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Abstract

We are witnessing major shifts in ecosystems
the environment in recent decades, i ncluding
strongesetsdof a gl obal biological response. R
web, are important indTaanpyrOwbf ( 8toisysabkmchbe
mo st monitored r aptwhrossp ecoipeusinaatyi oithu d o gp® ttes v a |
ecol ogical processes and gdhalfd sofatt Hihset cticosgrs
i nvestigate the popul ation ecoEwggpetani $cabé
to explore the speciesanidnternaattiCophacm!| watsh t |
anal yse the response of the Tawny Owl to fIl uct
compare it with other owls in thetefmreghamiudcd
of the TwwoymPwktition with wume Ur«li e@wlon Ohe
Owl popul ation ecology traits revealed that d

Eur oeme spatial gaps in the knowledge of the
Europe were identifiedpopuel avteil 6 n apargamet erns.c
results, we proposed a minimal recommended sc

data as one of the Eurspesnemsni Owhpode@rsclpame
monitoring datmopul| @damvdiye Qwdwlp p epfireosm mont ane
Dinaric forestsenadbuCe mhnoadiytzddl ropeac oshgBem
expl ore Tmiwmtye rOwlolpahtiiconshi ps, we used super.\
approaches asreds eaoder ledssskegyl o-f amgét | rTegwreys sOwln .
wasabte successfulaliyvehprfdy taond |l gwegsdnaem ibmeledw
years of thpopulmatime p¥elyt hkewd AMoawdkemus ), avico
whi ch washdwead dartoldeey i n determini nfawng,da@wlor g
as a gener alhia@st epnped at erszemedspecibes)] ess aff
ma mma | fluctuations than its compegAedamlrisys boc
f unerasmuds UwhSt{(nO gIWhem f ur t h elfrawenxypdOomrtirnagt r op hi c
relationship wietf loutntde t UrmdIndauwlr gow popul ati on
range extphaeoisrmpat i ti on for sv@&@c e ya @idn tneenssti fsyiitr

including idsplexd¢emerstts dof the small er Tawny
Breeding Urawe@®wlignfidmalaenst | y | arger in shared
compared to those iTm wmugh &medvlteadrgrei,t omei ehsa.v e
mi ce wol atyoaexample in top predators driven by

enhanced bhyancdl b enaetfef ecct s aff eglcompll exhamgle unde
or pliedi ¢the conseewerddnderkarodwd edge of the

i netlecosystem and the dynamics OMe ihtassr ei rstherwanc
that recent c¢climate changes are also inducin:
which is just the tip of the iceberg new ter ms
ecosystem Regoiadmxs prediact ic v ep rneohdeen ssi-fveer ma n d

popul-monibonori wassdeenmasanr anedl uabl e technol o
trends in ecological traits, 1inter accos yosntse no f

response to stress.
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kazal, dajjemndapnl alzi s&zhhaarcdvl nEovgtopi . Ugotovl je

ere prostorske vrzel:@ vVvepoEmnwvph] teekol
erih popul acijskih parametri miinnaal npod]| &
rocCenoom i $bmonpgiugl aci j ski h kont ekkasrt g sl reidhe np o

llaecssmgeei N drugt é@r vp kamstoavid s nialths oz dov v s ¢

i so nam omogocili analizo njene vloge Vv

a

P

akov k wsemviriotmbreismmge Nawe dol goroc¢ni podal
u

0

()

®@shoev e ,u psommop b ii Isit g 20 rgasvtarnoej nega ucenja in
nal og meedeliilrjanmojLae e gagadi gloko uspesno i zk

md teimv nsie r a zmndd zasv dsliab ki mi ppenégaighavne

ma men og sAipeo(d e mus ), azva shma tl eirgo tkblavji uvCprho v
poppl aniljzkawz.al 0 &6 rsj@eka td ap Ijeemid¢lread i st i n i

zmasoegddpt | jnii vhaapmg @mu Imead iijh sesalacev ko
t,ki osjgaovrrniotoir e ap a gkgoac o n o fAie gl k us) fiumer eu
a. Pri nadal j at reonfiirnatzeer daké&ossnogwep Kk 0 Z @ O r

gtoovi I i, da se je zapagpul aofpenegarsjpwvaedpaj

tziaci paostor i n gnezidewd&laa,pokapopoma vktilgnp
redri gmreezgloan, maengnom svawd,oe @je v pksdezganCaal a Vv

amgnezdecsb kbokh&@8¢ 1l no vecje nadhekirl eor,i|jebnol

merjavi ter s & mikaé avigiisnirsad b . S etlemapmeal i prv

rimeirkroevpdhkiccn el Bni | jcopho,gakVyyedmo bol j i nter

aj ¢ emh v sskpeoidjbas,) epnoed n e b ni mi spr emembami

memb so kompl eksni in razumevanje al.@ n
avanje vl orgset e nvd ielkatsorsdleenuv i n dd nanb &k nj

al i s mo , da nedavne podnebne spremembe

KboanhEmli é&ni | cev, kar je | e vrh |l edene gor

tavl jekmjsa sh eaxme kkeePdli @g napovemmi pokadelio
celovitehemedmbgbtocfhe®tganeppaertaadtdig i v o
nje tremdamilkemoberslkbiji hi viedat@edksk vanj
a ekosistema na stres.
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Chapter 1

Introduction

1.1 Background and ProblemD  escription

1.1.1 Global change and indicator species

Duet o intense anthropogenic pr edsuwurdesus@n cthhae ¢
over exapliomin of naanuproalll un@ijsmm rckeisf t st 0 mk egloagye t
in the pagqtFodegadcds al ., 2005; | PCC, 2019; sSsal

2008)Additionall vy, rapid climate chanlgael i s o
bi ol ogi calndrmeadmansecosy gtee ne xlfeBwwdlldshrad et al .
Lurgi et al., 2012; Parmesan, 2006; Quratul an
et al .Re 2wWl0t20)nhigc bi n wasailo g dadnsds elas et potenti al l
serioustdheeasystiemghfdninrcetcitonef fraen tsi oonfe da bgd voeb
change ¢g¢Ho®pxeor et al ., 2012; Kuczynski et al
et al .MaRYO0dAt)udi es haweesh ewn dti tssitirii fibthuidni go nt so waar
higher | atitudinal and altitudi(nRar mesnagne,s 2 0
Pizzol otto et al ., 2014; Wal t heut rmoer et ast 20
parti ¢unlomacd ygdpediiss ri buttihcant niondcel mad ece fcfheacntgse

predgiostittrievned s o fa nglleercd rianliinsgtpecé ad § Barfasphba d il eas e

al ., 2020; Paheesihse @QDVDOGeneral i st species ha
di f f aroepmti c{ Breivtetlt sn et al ., 20009; Cl avel et a
Gabriel Hernando et al ., O8B02Re Whheenhanhdal sy
are gmotaenrdg marrener abl e and i n emdn yiagsthn hiree a $ iskg o
(Cl avel et al ., 2011; -Mloimbmuo getetalal , ,2@D44; Wd
Howevedr ,stelermasicna ussfeocal exti h ¢ misteedpihiegss inooltogi ca
tolerance to higher tempein a@&tsurnedeChltitli bashean
2013)

Bi ol ogica&l hiawei t attagrrhereint awrs ealc od nody itchad ¢ onnt ceeg

has frequently been incorpo(rGareidgn an o& p\Willilca re
Rapport, | nldi9ca)teosr a&smpecimeasurabl e characteris
composition, or functNioemiof&ekWoDomaltchle 2§ @thyg n
the compl exity oft heeciorl wegs ycaiifl 6 o toit s ssismec @& s of
singl e(osrmegi esp )oifs srpeelcaiteisvel v simpl ethe® mea:
results can be easily interpreted anf&iprdegent
et al .How®we&r), the selection of speciffic ind
theinrdi dataiigesa chall enging task as there are
species to be a giRappotrent l®@NO2i;nGiecgi or et a
2018he most icmmadlriittsi otnh a t the i ndacat{sey) andt



2 Chapter 1. Introduction

tinguishing anthropogenhicl (dihyemmg e &a ghkci Dosntal rda
B0 enswerxe etlhliesnta lk otwhivwel @ chgde cias oas s@retcii &ls. Asse
redicting thé godomndpadummnmdeagse under sopaed t he
species i n tthlree dggmaani sctsemfand s 1 nFemracti ons
|l owing trends in ecological traits, interact
ecosystem re,spadmpe ethaenndstirveesm pomoinhatioomng scheme
is an i hwvaluable
Raptariesmportant oiecdisgat ebescheslet bf their trophi
at the top ofHahdeyyoed @hajn2013; Peniche Peyron

Addonal |l y, soréd sotfortyh etirrailtisf,e such as | ow densi t\
of juvenile dependence and |l ongevity, increase t
of their habitats, maki ng (Esemns eiRtOdll; e Moosr addnt
al ., 2019 Sergnocempalri sob008)other birds, rapt
about half of raptor species in the world have
habitat destruct(iMnClamte dePgobl & Bupttiioonn i s anot her i
factor in declining raptor popul ations, since rz&

of persiste(MNewgoinl, Th2a0nlt/® c | i Meer eogfr i tnted &lad @ o n
peregpiopwsd ati od830denthey milue to cohGamealaéz on b

Rubi o et al ., 2021; Movalils aatclazhssicQO&SampRlaetc'
indicators for both environment condition asses:
(Niemi & MdOBERgnald, 20

1.1.2 Intertrophic  interactions

Ashe speaddthe extent aockr egaltoibnagl ntohraen gaend mor e un

conditionsf,urmrctoicpmib®@gnct i vity, nutrienanddynamics
community stabil irteys eaanmgorhtod @ a renncurnei ataybd cadgn s iyst s

of sever al rkeesyi 1 ealeenmgeratnecsyi st an c/er eoa o vBeergyo a8t s e s s

al ., 2006; de.@vwedrlcaa mantu nalty, s2 @B T Jarseyh dem deency

to return to r(iogri ncd Besgpoantoe t. TiHbsr @ RA@H6Heen much d
ovewhadr e t he mé e h asmtidadométny . genebriaddi versity has

determisnedthe mgiChehaettoral . , 2021, Pennekamp et
Wang & Lore&€ommriltey stability tkcosmureiptends m
compl existpye;ci iese.ricompé £xii mtgedr csfpretca rfacct i on s, ch

s u
compgition, predatiwal i p@rargd tdgeotmr, ietti vadr.y, 2006 ;
20120 thi ptguwe hvai |lgr dbatmispr@anti cul ar .

Predactainodire € i nednaertalcd i mme i or lgvidlnlicdm( and consume

anot(hAebrr a ms, 2000; Bteogosatetdialf.e,r e2nbte djeovtedrs ; it
i ntratropnhtiocer amd r (@Sprecmd,i c2000; Hol t , 1977, Pol
HiraldaPredasBors affect ptegy (peplul acdomps edi rpeop
because of the predator killing prey) or indirec
of ftdhaer of @ECreadxaswebh),t R 1dt)ahgerr e dhategdresnd t h e

avail abilddynaimi psegpfr epyr epdogptuolrat i ,o ness ma i alolimmoinn
casoefs specialized predators (@aSund ¢ ROtC@AJRdain.g, pr ey
examplredat or popul ations such as foxes, mustel.
cyclic population fluctuatiinonnNs rotfhohfaereensi cagn d s ma
and vol e popuwl &tuirhpeecgall est al 98720Ddyl &h& ndmi, t 1
1994; Fugl ei & | ms, 200 8; Greenhorn et al ., 202

2018any raptors respo(ned ¢.i tshueprr arushabrmi etteedadmyal) | y
switch to alterhlaatctveadpaegsd oh smalnl ma mmal s, e
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theyt meierpméKar el | et alki, & (N®OI;r dladiripi M9 1; N
Poulin et al., 2001; SonerTuhde, elvod 6u;tpi Zoand gobfom ip a ke
i nteraction | ealdwi nagvwiaodd sp epardeayt heevnopr ed at or t o
the rel @aPiankaCpeplldd oscil luptepnisnt erpeedans
a result of -daelsagyre ceesr i acfa INwrhessnp carbsuensd ance of on
chanigesrespbobm t heofhbtumea amtghdBeerg osnp eecti easl ., 2006)

Innorthern | atitwdldeBri cetiud @ @) e uteshudaalrigye st

propoirniterdapeors spexildl immer@nadi b as kestrel s
and dwWlogdi m& Norrdahl 1991; Rei f et Val e, 2
popul ati ows toef kalca rugaeads eognb b a so fpigByieaad s and

with highly vaf(Habheehbdp) i 1984;  BTbemeereéetodalk
of itrhemass occurrence is the most promi nent

di sappearing Koo ptihmékrn ds& . Kii efeduyr ild9%96)) ex hi bit
popul ation flessuwégbharclhhssi ona(Zpophuniad k & ne
.2013; Zuhl etCahtral0dadm®d,n8 ocuet ht eerante Guoca bbpee r

en more importraagt(dcoyyd ®eGKkwae zR®rLl9; Luka &
18Vrezec et al ., 20118n gamgmhali ,c ksamaltn iatrhia engna
nd t o ibne Sroiucthhee(rknr yEsutruofpeek & Gr i ffi t hasnd 1999;
e number of prey species and food niche bre
W&lolr pi maki &HWMaewier, 19953 roefy mancmaelaisaers n ot
(Korpi maki & ,wWwaircthin, ble9 9&bn aca@ama@giendopredat
during prewnpeak!| peavarf ® r( Neawt goenr,| rcll @Quéa®cdreadli ,n gb

producotfi wiitryds t ewidtsh t lo@Hanrcdmiaskes, 1997; Mouge
Newt on, 1979; Over skam@s t& IBiolk esit gpedrd udt OB ) a t n
l atitudes i n d&hedr smanmec iamadr e(@Gar riinl |por-o&d u@a n z
Davi |l a, 2009 ; .lbewedr-prodsdtat i1®@mM® 7rni skc aul dbieglhsd at
an i mpdratcgmdic Ki nnon e®n att he @tHadknk hoafn d ood i n |

ma mmal yreamrtshemnprambtomd@espef saaptors tion comp
southern rapt(dAndpapsloat,i d®80; Korpimaki, 199
Vasko et .al ., 2011)

Bet wgenar andsbasweefnliurct amal bnsmammadr epopul
thought to be an out,wemd hefr vao d gb Wa isleadmikcidf
i ntpreacsi fi ¢ megl & a(tEBcrkee et al ., 2017; Hornf el
Grei ves, 2008; Pucek eSmadll. ,malmoad; adwmdealnlc,e s.
hi ghest in the autukinmas$t(tPuecaenke art, aail haig cehlPeOa3 )
0 C C a sy eoawhbsktnh e raé¢ airsgceal e synchronoug Bpergoodhu etti @
200Bg¢ech seeds are the preferred seeds for sn
(compared to spNaghayarn de tf iarh ds,ese2d@digl2 ) npaonp u |l at i o
are able to respond to increddedsreaaso LB ;a\Pa
al ., . 189i3dence from ssdavhartali nsdedcieme stedmpeguen
Europeaahbp a magromi fprtersée e Enroempehbasck entcr e a
Pain & Bogdz.i eMwaisctzi,n @ 0c2ylc)l es are regul ating ¢
satiation and starvation, and changes in mast
(Bogdziewi cz odte dlr acsu22Omag0 )mear s may i nduce in
s manmhalmma | popul ation in the fhteetki @aguency nasrec
produc(tBrva mmer et al ., 200 2; Lehi koinen et P2
I ncreased breedilmragdf neq yperndyni d/eedhppsogpiunl ati on
density because it is one ofme hree prrad Blawt@aiod ap |
89; Saurol a.f&d ddirtainecnal,| 201Bgtter prey avail
r i(tSocrhioeesner , 1968,whdacbhelaletovasl .f,orld k) ease

19
ter
and | oweegi gplelmour di stances.
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1.1.3 Intra trophic interactions

Intratrophic interactionsthee stsrpoepchiiess. Igenvtedr,act
facil ocamipieni Bengon et.lal t h-ch@G@aPdPrwi I @amhocu

i mtspeci fictbobampetsiutaildry defined as an interactic
one species affects resour ¢®hawdti.l alBtD bikg yodfer t
the key interactions between ecodndgicaled gf si mi |
main forces that shape ecol(oRjiacnakla Ren&0 Gedvioel ut i o

expl oi(textpiloon t at i oond icroewgpte s& d (iemeeauscfeercompeti ti on)
can defcerceuanscki t ys ugeadbfwitchi wirBegqds et Fat .ex2MmPl6g,

i 0 mea p texrpsl o ictoartpieadn ti on i s evident in competitd.i
decreasedsufrlvéedvgghi cgni tyanaf ptreesd ad @miuh t of inten:
interferenceHazloknpred ii n & m.rSautb oa Idci gnnapRe@tO0i4t)or i s uUusua
forced fonsacdhpedsiati all y(itempatalkrytheir spati al
activityormattrtregmpoga@ib.yee. shi fting thefrodiet to
the dominah$cphpoedaRorr 1OXBAmp & £i, an S p(aAcrcoi whi a vekk s
nisde) ay their whreahedi ma@ant i mehed aGtoosthBagwekispi t er
gent,i lairse) mlecssd ntgo t hReboltleor eComyet,i P lpyredator
can teusscaoif they differentiate btahleiimd mate i zed
or exddlilrwdne a thyabdamitnant( Begnpretet.dcolr. ex2mmp6 e,
netsi ng f atihheu rGosmmonn( Bwtizeaamet so)gni fi cantly more

t hvei ci ni ty Gofs balvekast k agai nen et al ...nl2th0k4 AlKsstr z
Eagle (Bwbo ®oabo)epress the popau( atiioxn af uclTawn
sgni fi(c@earndiyo edndadlexcl2LDi7ogn of Tawny Owl by the
( Stri x (hraasl ebneseins )r e p or tpeaditrsr P wir Kohij fefoecriaeln. t, 2015;
Kor pkima 1986; Vrezelo &e3bdreqst2ifrodl eggwl §potdeand
habitat, avadihi akbsl mby dfe megptarti cul arly i mport:
i nter d Ktoirggisn 4886¢an even result in displacemen
bro6&aurol.a, 2023)

I nterspeci fi thoomotepéet kel g nptroesdoasticourrshe same gui | ¢
(Polis & ,Howhi,cHH9i92)a groupreodasygimpasrofc kpeici ets
relati amsahi ppsx)pl oi't environmeih taa h(iRooeosto,urt®@67)i
Raptor cauideiesd b atsldéiummn i ng t,a catcitcisvo mdyibetti ante ,
us(eet gpaomecfti nByr asmhielsl, a et al ., 2020; Kridger et a
1988; Robinson, 1994, Whenazetch & adpa mie et ti@aesd e s
botchompetitor and predator, (Paoltira.gumit&hpui €dat i
predatsi anore common when fOMdr oeisonotrceBytaral scaz2
killing the suborrdaduwmaitreg prresoau rodre monodenpteotrp t € & , t
not obht&ins ener gceotniscutmhvimme f a g g i ibultppey eases
chances for sucSceersgsifoul& HiTdhaadismdpo2 DB At e predato
other hand, may suffer the <costrsi sokf obfotihn tirnatgeuris
predation, which can | ead t(Moreduocoedt obreéedianhg,
Sergi o & HiOamala@docodmOB)ty | evel , thasmaguithe pre
popul ations of top predator $ hewlpireld amay &t omomaa
(Sergio et al ., 2007)

I ntraguild predation in raptor cpohmenmmuonmetnioens t ha
andepofrdvaetd | east 11 intf(8gugilad &t ldler, speovesSer
2008; van L@bh:n B2ubedogoi2thea le&nugedpdena 2 0 @ th)e

Eagl ei @wbk uppreerdat or, capable of k||||ng any predas
wei §hburenco & Ranbgciache2 ®X06) er specvistbming | ¢
seemdatgeenerudl8ergi o & HiEvaelnds,l iZzZM@8)body size di
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sufficient for interactions aggressive enougl
asmnhe casei Bar i ad(@®twrd isxt ovatriea)Nort hefB8riSpotte
occi demamdad si)n NorKteh |Ayme& iFcoar sman, 2004; Long

I n the 1ight of gl obal change, the risk o
i mportant r €siematdcaimpdgpedii s r iamudt ipdginod |
shicfaeshange i nteceamnuri(igmse svin ce diemsarachiaomge r
in species range( Adrhtedho leotgi xlal, sh022s)BIl oi s et
al ., 202@0; aCarntenN18; ;PiSmehikyuati .nggl 202D02Ty !l i ar
2008; Van der Pu.tFtuernt heeti mavdlaesj v20E5@Prci es can
extinctions, trigger ecol ogical( Daavd dacdes adnd
Doody et al ., 2017;i Dheédtsabtt,aR01220KRLl mbFpet
et al ., ComRBnities dominated by predation r a-
are generally more stable, since more niche o
(Begon etCakgued®@®0§) many trophic connections
to speci(®snhesst.sal ., 2002)

1.14 The model study species: the  Tawny OwWl  (Stix aluco)

Tawny Owl i s the most widespreadKa@amidg c& mWeinc k
2008) ¢consi dered as primarily a forest specie
species regarding habitat selection and has s
envirofo@®enpts&-Gkryzyze018; Pagal dai et al ., 20
al ., 2002; .TbEFaweyn,OwRI0 1lidaw rneegsaorpdsgede @aitreesgul ar |l vy
preying upon smalFlber exiatmplédeti@whrs()hMice val et al
201®6n0HBoreall Vowlzec & Tweee 260d40)t Owdv diuce Tawr
high predBawmoynsivgk pl asticipryey naimtdebnstenlttect i
enabilteos-ecxo st with top predat@EKsjtoeooulchetasal he

However some habi tiattasml aarod rasgiaadmdpr por | arges
especi al | yMeidn tseoafrtamétmpi zzi et al ., 1998; Ran
Tawny Owl territory size depends on habitat
woodl(aGuad eotti Fr @@ @dnftoarteisotn was found to posi-t
homeange Reidzpeat h, Oh980®bge other hand, open ar eas:s
areiamportant awlo ulmanntdibnegr g, 1980; Southeis &

nocturnal sp-ao-weistt lwunthi,mgsstantadyust the hul
to the avai |I(&Llrlaanpp.r elyh 85ypie®Wwl has been extensi
|l i s a f oodthgetmeysa!l u pammsanalss paewaiel abl e in th
abumnces buittmamyasmi ptr enya mnoa loitehre rs meoani es i f t |
abundadretsi Nski et al., 2016; ObucWhemO4rmal IYal
mammal popul ati ons dearne a&dd,i ctiheentTawrcy mpveln s al
preynwortage (Wukia b& rRlissgert, 2018; Yatsiuk & F
The sel ectniyonOwoltf offa t he | ocal apradabdrl| ccmm
cies i s based on a combinati®ergifocetitalbia
roperdursrefe@sed mext.Tpaawnayg r Gwlh) wel | st u
citelswelkiviown ecol ogy( Carmdnpbi dI98&y ,iGalaest t i ,
ri smat(iScersgpieoc iegesaaly . toZm@amnyyepr et al ., 201:
tonceilnaiprlely8)has many interactions ywith ot
rnul i er ,etndamaybe 2803) mporo&anttrophggercasc
Addi ti ampaolpluyl,a tiiroenf It @ catieaci®on ogi c al processes ar
ecosyst,enmsucehveds weather conditionsandnprheayopo
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popul ati on (fFlamdtanat iednsal . , 2015; Lesi Nski et a
Sol onen et al ., 2015)

Our reseansch harMaa Ka i onf cenwhalkhSl evanipasrt of
Northern Di nhirnar iAd pMountains are cowdruaedc by | art
unevaegned @ mp efroartees t sve maitcihe s i ntensi vely managed t|
temperate mixed forests i(MNagedopéSaght h@OAagys ¢
are more resilient and stabl e ti Dianiiecrahsingo
Since forest management is one of the key anthr

suitable for studies dfNalgiest eta ahd. ,an &t0alrrtgd | o fp rtolce
avarmi ngabéd®&dhonwi esd z& JRdhrted9cahliso provide a sui

f osrt udyghe efdreactlsemfi ncreasingly i mp-cdtiarvatt eant hr
chandes and Dinaric Mountains are @mamojngct hen ar e
of wha&ka(nac eme anstuerger ait i ng both changes i n precigpi
under the influence of climate change in Europe
t hree xt f ew( Dleezcsaid eest. Baéa mbi RI§&2 DPto eaklihcatt cl i mat e

change ipmandnet hAd brwaiddercaaurseea a di sruption in n
interactions of an avian forest guild, which in

owl spelchies, Mt Krim, as a,6Ds$ niddsrtad f ormeemsyt cover e
Owspot ehbbreailnigndncat drorsmeacilesast dadmnsda eadf itnh & hfea c
previous .pawaygr@wlh popul atiomei smatlt omgmmalk easse
in the amed tbhercompetition with angVoseserecel at i\
2003; Vrezec & Tome, 2004As ada(phddat ¥rh Rawngzowl
t hr egmalkel es st udiaend oifn tbroanthred mhniedt hhregiev & giht y

t emper at ef omoensttasn. e

1.2 Objectives and Hypotheses

Tawny iGwlone of the most monitored -tapmor Spec
monitoring schemes that would track both popul a
are s(chwerrclei nk eThealaohj dtli8ye of a&ahabydé sTawhwnt i
Owe Ireo i commeni t pyopsel agi on dmo(aliot@@r0i 2flg) o m

temperate mi xed f or et tlsa wnfy dbiwhitahreirc oMwl u rstpaeicn £ s i

gui(lBbreal ananthreniai Owp ) e(yvaglreou,psmi ce, dormice ar
We iesvVviTgawry sODwt(Eeprpryedat or dynamics) and intrag
(competition with)ot herd @usisle dlsgitghrera tvieeolsu e oa fi n g
schefmer Tawny Owl as a supporting tool for ecoto
and as a powerful tool forcdetmmadti cemanfgeeoms y hite
Addi t i oanseeldl yon b denti fication of i mportant gaps
spati al patterns of ecological trapose othha fpiamdsEt

har moni zecta lp@mpage ati on monitoring scheme.

Based on the background ghapde edrasms twnu d thed pared i
investigated the (faolshowitngsphypoeheaoamdse)r each hy

H1 Dies the most st udisedecToalwngyi cCawl t r a
and is highly vari.able at | arge sca
Out of ecological traits |isted in

that the diet would be the mastnessttu
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H2

H3

H 4

H5

one of the simpl est met hods for

i s

species., Il nhgedieettl of raptoamrs aanor
scallLeourenco et al ., 2011 a; Ro u ITianw,r
Ow | is a food generalist, ab(ledioNs
2016; Obuch, 2011; Yatwsei wk n& eKipleatto
at | ar.ge scal e

Tawny Owl dispersal di stance and el
are increasing towards north.

I ncreasing breeding productivity w
spediHesndri cks, 1997; Mougeot et al
Bol stad,ndld9d9&)ger di spersal di st apmg
to southern populations) anfdé&nldreowrs

Korpi maki , 199 3; Kor pi maki €elth i sl .mi
evident even in sedentary species w
Oowl

There is a key small mammal species

that triggers owl breeding response

Many raptor popul ations respond t
ma mmal s, espectmeéil ypndKahelyl aekeo rapk.i

& Norrdahl, 1991; Newton, 1979; Pou
et al .,Vada®:)ly represent the | arge
specialized tion skail tt h efrakmomigisrod® eNor r ¢
Ref et al ., 2004,; aRide ge ttet ot bael an 2

i mportant food $o0uQecnet rfadr arnadp t$odusty b
Krawzreyz, 2019; Luka & Riegert, 201¢

201B9th wmwmd emi ce are present in the
onl ydomiersgpretci es plays a key role ir
Prey decline always |l eads to a nume
but at different br eedi nogwls tsapgeecsi eisr
VS. nest occupancy vs. productivity
Studies in Northern and Central Eur
to |ack of prey with nomadism, whil
supressemnatethb | evel of br e e(dNemg
200Rye to different diet preference
owl species of Di nadriifcf efr@me s trse,s pw

magni tudes.

I n temper atfeormistxed of Dinaric Mount
species exhibit higher sensitivity
zone owl speci es.

I n contrast to similar studies fron
Boreal and Ur al Cwle s()b oarreea | a tz otnlee s
di stribution, whsereatasr ellaavtngVv eOtwvd € vbluirt
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The
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imainly in the(lHempleentet zalne,. 2@i0V/¢
contrasting traits betwese,n tthe s®ev er

predators in the guild is expected
forests compared to boreal forests,
the most adapted to conditions in t
Tawny Owl | gptoipoun i n Dinaric forest
expanding its range towards higher
Tawny Owl i s expanding its distribi
towards higher el evations due to c
reddrcenow cover) (Brambilla et al .,

wi ntaerres t hus eexnpaebcltee dT attwae x pddwd wa r d s
el evaatlisoon Di nari ¢ Mountains.

Tawny Owl intrusion into Ural Owl d
increases intraguild interactionss,itr
Since bothrepiede-nresthioeg owl s, an i

avail aBi eesemby (bKeo refkippeaclt B&Hai r 9.1 aP |l &
resul tsedafcompsettevdmendcampl acements |
bro¢&saurol.a, 2023)

i |1 d interactio

I ntensified i nt u
f h species in Din

productivity

Competition is an i ntferuancdtiitoyn tghveda t
indi vidudlos hngpmrmeBeagon et . Tadle. ,s udbl
predator in intraguild compettieg i oa
interspecific daompmeet irtiisckkn obfu ti navir $aah
both | ead to reducedMbresidn omtgt @ retd
Hi ral do, 2008)

Original P ublications

di ssertattiwon piudpladiesehede wendnpaperesmanucript
Ratajc, U., Louresta, R.,SEspBhrr&r, 8BiroStu:t
C., & Vrezec, A. (2023). The i mport-ance of p
scale biomonitoring using aSt raipxg xa|l@acceog@ atcor :
of the Total ENn&/G53d0M.ment, 860,
httpsi:./drdgo/ 10. 1016/ j.scitotenv.2022.160530
Ratajc, U., Breskvar, M., DZeroski, S., & Vr
of coexisting owls to annual small ma mma | p C
mi xed foresth.3Wplbdi.s, 164(2),
https:/AL8olldbthiVbi. 13029
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3. VrezeRBat &A. G203 ) mate change is intensifyin
bet ween top predators and creating new
(Manuskript

The first paperov(eGhsa ptheer f2 ,risdiefd wion h@lpap hers el .
three hypeathhesaas (iHB3vesti gated i n,atnhde tsheec ol nads t
t hr
co

eeH8)H6i mathhbhedrCihmtpt er 4) . At the beginnin
ntri bet@iotensse aorfch articleofosthencelmyantgi Vi
contribution to the paper is described.
A full I i st of rel evant publicationbe(e. g.

Bi bliography section.

1.4 Organization of the Thesis

This dissertati onhaipst eaorsg a nfihzee cc uirmm efnitvec hcapt er
the dissertation topic. After the overview of
hypoeshed the thesi s.

The following three acfhapttlel spselaeeedy iienwetdh earft 0 «
andnmanusa@amidptare a presentation of methodol oc¢
di ssertation. Finally, the main findimgs and
Concl usi ons cahlagpotoepsopsnieaohl elrpdswolr f urt her resear ch
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Chapter 2

Tawny Owl Ns FHEatoanditg | c a l
| ndicative P otential

In this chapterpowel nevoewesebhva@gwhbagl Otwl aiotns a
panEuropean | evel and propose a hesmoEUBB6@demM
Tawny Owl carcasses are the most frequently
naturalmuhseumamel | o et wali .c,h adnaZ2ex)x eiltl ent cand.i
both active and passive, saimprdoh@gf oalCusbt dk E €
recommended mini maltshmenfitost ngt sempmet o har mo

schemes across Europe in order to provide t
popul ation on a | arge scal eoxThkios$ owiyl bulteaus®
ecosystem assessments, since dataiodi eabé otgh ¢

popul ation status.
The wonr kt hi s topi c jwausrSngaddn ¢ s hefd i me Tot al
(Ratajc etSabppl 2matat asy gi ven iamntdiAe sraaidm xp &r t

this chapter. 1t addresses the first two hypo
H1 The diet is the mostecdluagdieda IT atwnayi
hghly variable at | arge scal e.

H2 Dispérsi stance and cl ut charse zien carte a

north.

Both hypotheses were partly confirmed. Diet
in Tawny Owl and we -Soallned @r addiisegntncaf tparregye s
trophi cwhleerveeltsgwbkr ct | evel poey, vol es, hamrdi va
frequently in the nodtehvelwlipareeggas ihiegh ermntirvooph
more frequentNevdrt heleeso,utthhe VvVasieams|l it oyben
more distinct, since Tawny Owl is a food gen
easily adapts to | ocal prey a6Gewbl| &-¢yamze sh
2016 ; Luka & ; RiObgierht,We22ddl§f i + med chhai ze c ha
signi fwictlamn geyDiusdp er sa,l o weaaocyend te fowaeads
the northeast. Nevergthizkles e n s idch avevgy ¢ Pavd-8 & la n

mi gratory species

Mycontributions taecohiceppuhblizati(otno goeft htehre
wi th bkaeurt h@aomdarrpubhgmajeori tyioferabhere review
col | elctiidont.he analysi s, prepared figures and
revised it f ol |l onwkaougt htchres faenedd btahcek rfervoi e wer s.
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2.1 The Importance of P opulation Contextual Data for
Large -Scale Biomonitoring Using an Apex P redator: The
Tawny Owl ( Strix aluco )
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trends) in several countries. Based on our findings, we d a minimal ded scheme for monitoring of
population contextual data as one of the first steps towards a pan-European monitoring scheme using the Tawny Owl.
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1. Introduction

Various organisms have been used in ecotoxicological studies in an
effort to monitor the potential environmental effects of a vast array of
chemicals that are a product of human activities (Garcia-Fernandez et al.,
2020). Top predators were found to be good sentinel species for environ-
mental pollution because of their position at the top of food chains, which
makes them more susceptible to persistent, bioaccumulative and, in some
cases, bi ificable c i (Helander et al., 2008; Shore and
Taggart, 2019); they can also be a target of direct and indirect poisoning
(Helander et al., 2009; Molenaar et al., 2017). Raptors, including birds of
prey (Accipitriformes), falcons (Falconiformes) and owls (Strigiformes),
are a group of top predators that have been regularly used in ecotoxicolog-
ical studies (Gomez-Ramirez et al., 2014; Espin et al., 2016) and have long
been considered as good candidates for long-term and wide-scale contami-
nant monitoring schemes (Berg et al., 1966; Seidensticker and Reynolds,
1971; Movalli et al., 2017, 2018, 2019; Shore and Taggart, 2019; Badry
etal.,, 2020).

Towards developing a har l-wide raptor biomonitor-

d conti

evaluation of effectiveness of chemicals regulations and conventions,
enhance risk assessment of specific chemicals and provide early warning
of emerging probl The key el of ERBFacility are:
aEi Raptor ling Progi which gathers raptor samples
and relates them to contextual data from the field; a distributed European
Raptor Specimen Bank, which stores these samples and related data; and
a European Raptor Biomonitoring Scheme, which analyses raptor samples
for contaminants on an ongoing basis (Movalli et al., 2019; Badry et al.,
2020; Espin et al., 2021; Dulsat-Masvidal et al., 2021).

The challenges of implementing a long-term and wide-scale biomoni-
toring scheme include the selection of the focal species and the focal sam-
ples for analysis, but also the capacity to obtain representative and
reliable contextual data that allow correct and enhanced interpretation of
contaminant levels (Badry et al., 2020; Espin et al., 2021; Dulsat-Masvidal
etal., 2021). Spatial and temporal variation in environmental and ecologi-
cal conditions are key elements in large scale and long-term ecotoxicologi-
cal studies, and these require comprehensive knowledge of the life-history
of the focal species (Shore and Taggart, 2019; Badry et al., 2022).

Ecological traits are known to influence exposure to environmental con-
i and thus should be considered as contextual data for a correct inter-

ing scheme in Europe, the COST Action European Raptor Bi itoring
Facility (hereafter ERBFacility; https://erbfacility.eu/ and https://www.
cost.eu/actions/CA16224/) was established with the aim to design and
build key elements of a “Facility” (or framework) for pan-European raptor
biomonitoring. This network is gathering existing knowledge and advanc-
ing raptor ecotoxicology and ecology in order to step up from local contam-
inant studies with raptors to a conti I-scale bit ing scheme with
raptors as focal species. ERBFacility's ultimate goals are to improve the

pretation of large-scale spatial and temporal patterns of contaminants
(Mariosa et al., 2003; Espin et al., 2014; Monclis et al., 2020). Diet is one of
the most relevant traits to be considered in the interpretation of contamination
levels in raptors, since intraspecific variations in diet composition and trophic
pathways are known to influence individual burden (Palma et al., 2005;
Lourenco et al., 2011b; Gil-Sanchez et al., 2018; Badry et al., 2019). However,
at a continental scale, the diet of raptors can show considerable variation
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(Lourenco et al., 2011a; Roulin, 2015; Vrezec et al., 2018), which might lead
to differential exposure to contaminants in different regions. The exposure to
contaminants in raptors can also be affected by their movement behaviours
and space use, most often accounted for as home range size, habitat selection,
dispersal and mig; y (Chri et al., 2012; Blanco et al.,
2018; Badry et al., 2020). Additionally, contextual data are crucial in early-
detection of the environmental impacts of contaminants on raptor populations
and consequently biodiversity (Thompson et al., 1991; Hornfeldt and Nyholm,
1996; Newton and Haas, 1988; Shore and Taggart, 2019). In the short-term,
I i impacts can through several breeding parameters,
such as decreasing trends in overall breeding success corresponding to
increasing contaminant levels (Newton and Haas, 1988; Nygard and
Gjershaug, 2001; Helander et al., 2008; Gil-Sanchez et al., 2018) and conse-
quently in long-term population effects (Newton and Wyllie, 1992; Ratcliffe,
1993; Helander et al., 2008; Shore and Taggart, 2019).

The suitability of raptor species as focal species for large-scale con-
taminant biomonitoring is determined by a set of ecological and mor-
phological traits related to the focal contaminants (Badry et al., 2020;
Monclis et al., 2020). Taking into consideration several key traits,
including distribution, habitat, foraging, diet and migration, the
Tawny Owl (Strix aluco) was found to be among the most suitable senti-
nel species to monitor mercury, anticoagulant rodenticides, pesticides
and medicinal products (Badry et al., 2020). It is a strictly residential
species with (considering its body size) relatively small home ranges,
with adults usually being specific to an area within 1 km radius from
sampling point (Sunde, 2011). As such, the Tawny Owl is a promising
biomonitor on a local level. The species has already been used in various
long-term studies of environmental contaminants taking into account
different matrices from passive or active sampling (Yoccoz et al.,
2009; Ahrens et al., 2011; Bustnes et al., 2013; Eriksson et al., 2016;
Varela et al., 2016). In the case of passive sampling, Tawny Owl car-
casses are the most frequently collected raptor carcasses by European
natural history museums (Ramello et al., 2022), giving promising avail-
ability of suitable tissue matrices for pan-European ecotoxicological
studies. The species population is among the most monitored raptor
populations in Europe (Derlink et al., 2018), providing good potential
also for active sampling, as well as the availability of extensive back-
ground knowledge for assessing cor i p e and population
impacts at continental scale.

We aimed to review key population contextual data for the Tawny Owl
from across Europe, as potential indicators of contaminant exposure and
impact. Based on an extensive literature review, we assessed for the first
time the geographical differences in key population contextual parameters,
which underpin interpretation of ecotoxicological results. We assessed geo-
graphical variation in selected parameters across Europe and evaluated
their importance for contaminant studies. The lack of available contextual
data can lead to uncertain conclusions from contaminant results, therefore
our objective was also to identify the gaps in our knowledge about the spe-
cies contextual data spatial coverage within the species' European range.
We proposed a minimal recommended scheme for monitoring of popula-
tion contextual data for Tawny Owl, which would not only provide crucial
data to improve interp ion of bi ing results, but also indicate
population status and other essential information for overall conservation
assessments.

2. Methods

2.1. Study area

AaBinad

The study area was to enc the 39 Memb
and Cooperating Member countries in the European Cooperation in
Science and Technology network (COST https://www.cost.eu/about/
members/), including the 27 member states of the European Union
and the Near Neighbour and International Partner Countries within
Tawny Owl distribution range, excluding Russia (adapted according to
Keller et al., 2020).
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2.2. Study species

According to recent taxonomy, there are seven subspecies of Tawny
Owl, among which only two, S. a. aluco and S. a. sylvatica, inhabit Europe
including Turkey and Israel (Gill et al., 2022). These two subspecies form
the bulk of the Tawny Owl population that is confined to Europe
(Mikkola, 2013) and were those considered in the current review. The
European population has been genetically differentiated into three clades
corresponding to three glacial refugia in the Balkans, Italy and Iberia
(Brito, 2005). The most distributed clade, the Balkan clade, expands over
most of Europe including Northern Europe and Great Britain (Brito,
2005) (Fig. 1). The Balkan and Italian clade are taxonomically defined as
S. a. aluco, while Iberian clade corresponds to S. a. sylvatica. However, the
status of S. a. sylvatica is questionable since it is not genetically supported
(Brito, 2005). In the eastern Turkey possibly the fourth clade occurs corre-
sponding to the Caucasian/Caspian subspecies S. a. wilkonskii (Brito, 2005),
but this was not included in the study. The Tawny Owl is also a highly col-
our polymorphic species (Galeotti, 2001), with colour morphs related to
different physiological and ecological traits. Grey owls seem more common
in colder and drier climates and brown individuals in warmer and wetter
climates (Galeotti and Cesaris, 1996) but the fitness of colour morphs is
changing due to fluctuating environmental conditions (Roulin et al.,
2004; Karell et al., 2021; Solonen, 2021) and disease infections (Galeotti
and Sacchi, 2003; Gasparini et al., 2009; Karell et al., 2017). This great
inter- and intra-population polymorphism might induce spatial differences
in species traits that might affect contaminant exposure and impacts.

The Tawny Owl is an adaptable mesopredator of temperate climate
zone that is not sensitive to rapid temporal changes in prey availability
(Gryz etal., 2019; Ratajc et al., 2022). Its population size is more governed
by other environmental factors, e.g. extreme low or high temperatures and
snow cover (Francis and Saurola, 2004; Pavén-Jordan et al., 2013; Comay
et al., 2022), competitive dominance or predation by larger predators
(Vrezec and Tome, 2004; Sunde, 2005; Sergio et al., 2007) or anthropo-
genic factors that could increase species mortality or decrease habitat suit-
ability (Silva et al., 2012; Santos et al., 2013; Frohlich and Ciach, 2018; van
der Horst et al., 2019). Reported densities of territories vary greatly
between areas and regions, ranging from 0.2 up to 143.0 territories per
10 km? (Ranazzi et al., 2001; Vrezec, 2003). The species is sedentary
since most breeding adults remain within a few km from their birth site
(Cramp, 1985), with home range size of adults ranging from 20 to nearly
300 ha (Coles, 2000; Sunde, 2011; Burgos and Zuberogoitia, 2020). In
the post-fledging dependency period, which is easily recognized as persis-
tent begging (Sunde and Naundrup, 2016), the fledged young depend en-
tirely on food provision by the parents within their territory (Coles, 2000;
Sunde, 2011; Burgos and Zuberogoitia, 2020). Their independence, usually
followed by post-fledging dispersal, is triggered by cessation of parental
investment (Southern et al., 1954; Sunde, 2008). Post-fledged young can
disperse some hundreds of kilometers away, but the majority disperse
<100 km, however, proportion of longer movements is higher in Northern
Europe (Cramp, 1985). Mean natal dispersal is usually much lower (e.g. in
Finland, it is only 14 km for males and 17 km for females; Valkama et al.,
2014).

The Tawny Owl is predominantly a forest species of deciduous and
mixed forests (Galeotti, 2001; Vrezec, 2003; Marchesi et al., 2006;
Bartolommei et al., 2012), but also of coniferous forest stands in extreme
conditions (Sunde et al., 2001; Comay et al., 2022). However, the species
is highly adaptable in habitat selection (Rumbutis et al., 2017), frequently
occupying fr d and heterog landscapes and even urban
areas (Redpath, 1995; Ranazzi et al., 2000; Solonen and af Ursin, 2008;
Lépez-Peinado et al., 2020). As a hole-nesting bird, the Tawny Owl readily
uses nest-boxes (Petty et al., 1994; Vrezec and Bertoncelj, 2018), enabling
detailed studies on species demography. Annual survival of young
(8-48 %) is lower than that of adults (52-87 %) due to high predation
risk after fledging, but also very few young birds hatched in highly produc-
tive years survive till the next year due to the crash of small mammal
populations the following winter (Sunde, 2005; Newton et al., 2016;
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Fig. 1. Distribution areas of the three clades of Tawny Owl in Europe (distribution areas are adapted after Brito, 2005 and are appr
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; the area was ch dif the clade

represented at least 20 % of the population) (A), and inter- and intrapopulation colour variation of owls in two clades: Balkan clade from Slovenia corresponding to S. a. aluco

(B) and Iberian clade from Portugal corresponding to S. a. sylvatica (C).

Saurola and Francis, 2018). In a latitudinal gradient, Tawny Owl productiv-
ity increases towards the north (Overskaug and Bolstad, 1998), but lifetime
reproduction seems to be higher in the south (Bucciolini et al., 2022),
which might depend on longevity of owls due to natal environmental con-
ditions (Millon et al., 2011), colour morphs (Brommer et al., 2005), nest
predation (Sasvéri and Hegyi, 2011) or prey cycle phase at their first breed-
ing (Millon et al., 2010). Timing of breeding depends on prey availability
and weather conditions, and clutches are laid earlier in good vole years
with low snow cover, therefore owls in warmer habitats, i.e. urban areas,
breed earlier than owls in forests (Solonen, 2014).

2.3. Population contextual data

We defined the ‘population contextual data’ as a range of parameters
about raptor populations that can indicate the level of exposure to contam-
inants and/or the level of contaminant impact on the raptor populations,
the latter providing early warning of threats to populations (Table 1). In
the review, we considered only contextual data relevant to the breeding
populations or at the breeding sites.

2.4. Data collection

2.4.1. Initial literature search

We have carried out an extensive literature search to acquire published
research papers and other publications (e.g. reports and theses) about the
Tawny Owl in Europe (published online before December 2020). Using
the Google Scholar search engine, our search formula was: “Strix aluco”
OR “tawny owl”. The search resulted in a database of published papers
and other publications, which were checked for population contextual
data. This enabled us to select the most extensively studied population
contextual data for detailed analysis of their spatial patterns in Europe.

2.4.2. Selection of case population contextual parameters and collecting data
When selecting population contextual parameters to study their large-
scale pattern in Europe, we followed two criteria: (1) their relative impor-
tance for better interpretation of biomonitoring results, and (2) the data
availability across Europe as found in our initial literature search. The
objective was to cover at least two key exposure contextual parameters,
i.e. parameters that can assess the risk of contaminant exposure of the
Tawny Owl, and at least two key impact contextual parameters, i.e. changes

as potential indicators of contaminants affecting the population in the
region (listed in Table 1). Accordingly, we selected five parameters: in the
exposure group, we considered the data on Tawny Owl's diet and dispersal,
and in the impact group, population trends and clutch size. Spatial patterns
in population density could indicate both exposure to, and impacts of,
contaminants.

Furthermore, a detailed literature search has been carried out for
selected population contextual data in order to mobilise as much available
data as possible from available sources including published sources, grey
literature and existing databases. At this step, our search formula was
more focused: “Strix aluco” OR “tawny owl” AND “diet” OR “breeding”
OR “clutch” OR “reproduction”. We obtained additional data by direct
contact with researchers to acquire information about the existence
(or complete lack) of literature on the diet of Tawny Owl from the countries
where no or few records were found using the search engines; microstates
were not considered in this case because of their small area.

In the diet analysis, we included only articles reporting either numbers
or percentages for main prey groups. We included studies with 20 or more
prey items in total. The data from each study were separated into different
entries in our database if more locations were clearly defined. Since we
were interested in differences between percentages of main prey groups
(mammals, birds, invertebrates, reptiles and amphibians), we could only
include articles with a detailed list of prey species or a summarized list
with the same prey groups. To ensure prey proportion comparability in
further analysis, we had to exclude entries which reported only mammals
or vertebrates (i.e. did not report or quantify some prey groups - most
frequently invertebrates). Not all articles provided data which enabled us
to calculate both numeric and biomass percentages. Although prey biomass
percentages are more important in terms of total contaminant levels
(Maiiosa et al., 2003; Lourenco et al., 2011b), numeric percentages of
prey can also be used to understand the effects of diet composition and
prey contamination on the spatial variation of contaminant levels in raptors
(Palma etal., 2005). Due to food web bioaccumulation of contaminants, the
exposure to contaminants is related to the trophic level of the prey and in
predators preying on higher trophic level prey, higher exposure is expected
(Newton, 1979; Helander et al., 2008; Lourenco et al., 2011b; Shore et al.,
2014). Therefore, we calculated percentages of mammal prey by trophic
level categorised to the groups of herbivores (e.g. voles, rabbits), omnivores
(rats and mice), insectivores (e.g. shrew, moles and bats) and carnivores
(e.g. weasel) in the diet of the Tawny Owl. A detailed list of mammal
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Table 1 Table 1 (continued)
i b Tati s
Rop data for bre reptor pop s that indicate C data Description and derived  Value for contaminant
P to ¢ and c impact on raptor populations. data siudies
Contextual data parameter Description and derived Value for contaminant hatch and failu

data

studies

Distribution range/range  Distribution of breeding Exposure: Assessment of

change

Population density

Population trend

Nesting frequency/trend

Timing of breeding/trend

Clutch size/trend

Eggshell thickness

Nest failure and causes

population/changes in
breeding range

Density of the species
(number of breeding
pairs/territories per km?)

Changes in numbers (pairs)
through time (or indices of
change)

The proportion of years in
which breeding occurs
within a territory or the

effective contamination
area.

Impact: Distribution range
contraction may indicate
threats (Mateo-Tomas

et al., 2020; Dimitriou

et al., 2021).

Exposure: Low density can
indicate larger home ranges
(Sunde et al., 2001), which
may locally change the risk
of exposure to
contaminants.

Impact: Spatial variation in
density may be linked to
spatial variation in
population
health/environmental
quality (Newton, 1979;
Mateo-Tomés et al., 2020;
Badry et al., 2022).
Impact: Basic data to assess
population effects of
exposure to contaminants
and population
vulnerability (Newton,
1979; Green et al., 2004;
Oaks et al., 2004; Shore
and Taggart, 2019;
Mateo-Tomés et al., 2020;
Dimitriou et al., 2021).
Impact: Decreased
proportions of breeding
years/pairs or nest-box

Brood failure rate and
causes

Productivity/trend

Survival/trend

causes of failure

% nests that fail during
brood rearing/% nests
fledging at least one young
and causes of failure

The total number of
nestlings or fledged (large)
young produced related to
the total number of
occupied territories/active
nests (i.e., nests in which
eggs were laid)/successful
nests (i.e. nests in which at
least one large young was
produced)

% of young or adult birds
surviving from one year to
the next

causes (e.g., predation,
stress, nest destruction) and
unknown nest failure
causes might indicate hid-
den contamination prob-
lems in the population
(Ratcliffe, 1967; Newton,
1979; van Oosten et al.,
2019).

Impact: Ratio between
known nest failure causes
(e.g. predation, stress, nest
destruction) and unknown
nest failure causes might
indicate hidden
contamination problems in
the population (Steenhof
and Newton, 2007; Crick
and Ratcliffe, 1995).
Impact: Poor or declining
productivity could be
linked to contamination
effects in the population
(Newton, 1979; Helander
et al., 2008; van Oosten

et al., 2019; Shore and
Taggart, 2019).

Impact: Increased
post-fledging mortality of
young birds or adults may
indicate contamination or
even poisoning problems
(Tenan et al., 2012;
Parvanov et al., 2018;
Shore and Taggart, 2019).
Exposure: Assessment of
effective area/region where

are exposed
to contamination (Nygérd,
1999; Bedrosian et al.,

of

effective area/region where
individual(s) are exposed
to contamination (Dauwe

of rate may

pairs that breed each year. indicate a threat (Henny igration/post-fledging of young and
Relative measures, like et al., 2008). dispersal/post-breeding  adults after breeding
nest-box occupancy rate dispersal di: and di 1
(nr. of occupied nest-boxes
per nr. of monitored
nest-boxes) can also be 2012).
informative. Natal and breeding Distance and dif of
Breeding of dispersal movement between birth
(timing of laying), usually  the most critical period for site and first breeding site
back-calculated from egg breeding for evaluation of and distance of movement
density or from known different environmental between successive et al., 2003).
hatching date or chicks effects including breeding sites.

llowi; imati inati Diet Composition of the diet

from growth curve
patterns.

Number of eggs per nest

Average annual egg shell

Impact: Changes in
phenology could be linked
to adverse effects within
the population (e.g., low
body condition; Weimeyer
and Hoffman, 1996;
Lamarre and Franke,
2017).

Impact: Population
breeding fertility can be
affected by exposure to
contaminants (Hornfeldt
and Nyholm, 1996; Newton
and Haas, 1988).

Impact: Annual

% nests that fail before
hatching/% nests that

of egg shells
in the nest might indicate
contamination effects at
population level, e.g. DDT
impact (Ratcliffe, 1967;
Newton, 1979; Shore and
Taggart, 2019).

Impact: Ratio between
known nest

Causes of death

(numeric and biomass
percentages of prey items).
Other may also

Exposure: A principal
information source for
defining main

ination and

be useful like diet diversity,
or composition by trophic
levels.

% of birds found dead for
each specific cause of death

bioaccumulation pathways
(Newton, 1979;
Nadjafzadeh et al., 2013;
Shore et al., 2014). Diet
composition is necessary to
account for the influence of
consumption of prey from
different trophic levels on
the concentration of
contaminants in raptor
samples (Palma et al.,
2005; Lourenco et al.,
2011b; Schipper et al.,
2012; Badry et al., 2019)
Impact: Ratio between
known death causes (e.g.
roadkill, electrocution,
predation, collisions) and
unknown death causes
which might indicate
hidden contamination or
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Table 1 (continued)

C data

Description and derived

data

Value for contaminant
studies

C data Description and derived Value for contaminant
data studies

Threats (including
persecution)

Morph variability

Genetic variation

Age and sex structure

Diseases

Habitat quality/selection

Food availability

Information on the
existence of threats to
populations on a regional
or national scale
(qualitative data)

% of colour morphs in
polymorphic species

Level of genetic
heterogeneity in the
population

% of population
(breeding/non-breeding)
by age class and % of
population
(breeding/non-breeding)
according to the sex
Veterinary control of dead
or alive birds for different
known diseases and
parasites (% of infected
individuals)

Habitat type selection
(quantitative data)

poisoning problems in the
population (Gonzalez et al.,
2007; Isomursu et al.,
2018; Alarcén and
Lambertucci, 2018).
Impact: Important for
placing any impacts of
contaminants or poisoning
on populations into the
context of other negative
influences in the area
(Villafuerte et al., 1998;
Whitfield et al., 2003;
Gonzilez et al., 2007).
Exposure and impact:
Colour morphs are usually
related to different
physiological traits
(Galeotti and Sacchi, 2003;
Gasparini et al., 2009),
which might affect the level
of contaminant exposure
through physiological or
behavioral patterns as well
as their effects (Karell

et al.,, 2021; Romano et al.,
2021; Passarotto et al.,
2022).

Exposure and impact:
Populations with low
genetic variability are
usually more susceptible to
different environmental
changes, diseases and
contamination (Brown

et al., 2009;
Mussali-Galante et al.,
2014).

Impact: Basic data that can
indicate age- and
sex-specific mortality in the
population (Solonen and
Lodenius, 1990; Naccari

et al., 2009).

Exposure: Infection rate in
the population might
indicate higher
susceptibility to
contamination as a stress
factor (Galeotti and Sacchi,
2003).

Impact: Diseases might
cause additional mortality
and breeding productivity
decrease as parallel effect
to contaminants (van
Velden et al., 2017).
Exposure: This can help
indicate where the species
is most exposed to the
contaminants. Exposure or
habitat use may vary
between seasons (Delibes
et al., 2001; Badry et al.,
2022).

Trend of availability of

Food

main prey or other food
sources (i.e. carrion) in the
environment

governs population
fluctuations and size in
raptors and is thus crucial
in interpretation of raptor
population dynamics. Can
also be a source of
contamination (Bustnes

et al., 2011; Dimitriou

et al., 2021). Changes in
diet due to food stress may

increase exposure of
individuals to certain
contaminants.

species and their categorisation by trophic level is provided in the Supple-
mentary material (Table A.1).

We chose clutch size as a measure of Tawny Owl's breeding perfor-
mance because the mean number of eggs per nest was more frequently
reported than brood size or number of fledglings in the reviewed studies
(the two are combined under “Productivity” in Fig. 2).

When gathering data on diet and clutch size, georeferencing was carried
out based on the research area description if no coordinates were given by
the authors. In cases where the data were gathered for a larger area (e.g. a
region or country), the central coordinates were used. We used decimal
degree geographic coordinates.

Data on Tawny Owl population size and population trend were adapted
from the BirdLife International (2017) assessment (and from Shirihai et al.,
1996, for population size in Israel). For each country, we calculated the
crude density from the estimated average of the population size per distri-
bution area (number of pairs per 100 km?).

Ringing data (recoveries and recaptures), were acquired from the
EURING database (du Feu et al., 2009), to which we added ringing data
for Slovenia from the Slovenian Bird Ringing Centre (Slovenian Museum
of Natural History) database. The ringing dataset included data from
1910 to 2021. Some data entries had a doubtfully large time difference be-
tween ringing and the last retrapping, most likely indicating data errors.
Thus, according to the highest reported age of the Tawny Owl in Europe
(22 years, 5 months; Fransson et al., 2017), we excluded entries with
>22.5 years time difference. Young owls remain in their natal territory
for an additional 2.5-3 months after fledging, in which time they still re-
ceive parental care (Southern, 1970; Coles and Petty, 1997; Sunde, 2011;
Sunde and Naundrup, 2016). To avoid data entries of retrapping fledged
young (pulli) before post-fledging dispersal, we excluded entries of birds
marked as nestlings/fledglings with <5 months of the time difference
between ringing and retrapping (Coles and Petty, 1997; Sunde, 2011).
Juveniles were considered as those birds which were ringed as nestlings
or fledglings not able to fly, whereas adults were considered as those
birds which were ringed as fully grown with age 2 y and more. Only maxi-
mum distance from the ringing location per ring ID and the coordinates of

Diet

Population density
Productivity {

Habitat quality/selection
Food availability {

Clutch size:

Timing of breeding
Nesting frequency {
Survival

Brood failure rate & causes
Nest failure & causes:
Diseases-

Morph variability {

Causes of death

Age & sex structure
Threaths

Population trend

Natal & breeding dispersal{
Genetic variation
Range/range change
Eggshell thickness {
Migration & Post-breeding dispersal{
Other:

0 10 20 30 40
Proportion of articles (%)

Fig. 2. Frequency of published articles covering the population contextual data of
Tawny Owl in Europe (N = 366). Some articles offered data on several topics,
thus the overall sum totals >100 %.
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the ringing location were used in the spatial analysis. In this paper, we used
the term juvenile-adult ringing distance in birds ringed as juveniles and
recaptured/recovered as full-grown birds, and adult-adult ringing distance
in birds ringed as adults. Juveniles can be recaptured or recovered at their
post-fledging dispersal and thus the ringing distances do not necessarily
reflect the natal dispersal. The adults can be recaptured or recovered within
their stable territory and have not dispersed, therefore these distances do
not necessarily reflect the breeding dispersal of this sedentary species. How-
ever, since most Tawny Owls establish a breeding territory within the first
year of life (Southern, 1970), we assumed that the adult-adult ringing
distances provide a good proxy for between-year movement distances of
adults. We aimed to compare available recovery and recapture data on
Tawny Owls in Europe in relation to their spatial differences between
regions related to the scale of contaminant exposure. We did not adjust
ringing data by considering only recovery data of dead ringed owls
(Saurola and Francis, 2004) due to large discrepancies in the number of
available data between countries and regions.

2.4.3. Data analysis

To investigate spatial patterns in the traits of the Tawny Owl that are
relevant as population contextual data in ecotoxicological studies, we con-
sidered 20 dependent variables: 18 variables describing diet composition, 1
variable describing dispersal, and 1 variable describing breeding success.
As explanatory variables we focused exclusively on latitude and longitude.
Since the dependent variables may not respond linearly to latitude and
longitude, we used generalized additive models (GAMs) to relate the
dependent and explanatory variables. Smoothing parameters in GAM
were chosen via a restricted maximum likelihood method (REML). We
fitted five competing models combining the two expl ory variables and
the use of smoothing factors for each dependent variable (Table 2). If needed,
variables were log transformed to correct distribution, reduce the effect
of any outliers and to improve model fit (see Table 2). We then used a
multi-model comparison approach (Burnham and Anderson, 2002), and
compared the five competing models for each variable, including a null
model (intercept only) used as a measure of the explanatory power of the

Table 2
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variables. The selection of the best models for each dependent variable was
based on Akaike's Information Criterion (AICc), using as threshold a AAICc
below 2.0 (Burnham and Anderson, 2002). When the null model was
included in the set of best models, we considered that the variables latitude
and longitude had low explanatory power of the data variability. Models
were validated using diagnostic plots.

Kruskal-Wallis rank test was used to compare mean dispersal distances
of different regions (regionalization by United Nations geoscheme, but
separating the United Kingdom from continental Europe) and a Dunn test
with the Bonferroni correction was performed to test for differences in
mean dispersal distances between regions.

To obtain a visual output of the continuous variation of the dependent
variables across Europe, we transformed the point spatial data for the pro-
portions in the diet, dispersal distance and mean clutch size into raster data
using the inverse distance weighted (IDW) interpolation. IDW interpolation
is a common method in spatial analysis that predicts values based on the

ption that the infl e of each measured point decreases with
increasing distance. In the function “idw” (R package “gstat”) the IDW
power was set to 3 and the interpolation was calculated over a 0.2° x
0.2° grid. Interpolation maps were delimited by the distribution area of
the Tawny Owl.

All statistical analyses and visualisations were carried out using R 4.0.3
statistical software (R Core Team, 2021) in RStudio (RStudio Team, 2021)
with packages mgev (v.1.8-33, Wood, 2017), MuMIn (Bartén, 2020), gstat
(v.2.0-6, Pebesma, 2004), tmap (v.3.3, Tennekes, 2018), and ggplot2
(Wickham, 2016).

3. Results
3.1. Review of published population contextual data for Tawny Owl in Europe

We obtained 366 journal articles and other available literature (reports,
theses, book chapters, conference proceedings) with the initial literature
search (see Methods), which covered various population contextual data
(Fig. 2). Diet was the contextual data most frequently found in Tawny

Alist of dependent variables, their arithmetic mean and range and explanatory variables included in the best models. N - numeric percentage, B - biomass percentage, lat - latitude,

lon - longitude, s - smooth factor applied to the explanatory variable [s(lon); s(lat)].

Dependent variable

Explanatory variables included in the best models

Arithmetic mean (%) = SD Range (%) (min-max)

N of mammals

N of birds

log transformed
N of invertebrates
log transformed
N of amphibians

lat, s(lat)
lon, s(lon)

lon, s(lat), s(lon)

lon, s(lat), s(lon)

log transformed

N of reptiles lon, s(lat), s(lon)
log transformed

N of herbivore mammals s(lat)

N of omnivore mammals
N of insectivore mammals
log transformed

N of carnivore mammals
log transformed

lat, s(lat), s(lon)
lat, s(lat), s(lon)

lat, s(lat)

B of mammals Null model
B of birds Null model
log transformed

B of invertebrates s(lon)

log transformed

B of amphibians lat, s(lat), s(lon)

log transformed

B of reptiles Null model
log transformed

B of herbivorous mammals Null model
B of omnivorous mammals lat, s(lat)

B of insectivorous mammals
log transformed

B of carnivorous mammals s(lat)
log transformed

lat, s(lat)

67.8 = 21.2 4.4-100.0
129 + 144 0.0-90.1
12.2 + 16.6 0.0-95.6
6.4 = 10.7 0.0-60.4
04+ 1.8 0.0-27.2
339 =197 0.0-94.3
26.6 + 17.0 0.0-96.7
10.6 = 10.5 0.0-63.4
0.05 = 0.1 0.0-1.1
79.0 £17.7 14.0-100.0
15.4 + 16.2 0.0-76.0
1.5 %31 0.0-15.9
32 %47 0.0-24.1
04 +1.2 0.0-7.0
38.6 + 21.4 0.0-95.4
36.0 = 20.8 0.0-98.8
54 * 6.7 0.0-49.4
0.1 = 0.6 0.0-4.5
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Owl literature (n = 156; 42.6 % of articles). The most often presented mea-
sure of productivity was the number of nestlings or fledglings per territory
or per active or successful nest (under “Productivity”, n = 73; 19.9 % of
articles), followed by clutch size (n = 52; 14.2 % of articles). A considerable
percentage of articles (n = 105, 28.7 %) focused on other topics, such as
vocal activity, parasites, toxicology, behaviour, interspecific interactions
and physiology. Out of these, a little less than half of the articles did not
include data on any of the population contextual data (n = 51; 13.9 % of
all articles). Population trend, natal and breeding dispersal, genetic varia-
tion, range change, eggshell thickness and post-breeding dispersal are
among the most understudied parameters.

3.2. Diet composition

3.2.1. Main prey groups

‘We used diet data from 192 articles with 403 data entries in total, which
were published in the period from 1930 to 2020. From these, 17 % were
published before 1980 and 45 % after 2000. There were no available
diet data from Bosnia and Herzegovina, Albania, Kosovo and North
Macedonia. Only 42 % of articles included both numeric and biomass per-
centages for either main prey groups or groups of mammals by trophic
level. Out of these, 11 % did not calculate the frequency percentage of
invertebrates and 28 % did not determine invertebrate biomass. Thus, in
the analysis of the main prey groups numeric percentages, 66 % of the col-
lected articles could be included (72 % of data entries), whereas in the anal-
ysis of the main prey groups by biomass percentage, 32 % of the collected
articles were considered (18 % of data entries).

Mammals were the most frequent prey (67.8 % on average, Table 2)
across Europe, with slightly lower numeric percentages in the Mediterra-
nean and increasing northwards. Biomass percentages of mammalian
prey were also the highest among the main prey groups (79.0 % on aver-
age). Little spatial pattern of changing mammal percentages in the diet
with latitude was obvious (Fig. 3), rather the spatial pattern was found sig-
nificant only in the case of numeric percentages (Tables 2 and A.3 to A.5).

In the case of the numeric percentage, birds and invertebrates had
similar importance in Tawny Owl diet (mean 12.9 % and 12.2 %, respec-
tively). Birds, however, represented much larger biomass percentages
than invertebrates (mean 15.4 % and 1.5 %, respectively). The map of inter-
polated bird numeric percentage shows an overall low percentage across
Europe with some local exceptions, mostly from urban areas (Fig. 3). The
explanatory variables in the selected GAM models were longitude (“lon™)
with and without the smooth factor “s(lon)”, suggesting that the numeric
percentage of birds increased with longitude (Tables 2, A.6 and A.7). On
the contrary, the map of interpolated invertebrate numeric percentage
indicates that the importance of invertebrates in the diet was decreasing to-
wards north, and both latitude and longitude were identified as explanatory
variables of the spatial pattern in invertebrate numeric percentage
(Tables 2, A.9 and A.10). Invertebrates were present in only 77.8 % of
data entries in the analysis of numeric percentages and their biomass per-
centages were very low across Europe (Fig. 3), but a significant pattern of
decreasing biomass percentage towards the east was found (Tables 2,
A.11 and A.12). There was no specific spatial pattern in bird biomass
percentage (Fig. 3, Tables 2 and A.8).

Ampbhibians and reptiles were rarely a part of Tawny Owl diet in any
significant percentage. Amphibians were present in 73.6 % of data en-
tries and reptiles in 31.8 % of data entries in the numeric percentage
analysis, and in 63.9 % and 34.7 % of data entries, respectively, in bio-
mass percentage analysis. There seemed to be subtle spatial variations
in the importance of amphibians and reptiles in the diet (Figs. 3 and
A.1). The amphibian numeric and biomass percentages slightly
increased towards the north and had a bimodal pattern along the longi-
tude, with peaks at around 7° and 21° in numeric percentage, and at
3" and 26° in biomass percentage (Tables 2, A.13 to A.16). The numeric
percentages of reptiles slightly decreased with latitude and increased
with longitude (Tables 2, A.17 and A.18). There was no significant
spatial pattern in reptile biomass percentage (Tables 2 and A.19).
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3.2.2. Mammals by trophic level

We could include 94 % of the collected articles in the analysis of nu-
meric percentages (92 % of data entries) and 38 % of articles (24 % of all
data entries) in the analysis of bi percentages of I groups by
trophic level. Herbivorous and omnivorous mammals were the most impor-
tant mammalian prey. The mean numeric percentage of herbivorous mam-
mals was 33.9 % and of omnivorous 26.6 % (Table 2). The numeric
percentage of herbivorous mammals increased northwards (Fig. 3). On
the contrary, the numeric percentage of omnivorous mammals decreased
northwards and also changed with longitude. Both spatial patterns were
found to be significant (Tables 2, A.21 and A.24). A map of the interpolated
biomass percentages revealed an opposite SW-NE gradient between the two
groups. However, the spatial pattern of herbivore biomass percentages was
not statistically significant (Tables 2 and A.22), and in omnivores, only
changes with latitude were found to be significant (Tables 2, A.25 and
A.26).

Insectivores and carnivores were less important prey of the Tawny Owl
(Fig. A.1). The mean numeric percentage of insectivorous mammals was
10.6 % and of carnivorous mammals only 0.05 % (Table 2). However,
insectivores were recorded in 94.0 % of the data entries, whereas carni-
vores were recorded in only 19.2 %. The numeric percentages increased
northwards, along with changes in insectivore numeric percentages with
longitude (Tables 2, A.27 and A.28). In the dataset providing biomass
percentages, insectivores were reported in 93.8 % of the data entries
while carnivores were consumed in 14.4 % of the cases. Mean biomass
percentages of both insectivorous and carnivorous mammals were very
low (5.4 % and 0.1 %, respectively, Table 2). Both insectivore and carnivore
biomass percentages in Tawny Owl diet were found to increase signifi-
cantly with latitude (Tables 2, A.30 and A.34).

3.3. Population density

The overall mean crude density in the research area was 13.5 pairs/
100 km? (n = 37 countries, SD = +9.9). The lowest densities were
found in Moldova (0.2 pairs/100 km?) and Finland (0.7 pairs/100 km?)
(Fig. 4A). In Belgium, Slovenia and Bosnia and Herzegovina the crude den-
sities were found the highest (41.9, 34.8 and 34.1 pairs/100 km?, respec-
tively). In Western Balkan the crude densities found were the highest in
Europe, while populations were less dense at the edges of the distribution
range (e.g. Norway, Finland, Spain, Turkey).

3.4. Clutch size

We analysed 73 data entries for Tawny Owl mean clutch size from 49
studies covering 16 countries. The range of mean clutch size across Europe
was between 2.4 and 4.5 (median = 3.35, mean = 3.3 = 0.5 SD).
Clutch size seems to increase towards the north-east (Fig. 4B), but only longi-
tude was found to significantly explain the spatial pattern in clutch size
(Tables 2, A.37 and A.38).

3.5. Population trend

Population trends were evaluated in 37 countries (BirdLife
International, 2017). In 53.8 % of the countries the population was stable
and in 5.1 % it was fluctuating (Fig. 4C). Tawny Owl populations were
decreasing in 15.4 % of the countries. In 25.6 % of the countries, the popu-
lation trend was unknown. Southern Europe was the region with seemingly
the most stable populations but there are some major knowledge gaps in
Europe, with several neighbouring countries having no population trend
estimates.

3.6. Dispersal
There were 23,970 entries from 20 countries in our ringing dataset. The

range of juvenile-adult and adult-adult ringing distances across Europe was
between 0 and 917 km, and their mean was 18.2 km (£36.3 SD). Overall,
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Fig. 3. Interpolated numeric (top two rows) and biomass (bottom two rows) percentages of prey groups in Tawny Owl diet across the research area. Black dots represent
locations of individual diet studies.

9.0 % of birds were found further than 50 km from their ringing location
and only 3.4 % were found further than 100 km (see Table A.39 for regional
differences).

The ringing distances increased towards the north-east (Fig. 4D).
Changes with latitude and longitude were found to be significant
(Tables 2, A.35 and A.36).
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Fig. 4. Spatial variation in selected population contextual data of Tawny Owl across the research area: (A) Crude population density per country within the distribution area of

Tawny Owl (mean number of breeding pairs per 100 km?); (B) Interpolated values of the mean clutch size (black dots rep 1

of the studies providing b

performance data); (C) Population trends per country (data obtained from BirdLife International, 2017); (D) Interpolated dispersal distances (black dots on the small map

represent initial ringing locations of the individual owls).

Half of the countries in the dataset (50.0 %) had <60 and the other half
had over 600 data entries. Finland had by far the most data entries (n =
8227). There was a lack of data from the countries in the Eastern and
South-Eastern Europe, France, Spain and Portugal on the west. Mean ringing
distance was longest in Northern Europe (25.1 km + 41.1 SD) and shortest
in the United Kingdom (8.4 km * 24.8 SD). The difference in mean between
regions was significant, but not in all pairwise comparisons (Fig. 5).

Mean juvenile-adult ringing distance was 22.0 km (+38.4 SD, range:
0-917, N = 18,168) and mean adult-adult ringing distance was 6.1 km
(+24.8 SD, range: 0-785, N = 5786). The ringing distance between juve-
nile and adult birds was significantly different (Wilcoxon rank sum test W
= 20,327,442, p < 0.001). The main differences between regions in overall
ringing distances were mainly due to differences in juvenile-adult ringing
distances, which were highest in Northern Europe (mean + SD = 30.3
=+ 43.6 km) and lowest in Western Europe (mean + SD = 9.7 + 23.8 km).

4. Discussion

The information collected regarding the p of pop contex-
tual data reflecting both exposure to and impact of contaminants reinforced

10

three main assertions: firstly, the smtablllty of the Tawny Owl as a focal
species for pan-| long-term ing of ¢ dl
the relevance of population contextual data for the mterpretauon of large-
scale patterns of the effects of envirc | chemical p ion; and thirdly,
the multidisciplinary value of collecting comprehensive and continent-wide
data on the ecological traits of the Tawny Owl and other top predators.

4.1. The Tawny Owl as a focal species for biomonitoring

Our literature review results supported prekus indications that the
Tawny Owl is a suitable species for cor i ing in Europe
(Gémez-Ramirez et al., 2014; Derlink et al., 2018; Badry et al., 2020;
Gonzalez-Rubio et al., 2021). It is a common species that readily occupies
a wide array of habitats (Mikkola, 1983; Cramp, 1985; Galeotti, 2001)
and is widely distributed across Europe. Information on population densi-
ties and population trends is available for most European countries
(BirdLife International, 2017), even if some estimates are relatively rough
and could be refined. Despite being a nocturnal raptor, it is a relatively sim-
ple species for which to undertake territory monitoring (Hardey et al., 2013)
and several countries already have established schemes for population
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