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Streszczenie
Kompleksowa analiza zmiennosci genetycznej polskiej populacji sokola wedrownego

(Falco peregrinus)
W pracy poddano analizie 465 prob zebranych na przestrzeni lat 2008-2019. Proby pochodzity od sokotow
dzikich (n = 91), oraz z hodowli (n = 374). Wszystkie osobniki pochodzace z hodowli stanowily materiat do
reintrodukcji w polskim programie restytucji sokota wedrownego. Pomimo pochodzenia z 64 rdznych miejsc
(hodowli/stanowisk legowych) na podstawie wynikéw analizy w programach STRUCTURE oraz STRUCTURE
Harvester wykazano, Ze najbardziej zgodnym z danymi jest podziat na dwie grupy. Badana grupa charakteryzuje
si¢ tez niska heterozygotyczno$cia, w przypadku kazdego z 10 markeréw heterozygotycznos$¢ oczekiwana byta
nizsza od obserwowanej. Biorac pod uwage powyzsze, mozna stwierdzi¢, ze badana grupa charakteryzowatla si¢
niska zmiennoscig genetyczng. Ustalono rowniez z struktura genetyczna badanych sokotow istotnie zmienita si¢
na przestrzeni lat 2013-2014. Na zmiane tga prawdopodobnie wptynety takie czynniki jak, zwigkszone
zapotrzebowanie na ptaki, generowane przez polski program reintrodukcji, reaktywacja niemieckich hodowli,

oraz otwarcie si¢ rynku Emiratoéw Arabskich na europejski rynek sokota wedrownego.

Stowa kluczowe: sokot wedrowny, mikrosatelity, reintrodukcja, genetyka populacji

Summary
Comprehensive analysis of genetic variation in the Polish peregrine falcon population

(Falco peregrinus)
The study included 465 samples, collected between 2008 and 2019. Samples came from wild falcons (n = 91)
and captive-bred falcons (n = 374). All captive-bred specimens formed the reintroduction material in the Polish
peregrine falcon restoration program. Although, originating from 64 different sites (breeding/nesting sites) the
results of the analysis in the STRUCTURE and STRUCTURE Harvester programs showed that the division into
two groups is the most consistent with the data. The studied group is also characterized by low heterozygosity, as
for each of the 10 markers, the expected heterozygosity was lower than the observed one. It might be concluded
that the studied group is characterized by low genetic variability. It was also found that the genetic structure of
the studied falcons changed significantly in 2013-2014. This change was probably influenced by factors such as
the increased demand for birds due to the Polish reintroduction program, the reactivation of German breeding

and the opening of the Arab Emirates market for the European peregrine falcon.

Key words: peregrine falcon, microsatellites, reintroduction, population genetics
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Dysertacja obejmuje dwie powigzane ze sobg tematycznie publikacje, a jej celem jest
ocena zmiennosci genetycznej polskiej populacji sokota wedrownego, zarowno
osobnikow dzikich, jak i hodowlanych przeznaczonych do reintrodukcji.
1. Puchala K.O., Nowak-Zyczynska Z., Sielicki S., Olech W., 2021, Assessment of the
Genetic Potential of the Peregrine Falcon (Falco peregrinus peregrinus) Population
Used in the Reintroduction Program in Poland, Genes, 12, 666.
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Udziat wlasny: 81%
2. Puchala K.O., Nowak—Zyczyﬁska Z., Sielicki S., Olech W., 2022, Evaluation of the
Impact of the Peregrine Falcon (Falco peregrinus peregrinus) Reintroduction Process
on Captive-Bred Population, Genes, 13, 1487.
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Wstep

Sokot wedrowny Falco peregrinus

Zasieg wystepowania sokota wedrownego obejmuje niemal caty S$wiat,
z wyjatkiem: Antarktydy, regiondw pustynnych i czesci Ameryki Potudniowe;j
(Nesje 1 wsp. 2000b, 2000c, Bell 1 wsp. 2014). U sokota wedrownego wystepuje
dymorfizm plciowy, objawia si¢ on wigkszym rozmiarem ciata samic od
samcow, samice maja wigkszg rozpigtos¢ skrzydet oraz dluzszy tuldw,
wystepuje rowniez roznica wielkosci migdzy podgatunkami zamieszkujacymi
rézne obszary geograficzne. Sokot wedrowny to gatunek pozno dojrzewajacy,
samice osiggaja dojrzatlos$¢ rozrodczg w wieku 3 lat natomiast samce w wieku 2
lat (Zawadzka 2017; Kruszewicz 2016). Sokoty osiedlaja si¢ zazwyczaj w
miejscach podobnych pod katem uksztaltowania terenu oraz rodzaju siedliska do
miejsca wyklucia, a mechanizm ten zwany jest z angielskiego ,,imprinting”,
czyli wdrukowanie. Mechanizm ten polega na tym, ze potomstwo do
gniazdowania wybiera tereny podobne do tych, na ktérych gniazdowali rodzice.
Osobniki wyklute w gniazdach znajdujacych si¢ na drzewach, beda poszukiwaty
miejsc gniazdowania na drzewach, natomiast osobniki pochodzace z terenow
miejskich, beda poszukiwaty miejsc gniazdowania na takich wtasnie terenach
(Sielicki i Sielicki, 2006).

W wyniku dziatalnos$ci cztowieka, szczeg6lnosci polegajacej na zastosowaniu
DDT (dichlorodifenylotrichloroetan) w agrokulturze, w latach 60-tych XX
wieku liczebno$¢ $wiatowej populacji sokota wedrownego drastycznie spadta,
najbardziej ucierpiaty populacje z Europy oraz Ameryki (Brown 1 wsp. 2007,
Wegner 1 wsp. 2005, Crick 1 Ratcliffe 1995). Liczne badania potwierdzity, ze
akumulacja toksycznych zwigzkéw w organizmach sokoldow, w szczegodlnosci
produktu rozpadu DDT - DDE (dichlorodifenylodichloroetan), prowadzita do
zmian w gospodarce wapniowe] ptakow. Skutkiem akumulacji tego zwigzku
byto pocienienie skorupek jaj do tego stopnia, ze jaja zapadaty si¢ pod cigzarem
dorostego sokota podczas wysiadywania. Powodem wysokiej akumulacji DDT
w organizmach sokotéw jest ich wysoki poziom troficzny. Sokoty jedza ptaki,

ktore z kolei odzywiaja si¢ owadami i nasionami z DDT. Powoduje to
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akumulacje pestycydu w organizmie sokolow, a w konsekwencji znacznie
wyzsze narazenie na ten zwigzek sokoldow w pordwnaniu do gatunkow na
nizszych poziomach troficznych (Brown i wsp. 2007, Wegner 1 wsp. 2005, Crick
1 Ratcliffe 1995, Olsen 1 wsp. 1992). Zarowno zarodki, jak i doroste ptaki gingty
z powodu toksycznego stezenia HEOD  (heksachloro-epoksy-oktahydro-
dimetanonaftalen) bgdacego produktem rozpadu pestycydu aldrinu (Crick i
Ratcliffe 1995).

Zaobserwowano, ze ws$rdod populacji, ktére doswiadczyly duzego spadku
liczebnosci spada rowniez zmienno$¢ genetyczna, zjawisko to nazywane jest
efektem waskiego gardta i moze miec istotny wpltyw na spadek zdolnosci
przystosowawczych, a w konsekwencji zdolnosci do przezycia. Sokoty
wedrowne charakteryzuja si¢ ponadto innymi cechami podwyzszajacymi ryzyko
wygini¢cia, takim jak, male zaggszczenie populacji, bycie drapieznikiem
wysokiego stopnia troficznego oraz relatywnie niskie tempo reprodukcji (Brown
i wsp. 2007).

Zmniejszenia liczebno$ci uniknety jedynie populacje z podgatunku F. p. palei
zamieszkujace klify. Mialo to najprawdopodobniej zwigzek z dieta tego
podgatunku, ktory zywi si¢ ptakami nadmorskimi niemajacymi stycznosci ze
zwigzkami organochlorowymi, gdyz odzywiaja si¢ glownie krggowcami i
bezkrggowcami wodnymi (Brown i wsp. 2007). Na obszarze Europy,
najmniejsze] zmiany liczebnosci doswiadczyla populacja zamieszkujgca
poinocna Szkocje (Crick 1 Ratcliffe 1995). W Europie kontynentalnej
podgatunek Falco peregrinus peregrinus niemal wymarl, odnaleziono nieliczne
osobniki w Alpach oraz Skandynawii. Catkowicie wyginat, charakteryzujacy si¢
gniazdowaniem na drzewach, unikalny ekotyp lesny, wystepujacy jedynie w
Europie centralnej oraz zachodniej Rosji (Brambilla i wsp. 2006, Sielicki i
Sielicki 2009).

W zwigzku z dramatycznym spadkiem liczebnosci sokotow wedrownych w
Kanadzie i Stanach Zjednoczonych wprowadzono w latach 70-tych XX wieku
ograniczenia w stosowaniu pestycydow zawierajacych zwiazki organochlorowe.
Dzigki opracowaniu w latach 60 XX wieku metod pozwalajagcych na
rozmnazanie sokoldéw w hodowli, mozliwe bylo wprowadzenie programéw
reintrodukcji, czyli uwalniania sokoléw pochodzacych z hodowli do srodowiska.

Programy te odniosty sukces, w wielu krajach populacja sokota wrécita do stanu



porownywalnego z poczatkiem XX wieku. Przykladem moga by¢ tu Stany
Zjednoczone Ameryki oraz Kanada. Jednakze w obu tych krajach reintrodukcja
przebiegata zgola inaczej. W Stanach Zjednoczonych, celem zwigkszenia
roznorodno$ci genetycznej, w reintrodukcji uzyto materialu rodzicielskiego
pochodzacego z 7 podgatunkow Falco peregrinus, podczas gdy w Kanadzie
uzyto osobnikow podgatunku F. p. anatum, jedynego wystepujacego tam
naturalnie. Program restytucji polegl na odtowie sokotdow, rozmnozenia ich w
niewoli 1 ponownym wypuszczeniu do srodowiska naturalnego. Uzyskane w ten
sposob populacje charakteryzujg si¢ co prawda niezbyt duza liczebnos$cia, ale
wykazujg stabilno$¢ (Johnson i wsp. 2010, Brown i wsp. 2007). Jednakze,
pomimo wprowadzenia ograniczen w zastosowaniu pestycydow ze zwigzkami
organochlorowymi jeszcze w 2003 roku stwierdzono wysoki poziom tych
zwigzkéw w organizmach i jajach sokotdéw pochodzacych z Grenlandii, miato to
zwigzek najprawdopodobniej z zimowag migracja tych ptakow do Ameryki
Potudniowej, gdzie $rodki te nadal pozostawaty w uzyciu (Vorkamp i1 wsp,
2009).

Réwniez w Wielkiej Brytanii podjeto dzialania majace na celu uratowanie
populacji sokoléw wedrownych, wprowadzono ograniczenia w zastosowaniu
pestycydow, a takze rozpoczgto restytucje uzywajac w tym celu materiatu
rodzicielskiego z podgatunkoéw naturalnie zasiedlajacych Zjednoczone
Krolestwo. Program ten odnidst sukces, do tego stopnia, ze w 1991 roku
liczebnos¢ Falco peregrinus przewyzszala liczebno$¢ tego gatunku z poczatku
wieku, czyli sprzed zatamania populacji (Banks 1 wsp. 2010, Verdejo i Lopez-
Loépez 2008, Crick 1 Ratcliffe 1995). W nastepnej dekadzie liczba osobnikow
nadal wzrastata (Banks 1 wsp. 2010). W Europie kontynentalnej reintrodukcje
sokota wedrownego, rowniez rozpoczeto w latach 70-tych XX wieku,
wykorzystujac jako materiat rodzicielski sokoty z podgatunku F. p. peregrinus
rozmnazane w hodowlach. Program ten odnidst sukces, populacja powrocita do
stanu sprzed kryzysu wywotanego DDT (Verdejo i Lopez-Lopez 2008, Wegner i
wsp 2005).

Na terenach Polski, sokot wystepowat niezbyt licznie (Mizera i Sielicki 1995), w
wyniku kryzysu zwigzanego z DDT, ostatnia obserwacja gniazdowania tego

gatunku miata miejsce w 1964 roku (Sielicki i Sielicki 2016), natomiast w latach
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1970-1985 obserwowano jedng par¢ w Tatrzanskim Parku Narodowym
(Cichocki 1986).

Na terenie Polski, sokoty wedrowne byly z sukcesem rozmnazane w hodowlach
od potowy lat 80-tych jednak program restytucji rozpocz¢to w latach 90-tych
XX wieku. W pierwszym okresie reintrodukcji (w latach 1990-1994) do
srodowiska wypuszczono 51 osobnikow (Wisniewski 1995), w kolejnych latach,
do 2009 roku, reintrodukowano facznie 345 osobnikow. W roku 2010
prowadzenie programu zostalo powierzone Stowarzyszeniu na Rzecz Dzikich
Zwierzat ,,Sokot” i w latach 2010-2021 stowarzyszenie we wspoOtpracy
hodowcami wypuscito do $rodowiska 879 osobnikéw. W latach, z ktorych
pochodza préby analizowane w badaniach bedacych podstawa tej dysertacji

liczba wsiedlanych osobnikow przedstawiona jest w tabeli 1.

Tabela 1. Liczba osobnikow sokota wedrownego wsiedlonych w latach 2008-2019 w Polsce

Rok Liczba osobnikow
2008 23
2009 3
2010 56
2011 66
2012 75
2013 142
2014 129
2015 76
2016 38
2017 52
2018 78
2019 55

W polskim programie reintrodukcji sokoty byly wsiedlane gltownie na
obszarach lesnych, ale réwniez w obszarach gorskich (Pieninach) oraz
obszarach miejskich (Warszawa, Krakow). Charakterystyka wsiedlen wynika
bezposrednio z historii gatunku na ziemiach Polski, nasz kraj zamieszkiwaly
gtownie osobniki bedace przedstawicielami ekotypu lesnego. Obecnie mowi sig

o dwoch ekotypach sokota, do ekotypu miejskiego, ktory wystepuje najszerze;,



zaliczamy te osobniki ktore gniazduja w miejscach przypominajacych zbocza
gor, czy tez klify, takie jak drapacze chmur, czy wysokie kominy. Do ekotypu
lesnego zaliczamy natomiast osobniki gniazdujgce na drzewach. Oba ekotypy
rozni preferencja do zajmowanego siedliska, brak jest dowodéw na rdznice
fenotypowe oraz genetyczne pomiedzy ekotypami (Lawicki i Sielicki 2019,
Sielicki i Sielicki 2016). Pierwszy odnotowany sukces rozrodczy pary na
wolnosci miat miejsce w 1999 roku w Warszawie. W 2012 roku odnotowano
pierwsze wyklucie pisklagt w gniezdzie znajdujacym si¢ na drzewie. W 2015
roku na terenie Polski znajdowato si¢ 5 gniazd nadrzewnych. Szacunkowo
kazdego roku w Polsce przybywa od 1 do 3 par rozrodczych sokotdéw
wedrownych. Globalna populacja sokota jest sklasyfikowana wedlug IUCN
(Migdzynarodowa Unia Ochrony Przyrody) w kategorii NT (najmniejszej
troski), jednakze, na terenie Polski, populacja sokota wciaz jest mato liczna i
gatunek ma statut narazonego na wyginigcie (wedtug Polskiej czerwonej ksiggi)
(Sielicki 1 Sielicki 2016, 2009, 2006). Wciaz trwa rowniez program reintrodukcji
sokota na terenie naszego kraju obecnie wysitki skupiaja si¢ gléwnie na

odtworzeniu populacji ekotypu lesnego.

Markery mikrosatelitarne

Mikrosatelity to krotkie, tandemowe powtdrzenia sekwencji nukleotydowej
wystepujace w genomie organizmoOw eukariotycznych, charakteryzujace sie
duzym polimorfizmem (wystgpowaniem wielu form w tym samym locus).
Analiza mikrosatelit znajduje szerokie zastosowanie w filogenetyce, genetyce
populacji oraz hodowli zwierzat. Mikrosatelity moga by¢ uzywane w
rozrdznianiu gatunkdéw oraz podgatunkéw ptakow (Putanova 1 wsp. 2004).
Stosowana jest miedzy innymi do oceny roznorodnosci genetycznej zar6wno
populacji jak i migdzy gatunkami (Ortego i wsp. 2008).

W 1995 roku Oetting i wsp. z powodzeniem zastosowali mikrosatelity w
badaniu rodzicielstwa u ludzi. Znalazly one tez zastosowanie jako markery plci
u sokotow, w tym sokola wedrownego. Mikrosatelity zostalty wykorzystane
réwniez, w analizie struktury genetycznej populacji sokota wedrownego (Nesje |

Roed 2000a, Nesje 1 wsp. 2000b, 2000c). Nittinger i wsp. (2007) uzyli
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mikrosatelit w potaczeniu z sekwencjonowaniem mitochondrialnego regionu
kontrolnego do zbadania struktury genetycznej populacji raroga zwyczajnego
(Falco cherrung). Mikrosatelity znalazty rowniez zastosowanie w analizie
zmiennos$ci genetycznej kanadyjskiej populacji sokota wedrownego, a takze w
badaniu réznic genetycznych miedzy osobnikami pochodzacymi z niewoli a
dzikimi dwoéch gatunkow zamieszkujacych Czechy, raroga zwyczajnego oraz
sokota wedrownego (Bryndova 1 wsp. 2012, Brown i wsp. 2007). Analiza
mikrosatelit, dostarczyta rowniez dowodow, na powrdt do stanu rownowagi
populacji pustutki seszelskiej, ktora, podobnie jak sokoét wedrowny
doswiadczyta efektu waskiego gardta (Groombridge i wsp. 2009). Jacobsen i
wsp. (2008) zastosowali mikrosatelity do zbadania réznorodnosci genetycznej
sokolow wedrownych zasiedlajacych poludniowa Skandynawig. Mikrosatelity
zostaly réwniez wykorzystane w badaniach nad innymi zagrozonymi gatunkami
ptakow, takimi jak orzet iberyjski (Aquila adalberti), czy orzetek wlochaty
(Hieraaetus pennatus) (Martinez-Cruz i wsp. 2002). Analiza mikrosatelit w
polaczeniu z sekwencjonowaniem regionu kontrolnego DNA mitochondrialnego
pozwolita na stwierdzenie matej zmienno$ci genetycznej wsrod sokolow

wedrownych zamieszkujacych wyspy Fidzi (Talbot i wsp. 2011).



Cel i zakres pracy

Celem pracy doktorskiej, jest okreslenie zmiennosci genetycznej polskiej populacji
sokota wedrownego, z uwzglednieniem zarowno osobnikéw dzikich jak i
osobnikéw z hodowli przeznaczonych do reintrodukcji w latach 2008-2019 (z
wytaczeniem roku 2009).

Zakres pracy obejmowat dwa etapy:

Etap I. Ocena zmiennosci genetycznej osobnikow reintrodukowanych oraz
dzikich

Publikacja I:

Puchata K.O., Nowak-Zyczynska Z., Sielicki S., Olech W., 2021, Assessment of the
Genetic Potential of the Peregrine Falcon (Falco peregrinus peregrinus) Population
Used in the Reintroduction Program in Poland, Genes, 12, 666; 1F=4.141

Etap II. Ocena wplywu reintrodukcji i zwiazanego z nia zwi¢kszonego
zapotrzebowania na ptaki na strukture genetyczng osobnikow dostarczanych z
hodowli.

Publikacja Il:

Puchata K.O., Nowak-Zyczyfiska Z., Sielicki S., Olech W., 2022, Evaluation of the
Impact of the Peregrine Falcon (Falco peregrinus peregrinus) Reintroduction
Process on Captive-Bred Population, Genes, 13, 1487; IF=4.141
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Hipoteza badawcza

Polska populacja sokota wedrownego charakteryzuje si¢ niska zmiennoscia
genetyczng. Wiasciwy dobdr osobnikdéw z hodowli moze wptynaé na wzrost

zmienno$ci genetycznej.

18



Materiat i metodyka

Materiat

Materiat badawczy stanowily proby krwi pelnej pobrane z zyly znajdujacej si¢ w
skrzydle przy pomocy igly (numery pozwolen komisji bioetycznej 3181/2015 i
3445/2015). Préby byly przechowywane w 96% etanolu. W wyjatkowych
przypadkach (zbyt matych rozmiaréw osobnik) pobierano piora, ktore rowniez byly
przechowywano w etanolu. Proby pochodzity od osobnikow dzikich (n = 91), oraz
od osobnikéw hodowlanych (n = 374), uwolnionych do $rodowiska w ramach
programu reintrodukcji. Osobniki hodowlane zostaly pozyskane z 47 hodowli
znajdujacych si¢ na terenie 6 krajow. Osobniki dzikie reprezentowaty zaréwno
ekotyp gniazdujacy na drzewach (n = 34) oraz ekotyp miejski (n = 57). W tabeli 2

przedstawiono liczebnos$¢ prob zaleznie od miejsca pochodzenia.

Tabela 2. Liczba prob wzgledem miejsca pochodzenia

Miejsce pochodzenia Liczba osobnikow
Polska hodowlane 127

Polska dzikie 91

Czechy 117

Niemcy 79

Stowacja 38

Dania 10

Holandia 3

Materiat genetyczny w postaci DNA (kwasu deoksyrybonukleinowego) zostat
wyizolowany przy pomocy NucleoSpin Tissue mini kit (Macherey-Nagel, Diiren,
Niemcy) zgodnie z protokotem producenta. W przypadku DNA izolowanego z pior

wydtuzono inkubacje z proteinaza do 12 godzin.
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Metodyka

Genotypowanie

Osobniki zostaly zgenotypowane przy wykorzystaniu panelu sktadajacego si¢ z 10
markerow mikrosatelitarnych opisanych w literaturze zaréwno dla sokota
wedrownego, jak i1 innych gatunkéw sokotow. Startery shluzgce do namnozenia
fragmentow mikrosatelitarnych zostaly wyznakowane znacznikami
fluorescencyjnymi (tabela 3), w celu umozliwienia przeprowadzenia reakcji

Multiplex PCR (tancuchowej reakcji polimerazy).

Tabela 3 Zastosowane markery mikrosatelitarne, uzyty barwnik fluorescencyjny oraz objeto$¢ starterow

Nazwa markera Barwnik fluorescencyjny Objetosé

starterow (ul)

NVHfp5 VIC 0.056
NVHfp13 6-FAM 0.056
NVHfp46_1 VIC 0.05

NVHfp54 PET 0.070
NVHfp79_4 6-FAM 0.056
NVHfp82_2 VIC 0.042
NVHfp86_2 PET 0.105
NVHfp89 6-FAM 0.056
NVHfp92 NED 0.056
NVMfp107 NED 0.042

Catkowita objetos¢ mieszaniny reakcyjnej PCR jednej proby wynosita 7ul. W sktad
mieszaniny reakcyjnej wchodzity: DNA 1ul, Master Mix 3,5ul, Q-solution (Qiagen®)
0,35ul, H20 0.93ul, mieszanina starterow w objetosciach rownych dla startera forward 1
reverse (koncentracja 100pm/ul) objetosci dla poszczegdlnych markerow zostaty
podane w tabeli 3.

Reakcja zostata przeprowadzona w termocyklerze Biometra T3 w nastepujacych

warunkach: 14,5 min 95°C, przez 15 cykli: 30 s 95°C, 30 s 58°C obnizane o 0,2°C w
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kazdym cyklu, 1 min 72°C, nastgpnie przez 20 cykli: 30 s 95°C, 30 s 55°C, 1 min
72°C, po zakonczeniu 30 min 60°C. Nastepnie do wyjecia z termocyklera 4°C.

Otrzymane produkty PCR byly mieszane z formamidem oraz standardem masy, a
nastepnie wizualizowane z uzyciem analizera ABI3500 DNA. Dhlugosci fragmentow

byty okreslane przy uzyciu oprogramowania GENEMAPPER 4.0.

Analizy statystyczne

Przy uzyciu oprogramowania GenAlEx v6.5 sprawdzono czy badane populacje sg w
rownowadze Hardy’ego-Weinberga. Przy pomocy tego Ssamego programu oraz
programu Microsoft Excel 2016 v16 .0 przeprowadzono analizy obejmujace:
poréwnanie genotypdw, obliczenie heterozygotycznosci i liczby alleli, oszacowanie
oczekiwane] heterozygotycznosci 1 efektywnej liczby alleli. Przy pomocy
oprogramowania Cervus 3.0.7 oszacowano prawdopodobienstwa wystapienia alleli
zerowych.

Przy uzyciu programu GenAlEx obliczono dystans genetyczny pomig¢dzy populacjami
wykorzystujac metod¢ Nei’a. W etapie 1 wykonano rowniez analiz¢ Gtownych
Sktadowych (PCoA), bazujac na dystansie Nei’a, wyniki zwizualizowano z
wykorzystaniem GenAlEx. Skonstruowano drzewa filogenetyczne wykorzystujac
metody UPGMA oraz Neighbor-Joining w programie MEGA X v10.2.4.

W programie STRUCTURE v2.3.4, przeprowadzono analizy z wykorzystaniem
Bayesowskiej metody grupowania, dla K (zatozonej liczby grup) w zakresie 1-15.
Wykonano po 3 powtdrzenia dla kazdej wartosci K. Wybrana dtugos¢ Burn-in Period
wynosita 50.000, a liczba powtorzen probkowania Monte Carlo tancucha Markova
wynosita 500.000. Wartosci te zostaty okreslone na podstawie badan wstgpnych oraz
literatury. Na podstawie otrzymanych wynikow w programie STRUCTURE Harvester
v0.6.94 wygenerowano wykresy Evanno, celem wskazania wartosci K najlepiej
pasujacej do danych.

W Etapie 2 dodatkowo przeprowadzono analizy spokrewnienia i inbredu przy uzyciu
GenAlEx oraz obliczono indeksy fiksacji. Wizualizacje wykonano przy pomocy
programu Excel. W zwigzku z brakiem dostepu do rzetelnych danych rodowodowych
dla gatunku, indeks fiksacji postuzyt do oszacowania trendéw powigzanych z inbredem

w badanej grupie.
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Syntetyczne omoéwienie publikacji

Publikacja |

Puchala K.O., Nowak-Zyczynska Z., Sielicki S., Olech W., 2021, Assessment of
the Genetic Potential of the Peregrine Falcon (Falco peregrinus peregrinus)

Population Used in the Reintroduction Program in Poland, Genes, 12, 666

Cel pracy: poréwnanic osobnikow wolnozyjacych z przeznaczonymi do

reintrodukcji osobnikami hodowlanymi, okreslenie réoznorodnosci genetycznej obu

grup.

W badaniu uwzgledniono 353 osobniki z 5 krajow: Polski (pochodzace z hodowli n =
86, dzikie n = 91), Czech (n = 91), Niemiec (n = 54), Stowacji (n = 21) oraz Danii (n =
10). Wszystkie osobniki pochodzace z hodowli byly wykorzystane w programie
reintrodukcji sokota wedrownego w Polsce. Osobniki dzikie reprezentowaly ekotyp
le$ny (n = 34) oraz miejski (n = 57). Ekotyp osobnikoéw zostat ustalony przez eksperta
na podstawie miejsca gniazdowania.

W tabeli 4 przedstawiono podstawowe parametry opisujace zastosowane markery
satelitarne dla wszystkich badanych osobnikéw. 326 z 353 (~92%) osobnikéw zostato
zgenotypowanych we wszystkich badanych loci. Dla ogétu osobnikéw liczba alleli
stwierdzonych dla markera wahala si¢ od 3 do 9 natomiast w grupach zaleznie od
pochodzenia (panstwa) od 2 do 9. Marker NVH{p79 4 charakteryzowat si¢ zerowa
heterozygotycznoscig obserwowang, zostat wigc wykluczony z dalszych analiz.
Zbadana grupa ptakow charakteryzowala si¢ wigkszg liczbg alleli w 9 z 10 markerow, w
porownaniu do grupy 88 osobnikdéw ze Skandynawii (Nesje 1 wsp. 2000), oraz nizsza
heterozygotycznoscia dla 8 z 10 markerow. W porownaniu do osobnikéw pochodzacych
ze Skandynawii badanych przez Jacobsena 1 wsp. (2008) odpowiednio 38 préb
muzealnych 1 kolekcjonerskich, 20 osobnikéw z niewoli oraz 44 osobnikow dzikich. W
poréwnaniu do populacji historycznej liczba alleli byta wigksza w przypadku 6 z 10
markeréw, oraz mniejsza dla 2 markeréw. Heterozygotyczno$¢ obserwowana byta
nizsza dla 7 markerow. W porownaniu do populacji hodowlanej 1 dzikiej, liczba alleli

byta wyzsza dla 7 markerow, natomiast heterozygotycznos$¢ byla nizsza w przypadku 7
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markeréow. Znaczna cze$¢ badanych ptakow (262 osobnikow; 74%) pochodzito z
hodowli. Ingerencja czlowieka polegajaca na doborze prawdopodobnie przyczynita si¢

obserwowanej niskiej heterozygotycznosci.

Tabela 4. Parametry opisujace zastosowane markery

Locus Zakres Alleli n Na Ne Ho He F

1.143 0.085 0.125 0.060
NVHfp86_2 140-145 343 2.146 0.370 0.534 0.045

NVHfp89 116-132 347 4.467 0.617 0.776 0.052
NVHfp92_1 110-130 349 9 2.617 0.298 0.618 0.075

NVHfp82_2 134-140 352

NVHfp107 114-208 350 6 1.950 0.454 0.487 0.042
NVHfpl3 93-103 350 9 4.714 0.554 0.788 0.030
NVHfp46 1 117-122 350 6 2.925 0.540 0.658 0.055
NVHfp5 104-108 352 3 1.489 0.057 0.328 0.159
NVHfp54 104-116 348 7 2.395 0.382 0.528 0.049
NVH79 4 104-142 352 3 1.982 0.000 0.495 0.029

4

5

9

n — liczba osobnikéw, Na — liczba obserwowanych alleli, Ne — Efektywna liczba alleli, Ho — obserwowana
heterozygotyczno$é¢, He — oczekiwana heterozygotycznosé, F — indeks fiksacji

Na rysunku 1 przedstawiono wynik analizy gtéwnych sktadowych (PCoA) obrazujacy
dystans genetyczny miedzy badanymi grupami ptakow. Skladowa 1 i1 2 tlumacza
94,74% zmienno$ci. Na podstawie tego wykresu mozna zauwazy¢, ze osobniki
hodowlane w Polsce pod wzglgdem genetycznym sg najbardziej zblizone do osobnikow
pochodzacych z Czech, natomiast najmniej do osobnikdéw z Danii 1 Stowacji. Osobniki
dzikie natomiast najbardziej zblizone sa do osobnikéw pochodzacych z Polski oraz
Niemiec. Spowodowane jest to dzialaniami reintrodukcyjnymi, w ktérych niemieckie
hodowle s3a jednym z najwigkszych dostawcow ptakow (po hodowlach z Polski 1
Czech). Istotny wptyw na to, moglo mie¢ rowniez lokalizacja terenow legowych z
ktérych pochodzity analizowane osobniki, 11 z 18 lokalizacji znajdowato si¢ na
terenach zachodniej Polski, w niewielkiej odleglosci od granicy. Biorac pod uwagge
zasieg przemieszczania si¢ sokotow, oraz fakt, ze sokoty przed osiggnigeciem dojrzatosci
plciowej pokonuja czesto relatywnie duze dystanse, przed wybraniem miejsca
gniazdowania, przybywanie sokotow z Niemiec i taczenie si¢ w pary z sokotami z

Polski jest wysoce prawdopodobne.
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Rysunek 1. Analiza gldwnych sktadowych dla dystansow genetycznych miedzy ptakami pochodzacymi
z roznych krajow

Whioski te potwierdza réwniez drzewo filogenetyczne skonstruowane na podstawie
dystansu genetycznego Nei’a metodg UPGMA, przedstawione na rysunku 2. Osobniki z
Polski 1 Czech znajdujg si¢ najblizej siebie, osobniki pochodzace z Danii sg najbardziej
oddalone od pozostalych. Obrazuje to transfery ptakow migdzy hodowcami. Uzyskane

wyniki znajduja potwierdzenie w informacjach uzyskanych od hodowcow.
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Rysunek 2. Drzewo filogenetyczne obrazujace dystans pomiedzy ptakami pochodzacymi z poszczegdlnych krajow.
Jest to optymalne drzewo o sumie dtugosci gatezi wynoszacej 0.19396867

Pomimo tego, Ze badane osobniki pochodzily z 5 krajow, analiza wynikow otrzymanych
z programu STRUCTURE w programie STRUCTURE Harvester wykazala, zZe
najbardziej pasujagcym do danych podzialem, jest podziat na dwie grupy (K = 2). Na
rysunku 3 przedstawiono wykres uzyskany w programie STRUCTURE. Kraj
pochodzenia nie wydaje si¢ wptywaé na przyporzadkowanie do grupy. Prawdopodobnie
spowodowane jest to wymiang ptakéw miedzy europejskimi hodowcami, oraz

naturalnie stosunkowo niskg zmiennoscig genetyczng w obrebie gatunku.
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Rysunek 3. Wykres utworzony w programie STRUCTURE obrazujacy przyporzadkowanie do grup poszczegdlnych
osobnikow. Kazda kolumna reprezentuje pojedynczego osobnika, kazdy kolor reprezentuje jedna z grup zatozonych

przez program. 0 — Polska dzikie, 1 — Polska hodowlane, 2 — Czechy, 3 — Niemcy, 4 — Stowacja, 5 — Dania.

Analogiczne analizy zostaly przeprowadzone dla osobnikow dzikich. Rowniez w tym
przypadku liczba grup najlepiej odpowiadajaca danym wynosita K = 2. Na rysunku 4
przedstawiono wykres z programu STRUCTURE. 40 z 57 (~70%) osobnikow ekotypu
miejskiego segregowalo do grupy 1, 23 z 34 (~67,6%) osobnikéw ekotypu lesnego
segregowato do grupy 2. Roznica w przyporzadkowaniu do grupy wynika raczej z
izolacji, niz faktycznej roéznicy genetycznej, pomiedzy oboma ekotypami. W wyniku
zjawiska wdrukowania nawet stosunkowo blisko od siebie polozone lokalizacje
zasiedlane przez roézne ekotypy sa efektywnie izolowane, ze wzgledu na to, ze osobniki
zaleznie od ekotypu, maja tendencj¢ do gniazdowania na odmiennych terenach. Za
brakiem réznic genetycznych przemawia brak zidentyfikowanych alleli prywatnych,
specyficznych dla ekotypu. Co wigcej, istniejgca réznica moze zostaé zatarta, w wyniku

prowadzonej reintrodukcji gatunku.
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Rysunek 4. Wykres z programu STRUCTURE obrazujacy przyporzadkowanie do grup poszczegdlnych osobnikow.
Kazda kolumna reprezentuje jednego osobnika, a kazdy kolor reprezentuje jedng grupg. Osobniki zostaly
pogrupowane wedlug ekotypu i miejsca gniazdowania: M — gniazdo miejskie, L — gniazdo lene.

Podziat na grupy jest rowniez widoczny na drzewie filogenetycznym skonstruowanym

dla osobnikow dzikich z podzialem na gniazda (Rysunek 5). Na przedstawionym

rysunku, wyraznie wida¢ podziat na ekotypy.
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Rysunek 5. Drzewo filogenetyczne obrazujace dystans genetyczny Nei’a z podzialem na gniazda i ekotypy. Drzewo
zostato skonstruowane przy uzyciu algorytmu Neighbor-Joining. Jest to optymalne drzewo dla ktorego suma dtugosci
gatezi wynosi 157,714,544. M — gniazdo miejskie, L — gniazdo le$ne.
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Publikacja Il

Puchala K.O., Nowak-Zyczyfiska Z., Sielicki S., Olech W., 2021, Evaluation of the
Impact of the Peregrine Falcon (Falco peregrinus peregrinus) Reintroduction

Process on Captive-Bred Population, Genes, 13, 1487

Cel pracy: Oszacowanie zmian w strukturze genetycznej sokotow pochodzacych z
hodowli, bedacych materialem dla polskiego programu reintrodukcji sokota

wedrownego.

W tym badaniu uwzgledniono 374 osobniki hodowlane przeznaczone do reintrodukcji
w Polsce na przestrzeni lat 2008,2010-2019, stanowily one okoto 47% wszystkich
osobnikow wypuszczonych do $rodowiska na przestrzeni tych lat. Ptaki pochodzity z
Polski (n = 127), Czech (n = 117), Niemiec (n = 79), Stowacji (n = 38), Danii (n = 10)
oraz Holandii (n = 3). Badanie zostalo podzielone na dwa etapy, w pierwszym
analizowano wszystkie proby, w drugim tylko proby pochodzace od 6 najwigkszych
(wzgledem liczby dostarczonych ptakéw) hodowcow (n = 170). Rozklad préb w latach
prezentowany jest w tabeli 5. Najwieksi hodowcy pochodzili z Niemiec (n = 1),
Stowacji (n = 1), Czech (n =2) 1 Polski (n = 2).

Tabela 5. Liczba prob z podziatem na lata

Rok Liczba prob
2008 11
2010 46
2011 53
2012 73
2013 65
2014 43
2015 35
2016 6
2017 16
2018 18
2019 8
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Osobniki zostaly zgenotypowane w 9 loci mikrosatelitarnych, dla 347 z 374 (~93%)
osobnikow uzyskano pelne genotypy w badanych loci. Podstawowe parametry
opisujgce zastosowane markery zostalty przedstawione w tabeli 6. Index fiksacji dla

wszystkich prob wynosit 0.409.

Tabela 6. Parametry opisujace zastosowane markery

Locus Zakres Alleli n Na Ne Ho He F
NVHfp107 203-208 373 4 2.082 0.466 0.520 0.102
NVHfp13 93-103 373 9 4.654 0.488 0.785 0.379
NVHfp46_1 117-122 373 6 4,129 0.539 0.758 0.289
NVHfp5 102-108 374 5 1.462 0.070 0.316 0.780
NVHfp54 104-208 369 9 2.487 0.428 0.598 0.284
NVHfp82_2 134-140 373 5 1.648 0.137 0.393 0.652
NVHfp86 2  140-145 368 5 3.453 0.351 0.710 0.507
NVHfp89 116-132 367 9 4.831 0.569 0.793 0.282

NVHfp92_1 110-126 365 7 3.011 0.288 0.668 0.569

n — liczba osobnikéw, Na — liczba obserwowanych alleli, Ne — efektywna liczba alleli, Ho — obserwowana heterozygotycznosé,

He — oczekiwana heterozygotycznos¢, F — indeks fiksacji
Podobnie jak w poprzedniej pracy rowniez w tym przypadku w analizie danych w
programie STRUCTURE Harvester wykazano, ze najprawdopodobniejszym podzialem
w obrebie badanej puli osobnikdéw jest podziat na dwie grupy (K = 2). Na rysunku 6
przedstawiono 5 wykreséw, obrazujacych zmiang struktury genetycznej osobnikoéw
dostarczanych w kolejnych latach. Na wszystkich wykresach mozna zauwazy¢ zmiang
struktury genetycznej na przetomie 2013 1 2014 roku, osobniki dostarczane przed
rokiem 2013 segregowane byly niemal wylacznie do grupy 1, podczas gdy osobniki
dostarczane po tym roku segregowane byly gtéwnie do grupy 2. Przyczyny takiego
stanu rzeczy mozna upatrywa¢ w dwoch wydarzeniach, majacych wplyw na hodowle
sokota w Polsce 1 Europie. Po pierwsze znaczne zwigkszenie intensywnosci
reintrodukcji w Polsce od roku 2010, stworzylo zapotrzebowanie na relatywnie duzg
liczbe ptakéw, w latach 2010-2015 wypuszczono do srodowiska 550 ptakow, wigcej niz
przez wczesniejsze 20 lat programu reintrodukcji. W latach 2008-2019 tacznie byty to
793 osobniki. Takie state zapotrzebowanie pozwolito hodowcom bioragcym udziat w
programie, na powickszanie swoich hodowli. Réwniez w zwigzku z polskim

programem reaktywowane zostaly hodowle niemieckie, wcze$niej wygaszane ze
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wzgledu na zakonczenie reintrodukcji w Niemczech. Prawdopodobnie nie bez

znaczenia bylo rowniez otwarcie rynku Arabii Saudyjskiej na sokoty pochodzace z

Europy. Wszystkie te wydarzenia, spowodowaly, Zze hodowcy mieli $rodki, aby

zintensyfikowa¢ wymian¢ ptakéw pomiedzy hodowlami, co doprowadzilo do zmian

struktury genetycznej ptakéw otrzymywanych z hodowli.
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Rysunek 6. Wykresy otrzymane w programie STRUCTURE obrazujace obliczona przynalezno$¢ do grup. Kazda
kolumna reprezentuje jednego osobnika, a kazdy grupg genetyczna. Osobniki zostaly uszeregowane wedlug roku
pobrania materiatu. (a) wszystkie osobniki, K = 2; (b) osobniki od gtownych hodowcow, K = 2; (c) osobniki od
hodowcy 1 (n = 45) i osobniki od hodowcy 3 (n = 38), K = 2; (d) osobniki od hodowcy 6 (n = 35), K=3

Indeks fiksacji stuzy do okreslenia zmian w poziomie inbredu w latach (Rysunek 7).
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Widoczny jest skokowy wzrost tego parametru w roku 2013. Najwyzszy poziom
inbredu stwierdzono w 2016 roku, jednakze byt to rowniez rok, dla ktérego zebrano
najmniej prob, co moglo mie¢ wplyw na wielko$¢ tego parametru. Podobny wynik
uzyskano, gdy w analizie uwzgl¢dniono tylko osobniki pochodzace od 6 najwigkszych
hodowcow (Rysunek 8), przy czym z powodu braku prob wykluczone zostaly lata 2016
1 2019.

Trend wzrostowy, widoczny na obu wykresach, moze by¢ zwigzany z intensyfikacja
pracy hodowlanej wynikajacej ze zwigkszonego zapotrzebowania na ptaki. Hodowcy
moga realizowac rozwoj na dwa sposoby, kupujac ptaki od innych hodowcow, co wigze
si¢ z nieraz stosunkowo wysokimi kosztami, lub zasilajac hodowle potomstwem
wlasnych ptakow. Uzycie wlasnych ptakow generuje nizsze koszty dla hodowcy, moze
mie¢ jednak negatywny wplyw na roznorodnos$¢ genetyczna w hodowli. Nie bez
znaczenia pozostaje tez tendencja hodowcdéw do wzmacniania niektérych z cech
ptakéw, do rozrodu trafiajg wigc ptaki prezentujace pozadany poziom tych cech (np.
szybkos¢ lotu, towno$¢ itp.). Taka nienaturalna selekcja 1 dobor moga wplywa¢ na

wzrost inbredu osobnikdw otrzymywanych w wyniku prac hodowlanych.
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Rysunek 7. Srednia warto$¢ parametru F, w badanych latach dla wszystkich badanych osobnikow
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Podsumowanie i wnioski

1. Badana grupa sokoléw wedrownych charakteryzuje si¢ stosunkowo niska
heterozygotycznoscig, dla kazdego z badanych markeréw w obu badaniach
heterozygotycznos$¢ obserwowana byta nizsza niz oczekiwana.

2. Struktura genetyczna osobnikow ekotypu leSnego roznita si¢ od struktury
genetycznej osobnikéw ekotypu miejskiego. Roznice te moga by¢ wzmocnione,
lub zatarte, w efekcie prowadzonej reintrodukcji. Brak jest w tych populacjach
alleli prywatnych, a opisane roznice dotycza frekwencji wystepowania alleli,
brak jest wiec podstaw, by twierdzi¢, ze ekotypy roznig si¢ od siebie
genetycznie.

3. Segregowanie osobnikow do jedynie dwoch grup, w obu badaniach, pomimo
tego, ze proby pochodzity z tacznie 6 krajow i 64 miejsc (hodowli/miejsc
gniazdowania), wskazuje na niskg zmienno$¢ genetyczng w obrebie badanej
grupy osobnikow.

4. Rosnacy trend indeksu fiksacji wskazuje na zwickszajacy si¢ inbred osobnikow
pochodzacych z hodowli 1 powinien zosta¢ odebrany jako ostrzezenie. Hodowcy
powinni poszuka¢ nowych zrédet ptakow, by zwiekszy¢ réznorodnosé
genetyczng swoich hodowli.

5. Intensywno$¢ realizowanego programu reintrodukcji w potfaczeniu z innymi
czynnikami wptynetly na wzrost zapotrzebowania na ptaki z hodowli jak rowniez

na zmiang struktury genetycznej osobnikéw pozyskiwanych z niewoli.
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Abstract: Microsatellite DNA analysis is a powerful tool for assessing population genetics. The main
aim of this study was to assess the genetic potential of the peregrine falcon population covered by the
restitution program. We characterized individuals from breeders that set their birds for release into
the wild and birds that have been reintroduced in previous years. This was done using a well-known
microsatellite panel designed for the peregrine falcon containing 10 markers. We calculated the
genetic distance between individuals and populations using the UPGMA (unweighted pair group
method with arithmetic mean) method and then performed a Principal Coordinates Analysis (PCoA)
and constructed phylogenetic trees, to visualize the results. In addition, we used the Bayesian
clustering method, assuming 1-15 hypothetical populations, to find the model that best fit the data.
Units were segregated into groups regardless of the country of origin, and the number of alleles
and observed heterozygosity were different in different breeding groups. The wild and captive
populations were grouped independent of the original population.

Keywords: microsatellites; populational genetics; Falco peregrinus

1. Introduction

The peregrine falcon can be found on all continents except Antarctica. A decrease in
the Falco peregrinus population in Europe occurred mainly in the 1950s and 1960s [1]. Wide
use of DDT (dichlorodiphenyltrichloroethane) and other persistent chlorinated insecticides
in agriculture led to the bioaccumulation of these chemicals. The accumulation of DDT
and other persistent chlorinated insecticides resulted in ever thinner falcon eggshells [2],
leading the peregrine falcon to the brink of extinction. In Europe, the only subspecies not
to suffer from a significant reduction in its population size was F. p. palei. It is assumed that
this was due to the different diet of this cliff-dwelling subspecies [3-5].

Despite the peregrine falcon’s (Falco p. peregrinus) presence all over Poland, the
population size has never been very large [6]. Following the population decrease in the
1950s, the last known nests of the species were observed in 1964 [7]. Between 1970 and
1985, only one breeding pair was recorded; this was in 1980 in the Tatra Mountains [8].
Poland’s peregrine falcon population has mostly been of the tree-nesting ecotype (also
called the “forest ecotype”). The range of the population of tree-nesting ecotype peregrine
falcons is from northeast Germany through Poland and Belarus to central Russia (central
and eastern Europe), and this ecotype became virtually extinct in the 1950s. Between 1950
and 2007, only one pair of tree-nesting peregrine falcons was reported [9,10]. Likewise,
in Germany, there were no confirmed sightings of tree-nesting peregrine falcons until the
mid-1990s [11]. The tree-nesting ecotype peregrine falcon belongs to the same subspecies
(Falco p. peregrinus) as the urban ecotype. The ecotype of a falcon is determined by the
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nesting site: falcons of the tree-nesting ecotype nest in trees, while birds of the urban
ecotype prefer sites similar to cliffs or mountainside-like tops of skyscrapers or industrial
chimneys. Despite the fact that the conditions conducive to tree nesting occur in places
other than the above-mentioned fragment of Europe, there is no evidence of tree nesting
in other areas. Furthermore, there is no evidence of phylogenetic differences between
ecotypes [12,13]. Recent studies have shown that a mechanism of “imprinting” on the place
of birth occurs, whereby birds that have hatched in tree nests, after leaving their parents’
nest, make nests in areas similar to those in which they were born [7].

The development of methods for breeding falcons in captivity in the 1960s made
reintroduction programs possible [7]. In some countries of continental Europe and in the
UK, reintroduction programs began in the 1970s with successful programs restoring the
peregrine falcon population in some countries to pre-crisis numbers [2,14,15] The breeding
of peregrine falcons in Poland began around the late 1980s with the revival of Polish
falconry. The birds in the newly established Polish breeding centers originated from West
European breeding sources and represented the Falco p. peregrinus subspecies [7,12]. The
reintroduction of peregrine falcons in Poland began in 1990, and in 1992, cooperation be-
tween breeding centers and institutions participating in their restoration commenced under
the title “Program for the restitution of the peregrine falcon (Falco peregrinus peregrinus) pop-
ulation in Poland.” [7]. The aim of this program was to establish a stable and functioning
population of peregrine falcons across Poland. In the years 1990-1994, 51 young falcons
were released [16]. By 2009, 345 peregrine falcons had been released into the wild, and in
2010, the program was taken over by the Society for Wild Animals “Falcon”, which is a
non-governmental organization that is still responsible for peregrine falcon restitution in
Poland today. Since 2010, a total of 879 individuals have been released into the wild, and
the number of falcons bred in Poland has increased constantly [13].

Some peregrine falcon populations have been subjected to genetic variance analysis.
Using samples from a Scandinavian population, Nesje et al. [17] described the genetic
markers used for genetic variance analyses of peregrine falcons and other Falconidae mem-
bers [17-20]. Nittinger et al. [18] used this panel of markers in addition to mitochondrial
genotyping to describe the genetic structure of the saker falcon (Falco cherrug) and the low
genetic variance among this species. In Scandinavia, low genetic variance was found in a
contemporary population as well as in a historical population from museal collections [19].
Bryndova et al. [1], analyzed wild and captive populations of peregrine and saker fal-
cons living in the Czech Republic, and saker falcon significant differentiation between
captive and wild birds was found. However, no significant differences were observed
between peregrine falcons. Some peregrine falcon populations have been subjected to
genetic variance analysis. The process of “gene flow” in dispersed populations shows that
no continental subspecies is genetically isolated from another [20], but an analysis of two
rural and two urban groups in a Polish population of European kestrels showed significant
genetic differentiation between the analyzed groups [21].

2. Materials and Methods
2.1. Sampling and DNA Extraction

Peripheral blood was collected from wing veins by needle puncture, and this was in-
serted into test tubes containing 96% ethanol (Approval numbers 3181/2015 and 3445/2015).
Blood samples and feathers were collected from 353 peregrine falcons, both captive (1 = 262)
and wild birds (1 = 91) of the wild bird tree-nesting ecotype (n = 34) and urban nesting
(n = 57) ecotype. Birds were assigned to ecotypes on the basis of observation of the place of
nesting. The wild individuals originated from the Polish population and were collected
from 19 nesting sites, 9 forest nests and 10 urban nests, as shown in Figure 1. The samples
from captive birds were obtained from 47 breeders from 5 different countries—Poland
(n = 86), Czech Republic (n = 91), Germany (1 = 54), Slovakia (n = 21), and Denmark
(n = 10)—prior to the birds being released into the wild as part of a restitution program. For
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genetic variation analyses, individuals were divided into 6 groups, 5 containing captive
birds divided by country of breeding and 1 containing wild birds.
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Figure 1. Map showing sampling locations from wild birds.

DNA was extracted from blood and feathers using the NucleoSpin Tissue mini kit
(Macherey-Nagel, Diiren, Germany) in accordance with the manufacturer’s instructions.
For DNA extraction from feathers, the duration of incubation with proteinase was extended
to12h.

2.2. Microsatellite Genotyping

Microsatellite genotyping was performed for all individuals. Microsatellite markers
were amplified with primers for F. peregrinus [1,17-19,22] (GenBank sequence accession
numbers AF118420-AF118434 [17]). Based on the related body of literature, markers meet-
ing the following criteria were selected for analysis: the possibility of performing the
analysis through one Multiplex PCR reaction and the presence of a high locus polymor-
phism. The primer melting point and product length range were checked for all markers.
The following markers were amplified with fluorescent primers that were labelled with
6-FAM, PET, VIC or NED: NVHI{p5 (labelled with VIC), NVH{p13 (labelled with 6-FAM),
NVHfp46_1 (labelled with VIC), NVHfp54 (labelled with PET), NVHfp79_4 (labelled with
6-FAM), NVHfp82_2 (labelled with VIC), NVHfp86_2 (labelled with PET), NVH{p89 (la-
belled with6-FAM), NVHfp92 (labelled with NED), and NVMfp107 (labelled with NED).
Multiplex PCR was performed in 7 puL volume reactions, each reaction containing the
following: 1 puL of DNA (50-100 ng), 3.5 uL of Master Mix, 0.35 uL of Q-solution (Qiagen®),
0.93 pL of H»O, and primers in the following volumes (which were equal for reverse and
forward primers and concentration of 100 pm/uL): NVH{p5, 0.056 uL; NVHfp13, 0.056 uL;
NVHfp46_1, 0.05 uL; NVH{p54, 0.070 uL; NVHfp79_4, 0.056 uL; NVHfp82_2, 0.042 uL;
NVH(p86_2, 0.105 uL; NVH{p89, 0.056 uL; NVH{p92, 0.056 puL; NVH{p107, 0.042 pL. The
reaction was performed in a Biometra T3 thermocycler. The cycling conditions were as
follows: 14.5 min at 95 °C; followed by 15 cycles at 95 °C for 30 s, 58 °C decreasing every
cycle by 0.2 °C for 30 s, 72 °C for 1 min and then 20 cycles at 95 °C for 30 s, 55 °C for 30 s,
72 °C for 1 min, and then 60 °C for 30 min. The samples were then kept 4 °C until collection.

PCR products were mixed with size standard and formamide loading buffer. An
ABI3500 DNA analyzer was used to visualize the PCR products. Allele sizes were assigned
using GENEMAPPER 4.0 software produced by Applied Biosystems Inc. GENEMAPPER
4.0 is a fragment analysis software for Applied Biosystems® genetic analyzers, which
analyzes the quality of obtained fragments and assigns the analyzed fragments to specific



Genes 2021, 12, 666

40f11

loci based on the length of the fragments and the type of dye. Lengths of obtained fragments
represent specific alleles.

2.3. Statistical Analyses

Genotypes were tested for departure from the Hardy—Weinberg equilibrium using
GenAlEx v6.5 software (Genetic Analysis in Excel) [23,24] by performing a Chi-Square Test
of the Hardy—Weinberg Equilibrium. Testing was performed for samples from 5 countries
in which independent breeding occurs and for all pooled samples.

The basic analysis, featuring genotype comparisons, heterozygosity calculation, and
the estimation of allele numbers, was performed using GenAlEx and Excel 2016 v16.0.12901.
20462 (Microsoft) software. The probability of the occurrence of null alleles was estimated
using Cervus 3.0.7 [25].

The genetic distance among populations was calculated using Nei’s [26] genetic dis-
tance method, which was performed with GenAlEx. A Principal Coordinates Analysis
(PCoA) based on Nei’s genetic distance matrix was performed for data visualization in
GenAlEx. The F-statistics for all analyzed samples and pairwise F-statistics were calcu-
lated with GenAlExPhylogenetic trees based on Nei’s genetic distance matrix, which was
constructed using the UPGMA [27] and the Neighbor-Joining method [28] using Mega X
v10.2.4 [29].

In STRUCTURE v2.3.4 [30-33], the Bayesian clustering method was used. This method
assumes the Hardy—Weinberg equilibrium (HWE) is present in the population and uses
allele frequencies from multilocus genotype data and Markov chain Monte Carlo (MCMC)
sampling to assign individuals to a given number of clusters (K) [32]. Analyses were
performed for K in the range 1-15 in 3 repetitions for each value of K. The Length of Burn-
in Period was set to 50,000, and the Number of MCMC Reps after Burn-in was set to 500,000.
Next, the results from STRUCTURE v2.3.4 were analyzed in the STRUCTURE Harvester
v0.6.94 [34] program, which processes the results from STRUCTURE and executes the
“Evanno” method [35]. Evanno plots from the STRUCTURE Harvester enable one to detect
the number of K groups that best fits the data [34].

3. Result

Multilocus genotypes were obtained in 10 loci. A total of 326 out of 353 individuals
were genotyped in all loci, 23 in 9 loci and 4 in 8 loci. No null alleles were found. Every
individual had a unique multilocus genotype. The number of alleles per locus in the
analyzed groups ranged from 2 to 9. The mean heterozygosity observed for each country
of breeding and the wild population ranged from 28.9% to 41.2%, with an average value of
35.1%. Private alleles were observed in five samples across four populations in five different
loci. The marker NVHfp5 was found to be monomorphic in the Danish population.

Genetic variability factors across all samples are presented in Table 1. The pairwise
Fgr varied from 0.008 (for the Poland captive-Czech Republic pair) to 0.081 (for the Poland
wild-Denmark pair) with an average value of 0.035. The highest Fst values were obtained
for pairs containing Denmark (mean value 0.063). For each of these pairs, the calculated
Fst was greater than for any other pair (the mean when pairs containing Denmark were
excluded was equal to 0.021). This may have been caused by the low number of individuals
from Denmark included (n = 10). In addition, one of these individuals was properly
genotyped in nine loci, while the genotype with the NVHfp92_1 locus was not obtained.

Nei’s genetic distance varied from 0.018 (for the Poland captive-Czech Republic pair)
to 0.207 (for the Poland wild-Denmark pair) with an average value of 0.082. Similar to Fsr,
highest Nei’s genetic distance values were obtained for pairs containing Denmark (mean
value 0.152). Figure 2 shows the results of the PCoA analysis of Nei’s genetic distance. In
the chart, axis 1 explains 87.32% of the variation and axis 2 explains 7.42% of the variation
present. The cumulative percentage of variation explained by Figure 2 is equal to 94.74%.
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Table 1. Analysis of genetic variability.
Locus Allele Ranges n Na Ne Ho He Fgr
NVHfp107 114-208 350 6 1.950 0.454 0.487 0.042
NVHfp13 93-103 350 9 4.714 0.554 0.788 0.030
NVHfp46_1 117-122 350 6 2.925 0.540 0.658 0.055
NVHfp5 104-108 352 3 1.489 0.057 0.328 0.159
NVHIfp54 104-116 348 7 2.395 0.382 0.528 0.049
NVHfp79_4 104-142 352 3 1.982 0.000 0.495 0.029
NVHfp82_2 134-140 352 4 1.143 0.085 0.125 0.060
NVHfp86_2 140-145 343 5 2.146 0.370 0.534 0.045
NVHfp89 116-132 347 9 4.467 0.617 0.776 0.052
NVHfp92_1 110-130 349 9 2.617 0.298 0.618 0.075

n—number of scored individuals, Na—observed number of alleles, Ne—effective number of alleles, Ho—observed heterozygosity,

He—expected heterozygosity, Fs—F-statistic.

Principal Coordinates (PCoA)

€ Denmark

# Slovakia

Coord. 2

¢ Germany

% Poland wild

o &elRREP IRV

Coord. 1

Figure 2. Principal Coordinates Analysis (PCoA) plot showing the genetic distance between groups.

The best fit for the data determined by analyzing the STRUCTURE results with the
“Evanno” method obtained for K = 2 groups (Figure 3). As Figure 4 shows, there were
individuals belonging to both groups estimated by the program. It seems that the country
of breeding did not affect group assignment. One bird from the Czech Republic was not
assigned to a group due to its genetic similarity to both groups (~50% for both groups).

2000 |
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Figure 3. Delta K plot showing the value of K (number of groups within a population) that best fits

the genetic data.
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0 1 2 3 4 5

Figure 4. “STRUCTURE” plot that shows the genetic affiliation to groups computed by the program. Each column represents
one individual and each color represents percentage of affiliation of individual to one genetic group estimated by program,
green—group 1, red—group 2. Individuals are ordered by origin: 0—Poland wild, 1—Poland captive, 2—Czech Republic,
3—Germany, 4—Slovakia, 5—Denmark.

The genetic distance tree (Figure 5) containing birds from different breeding places in
Europe shows trends in the exchange of birds between breeders and is consistent with the
pedigree documentation.

PL
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' y 4 ' ' 4 |
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Figure 5. Nei’s distance relationships among breeding groups. The distances were inferred using
the UPGMA method. The optimal tree with a sum of branch length of 0.19396867 is shown. The
tree is drawn to scale with branch lengths having the same units as those of the Nei’s distances
used to infer the distance matrix. PL—Poland, CZ—Czech Republic, DE—Germany, SK—Slovakia,
DK—Denmark.

When only wild birds divided by ecotype (urban or tree-nesting) were analyzed,
according to the STRUCTURE Harvester, the variability in the population was best de-
scribed by division into two groups (delta K = 383.190615). Forty out of 57 urban ecotype
individuals were classified into group 1, while 23 out of 34 tree-nesting individuals were
classified into group 2 (Figure 6).

The division into two groups is even more visible on the genetic distance tree (Figure 7).
The similarity of birds within a given ecotype varied, but in general, it can be seen that birds
belonging to the urban ecotype differed from individuals belonging to the forest ecotype.
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Figure 6. “STRUCTURE” plot that shows genetic affiliation to groups computed by the program. Each column represents
one individual and each color represents one genetic group. Individuals were ordered by ecotype and nest: U—Urban nest,
L—Forest nest, the numbers shown the different nests.
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Figure 7. Nei’s distance relationships among nests and ecotypes. The distance was inferred using the
Neighbor-Joining method. The optimal tree with a sum of branch length of 157,714,544 is shown. The
tree is drawn to scale with branch lengths having the same units as those of the Nei’s distances used
to infer the distance matrix. U—Urban nest, L—Forest nest; the numbers shown the different nests.
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4. Discussions
4.1. Population Variability

Compared to the Scandinavian population of peregrine falcons that was studied by
Nesje et al. [17], who analyzed 24 unrelated individuals and 64 dyads of full-siblings and
potential full-siblings, 9 out of 10 markers had a greater number of alleles, and in the
case of marker NVHfp79_4, the number of alleles was equal in both studies. For 8 out of
10 markers observed, heterozygosity was greater in the Scandinavian population.

In another study, three groups of Scandinavian birds were analyzed [19]: historical
(n = 38), captive (n = 20), and contemporary (n = 44) wild populations. Compared to the
historical populations originating from Denmark and Norway, for 6 out of 10 markers, the
number of alleles was greater in our study, and for two markers, the number of alleles was
lower. The observed heterozygosity was greater in the historical Scandinavian population
for seven markers. Compared with captive and contemporary populations, the number of
alleles in our population was greater for seven markers in both these comparisons. The
observed heterozygosity was lower for seven markers; however, only one marker had a
greater observed heterozygosity in both captive and contemporary populations.

Similarly, as with the Czech falcon population [1], the Polish wild population was not
found to differ visibly from the breeding one. Individuals from both Polish populations
were classified into both populations estimated in STRUCTURE. The reason for this can be
found in the Polish reintroduction plan, which is based on individuals originating from all
breeding centers included in our analysis and on cooperation between European breeders,
resulting in a flow of birds between breeding centers [7].

The microsatellite analysis revealed a low level of genetic variation in the Fiji falcon
population associated with a lack of gene flow from populations inhabiting the nearest
islands and leading to differences among the analyzed populations [36]. Microsatellites
are proving to be capable of distinguishing between populations. In our study, gene flow
between the analyzed populations was confirmed in the cases of both breeder-breeder and
breeder-environment flow. It is also likely that gene flow will appear between populations
living in neighboring countries, such as between Germany and the Czech Republic or
the Polish population. However, such a flow may prove to be difficult to detect due to
the use of birds originating from breeding centers that also provide birds for the Polish
reintroduction program in these countries. Further analyses using more genetic markers
and data from ornithological rings are needed.

A low level of heterozygosity was observed across all analyzed samples in loci
NVH(fp82_2, NVHfp79_4 and NVH{p5 (Table 1) in our study. Despite the low level of
genetic variation among previously analyzed peregrine falcon populations shown in other
studies [1,17,19], the level of heterozygosity in the discussed loci was greater in all other
populations, excepted for the Fijian population, although Fijian population was monomor-
phic [36]. In further studies, the rejection of these markers should be carefully considered.
The majority of the studied group of birds (262 individuals) were captive breeding animals.
The proximity of breeding centers and the exchange of birds may reduce the heterozygosity
of species whose genetic variation shows a poor population structure (i.e., differentiation)
consistent with incomplete sorting among rapidly evolving lineages [37].

4.2. Bird Release Point

The main aim of the Polish reintroduction program has been to restore the tree-
nesting population. Our wild population analysis shows genetic differences between
ecotypes. The genetic distance tree shows individuals representing both ecotypes. Their
diversity is mainly due to isolation—birds from the urban ecotype do not migrate to forests.
However, the reintroduction process may change this relationship. Birds introduced
in urban areas show greater diversity than tree nesting birds. However, no correlation
between the genetic distance and the distance of the studied nests was found, which
clearly indicates that in most cases there is no natural gene flow. An analysis performed
on the Polish population of the Eurasian coot (Fulica atra) showed that long-established
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urban populations differ significantly from the forest population, although no significant
differences between newly established urban populations and the forest population were
identified [38]. The differences between the studied populations of wild falcons may
become blurred as a result of their ongoing reintroduction.

4.3. Stock of Falcons for Reintroduction

Due to the lack of wild falcons, breeding materials for Polish falcon breeding centers
were brought from Western European breeding sources [16]. In the STRUCTURE analysis,
individuals were classified into two groups independently of the country of origin when
wild birds were included. When wild birds were excluded, individuals were classified into
two groups, and in both cases, classification seemed to be independent from the country
of breeding. European breeders cooperate with each other [7]. Bird exchange between
breeders explains why we were only able to distinguish between two genetic groups of
captive falcons (despite the fact that the analyzed individuals came from 47 breeding sites
located in five countries).

4.4. Implications for Conservation

Genetic monitoring of populations can lead to improved population management
(see [39]). Some data suggest that decades of breeding in captivity has had an impact
on the falcon genome due to the creation of selection regimes, even though this was
probably not a deliberate act [40]. Selective breeding to obtain certain traits (such as
size or pursuit patterns) desired by falconers is likely to have had an impact on the
falcon genome; moreover, captive falcons have sometimes been hybridized [41]. It is
crucial to monitor captive individuals to be used for reintroduction as well as the wild
population. Our analysis may be the first step toward improving the management of the
Polish population of peregrine falcons. Estimation of the population’s genetic variability
and number of groups provides insight into the effects of a reintroduction plan as well as
basic knowledge that enables the use of more powerful (and expensive) genetic tools such
as DNA sequencing or microarray analyses. Equipped with this knowledge, study groups
can be optimally designed for these analyses. We are cooperating with the Society for Wild
Animals “Falcon”, which is a non-governmental organization that has been responsible
for peregrine falcon restitution in Poland since 2010. On the one hand, this provides wide
access to biological samples, and on the other, it provides the opportunity to apply the
results of our population studies.
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Abstract: The main objective of this study was to determine the impact of increased demand for
peregrine falcons via breeding (mainly Polish, Czech, German and Slovak) on the genetic structure
of the birds. In the analysis, 374 specimens from six countries were sampled in 2008-2019 (omitting
2009), and all the birds analyzed were released into the wild as part of the Polish reintroduction
program. The assessment of genetic variation was based on a well-known panel of 10 microsatellite
markers described for the species. We calculated a fixation index for the samples from each year,
and based on this, we determined the level of inbreeding. We also performed an analysis using the
Bayesian cluster method, assuming that 1-19 hypothetical populations would define the division that
best fit the samples. The most probable division was into two groups; in the first group, the samples
from individuals delivered in 2013 were most often segregated; moreover, in this year, a jump in
inbreeding, expressed by the fixation index, was observed.

Keywords: microsatellites; populational genetics; Falco peregrinus

1. Introduction

The earliest evidence of falconry activity dates to around 5000 B.C. and comes from
Tell Chuera, an archaeological site in northeastern Syria [1]. However, methods for breeding
peregrine falcons in captivity were developed in the 1960s [2]. In Europe, there was a sharp
decline in peregrine falcon populations in the 1950s and 1960s [3] caused largely by the
widespread use of chlorinated hydrocarbon insecticides, mainly DDT (dichlorodiphenyl-
trichloroethane), in agriculture. The accumulation of these compounds led to the rubbing
of falcon egg shells, resulting in eggs being crushed during hatching. This brought the
species to the brink of extinction [4].

Reintroduction of the peregrine falcon was possible, thanks to intensive breeding ef-
forts [2] Reintroduction is the release of representatives of the species into the environment,
in areas that the species occupied in the past and where it became extinct. It assumes
the establishment of a stable, self-sustaining population. Reintroduction programs have
relatively low success rates [5]. However, using individuals from captivity, it has been
possible to re-establish falcon populations in Sweden [6], France [7], Germany [8], the US [9]
and the UK [10]. The reintroduction of specimens obtained from breeding is also used for
other birds of prey, e.g., in efforts to restore the population of the common redshank (Falco
cherrug) in Bulgaria [11].

In Poland, peregrine falcon reintroduction has been taking place since 1990 and focuses
on restoring the tree-nesting ecotype population, with individuals from breeders located in
Poland and Western European countries [2,12]. In 2010, the reintroduction program was
taken over by the Falcon Wildlife Association, at which time the number of released birds
increased significantly. Over the 20102015 period alone, 546 individuals were reintroduced,
201 more than over the 1990-2009 period when a total of 345 individuals were reintroduced.
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Between 2008 and 2019 (when our samples were collected), the following numbers of
individuals were released into the environment: 2008: 23, 2009: 3, 2010: 56, 2011: 66, 2012:
75, 2013: 142, 2014: 129, 2015: 76, 2016: 38, 2017: 52, 2018: 78 and 2019: 55. Historically,
the Polish population of peregrine falcons consisted mainly of representatives of the tree-
nesting ecotype which occurred only in central and eastern Europe from northeastern
Germany to central Russia [13,14]. The ecotype of falcons is defined from the nesting
site; individuals of the tree-nesting ecotype nest in trees, while individuals of the urban
ecotype nest on cliffs or mountain slopes and infrastructure elements resembling them
(e.g., the tops of industrial chimneys). The influence of so-called “imprinting” is noted
here, whereby birds, after leaving their parents’ nests, tend to nest in areas similar to those
in which they were born. This mechanism perpetuates the division into ecotypes. It is
also the reason that the restoration of the urban ecotype has not resulted in the natural
restoration of the tree-nesting population [2]. The maintenance of two ecotypes inhabiting
different environments can be very beneficial in terms of the conservation of the species.
Both ecotypes belong to the same subspecies, Falco peregrinus peregrinus [12,15].

Nesje et al. [16] described a panel of genetic markers used for genetic variation analysis
in peregrines and other falcons. These markers have been successfully used by other
researchers, to describe among others, the genetic structure of the peregrine falcon [17],
the Scandinavian peregrine population [18], wild and breeding populations of peregrine
falcons and peregrines in the Czech Republic [3], and the Finnish peregrine population [19].

The aim of this study was to assess how the genetic structure of individuals used in
reintroduction efforts has changed over the years 2008-2019.

2. Materials and Methods
2.1. Sampling and DNA Extraction

Peripheral blood was collected from wing veins via needle puncture, and then, stored in
96% ethanol (approval numbers 3181/2015 and 3445/2015). Blood samples were collected
from 374 captive peregrine falcons. The samples were obtained from 47 breeders from
6 different countries—Poland (1 =127), the Czech Republic (n = 117), Germany (n = 79),
Slovakia (n = 38), Denmark (1 = 10) and the Netherlands (1 = 3)—prior to the birds being
released into the wild as part of a polish restitution program. Samples were obtained during
the years: 2008 (1 = 11), 2010 (n = 46), 2011 (1 = 53), 2012 (n = 73), 2013 (1 = 65), 2014 (n = 43),
2015 (n = 35), 2016 (1 = 6), 2017 (n = 16), 2018 (n = 18) and 2019 (n = 8). All individuals,
divided by country, were used for the first part of the analysis; then, 170 individuals from the
6 breeders that provided the most falcons for reintroduction were analyzed. Of these breeders,
1 was from Germany (breeder 1), 1 was from Slovakia (breeder 3), 2 were from the Czech
Republic (breeder 2 and breeder 5) and 2 were from Poland (breeder 4 and breeder 6).

DNA was extracted from blood using the NucleoSpin Tissue mini kit (Macherey-Nagel,
Diiren, Germany) in accordance with the manufacturer’s instructions.

2.2. Microsatellite Genotyping

Microsatellite genotyping was performed for all samples using 10 markers for which
primers have been described in the literature for Falco peregrinus species [4,16-18] (GenBank
sequence accession numbers AF118420-AF118434 [16]).

Based on the related literature, 10 markers were selected: NVH{p5 (labeled with
VIC), NVHfp13 (labeled with 6-FAM), NVHfp46_1 (labeled with VIC), NVHfp54 (labeled
with PET), NVHf{p79_4 (labeled with 6-FAM), NVHfp82_2 (labeled with VIC), NVHfp86_2
(labeled with PET), NVH{p89 (labeled with 6-FAM), NVHIfp92 (labeled with NED) and
NVMfp107 (labeled with NED). These markers were characterized by the presence of
high locus polymorphism, primer melting points and product length, which allowed the
reactions to be carried out as one multiplex PCR (polymerase chain reaction) procedure.
Reactions were performed as described by Puchata et al. [20]. Marker NVHfp79-4 was
excluded from analysis due to null heterozygosity and low variability.
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Visualization of the PCR product was performed using an ABI3500 DNA analyzer. For
this purpose, the reaction product was mixed with formamide loading and size standard.

Allele sizes were assigned using GENEMAPPER 4.0 software, produced by Applied
Biosystems Inc.

2.3. Statistical Analyses

Using GenAlEx v6.5 (Genetic Analysis in Excel) [21,22] software, genotypes were
tested for departure from the Hardy—Weinberg equilibrium. All samples were pooled.
Using GenAlEx and Excel (Microsoft) software, genotype comparisons, heterozygosity
calculation and the estimation of allele numbers were performed. The probability of the
occurrence of null alleles was estimated using Cervus 3.0.7 [23].

Relatedness and inbreeding analyses were performed using GenAlEx, and the fixation
index for all analyzed samples and for groups which were analyzed in the second stage of
the analysis were calculated. Data were visualized using Excel.

The genetic distance between the populations of the 6 largest breeders was estimated
using Nei’s method [24] This method allows for the calculation of genetic distance based on
allele frequencies and is implemented in GenAlEx. Phylogenetic trees were then constructed
using the Neighbor-Joining method [25] in Mega X [26].

Simulation of the most probable division of individuals into groups was performed us-
ing STRUCTURE v2.3.4 [27-30] and STRUCTURE Harvester v0.6.94 [31]. First the Bayesian
clustering method implemented in STRUCTURE software was used. This method uses
allele frequencies calculated from multilocus genotypes and Monte Carlo Markov Chain
(MCMC) sampling to assign individuals to given number of clusters (K). The assumption
of the method is that there is the Hardy—Weinberg equilibrium in the given population [27].
Analyses were performed for K within the range of 1-19 in 3 repetitions for each value
of K. The length of the burn-in period was set to 50,000, and the Number of MCMC Reps
after burn-in was set to 500,000. Then, using STRUCTURE HARVESTER, the “Evanno”
method was applied to the output from STRUCTURE. Evanno plots enable one to detect
the number of K groups that best fits the data [32]. Specimens were separated by year for
analysis in the structure program, then separate analyses were performed for specimens
from a single breeder.

3. Results
3.1. All Samples

Multilocus genotypes were obtained in 10 loci. A total of 347 out of 374 individuals
were genotyped in all loci, with 25 in nine loci and 2 in eight loci. Among the individuals
genotyped at all loci, 85 had a unique genotype. No null alleles were found. The number
of alleles observed at the loci ranged from four to nine. In one population, the private allele
was present in the genotypes of 4 out of 38 individuals originating from Slovakia. The
fixation index among all samples was 0.409. The genetic variability parameters across all
the samples are presented in Table 1.

Table 1. Analysis of genetic variability for all samples.

Locus Allele Ranges N Na Ne Ho He F
NVHfp107 203-208 373 4 2082 0466 0520 0.102
NVH(fp13 93-103 373 9 4654 0488 0785 0379
NVHfp46_1 117-122 373 6 4129 0539 0.758  0.289
NVHIfp5 102-108 374 5 1462 0.070 0316  0.780
NVHfp54 104-208 369 9 2487 0428 0598 0.284
NVHfp82_2 134-140 373 5 1.648 0137 0393 0.652
NVHIfp86_2 140-145 368 5 3453 0351 0710 0.507
NVH{p89 116-132 367 9 4831 0569 0793 0.282
NVHfp92_1 110-126 365 7 3.011 0288 0.668 0.569

N—number of scored individuals, Na—observed number of alleles, Ne—effective number of alleles,
Ho—observed heterozygosity, He—expected heterozygosity, F—fixation index.



Genes 2022, 13, 1487

40f10

(a)

(b)

(c)

(d)

For groups divided by year of collection, Nei’s genetic distance varied from 0.009 (for
the 2010-2011 pair) to 0.830 (for the 2008-2018 pair) with an average value of 0.280.

STRUCTURE analysis was performed for all the samples, divided by years. As
presented in Figure 1, the most likely number of groups is K = 2. The “STRUCTURE” plot
(Figure 2a) shows the change in the genetic structure of the birds between 2013 and 2014.
Birds released after 2015 were mostly assigned to group 2 by the algorithm.

Delta K
3 8 1 8
o o o (=3 L=

Figure 1. DeltaK plot showing the value of K (number of groups within population) that best fits
the data.
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Figure 2. “STRUCTURE” plot that shows the genetic affiliation to groups computed by the program.
Each column represents one individual and each color represents one genetic group. Individuals were
divided by year of sampling. (a) All 374 individuals, K = 2; (b) 170 individuals from 6 main breeders,
K =2; (c) 45 individuals from breeder 1 and 38 individuals from breeder 3, K = 2; (d) 35 individuals
from breeder 6, K = 3.
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A fixation index (F) was used to determine the change in inbreeding over the years.
The course of changes over the years is shown in Figure 3. A spike in mean inbreeding is
evident between 2012 and 2013. The highest average inbreeding level was recorded for
2016; however, this is the year for which the fewest samples were collected.

2008 2010 2011 2012 2013 2014 2015 2017 2018

Year

Figure 3. The plot shows the change in the average F (inbreeding) parameter over the years.

3.2. Individuals from the Six Main Providers

Multilocus genotypes were obtained in nine loci (Marker NVHfp79-4 was excluded).
A total of 163 out of 170 individuals were genotyped in all loci, 5 in no loci and 2 in seven
loci, and 69 individuals had a unique genotype. No null alleles were found. The number of
alleles observed at the locus ranged from four to nine. The fixation index among all samples
was 0.409. The genetic variability factors across all samples are presented in Table 2.

Table 2. Analysis of genetic variability for 6 main providers samples.

Locus Allele Ranges N Na Ne Ho He F
NVHfp107 203-208 170 4 1.951 0.465 0.488 0.047
NVHfp13 96-103 169 8 4.161 0.349 0.760 0.540
NVHfp46_1 117-122 170 6 3.886 0.494 0.743 0.335
NVHIfp5 102-108 170 4 1.709 0.082 0.415 0.801
NVHfp54 104-115 170 6 2425 0.441 0.588 0.249
NVHfp82_2 134-140 169 5 2.509 0.195 0.602 0.675
NVH({p86_2 140-145 168 5 3.716 0.315 0.731 0.568
NVH({p89 116-132 167 9 5.598 0.575 0.821 0.300
NVHIp92_1 110-124 168 6 3.4051 0.310 0.706 0.562

N—number of scored individuals, Na—observed number of alleles, Ne—effective number of alleles, Ho—
observed heterozygosity, He—expected heterozygosity, F—fixation index. For groups divided by year of collection,
Nei’s genetic distance varied from 0.025 (for the breeder 1-breeder 3 pair) to 0.160 (for the breeder 1-breeder
2 pair) with an average value of 0.087.
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On the phylogenetic tree, shown in Figure 4, two branches can be distinguished, on
one of which are breeders 1, 3 and 4 (from Germany, Slovakia and Poland, respectively) and
on the other, 2, 5 and 6 (from the Czech Republic, Czech Republic and Poland, respectively).

breeder 1
breeder 3
breeder 4
breeder 6
breeder 2
— breeder 5
} I } 4 4 } |
0.080 0.050 0.040 0.030 0.020 0.010 0.000

Figure 4. Nei’s distance relationship among breeding groups. The distances were inferred using the
Neighbor-Joining method. The optimal tree with the sum of branch length = 0.19997414 is shown.
The tree is drawn to scale, and its branch lengths use the same units as those of the evolutionary
distances used to infer the phylogenetic tree.

For the analysis of individuals from all six breeders, as for the analysis of all samples,
the K = 2 groups best fit the data. In Figure 2b a change in genetic structure can be observed
after the year 2013. The same trend is also visible in the analysis of all 374 individuals
(Figure 2a). Figure 2c shows the changes in genetic structure of individuals from breeders
1 and 3. The plot in Figure 2d shows a 3-group split for individuals from breeder 6, as the
analysis in STRUCTURE HARVESTER showed this to be the most likely split of individuals.

In both the analysis of all samples (Figure 3) and the analysis of the samples from the
largest breeders (Figure 5), a large decrease in inbreeding in 2017 is noticeable.
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Figure 5. The change in mean F over the years for 6 main providers.

4. Discussion
4.1. Variability in the Population

Compared to our previous study, which included both breeding and wild falcons [20],
the number of observed alleles for two markers was lower (NVHfp107, NVHfp92_1) and
for three was higher (NVHfp5, NVH{p54, NVHfp82_2). The effective number of alleles was
lower for two markers (NVHfp13, NVHfp5) and higher for the other seven. The observed
heterozygosity was lower for four markers (NVHfp13, NVHfp46_1, NVHfp86_2, NVHfp89)
and higher for five.

Compared to the Finnish wild population, where 145 individuals sampled over 5 years
were analyzed [19], for seven markers, the number of alleles was higher, for one it was
lower, and one of the markers we used (NVHIfp5) was not used in this study. The observed
heterozygosity was lower for six markers (NVH{p13, NVHfp54, NVH{p82_2, NVHfp86_2,
NVH({p89, NVH{p92-1) and higher for two markers (NVHfp107, NVHfp46_1).

Compared to the 32 (16 wild and 16 breeding) individuals from the Czech Republic [3],
the number of alleles observed was lower for three markers (NVHfp107, NVHfp86-2 and
NVHfp92-1) while it was higher for three others (NVHfp13, NVHfp5 and NVHfp54). Two
markers were not used in the compared study (NVHfp46_1 and NVH{p82_2). In the captive
population, the observed heterozygosity was lower for five markers (NVHfp107, NVHfp13,
NVHfp5, NVHfp86_2,NVHfp92_1) and higher for two markers (NVHfp54, NVHfp89).

Based on the comparisons shown, it can be concluded that the captive falcon popula-
tion shows signs of genetic diversity. The large standard deviation of the F-ratio seen in
Figure 3 indicates that, most likely, the birds had a very diverse ancestry, which may have
influenced the smaller annual increase in inbreeding.

Breeders from Poland are on both branches (Figure 4). Birds from these breedings are
more similar to birds from foreign breedings. This is evidence that breeders, thanks to the
open European market, are eager to obtain birds from abroad.

Despite the demonstrated genetic similarity between breeding pairs and their off-
spring for the selected breeders (Figure 4), it can therefore be concluded that falcon owners
maintain good breeding practices, which is particularly important in the restitution process.
The two different genetic groups, as is particularly evident in Figure 4, also contributed
to the slower increase in inbreeding. The fact that peregrine falcon migration is counter-
intuitively not very large, probably due to the “imprinting” mechanism [2], means that
wild populations of these birds do not show much genetic variability [16,17]. The system
of breeding and of the exchange of birds used by falconers perhaps contributes more to the
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preservation of genetic variability than the natural exchange of generations combined with
the dispersal of birds in heavily populated areas of Europe.

4.2. Variability among Years

In the case of the six breeders that have been supplying individuals most regularly
over the years, a change in the genetic structure of the individuals supplied is also evident
(Figure 2b). Additionally, in the case of birds from breeder 6, although the analyses
indicated the most likely split in three groups, the change in structure is evident. Presented
in Figure 5 is a notable change in the average inbreeding level between 2011 and 2013. The
differences in the pattern of change from Figure 3 are probably due to the smaller number
of samples and breeders.

The reason for the drop in inbreeding in 2017 (Figures 3 and 5) may be the origin
of the birds. The birds in question originated from four different breeding centers from
four different countries: Germany (1 = 5), Slovakia (1 = 2), the Czech Republic (n = 4) and
Poland (2 = 5). Such different origins of the birds and the fact that these breeders, to our
knowledge, do not cooperate with each other, may explain the decrease in inbreeding in
2017. In 2010, the year in which intensive restoration of the species began in Poland, the
level of inbreeding, expressed by the fixation index, was relatively high (compared to, for
example, the population analyzed by Mengoni et al. [33], in which the average fixation
index was —0.031 (SE = 0.040)). The reason for this could be attributed to the foundations
of breeding, which began in the mid-1960s when the species was already on the verge
of extinction, so individuals used by falconers were allocated for intensive breeding [12].
The significant increase in inbreeding between 2013 and 2018 may be correlated with an
increase in demand for falcons from breeding and being reintroduced. In 20102015, almost
550 birds were released under the Polish reintroduction program, much more than in the
previous 20 years of its duration [12], such a large and constant demand for falcons forced
an increase in the intensity of breeding; this is evident in the increase in inbreeding, and
the shift over the years of the same is due to the time it took for falconers to develop their
breeding regimes.

4.3. Possible Reasons for the Change in Genetic Structure

The change in the genetic structure of the samples studied is clearly visible in the
structure charts (Figure 2) and occurs in late 2013 and early 2014. The demand for falcons
is not high in Europe; buyers of the birds are enthusiasts, falconry hunters or bodies
involved in the restoration of the species. The change in structure that we have observed
has been evident since 2013/2014. Intensive reintroduction efforts in Poland began in
2010 [12], creating a relatively high and steady demand for falcons. This allowed the
breeders involved in the project to expand their breeding operations and acquire new
pairs. In addition, German breeders whose breeding operations had been extinguished
after the successful reintroduction of the species were reactivated. This necessitated a
greater exchange of birds between breeders and reaching out to new sources, such as the
British Isles.

4.4. Conclusions

The idea of saving a wild species through breeding work is often criticized due to
the apparently greater success of wild-to-wild translocations [5]. In the case presented in
our study, it is thanks to the work of peregrine falcon breeders that a basic reintroduction
population has been established, which is characterized (compared to published data to
date), by good genetic parameters. The future will show to what extent the described
structure will be modified in the free-living population.

The data we collected suggest an impact of increased demand for birds, associated with
reintroduction, on the genetic structure of birds kept in the breeding facilities from which
the birds originated. This is a factor that should be taken into account in reintroduction
plans, especially when the planned activities are intensive and extend over time.
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