 1 1 2| 16t| 232 397 39¢
201(¢ 1 1| 577 22¢ 80¢ 807
2011 1 1 2 51¢ 25¢ 3 1 78C 782
2012 7 1 2 10 57¢E 20z 771 781
201z 0 744| 16¢ 90¢ 90¢
201¢ 2 4 1 7] 49C| 132 1 1| 624 631
201¢& 1 4 3 3 11 63¢ 163 5 807 81¢
201¢ 5 2 7 651 11E 2 76¢ 77E
N samplec 26 47 8 4 5 90| 6181| 2297 11 3| 848i 8571
N genotyped 16 33 4 2 5 60| 4041 647 6 0| 469 4752
% succ 61.5¢| 70.21% | 50.0C| 50.0C| 100.0(| 66.67| 65.3¢]| 28.27| 54.58| 0.0C| 55.31 55.43%
Mean 66.35% 40.69%

TABLE 3.5- NUMBER OF SAMPLES COLLECTED AND SUCCESSFULLY GENOWPED PER SAMPLE TYPOLOGY
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Values of the probability of identity (PID) for ireasing locus combination were 4.4%3Gnd 2.0x16° for the
central Alpine population and for bears sampledastern Italy, respectively, using the all 15 nmsatellite loci. The
probability of identity among siblings (PIDsibshged from 6.9x106 for the central Alpine population to7.8x1@or
the eastern population, providing high discrimimatpower in all cases. The former set of 10 mictelite marker
showed higher values for both PID and PIDsibs: #08% and 1.4x16@ respectively for the alpine population, while
5.7x10'? and 5.6x16 for bears sampled in eastern ltaly, belongindoRinaric population.
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1.0E-10
1.0E-08

tity walues (PID and

PIDsibs)

1.0E-06
1.0E-04
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Probability ofide
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Number of increasing locus combination

—8— PID central Alps ~—&—PIDsibs central Alps ~ —O—PID eastern Italy = —O—PIDsibs eastern Italy

FIGURA 3.3 — PID AND PID VALUES FOR INCREASING LOCUS COMBINATION OF 15 MICROSATELLITE MARKERS

The exclusion power of the marker set was highesipt (both parents known) was 0.999, and P2 (omdyparent
known) was 0.992. There were no 1-2 MM-pairs in 2001-2016 15-loci reference genotypes either endintral
Alpine population, with the exception of two befnem the central Alps (F4 and M20), which havehait two alleles
in common. Moreover, there are a few reference types in the central Alps with all but 3 allelesdéammon (F4
and M36; M36 and M40), while reference genotypebezrs sampled in eastern Italy are extremely reifie with a
maximum of 7 alleles in common.

Among a group of randomly selected samples, genmuyerror rate due to allelic drop-out was 3.5%.7%9 for
invasive samples and 7.3% - 21.5% for non-invasa@ples. Error rate due to false alleles was 0.238%6% for
invasive samples and 0.16% - 9.3% for non invasaraples.

Among 4757 successfully genotyped samples, a dbtHD2 bears were genetically identified in centralian Alps in
the 2000-2016 period, 9 of which were foundersha teintroduced population (Table 3.6). One foundemed
Masun, was not genotyped because dispersed owffsile translocation area soon after his releagad¢he genetic
monitoring program was started. All genotypes wprecessed for sex determination using AMG and SRY,
incongruent results were found among these twodsg@endent markers. In addition, more 23 bears dispefrom
the Dinaric population were sampled in easternyltah Friuli-Venezia Giulia, were an independentnegc
monitoring program was carried out in the sameqgae(irable 3.7). When searching for matching geregypmong
samples from central Italian Alps and eastern Alps,found that 6 male bears (indicated with the tsyini*”) born
in central ltalian Alps dispersed to eastern Itahere they were sampled starting from 2009. Onee caf
immigration was detected: the bear named M5, whiels sampled in central Italian Alps for the firshe, was
actually belonging to the Dinaric population. ltsgin was determined on the basis of parentageysisaino parents
found in the dataset) and field data (it has begmpped with a GPS-collar in Slovenia).

The following life table is constructed on the Isasf genetic sampling, but field data were usecktime it: years of
death could not have been reported without carsassel many years of birth do not coincide witlstfiyear of
genetic sampling because mothers were sampled lasehed with cubs in the previous year, therefatescwere
assumed to be born in the year prior to their distieevith genetic sampling.

Since bears sampled in eastern Italy were borddweBia, no data on year of birth, age or deathh(téie exception
of Gen16) are available. Thus, the only year ekpnce is reported.
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2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Bear
D Sex

N

1

Masun male

1
2
8
4
5
6
7
8
9

Gasper male

female

Brenta

female 1

Irma

female

Maja

1
1
1

Daniza female

male

Joze

female

Kirka
Jurka
Vida
KJ1
KJ2

female

female

10

female

11

female

12

male

MJ1
MJ2
DJ1
DJ2
DJ3
JJ1

JJ2

13

female

14

female

15

male

16

female

17

male

18

male

19

male

MJ5
MJ3
MJ4
BJ1

20

male
male

21

22

female

23

MJ2G1 male

JJ33
JJ4
JJ5

24

male

25

female

26

male

KJ2G1 female

27

28

KJ2G2 male

DG1
DG2
DG3

29

female
male

30

31

female

KJ1G1 female

32

33

MJ2J1 male

34

DJ1G1 male

35

DJ3G1 female
M6

36

male

37

female

F1

38

female

F3
M2

39

male

40

male

M1

41

female

F4
F2
M3

42

female

43

male

44

male

M4

45

male

M7

46

male

M8

47

female

F5
F6

48

female

48
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N

50
51
52
53
54

55
56

57
58
59
60
61

62
63

64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
78
80
81
82
83
84
85
86

87
88
89
90

91
92
93
94
95
96
97

Bear
ID

F7
F8
F9
M9
F10

M10
M12
M13
M14
M11
F12
M15
F11
F13

M16
M17

M18
M19
M20
M21
M22
Fi¢
F14
F24
F16
F17
M25
F15
M26
F18
M29
M27
F20
M31
M30
F21
M32

M33
F22
F23
F25

M35
M36
M40
M38
F28
F26
M39

Sex
female
female
female
male
female
male
male
male
male
male
female
male

female
female

male
male

male
male
male
male
male
female
female
female
female
female
male
female
male
female
male
male
female
male
male
female
male

male

female
female
female

male
male
male
male
female
female

male

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

1 1 1 2 1
1 1 1 1 2
2 2 1 2 1
1 1 <7 T T
1 5 t T T
Y t T T T
S t T T
1 S T T
t T T
Y T )
2 1 1
1 1 2
t T T
1 2 2
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1 1 2
1 ?
1
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N B‘IeDar Sex 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

98 M4l male
9 M42 male
10¢ M43 male
101 F27 female

102 M46 male
108 M47 male

TABLE 3.6 — LIFE TABLE OF BEARS FROM THE CENTRAL ITALIAN ALPS POPULATION: THE FOUNDERS AND THEIR OFFSPRING
(SEE LEGENDA IN MATERIALS AND IVIETHODS)

Prog | Bear ID | Sex | 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
1 Gen01 . . . 1 1 1 1

2 Gen0z |male| 1 1 1 1 : : . . . : :

3 Gen0: | male 1 1 . 1 1 1 1 . . 1

4 Gen0s | male 1 1 1 1 1 1 1 1

5 Gen0¢ | male 1

6 Gen07 | male| . . . . 1

7 Gen0¢ | male| 1 .

8 Gen0¢ | male| | 1 .

9 Genl( |male| | . . . . . 1

e Genll |male| | . . . . 1 1 .

11 Genl: |male| | . . . . . . 1

12 M5 male | . . . . . . . 1

13 Genls |male| | . . . . . . . . . 1 .

14 Genlt |male| | . . . . . . . . 1 1 1 . .
15 Genle¢ |male| | . . . . . . . . . 1 1 1 ) T
16 Genl¢ | male 1 1

17 Genl¢ | male 1

18 Gen2( | male 1 .

19 Gen21 |male| | . . . . . . . . . . . . 1 . .
2C Gen22 | male| | . . . . . . . . . . . . . 1 1
21 Gen23 | male 1
22 Gen24 | male 1
23 | Gen25 | male| | . . . . . . . . . . . . . . 1
* KJ2G2 | male . . . . . . . . 1 1 1 1 1 . 1

* DG2 male . . . . . . . . . . 1 . . . .

* M4 male . . . . . . . . . . . . . . . 1
* MJ2G1 | male . . . . . . . . . . . . . 1

* MJ4 male . . . . . . . . . . 1 .

* M8 male 1

TABLE 3.7 - LIFE TABLE OF BEARS SAMPLED IN THE EASTERN ITALIAN ALPS
Parentage analysis and pedigree reconstruction

All but 6 individuals were identified as the progeof founders and their descendant (Table 3.8).tl@remaining 6
bears parentage relationships were uncertain:efar b8 both software identified 1 MM (ADO) in theost probable
trio; mother-assignments is missing for bear M16lo@y finds 4 MM with the most probable mother, ARAfinds 1
MM with a different mother; Colony and FRANz finevd different fathers for M19, but Colony finds theost
probable (M4) since 1MM is found by FRANz with MBor M20, FRANz and Colony propose two differentquds,
but those are known to be wrong from field dat@ohgruent results are also found for M21; Colonggaot find
any mother for M42, while Colony finds F13. The meaumber of common loci typed among detected tras w
14.81, and mean probabilities of parentage assighmvas 99.4%. No bears were found to be offsprihgnales
dispersing from the Dinaric population. We foundi&ars of second generation (Gen 1), 49 of theltheneration
(Gen IIl), and 14 of the fourth generation (Gen.IV)
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Offspring Dam Sire Generation Common loci typed LOD Probability MM  Sig Notes
Gasper - - | 15 0.00E+00 1 0 <
Brenta - - 1 15 0.00E+00 1 0 <
Maya - - 1 15 0.00E+00 1 0 <
Kirka - - 1 15 0.00E+00 1 0 <
Jurka - - 1 15 0.00E+00 1 0 <
Vida - - 1 10 0.00E+00 1 0 <
Irma - - 1 10 0.00E+00 1 0 <
Daniza - - 1 15 0.00E+00 1 0 <
Joze - - 1 15 0.00E+00 1 0 <
KJ1 Kirka Joze 2 15 1.49E+01 0.9969 0

KJ2 Kirka Joze 2 15 1.26E+01 0.9864 0

MJ1 Maya Joze 2 10 1.19E+01 0.9282 0 A
MJ2 Maya Joze 2 15 1.65E+01 0.9968 0 A
DJ1 Daniza | Joze 2 15 1.51E+01 0.9981 0 ¢
DJ2 Daniza | Joze 2 15 1.83E+01 0.9978 0 ¢
DJ3 Daniza | Joze 2 15 1.62E+01 0.9987 0 ¢
JJ1 Jurka Joze 2 15 1.75E+01 0.9918 0 ¢
JJ2 Jurka Joze 2 15 2.04E+01 0.9888 0 ¢
MJ3 Maya Joze 2 15 2.20E+01 0.9992 0 A
MJI4 Maya | Joze 2 15 1.54E+01 0.9976 0 A
DG1 Daniza| Gasper 2 15 1.23E+01 0.9119 1 £
JJ3 Jurka Joze 2 15 2.50E+01 0.9998 0 <«
JJ4 Jurka Joze 2 15 1.76E+01 0.9627 0 <
JJ5 Jurka Joze 2 15 1.96E+01 0.9987 0 <«
KJ2G1 KJ2 Gasper 3 15 1.25E+01 0.9817 0 9
KJ2G2 KJ2 Gasper 3 15 1.08E+01 0.9657 0 9
MJ5 Maya | Joze 2 15 1.43E+01 0.9075 0 A
DG2 Daniza| Gasper 2 15 1.79E+01 0.9955 0 ¢«
DG3 Daniza| Gasper 2 15 1.73E+01 0.9947 0 ¢«
KJ1G1 KJ1 Gasper 3 15 1.14E+01 0.9788 0 9
BJ1 Brenta | Joze 2 15 2.21E+01 0.9997 0 <«
MJ2J1 MJ2 Joze 3 12 1.63E+01 0.9838 0 S
DJ1G1 DJ1 Gasper 3 15 8.65E+00 0.8421 0 <
DJ3G1 DJ3 Gasper 3 10 1.03E+01 0.9128 0 <
MJ2G1 MJ2 Gasper 3 15 1.58E+01 0.9992 0 A
F1 Daniza | Gasper 2 15 1.75E+01 0.9977 0 ¢«
F3 Daniza | Gasper 2 15 1.71E+01 0.9900 0 ¢«
M1 KJ1 Gasper 3 15 1.13E+01 0.9631 0 «
F2 KJ1 Gasper 3 15 1.37E+01 0.9967 0 «
M2 Daniza | Gasper 2 15 1.80E+01 0.9985 0 ¢«
M3 KJ2 Joze 3 15 1.40E+01 0.9505 0 9
M4 KJ2 Joze 3 15 1.30E+01 0.9627 0 A
F4 KJ1 Gasper 3 15 1.21E+01 0.9671 0 «
M6 DJ3 Gasper 3 15 1.43E+01 0.9975 0 <
M7 DJ3 Gasper 3 15 1.46E+01 0.9839 0 <
m8* DJ3? Gasper? ? 15 9.80E+00 0.6769 4 1 ADO
F5 MJ2 Gasper 3 15 1.20E+01 0.9839 0 A
F6 BJ1 Gasper 3 15 1.59E+01 0.9994 0 <
F7 KJ1 Gasper 3 15 1.27E+01 0.9706 0 A
F8 KJ1 Gasper 3 15 1.44E+01 0.9984 0 A
F9 KJ1 Gasper 3 15 1.20E+01 0.6084 0 A
M9 Daniza| Gasper 2 15 1.80E+01 0.9976 0
F10 Daniza| Gasper 2 15 1.32E+01 0.8931 &
M10* ? Gasper ? 15 7.35E+00 0.9414 0 3 Mother not fou
M11 DJ3 JJ5 3 15 1.79E+01 0.9985 0 S
M12 KJ2 Gasper 3 15 1.26E+01 0.9790 0 9
M13 KJ2 Gasper 3 15 1.21E+01 0.9884 0
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Offspring Dam Sire Generation Common loci typed LOD Probability MM  Sig Notes
M14 KJ2 Gasper 3 15 1.10E+01 0.9785 0 A
M15 Daniza| MJ5 3 15 1.85E+01 0.9974 0 <
F11 Daniza| MJ5 3 15 1.91E+01 0.9829 0 <
F12 F2 JJ5 4 15 1.55E+01 0.9975 0 A
F13 Daniza| MJ5 3 15 2.04E+01 0.9998 0 <
M16 KJ1 Gasper 3 15 1.24E+01 0.9694 0 A
M17 KJ1 Gasper 3 15 1.35E+01 0.9972 0 A
M18 KJ1 Gasper 3 15 1.52E+01 0.9984 0 «
M19* KJ2? M4? ? 15 1.95E+01 0.9940 0 < Incongruent tespl
M20* KJ1? Gasper? ? 15 8.95E+00 0.9794 0 kK Incongresuntts
M21* F3? M6? ? 15 3.99E+00 0.6809 0 < Incongruent resplt
M22 MJ2 Gasper 3 15 1.44E+01 0.9952 0 A
F14 JJ4 Gasper 3 15 1.06E+01 0.6805 0 «
F15 F4 M6 4 15 1.23E+01 0.9181 0 <
F16 BJ1 M2 3 15 1.58E+01 0.9925 0 <
F17 BJ1 M2 3 15 1.83E+01 0.9999 0 <
F18 F2 JJ5 4 15 1.73E+01 0.9804 0
M25 KJ2 M6 4 15 1.07E+01 0.9567 0 <
M26 F4 M6 4 15 1.21E+01 0.9332 0 <
m27 F8 M1 4 15 1.51E+01 0.9935 0 <
F19 MJ2 Gasper 3 15 1.18E+01 0.8733 0 A
M29 F9 MJ5 4 15 1.48E+01 0.9771 0 <
F20 Daniza| M2 3 15 2.13E+01 0.9985 0 <
M30 F5 M2 3 15 1.46E+01 0.9989 0 <
M31 Daniza| M2 3 15 2.08E+01 0.9715 0 <
F21 DG3 MJ5 3 15 1.36E+01 0.9895 0 <
M32 JJ4 MJ2G1 3 15 1.39E+01 0.9985 0 A
M33 BJ1 M4 3 15 2.10E+01 0.9999 0 <
F22 BJ1 M4 3 15 2.30E+01 1 0 <
F23 F3 M1 4 15 3.17E+00 0.8744 0 <
F24 JJ4 Gasper 3 15 1.30E+01 0.9877 0 «
F25 F7 M3 4 15 1.57E+01 0.9977 0 <
M35 F4 Gasper 4 15 1.71E+01 0.9957 0 9
M36 F4 Gasper 4 15 1.75E+01 0.9963 0 9
M38 KJ1 MJ5 3 15 1.64E+01 0.9984 0 <
F26 KJ2 Gasper 3 15 1.30E+01 0.7831 0 «
M39 KJ2 Gasper 3 15 1.50E+01 0.8781 0 «
F27 DG3 MJ5 3 15 1.83E+01 0.9969 0 <
M40 F4 Gasper 4 15 1.84E+01 0.9971 0 9
M41 MJ2 MJ4 3 15 1.68E+01 0.9995 0 <
M42* F13? MJ5 ? 15 1.35E+01 0.9979 1 A Incongruenttsesu
F28 KJ1 MJ5 3 15 1.41E+01 0.9995 0 <
M43 F9 MJ5 4 15 1.15E+01 0.8661 1 <
M46 F24 MJI2G1 4 15 1.25E+01 0.8458 0 A
mM47 JJ4 Gasper 3 15 1.71E+01 0.5669 0 «
14.81 0.9540

TABLE 3.8—PARENTAGE RELATIONSHIPS AND PROBABILITIES OF ASSIG NMENTS AMONG EACH TRIO
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FIG. 3.4- THE ALPINE BROWN BEAR POPULATION : PEDIGREE RECONSTRUCTION
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Demographic data

The reintroduced population in central Italian Alpsreased from the initial ten founders to a pafiah size of ~45
individuals in 2016 (Fig. 3.5). A peak was registbin 2015, with a presence of at least 53 bedmssd numbers are
based on genetic sampling alone, thus they shauttbbsidered as a minimum count: it is likely tha&rs born in the
last few years escaped the genetic sampling, alhdbevprobably sampled in the future. However, &swevident that
the population has been exponentially growing sitice reintroduction program started. Converselywds
impossible to describe a demographic trend amorgsbsampled in eastern Italy since this is parthef larger
Dinaric population. However, the occurrence of beans highly variable from one year to the nexbr(frl to 7
bears) in eastern Italy, but a slight increase dwee was manifest. The turnover was high especfall bears that
have been sampled in this area since 2006, medhnaigbears frequently returned to the territoryodfjin, often
moving back and forth the Slovenian territory afyor.
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FIG. 3.5—MINIMUM NUMBER OF BEARS IN CENTRAL [TALIAN ALPS BETWEEN 2000AND 2016

“ 8

T w 7

o o 6

S o

° c

o @ 5

gL

S 4

EE® 3

£5 2

Ec 1

= 0

2004
2005
2006
2007
2008
2009

2001
2002
2003
2010
2011
2012
2013
2014
2015
2016

FIG. 3.6—MINIMUM NUMBER OF BEARS IN EASTERN | TALY BETWEEN 2001AND 2016

The sex ratio ranged from 1 female to 0.2 maled0i®2, when only one male founder was released tilhdlive, to
1:1. An approximate equal sex ratio was registémeshany years starting from 2008, while it was skdviowards
females until 2007 (fig 3.7).
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FIG. 3.7—SEX RATIO OF BEARS IN CENTRAL |TALIAN ALPS BETWEEN 2000AND 2016
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The number of cubs, juveniles, and adults is regbftig. 3.8): number of juveniles and adults hasrbgrowing over
years. Reproductivity success was high: the fiegiroductive event was registered in 2002, and bleavs been
continued to reproduce until 2016 (48 litters) &ototal of 53 male cubs and 40 female cubs (93)¢alde 3.9). The
number of cubs per year greatly fluctuated, witmaximum of 12 cubs born in 2012, and a minimum elBs in
2011 (without considering years 2002 and 2003, wdrdn founders were able to reproduce). Since 200Zemales
(5 founders and 16 born after the reintroductiogproduced with 11 males (2 founders and 9 bormr dfte
reintroduction), with an average of 2.4 litters female and 4.3 cubs (Table 3.10). Daniza produbedhighest
number of litters (6), followed by KJ1 and KJ2 (bd litters). Average values were calculated exdgaubs with
uncertain kinship (7 cubs), meaning that these mrmhbre slightly lower than the real values. Fembkd their first
litter at different ages, but the 6 youngest repoed at the age of 3 for the first time. One fenf{Bl€3) reproduced
at the age of 9. For females that had multipleertitt the interbirth interval was always 2 yearsthwinly one
exception (BJ1, three years once). Average fecymditemales was 1.5 for the first litter and iresed to 1.9 and 2.1
with the second and third litter. For the few feasathat had a fourth and fifth litter, average fetity was 1.7 and

2.3 respectively.
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FIG. 3.8—AGE STRUCTURE OF BEARS IN CENTRAL | TALIAN ALPS BETWEEN 2000AND 2016
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ON litter MN male cubs N female cubs
2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013| 2014 | 2015| 2016 | TOT
N of litters 1 1 2 2 2 3 2 2 3 5 2 48
N male cub: Q 1 3 3 2 4 2 1 9 2 4 2 53
N female cub: 2 1 2 1 1 4 1 1 2 2 1 40
TOT cubs 2 2 5 4 11 3 8 3 1C 2 16 4 6 14 3 93

TABLE 3.9 AND FIG 3.9 — REPRODUCTIVE SUCCESS OF BEARS IN CENTRAL | TALIAN ALPS BETWEEN 2000AND 2016
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Ref% rr(r)gllj;mg N cubs Iittt:-lrs Litter 1 Litter 2 Litter 3 Litter 4 Litter 5 Litter 6
Year Ncubs | Year Ncubs | Year Ncubs | Year Ncubs | Year Ncubs | Year N cubs

BJ1 5 3 201C 1| 201z 2| 201t 2

Brenta 1 1 200t 1

Daniza 16 6 200¢ 3| 200¢ 3| 200¢ 3| 201C 2| 201z 3| 201« 2

DG3 2 2 201« 1| 201¢ 1

DJ1 1 1 2007 1

DJ3 4 3 2007 2| 200¢ 1| 2011 1

F2 2 2 2011 1| 201z 1

F3 1 1 201¢ 1

F4 5 2 201: 2| 201t 3

F5 1 1 201¢ 1

F7 1 1 201¢ 1

F8 1 1 201< 1

F9 2 2 201: 1| 201t 1

JJ4 4 3 201z 2| 201« 1| 201€ 1

Jurka 5 2 200« 2| 200¢ 3

Kirka 2 1 200z 2

KJ1 12 5 200¢ 1| 200¢ 3| 201cC 3| 201z 3| 201t 2

KJ2 10 5 200¢ 2| 200¢ 2| 201C 3| 201z 1| 201t 2

Maja 5 2 200z 2| 200t 3

MJ2 6 4 200¢ 2| 200¢ 1| 201z 2| 201t 1

Mean 153 2.4 &= 1. 2.1 1.7 2.2

TABLE 3.10 — FECUNDITY OF FEMALE BEARS IN CENTRAL |TALIAN ALPS BETWEEN 2000AND 2016
Survival rates and mortality

Mean survival rates registered from 2000 to 2016 @6 for cubs, 0.79 for juveniles and 0.89 foultd No
significant differences among age groups are eviddowever, lowest survival rates were registered dubs
between 2003 and 2004 (0.50%) and between 2002@®8 (0.67%). Low survival rates were registeresb dbr
juveniles and between 2005 and 2006 (0.67%). Oyetalvival rates increased over the years foag#t groups (fig
3.10).

Among all 102 bears, 34 are still alive at the eh@017, two (Jurka and DJ3) were moved to captivit2007 and
2011 respectively, because they had a problemttiticcse toward humans. 3 bears (KJ2G2, M4and M8psated to
the eastern portion of the study area and wererrgarapled again in central Italian Alps. 17 “disaaged”, but their
disappearance is too recent to establish their &téears were found dead, while 15 bears araresbito be dead
since carcasses were not found but they have eot $empled for at least to consecutive years. Skeass the causes
of death: two died under an avalanche, 3 (Daniz@KL, and JJ5) died during the capture or followiegative
consequences due to the capture, 4 were found aféad collisions with cars or trains, 4 have beetied in
neighboring countries after dispersal, 2 were pedct was probably poached, 3 were poisoned. Ceredied for an
intraspecific aggression: a male killed BJ1 andvits cubs (Davoli et al 2018). 8 died for naturalises, while two
deaths have unknown causes. Given these numbeosit b8 32 deaths (50.0%) were human-induced. Tdiesbbear
(Daniza) died at the age of 19, while other threarb (KJ1, Joze, and Gasper) died at the age d&igbt cubs were
found dead, while 19 died before reaching sexualritg (age 1-3 for females and 1-4 for males).
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FIG. 3. 10 - SURVIVAL RATES OF CUBS, JUVENILES AND ADULTS IN CENTRAL |TALIAN ALPS BETWEEN 2000AND 201
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Year Age
Prog BIeDar Sex _of Fate Cg:es‘;ehof Ydeeagtgf c?f Movements
birth death

1 Masun| male| 1996 Hyp Dead - 2001? 5| Only core area

2 Gasper| male| 1999 Dead  Unknown 2014 15| Only core area

3 Brenta | female| 1999 Dead Avalanche 2006 7 | Only core area

4 Irma | female| 1995 Dead Avalanche 2001 6 | Only core area

5 Maja | female| 1997 Hyp Dead - 20067 9| Only core area

6 Daniza| female| 1995 Dead Capture 2014 19| Only core area

7 Joze| male| 1994 Hyp Dead - 2009? 15| Only core area

8 Kirka | female| 1996 Hyp Dead - 2005? 9 | Only core area

9 Jurka | female| 1997| Captivated - Only core area
10 Vida | female| 1998 Dead Unknown 2002 4 | Only core area
11 KJ1 | female| 2002 Alive - Only core area
12 KJ2 | female| 2002 Dead Culled 2017 15| Only core area
13 MJ1 male| 2003 Dead Natural 2003 0 | Only core area
14 MJ2 | female| 2003| Disappeared - Only core area
15 DJ1 | female| 2004 Dead Unknown 2011 7 | Only core area
16 DJ2| male| 2004 Hyp Dead - 2006? 2 | Only core area
17 DJ3 | female| 2004 Captivated - Only core area
18 JJ1| male| 2004 Dead Culled 2006 2 | Dispersal central Alps
19 JJ2| male| 2004 Hyp Dead 20067 2 | Dispersal central Alps
20 MJ3 male| 2005 Hyp Dead - 2006? 1| Only core area
21 MJ4 male| 2005 Alive - Dispersal eastern Alps
22 DG1 | female| 2006 Dead Unknown 2006 0 | Only core area
23 JJ3| male| 2006 Dead Culled 2008 2 | Dispersal central Alps
24 JJ4 | female| 2006 Alive - Only core area
25 JJ5| male| 2006 Dead Capture 2012 6 | Dispersal central Alps
26 KJ2G1 | female| 2006 Dead Capture 2008 2| Only core area
27 KJ2G2 male| 2006 Emigrated Dispersal eastern Alps
28 MJ5 male| 2005 Alive - Dispersal central Alps
29 DG2| male| 2006 Hyp Dead - 201372 7 | Dispersal eastern Alps
30 DG3 | female| 2006 Alive - Only core area
31 KJ1G1 | female| 2006 Hyp Dead - 2011? 5| Only core area
32  BJ1| female| 2005 Dead Intraspecific 2015 10| Only core area
33 MJ2J1 male| 2006 Hyp Dead - 2007? 1| Only core area
34 DJ1G1l| male| 2007 Dead Unknown 2012 5 | Dispersal central Alps
35 DJ3G1| female| 2007 Hyp Dead - 2008? 1| Only core area
36 MJ2G1| male| 2006 Alive - Dispersal eastern Alps
37 F1| female| 2008 Dead Collision 2008 0 | Only core area
38 F3| female| 2008 Alive - Only core area
39 M1 male| 2008| Disappeared - Dispersal central Alps
40 F2 | female| 2008 Alive - Only core area
41 M2 male| 2008 Dead Poached 2013 5 | Dispersal central Alps
42 M3 male| 2008| Disappeared - Dispersal central Alps
43 M4 | male| 2008 Emigrated Dispersal eastern Alps
44 F4 | female| 2008 Alive - Only core area
45 M6 male| 2007 Dead Poisoned 2015 8 | Dispersal central Alps
46 M7 male| 2009 Alive - Dispersal central Alps
47 M8 male| 2009 Emigrated Dispersal eastern Alps
48 F5 | female| 2009 Dead Poisoned 2016 7 | Only core area
49 F6 | female| 2010 Dead Infanticide? 2010 0 | Only core area
50 F7 | female| 2010 Alive - Only core area
51 F8 | female| 2010 Alive - Only core area
52 F9 | female| 2010 Alive - Only core area
53 M9 male| 2010 Hyp Dead - 201372 3 | Dispersal central Alps
54 F10| female| 2010 Dead Unknown 2012 2 | Only core area
55 M10 male| 2010 Hyp Dead 2011? 1| Only core area
56 M11| male| 2011 Hyp Dead Hyp poached 2013? 2| Only core area
57 M12 | male| 2010 Dead Collision 2012 2 | Dispersal central Alps
58 M13 male| 2010 Dead Culled 2013 3 | Dispersal central Alps
59 M14 | male| 2010 Dead Collision 2012 2 | Dispersal central Alps
60 M15 male| 2012 Alive - Only core area
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Year Age
Prog BIeDar Sex ‘of Fate ngthc’f Ydeeagtgf c?f Movements
birth death
61 F11| female| 2012 Dead Natural 2012 0 | Only core area
62 F12| female| 2011 Alive - Only core area
63 F13| female| 2012 Alive - Only core area
64 M16 | male| 2012 Hyp Dead - 201372 1| Only core area
65 M17 | male| 2012| Disappeared - Dispersal central Alps
66 M18 male| 2012 Alive - Dispersal central Alps
67 M19 male| 2012 Alive - Dispersal eastern Alps
68 M20 | male| 2012| Disappeared - Dispersal central Alps
69 M21 male| 2012 Dead Poisoned 2016 4| Only core area
70 M22 male| 2012 Alive - Dispersal central Alps
71 F14 | female| 2012 Alive - Only core area
72 F15| female| 2013 Alive - Only core area
73 F16| female| 2012 Alive - Only core area
74 F17| female| 2012| Disappeared - Only core area
75 F18| female| 2013| Disappeared - Only core area
76 M25 male| 2012 Dead Poached 2015 3 | Dispersal central Alps
77 M26 male| 2013 Dead Unknown 2015 2 | Only core area
78 M27 male| 2014 Dead Natural 2014 0 | Only core area
79 F19 | female| 2012 Alive - Only core area
80 M29 male| 2013 Alive - Dispersal central Alps
81 F20| female| 2014 Alive - Only core area
82 M30 | male| 2014| Disappeared - Only core area
83 M31 male| 2014 Alive - Dispersal central Alps
84 F21| female| 2014| Disappeared - Only core area
85 M32 | male| 2014 Dead Collision 2016 2 | Dispersal central Alps
86 M33 male| 2015 Dead Infanticide 2015 0 | Only core area
87 F22| female| 2015 Dead Infanticide 2015 0 | Only core area
88 F23| female| 2015| Disappeared - Only core area
89 F24 | female| 2012 Alive - Only core area
90 F25| female| 2015| Disappeared - Only core area
91 M35 male| 2015| Disappeared - Only core area
92 M36 | male| 2015| Disappeared - Only core area
93 M38 male| 2015 Alive - Only core area
94 F26 | female| 2015 Alive - Only core area
95 M39 | male| 2015| Disappeared - Only core area
96 F27| female| 2016| Disappeared - Only core area
97 M40 male| 2015| Disappeared - Only core area
98 M41 male| 2015| Disappeared - Only core area
99 M42 male| 2015 Alive - Only core area
100 F28| female| 2015 Alive - Only core area
101 M43 male| 2015 Alive - Only core area
102 M46 | male| 2016 Alive - Dispersal central Alps
103 M47 | male| 2016 Alive - Dispersal central Alps

TABLE 3.11—FATE OF BEARS IN CENTRAL | TALIAN ALPSIN 2016
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Census population size

Census estimates of the reintroduced populaticzeiiral Italian Alps were low at the end of 2016&ifle 3.12 and
Fig. 3.9), ranging from 43 to 48 bears using t@MEor the TIRMPart approach, respectively. Estirnapd
population size slightly varied among different heats, and higher differences among estimated vahures
minimum numbers of bears genetically identified rgorted starting from 2010.

ECM TIRM TIRMPart Nmin
Pop.size Cl(25%) CI(97,5%) | Pop.size CI(25%) CI(97,5%) | Pop.size CI(2,5%) ClI (97,5%)

2003 14 14 14 14 14 15 15 15,00 43,00 11
2004 18 18 18 18 18 18 17 17,00 18,00 15
2005 22 22 22 22 22 22 17 17,00 17,00 18
2006 27 27 27 28 27 29 29 28,00 29,00 23
2007 28 28 28 28 28 28 28 28,00 30,00 23
2008 32 32 32 32 32 33 32 32,00 33,00 28
2009 29 29 29 29 29 29 27 25,00 29,00 29
2010 36 36 36 36 36 36 31 31,00 33,00 38
2011 36 36 36 37 33 37 36 32,00 37,00 35
2012 44 44 44 44 44 44 45 44,00 48,00 45
2013 47 47 a7 47 a7 47 45 41,00 49,00 42
2014 44 44 44 47 a7 53 51 51,00 57,00 44
2015 45 45 45 45 45 47 55 55,00 59,00 53
2016 43 43 43 43 43 43 48 48,00 61,00 45
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TABLE 3.12AND FIG. 3.11- ESTIMATION OF POPULATION SIZE FROM NON -INVASIVE SAMPLING BY YEARS USING
THREE DIFFERENT MODELS : EQUAL CAPTURE MODEL (ECM), TWO-INNATE RATES MODEL (TIRM) AND TwoO-
INNATE RATES MODEL AFTER PARTITIONING DATA (TIRMP ART)

Geographic distribution

All female bears were sampled in the surroundifgshe translocation area (TN-AD), and no dispessaints were
observed. Conversely, many males dispersed all theestudy area. (Fig 3.10). First Dinaric beargmgtsampled in
FVG in 2011 (geographic coordinates where not ctdid), wheater first males from the central Italislps, all
offspring of translocated bears, started dispertimgrds west (LOMB) and east (VEN) in 2007, witle texception
of one male bear that dispersed to LOMB in 2003 r{8e bears in total). Bear occurrence has becdaidesin
LOMB and VEN since 2007 (Fig 3.11). In additionarsing from 2011, 7 males born in central ItalialpsAwere
sampled at greater distances, in FVG, where aldesnispersing from the Dinaric population wheresagnt at that
time. Bears were sampled in the neighbouring casitB bears were sampled in Austria between 20052816; 4
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bears were sampled in Switzerland between 200528@F and 1 bear was sampled in Germany in 2006 (not
represented in fig 3.11). 26 male bears, includingders, did not dispersed from the translocadicea.

0 25 50 100 150 200 0 25 50 100 150 200 -

- — e Kilometers - Kilometer

FIGURE 3.12— FEMALES (LEFT) AND MALES BEAR OCCUREANCE BETWEEN 2000AND 2016
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FIGURE 3.13—FEMALES (LEFT) AND MALE (RIGHT ) BEAR OCCURENCE
OVER YEARS: A) 2000-2004B8)2005-2007)2008-2010p)2011-2016
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FIG. 3.14 — OCCURRENCE OF BEARS OF DINARIC ORIGIN (IN WHITE) AND BEARS OF ALPINE ORIGIN (IN GREEN)
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Genetic diversity, inbreeding and effective popalasize

Changes in allele frequencies per locus over génarare summarized in table 3.14, while valuegaietic diversity
measures (mean and standard errors) are indigatatlle 3.15. Genetic diversity is relatively higHe from 0.702 in
the founders, to 0.618 in generation IV, fig. 3.18pwever, number of alleles per locus (Na), effechumber of
alleles (Ne), Shannon's information index (l), eotpd unbiased (uHe) heterozygosity, expected hetgosity (He)
and fixation index (F) showed a declining trendrogenerations (tables 3.14 and fig 3.10). Privéit#es are found
only among founders (fig. 3.15).

Locus Allele/n Gen_l Gen_Il Gen_lll Gen_IV |Locus Allele/n Gen_|I Gen_ Il Gen_lll Gen_IV
G10oM N 9.00 24.00 49.00 14.00( Mu50 N 9.00 24.00 49.00 14.00
111 0.2z 0.2 0.31 0.4¢ 84 0.2z 0.1t 0.3¢ 0.3¢

117 0.0€ 0.2t 0.22 0.11 98  0.2¢ 0.3¢ 0.2C 0.21

11¢ 0.11 0.17 0.07 0.0C 10C 0.11 0.0C 0.0C 0.04

121 0.0¢ 0.0C 0.0C 0.0C 10z 0.11 0.0¢ 0.07 0.07

122 0.3¢ 0.3t 0.3¢ 0.4: 104 0.17 0.31 0.1¢ 0.07

128 0.17 0.02 0.01 0.Co 106 0.11 0.1 0.17 0.21

G10F N 9.0C 24.0( 49.0( 14.0C | Mu59 N 9.0C 24.0C 49.0( 14.0C
151 0.2z 0.2t 0.2 0.11 9¢ 0.0¢ 0.0C 0.0C 0.0C

165 0.11 0.17 0.31 0.3¢ 101  0.17 0.3t 0.4 0.6£

167 0.0¢ 0.0z 0.0¢ 0.07 10z 0.17 0.0¢ 0.1z 0.14

16¢ 0.3: 0.21 0.21 0.3z 111 0.11 0.1¢ 0.0¢ 0.0C

171 0.22 0.3t 0.21 0.11 112 0.0¢ 0.1¢ 0.0¢ 0.0C

173 0.0¢ 0.0C 0.0C 0.0C 117  0.0¢ 0.0C 0.0C 0.0C

G10X N 9.0C 24.0( 49.0( 14.0(¢ 11¢ 0.0¢ 0.0C 0.0C 0.0C
131 0.11 0.0Z 0.0¢ 0.1¢ 121 0.11 0.0C 0.0C 0.0C

133 0.11 0.1t 0.07 0.11 12 0.22 0.27 0.2¢ 0.21

13¢ 0.44 0.27 0.37 0.2¢ | G10C N 8.0C 23.0C 48.0( 14.0C

142 0.2¢ 0.4¢ 0.3¢ 0.14 94 0.1¢ 0.41 0.3t 0.2¢

153 0.0¢ 0.1C 0.11 0.2¢ 10z 0.1¢ 0.0C 0.0C 0.0C

G1D N 9.0 24.0( 49.0( 14.0( 104 0.1¢ 0.07 0.04 0.0C
10z 0.17 0.27 0.27 0.2t 10€ 0.44 0.4¢ 0.6C 0.6¢

106 0.22 0.1t 0.1¢ 0.1« 11C  0.1% 0.04 0.0C 0.04

106 0.2 0.3t 0.4¢ 0.5¢ | G10H N 8.0C 23.0( 48.0( 14.0(

11C 0.11 0.0¢ 0.0C 0.0 232 0.1¢ 0.0¢ 0.07 0.14

114 0.0¢ 0.0¢ 0.0z 0.0C 251 0.0C 0.0z 0.0C 0.07

11€ 0.2 0.1C 0.07 0.04 25 0.81 0.8¢ 0.92 0.7¢

Mull N 9.0C 24.0( 49.0( 14.0( | G10L N 8.0C 23.0C 47.0C 14.0C
78 0.5C 0.4C 0.27 0.2¢ 151 0.5¢€ 0.4¢ 0.6C 0.6¢

8C 0.0¢ 0.0¢ 0.1¢€ 0.2t 15 0.2% 0.2¢ 0.17 0.07

86 0.17 0.2t 0.3¢ 0.32 15¢  0.1¢ 0.2£ 0.28 0.2%

88 0.17 0.1¢ 0.1z 0.14| Mu09 N 8.0C 23.0C 47.0C 14.0C

90 0.11 0.0¢ 0.07 0.0C 177 0.0¢ 0.11 0.0z 0.07

Mul5 N 9.0 24.0( 49.0( 14.0( 185 0.1¢ 0.07 0.11 0.07
132 0.2z 0.21 0.0z 0.07 19z 0.1¢ 0.24 0.31 0.21

13€ 0.17 0.27 0.2¢4 0.4% 19t 0.3¢ 0.4¢ 0.3t 0.3z

13¢  0.0¢ 0.0Z 0.0t 0.04 197  0.0¢ 0.07 0.0t 0.0C

14z 0.3t 0.2¢ 0.27 0.07 203 0.2 0.07 0.1€ 0.32

14€ 0.2z 0.21 0.41 0.3€ | Mu10 N 8.0C 23.0C 47.0C 14.0C

Mu23 N 9.0 24.0( 49.0( 14.0( 11€ 0.4¢ 0.61 0.61 0.57
11€  0.22 0.2t 0.4 0.3¢ 126 0.3¢ 0.3¢ 0.1¢ 0.1¢

12C 0.11 0.1¢ 0.2¢ 0.21 13C 0.1¢ 0.07 0.2C 0.2t

122 0.0¢ 0.0z 0.0z 0.0C | cxx2C N 9.0C 24.0C 49.0( 14.0C

124 0.3¢ 0.4¢ 0.2¢ 0.3¢ 11€  0.17 0.2¢ 0.1¢ 0.1

12€  0.0¢ 0.0C 0.0C 0.0C 12¢  0.17 0.27 0.11 0.04

12¢ 0.17 0.1C 0.0z 0.0 13C 0.11 0.2% 0.3 0.3¢

134  0.5€ 0.27 0.3€ 0.4:

TABLE 3.14 — ALLELE FREQUENCIES AND SAMPLE SIZE PER LOCUS AND GENERATIONS
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Generations N Na Ne | Ho He uHe F

Gen | Mean| 8.667 5.133 3.847 1.411 0.727 0.702 0.745 -0.045

B SE 0.126 0.435 0.352 0.097 0.051 0.034 0.036 0.059

Gen Il Mean| 23.667 4.600 3.335 1.273 0.743 0.667 0.681 -0.100
B SE 0.126 0.254 0.222 0.081 0.059 0.038 0.039 0.049

Gen Il Mean| 48.467 4.400 3.136 1.211 0.732 0.643 0.650 -0.138
a SE 0.215 0.289 0.223 0.088 0.050 0.041 0.042 0.032

Gen IV Mean| 14.000 4.067 2.858 1.133 0.681 0.618 0.640 -0.106
SE 0.00C 0.267 0.221 0.07¢ 0.04C 0.031 0.03: 0.04¢

TABLE 3.15 — SUMMARY STATISTIC OF GENETIC DIVERSITY BY GENERATION
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FIG 3.15 — ALLELIC PATTERNS ACROSS GENERATIONS

There were no significant deviations at single laiter Bonferroni correction (P>0.003). A summarfychi-squared
test for Hardy-Weinberg equilibrium is reportedtable 3.15. Number of linked loci by generatiorsbl(g 3.16)
rapidly increase from founders to generation IhisTnumber strongly decrease in generation |V thistis probably
due to the low number of sampled individuals inldst generation.

Generations | Locus ChiSq_Prob _Signif | Generations | Locus ChiSq_Prob _Signif
cxx2C 514 0.5% ns cxx2C 6.9¢ 0.3z ns
G10M  8.77 0.8¢ ns G10M 11.1f 0.3t ns
G10F 16.7¢ 0.3% ns G10F 19.5¢ 0.0¢ ns
G10X 9.0¢ 0.5z ns G10X 20.37 0.0¢ ns
G1D 14.2¢ 0.51 ns G1D 14.0¢ 0.17 ns
Mull 4.7¢ 091 ns Mull 42.7¢ 0.0C ns
Muls 7.75 0.6t ns Muls 25.9¢ 0.0C ns

Gen_| Mu23 1292 0.61 ns Gen_lll Mu23 23.1¢ 0.01 ns
Mu5C 15.3C 0.4% ns Mu50 5.27 0.87 ns
Mu59 39.7¢ 0.31 ns Mu59 16.6¢ 0.0¢ ns
G10C  17.2¢ 0.07 ns G10C 0.37 0.9t ns
G10F 0.4Z 0.51 ns G10F 0.3C 0.5¢ ns
G10L 26¢ 0.4< ns G1CL 7.2: 0.0€ ns
Mu09 12.0C 0.6¢ ns MuO9 20.4C 0.1€ ns
MulC 3.07 0.3t ns MulC 491 0.1¢ ns
cxx2C  16.27 0.01 ns cxx2C 3.06 0.8C ns
G10M 22.65 0.01 ns G10M  0.8: 0.8¢ ns
G10F 10.0¢ 0.4% ns G10F 7.6¢ 0.6€ ns
G10X 18.9C 0.0¢ ns G10X 14.5¢ 0.1f ns
G1D 17.6C 0.2¢ ns G1D 9.9¢ 0.4¢ ns
Mull 13.6: 0.1¢ ns Mull 782 0.2f ns
Muls 17.5¢ 0.0€ ns Muls 16.01 0.1C ns

Gen_lI Mu23 13.2C 0.21 ns Gen_IV Mu23 5.2¢ 0.51 ns
Mu5C  14.0¢ 0.17 ns Mu5C  13.1¢ 0.5¢ ns
Mu59 17.7: 0.0€ ns Mu59 147 0.6¢ ns
G10C 9.31 0.1€ ns G10cC 0.5€ 0.9C ns
G10F 0.3¢ 0.9t ns G10F 14.4¢ 0.0C ns
G10L 0.8¢ 0.8% ns G10L 3.14 0.37 ns
Mu09 15.8: 0.3¢ ns Mu0¢9 7.6¢ 0.6€ ns
MulC 5.1z 0.1€ ns MulC 2.9/ 0.4C ns

TABLE 3.15 - DEVIATIONS FROM HARDY—WEINBERG EQUILIBRIUM (HWE) BY GENERATIONS
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Generations| cxx20 G10M G10P G10X G1D Mull Mul5 Mu23 Mu50 Mu59 G10C G10H GI10L Mu09 MulO | TOT
Gen_| 1 1 1 2 0 1 1 2 0 0 2 1 3 3 4 22
Gen_ll 9 10 12 7 10 10 10 10 3 4 13 4 10 12 8| 132
Gen_llI 10 11 10 9 12 10 9 9 9 5 11 4 6 12 7] 134
Gen_IV 3 1 5 4 5 2 4 3 5 1 4 2 2 4 5 50

TABLE 3.16- PAIRWISE LINKAGE DISEQUILIBRIUM (LD): NUMBER OF LINKED LOCI PER LOCUS BY GENERATIONS

The principal component analysis (PCA) shows ahsligut clear differentiation in the allelic distution over
generations (fig 3.16) between genotypes of beal@ning to the Dinaric populations (black squasgohbols) and
genotypes of bears offspring of the reintroducedutettion (white rhomboidal symbols). In the firs€E®lot only
founders (Gen 1) are represented, while genotygethar descendants (Gen I, Gen Il and Gen I\Vg ar the
following graphs. We used bears dispersing fromv&@ita and sampled in eastern Italy as represeatatiV the
Dinaric population. As expected, we obtained lowga of variation explained by the first three axBsis is easily
explained since all bears belong to the same @liddnaric population. However, while founders gsmpes do not
much differ from genotypes of their population ofigin, there is some kind of differentiation in tlalelic

distribution of their descendants, and it has bexewmident in only 15 years since the reintroduction
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Gen_| Gen_ll

Gen_lll Gen_IV

Axis % Cum % | Axis % Cum %

AXxis % Cum % | Axis % Cum %

1 9.5¢ 9.5¢ 1 12.9¢ 12.9¢
2 7.4: 17.01 2 85t 21.4¢
3 6.61 23.61 3 7.0¢ 28.51

1 10.0% 10.0¢ 1 10.7¢ 10.7¢
2 6.9C 16.9¢ 2 7.6¢ 18.4¢

3 6.31 23.2¢ 3 7.2¢ 25.7¢

FIG. 3.16 AND TABLE 3.17- PRINCIPAL COMPONENT ANALYSIS (PCA) BY GENERATION AND PERCENTAGE OF VARIATION
EXPLAINED BY THE FIRST THREE AXIS
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Measures of pairwise relatedness, reported in t3ldl8, increased from the first generation (Geto Bhe third one
(Gen 1) and decreased in the last generation (I8&nAs for the principal component analysis, thdikely a bias
due to the lowest number of bears in the last geaioer, which is likely not representative of thalrsituation. These
results indicate that the expected proportion afeth alleles between pairs of individuals thatideatical by descent
increase over generations.

Gen_| Gen_ll Gen_lll Gen_IV
RI LRM QGM |RI LRM QGM |RI LRM QGM |RI LRM QGM
Mean  -0.06: -0.12¢ -0.12¢|-0.02( -0.04¢« -0.04¢|-0.01C -0.021 -0.021|-0.03¢ -0.077 -0.07%
Median -0.06z -0.132 -0.11¢|-0.03¢ -0.08t -0.06(|-0.02( -0.05¢ -0.03<|-0.047 -0.12¢ -0.11Z

SD 0.04: 0.08¢ 0.13%| 0.11z 0.26( 0.32%| 0.08¢ 0.207 0.241| 0.10C 0.241 0.29¢
SE 0.007 0.01¢ 0.02:| 0.007 0.01€¢ 0.02(| 0.00: 0.00¢ 0.007| 0.011 0.02¢ 0.031
Min -0.17¢ -0.287 -0.42¢|-0.22: -0.47: -0.64€|-0.221 -0.49¢ -0.67¢|-0.19¢ -0.417 -0.54%

Max 0.02F 0.05¢ 0.12¢| 0.282 0.63¢ 0.73€| 0.56¢ 0.73¢ 0.75€| 0.39¢ 0.79¢ 0.831
TABLE 3.18 — COEFFICIENT OF PAIRWISE RELATEDNESS (RXY) SUMMARY USING THREE ESTIMATORS (R|= RITLAND 1996 ;
LRM= LRM=LYNCH & RITLAND 1999; QGM= QGM=QUELLER AND GOODNIGHT 1989)

Demographic estimates of contemporary effectiveufaipn size (Ne) were extremely low and did notya
considerably using the two different methods. Gerestimates of Ne ranged from 5.6 (Cls 3.9/32/9.0, 95%
Cls) using the linkage disequilibrium method, tt €ls 6.5/4.8-4.8/11.7, 95% Cls)(table 3.19).

LOWEST ALLELE FREQUENCY USED 0,050 0,020 0,010 0+
LINKAGE DISEQUILIBRIUM METHOD

Harmonic Mean Sample S 4E 45 45 45
Independent Comparisons 1202304 1304 1304
OverAll 12 0.061 0.056 0.054 0.054
Expected r*2 Sample 0.02®.023 0.023 0.023
Estimated Ne”® 56 73 81 81
95% Cls for Ne’- Parametri 3. 5.7 6.5 6.5

7.2 8.9 9.9 9.9
95% Cls for Ne’- JackKnife on Loc 34 4 48 4E

9 106 117 117

MOLECULAR COANCESTRY METHOD

Harmonic Mean Sampleize 45
OverAll fan 0.088
Estimated Neb” 5.6
95% Cls for Ne’- JackKnife on Loc 34

8.5

TABLE 3.19 - ESTIMATION OF CONTEMPORARY EFFECTIVE POPULATION SIZE (NE) USING FOUR DIFFERENT METHODS

The simulation of effective population sizes (NeJLDO and 500 years are reported below. Neff pealide of 24.31
in 100 years and 26.31 in 500 years. The loss tefrbeygosity is relatively high per year (-0.0009100 years and -
0.0026 in 500 years) and generation (-0.0206 inyE20s and -0.019 in 500 years) (table 3.20 andfir).

100 YEARS 500 YEARS
95% 95% 95% 95%
PARAMETERS VALUES lower | upper VALUES lower | upper
Cl Cl Cl Cl
Slope of heterozygosity loss per year -0.0019 -0.0036| -2x10- -0.0017 -0.0026( -8x10-
Slope of heterozygosity loss per generation -0.0206 -0.0374| -0.0037 -0.019 -0.0288| -0.0092
mean generation length 11.2 10.6 11.9 10.8 10.5 114
Ny[simulation] 125.52 263.87| 250.42 290 278.08| 301.93
Ny[calc] 225.87 - - 225.87 - -
Ne[simulation] 24.31 20.51 28.12 26.31 22.71 29.9
Ne[calc] 20.01 - - 20.81 - -

TABLE 3.20 - COMPARISON BETWEEN TWO POPULATIONS FOR 100YEARS AND 500YEARS. SLOPES OF
HETEROZYGOSTY AND MEAN GENERATION LENGTHS PER YEARS AND GENERATIONS ARE CALCULATED . NY REFERS
TO ANNUAL POPULATION SIZES AND NE TO EFFECTIVE POPULATION SIZES .
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FIG. 3.17 - SLOPE OF HETEROZYGOSITY LOSS IN YEARS (LEFT) AND GENERATIONS (RIGHT). COMPARISON
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DISCUSSION

Various monitoring methods have been developedaige carnivores including telemetry, capture-matapture,
harvest data, and sign survey (Wilson & Delhay 2@Hrea-Azco et al 2007), but non-invasive gensdimpling has
recently become the preferred method for studyiogiee large carnivore populations (Caniglia e2@04, Rudnick
et al 2005, Borthakur et al 2011, Tsaparis et dl420since it is more feasible and cost-effectibe Barba et al
2010). It also has been successfully applied toitmorpopulations after reintroductions (Ausband a¢t2010,
Stenglein et al 2010, Koelewijn et al 2010). Acdéogdto the IUCN Reintroduction guidelines (1998)e tultimate
goal of reintroduction projects should be the “#stablishment of a self-sustaining population teguires minimal
long-term management”. The importance of a momigpproject, focused in identifying possible causkesuccess or
failures, has to be performed to achieve this gbéthols & Williams 2006, Seddon et al 2007, Arntosig &
Seddon 2008), and resulting information should s$eduto improve future project actions (Koelewijrae2010).

This study provides a good example of how genetaitoring allows collecting demographic and popolatyenetic
data for a comprehensive knowledge of small andatn@duced populations such as brown bears in it Alps.
Data should include vital statistics, recruitmengrtality, geographic patterns and population gerggrameters such
as genetic diversity, inbreeding, and effectiveylapion size.

Non-invasive genetic sampling and genotyping silitab

Non invasive genetic sampling (NGS) and microsiéeliharkers have been proved a powerful tool fodgng
wildlife population of elusive and endangered spgdiTaberlet et al 1999, Waits & Peatkau 2005, nBah et al
2005, Luikart et al 2010) and it has been widelypkyed in bear research and management (e.g Waalsl1899,
Mowat & Strobeck 2000, Poole et al 2001, Kendallae2008, Robinson et al 2007, Karamanlidis et @072
Bellmain et al 2005, 2007). However, the feasipitif this approach depends on project goal andyspaghulation
(Piggott & Taylor 2003). A pilot study was condutt® evaluate the potential of NGS for monitorimg tsmall
reintroduced Alpine population (De Barba et al 20a6ing 10 microsatellite markers. Results demaisti that 10
microsatellite loci were sufficient to identify indduals and parent-offspring relationships, tHa¢ NGS approach
was feasible, and that the integration of differgarnpling methods increased the probability of atetg the majority
of individuals (De Barba et al 2010). However, plagions are not stable and factors determiningetfficiency of
one approach can vary over time together with claig population dynamics. Consequently, it is nec@nded to
adjust approaches according to population dynaoves time.

Because of loss of released individuals, the oecwe of offspring and the increasing relatednessngnmdividuals
in the reintroduced population, we increased thmbwmr of microsatellite markers from 10 to 15, iderto enhance
the power in identifying parent-offspring relatibiss. We compared the discriminatory power in iidial
identification calculated through PID and PIDsilagues and the power in excluding parents from #tasgt through
P1 and P2, when using 10 and 15 loci. PID and PEDssing 10 loci were 4.0x2Band 1.4x1d, while were 4.4x10
13 and 6.9x16° using 15 loci. The probability of parent exclusisith both parent known did not significantly chang
using 5 more loci (~0.999 using 10 and 15 STRs)lewhcreased with only one parent known (from ®.Qi8ing 10
loci to 0.992 using 15 loci). Thus, even if 10 loggre proved to be sufficient to reliably distingluiindividuals in
2008 (De Barba et al 2010), the addition of fiverenmicrosatellite loci provided higher discrimingt@nd exclusion
power, both needed after the recent increase imuhgber of close relatives in the population. Hogrewe found a
few reference genotypes in the central Alps withkalt 2 or 3 loci in common. Moreover, a few paeg#
assignments were discarded as considered unreligblbie basis of incongruent assignments using different
software. We believe all multilocus genotypes todgseurate since single genotypes have been idahtifiultiple
times from multiple samples, all samples have bewlependently analyzed, and further 4 amplificagiceat
mismatching loci have been performed to confirreles.

Given these results, we stress the importance mfidu increasing the number of markers and conselyuéhe
information content, despite the high discrimingt@nd exclusion power using 15 microsatellite loSingle
nucleotide polymorphisms (SNPs) would be a goodocghosince they are expanding their popularity iifdkfe
monitoring projects (Vignal et al 2002, Brumfieltla 2003) and proved to be efficient in individudéntification
(Seddon et al 2005, Kraus et al 2015, Fitak e0d62 and parentage assignments (Tokarska et al, 200%er et al
2011, Fernandéz et al 2013,Wright et al 2015, Kasal 2017).

The use of a non-invasive sampling approach provdz feasible at the beginning of the projectddedm 2002 to
2008) and allowed sampling a number of genotypasgtovided a minimum count of bears that was withe range

55



of field-based observation estimates (De Barba @040). One of our goals was to determine whethenot the
sampling protocol was still efficient in determigipopulation size, despite the numerical and geabtcal expansion
and the use of different sampling procedures ifediht areas, calibrated according to the locakeedn Intense
sampling has been applied only in areas of staldeegnce, and the risk was to miss the samplingaifiduals
dispersing outside the core area. Instead, thgritien of a regular and continuous opportuniséimgling in the
expanding area was implemented. Annually, onlywalfears escaped the genetic sampling, but they seenpled in
the following years, allowing to infer more accerannual minimum counts. However, simulations V@#PWIRE
program, indicated that the expected number ofreksgegenotypes in 2010, and between 2013 and 2@d$higher
than the observed one. This suggests that the murhibears was underestimated, especially in tsiedlgyears, when
bears were dispersed throughout the Alps. Thikétyl due to the greater difficulty in sampling dikpersing bears
using the opportunistic sampling approach alone.

We noticed a high differentiation in genotyping segs among different DNA sources. Despite 90% alcalas
demonstrated to be the most efficient method teqxe fecal DNA (Murphy et al 2002), scats showes lower
genotyping success (28.23%). Scats are an impos@mtce of DNA (2292 samples collected), espscitdf
identifying cubs, which often escape the samplimpugh hair-traps. Therefore, we emphasize the itapoe of
finding a more efficient protocol for the genotyginf fecal DNA. We are aware that a percentagenaflyzed
samples may not belong to the target species, singenetic pre-screening of samples to confirmsghecies (e.g.
amplifying the COI species-specific mitochondrialjsence) was performed only for a proportion of gam in
order to reduce time and costs of the analysis Wewedear scats are easy to distinguish and cotiettave gained
experience in scat identification since the sangp$itarted. Thus, we are confident that non-targetpies are likely
to be a low percentage.

Reproductive success and mating system

Using DNA as a tag to identify individuals, we wezele to build a detailed life table and a pedigré¢he brown
bear population in central Italian Alps. The alilib derive wild pedigree is one of the most impottbenefits of
genetic monitoring for small and reintroduced peapiohs, since allows not only to track demograpind genetic
changes, while also providing insight into the mgtisystem and social behaviour of the populatiorany
informations, such as age of first reproductionifoth sexes, the number of litters of single indiisls, and variance
in reproductive success among founders, could ae¢ tbeen gained using traditional field-methodeelal8 litters
were detected for a total of 93 cubs, thus we ded ticat the majority of founders successfully repiced after being
released (2 out of 3 males and 5 out of 7 femaltésyever, 3 females alone (Daniza, KJ1, and K3@edirth to the
40.8% of all cubs (38 out 0f 93) and 3 males (Gaspaze and MJ5) were fathers of 75.2% of offspregpecially
Gasper, that alone gave birth to the 44% of theufation. At the beginning of the project only tHder male founder
reproduced (Joze), and the second male, Gaspeitshiardt litter at 7 years (De Barba et al 2018)milarly, Gasper
continued siring all cubs, and only when it was, adther males of the second generation (e.g. Mi#&}es
reproducing. The involvement of native-born indivéds in reproduction is one of the criteria for thtwort-term
success of reintroduction efforts (IUCN 1998, Mb2008, Seddon et al 2007). Thus, even if almosfoainders
contributed to reproduction, the reproductive sesceras skewed towards a few individuals, especfallymales.
These results suggest a hierarchy of dominancegchwlsi expected to increase relatedness and the eruntb
inbreeding events in the reintroduced populatiendescribed by values of coefficients of pairwiskatedness (Rxy)
over generations and the pedigree reconstructi@ed/competing for mating and older and largeniddials having
higher reproductive success is a wel- known behlamionany promiscuous mammals, including bears (@eskr et
al 2007). Therefore, our results underline the irtgpee of considering the mating system in traraioos, selecting
founders of similar age and size to avoid distogidn individual reproductive success (De Barbale2010), and
suggest to take further translocations into comaiiten in a long-term perspective.

First year of reproduction for females was at the af 3. This is considered an early stage of fersakual maturity
for bears, since it was not observed in North Aoaaripopulations (Craighead et al 1995). Howeves, yisar of
transition to the reproductive age was the sanwimral Austria (Zedrosser et al 2004). Also, thteri-birth interval
of 2 years is consistent with other European pdjmua (Dahle & Swenson 2003) but shorter than imtthNé&merica
(Schwartz et al 2003). Mean litter size, that rahbgetween 1.5 and 2.3, was comparable to other gmgaurlations
(Frkovic et al 2001, Swenson et al 2003). One igtpaternity was documented (cubs MJ2J1 and MJ2&10
similar cases have been previously documentedawibbears (Bellmain et al 2006, Craighead et ab).99
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Demographic and geographic expansion

High survival and reproductive outputs are esskfdiathe establishment of a self-sustaining popofaand hence
the success of a reintroduction (Griffith et al 298stermann et al 2001). Over the 16 years afiatroduction, the
bear population in central Alps approximately qupiéd in size thanks to the high number of repréideicvents and
relatively high survival rates, that ranged fromi®for juveniles to 0.89 for adults. A remarkablewth rate was
observed (current level of approximately 20%). haligh the population growth was positive, mortalgs high and
half of the recorded deaths turned out to be huimdneed, due to car collisions, poaching, or paisgnAll of these
causes have been described as major threats tosheaval in other studies in human-dominated |laages
(Swenson et al 2000). It is remarkable that a nurobdeaths are caused by legal culling or negatoressequences of
capture attempts, in Italy and neighboring coustrithese decisions have been taken in order tquafe public
opinion since acceptance of bear occurrence isvittigspread and the opposition recently got wotstr @fvo cases of
injury to humans (Tosi et al 2016). Alternativeproblematic bears have been moved into captivityaetion that,
from an ecological prospective, it is not differémmm culling, because the possible reproductigorévented.

Not only the demographic trend but also patterngeafgraphic expansion will affect the long-ternf-selstainability
of a reintroduced population and therefore showddirtvestigated. For example, inbreeding or resoaro® mate
competition are tipically avoided through natalpdissal (Wolff 1993), which therefore has an impotta@le for gene
flow and post-release mortality (Rhodes & Latchl13p In our study, spatial inferences can be patyntiased by
unequal sampling intensity, since different samplpproaches were applied depending on local coatek stable
or unstable bear presence. However, a high prapodf the population was sampled in each yearwilig us to
make general conclusions about temporal-spatiaildlision and movement patterns of single bears.

Females were always detected within a limited dstafrom the translocation area during the whalgstperiod.
Females have been observed to disperse in othandxpy bear populations (Jerina & Adamic 2008, Swearet al
1998), with important implications for colonizatigratterns and genetic connectivity, but this is thet case for the
Alpine population. A reason for range fidelity @fnfiales could be the highly human-dominated areaitlige valley
with its highway, which seems to be a barrier pnting female dispersal. Bears can cross human-daadrhabitat
patches, but human activity interferes and limiipairsal (Proctor et al 2004). The presence of ttigeAvalley could
have fewer effects on dispersal capacity of matede bears, offspring of founders, have certainbgsed this barrier
since were detected in the neighboring adminiseategions starting from 2007, seven years aferrémtroduction.
The presence of Alpine bears in eastern Italy destnates that, despite high level of habitat fragtaiéons, bears are
able to travel long distances and move towardsAlps crossing the Adige valley, and prove the exise of
ecological corridors in the Italian Alps. Our resuaire consistent with other bear studies, whictudented high
philopatry of females and greater dispersal capaaitong males (Dahle & Swenson 2003, Proctor 2084,
Schwartz et al 2003, &n et al 2006). The dominant behavior of adult saehe core area has probably caused the
exodus of juvenile males, which is a scheme ofteseoved in many carnivores species (Kruuk & Moousieo1991,
Creel & MacDonald 1995). Data on bear deaths, aedun this study, are insufficient to scientifiyaverify which
are major threats to dispersing bears. However, rtfizaming in newly acquired territory usually enhanihe
probability of dispersing animals to be killed imcad traffic accident (Koelewijn et al 2010).

On the other side of the Alps, a number of beaspatising from the Dinarics have been sampled €16d4. As for
the Alpine population, dispersal was male-biasdtke fiumber of bears sampled in eastern Italy (inlifvienezia
Giulia and Veneto) was variable each year, butotherall positive trend is promising for a strongetonization of
this area in the future. The high turnover of besash year may be caused by the absence of feinalbe area,
which prevents a stable colonization. It is rembh&dhat only 1 bear of Dinaric origin (M5) was saled beyond the
Adige valley. Observing the geographical distribntbf Alpine bears, ecological corridors seemsxisteTherefore,
the absence of Dinaric bears west of the Adigeeyah likely due to the long distance to reach fiesian the Alps.
Thus, Dinaric bears probably tend to move backéir territory of origin.

We tested the occurrence of geneflow between tihéroduced Alpine population and the populatioroggin in the
Balkans using Dinaric dispersing male bears, sainplesastern Italy, as putative fathers. Our hyesith was that,
given the recent high dispersal of males, matiregs/éen the two disjoint nuclei could have happeioidwing the
recent expansion of both populations. However, @ar born in the central Alps had parents of Dinarigin, thus,
despite the recent spatial overlap of the two patpns, the genetic connectivity was not re-esshielil.
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Genetic diversity, inbreeding and effective popalasize

A positive demographic trend is not the only fadtwat takes part in the success of a reintroducti@iermining the
rate of loss in genetic diversity and changes imetie composition is of great importance since gerdiversity has
substantial effects on the evolutionary potentiad aiability of a population (Waits 1999). Popidats with high
genetic diversity have good evolutionary potengiatl thereby great prospects to survive in the leng- (Reed &
Frankham 2003). In contrast, populations with lognetic diversity might not be able to adapt to esvinental
changing factors (e.g. climate change, the spréaddisease...), since alleles have been lost thrgegletic drift
(Slatkin 1987). Thus, measuring parameters of geumkdtersity and composition and identifying factdhat cause
changes are needed to apply proper conservatiategies for alleviating further losses of genetciation (Rhodes
& Latch 2013).

The significant decline in both expected heterozjtgaHe from 0.702 to 0.618) and allelic richnéia from 5.133
to 4.067), indicate that the reintroduced brownrkmgulation has lost genetic diversity due totdnfless than four
generations, as also visually described by the B@allysis. Since we are certain that the brown pepulation in the
Italian Alps is reproductively isolated, the linkadisequilibrium (LD) at neutral loci may grow asesult of genetic
drift (Nei and Tajima, 1981): as expected, the nemdf linked loci increase over generations.

However, the level of genetic diversity still remsirelatively high if compared with other isolat®ad endangered
bear populations that have suffered severe histodemographic bottlenecks, such as the Apennipalpton (He
0.44, Na 2.44) and the Cantabrian population (F8,0Na=1.75), but its low if compared with the plabion of
origin in Slovenia (He 0.73, Na 6.68) (Skrbinselab2012), due to the founder effect. The lossafadic variation
due to the founder effect and genetic drift hambiscumented in a variety of species (Ewing et0@l& Mock et al
2004, Wisely et al 2008.

In small isolated populations the rate of inbregdaan rise rapidly, depending on the effective pajmn size
(Ne)(Frankham et al 2002, Waples 2002). In realufsimns, Ne is determined by critical life histoand
demographic parameters (e.g. historical fluctuationpopulation size, variance in reproductive sgscand sex ratio;
Frankham, 1995). In the Alpine area, the populaisogrowing and the sex ratio is equally dividedt ieproductive
success is strongly skewed towards a few found#ividuals. As a consequence, there is a progressorease in
relatedness among individuals. Under persisteriatisn, inbreeding could be the most important riaktor for
survival (Keller & Waller 2002): data from otherdreand wolf populations (Laikre 1999, Liberg e2aD5) indicate
that inbreeding can have strong negative effeatsef@l cases of inbreeding are already evidenhénpedigree
reconstruction. Since 2014, when all founders digd, the risk of inbreeding is even higher, beeansw all bears
are closely related.

Ne of the translocated population has remainecemdty small, as recorded in a previous study «f gupulation
(De Barba et al 2010), and its fare below the mimmof 50 recommended for short-term conservatidie(@orf &
Riman 2002). Therefore, counteracting losses iretiewariation and negative effects of inbreedinf depend on
the ability to upgrade the effective populationesand restore the geneflow with the Dinaric popotatUnder this
condition of isolation, expected heterozygosityl widcrease exponentially to 0.50 in only 100 yeard will reach
alarming values in 500 years, as described byithelation performed in this study.
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CONCLUSIONS

A recent study (Tosi et al. 2016) talked aboutrtiatroduction of bears in the Italian Alps usinglaisiastic terms,
since the population numerically increased and moed its geographic area. Our data are in agreewiémtthe
previous study: from a demographic point of viels treintroduction can undoubtedly be considergdeat success.
So far, few bear reintroduction efforts have ocedrrand fewer have been successful since presamg challenges
(low population growth, low genetic variability, rehg homing instinct and increased mortality after
translocation)(Clark et al 2002). However, nobodpvided updated informations on the genetic statiighis
population or investigated the possible reconnactith the Dinaric population of origin. Loss ofrgaic variability,
increase of relatedness and inbreeding are impottaieats to the survival of this population in tlemg-term.
Therefore, intense efforts are needed to re-estalitie ecological connection in the Alps, in ortteallow bears to
move in the territory without running into ecologidarriers, such as highways (Coffin 2007, van Ree, 2011).
Many studies have been performed to identify besttions for bridge underpasses (van der Ree 20@¥,
Clevenger & Waltho 2004, Lesbarréres & Fahrig 20B@nd & Jones 2008), that could be integrated th&two
major highways crossing the area in order to rechaibsions with cars. To facilitate the geneflowtiveen the
Alpine and Dinaric populations, a further transkima of a couple of females in Veneto or Friuli-\ézma Giulia
should be considered, counteracting the homingnictsbf Dinaric bears. Moreover, death of anthropi@in are
substantial and should be reduced. Finally, a cbosgperation among all different administrative iesdnvolved in
the protection of bear in the Alps, in Italy and@dd, is required and a complete genetic datablhould be shared.
Since several conservation genetic laboratoriesran@ved in the analysis of samples, same micedis&t markers,
with a calibration of alleles, should be used idesrto compare genotypes. Alternatively, microsiedetould be
replaced by markers which do not require allelécation, such as SNPs.
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CHAPTER IV - Testing a new SNP-chip on the Alpine and
Apennine brown bear (Ursus arctos) populations using non-
invasive samples

ABSTRACT

Brown bears in Italy persist in two isolated popiolas, one in the Alpine and the other in the Appammountain
range. Both are threatened and elusive. Non-ingagenetics provides a good way to monitor the pijmuis.

Microsatellites (STRs) have been the marker of @hdor non-invasive genetic monitoring, but duentm-invasive
bad quality samples, these analyses were plaguddvbyamplification rates and genotyping errors. Btwrer, to
compare microsatellite genotypes, allele calibratis needed between laboratories, leading to diffes in

individual identification. In contrast, SNP genaityp is directly comparable between laboratoriesl, mmore sensitive
and accurate. Here we test a 96-marker SNP chiplaiged for the Scandinavian brown bear populatiothe Italian

populations. A subset of these SNPs was found mditive and could reliable confirm species, sex amlly in the

Alpine population, distinguish individuals. A totaf 51 informative SNPs provided better resolutmower than 15
STRs, used in the routine monitoring of the Alppepulation in Italy. In contrast, only 15 SNPs wévend to be
informative for the Apennine population, which didt have enough resolution to discriminate indieiduand were
less informative than 11 STRs. While highly usefulthe Alpine population, additional SNP markerssinbe

included to reach the same level of resolutioh&Apennine population.
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INTRODUCTION

Elusive and rare species are difficult to monitberefore non-invasive genetics are commonly engaldg carnivore
management (Gervasi et al 2008; Kindberg et al 20%aparis et al 2014). Non-invasive genetic samgpénables
the populations to be studied without capture depdisturbances (Taberlet et al1999). By establisindividual
genotypes it is possible to quantify the minimumnmiver of individuals, and estimate the effective ydapon size,
demographic parameters and genetic structure (DieaBezt al 2010; Karamanlidis et al 2012). Moreovdentifying
individuals is the first step for kinship reconstiion and estimates of reproductive success aneéaling prevalence
(Haanes et al 2013; Brzeski et al 2014).

However, non-invasively collected material is oftdegraded, holding low-quality DNA (Piggott and Taay2003).
As a consequence, population genetic studies basetbn-invasive sampling are fraught with manyidifities. In
the last two decades, microsatellite (STRs) hawn lihbe marker of choice for monitoring genetic ssdvith non-
invasive samples (Taberlet and Luikart 1999; Brogual 2007). But STR analyses typically show wplification
rates and high levels of genotyping error (Dewoetlwl 2006). Frequent genotyping errors, like wllerop-outs
(ADO) and false alleles (FA), can result in ideioation of erroneous genotypes with a consequeatestimation or
underestimation of individuals (Creel et al 2003).

SNPs (Single Nucleotide Polymorphisms) have a nurobfeatures that make them superior to STRs. Massled to
SNPs being preferred by many carnivore monitorirgjgets (Seddon et al 2005; Kraus et al 2015; Féta&l 2016).
Firstly, SNPs markers require shorter DNA fragmeantd are thus less sensitive to degradation (Meftrial 2004;
Seddon et al 2005). Second, SNPs are less pragentatyping errors (Anderson and Garza 2005). T tivel, simple
mutational dynamics in SNPs highly reduce the dékomoplasy (Vignal et al 2002) when compared V8irRs.
Fourth, SNPs are based on single nucleotide chargkthus, unlike STRs, do not require calibratiballele calling
across different laboratories (Vignal et al 20@pally, the advent of next-generation sequencedmhologies has
made SNP markers more accessible, even in teremsts (Kumar et al 2012).

Despite the advantages, a SNP is typically biiallehd less informative than a multiallelic STR.tBis more SNPs
can be analyzed, the resolution of a SNP panetajlyi widely exceeds that of an STR panel (Seddoal 2005;
Hauser et al 2011). Moreover, SNPs have lower namattes than STRs and ascertainment bias cae atien
transferring markers across populations.

Recently, Norman et al (2013) developed a pangéohigh quality SNPs comprising 85 autosomal SNPsex
chromosome markers, and 4 mtDNA markers. Here, demtify the subset of SNPs informative for Italian
populations and test its resolution and efficiemaly species confirmation, sex determination and viddial
identification. Moreover, we compare the power ridividual identification of SNPs with that derivéidm the 15
and 11 STRs currently used in the Alpine and Apesamopulation, respectively. Finally, we compare thsolution
power of SNPs between Scandinavian populationwfich the markers were developed, and Italian pagforis, in
order to highlight differences caused by the aaagmmient bias that is expected when transferring sSSBéross
populations.
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MATERIAL AND METHODS

Sample collection, storage and selection

Forty-five samples (23 from the Alpine populationda22 from the Apennine population), belonging 6 4
individuals, identified from STR analyses of haanwgples, were selected. All individuals were sexsthg sex-
specific DNA fragments: Alpine samples were sexsidgithe Amelogenin locus (AMG) (Ennis and Gallagh@94)

and the SRY locus (Fechner 1996), while Apennineogges used only the AMG. To improve the qualifytte
SNP genotyping, we selected samples with the highescentage of positive PCR amplifications (me&%69
SE=0.010). STR genotyping errors in the consensnstygpes were reduced by a multi-tube approachefletbet al
1996) that included four PCR replicates from theeaxtract. Genotyping errors were calculated pficates with
GIMLET v.1.3.3 (Valiere 2002). When genotyping egovere found, 4 more PCR replicates were added. A
reliability score R for each multilocus genotypeswalculated with RELIOTYPE (Miller et al 2002). Vgelected
only genotypes with R>0.95.

STR genotyping

The genetic monitoring program of the Alpine beapulation started in 2002 following the translooatof 9 bears
belonging to the Dinaric population. Until 2014 ueds of hair and faecal samples have been nowsiiralg
collected with different sampling method: opporstizally during field patrolling, by the use of t&d-hairtraps, on
rub-trees and during inspections of damages toibeeland livestocks, with the aim of sampling akgent bears
including new born individuals. Samples were deteeeto the Institute for Environmental Protectiord&Research
(ISPRA), Italy, where they were immediately stoeed20C°.

Ten STR loci were used for individual identificati@and sex was determined using the Amelogenin |¢8MG)
(Ennis & Gallager 1994). We implemented the prot@aiding 5 STR loci to perform parentage analysis the Sex-
determining Region Y (SRY) (Fechner 1996) to canfisex. The 15 STR loci were selected with the best
compromise between highest individual discriminatimwer (lowest probability of identity among sitgs: PIDsibs,
Waits, Luikart & Taberlet 2001) and highest numbzdrloci in common with other abroad laboratoriestth
investigates brown bears in the Alps, allowing exae of data on cross-border bears. Extractions wenducted
using the Zymo ZR-96 Quick g-DNATM protocol usinganufacturer’s instructions. List of primers, amiphfion
and sequencing protocols for individual identifioatand sex determination are described in deitail3e Barba et al
2010b, while the implementation methods are expednd Davoli et al 2018. All DNA samples were ebgitin 200
uL of eluition buffer and stored at -20°. The preseof matching genotypes within the dataset waskdtewith the
commandMatchesin the optionMultilocus from GeneAlEx 6.4 software (Peakall and Smouse2pGhenu. A
genotype-databank was developed, consisting diealis sampled in the study area between 2002 drtd 20

DNA extraction and SNP genotyping

DNA of the 45 selected samples was re-extractetBRRA, using the QIAGEN DNeasy® Blood & Tissue Kit
(Qiagen inc, Hilden, Germany) according to manufemts instructions. Extractions were performeddedicated
rooms, after sterilizing the work material underlight hoods. A negative control was included.

The re-extracted samples were sent to the Swedidletsity of Agricultural Sciences (SLU), Swederhese SNP
genotyping was carried out on a BioMark (Fluidigror@oration, San Francisco, USA) following manufaetsi
instruction with the exception of number of pre-difigation cycles - 35 cycles were used insteadldfin the
polymerase chain reaction in order to accommodatdofv concentrations of DNA. Positive and negatbamtrols
were included and 23 genotypes were triplicatedHerestimation of genotyping errors. The analysis performed
using the 96x96 SNP panel described in Norman @Hl3) and modified in Norman and Spong (2015).

SNP and sample validation

In order to obtain a subset of reliable SNPs, waoreed all SNPs and samples which produced unusable
ambiguous results. We filtered SNPs and sampléswinlg further procedures: a) we removed SNPs wigabe no
amplification signal in any sample (Table 4.1, st¢@nd those which were monomorphic in both pdjmnna (Table
4.1, step 2), excluding Y-chromosome and mitochiahdBNPs, which are always haplotypic; b) we visual
examined the genotyping clusters in a combinedyaisalof all 45 samples, using the Fluidigm SNP gg@piag
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analysis software v3.1.2, and removed all loci Whsbowed unclear cluster affiliation or unusuaktduing patterns
(e.g. Fig 4.1), preventing possible errors in ggpes (Table 4.1, step 3); c) we created two diffe@NP subsets
separating the Alpine and the Apennine samplesvamdemoved the SNPs which appeared monomorphibein t
respective populations (Table 4.1, step 4); d) alewated the call rates and removed all samplewisiy >50% of

missing data in order to remove low quality DNA sd@s (Table 4.1, step 5); ) we created a consagenatype for
all samples with replicates. All allele differendesg. replicate 1: A/T, replicate 2: A/A or rete 1: A/A, replicate
2: T/T) among replicates were recorded as heteaieggf) finally, we selected only SNPs witli0% of call rates on
consensus genotypes (Table 4.1, step 6). Only ssngid SNPs which passed the screening were pedcéss
further analyses.
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FIG.4.1—CLUSTER PLOTS OF A SELECTED (LEFT) AND A REJECTED (RIGHT ) SINGLE NUCLEOTIDE POLYMORPHISM
ON THE FLUDIGM SNPGENOTYPYING

Species confirmation and sex determination

The SNP-chip comprised four mtDNA haplotype SNP#obhondrial DNA is more abundant than nuclear Dai#d
thus can be easily detected in degraded samplesthEse reasons, SNPs on mitochondrial DNA weral dse
confirmation of the target species. We visuallyrakeed the genotyping clusters using the FluidignPSij¢notyping
analysis software v3.1.2. When the sample appearé cluster for at least 3 out of 4 mitochonbniarkers, it was
recorded as belonging to the target species, otbertwvas stated as unknown species. This andlysisry useful in
bear monitoring, since it permits to determinerifarea is frequented by the species, althoughnbispossible to
trace the individual genotype due to DNA degradatio

Four markers on the Y-chromosome were includedséor determination. Since Y-chromosomes typicallywstow
levels of nucleotide diversity in mammals (Hellboagpd Ellegren 2004), the markers on Y-chromosonee ar
monomorphic in our populations and are thus usedséx identification. The Fluidigm SNP genotypingabysis
software v3.1.2 was used to identify clusters. Hoygous clusters are present only for male samplesreas female
samples are expected not to show any sign of aingildn. When the sample appeared in the clusteatfeast 3 out
of 4 Y-chromosome markers, it was recorded as &.n@dnversely, the absence of amplification fordatharkers
indicated that the sample belonged to a femalevididal. When a sample appeared in the clusterefss than 3 Y-
chromosome markers, it was stated undeterminedddiition, three X-chromosome SNPs were used talataithe
Y-chromosome determination of sex of males by enguhey had no heterozygote genotypes.
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Genetic variability of SNP loci and individual idéitation

The 85 autosomal SNPs were used for individualtifieation through multilocus genotyping, after remng those
deemed unreliable as described in the “SNP and Isarapidation” paragraph.

GeneAlEx 6.4 software (Peakall and Smouse 2012) usas to perform genetic variability analysis of F&Nand
STRs. Number of alleles (Na), effective number lfles (Ne), Shannon’s information index (), obs=t (Ho) and
expected (He) heterozygosity, unbiased expectedrdmtgosity (UHe) and fixation index (F) were cédted

separately for the Alpine and the Apennine popaofatDeviations from Hardy-Weinberg equilibrium (HWixere

tested and significance levels were adjusted fdtiph& comparisons using a Bonferroni correctioheTminor allele
frequency (MAF) for SNPs was calculated manually.

We further estimated the ability of SNPs to distiisty individuals using the probability of identtigst for increasing
number of loci (Pl=the probability that two indivdls drawn at random from a population will haveidentical

genotype across multiple loci), according to Waitsal 2001. To overcome Pl bias due to higher tewélshared
ancestry (Taberlet and Luikart, 1999) especiallysimall and isolated populations where the riskntfréeding is
higher, we calculated the equivalent probabilitydairs of siblings (Plsibs, Waits et al 2001).

In order to compare the SNP resolution power betwkalian populations and Scandinavian populatiosme,

processed Alpine and Apennine genotypes togethiér 1@ complete genotypes belonging to the Scandinawear
population, for which the markers were developeggeating the analysis with three different setdaif: a) the total
dataset of 85 autosomal SNPs, b) the subset of Shlested for the Alpine population, and c) thesstitof SNPs
selected for the Apennine population. ltalian arehri8linavian genotypes were used for calculatingiegslof

population summary statistics.

Genotyping success and genotyping error analysis

We used the software GIMLET v. 1.3.3 (Valiere 20€2)calculate percentage of positive amplificatiamsl error
rates. The consensus genotypes of 22 out of 2&&tipd samples were used as the reference gemsofygpe sample
was rejected because of low quality DNA). Allelicodout (ADO) was counted from heterozygote lociths
proportion of alleles which did not amplify (Brodguand Petit 2004). Genotyping error rates were esgad per-
genotype and per-locus as the proportion of obsenvenber of erroneous genotypes on the numberraftgpes and
samples in which an error could have been obsekedalso calculated and compared the percentagessfng data
among consensus genotypes and replicates in ardessess if replicates were necessary to obtdicieufly reliable
and complete genotypes or not.
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RESULTS

SNP and sample validation

A total of 52 out of 85 (61.1%) autosomal SNPs piczdi a usable result and were retained, where®3 8id not
amplify (Table 4.1, step 1), 13 SNPs were monomicrigthboth the Alpine and the Apennine populatiptué one on
the X-chromosome) (Table 4.1, step 2) and 11 autabSNPs showed ambiguous clusters (Table 4.1, 3fep
Analyzing the Alpine and the Apennine samples sapdr, we found 45 autosomal SNPs to be monomomgtlicin
one population, two in the Alpine population (orfewtich was already rejected because it showednamicguous
cluster), and 43 in the Apennine population (foliwbich were already rejected because of ambigwtusters and
two of which were on X-chromosome) (Table 4.1 StgpWhen assessing the call rate for each sam@geemoved
four samples from the Alpine dataset and four ftbemApennine dataset because their call ratev&3®6 (Table 4.1,
step 5). Finally, we found one SNP from the Alppapulation and two SNPs from the Apennine poputata Y-
chromosome that showed a call ra®% on filtered samples, while all autosomal SNfRsaed a call rate per SNP
>70%.

After the filtering process, 51 autosomal SNPs @usex chromosome SNPs (4 on Y-chromosome and X-on
chromosome) were retained for the remaining 19 &esrip the Alpine population, while 15 autosomalP3N\plus 4
sex chromosome SNPs (all on Y-chromosome) weréneztdor 18 samples in the Apennine population (&ab1l,
step 6). This filtered dataset was used for furttmalysis, while other SNPs and samples were diedar

ALPINE POPULATION APENNINE POPULATION
Remaining . - Remaining . -
Fiterng | nuclear Ol SNpson Remaining | nucear PRI TS FGUES oy Remaining
SNPs chromosomes mtDNA SNPs chromosomes mtDNA B
- 85 7 4 28 85 7 4 27
1 76 7 4 23 76 7 4 22
2 63 6 4 23 63 7 4 22
3 52 6 4 23 52 7 4 22
4 51 6 4 23 15 4 4 22
5 51 6 4 19 15 4 4 18
6 51 6 4 19 15 4 4 18

TABLE 4.1- FILTERING STEPS ARE LISTED WITH THEIR RESPECTIVE NUM BER OF SNPS AND SAMPLES KEPT FOR
THE ANALYSIS
The second line, highlighted in light grey, shoataltnumber of different types of SNPs includethéoriginal
96x96 panel and the total number of analyzed sasnijlee number of samples and SNPs for each filteredises in
lines accordingly to the criteria described in ttext (paragraph “SNP and sample validation”) andtéd in the first
column. The last line summarizes the number of SMBsamples not discarded and used for furthehesis

Species confirmation and sex determination

When we used the mitochondrial markers to conflimtarget species of the filtered samples, we fdwottl Alpine
and Apennine samples to have the same haplotypasgaathondrial markers. All 19 Alpine samples a&dApennine
samples indeed belong to the target species.

With Alpine samples, we compared results on seerdehation obtained with 4 Y-chromosome and 2 X-
chromosome SNPs with results obtained amplifyirg$iRY and AMG genes. Regarding the Apennine sampies
compared results of 4 Y-chromosome SNPs with resiflonly the AMG gene. The sex determination earout by
the use of SNPs was in agreement with the resbttsreed through microsatellites in 13 out of 19iAgsamples and
in 16 out of 20 Apennine samples, whereas 4 Alpimg 4 Apennine samples were stated undeterminedregison is
due to the insufficient number of calls in the séxemosome loci.
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Genetic variability of selected SNPs and individidaintification

We determined the individual genotypes by usingsiilected subsets of SNPs and we compared valyepafation
summary statistics obtained with the selected SNPSTRs. Mean scored values are summarized in 4aPleVIAF
values were always0.05 with the exception of two SNPs in the Alpinepplation and three in the Apennine
population (table 4.3). All SNP and STR loci apehto be in Hardy-Weinberg equilibrium when sigrafice levels
are adjusted using the Bonferroni correction.

The 51 SNPs were able to distinguish individualstioé Alpine population(PID 7,9x10Y, PIDsibs 5,5x16)
providing better resolution power to that derivednfi 15 STRs genotyped in the same samples (PID1G8x
PIDsibs 6,4x106) (Figure 4.2a). In contrast, 15 SNPs were not ghoto distinguish individuals of Apennine
population (PID 1,5x16, PIDsibs 1,1x18) and were less powerful than 11 STRs genotypeithdnsame samples
(PID 3,7x1, PIDsibs 5,9x18) (Figure 4.2b). Our results indicate that, in &ipine population, ~37 SNPs provide a
resolution in identifying individuals comparable toat provided by 15 STRs (PIDsibs with 37 SNP#xTQ¢;
PIDsibs with 15 STRs 6,4x#). We obtained extremely low PID and PIDsibs valwih the total set of 85 SNPs in
the Scandinavian population (PID 9,75880PIDsibs 2,3x167), and low values when using 51 and 15 SNPs, sslect
to be suitable for the Alpine and the Apennineidtalpopulations (51 SNPs: PID 1,25#0PIDsibs 1,4x18% (15
SNPs: PID 1,5x18, PIDsibs 9,0x18). PID and PIDsibs values of Scandinavian samptespiotted together with
values obtained with Alpine samples (Figure 4.3a) Apennine samples (Figure 4.3b) for comparisons.

Markers and Na Ne | Ho He UHe F MAF

85 SNPs Mean 2.00 1.80 0.62 0.45 0.43 0.44 -0.04 0.3%
Scandinavian| SE 0.02 0.01 0.02 0.01 0.01 0.03 0.11
51 SNPs- Mean| 2.00/2.00| 1.79/1.61| 0.61/0.53| 0.43/0.39| 0.43/0.35| 0.44/0.36| 0.00/-0.08 0.35/0.2y
Scandinavian| SE 0.03/0.04 0.02/0.02| 0.02/0.02| 0.01/0.01| 0.01/0.01| 0.04/0.03 | 0.12/0.18
15 SNPs Mean| 2.00/2.00| 1.84/1.48| 0.64/0.44| 0.52/0.28| 0.45/0.28| 0.46/0.29| -0.15/-0.01| 0.37/0.21
Scandinavian| SE 0.05/0.08 0.02/0.05| 0.04/0.04| 0.02/0.04{ 0.02/0.04| 0.08/0.08 | 0.10/0.15
15 STRs Mean| 4.67 3.38 1.28 0.69 0.67 0.69 -0.03] -
Alpine SE 0.25 0.24 0.08 0.05 0.04 0.04 0.03]

11 STRs Mean| 2.18 1.89 0.66 0.47 0.44 0.45 -0.03 -
Apennine SE 0.12 0.14 0.07 0.07 0.05 0.0 0.08]

TABLE 4.2- POPULATION GENETICS SUMMARY STATISTICS
Number of alleles (Na), effective number of all¢ds), Shannon’s information index (1), observed)End expected
(He) heterozygosity, unbiased expected heterozyg@siHe) and fixation index (F) for Alpine, Apenairand
Scandinavian populations. The first line shows galobtained with Scandinavian genotypes and tla dataset of
85 autosomal SNPs available in the 96x96 panelorgkand third lines compare values of selected estishaf SNPs
(51 for the Alpine population and 15 for the Apemnpopulation) when used with Scandinavian (onléf§ or
Italian genotypes (on the right). Fourth and fifthes show values reported for Alpine and Apenmgjerotypes with
15 and 11 STRs respectivelyean values are in bold, while the correspondirandard error values (SE) are below.
MAF values are calculated only for SNP markers.
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2\3: Base pairs Nof calls Freqgallelel Freqallele2 MAF Ne | Ho He UHe F
snp_104 A/C 18 0,22 0,78 0,22 1,53 0,53 0,33 0,35 0,36 0,04
snp_105 CIT 19 0,47 0,53 0,47 1,99,69 0,42 0,50 0,51 0,16
snp_112 GIT 19 0,50 0,50 0,50 2,00 0,69 0,79 0,50 0,51 -0,58
snp_114 GIT 19 0,79 0,21 0,21 1,5m,51 0,42 0,33 0,34 -0,27
snp_116 CIT 19 0,74 0,26 0,26 1,63 0,58 0,21 0,39 0,40 0,46
snp_118 AIG 18 0,39 0,61 0,39 1,910,67 0,56 0,48 0,49 -0,17
snp_119 AIG 19 0,18 0,82 0,18 1,43 0,48 0,37 0,30 0,31 -0,23
snp_120 G/IT 19 0,61 0,39 0,39 1,90,67 0,68 0,48 0,49 -0,43
snp_128 AIG 18 0,75 0,25 0,25 1,60 0,56 0,50 0,38 0,39 -0,33
snp_129 CIT 17 0,41 0,59 0,41 190,68 0,82 0,48 0,50 -0,70
snp_131 GIT 18 0,11 0,89 0,11 1,25 0,35 0,22 0,20 0,20 -0,13
snp_134 CIT 19 0,87 0,13 0,13 1,3m,39 0,26 0,23 0,23 -0,15
snp_136 AIC 19 0,11 0,89 0,11 1,23 0,34 0,21 0,19 0,19 -0,12
snp_141 AIG 19 0,89 0,11 0,11 1,23,34 0,21 0,19 0,19 -0,12
snp_162 AIG 17 0,76 0,24 0,24 156 055 0,47 0,36 0,37 -0,31
snp_164 AT 19 0,08 0,92 0,08 1,170,28 0,16 0,15 0,15 -0,09
snp_168 CIT 19 0,82 0,18 0,18 1,43 0,48 0,37 0,30 0,31 -0,23
snp_169 AIG 19 0,89 0,11 0,11 1,230,34 0,21 0,19 0,19 -0,12
snp_170 CIT 18 0,67 0,33 0,33 1,80 0,64 0,33 0,44 0,46 0,25
snp_172 CIT 19 0,24 0,76 0,24 150,55 0,47 0,36 0,37 -0,31
snp_176 CIT 19 0,74 0,26 0,26 1,63 0,58 0,42 0,39 0,40 -0,09
snp_179 C/IG 19 0,53 0,47 0,47 1,99,69 0,63 0,50 0,51 -0,27
snp_180 CIT 19 0,84 0,16 0,16 1,36 0,44 0,21 0,27 0,27 0,21
snp_183 AT 19 0,97 0,03 0,03 1,0%0,12 0,05 0,05 0,05 -0,03
snp_186 CIT 19 0,45 0,55 0,45 1,98 0,69 0,47 0,49 0,51 0,04
snp_191 A/C 19 0,26 0,74 0,26 1,63,58 0,42 0,39 0,40 -0,09
snp_195 AT 18 0,61 0,39 0,39 1,91 0,67 0,44 0,48 0,49 0,06
snp_199 CIT 19 0,16 0,84 0,16 1,3,44 0,11 0,27 0,27 0,60
snp_200 AIG 17 0,15 0,85 0,15 1,33 0,42 0,29 0,25 0,26 -0,17
snp_201 AIG 19 0,37 0,63 0,37 1,8M,66 0,53 0,47 0,48 -0,13
snp_202 AIG 17 0,47 0,53 0,47 199 0,69 0,47 0,50 0,51 0,06
snp_203 AIG 19 0,18 0,82 0,18 1,430,48 0,37 0,30 0,31 -0,23
snp_204 A/C 18 0,83 0,17 0,17 1,38 0,45 0,33 0,28 0,29 -0,20
snp_205 CIT 18 0,83 0,17 0,17 1,38,45 0,22 0,28 0,29 0,20
snp_206 GIT 19 0,84 0,16 0,16 1,36 0,44 0,32 0,27 0,27 -0,19
snp_209 CIT 18 0,36 0,64 0,36 1,8@,65 0,72 0,46 0,47 -0,57
snp_211 AIG 17 0,38 0,62 0,38 1,90 0,67 0,29 0,47 0,49 0,38
snp_212 CIT 19 0,53 0,47 0,47 1,99,69 0,42 0,50 0,51 0,16
snp_213 CIT 19 0,50 0,50 0,50 2,00 0,69 0,58 0,50 0,51 -0,16
snp_214 AIG 17 0,24 0,76 0,24 156,55 0,47 0,36 0,37 -0,31
snp_217 CIT 18 0,83 0,17 0,17 1,38 0,45 0,33 0,28 0,29 -0,20
snp_218 CIT 19 0,32 0,68 0,32 1,780,62 0,53 0,43 0,44 -0,22
snp_220 AIC 18 0,50 0,50 0,50 2,00 0,69 0,44 0,50 0,51 0,11
snp_221 AIG 18 0,08 0,92 0,08 1,18,29 0,17 0,15 0,16 -0,09
snp_223 AIG 19 0,55 0,45 0,45 1,98 0,69 0,37 0,49 0,51 0,25
snp_225 CIT 19 0,05 0,95 0,05 1,110,21 0,11 0,10 0,10 -0,06
snp_228 A/C 17 0,44 0,56 0,44 197 0,69 0,41 0,49 0,51 0,16
snp_230 CIT 17 0,82 0,18 0,18 1,410,47 0,35 0,29 0,30 -0,21
snp_234 CIT 18 0,36 0,64 0,36 1,86 0,65 0,61 0,46 0,47 -0,32
snp_239 CIT 18 0,28 0,72 0,28 1,6M0,59 0,33 0,40 0,41 0,17
snp_241 AIG 19 0,42 0,58 0,42 1,95 0,68 0,53 0,49 0,50 -0,08

TABLE 4.3- ALPINE POPULATION — GENETIC VARIABILITY OF SELECTED SNPs

SNP codes, base pairs, number of calls, numbeltedédrequencies (freq allele 1 and freq allele )AF values,
effective number of alleles (Ne), Shannon’s infdimmaindex (1), observed (Ho) and expected (Hegtoatygosity,
unbiased expected heterozygosity (UHe) and fixatidax (F) for 23 brown bear individuals from thip#
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ig‘; Alleles Nofcalls Freqgallelel Freqallele2 MAF Ne | Ho He UHe F
snp_104| A/C 18 0,03 0,97 0,03 1,06 0,13 0,06 0,05 0,06 -0,03
snp_112| G/T 14 0,39 0,61 0,39 1,910,67 0,64 0,48 0,49 -0,35
snp_119| A/G 17 0,12 0,88 0,12 1,26 0,36 0,24 0,21 0,21 -0,13
snp_120| GI/T 18 0,42 0,58 0,42 1,99,68 0,28 0,49 0,50 0,43
snp_128| A/G 18 0,03 0,97 0,03 1,06 0,13 0,06 0,05 0,06 -0,03
snp_131| GI/T 16 0,06 0,94 0,06 1,19,23 0,13 0,12 0,12 -0,07
snp_162| A/G 17 0,41 0,59 0,41 1,94 0,68 0,35 0,48 0,50 0,27
snp_166| C/T 16 0,13 0,88 0,13 1,28€,38 0,25 0,22 0,23 -0,14
snp_170| C/T 15 0,83 0,17 0,17 1,38 0,45 0,33 0,28 0,29 -0,20
snp_191| A/C 17 0,85 0,15 0,15 1,33,42 0,18 0,25 0,26 0,30
snp_199| C/T 17 0,62 0,38 0,38 1,90 0,67 0,18 0,47 0,49 0,63
snp_206| GI/T 15 0,30 0,70 0,30 1,70,61 0,47 0,42 0,43 -0,11
snp_209| C/T 18 0,72 0,28 0,28 1,67 059 056 0,40 0,41 -0,38
snp_223| AIG 16 0,97 0,03 0,03 1,08,14 0,06 0,06 0,06 -0,03]
snp_228| A/C 15 0,23 0,77 0,23 1,56 054 0,47 0,36 0,37 -0,30

TABLE 4.4- APENNINE POPULATION —GENETIC VARIABILITY OF SELECTED SNPs

SNP codes, base pairs, number of calls, numbeltadé drequencies (freq allele 1 and freq allele )AF values,
effective number of alleles (Ne), Shannon’s infdimmaindex (1), observed (Ho) and expected (Hegtoaygosity,
unbiased expected heterozygosity (UHe) and fixatidax (F) for 22 brown bear individuals from thpehnines.

Fig.4.2 (a) - Alpine population
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Fig. 4.2 (b) - Apennine population
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Fig 4.3 (a) - Alpine and Scandinavian population
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Fig 4.3 (b) - Apennine and Scandinavian population
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SNP Genotyping success and errors

The SNP genotyping success was high in both pdpofat 14 Alpine triplicated samples showed a mean
amplification rate of 90% across loci (SD=0.07) @adnples (SD=0.12), while the 8 Apennine samplesveld 84%

of positive amplifications per locus (SD= 0.08) gret sample (SD=0.21).

Missing data calculated on consensus genotypestaiined good quality samples were scarce (3.0%&nAlpine
population and 8.5% in the Apennine population)luéa for missing data, calculated on replicates, raat much
different in the Alpine population (2.5%), whilegtlvalue is slightly worse (5.8%) in the Apenning@piation.
Genotyping errors occurred in the form of ADO id%. (SD=0.030) of loci and 1.4% (SD=0.022) of sars@ead in
5% (SD=0.140) of loci and 1.8% (SD=0.051) of samjitethe Alpine and Apennine populations respebtive
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DISCUSSION

SNPs are often referred to as the “new” genetickeraof choice (Brumfield et al 2003) thanks to thability to
overcome STRs weaknesses with non-invasive DNA Emnpuch as high genotyping error rates and low
amplification success. Moreover, SNPs have the rtdge of cross-laboratory compatibility, thanks tteeir
unequivocal bi-allelic status. Italian bear popigias are expanding their distribution range todrtistl areas (Forconi
et al 2014, Tosi et al 2015), whose jurisdictioe apw in the hand of multiple management ageneigh often
rely on different laboratories for the genetic gs@. For this reason, cooperation among jurisoidi and
standardization of genetic markers is of urgentdartgnce. SNPs offer particular promise in this rdg¥et, despite
these advantages, a single bi-allelic SNP holds ilgfermation and has less statistical power coeghdo a single
multiallelic STR, thus a sufficient number of infoative SNPs need to be identified in order to perfowell in
population genetic studies (Seddon et al 2005; éfaas al 2011). The 96 SNPs used in the panel dpedl by
Norman et al (2013) were selected to maximize mifierinativeness in the Scandinavian population. &the Italian
populations have been separated from the Scandmaapulation for thousands of years, the SNPs expected to
have less statistical power, or indeed complet&tk lvariation, due to ascertainment bias (Morial€2004). Only a
subset of the 96 SNPs selected for the Scandingdanlations was therefore expected to perform weltalian
brown bear populations. Indeed, 51 and 15 out cii@6somal SNPs were found to be informative ferAlpine and
the Apennine populations respectively, and, as @epe PID and PIDsibs values were lower in the 8tevian
population using the same subset of SNPs (FiguBssahd 4.2b). Even if the information contentuisient for the
identification of individuals in the Alpine popuiab, values of summary statistics (Table 4.2) ssggemoderate
ascertainment bias. Given our results, we emphathizeimportance of testing the information conteviien
transferring SNPs across populations, since SNesl@amonstrated to be even more affected by astewat bias
than STRs (Morin et al 2004).
In the Alpine population, the PIDsibs value shohasttt1 SNPs have a higher resolution power togiatided by 15
STRs (Figure 4.2a). Low levels of PIDsibs are avaathge for the genetic monitoring of populationithvpresence
of close relatives (Taberlet and Luikart 1999),iraghe case of this population (De Barba et al 30%hce the
probability of finding individuals sharing the sargenotype by chance is lower. We also found timathé Alpine
population, ~37 SNPs are sufficient to provide sohetion in identifying individuals comparable twat provided by
15 STRs (Figure 4.2a). The number of SNPs requoedatch the resolution with microsatellites isatetically 2-6X
(Morin et al 2004), but several studies demonstrateat <1-3X as many SNPs can perform equally \ek.
Ryynanen et al 2007; Coates et al 2009). Our dateige additional evidence, since we obtained #raeresolution
power with 2.5 times the number of SNPs. Moreowan, data show that 24 SNPs are sufficient to obtain
appropriate PID (Figure 4.2a) to reliably distirgfuindividuals in these small and isolated popoieti In the Alpine
population, we found many more informative lociX5ian those required, and thus the subset of SiNRéned with
this study is sufficient for a reliable analysis.
Conversely, in the Apennine population, the 15at## and informative SNPs are not sufficient fotagking a PID
equivalent to that of the 11 STRs (Figure 4.2b)e Tdw number of informative SNPs in the Apenning@udation is
due to the high rate of monomorphic loci (43), fably caused by the very low genetic diversity (lnziai et al
2004) and the high levels of homozygosity (Benagizal 2015) of this population. Our results arecovdant with
preliminary data on genome analysis of this spegiesessed by Benazzo et al 2015, which show thahAine bear
genomes have only 1/3 of SNPs found in other Ewogeears and that they are highly homogenous, haith
stretches of homozygosity. Our study highlights nieed ofde novoSNP discovery in the Apennine population to
obtain an acceptable resolution power for individdantification. However, monomorphic loci, evémot useful for
fingerprinting analysis, can be used for other purposes, suginydegeographic analysis, inbreeding, or population
history studies.
SNPs are proving to be efficient in sex determaratsince results were concordant with previousltesising STRs.
Many sex-chromosome SNP can be analyzed contermguualy on a SNP chip, compared to the number ofSSTR
normally analyzed in a routine monitoring projelft.a mutation occurs at the single STR locus, arrior sex
determination may happen. The same problem isliksly to cause errors in sex determination if mtinan one
locus is used.
Missing data on good quality samples are lower th@% as in other studies, as for example in Kraua €015.
Since the number of missing data calculated onamnss genotypes and replicates do not much differcan
conclude that replicates do not significantly iree the genotyping success. We did not includeBthéscarded
samples (Table 4.1, step 5) because bad qualitplearnomplicate the visualization of clusters ia Euidigm SNP
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genotyping analysis software v3.1.2, and therefoust be manually removed from the dataset. The alasmoval
attributes “0 calls” to the samples, distorting tteal values of missing data. We emphasize the iitapce of
selecting only good quality sample when using norasive material, in order to facilitate the clustisualization.
The presence of genotyping errors in both STRs @N&s single PCR amplifications necessitated the ofise
multiple-tube approach that includes 4 replicattshe same extract for STR markers and 2 replic&desSNP
markers, according to the low rates of genotypaitufe and errors that SNPs show in comparisonTtlBsS(ADO
rates for SNPs 0.011-0.050 and STRs 0.041-0.168)n K replicates do not significantly increase tienotyping
success with SNPs, ADO can appear in the final types if PCR amplifications are not replicated. #ggest to
include at least 2 replicates when using SNPshdividual identification, to minimize the preserafeADO in final
genotypes.

The cost of a 96x96 panel, using Fluidigm systenoNgrk - Fluidigm Corporation, San Francisco, USH, the
individual genotyping with two PCR replicates wamund 100 euros per sample. The cost for the iddali
genotyping with four PCR replicates at 17 (15 @u®r sex-determination) and 12 (11 plus 1 for determination)
STR loci was of the same order of magnitude. Howes@sts can vary in time and depend on the numberarkers
needed to get a good resolution, which varies aiegito population genetic variability.

CONCLUSIONS

We found a set of 51 effective, informative andafele SNPs in the Alpine brown bear population,clhshow high
genotyping success and low rates of genotyping®mben used with non-invasive samples. This pemald thus be
used to efficiently study population size, repradue success, genetic diversity, inbreeding, displeand other
guestions. Its use has many advantages compai®tRs, since SNPs are easily standardized markdrfaaititate
collaboration among laboratories involved in thedst of the species in Europe. For the Apennine |adiom, ade
novo SNP discovery or an integration with differenteypf markers is needed before an acceptable resolwbuld
be achieved.
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Chapter V - To what extent are SNP markers effective for
parentage analysis with non-invasive samples? A pilot study for
the small brown bear population in the Alps

ABSTRACT

Parentage analysis through molecular markers igreéat importance in conservation biology, sincetitoutes
estimating breeding success, inbreeding level #fiedteve population size, while pedigree recondiarc sheds light
on the mating system, social and dispersal behaficlusive species. The elusive and endangeredrbfmear
survive in the Italian Alps thanks to the transkoma of 9 individuals from Slovenia during the 2@Q®ollowed by 15
years of genetic monitoring using 15 microsatdlig8TRs). Since only a few of the founders repreduall present
individuals are closely related. As generationgpess, differences among individual multilocus dgpes decrease,
and the identification of parentage relationshipsdme more challenging. As a result, more inforveatharkers are
needed to perform parentage assignments with higbapility values. We compare the effectivenesglifferent
microsatellite and single nucleotide polymorphiqi®hlP) marker sets in parentage analysis of thergetad brown
bear population in the Italian Alps, using two pdage analysis packages: Colony and FRANz. The pwtibn of
45 SNPs and 15 STRs provided no incongruent resutts 15 STRs in parental assignments and the highe
probability of assignments among correct trios wheimg FRANz. We propose an operating schema famutine
method to be applied when analyzing parental matiips using SNPs, taking into account challedgesed by the
use of non-invasive samples.
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INTRODUCTION

Molecular parentage analysis involves comparingoggres of offspring to potential parents in orderidentify
parent-offspring relationships (Allendorf, Luika8 Aitken, 2013). Determination of parentage relathips has a
prominent role for the conservation of wild popidas in a variety of ways (Jones and Ardren 2008ud¢r et al.
2011) since it allows to determine breeding succedseeding level and effective population sizeil§dh et al.
2002; Vonholdt et al. 2008; De Barba 2009; Stemgkdi al. 2011). Determination of parentage relaimps also
contributes in answering ecological questions eelaid mating system, social and dispersal behavfoglusive
species (Webster and Reichart 2005; Moore et dl4¥8ugg et al 1996, Sigg et al 2005) and can lea us
reintroduction programs to optimize translocatitnategies for endangered species (Labuschagne 2088; Wright
et al. 2015)
Molecular markers are a useful tool in establishpagentage relationships in wild populations whteis difficult to
collect such information from field observationdd@n 2003; Pemberton 2008). Microsatellites, &sown as short
tandem repeats (STRs), are multiallelic and higldiymorphic markers that have been routinely usedarentage
analysis in wild populations using non-invasive pées in the last decade (Constable et al. 2001Iséhieet al. 2001;
Caniglia 2008; De Barba et al. 2010; Caniglia eR@all4). However, STRs can be difficult to scoreuaately and are
prone to genotyping errors when using non-invasiamples (Dewoody et al. 2006) possibly causinggassnt
failures or incorrectnesses in parentage assigemé@dbmpanon et al. 2005). In contrast, single micle
polymorphisms (SNPs) are becoming increasingly fgopas the marker of choice for many conservatienegic
studies, thanks to their ease of scoring, knownatrartal processes (Brumfield et al. 2003; Elleg2€04), higher
genotyping success, lower genotyping error ratesrifMet al. 2004; Anderson and Garza 2006), theimdance and
broader genome coverage which comprises codingnanetoding regions (Brumfield et al. 2003). Moregv@NP
data do not require allele calibration among déferlaboratories and therefore genotypes can Lty easnpared
(Pompanon et al. 2005; Vignal et al. 2008). Thigdsticularly important for the monitoring of beansthe Alps since
bears have a high dispersal capacity and ofters araonal borders. However, SNPs are biallelics thlnow lower
heterozygosity (limited to a maximum of 0.5) comgghrto STRs. Low heterozygosity is disadvantageaus f
parentage analysis, which requires high statispoaler (Tokarska et al. 2009). Nevertheless, a highber of SNPs
can be simultaneously analyzed on microfluidic ysr@ompensating the low per-SNP information canten
SNPs have been proved to be effective in parenidgatifications in a number of studies (Hauser let2811;
Fernandez et al. 2013)(Kaiser et al. 2017), everpépulations which face low genetic diversity (foska et al.
2009; Wright et al. 2015), but empirical studiestiteg the effectiveness of SNP markers for parentagalysis in
wild populations using non-invasive samples ardl &icking. Non-invasive genetic methods offer aique
opportunity to infer parentage relationships indwéind elusive populations minimizing disturbanceheir habitats
(Taberlet et al. 1999), but DNA of non-invasivelyllected material is often degraded and quantitysisally low,
thus their use presents considerable challengegidiNet al. 1992; Taberlet et al. 1999; Broquet &Metit 2004).
However, the recently emerged microfluidigm platiisrrely on the amplification of very short amplispthus are
particularly suitable for the amplification of poquality DNA, such that extracted from non-invagyeollected
material (Von Thaden et al. 2017).
The ltalian Alpine bear populatiotJ{sus arctos arctosjs situated in the central Italian Alps in isodatifrom the
larger population, that once extended from the EBénaountains to the Alps. Recent studies approténtae
presence of only 42 bears (Cl=38-55)(Groff et @Il D). Its geographic and numeric contraction o@zlibretween the
18th and 20th century, as a consequence of humaeqeion and habitat loss and fragmentation. Byl®00s, only
a few individuals survived (~3) (Kohn et al. 1998)us the population was considered biologicalliinex (Mustoni
et al. 2003). Its presence nowadays is due tor#reslbcation of 9 bears from Slovenia, that tockcel during the
2000s, which led to the increase of population extegnsion of its distribution (De Barba 2009; Tesial. 2015). A
few individuals of the same subspecies (mostly s)adee annually present in the eastern Italian Alpsnks to the
spontaneous recolonization from the Dinaric popaitat However, gene flow between the Alpine and Bmna
populations has never been observed (Krofel &MI0; SkrbinSek et al. 2012)
Although the brown bear is considered to be at leascern in its worldwide distribution area (Mclagl et al 2017),
it is critically endangered in the Italian Alps @#lo, Lapini & Zibordi, 2016) due to the limitecumeric consistency
and geographic isolation, and thus requires arnveaaind continuous monitoring conservation policaredtage
analysis offers the opportunity to keep track afdating success, inbreeding level, effective pofuiatize over time
and to investigate dispersal and mating behavibthAse aspects are particularly important follegvreintroductions
to monitor the status and probability of populatmarsistence (Sarrazin and Barbault 1996).
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Fifty-one autosomal and six sexual chromosome SldFkans were previously selected for their abilitydistinguish
individuals and determining sex in the Alpine beapulation (Giangregorio et al, submitted). Here test the 57
SNPs for the identification of parent-offspring abnships using non-invasively collected hair sk®wpand we
compare efficiency with different SNP and SNP/ST&ker sets. Therefore, we provide a feasible opgrachema
for parentage assignments of newly identified bdarsa routine method to be applied when analyziagental
relationships using SNPs, taking into account clifies arising from the use of non-invasive sample
Independent robust STR-based results and field atataised to confirm or reject SNP-based parestifaments.
Easy access, small distribution and intensive moinify over 15 years allowed the identification afshof the bears.
The integration of field data demonstrated thay anfew newborns escaped the annual genetic morgtprogram,
but the undetected bears were usually geneticaligoted one or a few more years after their yeairtf (Groff et al
2015). This population offers a great opportunitytést the suitability of SNP-based parentage amsathrough non-
invasive samples in a small population because altiple sampling of the same individuals and mudtip
amplifications of STR loci have been conductedstBOIR genotypes have a high degree of reliability therefore
we consider their results in parentage assignmasta reference, and b) field data derived from castvapping,
telemetry and direct observations are at dispasabnhfirm genetic parentage assignments in somescasd, C) it is
highly probable that all parents have been sampled.
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MATERIAL AND METHODS

STR genotype-databank development

The genetic monitoring program of the Alpine beapulation started in 2002 following the translooatbf 9 bears
belonging to the Dinaric population. Until 2016 amxmately 7.000 hair and fecal samples have beenimvasively
collected with different sampling method: opporstiwally during field patrolling, by the use of bad hair-traps, on
rub-trees and during inspections of damages toibeeland livestocks, with the aim of sampling akgent bears
including new born individuals. Samples were detdeeto the Institute for Environmental Protectiord&Research
(ISPRA), Italy, where they were immediately stoeed20C°.

Ten STR loci were used for individual identificatiand sex was determined using the Amelogenin 1¢&MG)
(Ennis & Gallager 1994). We implemented the prot@aiding 5 STR loci to perform parentage analysis the Sex-
determining Region Y (SRY) (Fechner 1996) to canfisex. Over 15 years, extractions were conductéagus
different extraction methods and kits. List of peirs, amplification and sequencing protocols foriviaaial
identification and sex determination are describedletails in (De Barba et al. 2010), while the iempentation
methods are expounded in Davoli et al 2018. All Dd&nples were eluted in 2Q0Q of elution buffer and stored at -
20°. The presence of matching genotypes withinddaset was checked using GeneAlEx 6.4 (PeakalSamouse
2012). A genotype-databank was developed, congisfiall bears sampled in the study area betweé@ 26d 2014.
Several precautions were taken to obtain complatk reliable multilocus genotypes: a) a multi-tub@raach
(Taberlet et al. 1996) consisting of four multipgexPCR replicates was used with the aim of redugimptyping
errors such as allele drop-outs (DO) and falsdealléFA) (Broquet and Petit 2004); b) four more Pr@Rlicates at
single loci were added in case of genotyping eroormissing data. Presence of genotypes error Wwesked using
GIMLET (Valiere 2002); c) only genotypes with aiadlility R score >95% calculated with RELIOTYPE (M et
al. 2002) were not discarded; d) multiple sampltigwed to confirm genotypes, since they were algimultiple
times through independent analysis.

Sample selection and SNP genotyping

After the STR genotyping, one sample for each Issanpled in the central Italian Alps was selected SbIP
genotyping. In the sample selection process, pyiovas given to samples which showed highest g@mugysuccess
(mean=96%, SE=0.010), absence or the lowest ragebtyping errors among replicates, greater nurobdrair
follicles, and sampling recentness. Three sampdenling to bears from the Dinaric populations wels® selected
to test parental analysis with inclusion of nongrdirgenotypes.

We re-extracted the samples using the Qiagene BNB&md & Tissue Kit (Qiagene inc., Hilden, Germany
following the manufacturer instructions. DNA sanwpieere eluted in 2(L of elution buffer. The new extraction was
performed to accommodate for the SNP genotypingired DNA concentration and to standardize theaetion
method.

The extracted samples were sent to the Swedishetsiy of Agricultural Sciences (SLU), Sweden, whére SNP
genotyping was performed on the Biomark platfortuigbgm Corporation, San Francisco, USA) using aB6SNP
panel following the amplification procedure desedbin Giangregorio et al (submitted). This paneinprising 85
autosomal SNPs, 7 sex chromosome markers, and BlAntbBarkers, was developed for population genetiodiss
of the Scandinavian brown bear population (Normaal.e2013), but a previous study demonstrateceffectiveness
of 51 SNPs in individual identification and 6 irxsgetermination of the Alpine brown bear populati@iangregorio
et al submitted). The genotyping clusters werealigad in the Fluidigm SNP Genotyping analysis wafe v.3.1.2
in two independent combined analysis. We undetliag, since this was the first data on the Alpiogyation, no
positive samples were included. However, we viguaimoved all loci with unclear cluster affiliatipmaintaining an
extremely conservative approach in order to aveidotyping errors. We created consensus genotypeplcates:
all allele inconsistencies among replicates wecenged as “No call” preventing genotyping errorsdividuals were
identified on the basis of multilocus genotypesngsiautosomal SNPs while sex was determined usixg se
chromosome markers included in the plate, as destrin Giangregorio et al (submitted). Percentaigpositive
amplifications and error rates were calculated agnoeplicated samples with GIMLET v. 1.3.3 (Valié2602),
following procedures described in Giangregoriolésabmitted).
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STR and SNP marker characteristics

We calculated the percentage of call rates amorigsSRour classes of samples based on number ahtzdl (<70%,
>=70%, >=80% and >=90%) were created. The numbéarofly trios present in each class was used tahgetall
rate threshold beyond which discard samples.

Loci were tested for deviations from Hardy-Weinbewgilibrium (HWE) adjusting significance levels fowultiple
comparisons using the Bonferroni correction (Pethane2008, Cooper 1968).

We used GeneAlEx 6.4 (Peakall and Smouse 201&timae a series of information content statisties:calculated
allele frequencies and genetic variability for therent marker sets among all filtered samplesw@sber of alleles
(Na) and effective number of alleles (Ne), obserettrozygosity (Ho), expected heterozygosity (&&) Shannon’s
information index (1). We estimated the ability thie different sets of markers in distinguishingivigbals through
the probability of identity test (PID), according Waits et al. 2001. To overcome the bias causeithdypresence of
closely related individuals in the population, wisoacalculated the equivalent probability for paaf siblings
(PIDsibs), which are more likely to share identigahotype by chance (Waits et al. 2001). To esértta combined
potential of loci for paternity allocation with thiifferent marker sets, we calculated the probigbdf excluding a
false parent when no information exists of any paeent (PE).

Parentage analyses

Parentage relationships were evaluated using twonmmnly used likelihood-based parentage assignmackages:

Colony v. 2.0.6.4 (Jones and Wang 2010) and FRARz(Riester et al. 2009). The parentage tests vepeated
using the different marker sets and assignmentitsesuere compared. Both software packages wereusimg 13

distinct sample datasets, one per year of mongo@woiding multi-generation analyses, which aresupported by
Colony. Each subset comprises bears sampled fdirgihéime in the year of reference (for which @ats need to be
identified) and all putative parents. We considesscputative parents those bears that reachecpineductive age,
which is 3 years for females and 4 years for mafesr of entering in the reproductive age in thipylation was
empirically evaluated thanks to the long-term maniity program. FRANz was also run without creatiigyyears

datasets, but analyzing all bears together, simisesbftware permits multi-generation analyses. Wheaning both

software, sex information for parents, derived frAMG and SRY data, was included. All other inputgraeters

were set as indicated in Davoli et al 2018. The Imemof congruent, missing and incongruent parenésg@nments
were calculated for all marker sets on both sofew@ackages.
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RESULTS

STR and SNP genotyping and marker characteristics

The STRs genotyping, routinely used for the genatmnitoring of the population, showed the preseaté7
individuals, 40 females and 47 males in the certadian Alps between 2002 and 2014. AMG and SRYadgere
always concordant in sex determination. Correspun@7 samples were re-extracted together with tisarples
belonging to bears from the Dinaric population,hwiihe exception of 16 samples for which organicemat was no
longer available (71 samples; 81,6% of the Alpinpudation).

For the SNP genotyping, 5 out of 51 autosomal\aaie removed, since have shown <= 70% call rate. E€MP was
not in Hardy Weinberg equilibrium and was rejedmdfurther analysis, for a total of 45 SNPs kept.

Twenty out of 74 samples showed a percentage dadimgscall <=70% and were rejected. Among the remgin
samples, 54 had values >=70%, 40>=80% and 19>=808e too many family trios would have removed ctijg
samples with 80% or 90% of call rates, we decidekeep the value <=70% as a threshold. Thus 5dbielisamples,
5 of which are founders, were kept to be procedsedurther analyses on marker characteristics pacentage
analysis.

Since the 45 SNPs were selected for a differentifatipn, not all loci showed the three genotypipresentatives
(AT/TT/AA), with the exception of the 27 SNPs, whiare therefore the most reliable loci among 45. tiégefore
created 6 genotype-datasets for the selected ge®tysing different set of markers: 10 STRs lose{=a), 15 STRs
(=set b), 27 SNPs (=set c), 45 SNPs (= set d), ewatibns of 15 STRs and 27 SNPs (=set e) and 1553 45
SNPs (= set f).

Summary statistics for all marker combinations stiewn in details in table 5.3 while average stiaistiata of all
marker sets are summarized in Table 5.2. PID abdiB$ values are plotted in Fig. 5.1.

The genotyping of 45 autosomal SNPs correctly ifiedt54 bears, and sex determination based onrénubsome
SNPs confirmed sex STR-based results in 42 outdotdses (Table 5.1). The remaining 12 cases dicsinotv
incongruent results but missing data at sex-loevented the sex determination.

The replicated samples showed 87% of positive P@Rliications among loci and 85% of samples. Gepioty
errors occurred in the form of ADO in 2.6% (SD=0.02loci and 2.5% (SD=0.03) of samples.
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SNP

Loci .
Bear ID Sex YE?r::f repli':ates Typed Ges::::iglsng

(Out of

45)
Gasper M 1 42 0.93
Maja F 2 42 0.93
Daniza F Founders 4 45 1
Joze M 2 37 0.82
Jurka F 2 43 0.96
K1 F 2002 2 43 0.96
KJ2 F 2002 4 45 1
MJ2 F 2003 2 42 0.93
DJ1 F 2004 2 38 0.84
DJ3 F 2004 4 45 1
12 M 2004 2 45 1
MJ4 M 2005 4 44 0.98
la F 2006 1 44 0.98
5 M 2006 4 45 1
KJ2G1 F 2006 2 44 0.98
KJ2G2 M 2006 4 45 1
MJ5 M 2005 2 45 1
DG3 F 2006 2 36 0.8
KJ1G1 F 2006 2 45 1
BJ1 F 2005 4 45 1
MJ2G1 M 2006 1 42 0.93
F1 F 2008 1 45 1
F3 F 2008 1 45 1
F2 F 2008 4 45 1
M2 M 2008 4 45 1
M3 M 2008 2 44 0.98
M4 M 2008 2 45 1

as the proportion of loci typed among 45 autoso8iéPs.

SNP

Loci :
Rl Y::'::f repIiI:ates Typed Ges::::iglsng

(Out of

45)
F4 F 2008 4 45 1
M6 M 2007 4 45 1
M7 M 2009 1 39 0.87
F9 F 2010 1 42 0.93
) M 2010 1 44 0.98
F10 F 2010 1 45 1
M11 M 2011 1 44 0.98
M12 M 2010 1 44 0.98
M13 M 2010 1 45 L
M14 M 2010 1 38 0.84
M15 M 2012 1 39 0.87
F12 F 2011 1 44 0.98
F13 F 2012 1 42 0.93
m18 M 2012 1 44 0.98
M19 M 2012 2 43 0.96
m21 M 2012 1 40 0.89
F14 F 2012 1 43 0.96
F15 F 2013 2 45 L
F18 F 2013 2 40 0.89
m25 M 2012 1 43 0.96
M26 M 2013 1 44 0.98
F19 F 2014 1 42 0.93
F20 F 2014 1 44 0.98
F21 F 2014 1 45 1
Gen03 M 4 44 0.98
Genoa M Dinari.c 40 0.89

population

Genld M 4 44 0.98

TABLE 5.1- SAMPLE INFORMATION
For each of the 54 individuals of Alpine brown b&e&ex (M=male, F=female), year of birth, N of reptes, number
of SNP loci typed in the consensus genotype, anadtgiging success are provided. Genotyping sucsesadulated

Marker sets :Mean samples type:N alleleg Na Ne | Ho He PE
10 STRs 51.00 (0.000) 50 i5.00 (0.1483.71 (0.12¢1.41 (0.0240.81 (0.0120.72 (0.009.9998x1¢"
27 SNPs 49.25 (0.368) 54 i2.00 (0.00G1.75 (0.0480.60 (0.0220.43 (0.02€0.41 (0.01€9.9958x16"
15 STRs 51.00 (0.000) 69 {4.6(0.321}3.27 (0.2271.25 (0.08€0.73 (0.04C0.65 (0.04G9.9999x10"
45 SNPs 48.86 (0.374) 90 :2.00 (0.00G1.59 (0.0440.52 (0.02Z0.38 (0.0220.34 (0.0159.9998x16"
27SNPs+15STKE  49.88 (0.269) 123 i2.92 (0.2242.29 (0.14Z0.83 (0.0550.54 (0.03Z0.50 (0.02€9.9999x10"
A5SNPs+15STK  49.40 (0.305) 159 i2.65 (0.16€2.01 (0.1140.70 (0.04€0.47 (0.02€0.42 (0.0249.9999x10""

TABLE 5.2- M ARKER SUMMARY STATISTICS
Mean number of samples typed, total number ofeal@N alleles), mean number of alleles per locus),(fean
effective number of alleles (Ne), Shannon’s infdimmaindex (1), observed (Ho) and expected (Hegloatygosity, in
a total of 51 brown bear samples from central HaliAlps. Standard error values (SE) are below.
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N

Locus |samples| Na Ne | Ho He DF ChiSq Prob Significance
typed
cxx2(C 51 4 37z 13t 0.8 0.7¢ 6 6.76¢ 0.3¢ ns
G1Mm 51 5 3£ 13¢ 0.7¢ 0.71 10 12.7¢  0.2¢ ns
G10F 51 5 45z 15t 0.8¢ 0.7¢ 10 16.27 0.0¢ ns
G10X 51 5 3.2t 1.3 0. 0.6 10 14.7¢ 0.1< ns
G1D 51 6 3.3¢ 141 0.7¢ 0.7 15 11.¢  0.6¢ ns
Mull 51 5 3.9 147 0.8z 0.7 10 18.65 0.0< ns
Mul5 51 5 3.9z 14t 08¢ 0.7 10 9.397 0.4¢ ns
Mu23 51 5 33 1Z 08z 07 10 16.1¢ 0.1 ns
Mu50 51 5 41t 1.4& 0.8z 0.7¢ 10 7.15¢ 0.71 ns
Mu59 51 5 3.4: 13¢ 0.7¢ 0.71 10 15.3t  0.12 ns
G10C 51 4 224 094 0.5¢ 0.5: 6 8.01¢ 0.2« ns
G10H 51 2 1.1¢ 0.2 0.1¢ 0.1¢ 1 0.47¢ 0.4¢ ns
G10L 51 3 24 0.9¢ 0.7t 0.5¢ 3 5.01¢ 0.17 ns
Mu09 51 7 3.7¢ 154 0. 0.7: 21 12.4: 0.9: ns
Mul0 51 3 227 0.9t 0.5¢ 0.5¢€ 3 3.38:  0.3¢ ns
snp_10¢ 45 2 1£ 05z 04z 0.3t 1 3.22: 0.07 ns
snp_10¢ 50 2 191 0.67 0.4€ 0.4¢ 1 0.05¢ 0.81 ns
snp_11¢ 45 2 1.7 0.6 058 0.41 1 7.427 0.01 ns
snp_11¢ 50 2 1.7¢ 0.6z 0.4z 0.4: 1 0.017 0. ns
snp_11¢ 48 2 1.9t 0.6¢ 0.6% 0.4¢ 1 3.91¢ 0.0t ns
snp_11¢ 48 2 1.1€ 0.2¢ 0.1t 0.14 1 0.297 0.5¢ ns
snp_12( 51 2 19¢ 0.6¢ 05¢ O£ 1 1.66: 0.2 ns
snp_12¢ 50 2 152 05 044 0.3¢ 1 3.97¢  0.0¢ ns
snp_12¢ 45 2 164/ 058 05 0.3¢ 1 5.9t 0.01 ns
snp_13: 51 2 131 04 027 0.2¢ 1 1.291 0.2¢ ns
snp_13¢ 51 2 1.17 0.27 0.1€ 0.14 1 0.36¢ 0.5¢ ns
snp_13¢ 51 2 1.21 0.3z 0.z 0.1¢ 1 0.60: 0.4< ns
snp_14: 50 2 1.2¢ 0.3t 0.2z 0.z 1 0.76¢ 0.3¢ ns
snp_16: 39 2 1.6z 0.57 051 0.3¢ 1 4.637 0.0 ns
snp_16¢ 48 2 1.1¢ 0.2¢ 0.1€ 0.1t 1 0.387 0.5: ns
snp_16¢ 44 2 1.z 02 0.1¢ 0.17 1 0.4¢ 0.51 ns
snp_17( 45 2 1.7¢F 0.6z 0.3¢€ 0.4: 1 1.30¢ 0.2t ns
snp_17¢ 51 2 171 061 0.3¢ 0.4: 1 0.157 0.€9 ns
snp_17¢ 47 2 1.9 0.67 0.5t 0.4¢ 1 1.03¢ 0.31 ns
snp_18( 51 2 1.1z 0.2z 0.1z 0.11 1 0.19¢ 0.6¢ ns
snp_18: 49 2 1.3z 0.41 0.2¢ 0.2¢ 1 1.361 0.2¢ ns
snp_18¢ 50 2 1.9¢ 0.6¢ 0.4z 0.4¢ 1 0.87 0.3t ns
snp_19: 51 2 1.7¢ 0.6% 04¢ 0.4¢ 1 0.73:  0.3¢ ns
snp_19¢ 50 2 137 044 024 0.27 1 0.57¢ 0.4t ns
snp_20( 48 2 13t 0.4t 0.3 0.27 1 1.86€ 0.17 ns
snp_20: 50 2 19z 067 04 0.4¢ 1 1.38¢ 0.2¢ ns
snp_20: 48 2 2 0.6¢ 0.6 0.t 1 2.09¢ 0.1t ns
snp_20: 46 2 1.57 0.5t 0.3t 0.3¢ 1 0.0¢ 0.7¢ ns
snp_20: 49 2 1.3¢ 0.4t 0.3% 0.27 1 1.86€ 0.1 ns
snp_20¢ 51 2 1.31 04 0.27 0.2¢ 1 1.291 0.2¢ ns
snp_20¢ 51 2 12¢ 03t 0.2z 0.22 1 0.047 0.8¢ ns
snp_20¢ 48 2 1.9€ 0.6¢ 0.5 0.4¢ 1 0.3¢ 0.5¢ ns
snp_21: 51 2 19¢ 06¢ 051 O£ 1 0.04¢ 0.8 ns
snp_21! 48 2 2 06¢ 0E7 0EF 1 1.007 0.3 ns
snp_21° 49 2 1.3t 0.4: 0.31 0.2¢ 1 1.€ 0.21 ns
snp_21¢ 49 2 1.66 0.5¢ 05t 04 1 7.08¢ 0.01 ns
snp_22( 51 2 1.9¢ 0.6¢ 0.6t 0.t 1 4.655 0.0 ns
snp_22: 51 2 1.1¢ 0.2 0.1¢ 0.1¢ 1 0.47¢ 0.4¢ ns
snp_22: 49 2 2 06¢ 04 0EF 1 1 0.32 ns
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snp_22¢ 51 2 1.2¢ 0.3 0.28 0.2Z 1 1.08¢ 0.2 ns
snp_22¢ 48 2 1.7¢ 0.6z 0.3t 0.4 1 2414 0.1Z ns
snp_23( 48 2 1.4¢ 051 04z 0.3¢ 1 3.32¢  0.07 ns
snp_23¢ 47 2 1.7z 0.61 0.51 0.4z 1 2291 0.1< ns
snp_23¢ 51 2 1.6¢ 0.€ 0.2¢ 041 1 3.921 0.0t ns
snp_241 51 2 1.84 0.65 0.3¢ 0.4¢ 1 1.0z 0.31 ns

TABLE 5.3 - MARKER SUMMARY STATISTICS BY LOCUS
Number of samples typed, mean number of allelebpas (Na), mean effective number of alleles (8bannon’s
information index (1), observed (Ho) and expectdd)(heterozygosity, in a total of 51 brown bear pkas from
central Italian Alps. Results for deviations frorardy-Weinberg equilibrium (HWE) are reported forchdocus. The
significance levels are calculated for multiple garisons using the Bonferroni correction.
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FIG 5.1- PID AND PIDSIBS VALUES FOR INCREASING LOCUS COMBINATION IN THE BROWN BEAR ALPINE
POPULATION
Values are calculated for the six marker sets. wésused for PIDsibs values and triangles for Rifues.

Parentage analyses

Following the filtering process, 43 parental triogre still present among 51 samples. A proportibrparental
assignments was confirmed by field observationskbao intensive genetic monitoring over 15 ye&arentage
assignments derived from 15 STRs genotypes artidia are listed in Table 2. The majority of offsg originated
from 2 males (Gasper:=48.8%; Joze=30.2%) and 2lé&nfBaniza=25.5%; KJ1=20.9%).

Proportions of congruent, incongruent and missingreptage assignments are shown in Fig 5.2. The
concordance/discordance is defined consideringyassgnts obtained with 15 STRs as a reference. Whewg 10
STRs (a) and FRANz, all assignments were congrwéht15 STRs (b), whether 3 trios are wrongly aseifusing
Colony. All other marker sets find a number of ingouent results or are unable to assign parent8NHs(c) find
the highest number of incongruent assignments {of@e5; c-FRANz=6), followed by 45 SNPs(d), for whionly a
few incongruent parents are found (d-Colony=2; dARR=2). SNPs alone also do not find parents in mlmer of
cases (c-Colony=13; c-FRANz=11; d-Colony=11; d-FRAMN3). Both combinations of 27SNPs+15STRs(e) and
45SNPs+15STRs(f) do not find incongruent assignmantl a proportion of parents is not assigned (ef@e12; e-
FRANz=9; f-Colonyl3; f-FRANz=10). We obtained samesults when running FRANz with a unique multi-
generation input file, rather than using 13 diffarannual datasets. We underline that in most c@esean among
marker sets: 81%), parents were not assigned agnassnts were incongruent when founders (Joze, &asmd
Daniza) are involved in the trio, especially Jokattis involved in 55.5% of missing assignmentse Témaining
discordances in parentage assignments could higugdiole to lack of replicates among individualgta# trio, to low
number of call rates (e.g. Joze 37 loci typed dut5) or genotyping errors (see table 5.1). In,faciew mismatches
are found among congruent assignments (1 MM in #j@5 on average of marker sets).
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Bear ID Sex Sire Dam
Gaspel M
'\D/lgrl]ai; a ,E Founders
Joze M
Jurka F
KJ1 F Joz¢ Kirka*
KJ2 F JOz¢ Kirka*
MJ2 F JOz¢ Maye
DJ1 F Joze Danize
DJ3 F Joz¢ Danizze
JJ2 M Joze Jurke
MJ4 M Joz¢ Maye
JJ4 F Joz¢ Jurke
JJ5 M Joze Julka
KJ2G1 F Gaspe KJ2
KJ2G2 M Gaspe KJ2
MJ5 M Joz¢ Mave
DG3 F Gaspe Danizz
KJ1G1 F Gasnpe KJ1
BJ1 F Joz¢ Brenta’
MJ2G1 M Gaspe MJz2
F1 F Gasnpe Danize
F3 F Gaspe Daniz:
F2 F Gaspe KJ1
M2 M Gasnpe Danize
M3 M Joz¢ KJ2
M4 M Joz¢ KJ2

TABLE 5.2- PARENTAGE RELATIONSHIPS IN THE BROWN BEAR POPULATION
INDIVIDUALS ANALYZED IN THIS STUDY

Bear ID Sex Sire Dam
F4 F Gasne KJ1
M6 M Gaspe DJz
M7 M Gasnpe DJz
F9 F Gaspe KJ1
M9 M Gaspe Daniz:
Fic F Gaspe Danize
M11 M JJE DJz
M12 M Gaspe KJ2
M13 M Gasnpe KJ2
M14 M Gaspe KJ2
M15 M MJE Danize
F12 F JJE F2
F13 F MJE Danizz
M18 M Gasnpe KJ1
M19 M M4 KJ2
M21 M M6 F3
F14 F Gasnpe JJ¢
F1& F M6 F4
Fi8 F JJE F2
M25 M M6 KJ2
M26 M M6 F4
Fi1¢ F Gaspe MJ2
F2C F M2 Danizz
F21 F MJ5 DG3
Gen03** M Not founc |Not founc
Gen04** M Not founc |Not founc
Genl4** M Not founc  |Not founc

IN THE I TALIAN ALPS AMONG 51

Results are based on 15 STR loci and multiple sampler 15 years. Results are obtained using Goih0.6.4 and
FRANz v.2. Sex of each bear is indicated (F= Femislle Male). Parents marked with an asterisk (*) cert be
identified using SNPs because SNP loci were notlii@tp(samples no longer available or discardeddbguality
sample). Three “control samples” belonging to thn&ic population are included in the dataset andrked with a
double asterisk (**).

Number of assignments

100%

90%
80%
70%

60% -

50%
40%
30%
20%
10%

0%

Marker datasets

FIG.5.2- RATES OF PARENTAL ASSIGNMENTS

Congruent assignments are colored in white, whilngruent assignments are in dark grey. Not assigmarents
are colored in light grey. Results are reported fan parentage software packages: Colony 2.0.6dl RRANz v.2
using 5 marker sets.
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Probabilities of assignments mean values amongroeng trios are lower when using SNPs alone (c=¥86.7
d=89.6%), but start to increase when using STReea(@=93.4%; b= 98.5%). Nevertheless, best andasimasults
are obtained when using both combinations of SMEISSTRs (€=99.97%; f=99.99%) (Fig. 5.3)
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FIG.5.3- PROBABILITIES OF ASSIGNMENTS AMONG CONGRUENT TRIOS
Probabilities are calculated using 6 combinatiorisrarker sets. A line with squares is used fomtlean
probabilities. Minimum and maximum values are mdnkéth dashes.
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DISCUSSION

In small and isolated populations, especially thdescending from a limited number of founders (Teka et al.
2009), inbreeding events are more likely to ocecesulting in most individuals within the populatitm be related
after a few generations (Hedrick 2000). Inbreediugnts rapidly lead to reduced genetic diversitpubh loss and
fixation of alleles, increase in homozygosity, aifts in allele frequencies (Ralls et al. 1988)gAdorf, Luikart and
Aitken 2013). Such consequences not only have itapbeffects on long-term survival of the populatiout also
require the use of highly informative markers fopplation genetics analyses, especially for pagentssignments
(Tokarska et al. 2009). As a consequence of thecestlsize and isolation, the Alpine bear populatfofacing a
slight reduction in heterozygosity (from 0.776 013 to 0.656 in 2016; Groff et al 2017), despite Halue remain
high. Heterozygosity is expected to decrease funthighin next generations: empirical data show that majority of
newborns are offspring of a few individuals, inbideelrs are already present (see Table 5.2: e.gMI3MJ2J1,
M11, F12), and the majority of bears are closelgtesl. We anticipate that providing demographic gadetic data
(pedigree, genetic drift, inbreeding levels...) the population is outside the scope of this stualy, differential
individual reproduction has consequences relatatieémecessity of increasing the number of marf@rparentage
assignments, especially in perspective of furtlases of inbreeding and the increase of homozygdsitys are also
known to be less affected by consanguinity than STiRernandez et al. 2013), making this type of ewarkore
suitable in the case of inbred populations. Moreoités getting more important to use new molecufarkers such
as SNPs, whose alleles are easily comparable betwamoratories, since bears are rapidly expandimgr t
distribution area from Italian Alps to neighboringuntries and a cooperative approach is a key rfdotahe long-
term conservation of the species in Europe.
The efficiency in finding parental assignments lighdly higher for FRANz because, unlike Colonyddiot find
incongruent assignments using 10 STRs, suggestatgRRANz could be more efficient when using mieateflite
markers alone. Moreover, even if incongruent asagms should be considered a more serious errariissing
assignments, FRANz returned a few less unassigaeeh{s when using the two marker datasets withgthatest
probabilities of assignment (the two combinatiofisS&IP and STR loci). Most importantly, FRANz hagriimsic
characteristics that make this software a betteicehin the case of long-term monitoring projedtgpermits the
incorporation of prior info in addition to genotypdyears of birth and death), it is robust everpiasence of
genotyping errors, and our data confirm that FRABIzffectively able to manage multi-generation d@éester
2009). This is advantageous with long-term monii@rprograms with overlapping generations, becaulsANz
allows analyzing all newly sampled individuals (fahich parentage relationships need to be detedjiaad
putative parents together without creating an idigeifor each year.
Moreover, when having data on year of death oftpugtaparents, only FRANz allows incorporating thigormation
in a unique input file reducing the number of putatparents. This increases the probability of edrassignments
and shortens time for the analysis.
When using both combinations of SNP and STR maiees, assignment probabilities are higher comp#wetb
STRs, suggesting that a combination of SNPs andsS3Rble to give more reliable data. Interestprgbability
values do not much differ when using 27 or 45 SNHRigigesting that 27 SNPs are yet sufficient to echalata
reliability.
A number of mismatches among correct trio pointthaetpresence of a few genotyping errors amongtgpes, that
have not been shown among replicates (replicateperformed or genotyping error present amongeglicates).
These errors could be due to the absence of ppsiiinples, which facilitate cluster assignmentswsing the SNP
genotyping software. Moreover, multiple samplingd anultiple amplification of single STR loci were rf@ermed
when finding incongruent results across replicatelether this is not possible when amplifying SNt Ifor
technical reasons. Moreover, not all samples wepicated when using SNPs and genotypes are nopleten
Replicates have reported being essential with ngasive samples, even when using SNPs, as wellasate (Von
Thaden et al. 2017).
Here we want to propose an operating schema foenpage analysis using SNPs and non-invasive lowitgua
samples collected during an annual monitoring @ogof endangered populations: a) amplification RS can be
performed to identify individuals. STRs can be mepéified at single loci when amplification fails émcongruent
results are detected among 4 replicates. Sex caeteemined through the amplification of sex-speaiégions. The
STR amplifications is used to discard low-qualigymples and identify single individuals among athptes. Among
multiple samples of the same individual, the sampith better results at STR amplification is choggower
genotyping error rate and higher positive amplifaras) for SNP genotyping. b) a pilot study inclugliparental trios,
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determined by the use of STRs, should be perfori@esotypes belonging to trios which do not shovongruent
parentage assignments or mismatches, that haverdplicates and a high call rate, can be selectegasitive
samples for further analysis. The use of positiam@es will help to identify cluster pattern cotitgcand avoid
further genotyping errors. ¢c) A SNP genetic dat&bancluding all putative parents, can be develop&te
impossibility of amplifying SNP at single loci reiges the use of replicates to obtain reliable ggmes. We highlight
the importance of replicating all genotypes founds in order to enhance the call rate and remoretgeing errors
among putative parents. (e.g Joze in the casemhdlbrown bears). 96x96 or 48x48 plates can bd wéen using
the Fluidigm Platform, depending on the number rafividuals and SNP availability. d) SNP genotypéshe
newborns can be annually analyzed parentage asatgsi be performed using FRANz, combining SNP ahg S
genotypes.

In the case of brown bear in the Alps, we foundadfiosomal SNPs efficient for parentage analysis mode
informative than 15 STRs on the basis of probagditof assignments. Therefore, a 48x48 plate ificgarit.
However, this pilot study highlighted the need feplicating all samples in the databank four timesrder to
increase the call rate and remove genotyping ertloas caused the presence of mismatches among tageen
assignments.

We highlight the ascertainment bias caused by #lecBon of SNPs informative for the Scandinaviasamb
population: the selected 45 SNPs are not the metgrdwygous SNPs for this population. However, ifigdnew
markers is costly, thus testing pre-existing SNiPgirieferable than finding new ones, when possiblereover,
sharing markers allows comparing data on the pdipuléistory of different populations. Eventuallyde novo SNP
searching will allow replacing SNPs with lower hretaygosity values.
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FINAL CONCLUSIONS

This study showed that the use of non-invasive tiersampling represents a powerful tool to studgasmgered
species, confirming that non-invasive genetic samgpmethods can help solving several issues thaldcoot be
addressed in any other way.

In this study the screening of a limited numbegehetic markers, such as microsatellite loci, peeduinformation
reliably useful to monitor demographic parameterd geographic distribution of brown bears livingtie Alps: we
identified the number of reproducing individualsgiaheir contribution to recruitment, we estimatatks of survival
and described patterns of dispersal events and pmises of mortality. Population genetic parameteush as
genetic diversity, relatedness, inbreeding, anelcéiffe population size have also been measured.

Even if a positive demographic trend was evidentthia reintroduced Alpine population and the geoki@p
distribution expanded, the loss of genetic variativer generations was remarkable. As a consequegnan the
genetic isolation of this population and the prefial reproduction of a few individuals, relatega@&nhanced across
generations and many inbreeding events were registe

Therefore, conservation actions should be takereverse this negative trend and make the preseheeviable
metapopulation in the Alps possible. Actions to rpate the re-establishment of a geneflow with thaakic
population should be implemented, such as furtterstocations of females outside the core areapitbiction of
ecological corridors across the Alps and the radnaif human-induced mortality.

The decrease in genetic variability negatively etfethe evolutionary potential and the ability tdapt to
environmental changes of populations, thereforeahentual restoration of gene flow will intenselyhance the
survival potential of brown bears in the Alps.

For the future, a more intensive and homogeneou®leacollection, randomized across the entire brdear
distribution in the Alps would be useful to signdintly enhance the chance of sampling the majofitgdividuals, to
better interpret the fluctuations of the studiegudation size and genetic diversity through time.

The decrease in genetic variation in the Alpineytafion not only is a threat to the survival of fhepulation but also
affected our ability of correctly identifying pateoffspring relationships because higher informaticontent is
requested when putative parents have similar gpestyWe tested a pre-existing SNP panel, whose Si¢Ps
selected to be the most informative for the Scamdan brown bear populations, in order to enhaheepower in
identifying individuals and determining parentalat®nships in the Alpine population. We tested 8P panel on
the Apennine population as well: the Apennine papaih is extremely endangered since it has onkeofdwest rates
of genetic diversity among bear populations worltlevi For this reason, It's currently impossible féedively
perform parentage analysis using microsatelliteral

SNPs genotyping represents a near future applic@tioron-invasive genetics as a promising and iatiog faster
and more reliable method to analyze low quality ajntity DNA samples like non-invasive ones. lotfaa
sufficient number of polymorphic SNPs is able tswe a reliable individual identification and paege analysis.
Moreover, SNPs are particularly suitable for thedgtof bears in the Alps since this kind of mark&ogs not require
allele calibrations among different laboratoriesclése collaboration among all research centerslved in the study
of brown bear is essential to the survival of thp®cies, especially now that this population shohigt dispersal
capacity and samples of the same individuals haea lbollected in different countries.

We found a subset of SNPs to be informative andble for individual identification and sex deteration in the
Alpine population, while the number of polymorpl8&Ps in the Apennine population was not suffictenprovide
enough discrimination power. For the Apennine pafioh, a de novo SNP discovery or an integratiath different
type of markers is needed before an acceptabléutEsowould be achieved. The complete genome efApennine
population has recently been published, and a nuwibygolymorphic SNPs have been identified. A filtg process
to select the most informative SNPs for the purpiigdentifying parent-offspring relationships ecommended.

We performed a pilot study to determine whethenatrthe selected subset of SNPs was efficientierparentage
analysis in the Alpine population, and we compatedeliability with that obtained using microsditels. We found
the SNPs to be efficient, but a number of incongtue missing assignments was found, probably duldk of
replicates or low call rate in some of the genosydéhis pilot study enabled us to identify thisuissthat can be easily
solved providing a proper number of replicatesalbgenotypes, the offspring and putative parents.
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