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Uvod

”Na Hromnice (2. Unora) musi skfivanek vrznout, i kdyby mél zmrznout”. Kdo by neznal
alespon tuto zakladni pranostiku? Cela fada pranostik vychdazela z jednoduchého faktu, Ze nasi
predci travili mnoho ¢asu praci venku a byli velice dobrymi pozorovateli. Opakované jevy tak
bylo vhodné formulovat do néjaké lidové moudrosti. Jiz v prabéhu studii se mi k rukam dostala
zdafila kniha o lidovych pranostikach z pera Jana Munzara (Munzar 1984). Munzar velice umné
kombinoval historické prameny k objasnéni celé fady pranostik. Zaroven, se v té dobé, kdy se
mi kniha dostala do rukou, zacaly objevovat prvnifenologické studie o dlouhodobych zméndch
v ¢asovani rytm0 a jev(, jako je napfiklad doba hnizdéni, pfilety na hnizdisté nebo kveteni
vegetace a délka vegetacni sezény. Premyslel jsem, jaké jsou moZnosti dopatrat se
k primarnim zdrojim dat o fenologii rostlin a Zivocichd z tzemi Ceska a jak propoijit staré
prameny ve svétle probihajici klimatické zmény. Paralelné k tomu, jsem se intenzivné zacal
zabyvat krouzkovanim ptakd a jako prvni, co mé napadlo, bylo pouZit krouzkovaci data pro
rekonstrukci vybranych fenologickych jevl u ptdk(. Studiem Sedé literatury se otevrela
samostatnd kapitola o fenologii jarnich priletd na nase Uzemi. K mému velkému prekvapeni
jsem zjistil, Ze to co dnes vzneSené nazyvame obcanskou védou (citizen science), tak jiz
v dobach Rakouska-Uherska zde bylo nékolik dobrovolnickych velkoskalovych iniciativ na sbér
dat o dobé priletli a odletl ptakd nebo dobé kveteni rostlin. Mym cilem se tak stalo, za pomoci
studentd, digitalizovat nékolik historickych datovych zdroji a vyhodnotit dlouhodobé zmény
ve fenologii. Tento aspekt tvofi prvni ze tfi okruhl predloZzené habilitacni prace.

Vyhodnoceni dlouhodobych zmén ve fenologii ptacich priletd podnitilo celou radu
otdzek. V souvislosti s klimatickou zménou se velice brzo stala diskutovanou otazka rozdilnych
odpovédi u dalkovych migrantl a migrant( na kratké vzdalenosti (napt. Jonzén et al. 2006,
Usui et al. 2017). Uvédomil jsem si, Ze vyhodnocenim ,,pouhych” pfiletd nebo odlett z hnizdist
pozorujeme vSechno pouze z povrchu. Klicové bylo pochopeni, jaké maji jednotlivé hnizdni
populace migracni trasy, kde a jak dlouho se zastavuji a zimuiji. | takova drobnost jako je délka
tahové zastdvky mlze vyznamné ovlivnit vysledny vzorec pfiletd na hnizdisté (Schmaljohann
& Both 2017). Naopak, délka migracni trasy docela dobre predikuje celkovou délku tahu a
posléze i prilet na hnizdisté (napf. Hotker 2002). Pro ilustraci, pfedstavme si néjaky tazny, v
Cesku hnizdici druh, ktery md zimovisté jak v oblasti Mediteranu, tak v sub-Saharské Africe. Je
zfejmé, Ze populace, které zimuji bliz hnizdistim, budou prilétat dfiv nez ty, které zimuiji
v Africe. Prakticky by to mohlo znamenat bimodalitu v ¢ase na pfiletech do Ceska nebo hodné
Sirokou distribuci pfiletovych dat. Dobrym pfikladem je slavik modracek. Na nasem uzemi
hnizdi populace, které zimuiji v Asii, Mediteranu ¢i sub-Saharské Africe. Kazda z populaci se lisi
dobou priletd k nam (Cepak et al. 2008, Lislevand et al. 2015, vlastni nepubl. data). At jedno
nebo druhé, bez podrobnéjsi znalosti migracni ekologie dané populace je mnohem obtiznéjsi
vyhodnotit pozorované fenologické trendy. Od klasickych zpétnych hlaseni okrouzkovanych
ptakl, ktera propojovala hnizdisté se zimovisti, se bylo nutné posunout k sofistikovanéjsim



metodam. Pravé dostupnost malych geolokatort a pozdéji i tlakovych datalogger(i mé navedla
na myslenku studia migrace nékolika ptacich druh(. Série praci, zejména popisnéjsiho
charakteru, na toto téma tak pfedstavuje druhy okruh mé habilitaéni prace.

Dostupnost podrobnych popisnych dat o migraci (odlety a pfilety z/do hnizdist a
zimovist, lokace tahovych zastavek a délky pobytu na rliznych mistech v pribéhu roéniho
cyklu) pro dostatecné velké datové soubory nebo pro nékolik populaci nam umoznila si klast
rodu Ficedula idedlnim modelovym druhem. Tteti ¢ast habilitace je tak sloZena z terénnich
studii, kde vyhodnocujeme data z geolokatorl v kontextu faktor(, které maji vyznam na
organizaci ro¢niho cyklu ptakd, pfekonavani velkych bariér, anomalii v pocasi, propojeni fazi
ro¢niho cyklu nebo vnitro populacnich procesa.

Tuto habilitaéni praci predkladam, ve smyslu § 72 zakona ¢. 111/1998 Sb., jako soubor
uvefejnénych védeckych praci doplnénych komentarem.



2. Komentare k jednotlivym studiim

I. Fenologie odvozena z krouzkovacich dat
Studie 1

Adamik, P. & Pietruszkova, J. 2008: Advances in spring but variable autumnal trends in timing
of inland wader migration. Acta Ornithologica 43: 119-128.

Studie 2

Husek, J. & Adamik, P. 2008: Long-term trends in timing of breeding and brood size in the red-
backed shrike Lanius collurio in the Czech Republic, 1964—2004. Journal of Ornithology
149: 97-103.

Studie 3

Husek, J., Adamik, P., Cepak, J. & Tryjanowski, P. 2009: The influence of climate and population
size on the distribution of breeding dates in the red-backed shrike (Lanius collurio).
Annales Zoologici Fennici 46: 439—-450.

Studie 4

Najmanovd, L. & Adamik, P. 2009: Effect of climatic change on the duration of the breeding
season in three European thrushes. Bird Study 56: 349-356.

Spole¢nym jmenovatelem pro prvni Ctyfi studie je zdroj dat: krouzkovaci data. V roce
2004 jsem se spolecné se studenty pustil do prepisu krouzkovacich zaznam( Krouzkovaci
stanice Narodniho muzea v Praze. Z dnesniho pohledu, kdy jsou dostupné automatizované
postupy pro prepis pisemnych zdznam{, to plsobi komicky, ale tehdy jsme jednoduse vSechny
zadznamové archy s ro¢nimi vykazy od krouzkovatel( ru¢né prepisovali do programu BirdRing.
V té dobé jiz krouzkovatelé odevzddavali data elektronicky, ale kdyz jsem se chtél dostat
k starSim udajam, nebylo zbyti a museli jsme data prepsat ru¢né. Organizace prace byla velice
jednoducha, s pracovniky krouzkovaci stanice, Jaroslavem Cepakem a Jaroslavem Skopkem,
jsem se dohodl, Ze objemné krouzkovaci zaznamy budeme prepisovat v Olomouci, a tak jsem
v pravidelnych intervalech cestoval s velkym batohem mezi Prahou a Olomouci. Napadlo mé
totiz, Ze desitky let krouzkovacich zaznam( jsou velice cennym zdrojem o ¢asovani hnizdéni
pévcll a nacasovani tahu u bahnak(. Logika byla takova, Ze pro krouzkovani mladat je pomérné
kratké casové okno, kdy mohou krouzkovatele nasadit krouzky, jinak mladata vyskacou
z hnizda, a Ze se Casova aktivita krouzkovani prekryvd s dostupnosti hnizd (Beintema et al.
1985). To stejné jsem predpokladal i pro ¢asovani tahu bahnakd. Vétsina bahndkl pres nase
Uzemi pouze protahuje, a zejména letni tah, tj. ze severnéji poloZenych hnizdist, je u nékterych
druht velmi vyrazny. Kdyz bahnaci protahuji pres nase Uzemi, tak jsou i chytani a krouzkovani.
Predpokladal jsem, Ze intenzita krouzkovani je propojena s ,,nabidkou” ptakud v terénu, a tudiz
fenologické metriky odvozené z data krouzkovani budou reflektovat i samotnou fenologii. Jind
data jednoduse nebyla z naseho tUzemi dostupnd. Na prepisu udaji pracovalo nékolik student



a Tomas Koutny. PGvodné jsem uvaZoval o Casové radé od roku 1934, kdy zapocalo
krouzkovani pod Ceskoslovenskou ornitologickou spole¢nosti, ale zplisob archivace dat do
roku 1963 byl podle jména krouzkovatele. To by znacné navysilo ¢as na prepis udajl, a tak
jsem se rozhodl pro digitalizaci od roku 1964. Od této doby byly zd&znamy vedeny dle typu
krouzku a roku. To znacné zjednoduSovalo digitalizaci (Obr. 1). Pro snadnéjSi praci
s krouzkovacimi daty jsem pro studie o ¢asovani hnizdéni vybral z pévcd tuhyka obecného,
drozda zpévného, kosa cerného a drozda kvicalu. U bahndk(i jsme prepisovali prakticky
vSechny druhy a aZ posléze jsem vybral podmnozinu druhd, u kterych bylo dostatek udajd
nejen co do celkového poctu okrouzkovanych jedincu, ale i s ohledem na ¢asové rozloZeni dat
mezi lety 1964 aZ 2005. Plivodné jsem uvazoval i o vyhodnoceni Udaju o ¢asovani hnizdéni
Cejky chocholaté, ale toto zlstalo v Supliku a jediné co se z toho publikovalo, byly regiondlni

trendy v poklesu pocetnosti (Zidkova et al. 2007).

U protahujicich bahnaka jsem spolecné se svou diplomantkou Janou Pietruszkovou,
vybral osm druht, které spliovaly podminku alespon 20leté c¢asové rfady a s nejméné 10
jedinci pro danou tahovou sezénu v daném roce (Studie 1). U jarni migrace jsme zjistili velice
konzistentni posun k ¢asnéjsSimu tahu pres nase Uzemi. Nejextrémné;jsi posun byl u ¢asné faze
tahu jespaka bojovného, kdy byl zjiStén posun témér o jeden den za rok. Naopak v 1été&, byly
trendy variabilni s tim, Ze u vodouse bahenniho, pisika obecného a jespaka obecného byl
posun k drivéjsSimu pratahu, ale napriklad u jespdka bojovného, bekasiny otavni nebo kulika
ficniho doslo naopak k opozdéni prltahu.
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Obr. 1. Vzorovy zdznamovy arch vykazu krouzkovdni za dany rok pro jednoho krouZkovatele a
vybrany velikostni typ krouZku.



V této dobé byl velky boom ve hledani tzv. univerzalni proxy proménné pro
charakteristiku klimatu a index severoatlantické oscilace (NAO index) byl tzv. zlatym
standardem (Stenseth & Mysterud 2005). Ten jsme jesté nékolikrat poutzili i v nasledujicich
studiich. V této praci jsme detrendovany index korelovali s dobou tahu a u vétsiny ¢asovych
fad byl konzistentné negativné asociovany s dobou tahu. To bylo logické, protoZe kladné
hodnoty NAO indexu jsou spojené s CasnéjSim ndstupem jara ve stfedni a severni Evropé
(Menzel et al. 2005). Rukopis jsem zaslal do Acta Ornithologica, kde byl prakticky bez vétsich
obtizi ptijat, i kdyZ jedna ze stézejnich pfipominek byla, do jaké miry jsou krouzkovaci data
opravdu vypovidajici o ¢asovani tahu. Zpétné vidéno, byla analyza vlivu klimatu na dobu tahu
velice jednoducha. Pti dnesnich nastrojich, jako je napf. R-balik climwin (Bailey & van de Pol
2016) a analyza s klouzavou ¢asovou osou (van de Pol et al. 2016), by se urcité dal |épe hledat
spravny klimaticky signdl. Na druhou stranu, na rozdil od pouhych pozorovacich dat
publikovanych v jinych studiich, jsem presvédceny, Ze krouzkovaci data maji velkou vyhodu
v tom, Ze umoznuji diferenciaci mezi tahem rodica a juvenilQ. Pravé u bahnakud je markantni
rozdil mezi ¢asovanim tahu, kdy letoSni mldd'ata opoustéji hnizdisté vyrazné pozdéji nez rodice
(Pietruszkova & Adamik 2009). Také nase volba osetfit NAO index od trendu se ukdazala jako
velice prozirava, protozZe re-analyza mnohych ¢asovych fad zjistila, Ze celd fada studii v tomto
metodickém aspektu chybovala (Haest et al. 2018).

Praci na krouzkovacich datech mladat tuhyka obecného jsem zadal jako diplomku Janu
Huskovi. Honza se ujal prace velice aktivné, a zahy jsme méli k dispozici udaje o ¢asovani
hnizdéni z 9 824 tuhycich hnizd. Na tento druh se specializovala celd rada krouzkovatell
(Husek & Adamik 2006), dokonce zaloZili i pracovni skupinu pro vyzkum tuhykovitych. Byl to
tak idedlni adept na robustni datovy soubor. Ze zakladniho datasetu jsme vyhodnotili zmény
v ¢asovani hnizdéni a poctu mladat na hnizdech. Za léta 1964 az 2004 jsme zdokumentovali
posun v hnizdni dobé o pfiblizné tfi az ¢tyfi dny a narlst v poctu mladat na hnizdo o 0,3
mladéte. Rozhodujici vliv na hnizdéni mély kvétnové teploty. Neméné zajimavy byl i velice silny
vnitro sezénni linedrni pokles v poétu mladat. Rukopis jsme poslali do Journal of Ornithology
(Studie 2), kde prosel velice hladce a doposud je to asi nejrychlejsi recenzni fizeni (55 dni mezi
submitaci a akceptanci), jaké jsem zazil. V té dobé fenologickému vyzkumu tézce dominovaly
prace na budkovych populacich sykor a lejski (Visser et al. 2003, Both et al. 2004). Studii na
trendech u oteviené hnizdicich druhd bylo velice malo (napf. Mgller et al. 2006). Byl to tak
jeden z mala pfispévkd na jiném nez budkovém systému, kde se vyhodnotily dlouhodobé
trendy. AZ mnohem pozdéji se akumulovaly prace na dalSich druzich (Halupka et al. 2023).

Toni Laaksonen s kolektivem publikoval v roce 2006 studii na lejsku ¢ernohlavém, ve
které se zabyval komplexnéjsi analyzou vlivli na dobu hnizdéni ale i na samotnou distribuci
sntsek (Laaksonen et al. 2006). Tato studie nam byla inspiraci, a proto jsme se rozhodli o
sofistikovanéjsi analyzu dat na tuhykovi. Honza Husek byl tou dobou na staZi u Piotra
Tryjanowskeho v Poznani a nadsené reportoval, Zze bychom mohli pouzit novy index, tzv.
Indian Ocean Dipole jako mozny prediktor podminek na zimovisti tuhyku. Idea byla takova, ze
bychom vyhodnotili vliv klimatickych podminek z riznych ¢asti roéniho cyklu tuhyka na jeho



hnizdni fenologii. Aby toho nebylo malo, zabyvali jsme se i samotnou distribuci hnizdéni,
protoze napriklad pfihodné podminky mohou silné synchronizovat hnizdéni v dané sezéné.
Ktomu vSemu jsme zohlednili i populaéni status druhu na celorepublikové drovni z
Jednotného programu s&itani ptak Ceské spole¢nosti ornitologické. Protoze koncept prace
byl postaveny na pomérné komplexnim setu prediktor(i, celd prace byla zasazena do
informacné teoretického pfistupu v modelovaci ¢asti (Studie 3). Zjistili jsme, Ze lokalni klima
nejlépe predikuje hnizdni fenologii u tuhyka. Zaroven byl vyznamny také vliv populac¢niho
indexu. Jinymi slovy, v letech s vysSimi hodnotami pocetnosti (odvozené hodnoty trendu
druhu z indexu Jednotného programu séitani ptaké v Cesku) hnizdil tuhyk dFiv. To by mohlo
indikovat hustotné-zdavislé procesy v nacasovani hnizdéni. To, Ze fenologie muZe hrat roli
v populacénich trendech druhu, jsme prokdazali o nékolik let pozdéji na datovém souboru s 52
druhy z Ceska (Kolecek et al. 2020). MoZn4a trochu skromné jsme rukopis zaslali do Annales
Zoologici Fennici, kde vté dobé béiné vychazely ekologické studie na ptacich. Dodnes si
myslim, Ze je to trochu pozapomenutd prace a urcité jsme ji mohli prodat Iépe.

Krouzkovaci data na drozdech rodu Turdus méla za ukol zpracovat diplomantka Lenka
Najmanova. | zde jsem mél stésti na dobrého studenta a velice brzo jsme méli digitalizovana
data o0 3371 hnizdech kvical, 1472 hnizdech kosl a 944 hnizdech drozd( zpévnych z let 1964
az 2006. Pristup byl velice podobny jako u tuhykd, kde jsme pouzili klimatické prediktory
z rlznych c¢asti rocniho cyklu. Inovaci bylo, Ze jsme v této studii dali diraz na délku hnizdni
sezony, kterou jsme definovali jako ro¢ni mezikvartilové rozpéti v datech krouzkovani pullat.
Do té doby byly fenologické prace o délce hnizdni sezény pomérné vzacné a syntéza pfisla az
mnohem pozdéji (Halupka & Halupka 2017). Bonusem, s ohledem na urbanizaci kosa a drozda
zpévného, bylo vyhodnoceni rozdild v hnizdnich parametrech urbannich a ruralnich populaci.
Z dat jsme zjistili nelinearni posun hnizdni fenologie k ¢asnéjsimu datu. U délky hnizdni sezény
jsme zjistili, Ze kos a drozd zpévny rozsifili svou hnizdni dobu, kdezto u kvicaly doslo k jejimu
zkraceni. Trochu skromné, i s ohledem na charakter zdroje dat, jsem rukopis zaslal do Bird
Study (Studie 4), kde prakticky hladce prosel recenznim fizenim.

I. Fenologie na budkové populaci
Studie 5

Adamik, P. & Kral, M. 2008: Climate and resource-driven long-term changes in dormice
populations negatively affect hole-nesting songbirds. Journal of Zoology, London 275:
209-215.

Vramci svého doktorského studia jsem se chtél vénovat interakcim mezi lejskem
bélokrkym a ¢ernohlavym v jejich hybridni zoné. Dévalo to i logiku s ohledem na mnozZstvi
studii, které proudily z olomouckého pracovisté. Co jsem ovSem netusil je, Ze jsem do
severomoravskych hvozd(i priSel tak troSku pozdé. Nejlepsi roky na hnizdéni lejska
cernohlavého byly pry¢, a i u lejskll bélokrkych se v poslednich letech ukazal nebyvaly problém
— vysoka mira predace plchem velkym. Na prelomu let 2004 a 2005 jsem zapocal spolupriaci



s Miroslavem Kralem na jeho budkovych populacich na Sovinecku v Nizkém Jeseniku. Jako
mlady a malo zkuSeny jsem za nim pfrisel s tim, Ze budu studovat i zimujici sykory a Ze bych si
pridal ptaci budky k jeho lokalitam. Tehdy jsem nemohl tusit, Ze si lokalitu zamiluji a Ze budu
pokracovat v monitoringu hnizdni biologie az do dnesnich dn (Adamik & Kral 2023). Hned
pilotni hnizdni sezéna ukazala, Ze plSi jsou pro ptaky opravdu vazny problém a Ze smysluplny
datovy soubor pro néjakou hybridizaci stéZi vytvorim. Frustrovan z vysoké miry predace jsem
uvazoval o smyslu svého snazeni. Pak jsem se ale rozhodl| Iépe porozumét biologii plchu. Psal
jsem na vSechny strany a velice mi v pocatcich pomohli Vladimir Vohralik a Boris Krystufek.
Tak zapocalo mé studium plchl. NeZz jsme posléze se studenty nashromazdili néjaka
demografickd data o plSich, uvédomil jsem si, Ze peclivé zapisky Mirka Krale obsahuiji i udaje o
vyskytu plch( v ptacich budkach. Nastala tak pro nas oba mravenci prace. Vysledkem bylo, Ze
jsme zpétné zdigitalizovali zaznamy plchi az do prvnich let studia ptakd na této lokalité. Z dat
bylo patrné, Ze u plchl je silny trend v ¢asnéjsSim probouzeni z hibernace. Ten trend byl
mnohem strméjsi nez posun v hnizdni fenologii lejsk(, sykor a brhlika. Vysledkem bylo, Ze se
mnohem vice zacala prekryvat doba vyskytu plchl s dobou hnizdéni ptakd. Zaroven jsme
v datech vidéli vyrazné meziro¢ni narlsty v poctech plchu, ktefi se vyskytovali v budkach a
také rostla i mira predace. Data tak indikovala pomérné propletené vazby mezi probihajici
klimatickou zménou, cetnosti semennych let a reakci plch(, kterd se nasledné pronesla do
zvySenych hnizdnich ztrat pévcl. Zejména pro lejska byl trend pomérné neradostny, indikujici
zvySeny predacni tlak i do budoucna. Predpokladal jsem, Ze moje nadSeni z objevu budou

sdilet i editofi véhlasnych ¢asopist. Rukopis jsem zaslal do Nature.

Obr. 2. Typicky obrdzek pri jarnich kontroldch budek v Nizkém Jeseniku. Plch velky v lejs¢im
hnizdé.



Reakce byla rychld a odmitava, bez recenzi. Stejny scénar se zopakoval jeSté pro nékolik
»elitnich ¢asopist“. Tam, kde se text dostal na recenzi, bylo hlavni vytkou to, Ze jsme plchy
individudlné neznadili, a tudiz neni vlbec jisté, co je vlastné nami pozorovany nardst
obsazenych budek. Dalsi vytkou bylo i to, Ze tim, Ze jsme ukazali, Ze za predaci stoji hlavné
narUst vyskytu plcha, a ne fenologie samotnd, neni téma dostatecné atraktivni pro klimatem
zplUsobené interakce mezi Zivocichy. Text jsem postupné se submitacemi vylepSoval, ale
nakonec znaven z tlaku redakci na ,,novelty” a z tézké kritiky absence individualné znacenych
plchl, jsem se rozhodl pro néjaky stary dobry Zurnal, ktery nepase po ,trendy” tématech
(Studie 5). Vidéno zpétné, dnes bych umél studii mnohem Iépe vystavét. Nyni vim, Ze zvySena
obsazenost budek na jare skutecné odrazi zvySené pocty jedincl a Ze dobfe koresponduje
s celkovym poctem plch(l na lokalité. Co jsem v té dobé netusil, Ze pocty plchi jsou opravdu
taZené cyklem semennych let, hlavné buku a dubu. Cast&jsi semenné roky tak vedou k nardstu
pocetnosti plcha. Z dnesnich dat do roku 2025 také vim, Ze se prudky trend v posunu plsi
fenologie zastavil kolem roku 2005 a od té doby neni patrny. Cyklus semennych let je tedy
hlavnim tahounem hnizdnich ztrat u dutinovych hnizdi¢l v tomto studijnim systému. Studii
dokumentujicich dopady klimatické zmény na savce je ve srovnani s jinymi taxonomickymi
skupinami relativné malo. Publikovana prace se tak opakované vyskytuje v metaanalyzach
zabyvajicimi se savci (napf. Wells et al. 2022).

I. Fenologie pfiletl ptakd, fenologie dfevin
Studie 6

Koladrova, E. & Adamik, P. 2015: Bird arrival dates in Central Europe based on one of the
earliest phenological networks. Climate Research 63: 91-98.

Studie 7

Kolarova, E., Matiu, M., Menzel, A., Nekovar, J., Lumpe, P. & Adamik, P. 2017: Changes in
spring arrival dates and temperature sensitivity of migratory birds over two centuries.
International Journal of Biometeorology 61: 1279-1289.

Studie 8

Kolarova, E., Nekovar, J. & Adamik, P. 2014: Long-term temporal changes in central European
tree phenology (1946-2010) confirm the recent extension of growing seasons.
International Journal of Biometeorology 58: 1739-1748.

Vedle fenologickych studii stojicich na krouzkovacich datech jsem patral po zdrojich dat
pro rekonstrukci jarnich pfiletd. Znamenalo to ponofeni se do objemného mnoizstvi Sedé
literatury. Nit zdrojl dat jsem rozplétal od téch recentnich a postupné jsem rozkryval
vlasecnice dalsich a starSich pramen(. Prvni kroky vedly k Petru Lumpemu a jeho iniciativé



zaznamendvani jarnich piilet(, kterou ved! pod patronaci Ceské spoleénosti ornitologické do
roku 2010. Dal3i d@leZitou osobou byl Jifi NekovaF z Ceského hydrometeorologického Ustavu,
ktery poskytl data o pfiletech nékolika druh( ze sité stanic, kterd byla dostupna do roku 1990.
Mezi ¢leny CSO jsem rozeslal vyzvu o zaslani dlouhodobych pozorovani prvnich ptiletl a
paralelné probihal sbér dat z Sedé literatury. Prakticky to probihalo tak, Ze jsem patral po
zdrojich dat, navstévoval knihovny, statni archivy, kopiroval zaznamy a postupné budoval
datovou sadu pro vSechny tazné druhy. Stovky hodin pfi prepisu dat stravilo nékolik lidi, v€éetné
¢lent rodiny. VSechny tyto zdroje jsem pak zadal k vyciSténi a sumarizaci Evé Kolarové, pro
kterou tvofily zaklad disertacni prace. Vznikla tak datovd sada s pfilety taznych ptak( od roku
1828 az do roku 2010 (Obr. 3).
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Obr. 3. Vizualizace zdroji dat pro rekonstrukci jarnich pfilet’ do Ceska v letech 1828 aZ 2010.
Pro podrobnosti viz Koldrova et al. (2017).

Pocatky systematicky organizovanych fenologickych pozorovani ptakl jsou na nasem
Uzemi spjaty s Vlastenecko-hospodarskou spole¢nosti v kralovstvi Ceském (k. k. konomisch-
patriotische Gesellshaft in Konigreich Bohmen). Fenologicka pozorovani z obdobi 1828-1847
byla publikovana v periodicich Neue Schriften (Obr. 4.) a Verhandlungen und Mittheilungen. A
pravé tato nejranéjsi data jsme se rozhodli vyhodnotit a srovnat s recentnim datovym
souborem z let 1991 aZz 2010 (Studie 6). Vyhodou bylo, Ze to byla relativné homogenni datova
sada pro 35 druhd. Sam jsem byl velice zvédavy, jak dobra tato stard data jsou. Zjistili jsme, Ze
nékteré druhy pfilétaly dfive, v 1. poloviné 19. stoleti, nez nyni, a to i pres silny trend k
drivéjSimu pfriletu v poslednich dekaddach. Zaroven vztahy mezi lokdlni teplotou a pfilety byly
velice silné i v historickém datasetu. To poukazuje na spolehlivost priletovych dat sesbiranych
pted davnou dobou. Co nevime je, pro¢ nékteré druhy pfilétaly v prvni pllce 19. stoleti dfive



neZ dnes, pritom teploty v té dobé byly na nasem Gzemi v priiméru o pfiblizné 2 °C nizsi.
Osobné jsem presvédcéeny, Ze je to efekt density a Ze v minulosti mély béziné druhy vyssi
populacni hustoty a diky tomu byl vétsi tlak na ¢asnéjsi prilety.

Systematické sledovani priletl ptak( bylo masovéji organizovano od druhé poloviny
19. stoleti v rdmci tzv. obecné fenologie, a to zasluhou Karla Fritsche a Gustava von Niessla.
Na konci 19. stoleti fenologie silné pronikla i mezi ornitology a sledovani pfileti ptactva se
rozsitilo na celé Uzemi Rakouska-Uherska. Z celého cisarstvi byly publikovany velice prehledné
rocenky jako pfiloha ¢asopisu Die Schwalbe s Udaji o priletech ptakd. V roce 1923 pak Vaclav
Novak vybudoval celostétni sit fenologickych stanic a az do roku 1937 sestavoval detailni
fenologické rocenky. Posléze po rlznych organiza¢nich zméndach prebral fenologicka
pozorovani Hydrometeorologicky Ustav a posledni fenologickd rocenka vysla v roce 1960.
Cesky hydrometeorologicky Ustav pokracoval ve sledovéni pfiletd velice omezeného mnozstvi
druht aZ do roku 1990. Nastésti obratem na to navazala CSO svym projektem jarnich ptilet( a
diky celé radé aktér( tak mame k dispozici Udaje o jarnich priletech za dvé stoleti.

Z databdze jsme vybrali pouze 13 druhl pro rekonstrukci pfilet( za roky 1828 az 2010.
Vycet druhd jsme museli zUZit na ty, pro které jsme méli dostupné co nejkompletnéjsi casové
Fady. Vysledkem je, 7e pro Cesko je dostupna jedna z nejdel3ich ¢asovych fad pfiletd na svété
(Studie 7). Na studii je jesté jeden dllezZity aspekt. Ukazali jsme, Ze sila vztahu mezi pfilety a

lokalni teplotou nemusi byt nutné stejna v ramci druhu za rdznd ¢asova okna.

Obr. 4. Ukdzka zaznamu pfilett a odlett taznych ptdakd pro rok 1828 z ¢asopisu Neue
Schriften.
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A do tretice, v literature se hodné opakovala teze, ze dalkovi migranti maji slabsi
odpovéd na lokalni teploty nez migranti na kratkou vzdalenost (napt. Jonzén et al. 2006). Nase
studie ukazala, Ze toto je dynamicky jev a Ze za posledni desetileti migranti na kratké
vzdalenosti reaguji silnéji, resp., Ze sila vztahu akceleruje s teplotou. Proto je dllezita ¢asova
Skala kazdé studie. Vétsina publikovanych studii byla jednoduse pfilis kratka pro odhaleni
dynamiky sily vztahu mezi lokalni teplotou a pfilety.

Pti pracich na casové radé pfriletli ptak( jsem se dostal do kontaktu s Jitim Nekovarem.
Zjistil jsem, jak cennd data o fenologii nejen Zivocichd a rostlin archivuje Cesky
hydrometeorologicky Ustav. Plodné diskuse s kolegou Nekovarem vedly k tomu, Ze jsem Evé
Kolafové zadal vyhodnoceni zmén fenologie 18 druhd dfevin v Cesku jako diplomovou praci.
Fenologie dfevin mé extrémné zajimala z jednoho prostého dlivodu. S ohledem na trofické
vazby bylo jasné, Ze fenologie difevin bude determinovat i fenologii hmyzu, hlavni potravni
slozky celé rady taznych lesnich druh( ptakd. Proto mi pfislo dilezZité porozumét, co se déje
s aspekty jako je jarni olisténi, doba kveteni, ¢i délka vegetacni sezény. Celkem jsme
vyhodnotili trendy v letech 1946 az 2010 pro osm fenologickych charakteristik (Studie 8).
Prekvapila mé rychla akcelerace fenologie a mira posunu za sledované obdobi. Rukopis jsme
zaslali do International Journal of Biometeorology. Posudky byly docela nevyvazené, z mého
pohledu az neprofesionalné provedené a editor rukopis zamitl. Rozhodl jsem se tehdy, Ze to
nenechame jen tak a rukopis jsme v lehce upravené verzi a s kritikou prace recenzentl znovu
zaslali do stejného ¢asopisu. S novymi recenzenty studie prosla hladce. Zpétné se domnivam,
Ze je Skoda, Ze jsme vtématu nepokracovali. Prace je hodné popisnd a libilo by se mi,
kdybychom propojili klimatické proménné s fenologii a trochu vice prostudovali prostorovou
variabilitu ve fenologickych trendech. Navic, z citaci nasi studie se ukazuje, Ze téma je velice
aktualni pro vyhodnoceni pylové sezdny ve vztahu k alergikiim.
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Il. Migrace — popisy zimovist a migracnich tras

Studie 9

Adamik, P. 2008: Cejka chocholata. In: Cepdk, J. et al. (eds) Atlas migrace ptdki Ceské a
Slovenské republiky. Aventinum, Praha: 184—-186.

Adamik, P. 2008: Vodou$ bahenni. In: Cepak, J. et al. (eds) Atlas migrace ptdkii Ceské a
Slovenské republiky. Aventinum, Praha: 207-209.

Adamik, P. 2008: Pisik obecny. In: Cepdk, J. et al. (eds) Atlas migrace ptdk( Ceské a Slovenské
republiky. Aventinum, Praha: 210-212.

Mé pocatky studia migrace jsou spojené se zpracovanim zpétnych hlaseni
okrouzkovanych ptak( pro Krouzkovaci stanici Ndrodniho muzea v Praze. Jaroslavem
Cepdkem jsem byl v roce 2005 osloven s tim, abych vyhodnotil migraci a zpracoval druhové
kapitoly pro nékolik druht ptaka. Vysledkem bylo osm druhovych kapitol, které jsem na 22
strandch zpracoval pro sykoru konadru, sykoru modfinku, jespaka malého, jespaka obecného,
bekasinu otavni, vodouse bahenniho, ¢ejku chocholatou a pisika obecného v migracnim
atlase, ktery vysel v roce 2008 (Cepdk et al. 2008). Do habilitacni prace predkladam, pouze na
ukazku, tti druhové kapitoly (Studie 9). Jednad se o tradi¢ni vyhodnoceni zpétnych hlaseni, kdy
jsou nalezy rozdéleny do raznych sezén a z ¢asové distribuce lokaci se uvaZzovalo o vyskytu na
zimovistich a tahovych zastavkach. Ve své dobé se jednalo o jeden z mala narodnich
migracnich atlasa.

Il. Migrace — geolokace

Studie 10

Briedis, M., Beran, V., Hahn, S. & Adamik, P. 2016: Annual cycle and migration strategies of a
habitat specialist, the Tawny Pipit Anthus campestris, revealed by geolocators. Journal of
Ornithology 157: 619-626.

Studie 11

Adamik, P., Bures, S., Hahn, S., Oatley, G. & Briedis, M. 2023: Timing of migration and African
non-breeding grounds of geolocator-tracked European Pied Flycatchers: a multi-
population assessment. Journal of Ornithology 164: 875—886.

Na néjakou dobu to tak byla konec¢na pro maj zamér studia migrace ptakd. Dale jsem
se vénoval préci s krouzkovacimi daty a jejich vyuziti pro fenologické studie (viz studie vyse).
V roce 2009 jsem zaregistroval zasadni ¢lanek, ktery pouZil tzv. geolokatory pro studium
migrace drozda lesniho a jificky modrolesklé (Stutchbury et al. 2009). Jednalo se o archivni
dataloggery, které zaznamendvaly v preddefinovaném c¢asovém intervalu intenzitu svétla.
Ptak musel v prlibéhu celého roku nosit , battizek” na zadech a po roce ho bylo nutno odchytit
a datalogger odebrat. Z intenzity zaznamenaného svétla bylo mozné zrekonstruovat vychod a
zapad slunce pro kazdy den a dopocitat ¢as pravého poledne. Z téchto udaji je moziné
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odhadnout zemépisnou délku a Sitku vyskytu, tedy kromé pfriblizné dvoutydenniho obdobi
jarni a podzimni rovnodennosti. V té dobé jsem se jiz intenzivné vénoval vyzkumu lejskd
v Nizkém Jeseniku a logicky mé napadlo, Ze svételné dataloggery by byly vynikajici cesta, jak
posunout poznatky o migraci celé fady taznych druhl pévcl ve stfedoevropském hnizdnim
prostoru. Do toho roku existovalo v Evropé pouze pét zpétnych nalezl okrouzkovanych lejsku
z oblasti zimovist. Sondoval jsem moZnosti, kde sehnat geolokatory. Kontaktoval jsem i Felixe
Liechtiho z Vogelwarte ve $vycarském Sempachu. Svycarsti kolegové se ukazali jako velice
vstficni a zapocala tak letitd velice produktivni spoluprace, a to zejména se Steffenem
Hahnem. Vogelwarte tehdy cerstvé vyvinula své vlastni geolokdtory. Pres rGzné technické
potiZe jsem v roce 2011 obdrzel prvni sadu geolokatoru pro lejsky. Jak uz to byva, zacatky jsou
nékdy nelehké, a i v pfipadé geolokdtorl se ukdazalo, Ze v nékterych letech byly velice
poruchové. To byl osud i mé prvni sezény. Téch zklamani pak bylo jesté v prlibéhu dalSich let
nékolik, bud se jednalo o technické problémy, nebo tézkosti se zpétnymi odchyty ptaku
raznych druhd, kterym jsem s kolegy nasazoval zafizeni. Od roku 2012 jsem tak ve spolupraci
s celou fadou spolupracovnik(l nasazoval geolokatory na nékolik ptacich druh(. Motivace bylo
pokryt druhy, o kterych mame relativné kusé informace o migraci. V kontextu mého
fenologického vyzkumu na pfiletech, mé také velice zajimalo, jak moc jsou dalkovi migranti
flexibilni pfi ¢asovani tahu na a ze zimovist. Postupné jsem se podilel na vyzkumu migrace za
pomoci geolokator u lindusky uhorni (Studie 10), lejska bélokrkého (Briedis et al. 2016a),
cernohlavého (Studie 11), ¢ernokrkého (Briedis et al. 2016b), slavika modracka (Lislevand et
al. 2015), pénice hnédokridlé (Briedis et al. 2025) a vlasské (Wong et al. 2024). Doposud
nepublikované mam data z lejsk( malych, pénice slavikové ale i slavikd tmavych a obecnych.
O neuspésich se radéji zminovat nebudu, ale obecné bylo i nékolik pfipadd, kdy jsme neméli
Stésti na nékolika druzich nebo populacich. Dnes jiz vim, Ze dobr3d pfiprava je naprosta nutnost
pro alespon ¢astecny Uspéch.

Z téch nékolika publikovanych studii se zde, pro ilustraci, zminim pouze o dvou. Prvni
se tyka popisu migrace a zimovist lindusky uhorni (Studie 10). Druha se vénuje lejsku
Cernohlavému. Vasek Beran se zacal intenzivné vénovat hnizdni biologii lindusky uhorni
v hnédouhelnych lomech Mostecké panve. Pfi rozpravach o druhu jsme byli nékdy zaskoceni
chovanim lindusek, a to zejména jejich nepravidelnymi prilety na hnizdisté a poté tichymi
vymizenimi z lokalit po vyhnizdéni. S ohledem na slusnou navratnost jiz okrouzkovanych
jedinct, jsem navrhl Vaskovi, at zkusime nasadit ptakim geolokatory. V roce 2013 tak byla
nasazena prvni sada dataloggerll. Po roce se podafilo odchytit osm jedincl. DalSich osm
znacenych ptakl létalo po lokalité s dataloggery, ale nebylo mozné je chytit. Zejména pro
Vaska to bylo extrémné frustrujici. Z osmi dataloggert bylo funkcnich Sest, rozhodli jsme se
necekat a zanalyzovat data. Analyzy dat se chopil tehdy m{j doktorand Martin Briedis.
S ohledem na biotopy, ve kterych se linduska vyskytuje, byla data kvalitni a odhady zimovist
byly velice spolehlivé. Ziskali jsme tak viibec prvni vhled do migrace tohoto druhu. Prekvapilo
nas, Ze vsichni jedinci zimovali v Uzkém pasu zdpadniho Sahelu. DalSim zajimavym zjisténim
byly tzv. intratropické presuny, zmény zimovist v pribéhu jedné zimy, u péti ze Sesti jedinca.
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Do té doby se o tomto jevu u pévcl pouze spekulovalo. K lindusce thorni se v habilitacni praci
jesté vratim. O par let pozdéji jsme studii zopakovali s mnohem lepSim technickym vybavenim.

Druhou studii, kterou zde uvadim, je prace na migraci lejska ¢ernohlavého (Studie 11).
Standa Bures$ vletech 2012, 2014 a 2015 nasadil nékolik desitek geolokatori na lejsky
¢ernohlavé na lokalitach v Jesenikdch a v severnich Cechach. BohuZel, kombinace $patnych
sezon a taktéz predace hnizd vedla k zpétnému ziskani pouze 9 zafizeni. Pro technické potize
jsme méli kompletni data za cely rok pouze u jednoho jedince a u zbylych sedmi byla data
alespon do zimy, a tak jsme mohli odhadnout lokaci jejich zimovist. Premyslel jsem, jak s takhle
Castecné nekompletnimi datasety nalozit. Pro téch nasich osm jedincl jsem se rozhodl pro
popisnd data. Nékolik let predtim Ouwehand et al. (2016) publikovali data z nékolika
evropskych populaci. Nékteré odvainé zavéry této studie se mi ale nezdaly. Rozhodl jsem se
proto sesbirat vSechna dostupna data o lejscich ¢ernohlavych a re-analyzovat tuto studii
s vétSim datovym souborem. Pro analyzy jsme tak méli udaje o 76 lejscich sledovanych za
pomoci geolokatorl. Zjistili jsme, Ze nasi ptaci se na zimovistich znacné prekryvaji s jedinci
z jinych zapadoevropskych hnizdnich populaci. Z dat byl patrny pouze klastr britskych a
finskych jedincl od zbylych populaci. Mezi populacemi bylo patrné, jak jsou jednotlivé faze
ro¢niho cyklu spolu silné prokorelované. V kontrastu se studii Ouwehandové, jsme nepotvrdili
nékteré z jejich drivéjsich zavéra. Rukopis prosel pomérné hladce recenznim fizenim v Journal
of Ornithology. Za léta recenznich fizeni jsem si ale vSiml jedné véci. Recenzenti pomérné ¢asto
feSi ndvratnost ptakl s geolokatory, soucasné Castokrat ignoruji technickou stranku analyzy
dat z geolokator(i. Relativné Castou kritikou je, Ze nevime, jaky dopad maji tato zafizeni na
chovani ptaka.

Il. Migrace — nastup multisenzorovych dataloggeru

Studie 12

Briedis, M., Beran, V., Adamik, P. & Hahn, S. 2020: Integrating light-level geolocation with
activity tracking reveals unexpected nocturnal migration patterns of the tawny pipit.
Journal of Avian Biology 51: e02546.

Studie 13

Adamik, P., Wong, J. B., Hahn, S. & Kristin, A. 2024: Non-breeding sites, loop migration and
flight activity patterns over the annual cycle in the Lesser Grey Shrike Lanius minor from
a north-western edge of its range. Journal of Ornithology 165: 247-256.

Studie 14

Wong, J. B., Adamik, P., Bazant, M. & Hahn, S. 2024: Migration and daily flight activity patterns
in the barred warbler Curruca nisoria over the annual cycle. Journal of Vertebrate Biology
73:23085-1.
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Od roku 2017 se naskytla moZnost nasazeni nového typu dataloggeru na ptaky. Tento typ
zaznamendval kromé klasické intenzity svétla i tlak a akceleraci. Nevyhodou byl vaha, a to od
1,3 g. Vybér druhd, pro které by byl tento datalogger vhodny, byl tedy omezen na vétsi pévce.
Rozhodil jsem sité a znova kontaktoval Vaska Berana s tim, Ze musime studii na linduskach
Uhornich zopakovat, protoZe s timto typem logger( se oteviou doposud nevidané moznosti
analyz migracniho chovdni. Také jsme se dohodli s Tonem Kristinem, Ze vhodnym kandidatem
pro studium by byl tuhyk mensi. Tona velice zajimaly podrobnosti o migraci tohoto druhu, z
dlvodu setrvalého poklesu hnizdni populace v oblasti stfedniho Slovenska. Do tfetice mé
velice lakalo studium migrace pénice vlasské. Z pénic je nejvétsi, hravé by unesla tento typ
zafizeni a kumulace zpétnych hlaseni z Blizkého vychodu slibovala zajimava data o vychodni
tahové cesté tohoto druhu. Nastésti se v té dobé na lokalité u Znojma intenzivné vénoval
odchytiim pénic Mirek Bazant. Obvykle jsme na kazdé lokalité kombinovali klasické svételné
geolokdtory s multisenzorovymi dataloggery. Velikost vzorku byla pro vSechny tfi druhy docela
skromn3, ale to bohaté vyvazily ziskané poznatky.

Nasi prvni publikovanou studii byla analyza péti jedincl lindusky uhorni (Studie 12).
Akcelerometr zaznamenadval aktivitu kazdych 5 minut, barometrické Cidlo kazdych 30 min.
Kdyz jsme nastavili hranici aktivity na alespon 1 hod nepfetrzitého letu, zjistili jsme, Ze lindusky
mély v priméru kolem deseti tahovych zastdvek na jejich cca 5000 km dlouhé cesté na africka
zimovisté. Velkym prekvapenim bylo, Ze se do té doby lindusky uvadély jako typicti denni
migranti. Nase data ale pfinesla dlikaz o tom, Ze kolem dvou tfetin doby tahu ptaci leti pres
noc. DalSim prekvapenim bylo, Ze vétsina prelet( trvala pouze par hodin (pramérné 4,5 hod)
a maxima byla dosaZena pfi pfekondvani Sahary (kolem 20 hod non-stop letu). Cela cesta mezi
hnizdisti u mésta Most a africkymi zimovisti trvala v pridméru 134 hodin Cistého letového casu.
Prekvapenim bylo i ¢asovani odletl v noci. Odehravalo se prevainé po zapadu slunce, ale
rozptyl ¢asovani byl extrémni a prakticky se lindusky zvedly kdykoliv v prlibéhu noci. Tento typ
dataloggeru jednoduse pfinesl dalsi revoluci v studiu migrace a musim se pfiznat, Ze jsem
pokazdé zvédavy jako maly kluk na to, jaké vysledky stazena data prinesou. Toto byl jeden
z nejkrasnéjsich pocitli ve védé.

Daldim druhem, ktery pfisel na tadu, byl tuhyk mensi. Tuhyci se ukazali jako jedni
z nejhorsich druhd pro zpétny odchyt a myslim, Ze jsme si pfi tom prosli galejemi. Zpocatku
jsme nasadili 10 multisenzorovych dataloggerd, ale o dva roky pozdéji jsme se rozhodli pro
dalSich 10 specialnich zafizeni, kterd jako prototypy laskavé poskytl Erich Bachler. Tyto loggery
umoziiovaly staZzeni dat pres VHF na dalku. Ale i tak celd studie stoji na analyze dat pouze ze
dvou jedincl (Studie 13). Osobné si myslim, Ze vic uz asi nikdo neziska. Oba jedinci zimovali
v Botswané, pfricemZ podrobné udaje o tahu prezentujeme v praci. Zminim jenom nékolik
zasadnich poznatk(l. Pfi podzimnim tahu jsme zaznamenali dvoumésicni zastavku
v Sahelu/Saharské oaze a aZ posléze prilet na zimovisté. V prlbéhu prekonavani Sahary
dochazelo pfi vychodu Slunce k ndhlému stoupani z letové hladiny kolem 500 az 1000 m n. m
az do vysek kolem 3000 m n. m. Obvykla vyska letové hladiny byla kolem 1 az 3 km, maximum
4530 m n. m. Na této praci je jesté jedna dulezita véc. Byla to jedna z prvnich studii, ve které
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jsme pouzili novy pfistup pro odhad polohy jedince na zakladé tlaku. Raphaél Nussbaumer
prisel s genialni myslenkou, Ze verejné pfistupnd data o atmosférickém tlaku, dostupnad
v prostorovém rozliseni 0,25° stupné a ¢asovém rozliSeni 1 hod (Hersbach et al. 2023), by se
dala propojit s Udaji ziskanych od ptakd. Logika byla takova, Ze pokud je jedinec na daném
misté delsi dobu, Ize ¢asovou fadu tlaku zaznamenanou na jeho Cidle pfifadit s jistou mirou
pravdépodobnosti k podobné Casové fadé tlaku v globalnim datasetu ERA5 (Nussbaumer et
al. 2023). Tato metoda vede k mnohem presnéjsim odhadim lokace ptakd, priblizné na Uroven
25 x 25 km.

Obr. 5. Par tuhyka mensiho na hnizdni lokalité v obci Hrifiovd, Slovensko. Jedinec vlevo md
geolokdtor na zddech. Foto: Martins Briedis.

Treti studii s novym typem datalogger(i a s ur¢ovanim lokace na zakladé tlaku byla
prace na pénici vlasské (Studie 14). | zde jsme méli k dispozici mix klasickych svételnych
geolokatorli a multisenzorovych datalogger(. Prace je také se skromnym ,nkem“ pouze tfi
jedinc(, na druhou stranu o migraci tohoto druhu se doposud védélo velice malo a kazdy udaj
tak byl cennym prispévkem. Nékolik zajimavych poznatk(: po prekonani Rudého mofre se ptéci
na delsi dobu zastavili v Sidanu (podobnost s tuhykem mensim po prekonani velké bariéry).
Zimovisté se nachazela v zapadni Keni a na jihu Etiopie. Je to striktné no¢ni migrant a vétsina
odletd na nocni tah se udala obvykle do hodiny od zapadu slunce. Pfesun mezi hnizdistém u
Znojma a vychodoafrickymi zimovisti trval ptakim 140 az 168 hodin ¢istého letu.
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l1l. Migrace — od popist k pochopeni mechanizmu a klicovych faktora
Studie 15

Adamik P., Emmenegger T., Briedis M., Gustafsson L., Henshaw I., Krist M., Laaksonen T.,
Liechti F., Prochazka P., Salewski V., & Hahn S. 2016: Barrier crossing in small avian
migrants: individual tracking reveals prolonged nocturnal flights into the day as a common
migratory strategy. Scientific Reports 6: 21560.

V [été 2013 mé Steffen Hahn pozval do Sempachu na pracovni workshop k jednotné
analyze dat z geolokatoru. Pfi prohlizeni syrovych data z geolokator(i z nasich lejskd nam
obéma padla do oka jedna zddnliva drobnost. KdyZ prohlizite data za cely rok, tak vidite, Ze na
zakladé mnozstvi svétla, které dopadalo na senzor, je zaznam velice variabilni, a i v pridbéhu
jednoho dne se casto stfidaji malé a velké intenzity svétla. To je logické, protoZe obvykle se
ptak pohybuje ve vegetaci a stinéni vyznamné ovliviiuje mnozstvi dopadajiciho svétla. VSimli
jsme si ale jedné anomadlie. Obvykle pouze na jeden aZz dva dny v roce bylo v zdznamech
opravdu hodné svétla a tento zaznam nebyl témér prerusovan. Jako by kazdy jedinec byl na
jeden nebo dva dny na pfimém slunci bez Zzddného zastinéni. Vypadalo to jako chyba pfistroje.
Prosli jsme jesté nékolik zaznama jinych jedincd, a i tam se to zopakovalo. Pozadal jsem
Steffena o moznost podivat se na data zjinych projektl, stejny vzorec se opakoval i u
rakosnik(l. Bylo jasné, Ze toto neni anomadlie, ale pravidelné se opakujici vzorec, vidy na
podzimnim a jarnim tahu. Shodli jsme se, Ze jediné mozZné vysvétleni je, Ze zaznam reflektuje
non-stop let pfes den. Hned jsem si vzpomnél na kultovni prace Moreaua, ktery jiz pred
desetiletimi predikoval, Ze ptaci musi prekonavat Saharu na jeden zatah, a to dlouhymi
nepretrzitymilety. Proti tomu ale staly recentni poznatky kolegll ze Sempachu, ktetis radarem
sledovali tah pévcl v oblasti zapadni Sahary. Z intenzity tahu dle sledovani tzv. migratory
traffic rate na jejich radaru vidéli, Ze nejhustsi letovy provoz je kratce po zdpadu slunce a ze
pres den skoro Zadni ptaci nad radarovym polem neprelétali. Z toho usuzovali, Ze ptaci musi
pfes den odpocivat na Sahare (Schmaljohann et al. 2007). Felix Liechti tak krotil mé nadseni.
Nasledovalo velice intenzivni obdobi, ovérovali jsme, kde se ptaci nachazeji pred a po zminéné
svételné anomdlii. Pracovné jsme si to nazvali ,full light mystery“. Jesté ve stejném roce jsem
sezval do Olomouce nékolik kolegl na pracovni workshop, kde jsme podrobné analyzovali
vSechna dostupnd data a intenzivné jsme verifikovali, jestli se opravdu jedna o prelety pres
Saharu. Profesné mam z této studie velkou radost, protoZze znamenala rozsahlou spolupraci
mezi nékolika kolegy a celé jsem to musel koordinovat. Kazdé tvrzeni muselo byt podloZené
podrobnymi analyzami. Problém ale byl v postoji nékterych kolegl, ktefi byli, s ohledem na
jejich drivéjsi radarové studie, velice skepticti. Asi malokdo chce popfit |éta svého predchoziho
vyzkumu. Rukopis jsem zaslal do britskych Proceedings B, ale posudky byly negativni. Hlavni
vytkou byl maly vzorek ptadkl a ,lack of novelty”, protoze pravé vtom roce vysla v Biology
Letters prvni studie, kterd na severoamerickém pévci prokazala nonstop prelet Mexického
zalivu (DelLuca et al. 2015). Vtipné bylo, Ze ve stejném cCasopise vysla v dubnu 2016 prace
pouze na jednom druhu, lejskovi cernohlavém, ktera také potvrzovala nonstop prelety Sahary.
Rukopis jsem zaslal do Nature Communications, tam ho ale zamitli bez recenze a doporudili
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transfer do Scientific Reports, kde nakonec i vySel. Vidéno zpétné, tato studie zménila pohled
na schopnost malych pévci prekondvat velké bariéry dlouhymi nepretrzitymi lety. V migracni
ekologii pévcli je hodné citovana.

Studie 16

Briedis, M., Hahn, S., Gustafsson, L., Henshaw, I., Traff, )., Krdl, M. & Adamik, P. 2016: Breeding
latitude leads to different temporal but not spatial organization of the annual cycle in a
long-distance migrant. Journal of Avian Biology 47: 743-748.

Po ziskdni spoleéného GACR projektu s Petrem Prochdzkou jsme se pustili do nasazeni
vétsSiho mnoizstvi geolokdtorl na lejsky. V prvnich letech jsme ale zaznamenali pomérné
vysokou poruchovost zafizeni, a tak jsem tesil, jak dobre vysledky prodat. Napadlo mé spojit
se s kolegy z Uppsaly, ktefi tou dobou nasazovali geolokatory na ostrové Gotland v Baltickém
mofi. Zprocesovani dat dostal za ukol Martins Briedis. KdyZz jsme sedéli nad vysledky a
srovnavali data pro moravské a Svédské ptaky, vSiml jsem si ndpadného posunu jednotlivych
fazi roéniho cyklu. Svédsti ptdci byli vidy opozdéni. Cely cyklus se ale resetoval na zimovistich.
Vybavil jsem si stézejni studii Davida Lacka (1950), ktery postuloval tezi, Ze existuje
latitudinalni gradient v ¢asovani hnizdéni u evropskych pévcl a Ze ten je formovan s
postupujicimi fenofazemi jara. Celé to sedélo i se studii Conklina et al. (2010) na bfehousich,
kdy jasné ukazali, jak si latitudinalné separované populace udrzuji vlastni ¢asovani stézejnich
fazi ro¢niho cyklu. Recenzenti byli z rukopisu nadSeni a Séfredaktor oznacil ¢lanek jako
,Editor’s choice”. Velice mé i po letech tési, kdyz v prezentacich kolegl vidim stéZejni obrazek
z nasi studie.

Studie 17

Briedis, M., Hahn, S., Krist, M. & Adamik, P. 2018: Finish with a sprint: Evidence for time-
selected last leg of migration in a long-distance migratory songbird. Ecology and Evolution
8: 6899-6908.

Ve chvili, kdy byla k dispozici migracni data z nékolika desitek jedinct lejska bélokrkého,
jsme se dostali do komfortni situace. Védéli jsme, Ze v oblasti migrace ptakd je cela rada
hypotéz, ktera ¢eka na otestovani. Martins Briedis si pFi pfipravé své disertacni prace vSiml, ze
posledni kus jarni cesty na hnizdisté nebo ten podzimni na zimovisté trva kratsi dobu. Napadné
to pfipominalo hypotézu Thomase Alerstama (2006). Dle tzv. ,sprint migration“ hypotézy
migranti proménlivé optimalizuji své energetické vydaje a na zacatku tahu minimalizuji
energii. Kdezto v zavérecné Casti tahu optimalizuji dobu pfileti a jsou pod ¢asovym tlakem.
Studie tak byla jednim z prvnich empirickych potvrzeni Alerstamova teoretického modelu.
Také jsme potvrdili, Ze vnitro sezonni opozdilci reaguji na svou situaci tak, Ze pridaji tempo a
migruji rychleji nez jedinci, kteti se vydali na tah drive.
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Studie 18

Briedis, M., Krist, M, Krdl, M. Voigt, C. C. & Adamik, P. 2018: Linking events throughout the
annual cycle in a migratory bird—non-breeding period buffers accumulation of carry-over
effects. Behavioral Ecology and Sociobiology 72: 93.

Tato studie je pro mé jedna z nejdlleZitéjSich. V terénu jsme pracovali ve dvou tymech,
jeden, veden mnou na budkové populaci na Sovinecku v Nizkém Jeseniku a druhy, veden
MiloSem Kristem na Velkém Kosifi u Prostéjova. Na lejsky jsme nasadili 234 geolokatorl a
oCekavali, Ze ziskdme vysnény datovy soubor pro komplexni analyzu tzv. pfenosovych efekt(.
Vyhodnoceni dat ze tfi let prace v terénu dostal za ukol, jako nosnou studii pro svou disertacni
praci, Martins Briedis. V roce 2011 vyslo zdsadni review o tzv. prfenosovych efektech u
Zivocichl (Harrison et al. 2011). V principu se jedna o to, Ze zkuSenost s dobrymi nebo
Spatnymi podminkami v prabéhu néjaké Zivotni faze se pozdéji ,vlece” s danym jedincem i
nasledné v Zivoté. Lejsek bélokrky se jevil jako vhodny modelovy druh pro ovéreni
pfenosovych efektl. Studie byla komplexni, na jedné z ploch byl Milosem Kristem doplnén i
manipulaéni experiment s rodicovskym Usilim a pro podminky na zimovisti jsme se pojistili
analyzou izotopu uhlikd, ktera by indikovala sussi nebo vihéi zimovisté. Vysledky byly velice
komplexni. Zasadni bylo prokazani silného dominového efektu, kdy jednotlivé faze ro¢niho
cyklu byly spolu silné prokorelovany. Zjistili jsme také, Ze zvySena rodicovska investice vedla
k opoZdéni podzimni migrace a celkové ke kratsi dobé pobytu na zimovistich. V kontrastu
s jinymi druhy, jsme nezjistili vliv asovani hnizdéni na nasledné faze rocniho cyklu. Také jsme
nezjistili Zadny vliv podminek na zimovisti na nasledné faze. Svym komplexnim pfistupem je
to dodnes jedna z mala studii na ptacich, ktera vyhodnotila prenosové efekty.

Studie 19

Briedis, M., Hahn, S. & Adamik, P. 2017: Cold spell en route delays spring arrival and decreases
apparent survival in a long-distance migratory songbird. BMC Ecology 17: 11.

Prace na migraci lejsk(i mé zavedla i k jednomu velice zadhadnému druhu. Lejsek ¢ernokrky
byl doneddvna poddruhem lejska bélokrkého, a tak se o jeho migraci prakticky nic nevédélo.
Na vychodé Bulharska jsme méli moZznost nasazovat na tento druh po dobu nékolika let
geolokatory, ¢imz jsme ziskali velice cennd data, ukazujici na zimovisté v oblasti
vychodoafrickych jezer (Briedis et al. 2016b). Pribéh jara 2015 byl v Bulharsku velice odlisny
od predchozich let. V oblasti celého vychodniho Mediteranu bylo tehdy mimoradné chladné
jaro.V Bulharsku byla toho roku vegetace opozdéna ve vyvoji oproti roku 2014 o 29 dni. Pocitili
jsme to na vlastni kazi, kdyZ jsme na konci bfezna v lesich, v chladu, marné vyhlizeli prvni
prilety lejskd. V roce predtim priletéli lejsci kolem 2. dubna, v chladném roce az 10. dubna.
V tomto studeném roce se nam navratilo dvakrat méné okrouzkovanych kontrolnich ptak
nez v roce obvyklém. Zpétnou analyzou pribéhu migrace a tahovych zastavek jsme v téchto
dvou rozdilnych sezénach ukazali, Ze ptaci odpovédeéli na nepftizen pocasi prodlouzenim délky
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tahové zastavky v Mediterdnu z obvyklych péti na 15 dni. Obecné se ma za to, Ze dalkovi
migranti jsou vystaveni rizikdm kdekoliv na jejich dlouhé cesté mezi hnizdisti a zimovisti
(Tettrup et al. 2012). Tato studie byla a porad je jednou z mdla, které prinesly diikaz o tom, Ze
rizika v podobé nepfizné pocasi mohou nastat i v pribéhu migrace.

3. Zaver

PredloZzeny habilitacni spis tvori uzsi vybér z riznych smér(, kterym jsem se odborné a
Casto spolecné se svymi studenty vénoval. Zdmérné jsem vybral pouze studie spojené
s fenologii, migraci a obecné jevy spojenymi s organizaci ro¢niho cyklu. Nékteré studie byly
Cisté konfirmacni, jiné rozsifujici rozsah poznatk(. Velice rdd mam studie, které ptindseji kus
dobré ,natural history“. Jako dlouholety muzejnik jsem za léta studia pramen( vypozoroval
jeden robustni vzorec. Dobré ,natural history” studie nestdrnou a byvaji zdrojem dat i
desetileti po jejich publikovani.

Zejména studie o migraci pfinesly naprosto zasadni informace o ekologii jednotlivych
taznych druhl a prolomily tak bariéru domnének nebo indicii. To je samo o sobé velice
pfinosné, protoze ndm to pomaha Iépe chapat organizaci ro¢niho cyklu dalkovych migrantd.
Ve svétle rychle probihajicich zmén v krajiné a klimatu je dobré mit zakladni referencni data o
téchto druzich. Dalsim dllezitym aspektem je, Ze dil¢i poznatky od jednotlivych druht jsou
prabéiné propojovany do syntetickych studii, které se divaji komplexnéji na nékteré
ekologické aspekty. | diky tomu nékteré z mych praci pfispély do komplexnich studii o
protandrii (Briedis et al. 2019), vzorcich priletd do Evropy (Briedis et al. 2020), adaptivnich
odpovédich na klimatickou zménu (Radchuk et al. 2019) nebo vlivu samotnych geolokatord na
ptaky (Brlik et al. 2020).

V4

4. Podekovani

Dékuji vSem svym studentlim za obohaceni, které mi pfinesla prace s nimi. Nejvétsi radost
jsem vzdy mél a mam z téch, ktefi mé prerostli. Tak by to mélo byt. Dékuji i tém, kteti délali
Skolu jenom pro titul, a spolu jsme se trapili. Bylo podnétné pozndvat vlastni limity. Prace
vysokoskolského pedagoga dokaze byt nesmirné tvorfiva a ja se vidy tésim na konzultace se
zvidavymi studenty, kdy se ponofime do hlubin poznani.

Dékuji vSem svym spolupracovnikiim za spolecné projekty a tvrdou praci vydiena data v
terénu. Jsem rad, Ze mam kolem sebe mnoho inspirativnich lidi a dékuji jim za vSechny plodné
diskuse, rady a pomoc. Také dékuji vSéem tém, ktefi mé nasmérovali do Olomouce. Vrelé diky
patiii tém, ktefi mé podporovali a vytvofili zazemi pro vysledky této habilitacni prace.
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Abstract. Advancement of spring migration in response to recent global climate change is well documented for a vari-
ety of bird species, but the pattern for autumn migration is rather equivocal. During a 42-year period (1964-2005) the
changes in timing of spring and autumn migration of eight wader species were studied at multiple inland sites in
Central Europe (Czech Republic and Slovakia) using ringing data. While a clear pattern was found for the advancement
of the spring passage, there were variable trends in the timing of the autumn passage. Three species significantly
advanced (Wood Sandpiper, Common Sandpiper and Dunlin), three species delayed (Ruff, Snipe and Little Ringed
Plover), and two species did not change the timing of the autumn passage (Little Stint and Green Sandpiper). Earlier
studies had predicted that long-distance migrants wintering south of the Sahara would advance the timing of autumn
migration, while short-distance migrants would postpone it. However, our findings do not fully conform to these pre-
dictions. Across species, the timing of both the spring and autumn passages was negatively associated with the winter
North Atlantic Oscillation (NAO) index, suggesting that even in long-distance migrants the timing of migration might
be under direct environmental control. In conclusion, phenological responses of birds to recent changes in climate are
quite coherent for the early phenological phases; however, the responses to later phases are not so straightforward, and
the present study contributes to this diverse pattern.
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INTRODUCTION

Humans are increasing their pressure on the
world’s ecosystems in multiple ways. This pres-
sure is mirrored in recent changes in climate, land
use, biogeochemical cycles and mobility of organ-
isms (Chapin et al. 2000, Parmesan 2006). As a con-
sequence, those animals whose life cycles take
place over large spatial scales or at multiple sites
might be under increased threat. This is because
human-induced alterations are likely to affect
some part of the animal’s life cycle. Waders, one of
the world’s longest-distance-travelling groups of
animals, are among the most likely candidates to
be negatively affected by human activities.
Indeed, their populations have been declining at
an accelerated rate (Stroud et al. 2004). The vul-
nerability of waders stems from their life histories.
Many of them breed at high latitudes where

adverse weather conditions can easily lead to
failed breeding attempts and higher mortality
(Ganter & Boyd 2000). During migration they rely
on stopover sites, which occur as discrete patches
in mostly unsuitable landscape, for refuelling and
moult, and similarly their wintering sites are often
limited to a dozen or so places. Both the stopover
and wintering sites are frequently located in
coastal areas, estuaries, limnic habitats, ponds or
sewage farms; all of which are either close to
human settlements, or human activities are high
in these sites. Successful refuelling, a necessary
prerequisite for their further migration (Zwarts
1990), might not only be affected by direct human
disturbance (Baker et al. 2004), but also indirectly,
through the interplay of weather and availability
of food. Since most waders rely on an arthropod
diet, and arthropod activity is linked to weather,
their migration must be fine-tuned to available
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food and prevailing weather conditions (Piersma
et al. 1994, Lindstrom & Agrell 1999, Baker et al.
2004, Green et al. 2004, Piersma & Lindstrom 2004).

Recent changes in climate are also expected to
affect waders in several of their life-history stages
(Boyd & Madsen 1997, Lindstrom & Agrell 1999,
Rehfisch & Crick 2003, Piersma & Lindstrom
2004). Climate has been identified as an important
factor influencing their distribution in wintering
quarters (Cepdk 2001, Austin & Rehfisch 2005),
timing of breeding (Both et al. 2005, Pearce-
Higgins et al. 2005), breeding productivity (Beale
et al. 2006), and timing of migration (Hildén 1979,
Anthes 2004). However, comprehensive data on
long-term changes of their passage are rather rare
(e.g. Anthes 2004), and the majority of phenologi-
cal studies, focusing mostly on songbirds, consid-
ered only a few wader species (reviewed in
Lehikoinen et al. 2004). In addition, studies from
the spring passage heavily outnumber those on
autumn migration.

In this study we present phenological data on
changes in timing of spring and autumn passage
for eight wader species from the Czech Republic
and Slovakia covering a time span of 42 years,
1964-2005. We used bird ringing records to docu-
ment changes in migration phenology. The use of
ringing records has two main advantages. Nearly
all birds can be aged and no repeated counts of
staging individuals are included in calculations of
phenology statistics (observations of passing birds
might be biased due to repeated counts of staging
individuals). Since age-related differences in tim-
ing of migration are well recognized in waders
(van de Kam et al. 2004), failing to discriminate
between age groups (i.e. pooling data from all age
groups) may lead to erroneous conclusions
(Anthes 2004).

METHODS

Data on the timing of wader migration were
compiled from the ringing records archived in the
Bird Ringing Centre of the National Museum in
Prague, Czech Republic. These records comprise
data on birds ringed during spring and autumn
passage at multiple sites (mostly fishponds, water
reservoirs and wetlands) in the Czech Republic
(74% of records) and Slovakia (26% of records).
The majority of waders pass through these sites,
however, four of the eight studied species (Snipe
Gallinago gallinago, Little Ringed Plover Charadrius
dubius, Common Sandpiper Actitis hypoleucos and

Green Sandpiper Tringa ochropus) breed in small
numbers in both countries (Danko et al. 2002,
St'astny et al. 2006). Therefore, it is likely that a
small fraction of the ringed birds were local breed-
ers. Based on ringing data we could not separate
local breeders from birds on passage for the
Lapwing Vanellus vanellus, therefore we omitted
this species from our analyses (Zidkové et al.
2007). We also included only those species that
had been continuously ringed for > 20 years with
a minimum of 10 individuals per passage period.
In this study data from all ringing sites were
pooled together. This is because, given the very
small span in latitude of the former Czecho-
slovakia, there are likely to be negligible between-
site differences in timing of migration. Between-
site differences are visible at much larger spatial
scales, e.g. southern and northern European
stopover sites (OAG Miinster 1994).

To separate spring and autumn passage, for
each species, we used the local minimum of the
number of ringed birds between these two migra-
tion events over the whole year. For this study we
only considered data covering the years
1964-2005. Prior to 1964 there was a different data
archiving system and the extraction of ringing
records prior to this date would be extremely
time-demanding. For each ringed bird we record-
ed its date of ringing, age, sex and ringing loca-
tion. For autumn birds we split waders into two
age groups: 1%t year birds and adults. As 1%t year
birds (juveniles) we considered those individuals
that were hatched in the year of ringing, i.e. they
were on their first passage to wintering quarters.
The numbers of ringed birds during spring pas-
sage were too small to be divided into the two age
categories.

Data on the timing of migration are presented
in two ways. First, for each year and species we
calculated from all ringing dates the onset, medi-
an and end (5, 50" and 95" sample percentiles)
of each migration period with birds of all age
groups pooled together (i.e. including also those
birds which could not be reliably aged). To date,
this is the most common way of presenting either
spring or autumn passage (Lehikoinen et al. 2004).
However, it is well known for waders and many
other migratory birds that adults leave the breed-
ing sites well ahead of the juveniles (e.g. van de
Kam et al. 2004). This time lag could lead to
bimodality in data but also it could obscure age-
related trends in timing of migration. Therefore,
annually separate phenology statistics were calcu-
lated for juvenile and adult birds.
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To detect trends in timing of passage, we
assessed the relationship between year and phe-
nology variables. Trends in timing of migration
were assessed by least square regression and by
quantile regression (QR). In QR each ringed bird
is included in calculating the 5%, 50t and 95%
sample percentile. The QR has several advanta-
geous properties (e.g. it does not assume homo-
geneity of variances, data can be autocorrelated)
over the least square regression (Cade & Noon
2003). On the other hand, years with different
numbers of caught birds do not contribute equal-
ly to calculations. Therefore, following Tettrup et
al. (2006), we prefer presenting the least square
regression results and the QR estimates are pre-
sented in Appendices I and II. The QR estimates
were calculated in SAS version 9.1 (quantreg pro-
cedure).

As a second step, we assessed whether the tim-
ing of migration is linked to the North Atlantic
Oscillation (NAO) index (Hurrell 1995). We used
the mean winter NAO index (calculated for the
months December—-March, i.e. for the period pre-
ceding the spring and autumn passage) available
at http://www.cgd.ucaredu/cas/jhurrell/indices.html.
The Czech and Slovak ringing recoveries suggest
that the northern breeding locations of the eight
studied species spread from Scandinavia to the
Russian Far East (Cepak et al. 2008); therefore, we
did not attempt to include local climate variables
from the breeding grounds to explain the phenol-
ogy. Similarly, birds on passage were ringed at
several sites across the two countries. Thus, it
would be rather difficult to use local weather vari-
ables at these stopover sites. While we feel that the
inclusion of local weather would help to better

understand the link between climate and avian
phenology, our multiple-site collected data are
unsuitable for this purpose. Here we rather use a
large-scale composite variable which might be
better suited for this type of data (Stenseth &
Mysterud 2005). During 1964-2005 there was a
significantly positive trend in the mean winter
NAO index (slope = 0.06 = 0.02 SE, p = 0.026).
Therefore, we used the residuals (ANAO) from the
linear regression of the NAO index on year as an
explanatory variable.

RESULTS

Spring passage

Four (Wood Sandpiper Tringa glareola, Common
Sandpiper, Ruff Philomachus pugnax and Little
Ringed Plover) of eight wader species were ringed
in sufficient numbers to calculate trends in their
spring passage. All four species advanced their
timing of passage (Table 1). Of the 12 series, 11
showed trends towards earlier passage, of which
six were significant. The advancement was most
prominent for the Wood Sandpiper (Fig. 1), Com-
mon Sandpiper and the early migratory phase of
Ruff. The Little Ringed Plover passage showed a
very weak shift. Results from the QR produced
very similar results (Appendix I).

Autumn passage

There was no coherent trend in autumn migra-
tion. Three species (Wood Sandpiper, Common
Sandpiper and Dunlin Calidris alpina) significantly
advanced their phenology in at least one pheno-
logical phase. Similarly, three species (Ruff, Snipe

Table 1. Regressions of timing of spring passage on year and the detrended mean winter NAO index, 1964-2005. Years — number
of years with available data. Median date — median passage dates.

Spring passage Years Phase Median Passage on year Passage on dNAO
date B SE p B SE p
Tringa glareola 36 5% -0.20 0.09 0.025 -1.44 0.51 0.008
50% 5.5. -0.26 0.07 < 0.001 -0.66 0.45 0.149
95% -0.28 0.09 0.003 -1.17 0.55 0.041
Actitis hypoleucos 26 5% -0.34 0.10 0.003 -0.76 0.45 0.102
50% 3.5. -0.23 0.09 0.015 -0.42 0.36 0.258
95% -0.03 0.25 0.901 -0.32 0.93 0.738
Philomachus pugnax 24 5% -0.97 0.32 0.006 -2.92 1.27 0.031
50% 25.4. -0.35 0.27 0.199 -1.73 0.96 0.085
95% 0.03 0.21 0.860 0.46 0.77 0.561
Charadrius dubius 37 5% -0.15 0.16 0.371 -1.45 0.85 0.096
50% 7.5. -0.16 0.11 0.131 -0.71 0.57 0.022
95% -0.14 0.09 0.171 0.41 0.54 0.450
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Timing of passage (day of the year)
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Fig. 1. Changes in timing of spring passage of the Wood
Sandpiper in the Czech Republic and Slovakia, 1964-2005.
Separate linear regression lines are shown for the onset,
median and end of the passage (i.e. 51, 50" and 95" sample
percentiles of ringing dates). Only years with > 10 ringed
individuals are included (n = 36).

and Little Ringed Plover) significantly delayed
their phenology in at least one phenological phase
(i.e. the onset, median and the end of passage). No
consistent trends were found for the Little Stint

Calidris minuta and Green Sandpiper (Table 2 and
3). Overall, within species, the phenological pat-
terns were very similar between 1% year and adult
birds. Division of the dataset on 1% year and adult
birds did not lead to significantly different trend
estimates (paired t-tests on slopes between the full
dataset from Table 2 and dataset with 1% year birds
only from Table 3, n = 8, p = 0.08-0.74). The QR
produced similar pattern in trends as the least
square regressions, though more trend estimates
from QR were significant at p = 0.05 (Appendix
II).

Phenology and NAO

The winter NAO index was mostly negatively
associated with all stages of both spring and
autumn passage. In spring, 10 out of 12 series, of
which three were significant, showed a negative
relationship with NAO. In autumn, 20 out of 24
series, of which seven were significant, showed
a negative relationship. Similarly, when 1% year
and adult birds were evaluated separately, all
12 series for adults were negative, while 20 out of
24 series for juveniles showed a negative relation-
ship with NAO. Division of the dataset on 1%t year
and adult birds did not improve the fit in any

Table 2. Regressions of timing of autumn passage on year and the detrended mean winter NAO index, 1964-2005. Regressions
were fitted to pooled data for all age classes. WQ — principal wintering quarters (A — Africa, M — the Mediterranean region).

Median date — median passage dates.

Autumn passage waQ Years Phase Median Passage on year Passage on dNAO
date B SE p B SE p
Tringa glareola A 40 5% -0.06 0.14 0.688 -1.97 0.56 0.001
50% 10.8. -0.16 0.07 0.028 -0.76 0.32 0.022
95% -0.10 0.07 0.168 0.09 0.32 0.779
Actitis hypoleucos A 41 5% -0.06 0.07 0.386 -0.59 0.32 0.070
50% 7.8. -0.17 0.06 0.006 -0.46 0.28 0.104
95% -0.16 0.09 0.106 -0.67 0.43 0.133
Philomachus pugnax A 39 5% 0.55 0.20 0.011 -1.16 0.99 0.251
50% 27.8. 0.51 0.18 0.008 -0.55 0.90 0.545
95% 0.04 0.15 0.793 -0.34 0.66 0.606
Charadrius dubius A 39 5% 0.08 0.1 0.487 -0.81 0.63 0.202
50% 6.8. -0.19 0.1 0.1 0.16 0.68 0.816
95% -0.17 0.14 0.224 0.36 0.78 0.648
Calidris minuta A 33 5% -0.19 0.27 0.413 -1.74 1.09 0.124
50% 9.9. -0.07 0.13 0.593 -1.53 0.59 0.016
95% -0.06 0.13 0.629 -0.84 0.62 0.189
Calidris alpina M 31 5% -0.24 0.34 0.486 -1.25 1.43 0.389
50% 18.9. -0.40 0.25 0.114 -2.43 0.99 0.019
95% -0.29 0.20 0.169 -2.22 0.78 0.008
Gallinago gallinago M 41 5% 0.30 0.12 0.017 -0.64 0.64 0.318
50% 24.8. -0.06 0.16 0.695 -1.83 0.72 0.015
95% 0.28 0.18 0.136 -1.46 0.91 0.117
Tringa ochropus M 38 5% -0.10 0.19 0.597 -2.51 0.76 0.002
50% 7.8. -0.10 0.1 0.364 -0.25 0.51 0.615
95% -0.22 0.16 0.181 0.16 0.72 0.826
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phase of migration (paired t-tests on slopes
between the full dataset from Table 2 and data-
set with 1% year birds only from Table 3, n = §,
p = 0.17-0.85).

DISCUSSION

The timing of spring passage shifted in all four
studied species toward earlier dates. This finding
is consistent with other studies conducted on
birds all over Europe (Lehikoinen et al. 2004,
Gordo 2007). The earlier onset of spring migration
was confirmed for waders across various sites (e.g.
Gilyazov & Sparks 2002, Anthes 2004, Hubalek
2004, Croxton et al. 2006, Sparks et al. 2007).

However, for autumn passage we found vari-
able trends among species. Three species
advanced, three delayed and two species did not
show any clear pattern in timing of passage. These
variable shifts in timing of autumn migration are
in line with other studies, which were mostly
done on songbirds (Gatter 1992, Sokolov et al.
1999, Gilyazov & Sparks 2002, Jenni & Kéry 2003,
Hiippop & Hiippop 2005, Tettrup et al. 2006).
Hence, the apparent dichotomy in trends found
for a variety of songbirds holds also for waders.
Jenni & Kéry (2003) predicted that long-distance
migrants wintering south of Sahara would
advance timing of autumn migration, while short-
distance migrants would postpone it. Our find-
ings do not fully conform to these predictions.

Table 3. Regressions of timing of autumn passage on year and the detrended mean winter NAO index, 1964-2005. Separate
regressions were fitted to 1% year and adult birds. Median date — median passage dates.

Autumn passage Years Phase Median Passage on year Passage on dNAO
date B SE p B SE p
Tringa glareola 31 5% -0.12 0.17 0.498 -1.66 0.49 0.002
ad 50% 25.7. -0.64 0.23 0.001 -0.53 0.85 0.543
95% -0.51 0.24 0.038 -0.99 0.83 0.240
Tringa glareola 41 5% -0.11 0.08 0.152 -1.00 0.31 0.003
juv 50% 13.8. -0.18 0.07 0.016 -0.83 0.31 0.010
95% -0.06 0.08 0.480 0.25 0.35 0.487
Actitis hypoleucos 41 5% -0.04 0.07 0.627 -1.00 0.28 0.001
ad 50% 28.7. -0.44 0.08 < 0.001 -0.98 0.43 0.028
95% -0.51 0.14 < 0.001 -0.67 0.67 0.321
Actitis hypoleucos 41 5% -0.15 0.07 0.034 -0.37 0.40 0.365
juv 50% 11.8. -0.22 0.07 0.002 -0.78 0.31 0.015
95% -0.21 0.09 0.026 -0.24 0.50 0.639
Philomachus pugnax 30 5% 0.57 0.17 0.002 0.62 0.76 0.427
juv 50% 31.8. 0.34 0.17 0.053 -0.02 0.70 0.973
95% -0.11 0.23 0.603 -0.27 0.85 0.752
Charadrius dubius 40 5% 1.14 0.27 < 0.001 -1.03 1.91 0.591
juv 50% 8.8. 0.35 0.16 0.037 -0.05 0.99 0.962
95% 0.05 0.18 0.787 1.03 1.03 0.324
Calidris minuta 31 5% 0.21 0.29 0.479 -1.62 1.40 0.257
juv 50% 9.9. 0.04 0.13 0.778 -0.96 0.63 0.137
95% -0.01 0.13 0.924 -0.62 0.63 0.082
Calidris alpina 28 5% 0.10 0.26 0.692 -1.79 0.89 0.054
juv 50% 19.9. -0.59 0.26 0.029 -2.06 0.96 0.042
95% -0.54 0.22 0.022 -2.41 0.79 0.005
Gallinago gallinago 38 5% 0.27 0.16 0.102 -1.05 0.81 0.202
ad 50% 23.8. 0.34 0.21 0.109 -1.96 1.00 0.059
95% 0.33 0.21 0.119 -0.71 1.05 0.504
Gallinago gallinago 42 5% 0.45 0.14 0.067 -1.07 0.72 0.145
juv 50% 24.8. -0.09 0.19 0.610 -2.51 0.84 0.005
95% 0.45 0.21 0.040 -1.83 1.06 0.093
Tringa ochropus 26 5% 0.21 0.22 0.343 -0.65 0.85 0.450
juv 50% 8.8. -0.07 0.14 0.565 -0.20 0.52 0.697
95% 0.22 0.22 0.330 0.76 0.85 0.382
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For example, two long-distance migrants, the Ruff
and Little Ringed Plover delayed their passage,
while the Dunlin, a short-distance migrant win-
tering in the Mediterranean, advanced its pas-
sage. In northern Germany, Anthes (2004) found
delays in timing of autumn migration in three
species of Tringa sandpipers. In contrast to that
study, we found an advancement of autumn pas-
sage for the Wood Sandpiper. As suggested by
Wichmann et al. (2004), Wood Sandpipers passing
through northern Germany use the East Atlantic
Flyway (cf. Anthes et al. 2002), while central
European sites serve as refuelling sites for birds
using the Mediterranean Flyway. In addition, in
this species there are considerable differences in
stopover ecology (e.g. body mass, stopover
length) at various sites (Scebba & Moschetti 1996,
Meissner 1997, Wichmann et al. 2004, Wlodarczyk
et al. 2007). Any long-term changes in site suitabil-
ity (e.g. food supply, fluctuations in water levels)
could on its own be responsible for changes in
migration phenology. For example, increased food
supply might lead to higher fattening rates of
birds. Birds with sufficient fuel loads could leave
the stopover site earlier and this could, in turn,
affect the phenology statistics (i.e. seemingly
advancing the timing of passage). However, the
observed pattern of delays and advances could be
a result of different trends in climate dynamics at
breeding grounds. Despite the overall warming
pattern in northern Europe, there are sites further
east that show the opposite. Ahas et al. (2002)
found that while plant phenology shifted toward
earlier dates in western and central Europe, an
opposite phenological shift was observed further
east. Hence, if some of the wader populations
breed in those sites that cooled, then this could
explain the delays in their passage. Detailed
knowledge of breeding sites for birds passing
through inland Europe would be of great help.
However, there is generally a lack of sufficient
numbers of ringing recoveries from birds ringed
at breeding grounds. Possibly, an analysis of stable
isotopes from birds on both breeding and stopover
sites could help (Prochézka 2006).

The timing of both spring and autumn passage
was negatively associated with the winter NAO
index. This is a finding consistent with other stud-
ies (e.g. Huppop & Hiippop 2003, Hubélek 2004,
Stervander et al. 2005, Rainio et al. 2006). Hence,
in years with high NAO index the timing of
migration shifted toward earlier dates. The posi-
tive NAO index is associated with earlier onset of
spring in much of northern and central Europe

(Aasa et al. 2004, Menzel et al. 2005). This could
create favourable conditions for migratory birds
on their spring passage (Vahitalo et al. 2004).
Interestingly, the negative association between
phenology and the NAO persisted even for the
autumn passage. This could indicate that in years
with a positive NAO phase there was a rapid
progress of snowmelt at breeding grounds
enabling earlier onset of breeding for waders. For
example, it was shown that the timing of ice
break-up in Scandinavian lakes is negatively asso-
ciated with the winter NAO index (Blenckner et
al. 2004). The earlier onset of breeding could then
lead to earlier departure from these sites. In
waders there is a well-known link between
snowmelt, timing of arrival and breeding (Holmes
1966, Niehaus & Ydenberg 2006, Meltofte et al.
2007). However, whether this also mirrors an ear-
lier onset of southward migration, except for years
with low breeding success (e.g. Meissner 2005), is
poorly known (c.f. Niehaus & Ydenberg 2006).
Another possibility is that there are no environ-
mentally forced changes in departure dates from
both breeding and wintering sites (e.g. Piersma et
al. 1990), but the shifts in passage phenology are
mediated through changes at stopover sites. If cli-
mate changes the temporal dynamic of prey avail-
ability at stopover sites, then this could affect the
length of stay and moulting pattern for these
species. Given that the eight studied species use a
variety of migration strategies, which often differ
even within species’ age classes (Gromadzka 1987,
Gill et al. 1995, Meissner 1996, Balmori 2003, Remi-
siewicz & Wennerberg 2006, Wtodarczyk et al.
2007), a mixed pattern in trends of passage phe-
nology is likely to occur.

In conclusion, phenological responses of birds
to recent changes in climate are quite coherent for
the early phenological phases (i.e. spring migra-
tion, onset of breeding), however the responses to
later phases (i.e. autumn migration, arrival at win-
tering quarters) are not so straightforward and the
present study contributes to this diverse pattern.
The above described example with different shifts
for the two populations of the Wood Sandpiper em-
phasizes the need for more in-depth data on stop-
over ecology and from other sites across Europe.

METHODOLOGICAL CONSIDERATIONS

The main advantage of using ringing records is
that they enable separate estimates of phenol-
ogical trends for different age classes and avoid
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repeated counts of staging individuals. However,
the main drawback is that the data may not be col-
lected in a standardized way, leading possibly to
biased estimates that could be a result of different
activity of ringers (e.g. high activity during sum-
mer ringing camps) or different trapping meth-
ods. This could be a serious problem with single-
site data. Our approach, when we calculated phe-
nological characteristics across multiple sites
where dozens of bird ringers were involved, is
likely to minimize this problem. Comparisons
between phenological characteristics derived
from ringing records with local Czech studies (i.e.
those based on counts of observed birds) show a
good match for the majority of wader species
(Pietruszkovad & Adamik, in prep.). The second
major drawback of studies conducted at inland
sites, in contrast to island or coastal bird observa-
tories, is that the estimates of phenological charac-
teristics are contaminated with local breeders. In
particular in spring it is practically impossible to
separate local breeders from birds on passage. In
our case only the Little Ringed Plover and
Common Sandpiper breed locally in sufficient
numbers to possibly confound the phenological
estimates. Despite these drawbacks, we have
shown that the signal of changing phenology is
clear even in data containing a considerable
amount of noise.

ACKNOWLEDGEMENTS

We would like to dedicate this study to all
ringers in the Czech Republic and Slovakia who
found passion in ringing waders over the past
decades. We thank Jaroslav Cepak, Jaroslav Skopek
and Petr Klvana from the Bird Ringing Centre in
Prague for their help and for allowing us to access
the ringing records. Véra Markové and Lenka Zid-
kova kindly helped with the never-ending data
entries. Karel Weidinger, Tomas Koutny, Tim
Sparks, and an anonymous reviewer provided
helpful comments on earlier drafts. Funding was
provided by the Czech Science Foundation (GACR
206/07/ 0483) and MSMT CR (MSM 6198959212).

REFERENCES

Aasa A., Jaagus J., Ahas R., Sepp M. 2004. The influence of
atmospheric circulation on plant phenological phases in
central and eastern Europe. Int. J. Climatol. 24: 1551-1564.

Ahas R., Aasa A., Menzel A., Fedotova V. G., Scheifinger H.
2002. Changes in European spring phenology. Int. J.
Climatol. 22: 1727-1738.

Anthes N. 2004. Long-distance migration timing of Tringa
sandpipers adjusted to recent climate change. Bird Study
51: 203-211.

Anthes N., Harry 1., Mantel K., Miiller A., Schielzeth H., Wahl
J. 2002. Notes on migration dynamics and biometry of the
Wood Sandpiper (Tringa glareola) at the sewage farm of
Miinster (NW-Germany). Ring 24: 41-56.

Austin G., Rehfisch M. M. 2005. Shifting non-breeding distribu-
tions of migratory fauna in relation to climatic change.
Global Change Biol. 11: 31-38.

Baker A. J., Gonzéalez P M., Piersma T, Niles L. J.,, do
Nascimento I. D. S., Atkinson P W,, Clark N. A., Minton C.
D. T, Peck M. K., Aarts G. 2004. Rapid population decline
in red knots: fitness consequences of decreased refuelling
rates and late arrival in Delaware Bay. Proc. R. Soc. Lond.
B 271: 875-882.

Balmori A. 2003. Differential autumn migration of the
Common Sandpiper (Actitis hypoleucos) in the Duero valley
(north-west Spain). Ardeola 50: 59-66.

Beale C. M., Dodd S., Pearce-Higgins J. W. 2006. Wader recruit-
ment indices suggest nesting success is temperature-
dependent in Dunlin Calidris alpina. Ibis 148: 405-410.

Blenckner T, Jarvinen M., Weyhenmeyer G. A. 2004.
Atmospheric circulation and its impact on ice phenology in
Scandinavia. Boreal Env. Res. 9: 371-380.

Both C., Piersma T, Roodbergen S. P. 2005. Climatic change
explains much of the 20th century advance in laying date
of Northern Lapwing Vanellus vanellus in The Netherlands.
Ardea 93: 79-88.

Boyd H., Madsen ]. 1997. Impacts of global change on arctic-
breeding bird populations and migration. In: Oechel W. C.,
Callagham T, Gilmanov T, Holten J. I., Maxwell B., Molau
U., Sveinbjornsson B. (eds). Global change and Arctic
terrestrial ecosystems. Springer, New York, pp. 201-217.

Cade B. S., Noon B. R. 2003. A gentle introduction to quantile
regression for ecologist. Front. Ecol. Environ. 1: 412—
420.

Cepak J. 2001. Influence of temperature on winter occurrence
of the Green Sandpiper (Tringa ochropus) in the Ttebon
Biosphere Reserve (southern Bohemia). Sylvia 37: 87—
93.

Cepak J., Klvana P, ékopek J., Schropfer L., Jelinek M., Hordk
D., Forméanek J., Zarybnicky J. (eds). 2008. [The Czech and
Slovak Bird Migration Atlas]. Aventinum, Praha.

Chapin E S., Zavaleta E. S., Eviner V. T, Naylor R. L., Vitousek
P M., Reynolds H. L., Hooper D. U, Lavorel S., Sala O. E.,
Hobbie S. E., Mack M. C,, Diaz S. 2000. Consequences of
changing biodiversity. Nature 405: 234-242.

Croxton P J., Sparks T. H., Cade M., Loxton R. G. 2006. Trends
and temperature effects in the arrival of spring migrants in
Portland (United Kingdom) 1959-2005. Acta Ornithol. 41:
103-111.

Danko S., Darolovd A., Kristin A. 2002. Birds distribution in
Slovakia. Veda, Bratislava.

Ganter B., Boyd H. 2000. A tropical volcano, high predation
pressure, and the breeding biology of arctic waterbirds: A
circumpolar review of breeding failure in the summer of
1992. Arctic 53: 289-305.

Gatter W. 1992. Zugzeiten und Zugmuster im Herbst: Einfluf§
des Treibhauseffekts auf den Vogelzug? J. Ornithol. 133:
427-436.

Gill J. A., Clark J., Clark N., Sutherland W. J. 1995. Sex differ-
ences in the migration, moult and wintering areas of
British-ringed Ruff. Ringing & Migr. 16: 159-167.

Gilyazov A., Sparks T. 2002. Change in the timing of migration
of common birds at the Lapland nature reserve (Kola
Peninsula, Russia) during 1931-1999. Avian Ecol. Behav. 8:
35-47.



126 P Adamik & J. Pietruszkova

Gordo O. 2007. Why are bird migration dates shifting? A
review of weather and climate effects on avian migratory
phenology. Clim. Res. 35: 37-58.

Green M., Alerstam T, Gudmundsson G. A., Hedenstrom A.,
Piersma T. 2004. Do Arctic waders use adaptive wind drift?
J. Avian Biol. 35: 305-315.

Gromadzka J. 1987. Migration of waders in Central Europe.
Sitta 1: 97-115.

Hildén O. 1979. The timing of arrival and departure of the
spotted redshank Tringa erythropus in Finland. Ornis
Fennica 56: 18-23.

Holmes R. T. 1966. Breeding ecology and annual cycle adapta-
tions of the Red-backed Sandpiper (Calidris alpina) in
northern Alaska. Condor 68: 3-46.

Hubalek Z. 2004. Global weather variability affects avian phe-
nology: a long-term analysis, 1881-2001. Folia Zool. 53:
227-236.

Hiippop K., Hiippop O. 2005. Atlas zur Vogelberingung auf
Helgoland. Teil 3: Verdnderungen von Heim — und
Wegzugzeiten von 1960 bis 2001. Vogelwarte 43: 217-248.

Hiippop O., Hiippop K. 2003. North Atlantic Oscillation and
timing of spring migration in birds. Proc. R. Soc. Lond. B
270: 233-240.

Hurrell J. W. 1995. Decadal trends in the North Atlantic
Oscillation: regional temperatures and precipitation.
Science 169: 676-679.

Jenni L., Kéry M. 2003. Timing of autumn bird migration under
climate change: advances in long-distance migrants,
delays in short-distance migrants. Proc. R. Soc. Lond. B
270: 1467-1471.

Lehikoinen E., Sparks T, Zalakevicius M. 2004. Arrival and
departure dates. Adv. Ecol. Res. 35: 1-31.

Lindstrom A., Agrell J. 1999. Global change and possible effects
on the migration and reproduction of arctic-breeding
waders. Ecol. Bull. 47: 145-159.

Meissner W. 1996. Timing and phenology of autumn migration
of common sandpiper (Actitis hypoleucos) at the Gulf of
Gdansk. Ring 18: 59-72.

Meissner W. 1997. Autumn migration of wood sandpiper
(Tringa glareola) in the region of the Gulf of Gdansk. Ring
19: 75-91.

Meissner W. 2005. Variation in timing of the Siberian Knot
Calidris c. canutus autumn migration in the Puck Bay
region (southern Baltic). Acta Ornithol. 40: 95-101.

Meltofte H., Hoye T. T, Schmidt N. M., Forchhammer M. C.
2007. Differences in food abundance cause inter-annual
variation in the breeding phenology of High Arctic
waders. Polar Biol. 30: 601-606.

Menzel A., Sparks T. H., Estrella N., Eckhardt S. 2005. “SSW
to NNE” — North Atlantic Oscillation affects the progress
of seasons across Europe. Global Change Biol. 11: 909—
918.

Niehaus A. C., Ydenberg R. C. 2006. Ecological factors associat-
ed with the breeding and migratory phenology of high-lat-
itude breeding western sandpipers. Polar Biol. 30: 11-17.

OAG Miinster 1994. Aspects of spring migration of some wader
species in inland Europe. Wader Study Group Bull. 73:
62-71.

Parmesan C. 2006. Ecological and evolutionary responses to
recent climate change. Annu. Rev. Ecol. Syst. 37: 637-669.

Pearce-Higgins J. W, Yalden D. W.,, Whittingham M. J. 2005.
Warmer springs advance the breeding phenology of gold-
en plovers Pluvialis apricaria and their prey (Tipulidae).
Oecologia 143: 470-476.

Piersma T, Klaassen M., Bruggemann J. H., Blomert A. M.,
Gueye A., Ntiamoa-Baidu Y., van Brederode N. E. 1990.
Seasonal timing of the spring departure of waders from
the Banc D'Arguin, Mauritania. Ardea 78: 123-134.

Piersma T, Lindstrom A. 2004. Migrating shorebirds as integra-
tive sentinels of global environmental change. Ibis 146:
61-69.

Piersma T, Verkuil Y., Tulp I. 1994. Resources for long-distance
migration of knots Calidris canutus islandica and C. c. canu-
tus: how broad is the temporal exploitation window of
benthic prey in the western and eastern Wadden Sea?
Oikos 71: 393-407.

Prochdzka P. 2006. Stable isotopes analysis — an alterna-
tive approach in the study of bird migration. Sylvia 42:
3-21.

Rainio K., Laaksonen T.,, Ahola M., Vihitalo A. V., Lehikoinen
E. 2006. Climatic responses in spring migration of boreal
and arctic birds in relation to wintering area and taxono-
my. J. Avian Biol. 37: 507-515.

Rehfisch M. M., Crick H. Q. P 2003. Predicting the impact of cli-
matic change on Arctic-breeding waders. Wader Study
Group Bull. 100: 86-95.

Remisiewicz M., Wennerberg L. 2006. Differential migration
strategies of the Wood Sandpiper (Tringa glareola) — genet-
ic analyses reveal sex differences in morphology and
spring migration phenology. Ornis Fennica 83: 1-10.

Scebba S., Moschetti G. 1996. Migration pattern and weight
changes of Wood Sanpiper Tringa glareola in a stopover site
in southern Italy. Ringing & Migr. 17: 101-104.

Sokolov L. V., Markovets M. Y., Morozov Y. G. 1999. Long-term
dynamics of the mean date of autumn migration in passer-
ines on the Courish Spit of the Baltic Sea. Avian Ecol.
Behav. 2: 1-18.

Sparks T. H., Huber K., Bland R. L., Crick H. Q. P, Croxton P J.,
Flood J., Loxton R. G., Mason C. E, Newnham J. A,,
Tryjanowski P. 2007. How consistent are trends in arrival
(and departure) dates of migrant birds in the UK? J.
Ornithol. 148: 503-511.

Stastny K., Bejek V,, Hudec K. 2006. [Atlas of breeding birds in
the Czech Republic: 2001-2003]. Aventinum, Praha.

Stenseth N. C., Mysterud A. 2005. Weather packages: finding
the right scale and composition of climate in ecology. J.
Anim. Ecol. 74: 1195-1198.

Stervander M., Lindstrom K., Jonzén N., Andersson A. 2005.
Timing of spring migration in birds: long-term trends,
North Atlantic Oscillation and the significance of different
migration routes. J. Avian Biol. 36: 210-221.

Stroud D. A., Davidson N. C., West R., Scott D. A., Haanstra L.,
Thorup O., Ganter B., Delany S. 2004. Status of migratory
wader populations in Africa and Western Eurasia in the
1990s. Int. Wader Studies 15: 1-259.

Tettrup A. P, Thorup K., Rahbek C. 2006. Changes in timing of
autumn migration in North European songbird popula-
tions. Ardea 94: 527-536.

Viahatalo A. V, Rainio K., Lehikoinen A., Lehikoinen E. 2004.
Spring arrival of birds depends on the North Atlantic
Oscillation. J. Avian Biol. 35: 210-216.

van de Kam J., Ens B., Piersma T,, Zwarts L. 2004. Shorebirds.
An illustrated behavioural ecology. KNNV Publishers,
Utrecht.

Wichmann G., Barker ]J., Zuna-Kratky T, Donnerbaum K.,
Rossler M. 2004. Age-related stopover strategies in
the Wood Sandpiper Tringa glareola. Ornis Fennica 81:
169-179.

Wtodarczyk R., Minias P, Kaczmarek K., Janiszewski T,
Kleszcz A. 2007. Different migration strategies used by two
inland wader species during autumn migration, case of
Wood Sandpiper Tringa glareola and Common Snipe
Gallinago gallinago. Ornis Fennica 84: 119-130.

Zwarts L. 1990. Increased prey availability drives premigration
hyperphagia in whimbrels and allows them to leave the
Banc D’Arguin, Mauritania, in time. Ardea 78: 279-300.



Timing of inland wader migration 127

Zidkova L., Markova V, Adamik B 2007. Lapwing, Vanellus
vanellus chick ringing data indicate a region-wide popula-
tion decline in the Czech Republic. Folia Zool. 56: 301-306.

STRESZCZENIE

[Zmiany w terminach wedréwki jesiennej

i wiosennej u siewkowcéw na $rédladziu]
Przyspieszenie terminéw wiosennych wedré-
wek u ptakéw w zwiazku z globalnymi zmia-

nami klimatycznymi jest dobrze udokumento-
wane dla wielu gatunkéw, natomiast taka sama
prawidlowos¢ w odniesieniu do migracji jesien-
nych jest raczej dyskusyjna. Podczas 42 lat badan
(1964-2005) prowadzonych na obszarze dawnej
Czechostowacji obserwowano zmiany w termi-
nach wedréwek wiosennych i jesiennych 8 gatu-
nkéw siewkowcéw w oparciu o archiwalne dane
z obraczkowan. Dla kazdego roku i kazdego
gatunku okreslano poczatek, mediane i koniec
okresu wedréwkowego. Poniewaz jednak u siew-
kowcéw terminy wedréwek dorostych ptakéow
i osobnikéw mtodocianych moga by¢ rézne, osob-
no potraktowane te grupy wiekowe (doroste i pta-
ki w 1 roku kalendarzowym). By uchwyci¢ r6z-
nice w czasie wedréwki, uzyto regresji kwadra-
towej oraz regresji QR. Poniewaz jednak w tym

drugim przypadku liczba schwytanych ptakéw
moze znaczaco wplywaé na uzyskany obraz,
wyniki przedstawiono w Appendix I i II. Kolej-
nym krokiem bylo sprawdzenie, czy czas we-
dréwki jest zwiazany ze wskaZznikiem Oscylacji
Péinocnego Atlantyku (NAO index). W pracy
wykorzystano $rednie zimowe wartoéci NAO dla
grudnia-marca. Dla teczaka, piskliwca, bataliona
i sieweczki rzecznej zebrano wystarczajaca liczbe
danych by oszacowac kierunki zmian terminéw
wedrowki wiosennej. U wszystkich stwierdzo-
no przyspieszenie (Tab. 1), przy czym najwyraz-
niej zmiany zaznaczone byly u feczaka (Fig. 1). W
przypadku migracji jesiennej zgromadzone dane
nie daly jednoznacznego obrazu kierunku zmian.
U teczaka, piskliwca i biegusa zmiennego zaobser-
wowano wyrazne przyspieszenie termindow
wedréwki, natomiast u bataliona, kszyka i sie-
weczki rzecznej wedréwka jesienna wyraznie
opdznita sie w badanym okresie . Dwa gatunki —
biegus malutki i samotnik nie wykazaty zadnych
istotnych zmian (Tab. 2 i 3). Osobne analizy dla
mitodych i dorostych osobnikéw nie wptynety na
uzyskane wyniki. Wartosci NAO byly w wigkszos-
ci negatywnie skorelowane ze wszystkimi fazami
wedréwki zaréwno jesiennej jak i wiosennej.

Appendix I. Quantile regression estimates of changes in timing of inland spring migration, 1964-2005. N — the numbers of ringed

birds.
Spring passage N Phase B Al birds 0
Tringa glareola 5% -0.27 < 0.001
2108 50% -0.33 < 0.001
95% -0.39 < 0.001
Actitis hypoleucos 5% -0.33 < 0.001
1047 50% -0.30 < 0.001
95% 0.05 0.768
Philomachus pugnax 5% -2.00 < 0.001
2 658 50% -0.25 < 0.001
95% -0.15 < 0.001
Charadrius dubius 5% -0.19 0.264
2178 50% -0.17 < 0.001
95% -0.23 < 0.001
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Appendix II. Quantile regression estimates of changes in timing of inland autumn migration, 1964-2005. Sample sizes, i.e. the
numbers of ringed birds, for all and separate age categories are indicated below species names.

Autumn passage Phase All birds 18t year birds Adults
B P B p B P
Tringa glareola 5% 0.10 0.070 -0.09 0.011 -0.07 0.451
11 097,7 179, 1 888 50% -0.16 < 0.001 -0.18 < 0.001 -0.41 < 0.001
95% -0.11 0.003 -0.06 0.309 -0.83 < 0.001
Actitis hypoleucos 5% -0.06 0.008 0.08 0.072 -0.06 0.167
13 750, 7 428, 4 679 50% -0.17 < 0.001 -0.11 < 0.001 -0.43 < 0.001
95% -0.29 < 0.001 -0.17 < 0.001 -0.65 < 0.001
Philomachus pugnax 5% 0.75 < 0.001 0.10 0.643 -
25721 351, - 50% 0.45 < 0.001 0.31 < 0.001 -
95% -0.07 0.277 -0.17 0.182 -
Charadrius dubius 5% 0.04 0.521 0.20 0.009 -
3160, 2 673, - 50% 0.07 0.086 0.18 0.011 -
95% -0.11 0.106 -0.12 0.105 -
Calidris minuta 5% 0.08 0.578 0.05 0.397 -
2739, 1996, - 50% 0.00 0.999 0.00 0.999 -
95% -0.31 < 0.001 -0.31 < 0.001 -
Calidris alpina 5% -1.00 < 0.001 -0.11 0.343 -
2960, 2 162, - 50% -0.22 < 0.001 -0.36 < 0.001 -
95% -0.50 < 0.001 -0.75 < 0.001 -
Gallinago gallinago 5% 0.19 < 0.001 0.25 < 0.001 0.17 0.002
7 032, 2931, 1 866 50% 0.00 0.999 -0.08 0.095 0.39 < 0.001
95% 0.24 < 0.001 0.26 0.023 0.27 < 0.001
Tringa ochropus 5% -0.17 0.210 0.17 0.137 -
1378, 602, - 50% -0.18 0.011 0.00 0.999 -

95% 0.12 0.499 0.50 0.031 -
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Abstract Climate change has affected breeding dates and
clutch sizes in many bird species. To date, most of the
studies aimed at assessing the effects of climate change on
these phenological events in birds have been on hole-nest-
ing species and the changes linked either to local climate
variation or to some large-scale composite variables, such
as the North Atlantic Oscillation (NAO). Relatively less is
known about the climate responses of open-nesting birds
and on the relative roles of climate variables at different
scales. Using bird ringing records covering a time span of
41 years, we documented shifts in the timing of breeding
and brood size in a long-distance migrant, the Red-Backed
Shrike (Lanius collurio) from a central European popula-
tion. We found a 3- to 4-day shift towards earlier breeding
and an increase in brood size by approximately 0.3 nestlings
since 1964. The Red-Backed Shrikes start to breed in May
and rear the first nestlings in June. During the period 1964—
2004, temperatures in May significantly increased, while
the increase in June temperatures was not significant.
Simultaneous tests on the influence of local climate
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variables and the NAO index revealed a better performance
of local climate. The increasing temperature in May was
positively associated with the advancement of breeding.
Similarly, at a local scale, higher May temperatures were
followed by larger brood sizes, while a high amount of
rainfall had a strong negative effect.

Keywords Breeding biology - Climate change -
Lanius collurio - Long-term study - Red-backed shrike -
Ringing data

Introduction

Climate change has been shown to affect various aspects of
bird phenology (Przybylo et al. 2000; Rodriguez and
Bustamante 2003; Dunn 2004). Such studies have mainly
focused on spring migration (Forchhammer et al. 2002;
Tryjanowski et al. 2002; Cotton 2003; Hiippop and Hiippop
2003; Hubalek 2004; Vihitalo et al. 2004), egg-laying
dates (Winkel and Hudde 1997; Przybylo et al. 2000; Both
and Visser 2001; Sanz 2002; Cresswell and McCleery
2003), clutch size (Winkel and Hudde 1997; Przybylo et al.
2000; Sanz 2002; Winkler et al. 2002; Cresswell and
McCleery 2003), fledging success (Przybylo et al. 2000;
Rodriguez and Bustamante 2003) and/or egg size (Jarvinen
1994; Tryjanowski et al. 2004).

Most of these studies have directly linked the observed
phenological shifts to either changes in the local climate or
to one or more large-scale composite variable(s), such as
the North Atlantic Oscillation (NAQO) index. This has
resulted in the question of whether to use local climatic
variables or large-scale composite indices, which has been
the subject of widespread discussion (Stenseth et al. 2003;
Hallett et al. 2004; Stenseth and Mysterud 2005). Local
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climate changes have been shown to advance breeding
dates (e.g. Crick et al. 1997; Brown et al. 1999; Dunn and
Winkler 1999; Both et al. 2004; Pearce-Higgins et al.
2005); in particular, a number of productivity variables
have been found to be affected by local spring temperatures
and rain (Cresswell and McCleery 2003; Rodriguez and
Bustamante 2003; Both and Visser 2005). Other studies,
however, focused solely on the use of the NAO index (e.g.
Przybylo et al. 2000; Mgller 2002; Sanz 2002; Stenseth
et al. 2002; 2003), while only a few studies have examined
the effect of local climate variables and the NAO index
simultaneously (Ahola et al. 2004; Mgller et al. 2006;
Weidinger and Kral 2007). In some areas, local weather is
a much better predictor of bird phenology, while in other
areas, the NAO index outperforms local weather variables.
Consequently, a simultaneous analysis of both of these
climatic datasets is necessary for a better understanding of
their spatial role.

In this study, we demonstrate how data from ringing
records of the Red-Backed Shrike Lanius collurio nestlings
are usable for the long-term monitoring of phenological
changes. Apart from the few standardized bird-monitoring
schemes across Europe, large-scale, long-term datasets on
breeding phenology are seriously lacking. However,
recorded bird ringing has been carried out over a century,
and these records, which are stored in national ringing
centers, contain an immense amount of valuable data. They
are not only a source of ringing recoveries (Baillie 1995),
but they also provide valuable information on population
monitoring (Rintala et al. 2003), productivity estimations
(Blomgyvist et al. 2002) and/or climate-mediated changes in
wintering areas (Fiedler et al. 2004) and changes in breed-
ing phenology (Beintema et al. 1985; Mgller et al. 2006).
For example, Mgller et al. (2006) analyzed long-term
changes in breeding dates of young Arctic Terns Sterna
paradisaea based on their ringing dates in Denmark. Using
data covering a time-span of 70 years, these researchers
showed an advance in breeding dates that were accurately
explained by both local weather and the NAO index.

In keeping in line with such research on the effects of
climate on birds, the main aims of our study were to (1) use
ringing records from the Czech Republic for documenting
shifts in phenology and brood size of an open-nesting
passerine, the Red-Backed Shrike, over the last 41 years
and (2) simultaneously test the influence of both local
weather variables and a large-scale weather pattern (the
NAO index) on shrike phenology and brood size.

Methods

Annual ringing records of Red-Backed Shrike nestlings for
the Czech Republic were obtained from the Prague Bird
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Ringing Center. Although bird ringing in the Czech
Republic started in 1910, for the purposes of our study we
only considered data for the period 1964-2004 because
prior to 1964 there was a different data archiving system;
consequently, the extraction of data prior to 1964 would be
extremely time-consuming. We digitalized information on
the ringing of 46,872 nestlings from 9,824 nests. These
records contained information on ring type, ring number,
the date of ringing, location and a note (e.g. the number of
nestlings in one nest) for an individual bird. We only used
ringing data on nestlings that had been unequivocally
marked as being from one nest. The Red-Backed Shrike is
single-brooded, but when first breeding attempts fail, a
second or even third replacement clutches are initiated. The
ringing records therefore contain data that include both first
and replacement broods. As the inclusion of replacement
broods is likely to influence phenology statistics (i.e. many
replacement broods in a given year would delay the mean
ringing day), we defined first clutches as those nestlings
ringed before July 1, based on the assumption that first
clutches are initiated before June 5 (for a similar approach,
see Kuzniak 1991; Tryjanowski 2002), adding 5 days of
egg-laying (Cramp and Perrins 1993), 14 days of incuba-
tion (Cramp and Perrins 1993) and 7 days posthatch when
the majority of nestlings is ringed (Husek and Adamik
2006). We used only nests with birds ringed prior to July 1
for subsequent analyses. Thus, the analyzed dataset con-
sists of 29,986 nestlings ringed in 6,720 nests. For our
analysis, we used the ringing date of a nest as the “phe-
nology” variable (phenology thereafter) and the number of
nestlings in one nest at the time of ringing as the “brood
size” variable (brood size thereafter). In earlier study we
demonstrated that breeding data obtained from ringing
records very closely match data from local studies and that
the brood size closely matches the number of nestlings per
successful nest (HuSek and Adamik 2006).

Annual tenth percentile and mean ringing dates of nests
were used as phenology variables. Similarly, the mean
annual number of nestlings in nests at the time of ringing
were used as the brood size variable. Analyses were carried
out for the whole Czech Republic (6,720 nests during the
period 1964-2004) and, at a finer scale, for the Trutnov-
Jicin area (1,448 nests during the period 1969-2004). The
Trutnov-Jiéin area, with a surface area of 2034 kmz, is
located in north-eastern Bohemia and extends from 225 to
1600 m a.s.l. We purposefully selected this area to find out
whether ringing data collected on a smaller scale are able
to provide reliable parameter estimates. Only a very small
number of ringers actively ring shrikes in the Trutnov-Ji¢in
area each year. We did not analyze the first 5 years (1964—
1968) in this area because the sample sizes were too small.

To investigate the effect of climatic factors on the tim-
ing of breeding and brood size, we used local climate data
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and the NAO index for the months of April, May and June
(NAOpwmy). For the Czech Republic, the local climate
variables were total precipitation for the months of May
and June, and mean temperature in May. These represent
average figures for the entire Czech Republic from more
than 20 main meteorological stations. For the Trutnov-Ji¢in
area, we used mean monthly temperature and number of
days with more than 10 mm of precipitation per day
(“rainy days”) in May and June. These data were obtained
from three meteorological stations in Jicin (1969), Trutnov
(1970-1971, 2004) and Slatiny (period 1972-2003). These
stations are located right in the center of the focal area.
All climate data were provided by the Czech Hydromete-
orological Institute in Prague and Hradec Kralové.
The seasonal station-based NAOpgg index (Hurrell 1995)
was obtained from http://www.cgd.ucar.edu/cas/jhurrell/
indices.data.html#naostatseas.

Nestlings from between 40 and 638 nests (mean *
SD = 239 + 181) are ringed annually in the Czech
Republic. Because of this large variation in the numbers of
ringed birds, we used weighted linear regressions to test
for trends in phenology and brood size. The number of
nests per year was used as weighting variable. Ordinary
linear regressions were used for testing within-seasonal
trend in brood size and between-seasonal trend in variance
of ringing dates. We used multiple regressions to assess
the relationships between the selected variables and timing
of breeding and brood size. Variables explaining the
timing of breeding were NAO index for the period from
April to June (NAO4yyy), mean temperature in May (May
temperature), total precipitation in May (May precipita-
tion) and year. Variables explaining brood size were mean
temperature in May (May temperature), total precipitation
in June (June precipitation), NAOxy; and year. For the
local Trutnov-Ji¢in area, we entered the number of days
with rainfall >10 mm (June rainy days) into the model.
All predictors were selected a priori based on their
potential biological importance. Therefore, the multiple
regression models contain all selected predictors instead of
the routinely used step-wise approach. All statistical
analyses were carried out using JMP software of SAS
Institute, Cary, NC (USA).

Results

In the Czech Republic during the study period (1964-
2004), the May temperature significantly increased (linear
regressions: F 39 = 7.582, R? = 0.163, P = 0.009; slope =
SE = 0.051 = 0.019), but there were no significant changes
in either the June temperature (F; 39 = 0.967, R? = 0.024,
P =0.332, slope = 0.018 + 0.018), May rain (F; 39 = 2.783,
R? = 0.067, P = 0.103; slope = —-0.525 £ 0.315) or June

rain  (F)30 = 1.864, R”>=0.046, P =0.180; slope =
-0.441 + 0.323). In the Trutnov-Ji¢in area during the
1969-2004 study period, the same trend was observed,
with the May temperature increasing significantly
(Fy34 = 7.265, R*=0.172, P =0.011, slope = 0.057 *
0.021 ) and the June temperature (F;34 = 1.883,
R? = 0.051, P = 0.179, slope = 0.029 = 0.021), May rain
(Fy34 = 2971, R*=0.078, P =0.094, slope =—0.835 =+
0.484) and June rain (F; 34 = 2.476, R? = 0.066, P =0.125,
slope = —0.731 = 0.465) showing no significant changes.
The NAO 4y index did not show any trend (F; 37 = 1.493,
R? = 0.039, P =0.230, slope = -0.0285 + 0.0233) over
the study period.

The ringing dates of Red-Backed Shrikes advanced sig-
nificantly and the brood size increased significantly in the
Czech Republic (Table 1), but neither the date of ringing
nor brood size advanced significantly at a local scale in the
Trutnov-Ji¢in area (Table 1). Within year, brood size
significantly declined (F;s¢ = 830.082, R>=0935, P=
< 0.001, slope = —0.027 + 0.001); between years, the var-
iance in ringing dates did not change significantly either in
the Czech Republic (F 39 = 2.379, R*>=0.058, P = 0.131)
or in the Trutnov-Ji¢in area (Fj3s = 1.459, R? = 0.042,
P =0.235).

In multiple regression models, the only significant pre-
dictor of both the tenth percentile and the mean ringing dates
was May temperature. These results were consistent at both
the national (Czech Republic) and regional (Trutnov-Ji¢in
area) scale (Table 2). With respect to brood size, we did not
find any of the selected variables to be significant predictors
at the national level. However, on a local scale (Trutnov-
Ji¢in area), heavy rainfall (rainy days) with its negative
influence on brood size was the main significant predictor
(Table 2).

Discussion

There is currently a large body of evidence confirming that
temperatures in northern latitudes have increased during
the last 100 years (Easterling et al. 1997; IPCC 2001). In
our study, we found a significant increase in the tempera-
ture in May for both the entire Czech Republic and at a
regional scale, while we were unable to detect this trend in
the June temperature. In line with this increasing May
temperature, the ringing dates of Red-Backed Shrike nes-
tlings have advanced by approximately 3-4 days since
1964. The pattern of earlier breeding is consistent with the
results of similar studies on other long-distance migrating
songbirds (e.g. Dunn 2004). Most of the data on trends
toward earlier breeding come from the United Kingdom
(Crick and Sparks 1999; Dunn 2004). In continental
Europe, the most frequently studied birds have been the
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Table 1 Trends in the tenth percentile ringing dates, mean ringing dates and brood sizes of Red-Backed Shrike nestlings for the Czech Republic

(n = 41) and the Trutnov-Ji¢in study area (n = 36), 1964-2004

Variable Czech Republic Trutnov-Jicin area

Slope (SE) t P R? Slope (SE) t P R?
Tenth percentile —0.106 (0.050) -2.12 0.040 0.104 -0.046 (0.055) —0.84 0.406 0.020
Mean date —0.073 (0.035) -2.10 0.043 0.101 -0.048 (0.035) -1.39 0.175 0.054
Brood size 0.008 (0.004) 2.30 0.027 0.119 0.006 (0.006) 1.00 0.326 0.028

P values < 0.05 indicate significant changes during the study period

Table 2 Multiple regression models of Red-Backed Shrike phenology and brood size on climatic predictors and year for the Czech Republic
(n =41) and a selected local Trutnov-Ji¢in area (n = 36) during 1964-2004

Czech Republic

Trutnov-Ji¢in area

Slope (SE) t P Slope (SE) t P
Tenth percentile date
Year —-0.032 (0.053) -0.59 0.556 —-0.015 (0.062) -0.25 0.806
NAOAMy 0.270 (0.255) 1.06 0.298 0.688 (0.354) 1.94 0.061
May temperature —-1.081 (0.383) -2.82 0.008 —1.484 (0.405) -3.66 0.001
May precipitation -0.010 (0.019) -0.54 0.595 0.013 (0.018) 0.75 0.462
Mean date
Year —-0.028 (0.037) -0.76 0.454 0.004 (0.044) 0.08 0.934
NAO My 0.196 (0.178) 1.10 0.279 0.279 (0.229) 1.22 0.233
May temperature —0.671 (0.268) -2.51 0.017 —-0.889 (0.263) -3.38 0.002
May precipitation -0.011 (0.014) -0.80 0.428 —-0.009 (0.013) -0.74 0.463
Brood size
Year 0.008 (0.004) 1.89 0.068 —0.001 (0.007) -0.02 0.985
NAOamy —0.001 (0.020) -0.07 0.944 0.021 (0.040) 0.52 0.607
May temperature —0.011 (0.029) -0.37 0.710 0.024 (0.046) 0.51 0.613
June precipitation 0.000 (0.001) -0.29 0.777 - - -
June rainy days - - - -0.161 (0.056) -2.93 0.007

P values < 0.05 indicate significant changes during the study period

? NAOawmy, North Atlantic Oscillation index for the period April to June

hole-nesting birds, such as the flycatchers Ficedula and tits
(e.g. Both and Visser 2001; Sanz 2002, 2003; Visser and
Both 2005); extensive datasets on non-hole nesting species
or from more continental sites are still lacking (but see
Zalakevicius et al. 2006; Weidinger and Kral 2007). It is
important to document the temporal changes in the food
supply of these hole-nesting species. In years with an early
food peak (caused by temperature increase), the Pied Fly-
catcher Ficedula hypoleuca was found to lay its eggs late
relative to this food peak and, consequently, experienced a
mismatch with the food supply (Visser and Both 2005). If
temperature changes at different rates, the synchrony
between birds and food supply may become distorted
(Visser and Both 2005). The diet of the Red-Backed Shrike
consists of insects, mainly Coleoptera, Hymenoptera and
Orthoptera, and to a lesser extent of vertebrates (Cramp
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and Perrins 1993; Tryjanowski et al. 2003). We suspect
that any possible mismatch with its food supplies would be
less relevant for the Red-Backed Shrike due to this variable
diet.

We also found that the mean brood size of first clutches
increased in the Czech Republic. It has been established
that those females that lay later within a given breeding
season lay smaller clutches (Lack 1968). As the Red-
Backed Shrikes are breeding earlier nowadays, the brood
size of first clutches may have increased as a result.
However, we did not detect similar trends in phenology and
brood size at the local scale in the Trutnov-Ji¢in area. This
difference should be taken as a caution that ringing records
on scales that is too small may suffer from sampling biases,
such as the irregular activity of individual ringers between
and within years (Bibby et al. 2000).
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Our simultaneous testing of the influence of several
climatic variables revealed a significant effect of the May
temperature on phenology in the Czech Republic and in the
Trutnov-Ji¢in area. May is the month that Red-Backed
Shrikes arrive in the Czech Republic and when most birds
make their first breeding attempts. Therefore, it is a logical
assumption that May temperature would be the most
important climatic factor affecting the onset of clutch ini-
tiation and, consequently, ringing dates. Despite the fact
that many studies have shown that the NAO index is fre-
quently the most significant factor affecting various aspects
of a bird’s breeding season, we were unable to detect any
significance of this factor in any of our models. Our finding
of a tighter relationship between local climates rather than
with the NAO index is in line with results from other recent
studies (Ahola et al. 2004; Weidinger and Kral 2007). The
weak effect of the NAO index might be a consequence of
the geographical location of the Czech Republic. While the
interpretation of the NAO index is quite straightforward in
coastal or north-western Europe (Ottersen et al. 2001), it
becomes less clear in inland Europe or areas further to the
east (Sanz 2002, 2003; Menzel et al. 2005; Zalakevicius
et al. 2006).

When brood size at the national level was considered in
the multiple regression models, we did not find that any of
the selected variables reasonably explained the observed
variation. Similar findings for the weak impact of temper-
ature or rainfall variables on the breeding success in the
Red-Backed Shrike have been recently reported by Miiller
et al. (2005). However, at the regional scale, we found that
brood size was negatively affected by the number of days
with >10 mm of precipitation per day. Due to the fine-scale
temporal and spatial variability in the occurrence of high
rainfall, we could not add this variable into the models for
the whole Czech Republic. Shrikes, as open-nesting passe-
rines, are likely to be vulnerable to inclement weather during
the breeding period, especially rainy spring conditions. High
rainfall causes partial brood loses, either directly by dam-
aging nests and chilling nestlings, or indirectly by reducing
the availability of food (Mann and Brandl 1986; Holan
1997; Fornasari and Massa 2000; Takagi 2001; Gotawski
2006). Thus, periods of inclement weather can result in
partial losses in the brood and decreased brood size.

In conclusion, we have demonstrated that shrikes have
shifted their breeding phenology toward earlier dates. This
shift has been accompanied by an increase in brood size.
Given that early broods are usually larger (Lack 1968; this
study) and that they have a higher nest success (Miiller et al.
2005), this may have a positive effect on future population
increases as the temperature continues to rise. However,
nest predation is likely to be the most important factor in
determining the shrike’s breeding performance (Fornasari
and Massa 2000; Lovaszi et al. 2000; Jakober and Stauber

2002; Miiller et al. 2005). If the brood losses caused by
predators do not increase, we may expect a positive impact
of the recent climate changes on this species.

Zusammenfassung

Langfristige Verdnderungen in Legedatum
und Brutgroe beim Neuntoter Lanius collurio
in Tschechien, 1964-2004

Bei vielen Vogelarten hat die Klimaverdnderung das
Legedatum und die BrutgroBle beeinflusst. Diese Verin-
derungen sind meist an Hohlenbriitern untersucht und
entweder zum lokalen Klima oder zu groB3skaligen Misch-
variablen (z.B. Nordatlantische Oszillation) in Bezug ges-
etzt worden. Uber die Reaktion von frei briitenden
Vogelarten auf die Klimaverdnderung und die relative
Rolle einzelner klimarelevanter Variablen in unterschied-
lichen MaBstabsbereichen wissen wir ziemlich wenig.
Unter Verwendung von Beringungsdaten aus einem Zeit-
raum von 41 Jahren haben wir die Verschiebung in
Legedatum und Gelegegrofie an einer mitteleuropéischen
Population des Neuntoters, einem Langstreckenzieher, be-
legt. Im Vergleich zu 1964 fanden wir eine Verschiebung
des Legedatums in Richtung friiheren Brutbeginns um 3—4
Tage und einen Anstieg der BrutgroBe um annihrend 0,3
Nestlinge. Der Neuntoter beginnt im Mai mit der Brut und
zieht die ersten Nestlinge im Juni auf. Im Zeitraum von
1964-2004 stiegen die Temperaturen im Mai signifikant
an, wihrend der Anstieg der Junitemperaturen nicht sig-
nifikant ausfiel. Gleichzeitiges Testen des Einflusses
lokaler Klimavariablen und des Index fiir die Nordatlanti-
sche Oszillation erbrachte eine bessere Passung zum
lokalen Klima. Der Temperaturanstieg im Mai war positiv
mit einer Verfriihung des Brutbeginns korreliert. Analog
folgte auf lokalem Niveau auf hohere Maitemperaturen
eine groBere Brutgrofe, wohingegen hohe Niederschlige
einen stark negativen Einfluss hatten.
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There are now a growing number of studies linking environmental conditions oper-
ating at different life stages of birds to their arrival on breeding grounds. Here we
focus on one of the major fitness determinants; timing of breeding. We examined the
influence of climate relevant to different parts of the birds’ annual life cycle, and the
impact of population size on distribution traits in a central European population of
the red-backed shrike Lanius collurio. Timing of breeding was affected by breeding
ground climate as well as by population size. In years with higher population densities
shrikes started to breed earlier. In contrast to previous studies we did not find that our
climatic variables adequately explained the variability of timing of breeding. We argue
that density-dependent processes are also important for the reproduction of shrikes and
that in phenological studies; attention should also be paid to other factors operating at
breeding grounds.

Introduction

Climatic conditions have a wide range of impacts
across the annual life cycle of birds. In the
majority of studies, they were shown to influence
arrival dates, timing of breeding, and population
sizes in birds (Sather et al. 2004, Gordo 2007,
Newton 2007). The impact of climate on birds
may be direct, e.g. ambient temperature or wind

speed and direction affecting body reserves of
migrating birds (Newton 2007), or indirect, via
changes to food resources (Jones et al. 2003,
Gordo 2007, Pulido 2007). Events occurring
at one life stage might have a prolonged effect
on the individual’s performance later in its life
(Marra et al. 1998, Drent et al. 2006). It has
been shown that conditions experienced in the
wintering quarters (e.g. food availability) have
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a direct effect on body condition and survival
(Strong & Sherry 2000), causing birds in poorer
condition to delay their departure (Marra et
al. 1998, Norris et al. 2004). In addition, eco-
logical conditions encountered en route may
postpone migration, because leaner individuals
would delay departure in order to obtain the fuel
reserves necessary for self-maintenance during
migration (Newton 2007). Condition-dependent
arrival dates in migrants, i.e. when individuals
in better condition arrive earlier than those in
a poorer condition, have been documented in a
range of avian taxa (e.g. Mgller 1994a, Lozano
et al. 1996, Marra et al. 1998, Kokko 1999,
Drent 2006, Newton 2007). For example, Saino
et al. (2004a) demonstrated that the arrival dates
of barn swallows Hirundo rustica in Italy were
earlier after winters with favourable ecological
conditions in their African wintering quarters,
and Mgller (1994b) found in Danish barn swal-
lows that the pattern of arrival to their breeding
grounds was more variable in years with adverse
ecological conditions in their wintering grounds,
when many individuals in poor condition had
presumably died.

These examples emphasize the potential links
between conditions experienced by migratory
birds in different phases and places of their
annual activities. When considering changes in
life-history traits that result from climate change,
it is also essential to consider changes in envi-
ronmental conditions affecting the whole annual
life cycle, because there are interactions among
different stages of the cycle (Coppack & Both
2003). However, studies linking all aspects are
still quite rare (Gordo 2007, 2008, Newton 2007).
Moreover, the majority of published papers have
focused on early arrivals or on average arrival
values (mean, median) which may not be rep-
resentative of the whole population (Sparks et
al. 2005, Knudsen et al. 2007). More detailed
information is available from the shape of the
frequency distribution of life-history traits, which
implicates causes and consequences in the fitness
of individuals. The shape reflects the distribu-
tion of condition-dependent arrival (Kokko 1999)
and breeding dates, with resulting consequences
in population demography. This is because, for
example, female breeding strategies and the fre-
quency of extra-pair paternities might be affected

by the form of the distribution of arrival dates.
The frequency of extra-pair paternities depends
also on breeding synchrony, which affects the
intensity of sexual selection among individuals
(Mgller & Ninni 1998, Saino et al. 1999, Spottis-
woode & Mgller 2004), and the spread and sym-
metry of the distribution will affect the potential
buffering of the reproductive output of the popu-
lation. Overall, and most importantly, the shape
of the distribution (skewness) and its changes
could indicate selective pressures on life-history
traits. Until recently, only a few studies have
considered the possible role of climate change
in influencing the shape of the frequency distri-
bution of arrivals at breeding grounds (Ptaszyk
et al. 2003, Sparks et al. 2005, Mgller 2008a),
breeding dates and clutch sizes (Winkler et al.
2002, Laaksonen et al. 2006). Laaksonen et al.
(2006) found no clear trend in the skewness of
laying dates during 1943-2003 in a Finnish pop-
ulation of the pied flycatcher Ficedula hypoleuca,
a hole nesting species, but among-year variation
in the skewness of laying dates increased and this
appeared to be explained by variable temperature
trends along the migration route. Skewness in
clutch size appeared to change from more nega-
tive values to a more symmetrical distribution
and variation in clutch size increased when win-
tering conditions were favourable. The distribu-
tion was then skewed with a tail of small clutches
indicating that when ecological conditions during
winter were good, low quality individuals were
also able to breed (Laaksonen et al. 2006).

In this study, we analyzed the impact of
climate from different parts of the annual life
cycle and the impact of population size on breed-
ing dates distribution in a Czech population of
a long-distance migrant, the red-backed shrike
Lanius collurio. Besides considering the effects
of breeding ground climate on timing of breed-
ing (Husek & Adamik 2008), we also considered
wintering ground climate and climate during
migration. For migratory birds, climatic condi-
tions encountered both on wintering grounds and
during migration are important as they determine
their physical condition (e.g. Marra et al. 1998,
Bearhop et al. 2004, Saino et al. 2004b, Studds
& Marra 2007), which results in variable arrival
dates and condition on breeding grounds (Stolt &
Fransson 1995, Sandberg & Moore 1996, Marra
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et al. 1998). Arrival dates and physical condition
of birds on breeding grounds then affect habitat
occupancy as well as timing of breeding (e.g.
Mgiller 2008b). We also considered the effects
of intraspecific competition, as expressed by an
index of population size, on timing of breed-
ing. In summary, we assumed that the timing of
breeding is influenced by condition and arrival
dates mediated effects of wintering and migra-
tion ground climate, and by direct effects of
breeding ground climate and effects of intraspe-
cific competition.

Material and methods
Breeding data

For this study we used ringing data on red-
backed shrike nestlings that were ringed during
1983-2006. In an earlier study we demonstrated
that data obtained from ringing records are
quite reliable and could be successfully used in
phenological studies (HuSek & Adamik 2006).
Husek and Adamik (2006) showed that the mean
number of ringed nestlings in nests at the time
of ringing matched well with the mean number
of nestlings from successful nests and that mean
first laying dates strongly correlated with mean
ringing dates. Annual ringing records of red-
backed shrike nestlings for the Czech Republic
were obtained from the Prague Bird Ringing
Centre. We computerized information on the
ringing of 36 076 nestlings from 8368 nests
ringed during 1983-2006. We used the 10th
percentile, median, skewness and variance of
ringing dates as descriptors of timing of breeding
for all clutches. The red-backed shrike is single-
brooded, but when a first breeding attempt fails,
replacement clutches are initiated. Thus, our
dataset clearly contains unknown proportion of
replacement clutches. Initiation of replacement
clutches depends both on the rate and timing
of first clutch failure (Antczak et al. 2009).
Consequently, the proportion of replacement
clutches mirrors various reasons of nest failure
(predation, inclement weather) which are highly
variable in both time and space. The values of
nest failure of first clutches span from 11.3%
(Horvath et al. 2000) through 23.6% (Pasinelli

et al. 2007) to 47.9% (Jakober & Stauber 2002)
for shrikes during different time periods and at
different study sites. In an attempt to avoid inclu-
sion of replacement clutches we also performed
the analyses with a truncated dataset. Consid-
ering roughly 25% of ringed nests at the end
of the distribution to be replacement clutches
each year, we defined first clutches as the 75th
percentile of ringed nests annually for truncated
dataset. We were cautious in inference from this
dataset, as some varying proportion of replace-
ment clutches might still have been included.
Hence, the truncated dataset of first clutches
consisted of 28 046 nestlings ringed in 6284
nests during the period 1983-2006. Similarly,
the 10th percentile, , median, , skewness_ and
variance, ~of ringing dates were used as the
“timing of breeding of first clutches” descrip-
tors. Our ringing dataset dates back to 1964 but
due to restriction in the availability of climatic
variables (see below) we performed the analyses
with 24 years only (see Appendix).

Climatic data
Wintering ground climate

As we were unable to precisely define particu-
lar wintering quarters of the Czech population
(due to insufficient numbers of Czech ringing
recoveries from Africa) and match them with
finer-scaled climatic variables, we considered
the shrikes’ whole wintering range in eastern and
southeastern Africa (Lefranc & Worfolk 1997).
Quite recently it was shown that the cli-
mate variability in East Africa is linked to the
inter-annual sum of Indian Ocean sea surface
temperature (SST) variations, termed the Indian
Ocean Dipole (I0D; Marchant et al. 2007). The
IOD represents the zonal dipole structure of the
various coupled ocean—atmosphere parameters
such as SST, surface pressure, outgoing long
wave radiation and sea surface height anomalies
(Yamagata et al. 2003). This unique independ-
ent ocean atmosphere coupled phenomenon in
the Indian Ocean is characterized by anoma-
lously warming of SST over the western Indian
Ocean and anomalously cooling of SST in the
eastern Indian Ocean which is associated with
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rainfall and moisture supply into eastern and
southern Africa (Saji et al. 1999). Intensity of
the 10D is thus represented by anomalous SST
gradient between the western equatorial Indian
Ocean and the south eastern equatorial Indian
Ocean. This gradient is named as Dipole Mode
Index (DMI; Saji et al. 1999). When the DMI is
positive, the phenomena refereed as the positive
IOD, an increased rainfall and moisture supply
cause vegetation development over the tropical
eastern Africa (Saji et al. 1999, Marchant et al.
2007). As insect abundance depends on plant
productivity, positive values of DMI are in fact
likely to influence physical condition and depar-
ture dates of shrikes via prey availability (see
Studds & Marra 2007).

Shrikes arrive at wintering grounds in eastern
and southeastern Africa in November and start
to depart in the second half of March (Lefranc &
Worfolk 1997). For the analysis of the influence
of wintering ground climate on breeding param-
eters we thus used the mean of the Dipole Mode
Index (DMI) for the months from November
to March. The mean of the DMI from Novem-
ber to March covers the period of the shrikes’
stay on the wintering grounds. The DMI data
were obtained from Frontier Research Center for
Global Change, Japan (available at http://www.
jamstec.go.jp/frsgc/research/d1/iod/).

Migration route climate

Czech ringing recoveries provide some evidence
that red-backed shrikes regularly pass through
the Middle East during their northward migra-
tion (Cepék et al. 2008). We used mean tem-
perature anomalies for April and May for Israel
(hereafter Tpdssdge)’ spanning the whole spring
passage period. Northward spring migration of
red-backed shrikes via Israel has two peaks, usu-
ally at the end of April and in the second half of
May (Cramp & Perrins 1993). The area under
consideration was defined by a grid 33°N, 30°N,
34°E and 36°E which covers most of Israel. The
temperature data were obtained from National
Climatic Data Center, Asheville, NC (available
at:  http://www.ncdc.noaa.gov/gcag/gcag.html).
The correlation between T and DMI (r =

assage

0.17,n=24,p =0.426) was not significant.

Breeding ground climate

We used mean May temperature (TMay hereafter)
and mean May precipitation (PMay hereafter) to
study the effect of breeding grounds climatic
factors. These consist of average values for the
entire Czech Republic derived annually from
more than 20 main meteorological stations. Data
were provided by the Czech Hydrometeorologi-
cal Institute in Prague. There was neither signifi-
cant correlation between TMay and DMI (r =0.18,

n =24, p=0397), between TMay and pdwge (r=
029, n =24, p =0.169), between T, and P, May
(r=-0.26,n=24,p=0.221), between PMay and

DMI (r = —0.26, n = 24, p = 0.214) nor between
P andT (r=-0.09,n=24,p=0.671).

May passage

Population size data

Data on population numbers of the red-backed
shrike in the Czech Republic were provided by
the Czech Society for Ornithology. The popula-
tion numbers are converted into an index of abun-
dance (hereafter IA) and these data are based on
a standardized national breeding bird monitoring
program (Reif et al. 2006). There was no signifi-
cant correlation between IA and number of ringed
nests (r =-0.13,n =24, p =0.546).

Candidate models

Factors and the sets of candidate models were
selected a priori based on their potential
biological importance. Candidate models for
measurement of central tendencies of timing of
breeding (median, median,_, 10th percentile and
10th percentile, ) were built as follows: First,
only breeding ground climatic conditions were
supposed to influence the timing of breeding
yielding model with factor T, and model
with T, ~and year. Second, density-dependent
processes were supposed to influence the timing
of breeding alongside breeding-ground climate.
We thus defined model with factors 7), ~and IA
and model including T, " IA and year Third,
we hypothesized the timmg of breeding to be
influenced by climatic conditions during the
whole annual life cycle yielding model with
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climatic factors from the breeding ground as well
as from the wintering ground (TMay, DMI), model
including also migration route climate (TMay,
DMI and Tpassage) and same models with the year
effect were also included. Fourth, combination
of the whole annual life cycle climate conditions
and density-dependent processes on breeding
grounds were considered in model with Ty
IA, DMI; model with TMay, 1A, DMI, Tpassage;
model with TMay, IA, DMI, year and global
model with TMﬂy, IA, DMI, Tpassage, year. May
temperature was included as covariate in all
candidate models because of its known effect on
the timing of breeding of first clutches (HuSek &
Adamik 2008).

Variability of breeding dates of both all
clutches (variance) and first clutches (variance, )
was supposed to be influenced by unfavorable
breeding ground climate (model with Py and
model with PMay, year). PMay was chosen as
a climatic descriptor here, because of known
effect of rainy weather on nest failure in shrikes
(e.g. Holan 1994, Takagi 2001). Alternatively,
density-dependent processes (model with IA;
model with A, year) were hypothesized to affect
the distribution of the timing of breeding. Then,
combination of breeding ground climate effects
and density-dependent processes (model with
PMay, IA; model with PMay, IA, year); whole
annual life cycle climate (model with PMay, DMI,
model with PMay, DMI, year; model with PMay,
DMI, Tpassage and model with PMay, DMI, Tpassage,
year) and combination of whole annual life
cycle climate and density-dependent processes
(model with PMay, IA, DMI; model with P,
IA,DMI, T ; model with PMay, 1A, DMI, year

and global model with P, , IA, DML T, _ .
year) were supposed. Finally we hypothesized
the variance and variance,  to be affected by
climatic conditions on wintering ground only
(model with DMI; model with DMI, year), and
by climatic conditions on wintering ground and
density-dependent processes (model with DMI,
IA and model with DMI, IA, year).

Candidate models for skewness and
skewness, ~ were built, following the same
hypothesis framework as for variance and
variance, ,but T, was used instead of PMay. The
number of ringed nests was included as a covariate

in candidate models because of its correlation

with variance_ , skewness, skewness, — and
also variance (Table 1). Year was included as a
continuous covariate in some candidate models
to account for inter-annual variation and possible

effects of temporal trends in the data.

Statistical analyses

Because breeding data are a time series, we
examined the residuals (regressions on years)
of all variables for the presence of autocorrela-
tion. We used the Durbin-Watson test with the
AUTOREG procedure of SAS 9.1 (SAS Institute
2004). None of the response variables were auto-
correlated (all D > 1.7, p > 0.18). Therefore, we
used each year’s values as statistically independ-
ent observations.

We fitted general linear models with
GENMOD procedure assuming identity link
and normal distribution (SAS Institute 2004).
An information-theoretic approach was used
to examine which variables and models of an
a priori defined set of candidate models best
described the data (Burnham & Anderson 2002).
Model selection was based on Akaike’s informa-
tion criterion corrected for small sample sizes
(AIC; Burnham & Anderson 2002). Akaike
model weights, based on AIC, were than calcu-
lated. Akaike weights are considered a measure
of probability that a specific model best explains
the data, given the set of all candidate models
and they sum to one by definition. Model aver-
aging was used for parameter estimation if no
single model had Akaike weight > 0.9. Akaike
weights were calculated for individual variables
as the sum of Akaike weights of all models in
which the variable in question appeared. Model
fit was checked with a residual analysis (McCul-
lagh & Nelder 1989).

Results

General findings and correlations
between distribution descriptors

During 1983-2006, the mean 10th percentile
of timing of breeding of all clutches and first
clutches was 165.73 + 0.77 (= SE) and 164.70
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Table 1. Pearson correlations between the distribution descriptors of the timing of breeding and ringing activity in the Czech population of red-backed shrike during the

24 years). Variables denoted with subscript refer to a truncated dataset (for details see Material and methods). Sig-

period 1983-2006 (rand p values in parentheses, n

nificant correlations (a

0.05) are set in boldface.

Variance, Skewness Skewness,

st Variance

Median,, 10th percentile  10th percentile

Median

-0.41 (0.047)
-0.07 (0.753)
~0.24 (0.263)
-0.14 (0.527)
-0.15 (0.487)

0.42 (0.042)

0.22 (0.293)
-0.08 (0.710)

0.39 (0.057)
—0.57 (< 0.040)
~0.36 (0.081)

—0.40 (0.053)
0.45 (0.029)
0.18 (0.415)

—0.19 (0.364)

-0.19 (0.378)
0.56 (0.002)

~0.34 (0.107)
~0.05 (0.817)
~0.24 (0.259)
~0.39 (0.062)
-0.41 (0.048)

—0.08 (0.712) 0.04 (0.836) 0.04 (0.853)

-0.21 (0.323)

No. of ringed nests

Median

0.76 (< 0.001)  0.74 (< 0.001)

0.94 (< 0.001)

0.85 (< 0.001)

0.88 (< 0.001)

Median,

0.01 (0.957)
0.02 (0.916)

-0.44 (0.030)

—0.88 (< 0.001)

0.98 (< 0.001)

10th percentile

10th percentile

Variance
Variance

first
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Fig. 1. Relationship between the median of timing of
breeding of all ringed clutches (day 1 = 1 January) and
mean May temperature in a Czech population of the
red-backed shrike Lanius collurio.

+ 0.73, respectively (day 1 = 1 January). Mean
median of all clutches and first clutches was
175.35 £ 0.87 and 171.98 + 0.80, respectively
and mean variance of all clutches and first
clutches was 135.31 = 5.38 and 39.32 + 3.16,
respectively. Distribution of the timing of
breeding was usually positively skewed (i.e.
having a concentrated range of values with a
right hand tail) for all clutches (mean + SE =0.95
+ 0.07), but was negatively skewed for only first
clutches (-0.26 + 0.10). Correlations between
distribution descriptors from the whole and
truncated dataset showed that all 10th percentile,
10th percentileﬁm, median and medianﬁrsl were
robust against truncating (Table 1). Obviously,
these measures were not much hampered by
including replacement clutches into the analyses.
Skewness was significantly negatively correlated
with the number of ringed nests, but correlation
between variance and number of ringed nests
was marginally not significant (Table 1).

Relationships of climatic factors and
population size with timing of breeding

For the median, TMay, IA and year had Akaike
weights > 0.85 (Tables 2 and 3). Median of all
clutches was earlier with higher 7\, (b + SE =
—2.05 + 0.36, Fig. 1) and with higher IA (b =
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Table 2. Results of the model selection on factors influencing the timing of breeding in the red-backed shrike. All
models contain an intercept term. Abbreviations: logL = maximum likelihood estimates, K = number of parameters,
AIC_ = AIC value corrected for small sample size, AAIC_ = difference in AIC_ to the best model. Akaike weight (w)
indicates measure of support of a model relative to all other models considered. Models are ranked according to
Akaike weights and only models with AAIC_ < 3 are presented.

Response variable Model logL K AIC, DAIC, w,
Median TMay, IA, year -54.6 4 119.3 0.0 0.74
Median,, TMay, IA, year -53.2 4 116.6 0.0 0.70
10th percentile TMay, 1A -57.1 3 121.4 0 0.30
Tyap 1A, DMI -56.0 4 122.0 0.7 0.22
Tyayp 1A, year -56.2 4 122.6 1.2 0.17
Tyay 1A, DML, year -55.2 5 123.8 2.4 0.09
Tyay 1A, DML T e -55.5 5 124.3 2.9 0.07
10th percentile,, Vay? -55.6 3 116.3 0.0 0.57
Tyay |A, DMI -54.2 4 118.6 2.3 0.18
TMay, 1A, year -54.6 4 119.2 2.9 0.13
Variance No. of nests, PMay, year -106.0 4 2221 0.0 0.24
No. of nests, PMay, DMI, year -104.6 5 222.4 0.3 0.21
No. of nests, DMI, year -106.8 4 223.7 1.5 0.11
No. of nests, IA, year -107.5 4 225.1 3.0 0.05
Variance,, No. of nests, DMI —96.1 3 199.5 0.0 0.20
No. of nests, A, , DMI -94.8 4 199.8 0.3 0.17
No. of nests, PMay -96.5 3 200.3 0.8 0.13
Intercept -99.3 1 200.7 1.3 0.10
No. of nests, 1A -97.2 3 201.6 21 0.07
No. of nests, |A, DMI —96.0 4 202.2 2.7 0.05
No. of nests, DMI, year -96.1 4 202.4 2.9 0.05
Skewness No. of nests, T, -5.8 3 18.7 0.0 0.17
Intercept -8.4 1 18.9 0.2 0.15
No. of nests, 1A -6.0 3 19.1 0.4 0.14
No. of nests, DMI -6.0 3 19.2 0.5 0.13
No. of nests, TMay, DMI -5.2 4 20.6 1.8 0.07
No. of nests, TMay, IA -5.3 4 20.8 2.0 0.06
No. of nests, IA, DMI -5.3 4 20.8 21 0.06
No. of nests, 7, , year -5.8 4 21.6 2.9 0.04
Skewness, No. of nests, IA -10.8 3 28.8 0.0 0.37
No. of nests, IA, year -10.3 4 30.7 2.0 0.14
No. of nests, TMay, IA -10.5 4 31.2 2.4 0.11
No. of nests, IA, DMI -10.8 4 31.7 2.9 0.09

Table 3. The Akaike weights of individual explanatory variables over all models in which the variable in question
was included. Covariate values are in parentheses.

Response variable Explanatory variables

TMay PMay DMI 1A Tpassage Year No. of

ringed nests

Median (1.00) - 0.20 0.98 0.05 0.93 -
Median,, (1.00) - 0.21 0.99 0.05 0.88 -
10th percentile (0.99) - 0.49 0.88 0.13 0.32 -
10th percentile,, (0.99) - 0.29 0.95 0.07 0.17 -
Variance - 0.69 0.56 0.22 0.08 0.80 (0.97)
Variance,, - 0.50 0.60 0.24 0.05 0.17 (0.90)
Skewness 0.44 - 0.39 0.32 0.03 0.14 (0.84)
Skewness, 0.27 - 0.23 0.83 0.01 0.27 (0.95)
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Fig. 2. Relationship between the median of timing of
breeding of all ringed clutches (day 1 = 1 January) and
index of abundance in a Czech population of the red-
backed shrike Lanius collurio.
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Fig. 4. Relationship between the skewness of timing
of breeding of first clutches and index of abundance
in a Czech population of the red-backed shrike Lanius
collurio.

—0.06 = 0.02, Fig. 2) but slightly delayed over
the study period (b = 0.29 + 0.13). Principally
the same results were found for the median,

(T, b = SE = —-1.87 + 0.34; IA: b = -0.06
+ 0.02; year: b = 0.24 = 0.12). Similarly, the
10th percentiles for the whole and truncated
dataset yielded similar parameter estimates (10th
percentile; TMay: b = SE = -1.33 = 0.38; IA:
b =-003 + 0.02 and 10th percentile ; T, :
b+ SE =-128 + 034; IA: b = -0.03 + 0.01;
Table 2). However, there was no evidence for

May precipitation

Fig. 3. Relationship between the variance of timing of
breeding of all ringed clutches and May precipitation
in a Czech population of the red-backed shrike Lanius
collurio.

effect of year on either 10th percentile or 10th
percentile, ~ over the study period (Tables 2
and 3).

A weak effect of climatic variables and popu-
lation size was found for variance, where only
PMay (w, = 0.69) and year (w, = 0.80) had some
weights in explaining it (Tables 2 and 3). Vari-
ance tended to increase over the study period
(b =1.60 £ 1.06) and tended to be higher with
higher P, (b =0.26 + 0.32, Fig. 3). Only DMI
had some weight (w, = 0.60) in explaining vari-
ance,  (Table 3).

No variable affected the skewness of all
clutches (Tables 2 and 3). For skewness.  only
the TA had Akaike weight > 0.80 besides the
number of ringed nestlings (Table 3). The nega-
tively skewed timing of breeding of first clutches
tended to become positively skewed with an
increase of IA (b =0.003 +0.002, Fig. 4).

t

Discussion

In this study, we found that the timing of breed-
ing of a central European population of the
red-backed shrike was influenced both by spring
temperatures and population size. We highlight
the effects of population size on timing of breed-
ing and suggest considering also other relevant
factors in studies of climatic effects on avian
phenology.
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During 1983-2006 the distributions of the
timing of breeding of the red-backed shrike were
mostly positively skewed for all ringed nests.
This is because right-hand tail (positive skew-
ness) of all clutches contains also replacement
clutches. On the other hand, when only first
clutches (i.e. truncated dataset) were consid-
ered, the distributions of the timing of breeding
were mostly negatively skewed. Left hand tail
of distribution of first clutches mirrors the onset
of breeding, when a few exceptionally early
breeders start to breed early. These could repre-
sent birds in better condition which are able to
start breeding soon after their arrival (Newton
2004) and earlier than the bulk of the popula-
tion. Earlier nesting individuals then have better
reproductive performance (e.g. van Noordwijk
& de Jong 1986, Sheldon et al. 2003), which was
also shown for early nesting red-backed shrike
pairs (KuZniak 1991, Miiller et al. 2005, HuSek
& Adamik 2008). However, it must be noted
that pronounced negative skewness in breeding
dates with left hand tail of breeders tends to be
overestimated in our study, because most prob-
ably among the first breeders there is also a tail
of individuals in inferior condition, which were
cut away among the 25% when analysing the
truncated dataset.

The timing of breeding was affected by
both breeding ground climatic conditions and
by intensity of intraspecific competition proc-
esses as approximated by population size. The
timing of breeding measured as medians and
10th percentiles was earlier when May tem-
perature was higher for both all clutches and
first clutches. Additionally, medians of timing of
breeding in both datasets slightly delayed over
the study period. No such effect was found for
the 10th percentiles. Variance of timing of breed-
ing of all clutches also slightly increased during
1983-2006. Spring temperature during the onset
of breeding plays an essential role in shrike’s
breeding phenology. Shrike has advanced both
its timing of arrival, as well as the timing of
breeding in central Europe since the 1960s/1970s
(Tryjanowski & Sparks 2001, HuSek & Adamik
2008, Z. Hubdlek unpubl. data), latter due to an
increase in the mean May temperature. Here the
pattern of slightly delaying medians and growing
variance in timing of breeding might be caused

by increasing proportion of replacement clutches
in recent years, but this hypothesis should be
tested in future studies.

We found that beside the breeding ground
climate, population densities also affected the
timing of breeding. With a higher population
size, medians and 10th percentiles were earlier
for all clutches as well as first clutches. This
finding is also supported by the influence of pop-
ulation size on skewness of timing of breeding of
first clutches, which makes it even more robust.
Skewness of timing of breeding of first clutches
turned from being negatively skewed to being
positively skewed with higher population size.
This means that larger proportion of individuals
starts to breed earlier when population size is
higher. Higher population densities are likely to
lead to more intense intraspecific competition;
as a consequence, birds may be forced to start
breeding earlier (for general discussion of the
subject see also: Mgller 2008a).

Both (2000) hypothesized that the pattern
of density-dependent breeding dates is more
common in resident than in migratory species,
and he found no density dependence in either
breeding date or clutch size in a long-distance
migrant, the pied flycatcher. However, we argue
that density-dependent processes also affect the
timing of breeding and that they are important
for reproduction in the open nesting red-backed
shrike (see also Miiller er al. 2005). Overall,
we found that the timing of breeding is not only
influenced by climatic conditions encountered
within the birds annual life cycle (Laaksonen et
al. 2006), but also by density-dependent proc-
esses.

In contrast to previous studies (Winkler et
al. 2002, Laaksonen et al. 2006), we did not find
evidence that our climatic variables adequately
explained the variance of timing of breeding of
first clutches. Only the precipitation in May and
year had some power in explaining variance of
timing of breeding of all clutches. Variance of
all clutches increased with more precipitation in
May indicating that inclement weather causes
some first nesting attempts to fail. This is in
agreement with previous findings on sensitivity
of nesting shrikes to inclement weather (Holan
1994, Takagi 2001, Gotawski 2006, HuSek &
Adamik 2008, but see Gotawski 2008). The
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effect of individual bird condition (e.g. S&ther
et al. 2004, Stokke et al. 2005, Robinson et al.
2007) on variability of timing of breeding of first
clutches, as indicated by some weight of DMI in
explaining it, should be further tested in shrikes.
In conclusion we demonstrated that ringing
data could successfully be used in bird pheno-
logical studies on a large scale (see also Husek
& Adamik 2008). However, using ringing data
for more detailed studies in bird populations is
likely to be problematic and is possible only for
local populations of abundant species if these are
ringed in sufficient numbers and when sufficient
information is recorded about ringed nestlings.
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Appendix. Distribution descriptors of timing of breeding in red-backed shrike used in the analyses (day 1 = 1 January).

Year Median Median, 10th 10th Variance  Variance,, Skewness Skewness;  No. of
percentile percentile, nests
1983 171 169 165 164 78.94330 15.67765 1.513403 —0.134182995 266
1984 182 178 172 171 123.44595 48.13900 0.66678 0.25768871 329
1985 172 169 163 162 138.42143 36.82396 0.803776 —0.743165111 322
1986 177.5 171 163 163 168.67865 78.40801 0.435844 0.181330793 352
1987 182 178 171 169.2 113.32208 43.35672 0.50621 -0.721672931 410
1988 172 170 164 164 105.99063 30.15133 1.207336 —1.685905088 606
1989 174 171 165 164 108.24919 28.42940 0.989095 -0.112759247 672
1990 173 170 165 164 123.63688 30.67766 1.028991 —0.148980681 502
1991 185.5 183 174 172 123.86160 40.85216 0.717597 —0.600978414 251
1992 178 175 170 169 103.52768 27.39473 1.227695 —0.417035044 454
1993 173 172 166 163 135.22858 25.25677 1.250338 —0.487773524 576
1994 174 173 167 167 112.40147 23.63873 1.107453 -0.893401769 517
1995 176 173 168 167 126.65863 27.41329 1.495698 —0.437444572 542
1996 173 169 165 164 173.51784 35.57413 1.221015 0.075751459 562
1997 170 166 162 161 120.87322 29.00237 1.465975 0.275430613 402
1998 170 166 159 158 169.82196 47.72002 0.771947 0.135964422 334
1999 176 173 167 165 179.61133 43.52002  0.83594 —0.038583618 281
2000 177 175 169 168 124.84227 34.15261 1.187967 —0.436465884 303
2001 176 171 163 161.7 154.39451 57.53593 0.581077 -0.289997217 250
2002 175 172 162.6 161.5 150.95610 55.28023 0.580776 —0.188660415 358
2003 169 166 161 161 165.70125 25.78246 1.252214 0.027828556 180
2004 177 172 161 160 139.37148 62.90132 0.490196 —0.295633822 184
2005 175 171.5 168.9 168 137.34058 30.71725 1.062065 0.568908536 156
2006 180.5 174 166 165.3 168.57940 65.32202 0.406176 —0.067483165 221

This article is also available in pdf format at http://www.annzool.net/
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Capsule Evidence for extension of breeding seasons in Song Thrushes and Blackbirds (multiple-brooded
species) and shortening in Fieldfares (a single-brooded species).

Aims To analyse breeding data from central Europe during 1964-2006 in relation to climatic conditions
operating at breeding and wintering grounds, and to compare breeding phenology in urban and rural
habitats.

Methods Using chick ringing data we evaluated longterm changes in breeding phenology of Fieldfares
Turdus pilaris, Song Thrushes T. philomelos and Common Blackbirds T. merula. Changes in phenology
were analysed for the 5th percentile, median, 95th percentile, inter-quantile range (IQR) and brood
size.

Results All thrushes showed consistent trends towards earlier onset of breeding. However, there was a
contrasting pattern in the later phenological characteristics (median, 95th percentile and IQR) that were
associated with single- versus multiple-brooded species. The single-brooded Fieldfares revealed an
advancing trend in all phenological phases, which caused shortening of its breeding period. In contrast,
the multiple-brooded Song Thrushes and Blackbirds delayed both medians and the 95th percentiles of
breeding dates leading to extension of their breeding seasons. Temperatures at both wintering and
breeding grounds were generally negatively associated with the onset of breeding. Urban birds bred
significantly earlier than their rural conspecifics, but brood sizes did not differ.

Conclusion Multiple-brooded species may respond differently to increasing spring temperatures than

single-brooded species.

INTRODUCTION

[t seems unarguable that recent increases in tempera-
tures all over the globe are having a substantial impact
on most plant and animal species (McCarty 2001,
Walther et al. 2002, Parmesan & Yohe 2003, Root et al.
2003, Watkinson et al. 2004, Parmesan 2006, IPCC
2007). Among the studies on vertebrates, birds play the
main role in our understanding of animals’ responses to
climate change. During the last three decades birds
have shown significant changes in their phenologies,
such as earlier spring migration (Lehikoinen et al.
2004, Gordo 2007) and earlier onset of breeding (Crick
& Sparks 1999, Both et al. 2004). However, not all

phenological variables (e.g. departure dates, migration

*Correspondence author. Email: peter.adamik@upol.cz
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distances) shift in a similar manner (Lehikoinen et al.
2004, Rivalan et al. 2006, Fiedler et al. 2004, Adamik
& Pietruszkova 2008). One very little studied aspect of
birds’ response to climate change is how multi- and
single-brooded species adjust their timing of breeding
in relation to rising spring-time temperatures.
Theoretically, earlier onset of spring could provide birds
with more re-nesting opportunities and multiple-
brooded species could raise more broods per season.
However, if the breeding cycle is fine-tuned with avail-
able food for the nestlings, then the within-seasonal
pattern of prey abundance might primarily influence
the number of breeding attempts. This might reduce
the number of subsequent breeding events, as has been
shown for Blue Cyanistes caeruleus and Great Tits Parus
major (Visser et al. 2003).
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In our study, using ringing records of nestlings, we
documented changes in breeding phenology of three
species of thrushes (the single-brooded Fieldfare Turdus
pilaris, and multiple-brooded Song Thrush Turdus philo-
melos and Common Blackbird Turdus merula) from their
central European breeding grounds during 1964-2006.
We hypothesized that the globally observed trend in ris-
ing spring-time temperatures would lead to changes in
breeding phenology. All three thrushes are migratory,
though urban populations of Blackbirds are considered
as sedentary (Luniak & Muslow 1986, Luniak et al.
1990). In addition, ringing records have been collected
across a variety of habitat types and birds living in urban
habitats breed ahead of the rural populations (Havlin
1963, Pikula 1973, Luniak & Muslow 1986, Luniak et al.
1990, Partecke et al. 2005). We therefore evaluated
whether ringing records would adequately mirror these
differences in the breeding phenology between urban
and rural populations of Blackbirds and Song Thrushes.

MATERIALS AND METHODS

Ringing records

We used data on birds ringed as nestlings to document
changes in phenology. Data on ringed nestlings of Song
Thrushes, Fieldfares and Blackbirds were obtained from
the Bird Ringing Centre in Prague. The computerized
dataset contains records collected in the Czech Republic
during 1964-2006 and in Slovakia during 1964-2002.
Ringing activity in Slovakia was quite low, localized
mainly in the western part of the country, and we pooled
the records with those from the Czech Republic. The
ringing records prior to 1964 were archived differently
and their extraction would be extremely time-demand-
ing. For each nest we recorded the number of ringed
nestlings, date of ringing, locality and name of the ringer.
Calendar dates of ringing were transformed into Julian
dates with 1 January = day O. The ringing activity varied
annually and we used data from only those years when
nestlings in at least nine nests had been ringed. The aver-
age number of nests per year was 80 + 12.0 se for
Fieldfares, 35 + 4.9 for Blackbirds and 27 + 4.4 for Song
Thrushes. The total quantity of data counts 25638 nest-
lings ringed in 5787 nests (3371 nests for Fieldfares, 1472
for Blackbirds, 944 for Song Thrushes). In an earlier study
on an open-nesting species we showed that phenological
data obtained from ringing records match well with the
seasonal progress of phenology (Husek & Adamik 2006).
This is because there is a relatively short time window
when chicks in the nests can be safely ringed.

© 2009 British Trust for Ornithology, Bird Study, 56, 349-356

For each year and species we calculated the mean brood
size, the 5th percentile, median, 95th percentile, and
inter-quantile range (IQR, defined here as a span between
the 5th and 95th percentiles) of ringing dates. We evalu-
ated each phenological variable for trends by fitting first a
quadratic regression and if the quadratic term was not sig-
nificant, we assessed the significance of the linear trends.

Climatic data

To test for the influence of climatic predictors on bird
phenology we used climatic data from both wintering and
breeding areas. For both areas we used monthly tempera-
ture anomalies from the Global Historical Climatology
Network (GHCN) Land Surface Data (http://www.ncdc.
noaa.gov/gcag/index.jsp). Temperature anomalies are
given as differences from average temperatures during
1961-1990 (see Saino & Ambrosini 2008). For the win-
tering area we used the mean from the temperature anom-
alies during December—February (Ty,). The wintering
area was defined by a grid with longitudinal boundaries of
1°W—6°E; and latitudinal boundaries of 50°N—43°N. This
area roughly covers the majority of winter recoveries of all
three thrushes from the Czech Republic and western
Slovakia (Formanek 1958, Cepdk et al. 2008). For the
breeding area climate we used the April temperature
anomalies (Typpgp) calculated within a grid with longitu-
dinal boundaries of 12°E-19°E; and latitudinal boundaries
of 48°N—-51°N. Data for both areas were available for the
period 1964-2005. There was no significant correlation
between Ty, and Typepy (r=0.24, n = 42, P = 0.126).

Urbanization effects

To compare urban and rural populations of Blackbirds
and Song Thrushes we chose only those nests where it
was possible to recognize clearly whether the nest was
found in urban or rural habitat. As the yardstick for an
urban area we considered only towns with more than
10000 inhabitants. The data on numbers of inhabitants
were collated from the 1980 edition of the Statistical
Yearbook (Czechoslovak Bureau of Statistics 1980). As
rural habitats we considered localities close to small
villages or in remote areas. We tried to be very cautious
in categorizing nests. This resulted in a substantial
reduction of sample sizes, which precluded separate
estimates of phenological trends in these two habitat
types. To compare phenology between urban and rural
populations we used mean values of brood size and
ringing dates. To control for trends in phenology, we
entered the year as a covariate in all models.
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RESULTS

Trends in breeding phenology

Both Blackbirds and Song Thrushes showed the same
trend in the onset of breeding (the 5th percentiles) — a
partial delay prior to the 1980s and since then advance-
ment towards earlier dates. In Fieldfares there was a
significant linear advancement over the study period
(Table 1, Fig. 1). For the medians, both Blackbirds and
Song Thrushes showed a tendency toward linear delay,
while in the Fieldfares there was first a delay and then
and a shift toward earlier dates (Fig. 2). In Fieldfares
the end of the breeding season (the 95th percentiles)
showed a similar pattern to the medians of breeding,
i.e. first a delay and then advancement. In contrast,
both Song Thrushes and Blackbirds first advanced and
then delayed the end of their breeding seasons (Table
1, Fig. 3). As a consequence, the length of the breeding
seasons shortened in Fieldfares but extended in both
Song Thrushes and Blackbirds (Table 1). Concerning
brood size, a significant decrease in mean numbers of
ringed nestlings per nest was found in Song Thrushes
and a trend towards increase in Fieldfares since 1964

(Table 1).
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Climatic effects

During 1964-2005 there was a trend towards increases
in Ty, (b =0.025 + 0.013, F = 3.85, P = 0.0567, Fig.
4). Similarly, Typeey rose over the studied period
which seems to be most pronounced after the late
1970s (y = 9110.4 — 9.2233 x year + 0.0023 (+0.0012)
x year?; year: F = 9.95, P = 0.0031; year’: F = 3.67,
P = 0.0627; Fig. 4).

For both climatic factors, Ty, and Tpyppep, there
was generally a negative relationship with onset of
breeding (5th percentiles) in all three species. In
Fieldfares both Ty, and Typpey had a significant
effect, while in Song Thrushes and Blackbirds, only
Tyreep had significant influence. Except for the effect
of Tppegp in Fieldfares, there was no statistically signifi-
cant effect of climatic factors on medians or the 95th
percentiles of breeding dates (Table 2).

Urban vs. rural populations

Urban Blackbirds bred on average 7 days earlier than
their rural conspecifics (mean p;,y * se = 148.2 + 0.92,
n = 665, meany ,; =155.1 £ 1.10, n = 485; habitat:
F = 2631, P < 0.001; year: F = 10.38, P = 0.001).

Table 1. Longterm trends in selected phenological aspects of the breeding phenology of three European thrushes in the Czech Republic and

Slovakia, 1964-2006.

Year® Year?
Variable Equation F P F P R?
Fieldfare
5th percentile y =358 - 0.1173 (+ 0.0448) x year 6.84 0.013 - - 0.146
Median y = -73022 + 73.84 x year - 0.0186 (+ 0.0068) x year? 2.07 0.158 7.31 0.010 0.194
95th percentile 'y = —149668 + 151.22 x year - 0.0382 (+ 0.0104) x year? 3.19 0.082 13.52 < 0.001 0.300
IQR> y = -125442 + 126.56 x year - 0.0319 (+ 0.0106) x year? 0.53 0.473 8.99 0.005 0.196
Brood size y = -5.93 + 0.0052 (+ 0.0030) x year 3.01 0.090 - - 0.070
Song Thrush
5th percentile 'y = —-62844 + 63.49 x year — 0.0160 (= 0.0063) x year? 0.42 0.521 6.52 0.016 0.183
Median y=-176.96 + 0.1631 (£ 0.1199) x year 1.85 0.184 - - 0.055
95th percentile y = 144511 - 145.40 x year + 0.0366 (+ 0.0137) x year? 0.04 0.849 7.18 0.012 0.189
IQR y = 207355 - 208.89 x year + 0.0526 (+ 0.0130) x year? 0.01 0.912 16.32 < 0.001 0.345
Brood size y = 17.69 - 0.00697 (+ 0.0034) x year 4.25 0.047 - - 0.117
Blackbird
5th percentile 'y = -69860 + 70.73 x year - 0.0179 (+ 0.0071) x year? 7.23 0.011 6.31 0.016 0.258
Median y =-374.38 + 0.2634 (+ 0.1233) x year 4.56 0.039 - - 0.102
95th percentile 'y = -367.26 + 0.2779 (+ 0.1420) x year 4.03 0.051 - - 0.156
IQR y = 157725 - 159.35 x year + 0.0403 (+ 0.0125) x year? 12.53 0.001 10.31 0.003 0.369
Brood size y = 12.24 - 0.0044 (+ 0.0038) x year 1.32 0.258 - - 0.032

aType | test. Regressions were run on annual means during 1964-2006. Number of years with available data: 42 (Fieldfare), 34 (Song
Thrush) and 42 (Blackbird). IGQR, inter-quantile range — the span between the 5th and 95th percentiles of ringing dates; significant values

(P < 0.05) are shown in bold type.

© 2009 British Trust for Ornithology, Bird Study, 56, 349-356
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Figure 1. Changes in the onset of breeding represented by the 5th percentiles in Song Thrushes (O), Blackbirds (®) and Fieldfares (A),

1964-2006.
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Figure 2. Changes in the medians of breeding dates in Song Thrushes (O), Blackbirds (®) and Fieldfares (A), 1964-2006.
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Figure 3. Changes in the 95th percentiles of ringing dates in Song Thrushes (O), Blackbirds (®) and Fieldfares (A), 1964-2006.
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Figure 4. Trends in temperature anomalies at wintering grounds (®) and breeding grounds (O). For further details on these climatic data see

‘Methods’.
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Table 2. Multiple regression models of breeding phenology in
three European thrushes on climatic predictors (temperature in the
wintering and breeding grounds) during 1964-2005.

b se F P R2
Fieldfare
5th percentile
T -1.25 0.51 6.09 0.018 0.269
Toreeo -0.99 0.45 4.84 0.033
Median
Twin -1.15 0.91 1.60 0.213 0.177
Teeen -1.80 0.81 495 0.032
95th percentile
T -1.14 1.47 0.61 0.441 0.172
Tereeo -3.25 1.3 6.10 0.018
Song Thrush
5th percentile
LW -1.28 0.86 2.21 0.149 0.235
Toreen -1.78 0.77 5.35 0.029
Median
TN -0.63 1.17 0.13 0.721 0.034
Toreen -1.34 1.56 0.74 0.399
95th percentile
LW -1.27 2.14 035 0.557 0.020
Togeeo 0.89 1.92 022 0.644
Blackbird
5th percentile
LIV -1.59 1.01 249 0.122 0.228
T ereep -225 091 609 0.018
Median
T -0.15 1.66 0.01 0.929 0.001
Tereeo 0.27 1.51 0.03 0.856
95th percentile
LIV 1.03 1.86 0.31 0.583 0.011
Tareen -0.77 1.69 0.21 0.651

Significant values (P < 0.05) are shown in bold type.

Similarly, urban Song Thrushes bred 4 days earlier than
rural birds (mean pp. = 147.8 £ 1.10, n = 324,
meang pa; = 151.7 + 1.19, n = 339; habitat: F = 5.55, P
= 0.019; year: F = 3.27, P = 0.071). After controlling for
the year effect, there were no significant differences in
brood sizes between urban and rural populations either

for Blackbirds (mean; 5, = 3.51 + 0.04, meang p .\, =

3.54 + 0.04; habitat: F = 0.05, P = 0.821; year: F = 8.46,
P =0.004) or Song Thrushes (mean g\ = 3.76 + 0.06,
meang p ;. = 3.79 = 0.06; habitat: F = 0.17, P = 0.679;
year: F = 1.74, P = 0.188).

DISCUSSION

Trends in breeding and climate

We found that all three thrushes shifted their breeding
phenology over the 43-year period. The 5th percentiles

© 2009 British Trust for Ornithology, Bird Study, 56, 349-356

first delayed until the late 1970s and then started to
advance (Song Thrush and Blackbird) or they shifted
linearly towards earlier dates (Fieldfare). The shifts in
early phases of phenology were negatively associated
with temperatures at both breeding and wintering quar-
ters which suggests that the observed changes in phe-
nology were temperature-dependent. Many bird species
start laying earlier in years with higher spring-time
temperatures (Myres 1955, Dunn 2004) and our data
are in line with this. The breeding ground temperature
first cooled, and since the early 1980s it started to rise.
This agrees with earlier findings from both the central
European region (Weidinger & Kral 2007) and the
globe (IPCC 2007). The medians in breeding dates
were weakly, though still negatively, associated with
temperatures. Only in Fieldfares did we find a signifi-
cant association between temperatures at breeding
grounds and the later phenological characteristics. We
suggest that in single-brooders it might be much easier
to detect climatic effects even in later phenological
phases than in multiple-brooders. This is because in
the latter group subsequent breeding attempts are likely
to conceal true shifts in phenology.

For the later phenological phases we found a con-
trasting pattern. While in Fieldfares both the medians
and 95th percentiles corresponded with the previously
described non-linear trends, in Song Thrushes and
Blackbirds the medians tended to delay over the whole
study period. Moreover, in these two species the 95th
percentiles showed exactly the opposite trend to the
5th percentiles, leading to extension of breeding sea-
sons after the late 1970s. In contrast, in Fieldfares the
slope of 95th percentiles was much steeper, causing
the breeding season to shorten. With respect to brood
size, we found that it tended to increase in Fieldfares
and significantly decreased in Song Thrushes. Given
that there is a strong within-season decline in clutch
size among bird species (Crick et al. 1993), our data
suggest that the Fieldfares’ increase in mean brood size
is caused by shifting its entire breeding season toward
earlier dates, while in Song Thrushes the decline is
driven by extending its breeding season with many
late small-clutched broods. A long-term increase in
brood size has been found in other open-nesting spe-
cies, for example, Red-backed Shrikes Lanius collurio
(Husek & Adamik 2008), Eurasian Reed Warblers
Acrocephalus  scirpaceus and Great Reed Warblers
Acrocephalus arundinaceus (Schaefer et al. 2006, but see
Halupka et al. 2008).

To date there has been limited evidence that breed-
ing seasons extend in response to climate change. Crick
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& Sparks (1999) examined long-term trends in the
timing of breeding of 20 British bird species and they
found that only European Robins Erithacus rubecula
extended their breeding season. While in a German
population of Eurasian Reed Warblers there was a
shortening of their breeding season (Schaefer et al.
2006), the Polish population did not shift its end, caus-
ing an extension of the breeding season (Halupka et al.
2008). A different pattern was reported by Weatherhead
(2005) in a study on Red-winged Blackbirds Agelaius
phoeniceus. The onset of breeding did not shift but the
nesting ended later, causing the breeding season to be
extended.

In a large-scale study of Great Tits and Blue Tits,
Visser et al. (2003) found that the rising spring-time
temperatures were associated with a reduction in the
frequency of second broods. To add to the complexity
of climate-driven responses, in a Danish population of
Barn Swallows Hirundo rustica, the frequency of second
clutches did not change over the period 1971-2005,
but the interval between the nesting attempts signifi-
cantly increased (Mgller 2006). Unfortunately, data
from ringing or nest record schemes do not allow one
to distinguish first broods from the subsequent ones,
therefore we can not exclude the possibility that the
observed extensions of breeding seasons in Song
Thrushes and Blackbirds are because of an extending
interval between first and subsequent clutches.
However, given the high rate of brood losses in thrushes
(Weidinger 2002), it seems more likely that selection
would favour short intervals between subsequent nest-
ing attempts. As a consequence, the observed exten-
sions of breeding seasons are more likely to be driven
by a higher proportion of pairs with second or replace-
ment clutches.

Urbanization effect

We found that both Blackbirds and Song Thrushes
bred significantly earlier in urban than in rural areas of
the Czech Republic and Slovakia. This confirms the
earlier field studies from central Europe (Havlin 1963,
Pikula 1973). The higher thermal conditions, better
food supplies and artificial light in urban environment
are among the main factors explaining this difference

(Luniak et al. 1990).

Methodological constraints

Spatial and temporal distribution of ringing records
depends on ringing effort of volunteers. Thus, if
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ringers are more active in certain parts of the breed-
ing cycle, this might easily bias the derived estimates
of breeding phenology. This bias is likely to be similar
to that described for estimates of laying dates and
clutch sizes of songbirds collected by volunteer orni-
thologists (Weidinger 2001). However, given that
several hundreds of ringers collected these records
over the past four decades, it seems very likely that
any such biases would be cancelled out. Ringing
records have already been used to document changes
in phenology in several studies (Beintema et al. 1985,
Mgller et al. 2006, Husek & Adamik 2008) and we
encourage their further use from other national
schemes to document long-term changes in birds’
breeding phenology.

Conclusions

We have shown that two multiple-brooded species
have extended their breeding seasons, while one single-
brooded species has shifted its entire breeding period
toward earlier dates, with a steeper trend at the end of
the distribution causing a contraction of the breeding
season. The available studies on timing of breeding
show a variety of phenological responses rather than a
clear and uniform pattern. Therefore, we urge field
ornithologists to explore in more detail the phenologi-
cal responses of multiple-brooded species to variation
in climate.
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Introduction

Abstract

Global climate change has been shown to cause variable shifts in phenology in a
variety of animals and unexpected outcomes across food chains are to be found.
Here we examined how rising annual spring temperatures affected the interactions
between seed masting, cavity nesting birds and dormice using long-term data from
Eastern Czech Republic. We have shown that climate change was associated with
unequal shifts in the phenology of two cavity-breeding groups: dormice and birds.
Rising spring temperatures have progressively advanced the termination of
hibernation for the edible dormouse Glis glis, a common bird predator, leading to
an increasing overlap in the use of nesting boxes between dormice and birds. In
contrast, only the collared flycatcher Ficedula albicollis, of the four cavity-nesting
bird species, advanced its breeding dates in response to rising temperatures. At the
same time, favourable weather conditions, coupled with good seed masting years,
have been associated with a substantial rise in dormice numbers. Concurrent with
the increasing dormice abundance, the number of bird nests destroyed significantly
increased in three out of four bird species. We showed that while there was a
significant change in the date that the dormice emerged from hibernation during
the course of the study, it did not significantly contribute to predation levels when
controlling for their abundance and timing of breeding in birds. We found that the
increasing dormice abundance was the main factor causing high brood losses in
birds, while the timing of breeding in birds had a variable effect between bird
species. This study illustrates how changes in climate might affect organisms at
various trophic levels with often unexpected outcomes. Limited evidence from
other study organisms suggests that species most at risk are those at different
trophic levels that do not shift at the same rate or in the same direction as their
food resources, predators or competitors.

for successful growth and reproduction, which might be
easily shifted by sudden climatic changes. In seasonal

In light of the accumulating evidence for the impact of
global climate change on biota, the focus in biological
studies has shifted from simply documenting changes
towards a more complex understanding of the effects of
climatic factors on animal and plant populations (Stenseth
et al., 2002; Walther et al., 2002). Despite the well-docu-
mented shifts in phenology in a variety of animal species
(Walther et al., 2002), we are just beginning to learn about
the consequences these shifts might have on their popula-
tions or other members of their community. Studies on
songbirds, which have been examined most frequently in
this context, show that climate might often have complex
effects within a given ecosystem (Sillett, Holmes & Sherry,
2000; Both & Visser, 2001; Thomas et al., 2001; Jones,
Doran & Holmes, 2003). This is because species at different
levels of food chains have their own environmental optima

environments, this may lead to a mismatch between the
timing of birds’ reproduction and the peak in abundance of
their food supply (Both & Visser, 2001; Thomas et al., 2001).
As an outcome, the populations of a given species that are
out of phase with their food might produce fewer surviving
young (Coppack & Pulido, 2004; Visser, Both & Lam-
brechts, 2004), have lower adult survival (Thomas et al.,
2001) or their populations may decline (Both et al., 2000).
However, due to the shifts in phenology in a variety of
organisms, there are likely to be many less known and
unexpected impacts of climate change. For example, the
shifts in phenology may lead to an overlap between species
that did not interact or compete over some limited resources
in the past. In this respect, studies on mistiming due to
climate change have been mostly about mistiming with
respect to food, while little is known about shifts with
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respect to predation risk. Similarly, our understanding of
the climatic effects on bird phenology has advanced con-
siderably, but equivalent studies on mammalian phenology
are scarce. For example, as a response to increased tempera-
tures, yellow-bellied marmots Marmota flaviventris have
advanced termination of hibernation (Inouye et al., 2000),
and red squirrels Tamiasciurus hudsonicus have shifted their
breeding period towards earlier dates (Réale et al., 2003)
but, in contrast, no evidence for a shift in breeding dates was
found in deer mice Peromyscus maniculatus breeding in
northern latitudes (Millar & Herdman, 2004).

Here we extend earlier climatic studies and illustrate how
climate affects both mammals and birds within a Central
European temperate deciduous woodland, where several
species of rodent (dormice Gliridae, Rodentia) and birds
share the same resource for breeding — cavities in trees or
nest boxes. Dormice are traditionally considered to be
frugivorous, but accumulating evidence across their distri-
butional range shows that in early spring, shortly after their
emergence from hibernation, they represent a serious threat
to cavity nesting birds (Juskaitis, 1995; Koppmann-Rumpf,
Heberer & Schmidt, 2003; Juskaitis, 2006). We show that in
the past, they had a distinct temporal pattern of cavity use,
but due to a changing climate this is no longer true. In this
study, we examined how rising annual spring temperatures
affected the interactions between seed masting, cavity nest-
ing birds and the dormice using a long-term dataset from
Eastern Czech Republic.

Materials and methods

The data were collected near Dlouhda Loucka, Czech
Republic (49°49'N, 17°12’E), in a mixed deciduous wood-
land where an ongoing study of hole-nesting birds breeding
in nest boxes was initiated in 1973 (Kral & Bicik, 1990;
Saetre, Post & Kral, 1999). For this study, we used data
from 1980 to 2005, because before 1980 there were very few
dormice recorded, and in addition, the temperature started
to increase after 1980 (IPCC, 2001; Weidinger & Kral, 2007).
The annual mean number of provided nest boxes was
1744+ 16sp. The nest boxes were provided at a constant
density of 6 nest boxes ha™" in clusters across an area cover-
ing ¢. 2km? The collared flycatchers Ficedula albicollis
occupied on average 22% of nest boxes, great tits Parus
major 16%, blue tits Parus caeruleus 8% and nuthatches
Sitta europaea 7% (data on first broods only). Each year,
from April to early July, nest boxes were checked daily or
nearly so to record the breeding biology of birds. If a given
nest was predated, detailed notes on marks of the predator
were taken. The nest failures due to dormice were easily
recognized either by their presence in the nest box or indirect
cues, for example, excreta inside the nest box, the way they
killed the birds or the dormouse nest built from the birds’
nest material. During the day, the dormice commonly rest
inside the nest boxes, making their identification unmistak-
able. Three dormice species occur in our study area: the
edible dormouse Glis glis, forest dormouse Dryomys nitedula
and common dormouse Muscardinus avellanarius. Owing to
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insufficient data samples for the other two species, we
restricted our analyses to the edible dormouse because it is
the dominant species in the area, covering 70% of all
dormice observations. Only predation events that could
unambiguously be assigned to edible dormice were consid-
ered here. If the nest was predated and more than 2 days
elapsed between successive nest checks, the mid-day in the
time interval was chosen to represent the day of predation.

Data on seed production in the region of Northern
Moravia were obtained from the Forests of the Czech
Republic and the Forestry and Game Management
Research Institute. Seed production was estimated by ex-
perienced foresters for both beech Fagus sylvatica and oak
(including both pedunculate Quercus robur and sessile oak
Quercus petraea) on a scale from 0 to 5, and the sum of these
two estimates yielded the annual level of seed production.
The annual masting of oak and beech was strongly corre-
lated (r=0.92, P<0.001). A comparison with another
available dataset on seed years from the nearby region in
southern Poland (Kantorowicz, 2000) for the period
1980-1999 shows highly correlated estimates (r=0.69,
n =20, P<0.001). Weather data (mean monthly tempera-
tures) were obtained from a local meteorological station in
Paseka located 2km from the study area. Animal abun-
dance is expressed either as a number of breeding pairs per
hectare (for birds) or proportions of occupied nest boxes
(dormice). The dormice were not individually marked in all
years. Therefore, we used the highest proportion of occu-
pied nest boxes by dormice during a single visit in a 2-week
interval in mid June for estimating their abundance.
Dormice nest-box occupancy is used here only as a proxy
of real population abundance. Results from an intensive
dormice-marking study during the last 3 years show that
spring nest-box occupancy rates match well with the
summer population density estimates (P. Adamik, unpubl.
data). This is because by mid June, almost all individuals are
already active and they move from belowground into nest
boxes or tree cavities.

To evaluate the relationship between animal phenology
(dormouse nest-box appearance dates and bird mean first
egg-laying dates) and mean monthly temperatures, we ran
simple linear regressions. We chose mean monthly tempera-
tures in April and May as they cover the main period of
either egg laying in birds (April) or the termination of
hibernation in edible dormouse (May). The annual means
of both first egg-laying dates (birds) and first sighting dates
(dormice) were used as response variables. General linear
models (GLM) were used for modelling the relationship
among dormouse abundance (response variable), mean
temperature in May and seed crop (summed values for both
oak and beech). Originally, we fitted seed abundance esti-
mates from both the previous and the current calendar year.
Owing to the non-significant effect of seed crop of the
previous year on dormice population, we excluded this
variable from further models (for details, see ‘Discussion’).
To analyse whether predation rates differed among years
(treated as a continuous variable) and bird species, a
binomial model for analysis of variance with logit link (Proc
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Genmod, SAS Institute, 2004) was used. The response
variable was the proportion of predated nests (events) of all
nests where at least one egg was laid (trials). Originally, we
fitted an interaction between year and bird species, but due
to its insignificant effect we excluded it from the results. In
further analysis, we tested the role of animal phenology
(dormouse nest-box appearance dates and bird mean first
egg-laying dates) and dormice numbers in annual predation
rates by fitting GLM with a binomial error distribution and
logit link. First, we fitted a model with dormice nest-box
appearance dates as a single predictor of bird predation
rates. Then we fitted a more complex model with dormouse
nest-box appearance dates, dormouse abundance and mean
first egg-laying dates (to account for annual changes in
breeding phenology) as explanatory variables. The response
variable was the number of predated nests/the number of all
nests where at least one egg was laid (event/trial). We
restricted this analysis to collared flycatchers and great tits
because these are the only two bird species for which we
have sufficient sample sizes. In all models, we checked for
any non-linear effects, normality of residuals and homoge-
neity of variances. Where it was necessary, the variables
were appropriately transformed. For all statistical analyses,
we used two-tailed P-values.

Results

Shifts in phenology

During the study period, the mean nest-box appearance date
advanced significantly for the edible dormouse
(p=-0.765+0.149sg, r=—0.72, n=26, P<0.001). The
dormouse advanced its phenology by ¢. 8daysdecade !
(Fig. 1). In hole-nesting birds, the egg-laying dates advanced
by 3.5daysdecade™! in the migratory collared flycatcher
(p=-0.345+0.068, r =—0.72, n =26, P<0.001); however,
non-significant advancement was observed in the resident
species: great tit (f=-0.196+0.115, r=-0.33, n =26,
P =0.10), blue tit (f=-0.173+£0.107, r=—-0.32, n =26,
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Figure 1 Mean nest-box appearance dates for the edible dormouse
Glis glis in Eastern Czech Republic, 1980-2005.
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P=0.12) and nuthatch (f=-0.088+0.107, r=-0.16,
n =26, P=0.42; Fig. 2).

We found that during the same period, the mean monthly
temperatures remained stable in March (f=-0.011+
0.055sE, r =—0.02, n =26, P =0.92) but increased in April
(fp=0.125+0.045, r=0.50, n=26, P=0.01), May
(p=0.111£0.055, r=0.38, n=26, P=0.05) and June
(f=0.1414+0.038, r=0.60, n =26, P<0.01). The mean
monthly temperatures during April and May were nega-
tively related to phenology. The mean April temperature
influenced the phenology for all four bird species, while in
the edible dormouse, May temperature had a stronger effect
(Table 1).

Population densities and predation

We found a significant increase in the abundance of the
edible dormouse (annual proportions of occupied nest
boxes: f=0.716+0.134, r = 0.74, n = 26, P<0.001). While
only 2.7% of nest boxes were occupied by dormice in the
first 5 study years, the occupancy rates increased to 19.1% in
the last 5 years. The mean temperature in May and seed crop
estimates of acorns and beechnuts have an interacting
positive and significant effect on dormice numbers (GLM,
interaction: F) 5, = 5.87, P = 0.024; Fig. 3). Concurrent with
the increasing dormice abundance, the number of bird nests
destroyed by the edible dormouse significantly increased in
three species: collared flycatcher (+r=0.78, n=26,
P<0.001), great tit (r =0.40, n =26, P =0.04), nuthatch
(r=0.42, n=26, P=10.03) and no change in the blue tit
(r=10.20, n =26, P =0.33). The binomial model confirmed
these results, when the predation rate was significantly
influenced by both year (F; g9 =44.96, P<0.001) and bird
species (F3 99 = 12.25, P<0.001). The highest brood losses
occurred in the collared flycatcher, and the lowest in the blue
tit (Fig. 4). A possible link between the timing of breeding
and predation pressure might be seen between the bird
species. Breeding is earliest in the nuthatch (Fig. 2; median
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Figure 2 Mean first egg-laying dates in four hole-nesting passerines in
Eastern Czech Republic, 1980-2005. For each species, separate
linear regression lines are shown.
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Table 1 Linear regressions of mean monthly temperatures on bird
mean first egg-laying dates and dormouse mean nest-box appearance
days during 1980-2005

Variable Slope SE r P
TAprM
Edible dormouse —-1.571 0.789 —0.38 0.055
Great tit —1.266 0.405 —0.54 0.004
Blue tit —0.836 0.408 -0.39 0.051
Nuthatch —0.982 0.377 —0.47 0.015
Collared flycatcher —1.289 0.283 —0.68 0.001
TMay
Edible dormouse —1.839 0.639 -0.51 0.008
Great tit —0.242 0.414 -0.11 0.565
Blue tit -0.210 0.382 —0.11 0.591
Nuthatch —0.098 0.371 —0.05 0.799
Collared flycatcher —0.887 0.283 —0.54 0.008

50-——————___________—

40

Nest-box occupancy %

10

N 2
//‘, 14
%, 0 16
t 18 Temperature °C
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Figure 3 Relationship among edible dormouse Glis glis abundance,
seed crop (combined values for oak and beech) and mean May
temperature.

of first egg-laying datejggo 200s5: 14 April), followed by the
blue (23 April) and great tit (25 April), and collared
flycatcher (10 May). Predation by edible dormouse occurred
on relatively older nests in nuthatch and tits than in the
collared flycatcher. The mean age in days (date of first egg
laid for a given nest = day 1) for predated nests;og9_200s:
collared flycatcher 19.69+1.34 (95% CI); great tit
24.88 +3.40; blue tit 34.83+£6.76; and nuthatch
32.77+4.59.

The single-factor binomial models of predation rates on
the collared flycatcher and great tit nests in relation to
dormouse nest-box appearance dates showed, for both
species, a negative effect of the timing of dormouse above-
ground appearance on bird brood losses (model 1, Table 2).
However, when dormouse abundance and bird phenology
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Figure 4 Comparison of annual predation rates on bird nests (mean-
s +sg, n=5) by the edible dormouse on four hole-nesting songbirds
from two 5-year periods: one at the beginning (1980-1984) and one at
the end (2000-2005) of the study. The total number of nests is shown
above the error bars.

Table 2 Models of predation rates on the collared flycatcher Ficedula
albicollis and great tit Parus major nests in relation to the timing of
dormouse appearance in nest boxes, dormouse abundance and birds’
timing of breeding (mean first egg-laying dates)

Species/variable Estimate  sE 7 P
Collared flycatcher
|. Dormouse appearance —-0.1194 0.0136 95.32 0.001
II. Dormouse appearance  —0.0211 0.0216 0.96 0.327
Dormouse abundance 0.0932 0.0187 26.37 0.001
Mean bird laying date —0.0713  0.0385 3.66 0.059
Great tit
|. Dormouse appearance —0.0937 0.0260 15.09 0.001

|I. Dormouse appearance 0.0340 0.0374 0.83 0.363
Dormouse abundance 0.1349  0.0327 20.57 0.001
Mean bird laying date 0.1518  0.0524 9.32 0.002

were added to this model, they showed, for both species,
that dormouse abundance has the strongest effect on nest
predation (model 2, Table 2). In the great tit, there is a
positive effect of the timing of breeding. Between years, the
later they breed, the more likely they are to be predated by
dormice. However, for the collared flycatcher a marginally
non-significant effect of its breeding phenology indicates an
opposite effect (Table 2).

Despite the increasing predation pressure, the breeding
densities did not show a significant trend for any of the four
bird species (great tit r =—0.24, n =26, P =0.23; blue tit
r=-—0.21, n=26, P=0.31; nuthatch r=0.08, n=26,
P =0.68; collared flycatcher r = 0.15, n = 26, P = 0.45).

Discussion

We found strong shifts in the spring phenology of the edible
dormouse and collared flycatcher. We found that these
changes in phenology were related to spring temperatures,
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which increased over the period of study, in all five studied
species. A similar trend in dormice phenology found in a
German locality about ¢. 550 km away suggests synchro-
nous advancement across Central Europe (Koppmann-
Rumpf er al., 2003). The advancement in nest-box
appearance is likely associated with the termination of
hibernation. The dormice, which are arboreal rodents that
are active at night, spend 7-8 months hibernating each year
(Bieber & Ruf, 2004). In spring, after leaving the under-
ground hibernaculum sites, they move into tree cavities or
nest boxes using them as dens, and later during the summer
for reproduction. Temperature plays an important role in
the termination of hibernation (Vietinghoff-Riesch, 1960;
Jallageas, Mas & Assenmacher, 1989), and it also affects
their sexual activity, which in turn positively correlates with
reproductive success (Fietz er al., 2004). For example, in
male edible dormice, hypothermia and the development of
gonads are mutually exclusive (Jallageas & Assenmacher,
1984; Fietz et al., 2004). Thus, favourable weather condi-
tions in spring may advance the termination of hibernation
and/or incur lower energetic costs for the maintenance of
body temperature that enables the development of sexual
organs.

We also found a considerable increase in dormice num-
bers during the period of study. We found that this increase
was associated with the combination of favourable spring
weather and a good seed crop. Mild weather might either
incur lower energetic requirements in dormice or advance
the onset of foliage development in plant buds that are their
main source of food at this time of year. Both these factors
might have a positive effect on reproduction and survival,
causing an increase in population numbers. It is also
possible that the rising spring temperatures triggered seed
productivity (Piovesan & Adams, 2001; Kelly & Sork, 2002;
van der Meer, Jorritsma & Kramer, 2002; Réale et al., 2003),
and this in turn affected the dormice populations. Similar
increases in dormice numbers were reported from southern
Germany (Gatter & Schiitt, 1999). This suggests that the
dormice populations are, in some habitat types, responding
in a similar way across a scale of several hundred kilometres.

Changes in forest management could also influence the
availability of natural cavities. However, at our study sites
the forestry practices remained unchanged at least during
the past 60years. Therefore, we believe that changes in
habitat structure are unlikely to have an influence on
dormice in our study system.

The reproduction and consequent population densities in
the edible dormouse were already shown to depend strongly
on the mast seeding of oaks Quercus spp. and beech
F. sylvatica (Schlund, Scharfe & Ganzhorn, 2002; Pilastro,
Tavecchia & Marin, 2003; Ruf ez al., 2006). Heavy seed
production is well known to influence rodent populations
positively, with a profound impact on other trophic levels
(Pucek et al., 1993; Jedrzejewska & Jedrzejewski, 1998).
Consequently, abundant rodent populations cause high
predation on bird nests, which might affect the bird popula-
tion levels (McShea, 2000; Schmidt, 2003; Schmidt & Ost-
feld, 2003). In contrast to other rodent species, in edible
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dormouse the seed crop is known to influence the popula-
tion numbers, sexual activity and reproduction in the mast-
ing year and not in the subsequent or the previous year
(Bieber, 1998; Schlund e al., 2002). What is not clear is how,
in early spring, the animals assess the future availability of
food. A possible role of secondary plant components is one
of the most frequently proposed hypotheses (Bieber, 1998;
Schlund et al., 2002; Fietz et al., 2004).

We found that the growth of dormouse numbers was
positively associated with the increasing number of predated
bird nests. The dormice destroy and consume eggs, and kill
both nestlings and incubating parents. The predation itself is
a controversial issue because dormice are considered to feed
mainly on fruits, young leaves and shoots (Vietinghoff-
Riesch, 1960; Fietz et al., 2005), but apparently in some
populations they become carnivorous (Juskaitis, 1995;
Koppmann-Rumpf et al., 2003; Juskaitis, 2006; present
study). It seems that interspecific differences in brood losses
are a consequence of the timing of a birds’ breeding period.
The collared flycatcher, seasonally the latest breeding spe-
cies, experienced the highest brood losses among the four
bird species. We found that the high dormice numbers
rather than their early phenology have a positive effect on
predation rates. In comparison with an earlier study by
Koppmann-Rumpf et al. (2003), we show, by simultaneous
tests of all predictors, that dormice abundance is the
primary factor responsible for high brood losses. What we
do not know is whether preying just on one nest provides the
dormice with a sufficient source of energy or whether they
predate repeatedly. If they predate just on one nest, then it is
obvious why dormouse abundance is a much better predic-
tor of brood losses than the timing of their emergence. In
addition, for the great tit we show that in the years when
they started breeding relatively late they suffered higher nest
losses due to dormice predation. In contrast, we did not find
a similar effect in the collared flycatcher. It might be the case
that they are already breeding so late that there is no way to
escape the dormice. Field studies from other geographical
areas confirm our findings. In Germany and Lithuania, the
pied flycatcher Ficedula hypoleuca, the latest breeding bird
species within the community, suffered the highest brood
losses due to edible dormouse predation (29 and 17%),
while the great tit nests were predated at much lower rates
(8 and 10%; Koppmann-Rumpf et al., 2003; Juskaitis,
2006).

We have shown that both climate change and seed
masting affect dormice populations, and when coupled with
the late breeding of some bird species, the dormice pose a
predation threat to the hole-nesting bird community. Of the
four bird species, only the collared flycatcher advanced its
breeding dates (its arrival dates remained unchanged, Wei-
dinger & Kral, 2007). However, this shift in breeding is not
sufficient to escape predation by dormice. In contrast, in the
much earlier breeding great tit, we found that in those years
when tits nested early, they suffered lower predation rates. It
is clear that if the ongoing increase in their numbers
continues, it will affect bird nestling productivity negatively,
leading possibly to population declines in some of the cavity
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nesting bird species. This study shows how climate affects
organisms at different trophic levels with often unexpected
outcomes. Possibly most at risk are those systems where
species from different trophic levels do not shift at the same
rate or in the same direction. This variability in responses
may decouple the relationships across trophic levels, leading
to changes in the predator—prey interaction rates that might
have unexpected consequences for the organisms involved.
Limited evidence from other study organisms (i.e. amphi-
bians, molluscs, birds) suggests (Beebee, 1997; Philippart
et al., 2003; Visser & Both, 2005) that unequal shifts in
phenology may be quite common, resulting in negative
effects for some species.
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ABSTRACT: Recording arrival dates of migratory birds to their breeding grounds has been one of
the most popular activities among naturalists for more than 2 centuries. However, we know
extremely little about the timing of birds’' annual cycles when systematic field observations were
still in their infancy, before the current warming period. Here we aim at filling this gap for bird
arrival dates of 35 species for one of the earliest phenological networks, run by the Bohemian
Patriotic-Economic Society during 1828-1847 in the present day Czech Republic. We retrieved
station-based archival data and present the arrival dates correlated with local temperature prior
to species-specific arrival. The mean slope of arrival advancement with monthly temperature
across all species was —1.4 d °C~! in our study, which is remarkably similar to a recent dataset from
the same region. The strength of this relationship depended on species-specific timing of migra-
tion. Early migrating species showed stronger negative relationships with temperature than later
arriving, long-distance migrants. Cross-correlations in arrival dates among stations were positive
and high for well-known species such as skylark, common quail and common cuckoo. Station-
based data also showed strong relationships with temperature. For most species, comparisons
with recent arrivals (1991-2010) show later arrivals in recent years, and we suggest that changes

in population sizes might also play a role in explaining bird phenology.

KEY WORDS:
Temperature

1. INTRODUCTION

The 18th century was a period of great interest in
endeavouring to explain natural phenomena. In an
atmosphere of the development of natural sciences,
many academic institutions were established and the
foundations of numerous scientific disciplines were
laid (Inkster & Morrell 2007, Alcoforado et al. 2012).
This was also the case for phenological observations.
The first organised networks for observing plants,
birds and insects were established across the Euro-
pean continent. The Swedish and Finnish phenologi-
cal networks were initiated by von Linné and Leche
in the 1750s (von Haartman & Soderholm-Tana 1983,
Terhivuo et al. 2009). Beginning in 1846, the Finnish
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Society of Sciences and Letters set up a regular phe-
nological network which is still running (Lehikoinen
et al. 2004, Kubin et al. 2008). Another phenological
series originated from Norfolk in the UK. Here the
Marsham family recorded the phenological events of
over 20 plants and animals over a period of more than
200 yr during 1736 to 1947 (Sparks & Carey 19995).
The oldest systematic European network was oper-
ated by the Societas Meteorologica Palatina in
Mannheim between 1781 and 1792 (Menzel 2003).
As well as meteorological data, they also collected
phenological records on plants and animals. The data
regarding avian phenology consisted of arrivals and
departures, and included migratory species such as
white stork Ciconia ciconia, barn swallow Hirundo
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rustica, common nightingale Luscinia megarhyn-
chos, and common cuckoo Cuculus canorus. After
the first International Ornithological Congress in
1884, interest in avian phenology was awakened in
other countries, and especially during the 20th cen-
tury many national phenological networks were
established (Menzel 2003, Nekovaf et al. 2008).

The first sporadic notes on avian phenology in the
Czech lands were made by J. Stepling, A. Strnad, T.
Haenke and M. David in the second half of the 18th
century (Nekovar & Hajkova 2010). However, the
first regular network was created by members of the
Imperial Royal Patriotic-Economic Society of Bohe-
mia. This society was originally established as the
Society of Agriculture and Liberal Arts in the King-
dom of Bohemia (Gesellschaft des Ackerbaues und
den freien Kiinste im Konigreich B6hmen) by Em-
press Maria Theresa in 1767. The main aim of this
society was to enhance the agricultural and industrial
production in the Czech lands (Kréka & Samaj 2001).
In 1789 the society was reorganised and renamed as
the Imperial Royal Patriotic-Economic Society of
Bohemia (K. K. Patriotisch-6konomische Gesellschaft
im Konigreich Bohmen) (Volf 1967). Among other
topics, the members focussed on meteorology, plant
and animal phenology. In 1835, a series of books
about the topography of Moravia (Die Markgraf-
schaft Mahren, topographisch, statistisch und his-
torisch geschildert) was published by the Benedic-
tine T. Wolny (Wolny 1835, Krska 2003). As well as
plant phenology, he also described the usual arrival
of some common bird species such as skylark Alauda
arvensis, white wagtail Motacilla alba and corncrake
Crex crex (Wolny 1835). In 1861 the Natural Science
Society in Brno (Naturforschender Verein in Briinn)
was established (Krska 2003). The society organised
meteorological and phenological observations in the
areas of Moravia and Silesia. The phenological
records of birds were published regularly until 1906.
Since 1853 phenological observations, including bird
arrival data, were organised from Vienna by the
newly established Zentralanstalt fiir Meteorologie
und Geodynamik. Another network based on obser-
vations, initiated by Rudolf, the Crown Prince of
Austria, was temporarily run by Comité fiir Ornitho-
logische Beobachtungs-Stationen in Osterreich dur-
ing the 1880s. Since 1923, a national scheme of phe-
nological stations has been run by the present-day
Czech Hydrometeorological Institute.

During the last 2 decades a renaissance in pheno-
logical research has occurred as a consequence of
ongoing climatic changes, which have affected
plants and animals at different trophic levels and in

various ecosystems (Rosenzweig et al. 2008).
Changes in the timing of bird migration have been
reviewed by Lehikoinen et al. (2004), Rubolini et al.
(2007), Knudsen et al. 2011, Pearce-Higgins & Green
(2014). However, nearly all the studies use time
series of no more than a few recent decades (for rare
exceptions see Sparks & Carey 1995, Ahas 1999,
Lehikoinen et al. 2004, Ellwood et al. 2010, Gordo et
al. 2013). This is in contrast to climatology or plant
phenology where detailed studies on the reconstruc-
tion of past events are widely available. Here we aim
to fill this gap for bird arrival dates for one of the ear-
liest phenological networks which ran during 1828 to
1847 in Bohemia, Austrian Empire (nowadays the
western part of the Czech Republic). We present an
analysis of the archival records, link them to local cli-
mate and assess the reliability of data, both from a
local, station-based, and regional perspective.

2. DATA AND METHODS
2.1. Historical data

During 1828 to 1847 the members of the Imperial
Royal Bohemian Patriotic-Economic Society con-
tributed their phenological observations to annual
reports in the society's journal Neue Schriften. The
final 2 years appeared in Verhandlugen und Mit-
theilungen. Both migratory and resident bird species
were recorded. The data were restricted to Bohemia
and involved 33 phenological stations (see Fig. 1, see
Table S1 in the Supplement at www.int-res.com/
articles/suppl/c063p091_supp.pdf). They consisted of
records on the first arrival and the last departure
dates of 35 bird species (3594 arrival and 2174 depar-
ture records). The reports distinguished between
true migratory species (i.e. those with non-overlap-
ping distributions during breeding and wintering
periods) and resident species for which peaks in
spring and autumn movements were observed (e.g.
tits, treecreepers and crossbills). In this study we con-
sidered arrival data only.

We expressed the dates of observations as days of
the year (DOY; where January 1 = Day 1). The origi-
nal scientific names were converted into present-day
form (see Table 1) and the data were then checked
for outliers and incorrect dates caused by mistakes in
the original printed records. All incorrect data and
scattered outliers (detected by inspection of boxplots
and Cleveland dotplots; Zuur et al. (2010) were
excluded from analysis (71 records on arrivals). In
those cases where there was a clear mistake in listing
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the arrival date as the departure date and vice versa,
the data were assigned to the right category. For the
sites Klasterec nad Ohfi, Cesky Krumlov and Zeliv
there were 2 first arrivals of birds observed: one at
low and another at high altitudes. In these cases, the
earlier arrival was chosen and included in the analy-
ses. In a few cases where a range of dates was pro-
vided, the earlier date was considered as the first
arrival. For the fieldfare Turdus pilaris and pine gros-
beak Pinicola enucleator the autumn arrival data to
central Europe actually represented their arrival to
wintering sites. In the 19th century the fieldfare was
still spreading south from northern Europe and it was
only later when it extended its breeding range into
the central European region.

For each species we set a lower limit of 50 records
for inclusion in analyses (see Table 2); 27 species met
this criterion. For each of these 27 species we recon-
structed the Bohemian arrival time series with linear
mixed-effect models where Site was taken as a ran-
dom effect and Year as a fixed effect (Hakkinen et al.
1995, Schaber et al. 2010). Species-specific multi-site
combined arrival time series were estimated in the R-
package ‘pheno’ (Schaber 2012; see Table S5 in the
Supplement at www.int-res.com/articles/suppl/c063
p091_supp.pdf). Annual predicted

between-site similarity in annual first arrivals, we
cross-correlated the time series of these 4 stations.
Paired t-tests were used to compare the slopes of
arrival-climate relationships both at a regional
(Bohemian) and site scale.

2.2. Recent data

To compare the historical arrivals with recent data
we used a dataset for the period 1991-2010. We col-
lated data on bird arrivals from various sources, but
the majority of the records were collected from the
phenological network of the Czech Society for
Ornithology and supplemented by data from various
personal diaries and grey literature. We tried to
match the observations to spatially overlap with
those of the Bohemian Patriotic-Economic Society.
For some species (e.g. Ardea cinerea, Upupa epops,
etc.) we did not have enough records to reconstruct
the arrival dates. Therefore the recent dataset con-
sisted of only 17 species: true migrants for which we
had sufficiently large sample sizes. We checked for
outliers and used mixed effect modelling as for the
historical times series.
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series (214 yr of data) were available Zeliv (9) | e— — S ———

for particular bird species (Hradec
Kralové, Loket, Velké Dvorce and
Vyssi Brod), we assessed the local
relationship between arrivals and
temperature. For an assessment of

1828 1831 1834 1837 1840 1843 1846

Fig. 1. Overview of available station-based arrival data from the network of the
Bohemian Patriotic-Economic Society, 1828-1847. In parentheses: number of
years with data for each site
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Table 1. Bird species recorded by the members of the Bohemian Patriotic-Economic Society and current valid classification of
species names

Author copy

Original scientific name

Original
German name

Current valid
scientific name

Common
English name

Ardea minuta
Ardea stellaris

Colymbus cristatus
Cuculus canorus

Motacilla hortensis

Kleine Rohrdommel
Gemeine Rohrdommel

GroBer Haubentaucher
Kukuck

Grasmiicke

Ixobrychus minutus
Botaurus stellaris

Podiceps cristatus
Cuculus canorus

Sylvia spp.4

Alauda arvensis Feldlerche Alauda arvensis Common skylark
Anas anser canorus Wildgans Anser spp.? Geese

Anas anser ferus Wildgans Anser spp. Geese

Ardea cinerea Fischreiher Ardea cinerea Grey heron

Little bittern
Great bittern

Certhia familiaris Baumkletterer Certhia spp.P Treecreeper
Ciconia alba Gemeiner Storch Ciconia ciconia White stork
Columba oenas Holztaube Columba oenas Stock dove
Columba palumbus Ringeltaube Columba palumbus Wood pigeon
Columba turtur Turteltaube Streptopelia turtur Turtle dove

Great crested grebe
Common cuckoo

Hirundo apus Mauerschwalbe Apus apus Common swift
Hirundo riparia Uferschwalbe Riparia riparia Sand martin
Hirundo urbica Hausschwalbe Delichon urbicum House martin
Larus Mowen Larus spp. Gulls

Loxia cocothraustes Dickschnabel Coccothraustes coccothraustes Hawfinch
Loxia enuncleator FichtenkernbeiBler Pinicola enucleator Pine grosbeak
Motacilla alba Gemeine Bachstelze Motacilla alba White wagtail
Motacilla erithacus Hausrothschwanzchen Phoenicurus ochruros® Black redstart

Motacilla luscinia Nachtigall Luscinia megarhynchos Common nightingale
Motacilla phoenicurus Gartenrothschwéanzchen Phoenicurus phoenicurus Common redstart
Oriolus galbula Goldamsel Oriolus oriolus Golden oriole
Parus ater Schwarzmeise Periparus ater Coal tit

Parus coeruleus Blaumeise Cyanistes caeruleus Blue tit

Parus major Kohlmeise Parus major Great tit

Scolopax rusticola Waldschnepfe Scolopax rusticola® Eurasian woodcock
Sturnus vulgaris Star Sturnus vulgaris Common starling
Tetrao coturnix Wachtel Coturnix coturnix Common quail
Turdus musicus Singdrossel Turdus philomelos Song thrush
Turdus pilaris Kronowetvogel Turdus pilaris Fieldfare

Turdus viscivorus Misteldrossel Turdus viscivorus Mistle thrush
Upupa epops Wiedehopf Upupa epops Eurasian hoopoe
Vanellus cristatus Kiebitz Vanellus vanellus Northern lapwing

3Geese were not well recognized to species level at that time. PAt that time Eurasian treecreeper and short-toed
treecreeper were not separately recognized, therefore data may refer to both species. “Misidentification of robin and black
redstart was very common. M. hortensis is now garden warbler but at that time several Sylvia warbler species were
labelled under this name. ®This could be any species of the genus Scolopax, Gallinago and Lymnocryptes

3. RESULTS slope of arrival advancement with temperature
across all species was —1.43 d °C~! for both the 1828—
1847 and the 1991-2010 periods. The mean slope
of the 17 species for the 1828-1847 period was
-1.52 d °CL. Slope estimates for the arrival-temper-
ature relationship between these 2 time periods were
highly correlated (r = 0.61, n = 17, p = 0.010). While
some early arriving species such as skylark or song
thrush showed strong negative responses to temper-
ature (-1.8 to —2.5 d °C™!), other species, especially
the later arriving ones, did not. The strength of the

3.1. General pattern of bird arrivals to Bohemia

We retrieved data on 35 bird species (27 species
with >50 records) from 33 sites (Fig. 1, Table 1, see
Table S1 in the Supplement). For an overview of
mean first arrival dates to Bohemia and sample sizes
see Table 2. In general the mean first arrival dates
correlated negatively with mean monthly tempera-
tures (see Table S2 in the Supplement). The mean
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Table 2. List of the 35 species whose arrivals were observed by the members of the Bohemian Patriotic-Economic Society in
1828-1847, and a comparison with recent (1991-2010) arrival dates. Migratory categories (mc): short- (S) or long-distance (L)
migrant; n: number of records; Mean first arrival day of the year (DOY) for species with n < 50 was taken as a simple arithmetic
mean of all observations (marked with ?), and for species with n > 50 an arrival time series was reconstructed from a linear
mixed-effects model (see ‘Data and methods’'). Significance of comparisons of arrival dates between the 2 periods (2-tailed

t-test): ns = non-significant difference, *p <0.05, **p <0.01, ***p < 0.001

Species mc 1828-1847 1991-2010 Difference
n DOY SE n DOY SE p-value

Alauda arvensis S 211 50 8.5 480 62 9.8 e

Anser spp. S 120 66 9.3

Apus apus L 113 119 9.3 456 123 5.1 ns

Ardea cinerea S 83 93 9

Botaurus stellaris® S 15 94

Certhia spp. S 81 77 13.2

Ciconia ciconia® L 49 98

Coccothraustes coccothraustes® S 35 78

Columba oenas S 166 74 11.8 92 81 7.3 *

Columba palumbus S 162 78 10.1 343 75 9.9 ns

Coturnix coturnix L 145 132 10.3 195 134 12 ns

Cuculus canorus L 197 113 5.5 484 120 6.4 e

Cyanistes caeruleus S 67 71 9.5

Delichon urbicum L 210 106 7.4 391 113 6.5 M

Ixobrychus minutus® L 2 87

Larus spp. ¢ 48 81

Luscinia megarhynchos L 58 117 3.5 206 118 4.8 ns

Motacilla alba S 185 71 7.8 533 76 9 **

Oriolus oriolus L 69 105 13.9 197 128 6.5 e

Parus major S 85 72 11.7

Periparus ater S 61 68 11.2

Phoenicurus ochruros S 116 94 11.2 527 86 8.6 e

Phoenicurus phoenicurus L 100 96 11.1 270 109 8.5 e

Pinicola enucleator® S 21 289

Podiceps cristatus® S 14 89

Riparia riparia® L 2 183

Scolopax rusticola S 176 88 10.9

Streptopelia turtur L 90 113 11.3 188 119 10.5 e

Sturnus vulgaris S 139 68 10.6 549 61 9.1 e

Sylvia spp. 127 112 11

Turdus philomelos S 151 74 8.8 400 73 8.9 ns

Turdus pilaris S 101 297 18.9

Turdus viscivorus S 88 55 14.3 132 62 10.1 ns

Upupa epops L 52 104 11.2

Vanellus vanellus S 94 76 11.6 380 70 11.8 e

relationship between arrival and temperature was, in
part, explained by species-specific arrival dates, i.e. a
stronger relationship in early arriving species and
vice versa (Fig. 2, linear regression: b= 0.016 + 0.006
SE, Fj .4 =7.09, p = 0.013, R? = 0.23) for the period
1828-1847. For the recent dataset the arrival-tem-
perature relationship was slightly stronger (b = 0.029
+0.005, F, 15=32.36, p < 0.001, R? = 0.66). There was
no significant relationship between mean arrival day
and SE in the datasets for 1828-1847 (b = -0.03 =
0.02, F; 54 =0.94, p=0.178, n = 26 excluding the field-
fare) or 1991-2010 (b = -0.03 + 0.02, F, 15 =3.21,p =
0.093, n = 17).

3.2. Local magnitude of arrivals

Station-based first arrival dates from the 4 sites
with the most reliable datasets were generally posi-
tively cross-correlated (mean r = 0.41 + 0.23 SD, n =
33 pairwise comparisons), with the highest correla-
tion in arrival in the common cuckoo and skylark
(see Table S4 in the Supplement at www.int-res.com/
articles/suppl/c063p091_supp.pdf).

Comparisons of site-based arrival-temperature
slopes with those from Bohemian regional data
showed a significantly stronger relationship at the
regional scale for Loket and Velké Dvorce, but not for
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004 o) Higgins & Green 2014). Few studies have analyzed
18th and 19th century time series on bird arrivals.
] Data on 3 species from Finland show responses
~1.0- between -1.02 to -2.34 d °C~! in 1749-1762 (Lehiko-
inen et al. 2004). The Marsham family records from
i the east of England and 2 other shorter British time
-2.0- series show a slightly stronger relationship with tem-
perature; e.g. the common cuckoo: —-1.5t0-2.8d°C™,
i which in our study was —1.2 d °C™! in the regional
-3.0- o dataset (but see also the variable station-based data,

T T
100 120

Mean arrival (DOY)

Fig. 2. Relationship between species-specific mean first ar-

rival date and the slopes of the relationship between ar-

rival and mean monthly temperature (1828-1847). Field-

fare data is not included since it represents autumn arrival
to wintering sites

Hradec Krélové; Bohemia versus Loket (paired t-test;
ti, = 3.27, p = 0.001), Bohemia versus Velké Dvorce
(tio = 3.29, p = 0.008) and Bohemia versus Hradec
Kralové (t;, = —2.08, p = 0.059). Mean slope estimates
with monthly temperature were -2.40 in Loket (n =
13), —2.04 in Velké Dvorce (n = 11), —0.91 in Hradec
Krédlové (n = 13), and -1.16 in Vys$si Brod (n = 3; see
Table S3 in the Supplement at www.int-res.com/
articles/suppl/c063p091_supp.pdif).

4. DISCUSSION

The Bohemian Patriotic-Economic Society organ-
ised a network of observations of bird arrivals for
20 yr. This is one of the earliest and most comprehen-
sive networks on avian phenology in central Europe.
We confirmed with more recent datasets that warmer
weather was associated with earlier spring arrivals.
The mean slope of arrival advancement with temper-
ature across all species was -1.43 d °C™! for both
periods in our study. But the strength of this relation-
ship depended on species-specific timing of migra-
tion. Early migrating species showed much stronger
and negative relationship with temperature than
later arriving (mostly long-distance) migrants. This is
in line with the comprehensive overviews of
Lehikoinen et al. (2004) and Pearce-Higgins & Green
(2014). The mean response fits into the range (-1.11
d °C™! for long-distance and —1.87 d °C™! for short-
distance migrants, see Table S2 in the Supplement
for source data) based on studies from the second
half of the 20th century (-2.9 d °C~! in Lehikoinen et
al. 2004; and ca. -0.35 and -1.3 d °C™' in long- and
short-distance migrants, respectively, in Pearce-

Sparks & Carey 1995, Sparks 1999). Spatial hetero-
geneity in local adaptations could result in this pat-
tern (Sparks et al. 2007). The Bohemian Patriotic-
Economic Society also recorded data on plant phenol-
ogy. An assessment of these records shows very
strong negative relationships with local temperature
(Brazdil et al. 2011). Although, the members of the
Society were mostly professionals, e.g. foresters and
teachers, it is possible that their knowledge on iden-
tification of species was not sufficient. For example,
some well-known species such as white wagtail, sky-
lark, wood pigeon Columba palumbus or common
cuckoo show reasonable associations with tempera-
ture. In contrast, the song of starlings Sturnus vul-
garis was likely confused with that of the golden ori-
ole Oriolus oriolus since there are several records of
golden oriole from February and March (very un-
likely arrival dates for a long-distance migrant that is
among the latest species to appear in central
Europe). This suggests that arrivals for well-known
and easily recognized species are more reliable than
for the less well-known ones. Judging from the mag-
nitude of temperature—arrival relationships of the 2
Czech datasets, we conclude that these historical
records are as reliable as the recent arrival data.
The period 1828-1847 in Bohemia was character-
ized by a monthly temperature in March and April
that was ~2°C lower than in the 1991-2010 period
(Brazdil et al. 2012a). We know extremely little on
how birds tuned their timing of migration at times
when climate was cooler (cf. Sparks 1999, Lehiko-
inen et al. 2004). Studies on plants show much later
onset of phenophases in the first half of the 19th cen-
tury than today (Brdzdil et al. 2011, Mozny et al.
2012, Kolarova et al. 2014). In contrast, comparison
with the more recent data on bird arrivals to Bohemia
shows that timing of migration was in general earlier
by 4.1 d (2.9 d when excluding the golden oriole) in
1828-1847. Of the 17 species available for compar-
isons, 12 arrived later in the recent period. We do not
know why so many species in the 19th century data-
set arrived earlier than today. The temperature—
arrival relationships are similar in these 2 datasets,
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indicating their reliability. From 1983 to 2003, arrival
dates to western Poland were on average 2.3 d earlier
(for 12 species in common) than our historical data-
set. When excluding the golden oriole the difference
is 4.9 d (Tryjanowski et al. 2005). This discrepancy
could be attributed to changes in population sizes,
which in declining species may result in apparent de-
layed arrival (Tryjanowski & Sparks 2001, Miller-
Rushing et al. 2008). Especially farmland species
such as skylark or quail are currently suffering from
severe population declines (Reif et al. 2008). On the
other hand, a wide range of species were hunted for
food (e.g. skylark, starling, thrushes and tits) or
trapped for their song (e.g. blackcap, nightingale),
which could locally lead to significant declines of
their populations at that time (Baum 1955). We can-
not rule out also the possible role of dynamic changes
in migratory routes or wintering areas that could be
also mirrored in different timing of arrivals (Berthold
et al. 1992, Sutherland 1998).

We also showed that station-based first arrival
dates were positively cross-correlated. Given the
high variability in first arrival dates, which makes
this variable often criticized for its stochastic compo-
nent (Moussus et al. 2010), we perceive this as a sign
of reliability of these records. A detailed view on sta-
tion-based associations with climate shows a much
stronger relationship than at regional scales for 2 sta-
tions, and a tendency towards weaker a relationship
at 1 station. It might be that the observer effect plays
a major role in the quality of station-based data. For
this reason we suggest that the regional reconstruc-
tions provide more reliable estimates of arrival dates
than the station-based data. The latter may be con-
founded by the observer effect, population trends,
predation pressure and skills of individual observers,
or the length of the time series might be too short to
detect a true relationship with climate (von Haart-
man & Séderholm-Tana 1983, Sparks 1999, Husek et
al. 2009, 2012, Lehikoinen & Sparks 2010).

Phenological data are a good indicator of the
response of biota to climate change (Parmesan 2007).
Therefore, reconstructing historical time series
broadens our understanding of how both plants and
animals reacted to climate at times that preceded the
current warming period (Amano et al. 2010, Naef-
Daenzer et al. 2012, Primack & Miller-Rushing 2012,
this study).
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Abstract Long-term phenological data have been crucial at
documenting the effects of climate change in organisms.
However, in most animal taxa, time series length seldom ex-
ceeds 35 years. Therefore, we have limited evidence on ani-
mal responses to climate prior to the recent warm period. To
fill in this gap, we present time series of mean first arrival
dates to Central Europe for 13 bird species spanning 183 years
(1828-2010). We found a uniform trend of arrival dates ad-
vancing in the most recent decades (since the late 1970s).
Interestingly, birds were arriving earlier during the cooler ear-
ly part of the nineteenth century than in the recent warm peri-
od. Temperature sensitivity was slightly stronger in the
warmest 30-year period (—1.70 + SD 0.47 day °C"') than in
the coldest period (—1.42 = SD 0.89 day °C1): however, the
difference was not statistically significant. In the most recent
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decades, the temperature sensitivity of both short- and long-
distance migrants significantly increased. Our results demon-
strate how centennial time series can provide a much more
comprehensive perspective on avian responses to climate
change.

Keywords First arrival date - Migratory birds - Phenology -
Temperature - Temperature sensitivity

Introduction

Given the rapidity of current climatic changes, long-term ob-
servational time series are highly valuable. They can docu-
ment phenological responses to contrasting climate conditions
and provide a broad perspective on the current rapid changes
of climate. However, studies with more than a few decades of
uninterrupted data are rare, especially for animals. The mean
length of published phenological time series is only around
35 years (Bitterlin and van Buskirk 2014; Parmesan and Yohe
2003; Root et al. 2003; Rubolini et al. 2007, but see e.g. Ahas
1999; Askeyev et al. 2009; Lehikoinen et al. 2004; Sparks and
Carey 1995) which might bias the detected trends (Hovestadt
and Nowicki 2008). Furthermore, several studies already
demonstrated spatially variable responses of organisms to
temperature (spatial component; Gordo et al. 2007;
Parmesan 2007; Saino and Ambrosini 2008). But there is no
a priori reason to assume that temperature sensitivity of the
species is constant and that the strength of the relationship
remains unchanged through time (temporal component).
This was proved to be true for plants (Fu et al. 2015;
Quansheng et al. 2014; Rutishauser et al. 2008; Rutishauser
et al. 2009; Schleip et al. 2008; Wang et al. 2015) and insects
(Kharouba et al. 2014). But despite some studies which stud-
ied the temperature sensitivity (Askeyev et al. 2009; Gordo
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and Doi 2012; Gordo et al. 2013), a comprehensive long-term
study which would investigate the course of temperature sen-
sitivity in vertebrates is still lacking. Yet, an assessment of
temporal variability in temperature sensitivity is critical for
forecasting their responses to climate change.

The issue of variable temperature sensitivity is especially
pressing in organisms at higher trophic levels in which
species-specific cues trigger the onset of phenophases
(Stenseth and Mysterud 2002; van Ash et al. 2007; Visser
and Holleman 2001). In spite of that, temperature is generally
accepted to be the main factor driving shifts in phenology
(including for example chilling effect and growing degree
days), but other mechanisms such as photoperiod, humidity
and nutrients were also identified to play a role in triggering of
phenophases (Chambers et al. 2013; Ellwood et al. 2012;
Heide and Prestrud 2005; Jochner et al. 2013; Korner and
Basler 2010; Laube et al. 2014; Tooke and Battey 2010;
Zhang et al. 2007). In addition, as the temperature signal per-
vades from primary producers to top consumers, the number
of trophic interactions increases. This results in weaker tem-
perature signals and makes the temporal match of the
phenophases less likely (Both et al. 2009; Ellwood et al.
2012; Gordo and Sanz 2005; Naef-Daenzer et al. 2012;
Nakazawa and Doi 2012; Schwartzberg et al. 2014). Despite
numerous studies about the phenological shifts due to chang-
ing climate, it is unclear which mechanisms vertebrates em-
ploy to respond to temperature change across a long time
period.

Migratory birds represent an ideal system to enlighten this
issue. Commonly, they fit into one of two migratory strategies
which differ in response to temperature. Short-distance mi-
grants are usually more influenced by temperature due to a
strong spatial autocorrelation of climate between the breeding
and wintering sites. On the other hand, the onset of long-
distance migrants’ migration is believed to be under endoge-
nous control (Berthold 1996; Halkka et al. 2011; Lehikoinen
et al. 2004; Marra et al. 2005; Mitrus et al. 2005; Sparks et al.
2007; Zalakevicius et al. 2006). Therefore, it is assumed that
long-distance migrants are not able to perceive climatic con-
ditions in the distant breeding sites as accurately as short-
distance migrants. As a consequence, they are not able to
adequately track the speed of the advanced spring phenology
(Both and Visser 2001; Both et al. 2010; Mgller et al. 2008;
Sanz et al. 2003). In contrast to this, only two studies have
shown that especially in the last decades the long-distance
migrants have advanced their arrivals more than short-
distance migrants, which might imply a strong evolutionary
pressure on them (Jonzén et al. 2006; Stervander et al. 2005).
However, other authors hypothesised that such as rapid ad-
vancement could be attributed to improved conditions en
route and due to mixture of birds which come from different
populations with different timing of migration (Both 2007). In
addition, because birds represent top consumers, they are

@ Springer

under strong selection to optimise the timing of their arrival
to breeding grounds and the onset of nesting with the
phenophases of insects (Jonzén et al. 2007). Several multi-
trophic-level studies showed that the response of birds to tem-
perature is less strong than their prey and that this can lead to
temporal phenological mismatch across the food chain (Both
et al. 2009; Thackeray et al. 2010).

To address these issues, we present one of the longest time
series of bird arrivals ever analysed dating back to the begin-
ning of the nineteenth century and spanning 183 years. First,
we reconstruct the historical avian first arrivals and assess
their temporal shifts. Next, we investigate the strength of the
relationship between arrival and temperature and how it has
been changing throughout such an extensive time period.
Finally, we examine the hypothesis that short- and long-
distance migrants show different patterns in the strength of
the response to the changing temperature (Knudsen et al.
2011).

Materials and methods
Phenological data

We compiled first arrival dates (FAD) of birds in the
Czech Republic for the period 1828-2010. Data on FAD from
the Czech Hydrometeorological Institute, which covered most
of the database, were supplemented by data from various so-
cieties, networks and grey literature. For a detailed overview
of the data sources and their time spans, see Table S1 and
Fig. S1. Archival records were converted into digital format
as day of the year (where January 1 = day 1), and all nomen-
clature was updated (see Kolafova and Adamik 2015). Due to
the discrepancy between the calendar and astronomical year,
we expressed arrival dates in each year as deviations from the
vernal equinox (Sagarin 2001). When more than one record of
the same species from the same locality was available in a
given year, the earliest record was retained in the database.
We visualised the data distribution and detected outliers
(mostly mistyped values in old printed records) by inspection
of Cleveland dotplots and boxplots; Zuur et al. 2009), and
they were subsequently excluded from the analyses. We re-
stricted this study to species for which we had n > 900 records
spanning the period 1828-2010. Barn swallow Hirundo
rustica arrivals spanned a shorter time period (1853-2010),
but its observations were very numerous and had a balanced
distribution through time. Three other species (chiffchaff
Phylloscopus collybita, serin Serinus serinus, blackcap
Sylvia atricapilla) had >900 records, but their data distribution
was markedly imbalanced through time which would have
hampered data analysis and therefore were omitted from anal-
yses. We ended up with 13 species with 80,489 observations
of FAD from 3480 sites across the Czech Republic (Fig. 1).
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Fig. 1 Map of the Czech Republic with the sites (n = 3480) where first arrival dates were recorded

Out of the 13 species, 7 were short-distance migrants (winter ~ which enable to deal with estimations of combined phenolog-

grounds in Europe or Northern Africa) and 6 were long-  ical time series (Schaber 2012). We used linear mixed effects
distance migrants which winter in sub-Saharan Africa (see =~ model (LMM, R-package “lme4”) to compare timing of ar-
Table 1). rivals during the first and last 30-year period with year and
species as random effects. Barn swallow arrivals were not
Reconstruction of arrival dates included in this model as records of its arrival start later.

Temporal trends in reconstructed arrivals were assessed by
For each of the 13 species, we reconstructed annual mean  generalised additive models (GAM) for the period 1828-2010
FAD time series within a mixed-effects modelling framework ~ and by weighted linear regressions for the period 1978-2010.
with year as fixed effect and site as random effect (Hiikkinen ~ As weights for linear regression, we used the square root of the
et al. 1995; Schaber et al. 2010; Table S2). Multi-site com- ~ number of observations per year and species (Table S3).
bined arrival time series were estimated in R-package  Similarly, weighted linear regression was used to assess tem-
“pheno” for each species. This package provides functions  perature sensitivity. Mean FADs were associated to Czech

Table 1  Weighted linear regression estimates of the relationship between mean first arrival date (FAD) and mean monthly temperature during 1828—
2010

Species name Common name ms Arrival Month ~ Number TS (d°C) SE t R? P

Alauda arvensis Skylark S Mar 1 Feb 156 —1.424 0.161 —8.87 0.34 <0.001
Sturnus vulgaris Starling S Mar 6 Feb 155 —1.145 0.135 -849 032  <0.001
Vanellus vanellus Lapwing S Mar 13 Mar 131 —2.008 0.265 —7.58 0.31 <0.001
Motacilla alba White wagtail S Mar 14 Mar 166 -1.162 0.197 -589  0.17  <0.001
Columba palumbus Woodpigeon S Mar 19 Mar 127 —1.411 0329 428 0.13  <0.001
Turdus philomelos Song thrush S Mar 23 Mar 151 —0.856 0389 220 0.03 0.029
Phoenicurus ochruros Black redstart S Mar 28 Mar 143 —1.503 0.190 -7.93 0.31 <0.001
Phoenicurus phoenicurus Common redstart L Apr 11 Apr 153 0.871 0.390 223 0.03 0.027
Hirundo rustica Barn swallow L Apr 16 Apr 140 —1.066 0.192 -5.55 0.18 <0.001
Delichon urbicum House martin L Apr 22 Apr 155 -0.713 0.224 -3.19 0.06 0.002
Cuculus canorus Cuckoo L Apr 26 Apr 167 —0.833 0.172 —4.86 0.13 <0.001
Apus apus Swift L May 3 Apr 149 —0.801 0206 388 0.09 <0.001
Coturnix coturnix Quail L May 15 Apr 148 —1.384 0.377 -3.67 0.08 <0.001

Species are listed in ascending order according to their mean FAD

ms migratory strategy (S short-distance migrant, L long-distance migrant), Month focal month used for temperature-arrival relationship, Number number
ofyears with available data, 7'S temperature sensitivity, regression estimates of mean FAD against mean monthly temperature, SE standard error of the TS
estimate, significant P values (<0.05) are in bold
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mean monthly temperature series spanning 1828-2010
(Fig. S2) reconstructed from station-based meteorological ob-
servations (Brazdil et al. 2012) and weighted by the square
root of the number of observations per year (Table 1). The
focal month for temperature was selected individually for each
species based on the temporal overlap with its arrival. To
describe the temporal changes in temperature-arrival relation-
ship, we estimated linear regressions as 30-year moving win-
dows with the shift by 1 year starting in 1828 (for barn swal-
low in 1853). Again, all regressions were weighted by the
square root of the number of observations per year. We chose
a period of 30 years since this was the most commonly report-
ed length of published time series with FAD (see
“Introduction” section).

Next, we assessed whether the species’ temperature-arrival
relationship differed during cold and warm periods. For that,
we detected the warmest and the coldest periods by averaging
the mean monthly temperature of the focal month for arbitrari-
ly set 30-year time intervals (the last one having 33 years)
1828-1857, 1858—1887, 1888—1917, 1918-1947, 1948~
1977 and 1978-2010. The 1978-2010 period was the
warmest for all the months, while the coldest periods were
1828-1857 for February and March and 1888-1917 for
April. Species-specific differences in slopes of the
temperature-arrival relationship between the warmest and
coldest periods were assessed according to Zar (1999; slope
test).

For an assessment of temporal changes in the mean tem-
perature sensitivity between short- and long-distance mi-
grants, we averaged the species-specific estimates of temper-
ature sensitivity weighted by the square root of the number of
observations per year for 30-year moving windows at the be-
ginning (1857-1886), in the middle (1919-1948) and at the
end (1981-2010) of the 1828-2010 time series. Differences in
mean responses (average temperature sensitivity estimates)
were assessed by GLM where we used a model that included
interaction between the three time periods and migratory
strategy.

Results
Bird arrival dates 1828-2010

The temporal trends for majority of the species showed strong
non-linearity in arrivals during the period 1828-2010
(Fig. S3). Usually, the arrivals were most pronounced at the
beginning of the nineteenth century. Between beginning and
ca. second half of the nineteenth century, the arrivals were
delaying and then again advancing which lasted until the first
half of the twentieth century. From then, the arrivals were
constantly delaying until the 1970s. Afterwards, there is a
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clear pattern in rapid advancement which lasts up to now
(Figs. 2 and S3).

During the most recent period, 1978-2010, all species ad-
vanced their arrivals (mean advancement was
—0.35 day yearfl, SD = 0.27; Table S3). The mean shift for
short-distance migrants was —0.35 day year ' (SD = 0.36) and
for long-distance migrants —0.35 day year ' (SD = 0.15).
Despite these advancements, most species are still arriving
later today (LMM effect for period 5.25 + 1.32 days, ¢ = 3.9,
P <0.001) than in the early half of the nineteenth century (e.g.
house martin Delichon urbicum and cuckoo Cuculus canorus,
Figs. 2 and S3).

Relationship between arrival and temperature

Across all species (except for the common redstart
Phoenicurus phoenicurus), mean FADs were negatively asso-
ciated with temperature during the period 1828-2010 (mean
response for all 13 species —1.03 day °C !, SD = 0.68, without
common redstart —1.19 day °C™!, SD = 0.37, Table 1). The
mean response to temperature was —1.36 day °C”!
(SD = 0.36) in short-distance migrants and —0.65 day °C""'
(SD = 0.79) in long-distance migrants (without common red-
start —0.96 day °C™', SD = 0.27). The positive temperature
responses were rare and appeared in periods with poor data
coverage, i.e. early part of the twentieth century (Fig. 3). The
strongest variation in responses was detected in lapwing
Vanellus vanellus. Early arriving species such as skylark
Alauda arvensis and starling Sturnus vulgaris had very similar
patterns of the temperature-arrival relationship. Strong tem-
perature sensitivity in the second half of the nineteenth century
was followed by a moderate relationship from the late 1920s
onwards. Four long-distance migrants (barn swallow, house
martin, cuckoo and swift Apus apus) showed, with various
intensities, a strengthening of the relationship around the
1950s and then a steep weakening prior to 2000 followed by
a slight strengthening in the last decade. In contrast to other
species, common redstart showed an unusually long period of
strengthening of the temperature-arrival relationship from the
1920s until today (Fig. 3).

The mean temperature sensitivity across all species was
slightly stronger in the warmest period (—1.70 day °C™',
SD = 0.47) than in the coldest period (—1.42 day °C ™',
SD = 0.89; Table 2). However, the species-specific differences
in the temperature-arrival relationship between these two con-
trasting periods were significant only for common redstart
(Table 2).

Differences between short- and long-distance migrants
in variation of temperature sensitivity

Temperature sensitivity of short- and long-distance migrants
varied considerably during the study period, but the responses
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of the two migratory groups did not differ statistically
(GLM, factor period F, 35 = 6.00, P = 0.006, factor mi-
gratory strategy £ 35 = 1.59, P = 0.216; Fig. 4). While in
the first decades (1828-1857) short-distance migrants
reacted more strongly to temperature (—1.93 day °C™")
than long-distance migrants (—1.22 day °C™"), there was
no significant difference between these two groups over
the three time periods (GLM with period by migratory
strategy interaction F, 33 = 1.52, P = 0.233).

Discussion
To the best of our knowledge, we present one of the longest

comprehensive time series of mean first arrivals of 13 bird
species. We found that birds arrived earlier at the beginning

Year

of the nineteenth century than today, although at that time the
climate was cooler and more humid (Brazdil et al. 2011). The
later arrivals compared to the beginning of the nineteenth cen-
tury persisted despite an ongoing advancement of arrival dates
in recent decades. The sensitivity of bird arrivals to tempera-
ture varied considerably throughout the two centuries.
However, it did not differ significantly between the coldest
and warmest periods (except for common redstart). In accor-
dance with other studies (reviewed in Pearce-Higgins and
Green 2014; Rainio 2008; Usui et al. 2016), short-distance
migrants responded more strongly to temperature. But in re-
cent decades, long-distance migrants showed similar or even
stronger responses than short-distance migrants, although
there was no evidence of significant difference. Since the late
1970s, the short-distance migrants showed a clear strengthen-
ing of the temperature-arrival relationship, while the

@ Springer
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relationship for long-distance migrants did not show any di-
rectional shift.

At the beginning of the time series, some species were ar-
riving earlier compared to the long-term mean (Fig. 2). This is
in contrast to the findings of Brazdil et al. (2011) who found a
later onset of plant phenology in Bohemia during the cooler
and humid period 1828-1848 compared to the warmer period
1993-2009. One possibility for the past earlier arrivals might
be that in the nineteenth century birds were under stronger
selection due to more common unfavourable weather events.
For example, barn swallows regularly die in large numbers
during fall migration in the Alps with consequences for their
phenology (Newton 2007). Hence, only the strongest individ-
uals could have survived which were likely to arrive earlier. It
could also be the case that our set of species might have been
more common in the past than today. Under such scenario,
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there could be a better detectability of arriving individuals
and also a stronger selection for early arriving males. Earlier
arrivals in historical datasets were also recorded by Ahas
(1999) for white wagtail Motacilla alba in Estonia. While other
long-term studies showed usually the opposite (Askeyev et al.
2009; Kullberg et al. 2015; Lehikoinen et al. 2004).

The trends in arrivals during the last decades agreed with
the general advancement found by other authors (e.g. Gordo
2007; Knudsen et al. 2011; Pearce-Higgins and Green 2014).
The advancement of the late-arriving species might be ex-
plained by the strong recent increase of April and May mean
temperatures in the area of the Czech Republic. The mean
temperature in the dataset of Brazdil et al. (2012) increased
by 0.08 °C year ' (P < 0.001) in April and by 0.06 °C year '
(P =0.005) in May, respectively, during 1970-2010 (Fig. S2).
But the lack of significant difference in temperature sensitivity
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Fig. 4 Averaged linear regression estimates of mean first arrival date
(FAD) against monthly temperatures during 1828-2010 for short-
(black dots) and long-distance (red triangles) migrants (for
classification see Table 1). Each data point represents the end-year of
the 30-year moving window (starting in 1828) for which the linear
regression was estimated. The shadow area shows £1SE of the regression
estimate. The horizontal lines indicate the mean of the regression
coefficients for a given 30-year period for short- (solid line) and long-
distance migrants (dashed line, colour figure online)

between the coldest and warmest periods precludes us from a
conclusion that the migratory strategy matters more than the
need to adjust the species’ arrival during specific climatic
conditions. Spatial replicates of arrival times series from other
areas outside of Central Europe would help to reach a defin-
itive conclusion on this topic.

According to several studies, population density affects the
ability to detect the first arrived individuals. Thus, higher pop-
ulation densities can overestimate the real shift in arrivals
(Dunn and Moller 2014; Miller-Rushing et al. 2008; Sparks
1999). This might be the case also for this study since some
species were likely to be much more numerous in the nine-
teenth century than today (for a detailed discussion, see
Kolarova and Adamik 2015). We are also aware of potential
biases caused by the use of FADs which might be sensitive to
outliers (Goodenough et al. 2015; Tryjanowski et al. 2005).
On the other hand, we used mean FADs across multiple sites
which are likely to reduce any potential bias. We also would
like to emphasise that FADs are often the only available data
for old time series. For the common redstart, we got positive
temperature-arrival relationship which does not match the
conventional negative pattern. We do not know whether this
could be a result of misinterpreted observations with black
redstart Phoenicurus ochruros, especially in the nineteenth
century. For the most recent period, the relationship was in
line with the other species (Table 2). Another potential source
of bias might come from different source of data over time.
Obviously, the knowledge on bird life histories and identifi-
cation skills was different in 1828 and 2010. Also, spatial
variability in locations could lead to different estimates. To
overcome this issue, we collated data from throughout

@ Springer

Czechia. However, for the earliest period, 1828—1847, we
only have data from Bohemia, i.e. the western area
(Kolafova and Adamik 2015). But due to the landscape con-
figuration and spatial scale of the study area, there is little
latitudinal and longitudinal variation in arrival dates
(Beklova 1975; Beklova et al. 1983).

It is usually assumed that long-distance migrants are unable
to shift their timing of arrival to breeding sites sufficiently due
to constraints of their migratory triggers (especially
photoperiod; Berthold 1996; Gwinner 1996). However, we
showed that during the last decades long-distance migrants
strengthened the temperature-arrival relationship equally to
short-distance migrants (Fig. 4). This has led to advanced
arrivals in both migratory groups. Among the numerous phe-
nological studies, only Stervander et al. (2005) and Jonzén
et al. (2006) found markedly stronger responses in the arrivals
of long-distance compared to short-distance migrants. They
both suggested that microevolution can play a role in the
mechanism of changing migration. But as Both (2007) ar-
gued, the advanced arrival can be caused by faster migration
due to better conditions en route and that the birds can come
from mixed populations which differ in onset of migration. In
our study, we cannot fully exclude the issue of mixed origin of
populations even though our data were intentionally collected
as arrivals to breeding grounds. In addition, climatic
teleconnections between breeding and non-breeding grounds
or improved environmental conditions north of the Sahara
Desert might also lead to shorter stopovers and advanced ar-
rivals (Finch et al. 2014; Saino and Ambrosini 2008).

Short-distance migrants have consistently strengthened the
temperature-arrival relationship since the late 1970s (Fig. 4).
We hypothesise that this might be a consequence of changed
environmental conditions which result in rapid modifications
of migratory routes such as decreasing migratory distances
between breeding and non-breeding residency grounds
(Berthold et al. 1992; Sutherland 1998). This was recently
documented for several short-distance migrants (Pulido and
Berthold 2010; Smallegange et al. 2010; Visser et al. 2009)
and a long-distance migrant, the barn swallow (Ambrosini
et al. 2011). This probably leads to better climatic
teleconnections of residency sites of birds over their annual
cycle. One consequence of this might be that short-distance
migrants will always show stronger relationship in arrivals
when linked to breeding site temperature.

By reconstructing one of the longest avian phenological
time series, we analysed the course of temperature sensitivity
across nearly two centuries. We showed that the strength of
the temperature-arrival relationship has been changing
throughout time but independently of cold or warm periods.
Our results show that time series of sufficient length provide a
more complex perspective on avian responses to climatic var-
iability than studies with short time series. Centennial time
series with bird arrivals are rare (e.g. Ahas 1999; Ellwood
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et al. 2010; Lehikoinen et al. 2004; Sparks and Carey 1995;
Sparks 1999). Thus, a comprehensive synthesis of such long
records from various sites with different patterns of climatic
trends would be highly desirable as this would help us to better
understand vertebrate responses to climatic variability.
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Abstract One of the ways to assess the impacts of climate
change on plants is analysing their long-term phenological
data. We studied phenological records of 18 common tree
species and their 8 phenological phases, spanning 65 years
(1946—2010) and covering the area of the Czech Republic.
For each species and phenophase, we assessed the changes in
its annual means (for detecting shifts in the timing of the
event) and standard deviations (for detecting changes in dura-
tion of the phenophases). The prevailing pattern across tree
species was that since around the year 1976, there has been a
consistent advancement of the onset of spring phenophases
(leaf unfolding and flowering) and subsequent acceleration of
fruit ripening, and a delay of autumn phenophases (leaf
colouring and leaf falling). The most considerable shifts in
the timing of spring phenophases were displayed by early-
successional short-lived tree species. The most pronounced
temporal shifts were found for the beginning of seed ripening
in conifers with an advancement in this phenophase of up to
2.2 days year ' in Scots Pine (Pinus sylvestris). With regards
to the change in duration of the phenophases, no consistent
patterns were revealed. The growing season has extended on
average by 23.8 days during the last 35 years. The most
considerable prolongation was found in Pedunculate Oak
(Quercus robur): 31.6 days (1976—2010). Extended growing
season lengths do have the potential to increase growth and
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seed productivity, but unequal shifts among species might
alter competitive relationships within ecosystems.

Keywords Climate change - Flowering - Growing season -
Long-term trends - Phenology - Trees

Introduction

Many countries have a long-standing tradition of observing
phenological events. These long-term records have emerged
as an essential tool for studying the present phenomenon of
global climate change (Schwartz 2003). A variety of temporal
shifts in phenological events have been documented across a
range of species, communities and trophic levels (Root et al.
2003; Visser and Both 2005; Walther et al. 2002). In general,
results suggest an advancement in spring and a delay in
autumn phenology for tree species during the last few decades
in Europe (Chmielewski and Rotzer 2001, 2002; Menzel et al.
2001; Schwartz et al. 2006; Sparks and Menzel 2002). How-
ever, the shifts in phenophases can substantially vary among
countries—studies have found an advancement of spring
phenophases of up to 4 weeks in Western and Central Europe
and a delay of up to 2 weeks in Eastern Europe during the time
period 1951-1998 (Ahas et al. 2002). These phenological
changes have shown close correlations with increasing mean
temperature in several countries (Menzel et al. 2006; Sparks
et al. 2009). Accordingly, the growing season assessment
coupled with data from International Phenological Gardens
for tree species across Europe showed that 1 °C warming in
early spring (February—April) caused a 7-day advancement in
the beginning of the growing season (Chmielewski and Rotzer
2001). According to Menzel and Fabian (1999), the growing
period lengthened by an average of 11 days in Europe during
the period of 1959-1993.
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During the last 60 years, the growing season has widened
up to 18 days in Spain for 29 perennial species (Gordo and
Sanz 2009). Garzia-Mozo et al. (2010) found that the
flowering of olive (Olea europea) has likewise significantly
advanced by 40 days in Spain during 1986-2008. In Germany,
the shifts in spring phenophases were in the range of
5-20 days between 1951 and 1999 (Schaber and Badeck
2005), and the growing season extended by 5 days on average
between 1974 and 1996 in comparison to the period 1951
—1973 (Menzel et al. 2001). In Switzerland, one of the oldest
plant phenological time series in Europe shows an advance-
ment in the onset of bud burst by 0.23 day year ' in Horse
Chestnut (Aesculus hippocastanum) and by 0.06 day year '
for the flowering of Cherry trees (Prunus avium) (Defila and
Clot 2001). Likewise, advancement in the onset of flowering
and the peak of flowering of woodland herbaceous plants was
documented by Sparks et al. (2009) in north-eastern Poland.
Finally, the bud burst and the flowering of deciduous trees in
Finland have advanced at a rate of 3—11 days per century
during the last 160 years (Linkosalo et al. 2009).

The origins of phenological observations, including trees,
in the Czech Republic can be traced back to the second half of
the eighteenth century (Brazdil et al. 2011; Nekovar et al.
2008; Nekovar and Hajkova 2010). Most recent studies on
plant phenology in the Czech Republic deal with agricultural
crops (Hlavinka et al. 2009; Mozny et al. 2009; Trnka et al.
2011a, b, ¢), but a comprehensive assessment of tree species is
still lacking.

This study aims to identify and quantify temporal trends in
phenological events of 18 common tree species across the
Czech Republic. For this purpose, we evaluated three phe-
nomena for each tree species. First, we evaluated changes in
the annual mean values of a given phenophase in order to
identify temporal shifts in the timing of their onsets. Secondly,
we evaluated changes in the annual standard deviations of a
given phenophase in order to explore the changes in duration
of each phenophase. Finally, we evaluated the changes in the
duration of the growing season.

Materials and methods
Phenological data

Data on the timing of particular phenological events were
obtained from the archives of the Czech Hydrometeorological
Institute. These data were collected from 149 phenological
stations under the national phenological network across the
entire Czech Republic (Fig. 1, ESM 1). Volunteer observers
contribute annually observation data from the same locality.
Data from the same individual trees are recorded over the
years. For details on the network that runs since 1923, see
Nekovat and Hajkova (2010). The archive keeps records for
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many more stations, but we have restricted our analyses only
to those stations where there was at least a time series of
20 years of uninterrupted records. Similarly, we included only
those tree species with at least 50 years of data. Thus, 18
common European tree species (Table 1) and their 8
phenophases (more than 317,000 records) were chosen for
analyses. Because of the lack of data, the phenophases leaf
colouring, the beginning of leaf falling and leaf falling could
not be included for Picea abies and Pinus sylvestris. The
phenophases were defined as:

Beginning of flowering <10 % of flowers are in blossom

Flowering >50 % of flowers are in blossom

Beginning of leaf <10 % of leaves have already

unfolding appeared

Leaf unfolding >50 % of leaves have already
appeared

Leaf colouring >50 % of leaves have already
coloured

Beginning of leaf <10 % of leaves have already

falling fallen

Leaf falling >50 % of leaves have already
fallen

Beginning of fruit <10 % of seeds /fruits have

ripening ripened.

Data processing and analysis

First, it was necessary to check the database for mistaken
values or outliers. All outliers were identified by the visual
inspection of box-plots of records for each species and
phenophase in a given year. Some of the mistakes could arise
during the digitalisation of the original paper records or during
data processing. In all cases when the records seemed to be
clearly incorrect or suspicious, they were removed from the
final dataset. The phenological observations by volunteers are
standardised according to the published methodology and
supervised by regional professional meteorologists.

We set a limit of a minimum of 10 observations for each
phenophase in each year for a given tree species for inclusion
into the analyses. All year-specific phenophases that did not
meet this criterion were excluded from further analyses. All
dates were expressed as days of the year (DOY), where
January 1 was set as 1. However, some phenophases started
in the second half of the calendar year (after September) and
continuously overran to the following year. In those cases, the
DOY had a value 365 (366 in leap years)+the number of days
that overran to the next year. This was the case for leaf falling
in Fagus sylvatica and Larix decidua, and beginning of fruit
ripening in Alnus glutinosa, L. decidua, Picea abies and Pinus
sylvestris.

In order to evaluate the temporal trends, mean and standard
deviation were calculated for each phenophase of a given tree
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Fig. 1 Map of locations of 149
phenological stations in the Czech
Republic involved in this study.
Only stations with long-term
continuous data were included

species in a given year from all available phenological sta-
tions. The mean gives us the information about the position of
the phenophase in the calendar, whereas standard deviation
illustrates the variability in the duration of the phenophase. In
other words, as a consequence of the change in mean values,
the plants delay or advance the onset of the phenophase.
However, the shift in standard deviation values implies that
the duration of the phenophase is either compressed or ex-
tended. For detailed explanation, see Gordo and Sanz (2009).

To evaluate long-term trends in phenology, multiple regres-
sion models were used with year and the quadratic effect of
year as explanatory variables. First, quadratic regressions for
the mean and the standard deviation for each phenophase and

Table 1 Plant species included in this study (» number of observations
per particular species)

Scientific name

Common name

1. Sambucus nigra L. Black Elder 17.054
2. Pinus sylvestris L. Scots Pine 7.924

3. Betula pendula Roth Silver Birch 24.854
4. Fagus sylvatica L. European Beech 17.750
5. Quercus robur L. Pedunculate Oak 24.673
6. Crataegus laevigata (Poir.) DC.  Midland Hawthorn 15.345
7. Acer pseudoplatanus L. Sycamore 19.249
8. Acer platanoides L. Norway Maple 21.539
9. Sorbus aucuparia L. Rowan 24.725
10.  Tilia cordata Miller Small-leaved Lime ~ 21.995
11.  Corylus avellana L. Common Hazel 15.690
12.  Larix decidua Miller European Larch 16.048
13.  Alnus glutinosa (L.) Gaertn Common Alder 16.578
14.  Prunus spinosa L. Blackthorn 20.480
15.  Picea abies (L.) Karsten Norway Spruce 7.269

16.  Cornus sanguinea L. Common Dogwood  5.975

17. Robinia pseudoacacia L. Black Locust 20.006
18.  Salix caprea L. Goat Willow 20.593

species were examined for the period 1946—2010. In the case
of non-significance of the quadratic term (P<0.05), only linear
regression was calculated (ESM 2). Given that the quadratic
regression fit was appropriate, we determined the turn-point of
the curve—the year when the recent linear trend starts. This
was a local maximum or minimum of each quadratic function,
i.e. the point when derivatives of the quadratic functions were
equal to 0. By simply averaging all of the turn-points for mean
and standard deviation, we arrived at the global turn-point (in
this case, the year 1976). Our aim here was to set a common
year from which phenophases of all tree species showed a
rather consistent linear temporal pattern. The curves that
approached the shape of straight lines or the turn-points whose
data series were short (minimum set at 50 years) were not
included in calculation of the global turn-point (ESM 2).

Next, the linear regressions for all phenophases of each
species were evaluated again for the period 1976—2010 to get
the slope of the straight line. This represents the change of
phenophase in the time span (ESM 3). Mean values and
values of standard deviation of all species whose time series
were minimally 30 years long (ESM 3) were used to compare
the variability of data for each phenophase.

The length of growing season was defined as the time span
between leaf unfolding and leaf colouring. For each species
for which we had data for both phenophases, we calculated the
change in the length of growing season. This was calculated
from the differences of slopes for leaf unfolding and leaf
colouring, multiplied by 35 (i.e. the number of years in the
period 1976-2010).

Phenological data collected by volunteers might be biased
by uneven effort during the week as a result of the observers
preferentially making their phenological observations over the
weekend (Menzel et al. 2001). To check for this bias, the day
of the week for all observations was calculated (see ESM 4).
We found a slight bias towards Sunday (14.80 %), while the
day with the lowest number of records was Wednesday
(13.97 %). This range fits within the values found in similar
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studies (Gordo and Sanz 2009; Menzel et al. 2001). We
consider the observers’ effort very stable during the week,
and thus, the influence of biased data is negligible and should
not have a significant impact on the findings. All data were
analysed using JMP (SAS Institute) and R (R Development
Core Team 2012).

Results
Temporal trends of plant phenology for the period 1946-2010
Shifts in timing of phenophases

Out of 115 phenophases, 92 showed significant trends span-
ning the period of 65 years (ESM 2). With a closer look at the
phenophases, 15 out of 18 species have significantly changed
the beginning of flowering. Among them, three species
showed a linear advancement, while in 12 others, there was
a delay, followed by an advancement, beginning around the
1970s.

For flowering, changes in 11 out of 18 phenophases were
significant. Three species showed linear advancement, and
one species showed a linear delay. Non-linear response was
found in six species with a delay followed by an advancement.
Only one species, Alnus glutinosa, showed an advancement
initially and then, beginning in 1985, a delay in onset of this
phenophase. The beginning of leaf unfolding phenophase
showed a high proportion of significant trends (16 out of
18). Five species showed significant linear advancement,
while non-linear trends were found in 11 species. In 10 spe-
cies, there was first a delay and a subsequent advancement. In
Cornus sanguinea, there was initially no change and an ad-
vancement after 1968. For the leaf unfolding phenophase,
eight out of 16 species showed significant change. Among
them, Crataegus laevigata and Sambucus nigra showed a
linear advancement. Non-linear changes, with a delay and
subsequent advancement were found in four species. In two
species (Cornus sanguinea and Prunus spinosa), the curves
were flat first and later showed advancement. All 11 species’
phenophase, leaf colouring showed significant non-linear
change of an advancement in the initial period and later a
delay. Similarly, all 11 considered species showed significant
trends in beginning of leaf falling. Six species showed a linear
trend of earlier leaf falling and five species showed a non-
linear trend. These non-linear trends had the shape of a shal-
low convex function. For leaf falling, 10 out of 12 species
showed a significant change. Three species linearly delayed
the onset of this phenophase. Seven species showed a non-
linear delaying change. In the case of beginning fruit ripening,
nine out of 11 species displayed significant shifts. Quercus
robur and Sorbus aucuparia showed a linear advancement in
timing. In Betula pendula, Crataegus laevigata, Prunus
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spinosa and Sambucus nigra, there was a non-linear concave
advancement, while in Robinia pseudoacacia, Corylus
avellana and F. sylvatica, there was initially a delay followed
by an advancement.

Changes in the duration of phenophases

Out of 115 studied phenophases, 73 were significant (ESM 2).
The shifts in mean values were usually accompanied by shifts
in standard deviations (49 cases). For beginning of flowering,
13 species out of 18 have significantly increased variability in
the length of the phenophase. Four linear and nine non-linear
trends were detected, with the latter showing a consistent
pattern of expansion at the beginning of the period and com-
pression since 1980s. For flowering, three species showed
significant linear trends (two prolongations and one compres-
sion) and 10 non-linear significant trends. In all of the non-
linear trends, there was first a compression followed by an
expansion. The only exception was Prunus spinosa, which
showed an opposite trend. Only two species (Cornus
sanguinea and Picea abies) displayed significant non-linear
shifts in the duration of beginning of leaf unfolding. Among
10 species with linear changes in duration, 9 showed a com-
pressed phenophase and only Robinia pseudoacacia showed
an extended phenophase. For leaf unfolding, nine significant
trends were found; three linear (two compressions represented
by Salix caprea and Q. robur, and one expansion found for
Sorbus aucuparia) and six non-linear trends. For Acer
pseudoplatanus, F. sylvatica and Robinia pseudoacacia, com-
pression was found until the 1980s, and subsequently, the
phenophase extended its duration. In contrast, for Cornus
sanguinea, Crateagus laevigata and Prunus spinosa, the func-
tion had a convex shape. For leaf colouring, only four species
(out of 11) showed significant change in duration. Linear
extension was found for Sorbus aucuparia. Non-linear trends
with compression followed by an expansion were found for
Acer platanoides and F. sylvatica. For Prunus spinosa, the
function had a shallow concave shape. The highest proportion
of changes was found for the beginning of leaf falling (10 out
11). All of them showed linear expansion. For the leaf falling,
four linear expansions and two non-linear changes were
found. The curves for F sylvatica and Q. robur had a very
similar shape with no change until 1967, respectively 1974,
and then followed by considerable extension of the
phenophase. For fruit ripening, seven species showed signif-
icant shifts in duration of the event. Acer platanoides linearly
shortened the period, whereas Robinia pseudoacacia
prolonged it. Non-linear trends for Acer pseudoplatanus re-
vealed a very fast expansion and after 1981 a compression,
while the function for Corylus avellana, Prunus spinosa,
Sambucus nigra and Sorbus aucuparia had a rather shallow
convex shape.
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Temporal trends in plant phenology 1976—2010
Shifts in timing of phenophases

Out of 118 time series, 81 showed significant trends over the
35-year period (ESM 3). Overall, all spring phenophases
(beginning of flowering, flowering, beginning of leaf
unfolding and leaf unfolding) uniformly advanced the onset,
whereas the autumn phenophases’ shifts (leaf colouring, be-
ginning of leaf falling, leaf falling and beginning of fruit
ripening) were less uniform (Fig. 2). The phenophase leaf
colouring had the smallest variability and was the most de-
layed phenophase. The phenophase beginning of leaf falling
slightly advanced the onset contrary to leaf falling, which was
delayed. The event beginning of fruit ripening advanced its
onset but displayed the highest variance.

Looking closely at the beginning of flowering, all species
showed an advancing pattern. For 13 species, this trend was
significant. The largest shifts were documented in
Cornus sanguinea (b=—0.590 day year ') and in Tilia
cordata (b=—0.495 day year ).

Similarly, a coherent pattern of advancement was found
across species (16 out of 18) for flowering. Out of 18 species,
the trend was significant in 7. The most considerable shifts
were found in Cornus sanguinea (b=—0.394 day year ') and in
Prunus spinosa (b=—0.334 day year '). The highest proportion
of significant changes for spring phenophases was found for
beginning of leaf unfolding (16 out of 18), and all of them
showed advancement. As in the previous cases, Cornus
sanguinea showed the most markedly advanced position in
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Fig.2 Box plot of mean temporal trends for each phenophase during the
period 1976-2010. Beginning of flowering (BF), flowering (F), begin-
ning of leaf unfolding (BLU), leaf unfolding (LU), leaf colouring (LO),
beginning of leaf falling (BLF), leaf falling (LF) and beginning of fruit
ripening (BFR) are shown

the calendar (b=—0.697 day year "), but Robinia pseudoacacia
also displayed a noticeable shift (b=—0.543 day year ). In the
case of leaf unfolding, the result was analogous to the above-
mentioned phenophases—all species advanced the onset of the
phenophase, and for eight species, this trend was significant.
Again Cornus sanguinea (b=—0.511 day year ') and Prunus
spinosa (b=—0.321 day year ') showed the most pronounced
shifts. Leaf colouring was the first evaluated autumn
phenophase, and all tree species showed a significant
delay. The most considerable shift was found in Q. robur
with a delay of 0.638 day year ', but nearly all other
species delayed leaf colouring by approximately half a
day per year.

Beginning of leaf falling advanced in 9 out of 11 consid-
ered species, and for 4 of them, the trend was significant. The
most pronounced shift was found in Sorbus aucuparia (b=
—0.350 day year '). For leaf falling 10 out of 12 species
delayed the onset of the phenophase. For all 10 species, this
shift was significant. The most pronounced delays were found
in Q. robur (b=0.606 day year ') and L. decidua (b=
0.568 day year ).

For the beginning of fruit ripening, 12 species showed
significant shifts. Except for Acer pseudoplatanus, which
delayed the seed ripening by 0.213 day year ', all of the
remaining species advanced this phenophase. Interestingly,
the most advanced beginning of ripening was found in conif-
erous trees: Pinus sylvestris (b=—2.157 day year ') and Picea
abies (b=—1.338 day year '). Among deciduous species, the
most marked shift was found in Prunus spinosa (b=
—0.823 day year ).

Changes in the duration of phenophases

Overall, the trends in the durations of the phenophases
were less coherent in comparison with the mean values.
Out of 118 phenophases, there were significant trends in
46 species. The detected shifts were rather small, and
no particular trend for spring or autumn phenophases
was obvious (Fig. 3).

The first evaluated phenophase—beginning of flowering—
showed five significant expansions and two compressions in
data distribution. Whereas the onset of flowering in Picea
abies has shortened by 0.117 day year ', in contrast, 4lnus
glutinosa extended the time period of beginning of flowering
by 0.296 day year .

Only six species showed significant change in flowering
data distribution: Four species showed extension of the
phenophase duration while two species showed contraction.
The largest positive slope was found for Alnus glutinosa (b=
0.308 day year '), while the largest negative trend was found
in Prunus spinosa (b=—0.135 day year '). In the case of
beginning of leaf unfolding, seven species displayed signifi-
cant change, and in all cases, they shortened the duration of
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3 o Table 2 Temporal trends of the growing season for the period 1976
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Fig. 3 Box plot of temporal trends in standard deviation for each
phenophase during the period 1976-2010. Abbreviations as in Fig. 2

this phenophase. The most marked shift was found in Cornus
sanguinea (hb=—0.248 day year '). Five species showed sig-
nificant shifts in leaf unfolding; four of them compressed and
one, Robinia pseudoacacia, prolonged the duration of this
phenophase by 0.073 day year . For leaf colouring, only 2
out of 11 time series showed a significant trend. L. decidua
extended the duration of the phenophase by 0.081 day year ',
while Prunus spinosa contracted the duration by
0.121 day year '. In the case of beginning of leaf falling, all
6 out of 11 species significantly prolonged the duration of the
onset of leaf falling. The largest expansion was found in Salix
caprea (b=0.154 day year "). Similarly, the phenophase leaf
falling showed overall prolongation of duration. In four spe-
cies, this trend was significant. The largest effect was found in
F. sylvatica (b=0.398 day year '). A high proportion of sig-
nificant shifts (9 species out 14) was found for beginning of
fruit ripening. This phenophase also displayed the highest
variance in data distribution. The most extreme cases for
contraction of timing of ripening were found in Picea abies
by 2.393 day year ' and prolongation in Prunus spinosa (b=
0.270 day year ).

Temporal changes in the growing season

Across 11 tree species, the growing season has extended by an
average of 23.81 days during the period 1976—2010 (Table 2).
The prolongation substantially varied among species from
10.55 days for Sorbus aucuparia to 31.57 days for Q. robur.
Only rarely were the shifts in the timing of spring and autumn
phenophases of similar magnitude. More often, the magnitude
in shifts in the onset of leaf colouring exceeded the shifts in
leaf unfolding.
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The change in timing of leaf unfolding (LU) and leaf colouring (LC) per 1
and per 35 years, and the extension of the growing season (GS) per
35 years are shown

Discussion
Shifts in timing of phenophases

Our results indicate a general trend in an advancement of
spring phenophases, which has been widely described by
other authors (Chmielewski and Rétzer 2001; Gordo and Sanz
2009; Menzel et al. 2006; Schwartz et al. 2006). For fruit
ripening, we also found strong evidence for advancement, a
pattern which has been rarely described to date (Menzel et al.
2006). For autumn phenophases, we found an overall delaying
trend, but the effect was not as strong and uniform as in spring
phenophases.

We found 1976 to be the mean break-point year. This is
close to the global turn-point for Spain (1973) found by Gordo
and Sanz (2009). Additionally, this is in accordance with the
claim that two main time warm periods have been taking place
in the twentieth century—between 1910 and 1945 and from
1976 onwards (Easterling 2002; Kunkel et al. 2004; Walther
et al. 2002).

The primary force driving the onset of the spring
phenophases is air temperature (Fitter and Fitter 2002;
Garcia-Mozo et al. 2010; Chmielewski and Rotzer 2002).
However, it is sometimes overlooked that, in temperate zones,
plants employ another two factors controlling the end of
dormancy—chilling and photoperiod (Estrella et al. 2009;
Harrington et al. 1999; Korner and Basler 2010; Tooke and
Battey 2010). It is generally assumed that long-lived, late
successional species (e.g. Fagus spp.) that become dominant
in mature forests are sensitive to photoperiod, whereas
shorter-lived, early successional and pioneer species, such as
Corylus spp., Populus spp., and Betula spp., are photoperiod
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insensitive (Kormer and Basler 2010). Theoretically, those
plants whose spring phenophases are triggered only by tem-
perature might have a competitive advantage in comparison
with those plants, which also require completion of chilling
and photoperiod for the breaking of dormancy (K&rner and
Basler 2010). A rigorous evaluation of this hypothesis is
hampered by a lack of studies dealing with the physiological
demands of particular tree species, but some partial findings
are in concordance with this assumption. While Picea abies is
a photoperiod sensitive species (Partanen et al. 1998; Partanen
et al. 2001), apple, pear and some other species of the
Rosaceae family are not (Heide and Prestrud 2005). B. pendula
and B. pubescens seem to be stimulated by photoperiod only
to a limited extent (Myking and Heide 1995). Stiiz and
Nekovar (2010) also pointed out that the onset of generative
phenophases (e.g. flowering, fruit ripening) might depend on
the inner energy balance and accumulated energy of the plant,
whereas vegetative phenophases (e.g. leaf unfolding, leaf
colouring, leaf falling) are more influenced by climatic
conditions.

Likewise, in this study, the most considerable shifts in
timing of spring phases (beginning of flowering, flowering,
beginning of leaf unfolding and leaf unfolding) were found
for more or less shorter-lived early-successional species Cornus
sanguinea, Crataeagus laevigata, Prunus spinosa, Robinia
pseudoacacia and Tilia cordata, and hence, the findings were
in concordance with the above-mentioned hypothesis. Howev-
er, another early-successional species expected to display this
trend showed no or only slight changes. Specifically, Alnus
glutinosa showed negative but non-significant change in the
timing of beginning of flowering (h=—0.173 day year '), but
data from the Alpine region (Ziello et al. 2009) proved a
significant advancement by 0.41 day year ' during the period
1971-2000. This discrepancy could be attributable to local
environmental factors. Conversely, the trend of beginning of
flowering for Sorbus aucuparia (b=—0.267 day year ') fitted
the map of phenological trends found across Europe (Schleip
et al. 2009). For the late-successional species Q. robur, the shift
of leaf unfolding was only slight (b=—0.264 day year '), but in
a close concordance with the findings from Germany (b=
—0.23 day year ") for the periods 1951-1980 and 1967—1996
(Mengzel et al. 2001). Similarly, the shifts of leaf unfolding for
F sylvatica by 0.234 day year ' strongly agreed with the
finding from Germany where an advancement by
0.23 day year ' for the periods 1951-1973 and 1951-1980
was found (Menzel et al. 2001).

Another interesting pattern related to spring phenophases is
that early flowering species (such as Corylus and Betula) show
a much stronger response to warming than late flowering
species (Ahas et al. 2002; Fitter and Fitter 2002; Menzel et al.
2006; Schleip et al. 2009). In contrast, our study did not find the
largest responses in early flowering species. Therefore, this
hypothesis cannot adequately clarify our findings.

While the spring phenophases are easily to recognise, the
autumn phenophases are harder to define and detect. Further-
more, while there is a consensus on air temperature being the
primary driving force of onsets of spring phenophases
(Chmielewski and Roétzer 2002; Larcher 2006; Linkosalo
et al. 2009; Menzel et al. 2006), the explanation of autumn
forces is less straightforward (Menzel et al. 2006; Sparks and
Menzel 2002). The activation of autumn phenophases seems
to be more complex than just a simple temperature weighted
function, and they are triggered by several factors in tandem
(Chmielewski and Roétzer 2001; Menzel et al. 2001; Menzel
etal. 2006; Rotzer and Chmielewski 2001; Sparks and Menzel
2002). Estrella and Menzel (2006) tested the influence of
meteorological parameters on onset of leaf colouring. They
included such parameters as monthly mean temperatures,
threshold temperatures, sum of precipitation and number of
dry days. They found that warm Septembers and Augusts
delayed leaf colouring, whereas warm Junes and Mays
advanced it.

The largest shifts in autumn phenophases (leaf colouring,
beginning of leaf falling, leaf falling and beginning of fruit
ripening) were displayed by a wider range of species com-
pared with spring phenophases. Shifts in leaf colouring oscil-
lated in many species around the value of 0.5 day year .
Q. robur showed largest delay in leaf colouring (b=
0.638 day year '), which exceeded the value from Germany
(b=0.23 day year ). Similarly, the delay of F. sylvatica (b=
0.516 day year ') was well over the finding from Germany
(b=0.07 day year ') during the periods 1951-1980 and 1967—
1996 (Menzel et al. 2001). Acer platanoides significantly
delayed leaf colouring by 0.491 day year ', while it has
significantly advanced by 0.63 day year ' in Latvia and be-
tween 0.39 and 0.57 day year ' in Lithuania (Kalvane et al.
2009). The shift of leaf colouring of B. pendula (b=
0.503 day year ') was in accordance with a delay of up to
0.44 day year ' of this species in Germany (Menzel et al.
2001). However, it was partly inconsistent with the trend from
Latvia where it has delayed in the eastern region (b=
0.33 day year ') and advanced in the western region (b=
—0.27 day year ). In addition, in Lithuania, a uniform ad-
vancement was detected of up to 0.80 day year ' (Kalvane
et al. 2009). In contrast to fruit trees or those with readily
observable seeds such as Quercus spp. or Acer spp., the
observation of conifers’ fruit ripening is rather difficult even
for experienced observers. This may explain the lower number
of records in comparison to other species. Except for Acer
pseudoplatanus, all significant shifts represented an advance-
ment of beginning of fruit ripening. This might be attributed to
the fact that fruit ripening is closely related to the flowering,
and therefore, the accelerated flowering consecutively influ-
enced the onset of fruit ripening.

An intriguing finding is the pronounced advancement of
seed ripening in two coniferous species when compared to
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deciduous species. The shifts of Pinus sylvestris (b=
—2.157 day year ') and Picea abies (b=—1.338 day year ')
are remarkable, while the most pronounced advancement
among deciduous trees was displayed by Prunus spinosa
(h=—0.823 day year ). The hygroscopic movements of coni-
fers cones depend on air humidity. The cones open when it is
dry and close when it is wet (Reyssat and Mahadevan 2009).
There is a significant increase in air humidity in the autumn
months of October—December during the period 1961-2005
in the Czech Republic (Brazdil et al. 2008). Thereby, the
conifers might be forced to shed seed sooner during dry
periods. Among other species where comparable published
data exists, Sambucus nigra significantly advanced fruit rip-
ening by 0.458 day year ', which is similar to the finding from
Germany where the advancement was 0.30 day year ' during
1951-1996 (Menzel et al. 2001).

Temporal trends in duration of phenophases

No apparent trend in shifts of standard deviation was found.
Among the species that have changed the duration of the
phenophases, the majority were shorter-lived trees such as
Alnus glutinosa, Cornus mas, Cornus sanguinea, Prunus
spinosa and Salix caprea. Because all of them are short-
lived, early-successional species, the change in the duration
of the phenophase could be only a different form of the same
phenomenon, which was described above—pioneer species
are more adapted to a risky life and thus probably more
adaptable to changing climate (Korner and Basler 2010).
The marked shifts of Alnus glutinosa and Salix caprea support
the widely assumed prediction that early flowering plants
react more sensitively and rapidly to warming than later
flowering plants (Ahas et al. 2002; Fitter and Fitter 2002;
Menzel et al. 2006; Schleip et al. 2009). Further research is
needed to test this hypothesis with a larger sample of species at
different sites.

Temporal trends in the length of the growing season

Growing season is considered to be the time between spring
and autumn phenophases (Rotzer and Chmielewski 2001;
Schwartz et al. 2006; Menzel et al. 2006). The length mainly
depends on the beginning of spring phenophases, which vary
more than those in autumn (Chmielewski and Rotzer 2001).
As a result of the acceleration of spring events and postpone-
ment of autumn events, the winter is squeezed, and thus, the
growing season gets longer (Schaber and Badeck 2005). An
average length of the growing season is related to the annual
air temperature, and an increase in temperate by 1 °C prolongs
the growing season by approximately 5 days (Chmielewski
and Rotzer 2001). According to Menzel and Fabian (1999),
the growing season has lengthened by nearly 11 days in
Europe since the early 1960s. Almost the same figure was
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found for Germany—about 10 days for the time period 1951—
1999 (Schaber and Badeck 2005). In Latvia and Lithuania, the
growing season extended by an average of 7 days during 1971
—2000 (Kalvane et al. 2009).

Our results show a lengthening of the growing season for a
sample of 11 species by nearly 24 days on average during the
period 1976—2010. The smallest change was found in Sorbus
aucuparia (10.55 days), while the largest change was found in
Q. robur (31.57 days). The range of variability in the length of
the growing season was documented by Rotzer and
Chmielewski (2001). They showed that, in comparison with
the long-term mean, the growing season lengthened by 12 days
in the warm year of 1990, while in the cold year of 1970, it
shortened by 10 days. Our results for particular species were
in line with other studies. The prolongation of the growing
season of B. pendula by 0.61 day year ' in our dataset (1976
—2010) slightly exceeded the values of 0.44 day year ' found
in Germany for the period 1951-1996 (Menzel et al. 2001).
The differences among other species were of similar magni-
tudes—the growing season of F. sylvatica in our dataset was
prolonged by 0.76 day year ', whereas in Germany, it was
prolonged by 0.33 day year ' (Menzel et al. 2001). For
O. robur, the season was prolonged by 0.90 day year ' in
the Czech Republic vs. by 0.49 day year ' in Germany
(Menzel et al. 2001). The growing season of Robinia
pseudoacacia has considerably extended as well—all the
more significant because it is an important invasive species
in the Czech Republic. The timing of phenophases is a very
complex phenomenon, which is driven and influenced by
many exogenous and endogenous factors. The dataset pre-
sented here covers the entire Czech Republic. Therefore, the
influence of local climatic conditions might be substantial.
Factors such as slope and altitude of the locality are
known to considerably influence the findings (Rotzer and
Chmielewski 2001). For example, Ziello et al. (2009)
showed that beginning of flowering of Corylus avellana
can be delayed up to 5 days per 100 m of altitude. On the
other hand, Picea abies from the Alpine region, included
in the same study showed the delay of beginning of
flowering only by 1 day per 100 m of altitude. Addition-
ally, some phenophases in that study showed no signifi-
cant correlation with altitude. In our study, the range
between the lowest and highest phenological station was
almost 1,000 m (Doksany—155 m a.s.l.; Filipova Hut—
1,102 m a.s.l.). According to Estrella et al. (2009), higher
population densities or size of urban areas are correlated
with advancement in onset dates because of the influence
of heat islands. Not all stations in this study were further
away than 10 km from a settlement larger than 10 km?.
This area was determined as a limit from which the
impact of increased temperature from the settlement is
negligible (Zhang et al. 2004), and this effect also should
be taken into an account.
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Conclusion

Our results contribute to the coherent pattern of plant pheno-
logical responses across Europe. In short, spring phenophases
have advanced and those in autumn have delayed. The most
substantial shifts in advancement of spring phenophases were
revealed for shorter-lived, early-successional species, which
might be related to their life histories as pioneer species. This
shift could bring an advantage to these species in the form of a
better ability to track the changing climate (K6rner and Basler
2010). In addition to commonly considered plant
phenophases, we provide comprehensive multi-species data
on the timing of fruit/seed ripening. Such data are still very
rare. An interesting finding of our study is a marked shift in
fruit ripening in coniferous species, which largely exceeded
values found for deciduous trees. We are not aware of any
comparable study dealing with conifers and their fruit ripening
phenology, but undoubtedly, this phenomenon merits further
attention. Along with the timing, we also analyzed the change
in duration of all phenophases. Similarly to the trends in
means, rather shorter-lived species prolonged or compressed
the duration of phenophases the most, but the trends were not
as uniform as in mean values. The species that shifted the
duration of phenophase and the mean timing were not always
the same. As a consequence of advanced spring and delayed
autumn phenophases, the growing season has extended on
average by 23.81 days during the 35-year time period.

The timing of phenophases is a crucial mechanism for
coexistence of plant species in ecosystems, which leads to
reduction of competition for resources (Rathcke and Lacey
1985). Decoupled synchronisation can promote the disrup-
tions of relationships on intra- and interspecific levels through
a wide range of species and trophic levels (Adamik and Kral
2008; Visser and Holleman 2001).
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Cejka je monotypicky druh s palearktickym typem rozifeni.
Hnizdni aredl se rozklada od Britskych ostrovii naptic Euroasii az
k Mongolsku a severni Cing. Jizni hranice hnizdniho rozsifeni lezi
v Evropé kolem 40°N, severni hranice ve Skandinavii azk 70°N a
65°N v Rusku. Na naSem tizemi je to nejbéznéjsi druh bahnaka a
tomu i odpovida celkovy pocet okrouzkovanych ptakd. Ve srov-
vybér prostiedi. Pivodné hnizdila vice na vlhkych loukach a okra-
jich rybnikt, s rozsahlymi zasahy do krajiny vSak doslo k vyraz-
né&j§imu obsazovani susiich biotopti, zejména poli (viz napt. Sa-
LEK 1994). Ve zna¢né ¢asti evropskych zemi doslo k poklesiim po-
&etnosti hnizdicich ptaki a izemi byvalého Ceskoslovenska neni
vyjimkou (STASTNY ET AL. 1996, STROUD ET AL. 2004). K hlavnimu
zlomu v poctu okrouzkovanych ptaki doslo na ptelomu 70. a 80.
let. Tento ubytek, ktery velice pravdépodobné kopiruje pocty
hnizdicich ptaku, je patrny i z ro¢nich vykazi okrouzkovanych
ptaku (tab. 1). Na nasem uzemi se tradi¢né krouzkovala nejvice
mlad’ata. Tomu odpovida i distribuce mist krouzkovani, a to zejmé-
na v rybniénich oblastech v jiznich a ve vychodnich Cechach. Ve
srovnani s ostatnimi bahnaky je rozloZeni mist krouzkovani mno-
hem vyrovnangj$i (mapa 1). Bohuzel napadna absence krouzko-
vani nasich dospélych ptakd (graf 1) nebo zpétnych odchytli na
hnizdistich neumoziuje detailnéjsi analyzu vérnosti hnizdistim.
Navic pfevazna vétSina hlaSeni do 10 km se tykala nalezii mrtvych
tohoro¢nich ptakd. U cejek ze severni Anglie bylo zjisténo, Ze po
okrouzkovani mlad’at se v prvnich dvou letech vratilo na jedné

<1960 60-69 70-79 80-89 90-02 Celkem

Total
Krouzkovano
Ringed (%) 14 13 33 29 11 26387
Nalezeno
Recovered

Nasi ptaci (%) 16 26 29 22 7 598
CZP-rings

Cizi ptaci (%) 30 30 20 20 0 10
Foreign-rings

Tab.1: Pocty okrouzkovanych a nalezenych ptakd.
Table 1: Number of birds ringed and recovered.

Cejka chocholata

Vanellus vanellus
Cibik chochlaty
Northern Lapwing

lokalité 74% a na druhé 37% ptaki do vzdalenosti 5 km od mista
krouzkovani. Zajimavé je také zjisténi, ze témer 70 % ptakt hnizdi
ve svém prvnim roce Zivota a zbylych 30 % aZ v letech nasleduji-
cich (THomsoN ET aL. 1994). Obdobné IMBODEN (1974) zjistil pii
analyze celoevropskych zpétnych hlaseni, ze kolem 70 % ptaka se
vraci hnizdit do vzdalenosti 19 km od ptivodniho mista krouzko-
vani. Kromeé relativné vysoké vérnosti hnizdistim je pro ¢ejku také
charakteristické, ze n¢ktefi jedinci presidluji hnizdit z ptivodnich
hnizdist na velké vzdalenosti. Pro nase ¢ejky to dokazuje vyskyt
nékterych nasich adultnich jedincl v hnizdnim obdobi v riznych
¢astech Evropy (mapa 2). Obdobné byli i néktefi pivodné v Brita-
nii hnizdici krouzkovanci nalezeni na hnizdistich v Rusku (B4).

Nejvétsi pocet zpétnych hlaSeni ptipada na ptaky ulovené ¢lo-
vékem (graf 3). Cejka spolu s bekasinou otavni patii mezi "tradic-
nd&" stiflené ptaky na zimovistich, a to zejména ve Francii, Spanél-
sku a pfed rokem 1980 i v Italii. O intenzité lovu vypovida i to, ze
vice nez 92 % hlaseni z Francie se tyka stfelenych ptaka.

1=

Mésic/month
<

0 50 100 150 200 250 300

3 full-grown B pull Pocet ex./No, of ind.
Graf 1: Mésic krouzkovani pozdéji nalezenych ptaka.
Fig. 1: Month of ringing of birds later recovered.

Smér podzimniho tahu nasSich cejek je hlavné jihozapadni do
Francie a Spanélska. Néktefi ptaci se vydavaji vice zapadn&ji Né-
meckem do Nizozemi, Belgie, na atlantské pobtezi Francie a do
Britanie. Na po¢atku migrace je smér tahu vice zapadni (mapa 5).
Jiz FORMANEK (1959) si v§iml, Ze mladi ptaci méli vétsi tendenci tah-
noutijihozdpadnim smérem (zejména do Italie) nez dospéli jedin-
ci. Podrobnéjsi analyza s mnohem vétsim datovym souborem po-
vani (prosinec - inor) mnohem castéji (21 %) nalezena v jihoza-
padnim sméru, zejména v Italii nez mlad’ata, ktera byla hlasena jiz
jako adulti z pozdéjsich zim. Pouze 7 % ptaki pfezimovalo v Italii



ve druhém roce nebo pozdgjsich letech (n=246). Hlavni podil na
tomto vékovém trendu maji mlad’ata pochazejici z jihoceskych a
jihomoravskych hnizdist. Obdobné 1ze potvrdit i diivéjsi zjisteni,
pochazejici ze severnéjsich hnizdist’; ty davaji pfednost vice za-
padngéji poloZzenym zimovistim. Pfi arbitrarné stanovené hranici 50°
N jako predélu mezi J a S populacemi a sméru tahu 225° je rozdil v
poctu zimujicich ptaka statisticky prikazny (n=178). Zda se, ze
vys$$i tendence jihomoravskych a jiho¢eskych ptakt pro zimova-
ni v italskych zimovistich je vékové specificka. Pro detailni srov-
nani tahu se slovenskymi krouzkovanci je velmi malo zpétnych
hlaseni. Pfi srovnani vSech hlaseni je podil slovenskych krouzko-
vanci v Italii prikazné vyssi nez ¢eskych. Casovani tahu mize
byt znacné variabilni. IMBODEN (1974) udava, ze n€kteti jedinci stre-

40 O 20

Graf 2: Smér tahu nasich ptaki (n=116).
Fig. 2: Direction of migration.

Mapa 1: Mista krouzkovani pozdé¢ji nalezenych ptakda.
Map 1: Ringing places of birds later recovered.

doevropskych populaci opoustéji hnizdiste a vydavaji se na tah
jiz v ¢ervnu a Cervenci. Ctyfi ¢ervencové nalezy naSich ptaku z
atlantského pobfezi Francie a sttedozemniho Camargue ukazuji,
ze néktefi ptaci mohou dosédhnout zimovist’ jiz uprostied 1éta. Vr-
chol podzimniho tahu probiha od zaii po pielom fijna a listopadu.
Nasi ptaci zimuji v Siroké oblasti od jizni Anglie ptes Nizozemi, Belgii,
atlantskou i sttedozemni oblast Francie,Spanélsko, Portugalskoa
jizn&ji az po severni pobiezi Afriky (Maroko, Alzirsko). Zimni nale-
zy z Italie lezi pfi vychodnim okraji oblasti zimniho vyskytu (mapa

3% 3% 40
3 %0

55%

36%
uloven Wo [ 111-100 km
hunted

M 1-10km 101 -1000 km

B okolnosti zplisobené
Clovékem
human-related

[] > 1001

Graf 3: Znamé piiciny uhynu (n=498).
Ostatni okolnosti nalez: kontrolovan 10, neznamé p¥i¢iny thynu 90
Fig. 3: Known mortality causes.
Other finding circumstances: controlled by ringer 10, unknown causes
of death 90
Graf 4: Rozlozeni nalezl podle vzdalenosti od mista krouzkovani.
Fig. 4: Distribution of recoveries according to distance between
ringing and recovery place.
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4,5). Pro zimoviste Cejky je charakteristické, ze se vyskytuji v pii-
moiskych oblastech a pokud mozno se vyhybaji oblastem s cha-
rakteristicky kontinentalnim prabéhem zimy. Podobné v zavislosti
na pribéhu zimy se zdrzuji na jihu Pyrenejského poloostrova a v
severni Africe. Pravé do téchto oblasti dochazi k velkym presu-
nlm ze severnéji poloZzenych zimovist' v zapadni Evropé a Brit-
skych ostrovu. V letech, kdy se vyskytuji extrémné silné mrazy,
byva mnohem vice zpétnych hlaseni z téchto oblasti (B4, BWP,
Lerrao & Peris 2004). Do roku 2002 bylo na naSem tizemi nalezeno
11 zahrani¢nich krouzkovanci. VSichni byli nalezeni mrtvi - pre-
vazné v hnizdnim obdobi. Nékteti z téchto ptakt byli pivodné
krouzkovani na zimovistich v Nizozemi (2), Belgii (1), Francii (1) a
Italii (1).

Jarni tah zac¢ina jiz na konci ledna, kdy prvni ptaci opousté;ji zi-
movisté, a na nasem tzemi se prvni jedinci vyskytuji v prvni
poloving tnora. Ziejmé mezi nimi pfevazuji adulti, ktefi obvykle
obsazuji hnizdist€¢ mnohem diiv nez ,,lonsti* ptaci (BWP). Tah vr-
choli na pfelomu unora a bfezna (Fauna). N&kteti jedinci byvaji
jesté v druhé bieznové dekade zastiZzeni v oblastech zimovist
(mapa 2). Napadné vyssi poCty jarnich hlaseni z Italie ve srovnani

Nejstarsi ptak 16 let, 7 mésict, 7 dni

Oldest bird

H 55931 pull. 15.05.1978 Praha-Kunratice (AA)

22.12.1994 Irun, Spanélsko

Nejvzdalenéjsi nalez 2698 km

Longest recovery

H 21935 pull. 02.04.1959 Horni Mécholupy (AA)
22.01.1962 Sidi Bennou, Maroko

Hnizdni obdobi V-VI

Breeding season

Pocetnost CZ/SK
Population estimate

7000-10000 / 2500-5000

s Francii naznacuji, ze cast ptaki protahuje jakoby oklikou. Je moz-
né, ze k tomu dochézi po silnych zimach, kdy velka ¢ast ptaki z
atlantské oblasti je nucena se piesunout vice na jih do stiedozem-
ni oblasti, odkud se pak vraceji pres Italii. Maly pocet dat pro nase
ptaky neumoziuje detailngjsi analyzu této domnénky.

Nejstarsim dolozenym krouzkovancem v Evropé byl dansky
ptak, ktery byl krouzkovan jako dospély a kontrolovany po 23 le-
tech a 7 mésicich (Staav 1998).

Peter Adamik

Summary

Breeding population of the Lapwing in CS have declined se-
verely during the past two decades. This trend is also mirrored
in the annual ringing totals showing the peak in 1978 and then
a slow decline. Until the period of this population decline it used
to be one of the most commonly ringed wader species. The majo-
rity of ringed birds were nestlings and, as a consequence, the
number of sites at which they were ringed is much higher than
for any other wader. Traditionally, the fishpond areas in southern
and eastern Bohemia host the most abundant lapwing populati-
ons. The absence of adult recaptures at the breeding sites does
not allow for a detailed site fidelity analysis. Moreover, of the
few local recoveries (up to 10 km from the ringing place) the ma-
Jjority are first year birds, which were found dead. On the other
hand, the high hunting pressure in the wintering areas causes
the bulk of the long distance recoveries to be deliberately taken



by man. Although it is well known that the birds are highly site
faithful to the breeding areas, the abmigration takes place oc-
casionally. During the autumn migration the birds move mainly
in the southwestern direction. However, some birds move west to
Germany, the Netherlands, Belgium and the Atlantic coast of
France, while others move southeast to Italy. Young birds are more
likely to spend their first winter in Italy, while older birds tend to
winter in the southwestern areas e.g. in France and Spain. Simi-
larly, Lapwings from the southern regions of the Czech Republic
(below 50°N) are more likely to winter in Italy than Lapwings
born in the north. In addition, Slovak birds were recovered in
Italy in a higher proportion than Czech birds. Four July recove-
ries of first year birds from both the Atlantic and the Mediterra-
nean coast of France bring evidence for early summer migrati-
on. However, the main migration peaks in September/October.
CS birds winter in a wide area from northwestern Europe (Bel-
gium, the Netherlands, UK) through the maritime regions of Fran-
ce, in Spain, Portugal to northern Africa (Morocco and Alge-
ria). Recoveries from Italy indicate the eastern limits of winter
distribution of CS populations. The spring migration peaks in
late February/early March. However, at this time some birds are
still found at the wintering grounds. The higher occurrence of
spring recoveries from Italy indicates that some birds may move
southwest to France or Spain in autumn and later, during the
winter, they move east along the Mediterranean coast with spring
return through Italy.

4930_Cejka chocholata_30.12.2007
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Map 3: Nalezy nasich pull. ¢ejek chocholatych za pfimého tahu na pod-
zim (VII-XI, ¢ervené-hnéd¢). Zobrazeny jsou pouze nalezy nad 100 km.

Map 3:Recovery locations (within same season) in autumn (VII-XI, red-
brown) of Lapwings ringed in CS as pullus (only movements over 100
km are given).

L

Map 2: Nalezy nasich pull. ¢ejek chocholatych na jate (III-IV, zelen¢) a
v hnizdni dobé (V-VI, Cerveng).

Map 2: Recovery locations in spring (III-1V, green) and breeding season
(V-VI, red) of Lapwings ringed in CS as pulli.

Map 4: Nalezy naSich Cejek chocholatych za piimého tahu v zimé
(XI-1D).

Map 4: Recovery locations (within same season)in winter (XII-II) of
Lapwings ringed in CS as pulli.
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Map 5: Nalezy nasich pull. Eejek chocholatych v nasledujicich letech po
okrouzkovani v zim¢ (XII-II).

Map 5: Recovery locations in subsequent years in winter (XII-1) of La-
pwings ringed in CS as pulli.
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Hnizdisté vodouse bahenniho se rozkladaji od borealnich a
subarktickych oblasti Skandinavie az po Kamcatku. Velmi malé
populace hnizdily nebo pfilezitostné hnizdi ve Skotsku, Dansku,
Némecku, Polsku, na Ukrajiné a v Pobalti. Hnizdim biotopem jsou
oteviené mokfiny, ¢asto pokryté mechem s fidkou zakrslou vege-
taci, nebo i vlhka viesovisté a raseliniste, pripadné vlhéi nizinné
louky. V mimohnizdnim obdobi se na rozdil od ostatnich bahnaka
vyhyba motskému pobiezi, a tak je na tahu u nas ve vnitrozemi
jednim z nejpocetnéjsich druhti. Tady ho nejcastéji nalezneme na
rybnicich nebo otevienych biezich toku, kde je alespon nepatrny
ostrivek bahna, nizky vodni sloupec a nizka pobiezni vegetace.
Podobné jako u fady jinych migrujicich bahnaku ve stiedni Evro-
p¢ jsou Castym mistem vyskytu odkalisté v cukrovarech, kde eu-
trofizované bahno bohaté na vodni bezobratlé Zivocichy je dile-
zitym zdrojem energie pro tahnouci ptaky. Ekonomické zmény v
90. letech, v jejichz dusledku doslo k uzavieni provozu celé fady
cukrovarl na na§em Gizemi, vyrazné zredukovaly mnozstvi odpo-
¢inkovych mist. Dlouhodobé pozorovani na vicerych stfedoev-
ropskych lokalitach poukazuje na sestupny trend v poctu migru-
jicich ptakti (Fiara 1991, OLpEkoP ET AL. 2000, ANTHES ET AL. 2002).
Navic data ze severskych hnizdist (E4) jsou velice nepfesna pro
odhad populaénich trendi, a tak doposud nejsou zcela objasné-
ny priciny tohoto poklesu. Hlavni zimoviste se nachazeji v tropic-
ké a subtropické Africe, dale napfi¢ jizni Asii aZ po jizni Cinua v
mensi mife i v Indonésii a Australii. Skandinavsti ptaci piezimuji v

<1960 60-69 70-79 80-89 90-02 Celkem

Total
Krouzkovano
Ringed (%) 2 14 23 32 29 14099
Nalezeno
Recovered

Nasi ptaci (%) 7 26 24 21 22 139
CZP-rings

Cizi ptaci (%) 4 23 15 35 23 26
Foreign-rings

Tab.1: Pocty okrouzkovanych a nalezenych ptakd.
Table 1: Number of birds ringed and recovered.

Vodous$ bahenni

Tringa glareola
Kaluziak mociarny

Wood Sandpiper

zapadni Africe, rusti ptaci ve vychodni a jizni Africe a sibiisti ptaci
v Indii (BWP, HVM, OscHADLEUS 2002). Malé pocty ptaku zista-
nou také v oblasti Stfedozemi a pobiezni severni Afriky. Velice
vzacné se muize stat, ze néktefi jedinci u nas prezimuji (Fauna).
Podzimni migrace evropskych populaci zacina na konci ¢ervna,
kdy dospélci opoustéji severska hnizdisté a vydavaji se jiznim sme-
rem. Mladi ptaci se vydavaji na tah s nékolikatydennim zpozde-
nim. V prub&hu srpna vrcholi podzimni tah na nasem uzemi (graf
1). Africkych zimovist’ dosahuji v srpnu, zafi a predevsim v fijnu.
Zda se, Ze smér tahu pies Evropu je do jisté miry ovlivnén zemeé-
pisnou délkou. Ptaci tdhnouci ze zapadnich hnizdist’ ve Skandina-
vii smefuji jihozdpadnim smérem (ANTHES ET AL. 2002) a s pfibyva-
jici zemépisnou délkou vice ptakid tahne jihovychodnim smérem
(napf. do Italie, MEIsSNER 1997). Po piekonani Alp ¢ast ptakt mize
zménit smér tahu a vydava se vice jihozapadnim smérem do za-
padni Afriky (DiabpicHEVA & MATSIEVSKAYA 2000). Sedm zpétnych
hlaseni nasich ptakii ze zapadni subsaharské Afriky potvrzuje pre-
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Graf 1: Mésic krouzkovani pozdéji nalezenych ptaka.
Fig. 1: Month of ringing of birds later recovered.

vazné skandinavsky ptivod pies nase uzemi protahujicich ptaka.
Jediny nalez naSeho ptaka v jizni Africe (a také nas nejvzdalenéjsi
nalez vodouse bahenniho viibec) naznacuje, Ze ptaci migrujici pies
Vychodoslovenskou nizinu mohou byt z vychodnéjsich hnizdist'.

Ptaci pravdépodobné prelétaji mediteranni oblast a Saharu na
jeden zatah. Velice nizky pocet zpétnych hlaseni z této oblasti
(BWP,HVM) a teoretické vypocty maximalniho doletu na zakladé
stavu tukovych zasob (WICHMANN ET AL. 2004) nahravaji této do-
mnénce. To vyzaduje akumulaci znaénych tukovych rezerv. Cim
vice se ptaci piesouvaji najih v prubéhu podzimniho tahu, tim vice
ptibyvaji na vaze, coz pravé mize indikovat pfipravu na pfelet
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napf. v Camargue ve Francii se denné zastavi i pfes tisic vodousa
bahennich. Zda se, ze pfevazna vétSina ptaka pretahujicich pies
0

340

20

Graf 2: Smér tahu nasich ptakd (n=36).
Fig. 2: Direction of migration.

Mapa 1: Mista krouzkovani pozdéji nalezenych ptaku.
Map 1: Ringing places of birds later recovered.

sttedni Evropu tahne v malych krocich, jako strategii k dopliiova-
ni zasob tuku (WICHMANN ET AL. 2004). Podle teoretickych vypo-
dinci méli zasoby tuku postacujici na dolet kolem 4200 km a toho-
ro¢ni ptaci kolem 3400 km.

U nas byly nejvétsi pocty vodousi krouzkovany tradiéné na
Bteclavsku. Mnohem méné ptakd bylo ozna¢eno na vychodnim
Slovensku (Senné), ve Slezsku, na Ceskobud&jovicku a Pardu-
bicku (mapa 1).

Jarni tah za¢ina v pozdnim bfeznu a na pocatku dubna, kdy pta-
ci opoustéji zimovisté (malé procento ptakl zdstava na zimovis-
tich i po zbytek roku). Naseho uzemi dosahnou v poloving dubna
a pfilety pokracuji zejména v pribéhu kvétna. Malé pocty vodou-
§t se mohou vyskytovat i v obdobi mezi jarnim a podzimnim ta-
hem (¢erven). Z tohoto pohledu je velice zajimavy ptipad adultni-
ho jedince (K307047) krouzkovaného 4. ¢ervna u Sedlece na Biecl-
vasku a hlaseného z 24. Cervence téhoz roku z jizniho Finska. Ptaci
migrujici pres sttedni Evropu jsou piivodem pievazné ze Svédska
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Graf 3: Znamé ptic¢iny uhynu (n=53).
Ostatni okolnosti nalezi: kontrolovan 72, neznamé pficiny uhynu 14
Fig. 3: Known mortality causes.

Other finding circumstances: controlled by ringer 72, unknown causes
of death 14

Graf 4: Rozlozeni nalezl podle vzdalenosti od mista krouzkovani.
Fig. 4: Distribution of recoveries according to distance between
ringing and recovery place.
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aFinska (MEIssNER 1997, STawarczyk 1998, nase krouzkovaci data).

Zpétna hlaseni nasich krouzkovancii naznacuji prevazné jizni
az jihozapadni smér podzimniho tahu. Mala ¢ast populace mtize
tahnout jihovychodnim smérem (2 nalezy nasich ptaka v Mad’ar-
sku a po 1 nalezu v Recku a Turecku). Zpé&tna hlageni vychodo-
slovenskych krouzkovanci ukazuji, Ze tito ptaci tdhnou zejména
pftes Italii, pouze jediny nalez slovenského ptaka (K302428) ve
Francii naznacuje, ze ¢ast téchto ptaka tahne i jihozapadnim smé-
rem. Rozdily ve sméru podzimniho tahu mezi slovenskymi a ces-
kymi krouzkovanci nejsou statisticky prikazné. Nejveétsi pocty
nalezti jsou z Italie (37), Francie (11), Svédska (6), Finska (5) a Pol-
ska (4) - mapa 2. Ze subsaharské Afriky je celkové 8 nalezi: 3 z
Mali a po jednom ze Zimbabwe, Pobfezi Slonoviny, Ghany, Sene-
galu a Burkiny Faso (mapa 3). Ze zahrani¢nich krouzkovanct bylo
na nasem tizemi odchyceno nejvice ptakii ze Svédska (10), Polska
(7), dale z Italie a Finska (3) a Némecka, Rakouska a Francie (1)
(mapa4).

Ze 60 mistnich kontrolnich odchytii nasich ptakd bylo 13 v né-
kterém z nasledujicich let, avSak vzdy na podzim - jarni kontrolni
odchyt nebyl evidovan zadny. Praveé vysoky podil nasich doma-
cich hlaseni ma za dusledek vyssi podil kontrolnich okolnosti
nalezu. Cetnost mistnich kontrolnich odchytii naznaduje, Ze na
rozdil od podzimniho tahu se na jafevodousi bahenni u nas zdrzuji

Nejstarsi ptak 9 let, 9 mésicud, 1 den

Oldest bird

Z 685752 1K 08.08.1991 Vojkovice (ME)
09.05.2001 Satopy-Samulewo, Polsko

Nejvzdalenéjsi nalez 7468 km

Longest recovery

Z 679471 1K 03.08.1991 Inacovce (Ml)
11.01.1992 Chegutu, Zimbabwe

Pocetnost CZ/SK nehnizdi

Population estimate none

jen velice kratkou dobu. Naopak na podzimnim tahu mtze délka
pobytu na stejném misté dosahnout az 37 dni (2267525, Lednice).
Primérna odstup mezi jednotlivymi kontrolnimi odchyty byl 9,9
dni (n=43, median = 8 dni). Na druhé stran¢ ,,nasim" rekordma-
nem v rychlosti pieletu je mlady ptak (GDANSK JN 17851) krouz-
kovany 25.7. 1989 v Jastarnii na polském pobtezi Baltiku ktery byl
nasledujici den kontrolovan po 659 km u MuSova na Bieclavsku.
Absolutnim ,,vitézem* dle literarnich prament bude ale pravdépo-
dobné §védsky ptak, ktery byl nasledujici den po okrouzkovani
nalezen po 1075 km v Italii (BWP). Pravé jiz vyse zminénych 13 kon-
trolnich odchytti z riznych let na téze lokalité naznacuje, Ze vo-
dousi bahenni mohou byt zna¢né vérni jak své tahové ceste, tak i
odpocinkovym mistlim. Piikladem takové vérnosti je napt. K248097
krouzkovany jako mlady ptak v srpnu 1964 u Sedlece na Bieclav-
sku a kontrolovan o 4 1éta pozdé&ji na podzimnim tahu na téZze loka-
lit€, nebo 2673228 krouzkovany také jako mlady ptak v srpnu 1988
u Vojky navychodnim Slovensku a kontrolovan o 5 let pozdéji na
podzimnim tahu také u TrebiSova. V kontrastu s témito nalezy je
stary ptak krouzkovany na podzimnim tahu v Dolnim Sasku a v
nasledujicim roce kontrolovany také na podzimnim tahu u Senné-
ho 921 km vychodné nebo 2636198 krouzkovany na jarnim tahu v
Lednici a ve stejném roce hlaSeny na podzimnim tahu v Camargue
ve Francii. Ze zimniho obdobi je jiz vySe zminéno § africkych nale-
zU; mozné prezimovani nékolika jedincti ve Stredomofi naznacuje
nalez ptaky z 23.11. ze Sardinie. Zajimavy je také zastrel starého
ptaka z 30.12. ve Francii nedaleko hranic se Svycarskem.

Peter Adamik
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Summary

The Wood Sandpiper regularly migrates via CS. The sprin‘,f"w

arrival starts in mid April and peaks in May with a very small

number of birds occurring in June. The autumn migration start
in July, peaks in August and continues to decline until mid Oct¢

ber. In 1934-2002, 78 birds were reported abroad (ltaly 37

France 11, Sweden 6, Finland 5, Poland 4 etc.), 60 cases wg
local recoveries and 26 foreign-ringed birds were found in C} =

(Sweden 10, Poland 7, Italy 3, Finland 3, Germany 1, Austria
and France 1). The highest numbers of birds have been cau
during the autumn migration. The autumn migration via CS take

a southern to southwestern direction. However, a small propo|f = «. , ~
tion of the population takes a southeastern direction (2 bird]

recovered in Hungary, 1 in Greece and 1 in Turkey). Birds miq |
rating via CS winter mostly in western Africa (Mali 3, Ivory Coas| £~

1, Ghana 1, Senegal 1, and Burkina Faso 1). One recovery o

bird ringed in eastern Slovakia from Zimbabwe suggests that|

part of the Sandpipers ringed in Slovakia might come from bré
eding grounds in eastern Europe. A late November recovery

an individual from Sardinia indicates that some birds may win[

ter in the Mediterranean. Birds migrating via CS probably are
of Fenno-Scandinavian origin. This is inferred from the fact tha
all the northernmost recoveries come from Sweden and Finlan

Thirteen of the 60 locally recovered birds have been caught
the same site in some of the subsequent years. This indicates

at least some birds might show high fidelity either to their mig

ration route or to the stopover sites. However, there are also r

coveries showing the opposite to be the case. An adult ringed

Lower Saxony in Germany during autumn migration has beg

recaptured 921 km away in eastern Slovakia the next autum|

Mapa 3: Nalezy protahujicich vodoust bahennich v nasledujicich letech:
na podzim (VII-X, zluté), v zimé (XI-1I, modfe), na jate (I1I-V, zelen¢) a
v hnizdni dobé (V1, Cerveng). Zobrazeny jsou pouze nalezy nad 100 km.

Map 3:Recovery locations in subsequent years in autumn (VII-X, yel-
low), winter (XI-11, blue), spring (IlI-V, green) and breeding season (VI,
red) of Wood Sandpipers present in CS during migration (only move-
ments over 100 km are given,).

M
za ptimého
podzim (VII-X, zluté) a v zim¢ (XI-II, modie). Zobrazeny jsou pouze
nalezy nad 100 km.

e _ S/ .
odousi bahennich

Mapa 2

: Nalezy protahujicich v /tah\u: na

Map 2:Recovery locations (within the same season) in autumn (VII-X,
vellow) and winter (XI-11, blue) of Wood Sandpipers present in CS during
migration (only movements over 100 km are given).

Mapa 4: Mista krouzkovani protahujicich vodoust bahennich na pod-
zim (VII-X, Zluté) a na jate (I1I-V, zeleng).

Map 4: Ringing locations in autumn (VII-X, yellow) and spring (I1I-V,
green) of foreign-ringed Wood Sandpipers later recovered in CS.
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Pisik obecny je monotypickym druhem. Obyva pievaznou Cast
Euroasie od Britskych ostrovli az po Kamcatku a Japonsko. Na
nasem uzemi pravidelné hnizdi, a to zejména v jeho vychodni ¢as-
ti. Hnizdnim biotopem jsou feky, potoky s kamenitymi biehy a Stér-
kovymi naplavy a ostriivky od niZin aZ po horské oblasti. Rid&eji
hnizdi i u Gidolnich nadrzi nebo na biezich stojatych vod. Na na-
Sem uzemi je to 1 bézné protahujici druh, a tak vétSinu okrouzkova-
nych ptakt tvoii pravé jedinci zastizeni na tahu. O tahu u nas hniz-
dicich ptakut tak prakticky skoro nic nevime. V tomto obdobi se
vyskytuje hlavné solitérné a nalezneme ho téméf u kazdé vodni
plochy. V dobé tahu lze pisiky lehce zaznamenat v noci, kdy je pro-
zradi charakteristické volani. Svému samotai'skému zptsobu Zivo-
ta je pisik vérny i na zimovistich, kde se vyskytuje solitérn¢, obha-
Jjujic stejné misto po delsi dobu (BWP). Mensi pocty ptakt piezi-
dale na vychod v jizni Asii aZ po Australii a Melanésii. Ptaci po-
chazejici z hnizdist' v severozapadni Evropé zimuji prevazné v za-
padni oblasti subsaharské Afriky, vychodoevropsti ptaci zimuji
vice na vychod, a tak je mozno nalézt je jak ve vychodni a stedni,
tak ivjizni Africe. Jako jeden z mala bahnakt je vyrazné vazany na
sladkovodni biotopy, a tak na tahu je jednim z nasich nejc¢astéji
krouzkovanych bahniaku (tab. 1). Tradi¢né nejvice ptakt bylo
okrouzkovano na podzimnim tahu, a to na Bfeclavsku, méné u Hef-
manic na Ostravsku, u Koz¢ina na Klatovsku, Ceské Skalice na
Nachodsku a na rybnicich v okoli Ceskych Bud&jovic. Na Sloven-
sku byli pisici krouzkovani hlavné u PieSt'an (mapa 1). Znacna ¢ast

<1960 60-69 70-79 80-89 90-02 Celkem

Total
Krouzkovano
Ringed (%) 5 10 26 34 24 16629
Nalezeno
Recovered

Nasi ptaci (%) 4 11 19 29 37 392
CZP-rings

Cizi ptaci (%) 5 16 10 26 42 19
Foreign-rings

Tab.1: Pocty okrouzkovanych a nalezenych ptakda.
Table 1: Number of birds ringed and recovered.

Pisik obecny

Actitis hypoleucos
Kaluziak rie€ny

Common Sandpiper

zpétnych hlaseni (80%) pfipada na kontrolni odchyty. Pouze 9%
hlaseni pfipada na zabiti clovékem. Ve srovnani s jinymi zemémi to
je velmi nizké procento. Napf. ve Velké Britanii bylo az 54% av
Polsku 23% hlaseni pravé v této kategorii (B4, MEISSNER 1997) .
Podzimni tah, ktery je mnohem intenzivnéjsi, za¢ina v puli Cerven-
ce s priletem dospélych jedinct a vrcholi v srpnu, kdy pievazuji
tohoro¢ni ptaci (graf 1). Posledni protahujici ptaci se objevujici
jeste v listopadu a ziidka se mohou néktefi jedinci vyskytnouti v
zimnich mésicich (viz Fauna, DANKO ET AL. 2002). Smér podzimni-
ho tahu je vesmés jihozapadni. Jen ojedinéle nékteti ptaci smétuji
z Italie a méné z Francie (mapa 2). Zimovisté pfes nase izemi pro-
tahujicich ptaki se nachazeji od zapadniho Stiedozemi (1 nalez z
Francie) smérem k severni Africe (1 ndlez z Alzirska) a zasahuji az
na pobfezi Guinejského zalivu (mapa 2). Zimni nalezy z Ghany se
tykaji jak ¢eskych, tak i slovenskych krouzkovancti. Mimo né jsou
to jeste jednotlivé nalezy z Pobfezi Slonoviny (bfezen), Sierra Le-
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Graf 1: Mésic krouzkovani pozdéji nalezenych ptaka.
Fig. 1: Month of ringing of birds later recovered.

one (fijen) a Gabonu (duben). Pro zimovisté lezici jihovychodné-
nemame zadny nalez ze zimniho obdobi, ale ndlezy z podzimniho
tahu v Mad’arsku a Bulharsku a z jarniho tahu v Recku mohou je-
jich existenci naznacovat (mapa 3). Navic listopadové nalezy z Ita-
lie se mohou tykat jiz ptakl na zimovisti. Z nasich okrouzkova-
nych mlad’at a adultl nemame zadné zpétné hlaseni ze zimovist.
Nutno vsak dodat, Ze pocty krouzkovanych mlad’at nebo adulti
na hnizdistich jsou velmi nizké (napf. v letech 1981 - 2001 bylo mezi
9106 okrouzkovanymi pisiky pouze 107 mlad’at).

Navrat ze zimovist' je SSV smérem. Jarni tah probiha od dubna



do kvétna. Ptaci protahujici nas§im izemim pochazeji prevazné ze
Skandinavie (Finsko 14, Svédsko 2, Litva 1) a zapadniho Ruska
(4). To potvrzuji i kontrolni odchyty zahrani¢nich krouzkovanct
zastizenych na naSem uzemi. Pfevazna Vétéing4g)0c$1ézi220 Finska

Graf 2: Smér tahu protahujicich ptakt (n=30).
Fig. 2: Direction of migration.

Mapa 1: Mista krouzkovani pozdéji nalezenych ptaku.
Map 1: Ringing places of birds later recovered.

(6) apolského pobiezi Baltiku (6) - mapa 4. Pfimou polohu hnizdis-
té doklada podzimni kontrolni odchyt mladéte z jizniho Finska. N¢-
kolik jarnich nalezti je jiz z Cervence, a naznacuji tak mozna hniz-
disté v severozapadnim Rusku, Svédsku a Finsku. Z jarniho tahu
nemame ani jeden pfimy nalez naseho ptaka. Pfi navratu ze zimo-
Vist byli ptaci hlaseni nejvice z Finska (11), Italie (4) a Svédska (2).
Jeden jarni nalez naSeho krouzkovance v Holandsku a podzimni
nepfimé nalezy z Belgie (2) a Némecka (3) mohou znamenat tah
oklikou, nebo se jedna o ptaky, ktefi tahnou vice rovnobézkové. Z
vysokého poétu kontrolnich odchytii se 1ze domnivat, ze pisik je
mimotadné vérny jak svym tahovym cestam, tak i odpo¢inkovym
mistim. Ze 253 mistnich kontrol jich 21% bylo v té samé tahové
sezong, pricemz prumérna délka zastavky na téze lokalité byla 11,8
dne (median=11 dni, n=53). Stafi ptaci se zdrzovali primérn¢ o je-
den den déle nez mladi a rozdil ve sméru tahu mezi starymi a mla-
dymi ptaky nebyl statisticky prukazny. Uvedena data kontrastuji
s nalezy z polského pobiezi Baltiku, kde pocet opakovanych kon-
trol byl naprosto zanedbatelny a drtiva vétSina ptaku se zastavila
na dobu pouze 1 az 2 dni (MEISSNER 1996). Vérnost tahovym ces-
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Graf 3: Znamé ptic¢iny uhynu (n=53)..
Ostatni okolnosti nalezi: kontrolovan 318, neznamé pfic¢iny Ghynu 22

Fig. 3: Known finding circumstances.
Another recovery details: controled by ringer 318, unknown causes of

Graf 4: Rozlozeni nalezl podle vzdalenosti od mista krouzkovani.
Fig. 4: Distribution of recoveries according to distance between
ringing and recovery place.
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tam a odpoc¢inkovym mistiim doklada zbylych 79% kontrolnich od-
chytti v nékterém z nasledujicich let. Mezi nimi je celd fada hlaseni
po vice jak 5 letech. Podobna vérnost je popsédna i pro zimovisté
pisika (BA, BWP).1kdyz se ptaci mohou zdrzet na odpocinkovych
mistech del$i dobu, rychlost tahu na zimovisté patii mezi bahnaky
k tém vyssim (praimérné 58 km/den, n=28). Nejrychlejsim ptakem
byl nas krouzkovanec stieleny v Italii na podzimnim tahu (R76168),
ktery uletél 993 km za 3 dny. Vlibec nejstar§Sim dokumentovanym
pisikem byl §védsky jedinec, ktery se dozil 14 leta 6 mésicti (Staav
1998).

Peter Adamik

Nejstarsi ptak 12 let, 11 mésicu, 17 dnt

Oldest bird

Z 598432 1y 21.08.1979 Senné (Ml)
07.08.1992 Senné (Ml)

Nejvzdalenéjsi nalez 5408 km

Longest recovery

Z 606020 1y 17.08.1980 Sedlec (BV)
15.04.1981 Libreville, Gabon

Hnizdni obdobi V-1/2 VI

Breeding season

Pocetnost CZ / SK 200-400/ 700-1300

Population estimate

Summary

The Common Sandpiper is a regularly breeding species in CS.
The majority of ringed sandpipers are birds on autumn passage.
The autumn migration starts in mid July with the arrival of adults.
The peak passage occurs in August with the wave of newly
arriving first-year birds and then the numbers decline until the
end of November. The local literature reports occasional
occurrence during winter. A considerable part of recoveries
comprises recaptured birds (80 %), while only 9 % have been
shot or caught by man. Out of the 253 local recoveries, 21 % were
within the same migration period with an average stopover length
of 11.8 days (median=11 days, n=53). Adults stopped on average
one day longer than juveniles. The high level of stopover site
fidelity is confirmed by the remaining 200 local recaptures. The
average migration speed on the autumn passage was 58 km/day
(n=28). These birds were recaptured after more than a year from
the ringing date and there are numerous cases when the bird was
recaptured at the same site after more than 5 years. The migration
continues in a southwestern direction to Italy and less frequently
to France. Indirect southeastern recoveries on autumn and spring
passage from Hungary, Bulgaria and Greece possibly indicate a
southeastern flyway. The winter recoveries spread from the
Mediterranean coast of France (1) to northern Africa (Algeria
1) and further south to Ghana (5). There are three other
recoveries from the Ivory Coast (March), Sierra Leone (October)
and Gabon (April). However, none of these winter recoveries is
related to CS born birds. The spring arrival starts in April and
the northeastern passage continues until May. The birds have
been later recovered in Finland, northwestern Russia, Lithuania
and Sweden. Similarly, foreign-ringed birds recaptured in CS
come mainly from the northeast. One recovery of a Finnish bird
ringed as nestling documents the northern breeding grounds. A
spring recovery from the Netherlands and indirect autumn
recoveries from Belgium (2) and Germany (3) possibly indicate
a loop migration or more likely these birds followed a more
western migration route.
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Mapa 2: Nalezy protahujicich pisikii obecnych za pfimého tahu: na
podzim (VII-X, zluté) a v zimé& (XI-II, modfe). Zobrazeny jsou pouze
nalezy nad 100 km.

Map 2:Recovery locations (within same season) in autumn (VII-X, yel-

low) and winter (XI-1I, blue) of Common Sandpipers present in CS du-
ring migration (only movements over 100 km are given).

5560_Pisik obecny 14.01.2008
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Mapa 3: Nalezy protahujicich pisikli obecnych v nasledujicich letech po
okrouzkovani: na podzim (VII-X, Zlutg), v zimé (XI-II, modfe), na jafe
(III-1V, zeleng) a v hnizdni dobé (V-VI, Cervené). Zobrazeny jsou pouze
nalezy nad 100 km.

Map 3:Recovery locations in subsequent years in autumn (VII-X, yel-
low), winter (XI-1I, blue), spring (I1I-1V, green) and breeding season (V-
VI, red) of Common Sandpipers present in CS during migration (only
movements over 100 km are given).

Mapa 4: Zahrani¢ni mista krouzkovani protahujicich pisik obecnych
na podzim (VII-X, zlutg).

Map 4: Ringing locations in autumn (VII-X, yellow) of foreign-ringed
Common Sandpipers later recovered in CS during migration.
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Abstract Habitat specialist species occupy narrow eco-
logical niches, typically utilizing similar habitat types
throughout the annual cycle. Their strict requirements for
specific habitats may make them vulnerable to environmental
changes, especially in small, local populations. Therefore,
detailed knowledge of the species’ ecology is crucial for
conservation purposes. In this study, we used light-level
geolocators to identify migration routes and non-breeding
areas of a distinct specialist for dry habitats, the Tawny Pipit
Anthus campestris, from a currently declining central Euro-
pean breeding population. During autumn and spring migra-
tion, the majority of the birds followed a route along the
northwest of the Alps and via the Iberian Peninsula, with
stopover sites mainly in northern Africa. In each migration
season, however, one of two different individuals took a
detour around the eastern side of the Alps. When crossing the
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main ecological barrier, the Sahara Desert, three of six birds
followed the Atlantic coastline in autumn, whereas all five
birds migrated near the coast in spring. Non-breeding areas of
all tracked pipits were uniformly located in the Western Sahel,
with five of six birds utilizing two main non-breeding sites, the
second of which was always located west of the first. On
average, the tracked birds spent 48 % of the year at the non-
breeding areas, 27 % on migration, and 25 % at the breeding
site. Our findings demonstrate strong migratory connectivity
in Tawny Pipits which may have future implications for
conservation of this long-distance migrant.

Keywords Annual cycle - Geolocation - Habitat
specialist - Long-distance migrant - Migratory strategy

Zusammenfassung

Jahreszyklus und Zugstrategien des Brachpiepers als
Habitatspezialisten mit Hilfe von Geolokatoren offen-
gelegt

Habitatspezialisten weisen enge okologische Nischen auf
und nutzen wihrend des gesamten Jahres weitestgehend
dhnliche Habitate. Solch ein enger Anspruch an einen
Habitattyp konnte die betreffende Art, insbesondere kleine,
lokale Populationen, angreifbar fiir Umweltverdnderung
machen. Ein fundiertes Wissen zur Okologie solcher Arten
ist demnach ausschlaggebend fiir gezielte Schutzmassnah-
men. In der vorliegenden Studie verwendeten wir Geolo-
katoren, um die Zugrouten und Aufenthaltsgebiete
auBlerhalb der Brutzeit des an Trockenhabitate gebundenen
Brachpiepers Anthus campestris zu identifizieren, die aus
einer riickldufigen mitteleuropdischen Brutpopulation
stammten. Die Mehrzahl der Vogel nutzte auf dem Herbst-
und Friihlingszug eine Flugroute nordwestlich der Alpen
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iiber die Iberische Halbinsel mit Rastplétzen in Nordafrika.
Jedoch flog in jeder Zugsaison ein jeweils anderes Indivi-
duum einen Umweg um die Alpen 6stlich zu umgehen. Die
Sahara als grosse Okologische Barriere wurde im Herbst
von drei der sechs Vogel entlang der Atlantik-Kiiste
iiberquert, wihrend im Friihling alle Vogel diesen Weg
nahmen. Alle untersuchten Pieper iiberwinterten in der
westlichen Sahelzone. Fiinf der sechs Vogel nutzten dabei
zwei getrennte Uberwinterungsplitze, wobei der zweite
Aufenthaltsort jeweils westlich vom ersten lag. Die unter-
suchten Pieper verbrachten 48 % des Jahres in ihrem
Uberwinterungsquartier, 27 % auf dem Zug und 25 % der
Zeit am Brutplatz. Unsere Ergebnisse belegen fiir den
Brachpieper eine starke Zugkonnektivitit, die Konse-
quenzen fiir zukiinftige Schutzmafnahmen haben konnte.

Introduction

Habitat preference and condition throughout the annual
cycle play a key role in successful breeding performance,
survival and population longevity for all species (Wiens
1992). Species are usually categorized in two groups
according to their habitat preference: habitat generalists, that
use a wide range of diverse habitats, and habitat specialists,
that rely on one or a few similar habitat types (McPeek
1996). In the case of migratory animals, it is important to
understand their habitat preference and use throughout the
entire annual cycle. Another important aspect for migrants is
migratory connectivity—the extent to which animals from
the same breeding area migrate to the same non-breeding
area (Webster et al. 2002). Strong migratory connectivity in
combination with habitat specialization are associated with
high vulnerability, as habitat deterioration in either breeding
or non-breeding areas can result in severe population decline
(Bauer et al. 2015; Cresswell 2014).

Migratory strategy and availability of suitable habitats
en route can also play a key role in population dynamics of
habitat specialists. During migration between Europe and
sub-Saharan Africa, birds can face several ecological bar-
riers, including the Alps, the Pyrenees, the Mediterranean
Sea and the Sahara Desert. Therefore, choosing the optimal
migratory strategy in terms of routes, detours, stopovers
and migration schedule, along with flexibility to adjust for
local conditions, is critical for minimizing mortality risk
and maintaining body condition during the non-breeding
season (Alerstam 2011). The choice of migratory strategy
may be greatly dependent on food availability en route and
on the animal’s body condition. Recent studies have shown
that individuals from the same breeding population can
exhibit a high degree of versatility in their migration
strategies and non-breeding areas (Delmore et al. 2012;
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Lemke et al. 2013; Trierweiler et al. 2014). Moreover, the
same individual can adopt different strategies in different
migration seasons (Tgttrup et al. 2012).

In this study, we tracked a sub-Saharan migrant, the
Tawny Pipit Anthus campestris, from a breeding popula-
tion in central Europe by means of light-level geolocation.
The central European population of Tawny Pipits is
patchily distributed, and in recent decades has faced a
severe decline across Germany (Sudfeldt et al. 2013),
Poland (Sikora et al. 2007) and the Czech Republic
(St’astny et al. 2006). Tawny Pipits are habitat specialists,
and during the breeding season inhabit dry, sandy, steppe-
like habitats; however, our knowledge of the non-breeding
period is limited. Whilst the Tawny Pipits are known to
spend the non-breeding period in arid regions from Wes-
tern Sahel to the Middle East (Cramp 1988), data on
population-specific non-breeding areas, and thus migratory
connectivity and temporal organization of the annual cycle,
are lacking. The aims of this study were to identify
migration routes and non-breeding residency areas and to
evaluate seasonal and individual differences in migration
strategies of a central European population of Tawny
Pipits. We expect that Tawny Pipits, as dry and open
habitat specialists, spend the non-breeding period in the
northernmost part of Sahel, while utilizing inhos-
pitable habitats during migration (BirdLife International
and NatureServe 2011; Cramp 1988).

Methods

We studied the annual cycle of a Tawny Pipit population
breeding in northern Bohemia, the Czech Republic
(50°30'N, 13°50'E). The studied population breeds in
active open-type lignite mines—a highly dynamic, man-
made habitat. The population is isolated and relatively
small, with no more than 200 breeding pairs.

In 2013, we captured 35 breeding adults (25 males, 10
females) using mist-nets and perch and walk-in traps, and
equipped the birds with geolocators (model GDL2.0,
manufacturer: Swiss Ornithological Institute). The geolo-
cators were fitted on each bird’s back using a leg-loop
silicone harness. The mass of the device including the
harness was 0.66 = 0.03 (SD) g, which is less than 5 % of
the lean body mass of the birds (mean £ SD, males
25.52 + 1.74 g, females 23.65 £ 2.02 g). All tagged birds
were additionally fitted with aluminum and colour leg-
rings. Ringed-only birds were used as a control group to
account for return rates. During the 2014 breeding season
we successfully recaptured eight (six males, two females)
previously tagged birds and retrieved the geolocators. An
additional eight (seven males, one female) previously
tagged birds were observed in the area, but we failed to re-
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capture them. We carefully inspected the recaptured birds
for any signs of feather or skin abrasion caused by the
geolocators, but generally found no damage except for
some abraded feathers directly underneath the area where
the geolocator was positioned. Only one male had a small
amount of dry pus under the geolocator.

In 2014, we observed 46 % (16 of 35 birds) of the
geolocator-tagged birds at the breeding site. The return rate
for the control birds was 45 % (10 of 22 birds). There was
no difference in return rates between geolocator and con-
trol birds (Pearson’s y*> = 0, p = 0.99), nor in recorded
body mass at the time of geolocator deployment and
retrieval in the subsequent year (paired ¢ test: r = 1.25,
df =6, p = 0.26).

The retrieved geolocators contained data encompassing
three full annual tracks. One device had stopped recording
while the bird was still in the non-breeding area (25 March),
while two devices had stopped recording during the spring
migration, shortly after the birds had left the non-breeding
residency sites (20 April, 8 May). The two remaining
devices contained no data due to software malfunction.

Geographic positions were calculated using the thresh-
old method. We determined sunrise and sunset times using
GeoLocator software (Swiss Ornithological Institute). All
data sets were checked and, if necessary, corrected for
clock drift. Further analysis concerning determination of
stationary periods and calculation of geographic positions
were conducted with the R-package “GeoLight” version
1.03 (Lisovski et al. 2012a; Lisovski and Hahn 2012).
Ambient light level measurements taken by geolocators
suffer from errors caused by habitat, terrain, weather, time
of year and bird’s behaviour (Lisovski et al. 2012b).
Therefore, we applied double filtering of the outlying sun
events using two different techniques. Firstly, the most
pronounced outliers of the sunrise and sunset data were
filtered with the “loessFilter” function using two
interquartile ranges as a threshold. Secondly, we applied a
3-day moving linear regression to the recorded sun-
rise/sunset times and filtered sun events differing for more
than 40 min from this regression line. This resulted in fil-
tering of 1-45 % (mean = 24 %) of all sun events among
the different datasets. To determine stationary periods, we
applied “changeLight” function, with change point prob-
ability threshold of 0.9-quantile and a minimum staging
period of 3 days. Geographic coordinates for long sta-
tionary periods were calculated using sun elevation angles
derived from the Hill-Ekstrom calibration. The calibration
failed, however, for short stopover periods, and sun ele-
vation angles derived from calibration at the breeding site
(in-habitat calibration, Lisovski et al. 2012a) were used
instead. Positions in the Southern Hemisphere and above
60°N were discarded. We defined stationary sites as the
median position +£25th/75th percentiles within the

particular stationary period. Because of the short duration
of selected migratory stopover periods and forthcoming
equinox times, we were not able to determine geographic
positions of all stopover sites.

We also assessed the degree of migratory connectivity
of our study population during the non-breeding period.
This was measured as the average distance between the
individuals during the non-breeding period using nearest-
neighbour distances of individuals’ median positions.

To evaluate environmental conditions and habitat pref-
erences of the Tawny Pipits during the non-breeding period,
we obtained data on monthly precipitation rates at the non-
breeding residency areas. Weather data was obtained via
R-package “RNCEP” version 1.0.7 (Kemp et al. 2012)
using NCEP/DOE Reanalysis II dataset (Kanamitsu et al.
2002) provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA (available at http://www.esrl.noaa.gov/psd/).

Mean values are reported with standard deviations
throughout. We used one-tailed Pearson’s correlations to
test the positive correlation between autumn migration
departure time and arrival time at the non-breeding site
(Rice and Gaines 1994).

Results
Migration patterns

The median onset of autumn migration of the tracked
Tawny Pipits was 10 August (Table 1), and birds followed
a general southwest direction. Four of six birds each made
two stopovers (6-10 days per stopover), while one bird
made only one stopover (13 days). Two birds first stopped
at the coast of the Mediterranean Sea near the border of
France and Spain before continuing further southwest and
making a second stopover in Northern Africa (Fig. 1). One
other bird used two stopovers in Northern Africa. Unfor-
tunately, we were not able to estimate geographic positions
of stopover sites for the remaining three birds. Longitude
estimates during the Sahara Desert crossing indicate that
three birds migrated along or near the coastline, while the
other three crossed the desert inland. Interestingly, longi-
tude estimates of one individual (CZ-6) during the early
stages of the autumn migration indicate a detour along the
eastern side of the Alps (Online Resource Fig. S1).

The median arrival date at the non-breeding sites was 27
September. There was no significant correlation between the
date of departure from the breeding site and arrival at the
non-breeding sites (r = 0.65, n = 6, p = 0.08; low statis-
tical power due to small sample size). The mean duration of
autumn migration was 52 + 11.5 days (Table 1).

The median departure date from the non-breeding sites
was 23 March (Table 1). Four of five birds had their first
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;?;’::titn’z‘;rt‘;ffs;ie‘;";es and §2-1 §2-2 32-3 32-4 32-5 SZ-6 Median/mean
geolocator-tracked Tawny ‘ ‘
Pipits Autumn migration
Departure 30-Aug 18-Aug 12-Aug 9-Aug  6-Aug 24-Jul 10-Aug
Duration (days) 46 43 74 46 48 55 52
Distance (km) 4060 4840 4000 4320 4040 4140 4230
Speed (km/day) 88 113 54 94 84 75 85
Non-breeding period
Arrival 15-Oct  30-Sep  25-Oct  24-Sep 23-Sep 17-Sep 27-Sep
Changes in site 30-Dec  13-Nov  18-Nov - 22-Dec  9-Jan 22-Dec
Distance (km) 420 410 620 - 570 340
Departure 9-Apr 8-Mar 23-Mar ? 18-Mar  20-Apr 23-Mar
Total duration (days) 176 159 149 >182 176 215 175
Spring migration
Arrival at breeding site  21-May  22-Apr ? 7-May  ? 7-May
Duration (days) 42 45 >15 50 >18 46
Distance (km) 4470 4640 4420 4320 4480 4460 4470
Speed (km/day) 106 103 90 100

In the last column, median values for calendar dates and mean values for numbers are provided

stopover of 13.5 £ 4.4 days while still in sub-Saharan
Africa. Similar to the patterns found during autumn
migration, four of five birds first moved to the coastline
before crossing the Sahara Desert (Online Resource
Fig. S1), and all birds, including the remaining individual
(CZ-2) whose second non-breeding site was situated
approximately 60 km from the coastline, migrated along
the coast. All birds stopped over after crossing the Sahara;
however, we were not able to estimate geographic positions
of all individuals on stopovers (Fig. 1). In total, each bird
had one or two stopovers (5-25 days per stopover) before
arriving at the breeding site in late April to late May
(median 7 May). Note that, similar to the autumn migra-
tion, one individual, (CZ-5 in this case) took a detour via
the southern Apennine Peninsula and returned to the
breeding site along the eastern side of the Alps (Fig. 1;
Online Resource Fig. S1).

For the three birds in which we obtained full annual tracks,
the mean duration of spring migration was 45.7 + 4.0 days,
including the first stopover site in sub-Sahara Africa
(Table 1). If this stopover site was excluded, the mean dura-
tion of spring migration was only 30.7 &+ 9.1 days.

The average migration speed in autumn was
84.7 £ 19.7 km/day, whereas in spring it was 99.7 +
8.5 km/day (Table 1).

Non-breeding residency period
Non-breeding sites of the tracked Tawny Pipits were

located in extremely dry parts of the Sahel region in
western Africa, i.e. Mali, Mauritania and Senegal, and five
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of six birds utilized two non-breeding residency sites
(Fig. 1). On average, the first site was located
592 £+ 314 km from the second. After the change in resi-
dency sites, the birds were clustered in a small region,
residing relatively close to one another: the nearest-
neighbour distance of the first non-breeding residency sites
was 334 £ 129, and it was 149 & 102 km for the second
non-breeding residence. Average monthly precipitation
from November through the end of February at the non-
breeding residency areas was close to zero (dry season in
the Sahel). Precipitation patterns of the first and second
non-breeding sites were similar (Fig. 1), indicating a year-
round preference for dry, sandy habitats.

The switch between the two non-breeding areas the
individuals occupied successively occurred between mid-
November and early January (median date 22 December).
One bird stopped over for a 9-day intermittent period (site
latitude unclear) between the non-breeding sites, whereas
the others moved without stops. The second non-breeding
site in all cases was west of the first, with three of five birds
moving southwest (median coordinates £ interquartile
range: first site, 17°28’ + 3°48'N 8°16’ + 3°22'W; second
site, 15°37' &+ 0°56'N 10°56' &+ 4°11’W). On average, the
birds spent more time at the second non-breeding area
(100.8 £ 11.5 days) than the first (69.6 &+ 35.9). The total
duration at the non-breeding residency areas for the five
birds with complete records was 175 £ 25.2 days on
average. Throughout the annual cycle, Tawny Pipits spent
on average 48 % of time at the non-breeding sites, 27 % on
migration, and 25 % at the breeding site (for individual
schedules, see Online Resource Fig. S2).
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Fig. 1 Migration tracks and
non-breeding areas of six

geolocator-tagged Tawny Pipits.
Breeding site (red dot), stopover 50°
sites longer than 3 days in
autumn (orange) and in spring
(green), and non-breeding 40°
residency areas (blue). All
positions are depicted as
median =+ interquartile range.

o
Lines connecting different 30
staging sites do not necessarily
show actual migration routes
taken. Solid lines show 20°
movement sequences to and
from known staging sites;
dashed lines connect staging
sites with unknown
stopovers in-between.

10°

Background map shows species

breeding range (yellow) and 50°
non-breeding range (blue,

BirdLife International and

NatureServe 2011). Average

monthly precipitation at the 40°
non-breeding grounds from 1

November 2013 to 28 February

2014 is given as 0 and 20-mm 30°
rainfall isopleths (see

“Methods” for details)

(colour figure online)

20°

10°

50°

40°

30°

20°

10°

Discussion

This study provides the first insight into spatiotemporal
organization of the entire annual cycle of a habitat spe-
cialist, the Tawny Pipit. The main migration routes of the
tracked individuals in both autumn and spring are via the
Iberian Peninsula and along the Atlantic coastline. Thus,

our study highlights the importance of coastal habitats and
the coastline itself in providing stopover sites and land-
marks for migratory pathways. The non-breeding residency
sites were located in a narrow zone in Western Sahel. We
demonstrate that the use of multiple non-breeding resi-
dency sites is a common strategy adopted by Tawny Pipits,
as five of the six birds utilized two non-breeding residency
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sites, with the second site located further southwest on
average. Tawny Pipits of unknown provenance are known
to spend the European winter in the Sahel
region throughout Africa (BirdLife International and Nat-
ureServe 2011; Cramp 1988); however, to our best
knowledge, this is the first study providing details on
hitherto unknown connectivity between the European
breeding populations and non-breeding residency areas.

Migration strategies

The departure dates and timing of autumn migration of the
tracked Tawny Pipits were within the known population
limits (Alstrom and Mild 2003; Jenni and Kéry 2003). The
only individual making a detour via the eastern side of the
Alps, and thus not following the shortest route (great circle
route), was the earliest to depart from the breeding site. The
few African ring recoveries of Tawny Pipits breeding in
western Europe coincide with our findings of main migra-
tion routes through Spain and Morocco (Bairlein et al. 2014;
Keith et al. 1992; Zink 1973). The arrival times of our birds
in the Sahel are also in line with southwest passage times
recorded in Morocco (Cramp 1988) and field observation
data by Gee (Gee 1984). Similarly, the onset of spring
migration and passage times of the tracked birds in northern
Africa correspond well to the current knowledge of peak
migration times from mid-March to April (Smith 1968).

In both seasons birds made long stopovers before
crossing the Sahara, suggesting considerable fueling before
crossing the desert (Bairlein 1985). We identified two main
strategies for Sahara crossing in autumn: half of the birds
(three of six) followed the Atlantic coastline, while the
other half crossed the Sahara more inland. In contrast, all
birds uniformly migrated along the coast in spring. Field
observations from Morocco and Mauritania also indicated
considerable movement of Tawny Pipits along the Atlantic
coast in both seasons (Gee 1984; Smith 1968); however,
similar data from the inner desert is lacking. Crossing the
desert along or near the coastline is considered advanta-
geous, as the environmental conditions are better than those
of the inner desert (Moreau 1961).

For the three birds with full annual tracks, we found high
variability in migration duration in autumn and spring
(Table 1), suggesting individually adjusted migration speeds.
The overall migration speed of the tracked Tawny Pipits was
faster in spring than autumn. This is in line with the general
evidence of faster spring migration because of higher pressure
for timely arrival at the breeding site (Nilsson et al. 2013).

Non-breeding residency

While the majority of Afro-Palearctic migrants are
dependent on the vegetated areas of sub-Saharan Africa

@ Springer

(Morrison et al. 2013; Vickery et al. 2014), Tawny Pipits
can reside in the most arid parts of the Sahel region (Cramp
1988; Gee 1984; Moreau 1972), therefore occupying a
special ecological niche. However, details on population-
specific non-breeding areas and associated migratory con-
nectivity are lacking thus far. Most of the birds are found in
Western and Eastern Sahel, while very few are observed in
the central Sahel (Mali, Niger and Chad, Cramp 1988). Our
results now verify that pipits from the central European
population near the border of the Czech Republic and
Germany migrate to western Africa. Recent bird tracking
studies have shown a strong correlation between breeding
and non-breeding site longitudes (Hahn et al. 2013; Tri-
erweiler et al. 2014), which suggests that Tawny Pipits
breeding further east may be the ones migrating to Eastern
Africa. Two of our tracked birds took an eastern detour
around the Alps, which with great caution could be viewed
as a signal of a mixed genetic background of the population
in which westward migration prevails over eastward
migration. However, the point at which the migratory
divide occurs in the European continent remains unknown.

Moreau (1972) mentions a late influx of Tawny Pipits in
Senegal in January, which he infers as the arrival of birds
from further north. Our findings indicate that these birds
should, in fact, come from further east, as five of the six
tracked Tawny Pipits shifted west, which could explain
Moreau’s findings. Tawny Pipits start to moult while still in
Europe, but some birds interrupt their moult before autumn
migration (Stresemann and Stresemann 1968). Moult is
usually completed after the arrival in sub-Saharan Africa
from October to December, suggesting that the first non-
breeding site is used to complete the interrupted moult.
Great Reed Warblers Acrocephalus arundinaceus migrat-
ing to sub-Saharan Africa are also known to utilize mul-
tiple non-breeding residency sites, where the first site is
presumably used for moulting (Lemke et al. 2013). On the
other hand, this could demonstrate that birds can flexibly
adjust to on-site conditions and change their non-breeding
residency area in search of more suitable habitats should
local conditions deteriorate. The higher degree of migra-
tory connectivity (i.e., shorter nearest-neighbour distances
between individuals) of the second non-breeding sites may
indicate just this, as the birds gather in areas of
suitable habitats.

During the non-breeding periods, all tracked Tawny
Pipits were clustered in a small region in Western Sahel,
showing a high degree of migratory connectivity. This is in
line with the strong connectivity found in Pied Flycatchers
Ficedula hypoleuca (Ouwehand et al. 2015), Nightingales
Luscinia megarhynchos (Hahn et al. 2013), and European
Rollers Coracias garrulus (Finch et al. 2015). However, it
contrasts the weak migratory connectivity described in
Great Reed Warblers (Lemke et al. 2013), Common
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Redstarts Phoenicurus phoenicurus (Kristensen et al.
2013), and Barn Swallows Hirundo rustica (Liechti et al.
2015). Additional studies on breeding populations in the
eastern part of the distribution range should reveal further
insights on migratory connectivity between Europe and
Africa, possibly unveiling the migratory divide in the
European breeding population of Tawny Pipits, and thus
enabling a better description of alternative strategies
adopted during migration and non-breeding periods.
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Abstract

Using light-level geolocators, eight European Pied Flycatchers (Ficedula hypoleuca) from two breeding sites in Czechia were
tracked. We also gathered all available geolocator tracks on 76 individuals from four European populations and compared
the timing of annual cycle events and the African non-breeding sites among all populations. Individuals from both Czech
breeding sites had overlapping migration events and non-breeding locations. Four individuals resided in the southwestern
edge of Mali, two in Burkina Faso, one in Guinea, and the easternmost one in the Ivory Coast. On average, the birds left the
Czech breeding grounds on 8 August and took between one to three stopovers during autumn migration. Birds crossed the
Sahara on its western edge on average on 13 September. The mean arrival to the African non-breeding grounds was 47.5 days
after departure on 2 October (range 10 September to 10 October). One bird showed intra-tropical movement within West
Africa when after a 60-day residency it moved approximately 3° westwards. Estimated locations at the African non-breeding
grounds overlapped among tracked birds from five European breeding sites. However, statistically, we could detect longi-
tudinal segregation in two clusters. Birds from the British and Finnish breeding populations shared non-breeding grounds
and were located in Africa west of the second cluster of the birds from the Czech and Dutch breeding populations. We show
considerable population-specific differences in the timing of annual cycle events. Birds from Dutch breeding sites were the
first in all three phases—departure from breeding sites, Sahara crossing and arrival to African non-breeding grounds, fol-
lowed by the British, Czech, and Finnish birds, respectively. All tracked flycatchers so far fill only the western part of the
African non-breeding range. For a complete understanding of the migration pattern in the species, we highlight the need for
tracking studies from the eastern part of the range.

Keywords Annual cycle - Long-distance migration - European Pied Flycatcher - Light-level geolocator - Geolocation by
light - Ficedula hypoleuca
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Zusammenfassung

Zugablauf und afrikanische Uberwinterungsgebiete von mit Geolokatoren georteten Trauerschniippern: ein Vergleich
mehrerer Populationen.

Der Langstreckenzug von acht Trauerschnippern (Ficedula hypoleuca) aus zwei Brutgebieten der Tschechischen
Republik wurde mit Hilfe von Geolokatoren verfolgt. Zusitzlich verglichen wir den zeitlichen Ablauf des Jahreszyklus
und die Uberwinterungsorte aller derzeit verfiigbaren getrackten Schnipper (n=76) aus vier verschiedenen europiischen
Brutpopulationen. Der zeitliche Zugablauf als auch die Uberwinterungsorte der Vogel der beiden tschechischen Brutgebiete
iiberschnitten sich. Vier Individuen hielten sich wihrend der Nichtbrutzeit am siidwestlichen Rand von Mali, zwei in Burkina
Faso, eines in Guinea und der 6stlichste Vogel in der Elfenbeinkiiste auf. Die Vogel verliessen ihre tschechischen Brutgebiete
im Mittel am 8. August und legten wihrend des Herbstzuges einen bis drei Zwischenstopps ein. Die Sahara wurde im
Durchschnitt am 13. September an ihren westlichen Rand iiberquert. Die Vogel erreichten die afrikanischen Nichtbrutgebiete
durchschnittlich nach 47,5 Tagen am 2.Oktober (Spanne: 10.September bis 10.Oktober). Ein Vogel verlagerte nach 60 Tagen
seinen Uberwinterungsort innerhalb Westafrikas um 3° westwirts (innertropische Bewegung). Die Aufenthaltsorte der Vogel
aus fiinf verschiedenen europiischen Brutgebieten iiberschnitten sich im afrikanischen Uberwinterungsgebiet weitgehend,
wiesen jedoch eine statistisch abgesicherte Clusterformation entlang des Langengrades auf. Vogel der britischen und
finnischen Brutpopulationen teilten sich das westlichere Nichtbrutgebiets-Cluster, das zweite Ostlichere Cluster wurde von
Vogeln aus den tschechischen und niederlédndischen Brutpopulationen gebildet. Wir fanden erhebliche populationsspezifische
Unterschiede im Zeitablauf des Jahreszyklus. Vogel aus den niederldndischen Brutgebieten waren fiir alle drei Ereignisse
— dem Abflug aus den Brutgebieten, der Uberquerung der Sahara und die Ankunft in den afrikanischen Nichtbrutgebieten
— die ersten, gefolgt von den britischen, tschechischen und den finnischen Vogeln. Die bisher getrackten Trauerschnédpper
tiberwintern im westlichen Teil des afrikanischen Nichtbrutgebiets der Art. Fiir ein umféngliches Verstidndnis der Zugmuster
des Trauerschnéppers sind ergéinzende Studien aus dem Ostlichen Teil des Verbreitungsgebiets dringend erforderlich.

Introduction

Since the beginning of the twenty-first century, advances
in bird-tracking devices have unprecedentedly improved
our knowledge of the migration ecology of individual
small-bodied songbirds. Retrieval of devices from tracked
individuals is often labour-intensive, costly and challeng-
ing, which results in many studies restricting the fieldwork
to single sites and small tracking sample sizes. Spatial
replication is, however, critical for a meaningful under-
standing of the migration ecology of any species. The best
approach is to have multi-population studies across a spe-
cies’ range. In recent years an accumulation in the number
of studies has shown the power of multi-population assess-
ments in Great Reed Warblers Acrocephalus arundinaceus
(Kolecek et al. 2016), Red-backed Shrikes Lanius collurio
(Pedersen et al. 2020), Common Rosefinches Carpoda-
cus erythrinus (Lisovski et al. 2021), Northern Wheat-
ears Oenanthe oenanthe (Meier et al. 2022), and non-
Passerines (e.g. Finch et al. 2015; Akesson et al. 2020;
Hahn et al. 2020). Such assessments allow for a deeper
understanding of migratory corridors and spatiotemporal
organization of distant populations across the year.

To add to this list of multi-population assessments,
we tracked the European Pied Flycatcher with light-
level geolocators at two breeding sites in Czechia. We
aim to provide detailed data on the migration patterns
of birds from these Czech sites. In addition, we take the
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opportunity to summarize the current knowledge of the
species’ migration patterns based on published track-
ing results from four other populations available to date
(Ouwehand et al. 2016; Ouwehand and Both 2017; Bell
et al. 2022). For all birds sampled across European sites
we aim to provide an overview of population-specific non-
breeding grounds and timings of annual cycle events. We
intend to assess whether there is a role of breeding loca-
tions in Europe for the clustering of individuals at African
residency areas and whether the timing of annual cycle
events is linked to the breeding origin of populations,
i.e. northern breeding populations migrate later than the
southern ones at all stages of the annual cycle (Briedis
et al. 2016; Gow et al. 2019).

Methods
Study sites and geolocators in Czechia

We studied the migration of European Pied Flycatchers at
two breeding sites in Czechia. The first study site was in
Northern Bohemia (50.62 N, 15.83 E); the second site was
in North-eastern Moravia (49.95 N, 17.25E). The great cir-
cle distance (the shortest distance measured along the sur-
face of a sphere) between the two sites is 170 km. The first
site shows stable numbers of breeding birds in a nest box
population. At the second site, there is a steady decline of
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breeding birds and in some plots with nest boxes, the popula-
tion underwent local extinction during recent decades.

We deployed light-level geolocators (model GDL2 with
7 mm light stalk, Swiss Ornithological Institute) on adult
breeding birds across three different field seasons: 2012,
2014, and 2015. In each season, we deployed 20, 36, and 38
geolocators, respectively (Online Supplement 1, Table S2).
All birds (42 males and 52 females) were trapped while
they were feeding nestlings (at the age of 6—11 days) in
nest boxes. We attached the geolocators on the birds’ backs
using leg-loop harnesses made of 1 mm thick silicone. Each
device, including the harness, weighed approximately 0.6 g
(< 5% of the bird’s body mass). In the years following the
deployment, we recovered one, three, and five geoloca-
tors, respectively. Due to technical difficulties, one logger
failed recording, and seven geolocators from 2014 and 2015
contained data only for autumn migration and parts of the
wintering period. However, we could identify the African
non-breeding residency sites of all seven birds. The remain-
ing geolocator from 2012 stopped recording on 4 May 2013
shortly after the bird had returned to the breeding area. The
overall return rate of logger-tagged birds was 11.5% (6/52)
for females and 7.1% (3/42) for males. At both sites, regular
control of nest box occupancy by flycatchers and overall nest
success was performed but due to a lack of manpower and
funding no regular recaptures of nesting birds were done.
The second site in Moravia had a small population size
which also contributed to the lack of a control group. Thus,
we lack a formal control group of ringed-only birds for the
two sites. The only relevant data on returns of control birds
are from a nearby (13 km to the site in Moravia) long-term
study site in Dlouha Loucka (49.83 N 17.21E). At that site,
the return rate during 2005-2019 was 12% for females (3/25)
and 13.6% for males (3/22; P. Adamik unpubl. data). There
was no significant difference between the overall recap-
ture rates of logger-tagged (9/94) and the above-mentioned
untagged birds (6/47; y* test, y*=0.27, P=0.604).

Geolocator data analyses

We used the threshold method (Lisovski and Hahn 2012)
to determine the sunrise and sunset times of the recorded
light data using ‘GeoLocator’ software (Swiss Ornithologi-
cal Institute) and setting the light level threshold to 1 unit
on an arbitrary scale (i.e., minimum detectable ambient light
by the given light sensor). All further analyses were con-
ducted using the R-package ‘GeoLight’ v 2.0.0 following
the standard procedures (Lisovski and Hahn 2012; Lisovski
et al. 2020). Using the ‘loessFilter’ function, in each data-
set we first filtered for outlying twilight events that exceed
two interquartile ranges (k=2) of the residuals from a local
polynomial regression. We determined the stationary peri-
ods with the ‘changeLight’ function by setting the minimal

stationary period to 2.5 days and the probability of change
to g=0.9.

When calculating geographic positions for the stationary
periods, we excluded 7 days on either side of the equinox
times and later filtered all positions north from 80°N and
south from 20°S (more than 30° latitude from breeding and
median African non-breeding site latitudes). We estimated
the geographic positions of the stationary periods using sun-
elevation angles derived from Hill-Ekstrom calibration, but
when it was not possible, we used in-habitat calibration from
the pre-migratory period (Lisovski et al. 2020, Online Sup-
plement 1, Table S3). However, neither of the two methods
worked for three of our datasets. For these three datasets,
we developed and used a new calibration method—‘equinox
calibration’. This calibration method calculates the appro-
priate sun-elevation angle for the specified number of days
around the equinox time when the day and night length at
any given geographic location is just about 12 h long. Thus,
any deviation from the 12-h day/night length in the geolo-
cators’ recordings reflect the measurement error due to the
sensitivity limits of the light sensor or shading by vegetation,
weather, etc. The calibration method finds the appropriate
sun-elevation angle that would give the desired 12-h day/
night length. R-script for this calibration method is provided
in Zenodo (Adamik et al. 2023). Due to technical differences
in the sensitivity of the geolocators’ light sensors between
devices used in different study years, the estimated sun-ele-
vation angles ranged widely between — 2.15 for the newer
generation devices, and + 11.39 for the one from the oldest
generation device with lower sensitivity light sensor used
in 2012. Raw geolocator files from the eight Czech birds
are freely available in the Zenodo data repository (Adamik
et al. 2023).

We also determined the timing of Sahara crossings for all
individuals by manually inspecting the daily light patterns
recorded by the geolocators. In short, when crossing large
ecological barriers like seas and deserts typical nocturnal
migrants, including the European Pied Flycatcher, regu-
larly prolong their flights into the day or may fly non-stop
(Adamik et al. 2016; Jiguet et al. 2019). Such behaviour is
reflected in the geolocator’s light recordings as lengthy peri-
ods of uninterrupted maximal light intensities when the light
sensor is exposed to the sun as the bird flies (full light pat-
tern, hereafter FLP or Sahara crossing). Due to difficulties
in reliable estimates of stopover locations close to equinox
periods, data on stopovers are presented only as timings and
median longitudinal estimates.

We estimated migration speed as migration distance
divided by duration (including stopovers). Distances
between the breeding and African non-breeding sites were
estimated as a great circle distance. Migration duration is the
time (in days) between departure from the breeding site and
arrival to the African non-breeding site (duration.migration).
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Multipopulation assessment

We collated published data on individually tracked European
Pied Flycatchers from European breeding sites. To date,
there are available data on geolocator-tracked birds from the
UK, the Netherlands, Finland, and Norway (Ouwehand et al.
2016; Ouwehand and Both 2017; Bell et al. 2022). From
these studies, we extracted data on departure from breed-
ing sites (variable names in parentheses: autumn.departure),
timing of Sahara crossing (inferred from light anomalies,
FLP), arrivals to African non-breeding grounds (winter.
arrival), median nonbreeding location estimates (wint.lon-
gitude, wint.latitude) and egg-laying dates (laying.date). We
took the dates of the Sahara crossing for the four Finnish
birds from Adamik et al. (2016). The full-collated dataset
for 76 individuals is available as an Online Supplement 2,
Table S1. All variables related to dates are expressed as days
of the year.

To assess whether the five European populations differ
in African non-breeding site locations or duration of migra-
tion, we ran three linear models (LM) with a country as an
explanatory variable (five countries) and non-breeding site
longitudinal (winter.longitude) or latitudinal location (win-
ter.latitude) and duration of migration (in days) as response
variables. In further three LMs, which always had a single
predictor, we explored whether non-breeding longitudes
(response variable) can be explained by egg-laying dates,
departures from breeding sites, and arrivals to Africa.

In further analyses, we used linear mixed-effects models
(LMM) to assess whether latitudinal or longitudinal location
estimates in Africa (response variables winter.longitude or
winter.latitude) are associated with breeding site longitudes
or latitudes (fixed predictors: breeding.longitude, breeding.
latitude) while accounting for the fact that multiple indi-
viduals originate from the same study site. For this reason,
we entered the breeding population (country) as a random
effect. For evaluating the strength of relationships between
the four consecutive phases of the annual cycle (egg-laying
date, departure from breeding site, Sahara crossing, arrival
to African non-breeding sites) we fitted LMMs which had
always a single fixed predictor and country as a random
effect. For clarity, the model syntax is provided with the
test statistics in the results. For model fitting we used the
R package Ime4 (Bates et al. 2015). For model diagnostics,
we used the R package performance (Liidecke et al. 2021).
The models were run for the full dataset of 76 individuals,
however, the sample size was 66 for Sahara crossing, 74 for
arrival to non-breeding grounds, 47 for location estimates of
nonbreeding grounds and 41 for egg-laying dates.
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Results
Migration of birds from Czech breeding grounds

On average, Czech flycatchers departed from their breeding
grounds on 8 August (range 24 July to 22 August, Table 1).
All flycatchers headed SW towards the Iberian Peninsula
(Fig. 1 and Online Supplement 1, Fig. S1). We detected
between one to three stopover sites per bird. Stopovers before
the Sahara crossing lasted on average 9.7 days (n=13; range
3-24.5 days) and were located around 4.7°W (range 2.3°E
to 9.5°W). Stopovers after the Sahara crossing were slightly
shorter, on average 6.8 days (n=6; range 3.5-11.5 days;
Online Supplement 1, Table S4) and were further west at
around 12.2°W (range 9.6-14.1° W). On average, birds
crossed the Sahara on its western edge on 13 September
(range 30 August—30 September). Mean arrival to the Afri-
can non-breeding grounds was on 2 October (range 10 Sep-
tember to 10 October). One bird showed intra-tropical move-
ment when it arrived at its first African non-breeding site
on 11 September where it stayed for 60 days, after which it
moved about 3° westwards to its final residency site. Autumn
migration lasted on average 47.5 days (range 34-62 days)
including stopovers. The African non-breeding residency
sites overlapped for the two tracked Czech populations and
for both sexes (t-test on longitudes: r=—0.09, P=0.928,
df=6; t-test on latitudes: r=0.53, P=0.612, df=06; Fig. 1).
Most birds were clustered around the south-western edge of
Mali (four individuals), two in Burkina Faso, one in Guinea,
and the easternmost one in the Ivory Coast. As birds from
both Czech breeding sites showed considerable overlap in
both non-breeding locations and their migration phenology,
we pooled the data on them for the pan-European compari-
son of populations.

For the one bird with data available up until spring, the
departure from the non-breeding site was after 204 days of
residency on 20 April. The bird initiated a crossing of the
Sahara on 23 April and made a 12-day stopover around 6.7°
E after the desert crossing.

Multipopulation assessment of African
non-breeding grounds

Birds from all five European breeding populations over-
lapped at their West African non-breeding grounds (Fig. 2).
However, there is a statistically significant effect of the
breeding origin of the population on longitudinal estimates
of non-breeding locations (LM: winter.longitude ~ coun-
try, Fy o= 28.4, P<0.001, R*= 0.62). The single Norwe-
gian bird stayed in the most westward location. The four
remaining populations created two clusters. Mean loca-
tion estimates of UK and Finnish birds overlapped around
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Table 1 Data on migration schedules of eight geolocator-tracked European Pied Flycatchers from Czech breeding sites
SNV 13NP 15SHG 151E 13KR 13NJ 15SHW 17LW
Sex F M F F F F M M
Year 2012 2014 2015 2015 2014 2014 2015 2015
Site Moravia Moravia Moravia Moravia Bohemia Bohemia Bohemia Bohemia
Autumn migration
Departure 18-Aug 24-Jul 2-Aug 7-Aug 7-Aug 22-Aug 7-Aug 11-Aug
Sahara crossing 16-Sep 30-Aug 7-Sep 10-Sep 28-Sep 30-Sep 2-Sep 19-Sep
Arrival to Africa 28-Sep 12-Nov* 19-Sep 26-Sep 8-Oct 10-Oct 10-Sep 27-Sep
Number of stopovers 3 28 3 1 3 2 2 2
Duration (days) 41 49 48 50 62 49 34 47
Distance (km) 5187 4934 4694 4861 4714 4884 4829 4766
Speed (km/day) 127 101 98 97 76 100 142 101
Median location Africa 7.07N 11.69 N 13.56 N 10.47N 12.77N I1.LISN 1147N 10.53 N
434 W 10.10 W 895W 545W 836 W 8.44 W 623 W 525W
Spring migration
Departure 20-Apr
Sahara crossing 23-Apr

Intra-tropical movement, first non-breeding site (9.31° N, 7.46° W) arrival on 11 September

10.5 and 10.7° W, respectively, and were west of the Czech
and Dutch populations. The Czech and Dutch populations
overlapped at estimated mean longitudes of 7.14 and 7.32°
W. Latitudinally the non-breeding locations largely over-
lapped across all populations (LM: winter.latitude ~ coun-
try, Fy = 0.66, P=0.622, R*= 0.05). Non-breeding
longitude tended to be associated with breeding latitude
(LMM: winter.longitude ~ breeding.latitude + (1 | country),
b=-0.37+0.18, t=—2.0, P=0.084, marginal R?>=0.15,
conditional R%2=0.64, n="74, Online Supplement 1, Fig.
S2) but no relationship was found with breeding longitude
(LMM: winter.longitude ~ breeding.longitude + (1 | country),
b=0.00+0.11, r=0.0, P=0.977, marginal R?>=0.00, con-
ditional R>=0.73, n=74, Online Supplement 1, Fig. S2).

Migration timing of European breeding populations

Most birds (54 out of 76) left the breeding sites by the end of
the first week of August (range July 15—-August 28, Fig. 3).
Birds from the Dutch and UK breeding populations were
similar in departure timing, with mean departure dates of
1 August and 4 August, respectively. The Czech birds left
around 8 August and the Finnish birds departed on aver-
age 16 days later. The single Norwegian bird left the breed-
ing site on 16 August. A similar order was found for the
Sahara crossing timing, but here the populations differed
in the interval between departure from the breeding sites
and the Sahara crossing. The shortest interval was in Dutch
birds (18 days) and the longest was in the Finnish and Czech
birds (36—37 days). Population-specific arrivals to African

non-breeding grounds were again in the same order as breed-
ing site departures. Interestingly, the Finish birds had a very
short interval (8 days) between Sahara crossing and arrival
to non-breeding locations (mean intervals in other popula-
tions were in a range of 17-21 days). The Norwegian bird
arrived late to the African non-breeding grounds (14 Octo-
ber vs mean for all birds 16 September).

Autumn migration ranged from 17 to 85 days, and on
average, it took 41.3 days to reach the African non-breed-
ing sites. There was a significant effect of breeding popu-
lation on the duration of migration (LM: duration.migra-
tion ~country, F, go=4.71, P=0.002, R*=0.21) but this was
likely due to the unusually short migration time of the Dutch
birds (mean 35.3 days) while birds from other populations
had similar durations (except for the one Norwegian bird
with migration of 59 days). Birds that left their breeding
sites late tended to have shorter migration durations (LMM:
duration.migration ~ autumn.departure + (1 | country),
b=-3.31+0.15, t=—2.2, P=0.033, marginal R*>=0.05,
conditional R>=0.36, n=74).

Consecutive phases of the annual cycle were strongly
correlated, even when controlling for substantial variation
within the breeding populations (Fig. 4). The strongest rela-
tionship was found between phases that were closer together
(i.e. timing of the Sahara crossing and arrival to African non-
breeding grounds (LMM: winter.arrival ~FLP + (1 | coun-
try), b=0.79+0.12, t=6.5, P<0.001, marginal R*>=0.52,
conditional R?=0.48, n=64)). Similarly, a strong relation-
ship was observed between the departure from the breed-
ing sites and the Sahara crossing (LMM: FLP ~autumn.
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Fig. 1 Locations of African
non-breeding grounds (blue
crosses) for eight geolocator-
tracked European Pied Flycatch-
ers from two breeding sites in
Czechia. Years of tracking are
depicted in different colours.
The map also shows stopover
timing and location (in red)
estimates for one individual,
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departure + (1 | country), b=0.59 +£0.09, r=6.9, P <0.001,
marginal R?>=0.21, conditional R>=0.78, n= 66). A weaker
relationship was found between breeding site departure and
arrival to African non-breeding grounds (LMM: winter.
arrival ~autumn.departure + (1 | country), b=0.51+0.17,
t=3.1, P=0.003, marginal R>=0.10, conditional R>=0.40,
n=74). There was no relationship between egg-laying dates
and departures (LMM: autumn.departure ~laying.date + (1
| country), b=0.18+0.17, r=1.0, P=0.303, marginal
R?>=0.02, conditional R2=0.53, n=41, Online Supplement
1, Fig. S3).

There was a weak tendency for birds residing at more
westerly non-breeding grounds to breed later (LM: wint.
longitude ~ laying.date, b=—0.07+£0.04, F; 30=3.82,
P=0.058, R>=0.09; Fig. 5). Longitudinal location in
Africa was not associated with individual departure from
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breeding sites (LM: wint.longitude ~ autumn.departure,
b=-0.03+0.03, F| ;,=1.09, P=0.300, R*>=0.01) but
it had an effect on arrival, with birds residing further
east arriving earlier (LM: wint.longitude ~ winter.arrival,
b=-0.04+0.01, F; ;,,=28.81, P=0.004, R*=0.11; Fig. 5).

Discussion

In this study, we brought new European Pied Flycatcher
autumn migration data from two subpopulations in a central
European region. We did not find any substantial differences
in migration schedules and locations at the African non-
breeding grounds for these birds. But we should be cautious
as the sample size was small and we did not have access to
full-year tracking data. Interestingly, from atlas mapping we
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see that the two subpopulations show regionally contrast-
ing population trajectories, the one in Bohemia being stable
and the second in Moravia declining (gt’astn}’l etal. 2021). It
would be valuable to know where and at which time of year
the main drivers of population dynamics act in these two
regional populations. For Dutch birds, there is evidence for
mechanisms at breeding sites (Both et al. 2006), while across
the UK the trends in populations are driven by changes in
survival and immigration which probably act outside the
breeding season (Nater et al. 2023). The fact that we found
overlaps in non-breeding locations of our sample of birds
does not necessarily mean that they cannot differ in habitat
use at a finer scale, which is below the resolution of geolo-
cation by light.

We were able to detect between one to three stopovers
during the autumn migration, usually one or two stops
before the Sahara crossing and one after it. Stops before the
Sahara crossing were slightly longer, nearly 10 days, while
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those after it lasted on average almost 7 days. Pied Flycatch-
ers tracked from the southwest UK usually have two stops
during the autumn migration, one before and one after the
Sahara crossing (Bell et al. 2022). Interestingly, for the UK-
tracked birds’ stopover durations were slightly longer after
the barrier crossing. Longitudinal estimates of stopovers
after the Sahara crossing were in a similar range between
the two populations (CZ: 9.6-14.1° W vs UK: 9.8-16.2°
W), albeit birds from the Czech breeding population stopped
on average 1.1° further east of the UK birds. The increased
number of stopovers detected in our sample of birds are
likely a consequence of the longer migration distances faced
by the Central European birds. This fits with the findings
of Fourcade et al. (2022) who estimated stopover durations
at a fuelling site in south-western France near the Atlantic
coast. At their site the body masses were lower than those
from study sites located further South on the Iberian Penin-
sula (Bibby and Green 1980; Goffin et al. 2020), indicating



Journal of Ornithology (2023) 164:875-886

883

Fig.5 Relationships between 44
non-breeding site longitu- +
dinal estimates and laying :’: ¥ X
dates, arrivals to non-breeding L g [O)
o °
grounds and departures from 2 + * 2
breeding sites = ﬁ&— ® + o
S g/ o
2 * 2
o + o
£ 104 % L.
g g
— —_
2 % 2
§ -121 § -
z L z
|
-14 1 A -14 1 A
120 130 140 150 225 250 275 300
Laying date Arrival to Africa
-4 4
+ X
o N
6 .
3 +_|_ + ¥ population
g’ 4:‘]:5";|_ j#} I!I. ® Finland
EJ “ H Bk A Norway
§ u + = B United Kingdom
g -10 % + f -+ The Netherlands
g m I. . ‘ ° o X Cz-Moravia
g -12 4 au n ¥ CZz-Bohemia
([
P4
|
-14 4 A
200 210 220 230 240

Breeding site departure

that one additional stopover was needed for fuelling before
the barrier crossing. Only a few individuals at the French
stopover site had sufficient fuel loads to be able to cross the
Sahara without additional refuelling (Fourcade et al. 2022).

Multi-population assessment

By collating available geolocator tracks from 76 individu-
als from five populations in Europe, we provide a compre-
hensive overview of the locations of African non-breeding
residency sites and the timing of autumn migration for
individual European Pied Flycatchers. Except for the single
Norwegian individual, birds from the other four European
breeding populations showed considerable overlap in loca-
tion estimates at the African non-breeding grounds. Sta-
tistically, we could detect longitudinal segregation in two
clusters: birds from the UK and Finnish populations over-
lapped and were west of the second cluster of birds from the

Czech and Dutch populations. There was no evidence of any
latitudinal segregation of the populations. However, one has
to be careful with the interpretation of latitudinal estimates
inferred from light-level geolocators. By default, they have
considerable uncertainty, while there are also issues with
different calibration approaches, and whether birds from dif-
ferent populations use similar habitats (Lisovski et al. 2012;
Lisovski et al. 2018). We failed to find clear support for
the role of European breeding locations in the clustering of
subsequent African residency areas. Only breeding latitude
was very weakly associated with non-breeding site longitude
estimates. However, the effect was weaker than in the first
study on European Pied Flycatcher tracking by Ouwehand
et al. (2016). This could be purely a consequence of the sam-
pling effect. Finch et al. (2017) found strong support for a
positive link between breeding and non-breeding longitudes
but no link between latitudes in several populations of Euro-
pean Rollers (Coracias garrulus). In Common Swifts (Apus
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apus) tracked across several European populations, breeding
latitudes were positively correlated with non-breeding lati-
tudes, clear evidence for a chain migration pattern (Akesson
et al. 2020). The fact that we failed to find strong support for
links in the European Pied Flycatcher might simply reflect
the scale of the contemporary study. This is a critical issue
in any study on migratory connectivity. In an ideal situation,
birds would have to be sampled across the entire species”
breeding range.

Migration timing was considerably different among
populations. Dutch birds were first in all three phases—
departure from breeding sites, Sahara crossing and arrival
to African non-breeding grounds—followed by the UK,
Czech and Finnish birds, respectively. Interestingly, of all
populations, the Finnish birds had the shortest interval of
only eight days between the Sahara crossing and arrival to
non-breeding grounds. This could indicate that they under-
took considerable refuelling prior to the barrier crossing,
performing a long endurance flight with arrival close to
the African residency sites. The birds could skip refuelling
after desert crossing or their stops were very short, below
the resolution set for stationary periods in the GeoLight
package (given the data quality for detecting short stopo-
vers). Autumn migration ranged from 17 to 85 days and it
was similar for Czech, UK and Finnish birds. In contrast,
the Dutch birds had the shortest migration of only about
35 days. We also found a negative relationship between
breeding site departures and duration of migration, i.e. the
later a bird departed the shorter time it was en route. This is
a similar pattern to Collared Flycatcher (Ficedula albicollis)
in which later departing individuals migrated at faster speeds
towards African residency sites (Briedis et al. 2018a). Very
likely, late individuals are trying to catch up with the early
ones. Whether such behaviour is innate or the birds adjust it
according to seasonal changes in available food resources is
unknown. Another interesting finding was that birds resid-
ing further west in Africa arrived there later. The effect was
much stronger than in the previous study by Ouwehand et al.
(2016). In contrast to Ouwehand et al. (2016) we did not
confirm the relationship between breeding site departures
and non-breeding longitudes. The difference between these
two studies is likely attributable to the sampling effect.

Interestingly, we did not find a significant effect of the
timing of breeding on the subsequent phases of the annual
cycle, even though the phases were positively correlated
with each other, a pattern regularly found in other songbirds
(e.g. Mitchell et al. 2012; van Wijk et al. 2017; Gow et al.
2019). As we clearly see large differences in the timings of
events in the studied populations, we would expect a strong
effect of seasonality. However, egg-laying dates were avail-
able for only 41 of the 76 tracked individuals. A similar lack
of effect on the timing of breeding for subsequent annual
cycle events was found in the Collared Flycatcher (Briedis
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et al. 2018b). Thus, there must be other factors than just
egg-laying that explain the timing of subsequent events. No
doubt, there must be a significant role of the photoperiod
at the breeding sites that sets the pace for the timing of the
circannual rhythms (Gwinner 1996). Briedis et al. (2020)
found a strong effect of seasonality shaping the timing of
avian annual cycles. Thus, further exploration with a larger
number of study sites or experimental translocations would
be desirable to explore the role of, for example, site-specific
phenology and photoperiod in explaining the variability in
the timing of annual cycle events among populations.

In our study, the overall return rate of tagged birds was
9.6%, with males having slightly lower return rates. Unfor-
tunately, for various reasons, we did not have control groups
of ringed-only birds at both sites. Our only available data are
from a nearby study site with an overall return rate of 12.8%.
We know that the true return rate on logger-tagged birds
must have been higher, but our study coincided with two
seasons of cold and rainy weather at the time of nestlings.
In addition, we experienced very high nest mortality due to
dormice and marten predation (Adamik and Kral 2008). As
a result, we often could not catch the adult breeders and con-
trol them for geolocators. No matter of this, we have to admit
that for these two particular sites we cannot be sure about
the tagging effect on return rates. The available published
studies report no general tagging effect on return rates (Brlik
et al. 2020), and Bell et al. (2017) report no negative effects
in British flycatchers. In the Dutch flycatcher population,
there was no overall tagging effect, but the type of harness
did affect return rates (Ouwehand and Both 2017). Return
rates of logger-tracked birds in other populations used in
our comparative study were in the range of 4-42% and of
the control group in a range of 10-56% (Ouwehand et al.
2016). We think that in our case the loggers did not affect
between-population differences in migratory behaviour and
the differences found across populations are not related to
tags per se. However, this is beyond the scope of our study,
and we still know very little for how tagging impacts on
behaviour of migratory birds across the years.

With our multi-population assessment, we try to fill a gap
by comparing the timing of migration of Western European
populations of European Pied Flycatcher. In addition, we
show that there is considerable mixing at the African non-
breeding grounds of birds from various breeding origins in
the western Palaearctic. Across species, various breeding
populations seem to frequently mix at African non-breed-
ing sites (Finch et al. 2017). This might have interesting
consequences for population dynamics at the breeding
grounds as depending on the scale of factors operating at
the non-breeding sites they might have (de)synchronising
effects. However, with the available tracking studies we
could cover only a small part of the populations from the
extensive breeding range of the species. This comparative
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study only covered western and central Europe and part of
Fennoscandia. The species” breeding range extends far into
the East (up to 90°E) and there is no tracking study from the
European part of Russia and further east to western Siberia.
The few ringing recoveries available from the eastern part
of the range suggest the general heading during migration is
towards the Iberian Peninsula (Spina et al. 2022). Thus, in
autumn even birds from the Asian breeding populations pass
via Iberia and the western fringe of the Sahara (Chernetsov
et al. 2008). From a conservation perspective, this means
that the entire population passes through a particular region.
Any changes in such bottleneck, that could affect stopover
behaviour, for example via fuelling rates, might represent a
critical point for different populations (Runge et al. 2014).
While the African non-breeding range stretches all the way
east to the Central African Republic and the northeastern
part of DR Congo, there is not a single recovery connect-
ing these areas to the breeding grounds (Spina et al. 2022).
Similarly, all tracked flycatchers so far fill only the western
part of the African non-breeding range. We suggest that non-
breeding populations further east in central Africa originate
from breeding sites at the eastern part of the breeding range.
As such, further studies from the eastern part of the breeding
range are needed, not only for European Pied Flycatchers but
also for a wide range of other species. Furthermore, to get a
thorough picture of the patterns of migratory connectivity,
we need tracking studies from the African non-breeding sites
to find the breeding origins of wintering birds (cf. Blackburn
et al. 2017). This may be particularly valuable for the Euro-
pean Pied Flycatcher—a model species for climate change
research.
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Migratory birds complete their seasonal journeys between breeding and non-breeding
sites with a series of migratory flights that are separated by prolonged stopovers. While
songbirds are the most common taxa among migratory birds, empirical data on flight
and stopover behaviour along their entire migratory journeys are still rare. Here, we
integrate activity and barometric pressure tracking with classical light-level geolocation
to describe migration behaviour of tawny pipits Anthus campestris breeding in central
Europe. Surprisingly, tracked pipits used, on average, as many as 10 stopover sites
during their six week, > 5000 km long autumn migration. This conforms to a typical
hop-type pattern of migration. In contrast to common knowledge which considers the
tawny pipit as a typical diurnal migrant, our data revealed that more than two thirds
of all migratory movements were carried out at night. Nocturnal departure times were
highly variable within individuals and spread across the entire night while landing
most often took place within the first few hours after sunrise. Consequently, there was
a negative relationship between departure timing relative to sunset and flight duration.
Short flights of up to 2 h were most common and median flight duration was 4.5 h.
There was a hyperbolic relationship between flight duration and maximum flight alti-
tude and flight altitudes during night were two times higher compared to daytime. The
overall ratio of flight versus stopover duration during migration was on average 1:6.5.
This closely matches predictions from theoretical models. We show that multi-sensor
tracking has the potential to provide unprecedented details on migratory behaviour of
individual birds along their entire migratory journeys, and it also improves the preci-
sion of geographical locations derived from light-level geolocators.

Keywords: accelerometer, annual cycle, bird migration, departure, flight performance,
nocturnal migrant

Introduction

Migratory journeys of birds comprise flight phases when distance is covered through
energy consumption, and stopover phases when energy reserves are usually replen-
ished. Piersma (1987) outlined three general travel schemes that are shaped by the

© 2020 Nordic Society Oikos. Published by John Wiley & Sons Ltd
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relationships between fuel loads, stopovers and flight bouts:
1) jump migration that relies on high fuel loads, few long
endurance flights and few lengthy stopovers, 2) skip migra-
tion with intermediate fuel loads, and several stopovers and
flights of intermediate duration and 3) hop migration that
is characterized by low fuel loads, frequent and short flight
phases and multiple short stopovers. The overall duration of
the movement phase of migration (between the first depar-
ture and arrival at the final destination) is directly dependent
on the travel scheme employed as fuel load upon the initial
departure will determine how far the bird can fly on its first
flight phase (Lindstrém et al. 2019). In small and medium
sized passerines, theoretical models predict that the total
duration of migration is divided between flight and stopover
phases at a ratio of 1:7, with disproportionally more time
spent on stopovers, which include the initial fuelling before
first migratory flight (Hedenstrom and Alerstam 1997).
Despite passerines being by far the most numerous taxon
among migratory birds (Hahn et al. 2009), empirical data
to support these theoretical predictions still remain limited.
Because most time of migration is spent on stopovers for
refuelling, fuel deposition rate largely underpins the total
migration duration (Lindstrém et al. 2019). Most passer-
ines, however, do not feed at night, hence using nighttime
for migratory flights do not interfere with fuelling and can
potentially reduce the total migration duration. As the cur-
rent knowledge on Afro-Palearctic migrants suggest, 63% of
species are assumed to migrate during the night (nocturnal
migrants), while only a handful of species — 16%, mainly
aerial foragers, are assumed to migrate during daytime (diur-
nal migrants; Dorka 1966, Adamik et al. 2016). The remain-
ing pool of species are thought to exercise a mixed strategy.
However, it is to be pointed out that the distinction between
nocturnal and diurnal migrants is not always unequivocal
and many species that predominantly migrate at, e.g. day-
time, have also been recorded to migrate during the night or
vice versa (Hansen 1954, Adamik et al. 2016). Under what
exact circumstances this happens, remains largely unknown.
The majority of nocturnal migrants are known to depart
within the first few hours after the sunset (Liechti et al.
1997, Bulyuk and Tsvey 2006, Schmaljohann et al. 2011).
This allows for compass calibration at twilight for orienta-
tion (Moore 1987, Muheim et al. 2006) and for longer noc-
turnal flights when larger distances can be covered. Landing
typically occurs around sunrise (Bruderer and Liechti 1999)
giving a maximum nocturnal flight duration of ca 12 h
during autumn migration in the Northern hemisphere in
September and ca 10 h during spring migration in April
(Bauchinger and Klaassen 2005). There is, however, a con-
siderable spectrum in both departure and landing times
relative to sunset/sunrise among individuals (Bolshakov et al.
2007, Schmaljohann et al. 2013) which can vary seasonally
(Bolshakov et al. 2007). Much of our current understand-
ing about nocturnal departure and landing times of migrants
comes from studies conducted at a single location along the
migration route (Bolshakov and Rezvyi 1998, Bolshakov et al.
2003) or at ecological barriers where long flight duration

with early nocturnal onset may be the prevailing pattern
(Adamik et al. 2016, Ouwehand and Both 2016, Jiguet et al.
2019). Similarly, many of these studies have been conducted
using radar observations (Schmaljohann et al. 2007), which
does not allow for distinguishing species-specific behaviours,
as species identification in radar signals remains a challeng-
ing issue (Bauer et al. 2019). As a result, studies done so far
provide only snapshots at specific points in time and space,
and we are still missing information on departure and land-
ing behaviour of individual birds along their full migration
cycles.

State-of-the-art multi-sensor tracking devices that inte-
grate measurements of ambient light, activity and barometric
pressure have the potential to bridge this gap in our knowl-
edge and to provide novel insights into species- and individ-
ual-specific migratory behaviour along their entire migratory
journeys (Bickman et al. 2017a, b, Dhanjal-Adams et al.
2018, Liechdi et al. 2018, Sjoberg et al. 2018). Here we use
multi-sensor individual tracking to describe migratory pat-
terns and flight behaviour over the entire journey of tawny
pipits Anthus campestris breeding in Central Europe. The
tawny pipit is among the few Afro-Palearctic migratory
species that are characterized as a ‘typical diurnal migrant
(Dorka 1966, Alerstam 1990, Schmaljohann 2019), how-
ever, conclusive evidence is still missing. We employ novel
analytical tools to test this long-standing assumption with a
particular focus on describing flight and stopover behaviour
and take-off and landing times of pipits in relation to sun-
set/sunrise throughout the migration journey. Furthermore,
we integrate classical light-level geolocation with activity and
barometric pressure measurements allowing for more detailed
and precise estimates of migration timing and geographic
positions of stationary sites and migration routes.

Methods

Field work

We studied tawny pipits breeding in open lignite mines in
western Czech Republic (50.5°N, 13.83°E). During the
breeding season in 2018, we captured 13 adult birds using
mist-nets and perch traps and equipped them with muldi-
sensor geolocators (GDL3-PAM, Swiss Ornithological Inst.;
Liechti et al. 2018) that were mounted on the birds’ backs
using flexible silicone harness. The loggers accommodated
sensors for measuring ambient light intensity, atmospheric
pressure and acceleration. The light sensor was equipped
with a 7 mm long light guide and light intensity was mea-
sured every minute storing maximum values in 5 min inter-
vals. Acceleration was measured along the Z-axis for 3.2 s at
10 Hz frequency every 5 min storing the sum of the abso-
lute differences between consecutive measures (31 values).
Atmospheric pressure recordings were set to 30 min intervals.

In 2019, we successfully recaptured and retrieved geoloca-
tors from 5 of the 13 previously tagged individuals. One more
bird was seen in the study area, but we failed to recapture it,



amounting the total return rate to 46%. One of the retrieved
geolocators contained data encompassing the full annual
cycle. Two devices stopped recording during spring migra-
tion before the birds had returned to the breeding area and
two more devices stopped recording while the birds were still
in their non-breeding residency sites in sub-Saharan Africa.

Data analyses

Geolocator data analyses were carried out using the R-packages
“TwGeos™ (Lisovski et al. 2015), ‘SGAT” (Wotherspoon et al.
2013) and ‘PAMLY (Dhanjal-Adams et al. 2020). Location
data were analysed using a threshold approach following gen-
eral guidelines described in Lisovski et al. (2020) and inte-
grating activity and atmospheric pressure recordings for more
precise designation of migration timing, i.e. movement and
stationary phases (flight, migratory stopovers and long resi-
dency periods).

For distinguishing between movement and stationary
phases during the annual cycle, we used accelerometer and
atmospheric pressure recordings. Because tawny pipits use
flapping flight for migration, we used the flapping flight clas-
sification from the R-package ‘PAMLY and set the threshold
to 1 h (equals to 12 consecutive readings of flapping activity at
5 min recording intervals) to classify migratory flights. Thus,
activity measures that were classified as flapping and lasted
for at least 1 h were regarded as migration episodes. A visual
inspection of the atmospheric pressure readings revealed that
some migratory flights when individuals clearly changed their
location were, however, missed. Therefore, we performed a
second classification based on atmospheric pressure record-
ings and cross-validated the two approaches. Atmospheric
pressure is not expected to change rapidly when the bird is
stationary (weather related changes) but can vary consider-
ably as the bird takes altitude or covers substantial distance
in flight (Liechti et al. 2018, Sjoberg et al. 2018). Because
background variation in air pressure linked to weather rarely
exceeded 1 hPa 30 min™', we used a threshold of atmospheric
pressure change > 1.5 hPa 30 min™' for identifying flight
phases within the dataset. This approach allowed for iden-
tification of start times of migratory flights and their length
with an accuracy of 30 min. If the bird was stationary for
at least 24 h, we considered this a stopover. To derive geo-
graphic positions, we first log-transformed the recorded light
values and derived sunrise and sunset times in the R-package
“TwGeos™ using a light intensity threshold of 1 unit on the
log-transformed scale. Recorded twilight times were then
calibrated against the actual sunrise and sunset times at the
breeding sites of the birds prior to the start of the autumn
migration (i.e. in-habitat calibration; Lisovski and Hahn
2012). Further, we used the R-package ‘SGAT” to model
the most likely migration path, stopover and residency loca-
tions along with their confidence intervals. For this, we used
a grouped Estelle model where location estimates coming
from the same site (based on acceleration and pressure clas-
sification) were grouped together. This procedure increases
the overall accuracy of the stationary positions (Lisovski et al.

2020). We applied a spatial mask that confined stationary
sites to terrestrial habitats only while movement was allowed
to cross over oceans and seas. The twilight error distribution
was assumed to follow Gamma distribution as based on the
parameters inferred from the in-habitat calibration. The final
model also included a movement model — birds were allowed
to move only when preceding activity and pressure analyses
had detected migratory flights and movement duration was
restricted to the duration of migratory flight hours at the
specific day (dt parameter in the ‘groupedThresholdModel’
function). Speed distribution for the movement model fol-
lowed a Gaussian distribution (shape=30, scale=0.6) with
the highest probability of ground speeds between 40 and 60
km h™" during the movement phase. The start of all tracks
and the end of the single complete track were fixed to the
known tagging/breeding location. To initiate the model, we
first ran a ‘modified Gamma’ model with relaxed assumptions
for 1000 iterations. Then the resulting model was tuned
five times (300 iterations each) with all assumptions/priors
(Gamma model) before initiating the final run with 2000
iterations to ensure convergence. We present the most likely
migration tracks and stationary locations as inferred from
median location estimates along with 95% probability distri-
butions of location estimates.

We calculated the ratio between the duration of flight
and stopover phases as the total number of flight hours
versus the total number of stationary hours between the
initial departure flight and final arrival flight. Thus, our esti-
mates do not include the inital fuelling before departure
(Hedenstrom and Alerstam 1997). Departure (i.e. take-off)
and landing times were compared to sunset and sunrise
times as derived from the data recorded by the geolocators
light-sensor. In-habitat calibration revealed that sensitivity
of the light-sensors was on average higher than Sun’s azi-
muth of 0° relative to the horizon (actual sunrise/sunset)
at —4.8° + 0.5 (mean + SD). Thus, the migratory flight
timing here is expressed relative to the approximate start of
civil twilight (centre of the Sun 6° below the horizon) rather
than sunrise/sunset when the centre of the Sun is at 0° rela-
tive to the horizon.

Maximum flight altitude (measured in m above sea level,
m asl) during each flight was calculated applying the hypso-
metric equation to the atmospheric pressure measurements
assuming standard atmospheric conditions (Stull 2016,
Liechti et al. 2018). We compared flight altitudes during
diurnal and nocturnal migratory phases using linear mixed
effects model accounting for random effects of individual
identity in R-package Ime4 (Bates et al. 2014). The preci-
sion of altitude estimates of the used loggers is described in
Liechti et al. (2018); rarely under extraordinary atmospheric
conditions it can exceed 200 m (approx. 25 hPa).

Results

Throughout the year, the start and end of the daily activity

patterns coincided with sunrise and sunset times as recorded
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Figure 1. Actograms showing the annual activity pattern of a tawny pipit (bird ID: 22BK) from 1 Aug 2018 until 1 May 2019. (a) Raw
accelerometer measures, (b) activity data classified into 4 categories — resting, active, highly active and migrating. In both panels, each hori-
zontal line represents the activity data of two consecutive days, where the second day is repeated as the first day on the next line. White lines
in the actograms represents sunrise and sunset times as recorded by the geolocator’s light sensor.

by the geolocators light sensor in such a manner that the
tracked birds were immobile (resting or sleeping) during the
dark hours of the night. The only exception to this was migra-
tory flights, most of which took place at night. Actogram
summarizing annual activity patterns of the individual 22BK,
the single individual with a full annual track, is shown in
Fig. 1, actograms of the remaining four individuals are given
in the Supplementary information. Pipits were often most
active during the early morning hours after sunrise and in
the evening a few hours before sunset (Fig. 1, Supplementary
information). The time period in the middle of the day was
often spent resting/sleeping,.

Migration timing, distance, stopovers

In autumn, all birds migrated along the western fly-
way to their non-breeding sites in West Africa (Fig. 2; see
Supplementary information for comparison of location esti-
mates, their Cls, and migration timing estimates when using
classical light-level geolocation where data analyses are per-
formed using only the light data). Migration started in the
second half of August and birds arrived in sub-Saharan Africa

about six weeks later (average migration duration=43 d) in
late September—carly October. A summary of autumn migra-
tion parameters for each individual is given in Table 1. Two
birds (20NT and 22BN) spent long periods (> 40 d in total)
at multiple intermediate stopover/non-breeding sites in sub-
Saharan Africa before they arrived at their final non-breeding
residency site in the second half of November — these move-
ments were not considered as part of the autumn migration.
Opverall, during the autumn migration, tracked pipits used on
average 10 different stopover sites where birds stopped for at
least 24 h. Longer stopovers of more than 3 d, however, were
scarce, averaging at 3.2 per individual. Interestingly, the ratio
of flight to stationary days during the movement phase of
autumn migration (from departure until arrival) was on aver-
age 1:1 (21.4 flight days versus 21 stationary days; Table 1).
From the total migration duration (measured in hours), the
proportion of time spent in migratory flight was 13.3% while
the remaining 86.7% of time was spent on stopovers, which
includes all stops of any length. Thus, the ratio of flight ver-
sus stopover duration was on average 1:6.5. Pipits on aver-
age migrated more than 5000 km reaching an average travel

speed of 125 km day™"'.
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Figure 2. Migration routes, stopovers and non-breeding sites of five geolocator-tracked tawny pipits. Shaded areas show 95% probability
distributions of location estimates. For each bird, timing and duration of migration is shown alongside the map where coloured bars indi-
cate stopovers longer than 24 h (stopovers longer than 3 days are marked with black borders) and white spaces between them indicate
movement periods between the stopovers. Please note that bars indicating migration timing have variable scales. Panels a and b represent
autumn and spring migration of the same individual. Intermediate non-breeding sites are marked in blue for the two birds that showed
non-breeding site itinerancy (panels ¢ and d).



Table 1. Summary data for each bird. Note that departure date is always given as the date of the evening of the night when the first migratory
flight occurred. Arrival is given as the date of the morning when the last migratory movement occurred. Total duration, however, is given as
the number of days (rounded to full days) between the precise time of departure and arrival, thus in some instances creating a discrepancy
in the numbers given in the table and the absolute difference in days between departure date and arrival date.

Autumn Spring
22BK 20NT 22AU 22BN 22BP Average 22BK
Migration characteristics
Departure 15-Aug 18-Aug 28-Aug 28-Aug 26-Aug  23-Aug 22-Mar
Arrival 25-Sep 2-Oct 6-Oct 10-Oct 11-Oct 5-Oct 24-Apr
Total duration (days) 40 45 39 42 46 43 33
Migratory track distance (km) 5440 5290 5340 4890 5370 5266 4810
Great circle distance (km) 4480 4740 4390 4410 4450 4494 4480
Travel speed (km day~") 136 118 137 116 117 125 146
Travel speed great circle distance (km day~") 112 105 113 105 97 106 136
No. flight days 26 19 22 17 23 21 13
No. stopover days 14 26 17 25 23 21 20
No. stopovers 12 10 11 7 9 10 5
No. stopovers (>3 days) 1 5 3 4 3 3.2 1
Proportion in flight 13.1% 12.3% 15.8% 11.9% 13.3% 13.3% 12.2%
Proportion stationary 86.9% 87.7% 84.2% 88.1% 86.7% 86.7% 87.8%
Flight characteristics

No. flights 27 25 25 19 23 23.8 15
Median flight duration (hh:mm) 3:30 3:00 5:30 6:00 4:30 4:30 5:00
Cumulative flight hours (hh:mm) 126:30 132 146 121 144:30 134 95:30
Longest flight (hh:mm) 14:30 20:00 16:00 11:30 20:30 16:30 21:00
Proportion of migratory flight at night 75.4%  64.2% 73.7%  757%  542%  68.6% 70.4%
Flight speed along migratory track (km h=") 43 40.1 36.6 40.4 37.2 39.5 51.6
Maximum flight altitude (m asl) 3159 2611 2978 3182 2912 2968 3662

Flight performance

Tracked pipits completed their autumn migration with an
average of 23.8 individual flights. The total number of flight
hours ranged between 121 and 146 h for the five individuals
(Fig. 3). During barrier crossing, flights were prolonged into
the day lasting on average 14 + 3.8 h (SD; n=11 from a
total of 132 tracked flights) and up to 20 h for two of the five
tracked individuals (Table 1). Average ground speed along
the most likely migration track (orange lines in Fig. 2) was

estimated at 39.5 km h™! (Table 1).

Pipits predominantly travelled during the night (on aver-
age 68.6% of all migratory movements; Table 1). Time of
nocturnal departures were spread across the entire night with
an average departure time 4:25 + 5:17 h (SD, n=132) after
the sunset (Fig. 4a). Longer flights (including Sahara cross-
ing flights) typically started shortly before or after sunset and
there was a general decline in flight duration with increas-
ingly later nocturnal departure times (Fig. 4c).

Landing most often occurred around sunrise (average
landing time relative to sunrise: 0:45 + 3:41 h (SD), n=132,
Fig. 4b). Median migratory flight duration across all five birds
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Figure 3. Cumulative flight hours of five tawny pipits during the autumn migration between 15 Aug and 15 Oct 2018. Start of Sahara

crossing for each bird is indicated with a dot.



was 4:30 h (Table 1) and short flights of up to 2 hours were
the most common accounting for 30% of all recorded flights
(40/132; Fig. 4d). Maximum flight altitudes ranged between
2600 and 3200 m a.s.l. for different individuals and there was
a positive hyperbolic relationship between individual flight
duration and the maximum altitude reached (Table 1, Fig. 5).
Flight altitudes during night were higher compared to day-
time (night: 1090 + 728 m a.s.l. (SD); daytime: 498 + 428
m a.s.l; B=590 + 38, t=15.7, random effects variance: bird
identity 2417 (49.2 SD)).

Spring migration

The departure date for spring migration could only be esti-
mated for three birds which showed a variation of more than
one month: 22BP=18 Feb, 22BN =12 Mar, 22BK=22
Mar. Loggers 22BP and 22BN stopped recording shortly
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after the birds departed while 22BK recorded until the bird
arrived at the breeding site on 24 Apr. Spring migration of
this individual started with a 21 h long non-stop flight across
the Sahara and compared to autumn migration spring migra-
tion was overall shorter (both in distance — 11.6%, and dura-
tion — 17.5%), the migration speed was higher (7.4%), the
total number of flight hours was lower (24.5%), while the
maximum flight altitude reached was 500 m higher (3662 m
a.s.l.) (see Table 1 for all migration parameters).

Discussion

Our results of activity and barometric pressure tracking
revealed that tawny pipits predominantly migrate at night
contradicting the earlier notion of the species as a typical
diurnal migrant (Dorka 1966, Alerstam 1990, Schmaljohann
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Figure 4. Characteristics of migratory flights of tawny pipits. (a) Frequency distribution of departure time relative to sunset, (b) landing
time relative to sunrise, (c) relationship between flight duration and departure time relative to sunset (different symbols denote different
individuals (legend as in Fig. 5), filled symbols denote barrier crossing flights), (d) frequency distribution of flight duration. Blue lines in
panels a, b and d are estimated frequency density curves. Note that sunrise and sunset times here are derived from geolocators’ light record-
ings and approximately correspond to a sun’s azimuth of —4.8° (see Methods).
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Figure 5. Relationship between flight duration and the maximum altitude during autumn migration. Different symbols denote different
individuals, filled symbol indicate Sahara crossing flights. Quadratic model fit is depicted by a solid line with 95% CI (shaded area).

2019). We found that landing most often occurred within
the first four hours after sunrise, which could explain the
carlier observation-based assumption of diurnal migra-
tion by tawny pipits. Similarly, barrier crossing flights over
the Sahara often stretched into the daytime as shown in
other long-distance migrants (Schmaljohann et al. 2007,
Adamik et al. 2016, Ouwehand and Both 2016, Jiguet et al.
2019). Departure times of migratory flights were spread
across the night, contrasting the commonly shown pattern of
departures being clustered shortly after sunset (Kerlinger and
Moore 1989, Liechti et al. 1997, Bruderer and Liechti 1999,
Bolshakov et al. 2003). Departure times relative to sunset
were highly variable within and across individuals during the
migration season. Thus, it is likely that environmental set-
tings and individual body condition, rather than an inherent
circadian clock, are the main drivers of departure time (cf.
Bulyuk and Tsvey 2006, Miiller et al. 2016).

During migration, tawny pipits employed a hop migra-
tion pattern with numerous short flights and stopovers
(Piersma 1987). Our conclusion of the pipits conforming to
a hop migration is clearly dependent on the high temporal
resolution of our data making it possible to identify 24-72
h long stopovers. The number of longer stopovers (> 3 d)
varied from 1 to 5 between different individuals and in many
cases prolonged stopovers were associated with Sahara cross-
ing which was completed with long endurance flights (Fig. 2,
3). Such co-occurrence is likely attributed to prolonged fuel-
ling to build energy stores necessary for crossing ecological
barriers (Schaub and Jenni 2000, Fransson et al. 2006). The
ratio between the duration of flight and stopover phases was
on average 1:6.5 which is slightly lower than the predicted
ratio of 1:7 based on theoretical models (Hedenstrém and
Alerstam 1997). However, our estimates of the total stopover
duration did not include the fuelling period before the initial
departure for migration (Lindstrom et al. 2019). It is likely
that with this period included, the ratio of flight versus stop-
overs would match the theoretical predictions (Hedenstrom
and Alerstam 1997).

Overall, exercising a hop migration pattern may have
energetic benefits for individuals. Birds can save energy on
reduced transport costs if they migrate in short flight steps
and low fuel levels (Alerstam 2001). Consequently, birds
need to spend less time on stopovers refuelling and reduction
in total energy requirements will also enable to reduce the
total duration of migration. Such migration strategy is, how-
ever, possible only if resources along the migration routes are
widespread and settling costs at new stopover sites are small.
The observed difference in flight altitudes between night and
day may suggest that birds employ a fly-and-search migra-
tion when prolonging the flight into the day. Flight of short
duration and diurnal flights were most commonly carried
out at altitudes below 500 m asl which may allow the birds
to search for favourable landing sites where food for refuel-
ling may be found. This may also explain why pipits prefer
late night/early morning flights where new stopover sites may
be visually located after sunrise. Thus, hop migration may
be inevitably linked with fly-and-search migration strategy
and hence, late night departure times and landing times after
sunrise.

Our estimates of the average ground speed of 39.5 km h™
along the most likely migration track is slightly lower than
the grounds speed measurements of ca 50 km h™' for pas-
serines obtained using tracking-radar (Bruderer and Boldt
2001). Such discrepancy is not surprising, because geoloca-
tors provide positions only twice per day and the migration
path between them is smoothed. Therefore, with a positional
frequency averaging at 12 h intervals, we cannot account for
small in-flight detours of the birds when estimating ground
speed. Consequently, both ground speed and travel speed
(average of 125 km day™') are likely underestimated.

Tawny pipits’ migration routes via the Iberian Peninsula
and non-breeding sites in the Sahel zone in West Africa were
largely similar to an earlier tracking study of this population
(Briedis et al. 2016). Integration of activity and barometric
pressure tracking into the classical light-level geolocation,
however, opens a new avenue in the details we can reveal



about migration patterns. This includes a detailed description
of the seasonal flight and stopover behaviour as well as their
interrelationship which can then be tested against theoreti-
cal predictions for different migratory strategies. Developing
algorithms that can translate activity recordings into daily,
seasonal and year-round energy budgets have the potential to
further our understanding on the linkages between particu-
lar evolutionary and behavioural strategies we observe in the
wild and their energetics.
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Abstract

The Lesser Grey Shrike is a typical Palaearctic songbird for which we have limited knowledge of its migration ecology. All
that is known about its non-breeding movements is inferred from observational data of birds on passage. The few available
ring recovery data do not link breeding and African non-breeding grounds. By deploying two types of loggers, light-level
geolocators and multi-sensor loggers, on birds from a declining Slovak breeding population, we present the first direct
evidence for non-breeding grounds, loop migration, stopover sites and the timing of annual cycle events. With barometric
data, we provide details on flight altitudes during migration. The two tracked birds migrated in a clear anti-clockwise loop
to S Africa. Autumn migration tracks went through the Balkan Peninsula, Mediterranean Sea towards Libya with unusually
long stays around N Chad and Niger. The next stopovers were in Angola, and the main non-breeding sites were in Botswana.
Spring migration commenced on March 29 and April 7 and the birds took routes along East African countries, with stopo-
vers later in Somalia and Saudi Arabia, before crossing the eastern Mediterranean Sea. Nocturnal migration dominated, but
for three days in August, while crossing the Sahara Desert, the bird extended flights into the day with a sudden increase in
flight altitudes at dawn. Flight altitudes were higher during barrier crossing and during the last phase of spring migration
compared to the remaining periods, with the most extreme event recorded at 4530 m asl.

Keywords Passerines - Non-breeding grounds - Flight altitude - Long-distance migration - Behaviour

Zusammenfassung

Nichtbrutgebiete, Schleifenzug und Aktivitatsmuster im Jahreszyklus bei Schwarzstirnwiirgern Lanius minor vom nordwest-
lichen Rand seines Verbreitungsgebietes

Der Schwarzstirnwiirger ist eine der paldarktischer Singvogelarten, fiir die nur begrenzte Kenntnisse der Zugokologie vor-
liegen. Alle Informationen zu Bewegungen auf3erhalb der Brutzeit stammen von Beobachtungsdaten durchziehender Vogel.
Die wenigen verfiigbaren Ringwiederfunde erlauben keine Verbindungen zwischen Brut- und Uberwinterungsplitzen. Wir
préasentieren hier den ersten direkten Nachweis des Schleifenzuges, die zeitliche Abfolge der Ereignisse im Jahreszyklus,
sowie die Rast- und Uberwinterungsgebiete von Schwarzstirnwiirgern einer abnehmenden, slowakischen Brutpopulation
basierend auf Licht- und Multisensor-Loggerdaten. Barometrische Daten liefern zudem detaillierte Angaben zu individuellen
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Flughohen wihrend des Zuges. Die beiden getrackten Vogel zogen in einer klaren Schleife gegen den Uhrzeigersinn nach
Stidafrika. Der Herbstzug fiihrte iiber die Balkanhalbinsel und das Mittelmeer nach Libyen, gefolgt von unerwartet langen
Zwischenstopps im nordlichen Tschad und Niger. Die nichsten Rastgebiete lagen in Angola, die Uberwinterungsgebiete
in Botswana. Der Friihlingszug begann am 29. Mirz und 7. April. Die Vogel flogen tiber Ostafrika mit Zwischenstopps in
Somalia und in Saudi-Arabien, ehe sie das Ostliche Mittelmeer iiberquerten. Néchtliche Fliige dominierten wihrend des
Zuges. Bei der Durchquerung der Sahara im August waren jedoch drei der Nachtfliige um mehrere Stunden in den Tag
hinein verldngert und wiesen einen plotzlichen Anstieg der Flughohen wihrend der Morgendimmerung auf. Die Flughohen
wihrend der Barrieren-Uberquerung und wihrend der letzten Phase im Friihjahrszug waren zudem hoher als in der restlichen
Zugzeit, wobei eine maximale Flughohe mit 4530 m ii. M. erreicht wurde.

Introduction

The Lesser Grey Shrike has a considerable breeding range
spanning from NE Spain in the West, the Pannonian basin
and the eastern Europe to Altai in the East, but unusually, its
non-breeding range funnels in Southern Africa to a relatively
small area (Lefranc and Worfolk 1997). Its populations at
the western edge of its distributional range underwent sub-
stantial declines and area shrinkages, and decreasing num-
bers are also reported at the African non-breeding grounds
(Herremans 1998; Bronskov and Keller 2020; PECMBS
2022). At the same time, we have very limited knowledge
on the migration and overwintering ecology of the species.
All available information on migration is inferred from bird
observations. Earlier authors proposed an anticlockwise
loop migration pattern, where in spring most birds use the
Arabian Peninsula and Anatolia when heading towards the
breeding sites (Stresemann 1943; Moreau 1961; Dowsett
1971; Lefranc and Worfolk 1997). This migration pattern
is clearly visible in seasonal observation maps generated by
bird observations submitted to the eBird database (Fink et al.
2022; Fig. 1b). To date, there is only a single observation
linking breeding and non-breeding grounds (Kristin 2008).
To fill parts of this gap, we analysed available ring recovery
data and deployed two types of loggers (light-level geolo-
cators and multi-sensor loggers) on shrikes in a breeding
population at the North-western edge of its distributional
range. We aimed at identifying for the first time individual-
based migration tracks, locations of stopover sites and non-
breeding sites of Lesser Grey Shrikes.

Material and methods

We studied Lesser Grey Shrikes at the foothills of Pol'ana
Mits., Central Slovakia (48.5909N, 19.5161E as a centre
of study area, 460-750 m asl). Here, this declining and
endangered species breeds in a traditionally cultivated rural
landscape; c.f. KriStin et al. (2000, 2007), still with a local
population size of 30-35 nests/20 km? in 2017-2022 (own
unpublished data). Adult shrikes were trapped within their
breeding territories with clap nets (baited with crickets or
larvae of Zophobas) during the spring of 2017 and 2019.
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All trapped birds were marked with aluminium rings and
an individual combination of two colour rings. In 2017,
we equipped 10 birds (8 males and 2 females) with GDL3-
PAM multi-sensor loggers (Swiss Ornithological Institute,
Sempach). In 2019, we equipped another 10 birds (6 males
and 4 females) with uTags (Swiss Ornithological Institute,
Sempach). Loggers were attached using a leg-loop backpack
harness (1 mm thick braided nylon string). The mean weight
of the GDL3-PAM logger was 1.35 g and for the uTags
1.90 g. The mean male body mass was 44.6 +2.4 g (range
39.6-48.6 g), and the female body mass was 49.0 +5.74
(44.1-52.6 g). In the following years, we detected four birds
(males only) with loggers. We retrieved three loggers and
one bird we failed to catch. Return rates of logger-tracked
birds were 28.6% (4/14) for males and 0% (0/6) for females.
As the population is very small and declining, we did not
have return rates on ringed-only birds during the period of
this study. However, return rates were 40% for males and
25.2% for females during 1996-2000 (Kristin et al. 2007).
The two loggers contained data for the full year, while the
third logger stopped working after two months. We do not
present data on this bird. Raw data on all three birds are
available at the Zenodo data repository (Adamik et al. 2023).

To supplement the geolocator data with other available
data sources on bird migration, we requested data on ringing
recoveries from the EURING and SAFRING. We requested
recoveries which fulfilled the condition of > 100 km between
the ringing and recovery site. Only EURING had relevant
data. This yielded nine encounters but we used only seven as
two were of short distance and uninformative about migra-
tion (138 and 182 km within France and the UK, respec-
tively, see Online Supplement 1, Table S1). For estimating
distances, we used the ‘orthodrom.dist’ function (great cir-
cle distance) in the R-package birdring (Korner-Nievergelt
and Robinson 2014). In addition, we used the eBird relative
abundance maps to depict the predicted seasonal distribu-
tion of shrikes across the annual cycle (Sullivan et al. 2009;
Fink et al. 2022). We used the eBird classification of sea-
sons: breeding Jun 21 —Jul 27, non-breeding Dec 14 —Mar
1, post-breeding Aug 3—-Dec 7, pre-breeding Mar 8 —Jun 14.
Note that these map layers are modelled data and as such
inevitably contain inaccuracies, e.g. they model presence of
the species in Madagascar where it does not occur.
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Fig. 1 Comparison of available Lesser Grey Shrike distribution data
relative to the data collected in this study. a Ringing and recovery
sites of Lesser Grey Shrikes connected by great circle distance lines
relative to eBird observer data. b Modelled relative abundance of
Lesser Grey Shrikes per season from eBird (Fink et al. 2022). Abun-
dance is presented as a gradient in red (breeding season), yellow
(post-breeding/pre-breeding season) or blue (non-breeding season),
and darker colours indicate higher relative abundance and lighter
colours indicate lower relative abundance within the season. ¢ Esti-
mated migration tracks and stationary sites used by individuals 16KN

Light-level data collected from the uTag (bird 22UL)
were analyzed using R packages TwGeos (Lisovski et al.
2016) and SGAT (Wotherspoon et al. 2013) to obtain the
most likely geographic positions of the shrike. We fol-
lowed the approach outlined in Lisovski et al. (2020) and
the parameters used in Wong et al. (2022), first annotating
twilight events using a light-level threshold of 1 in TwGeos.
Stationary periods were defined as stops lasting >2 days.
Briefly, we derived median reference solar zenith angles
based on the recorded light readings at a non-breeding site
(i.e., Hill-Ekstrom calibration). We discerned stationary and
movement periods based on abrupt changes in sunrise, sun-
set, midday and midnight times, and used the ‘mergeGroups’
function in SGAT to group together similar twilight times
to a single site. Using SGAT’s Group model, we specified
the parameters for the twilight error distribution (gamma),
the flight speed distribution (shape: 2.2, rate: 0.08), and a
land mask constraining positions to land. A modified gamma
model was first run for 1000 iterations to initiate the model,
before the model was tuned for five runs with 300 iterations.

(autumn=light blue, spring=Ilight red) and 22UL (autumn=dark
blue, spring=dark red) in this study. The track of 16KN was esti-
mated using GeoPressureR, and shows the shortest most likely path
of the bird. The dashed portion of the track connecting the last pre-
breeding stopover site to the breeding site is the great circle distance
between the two sites. The track of 22UL was estimated using SGAT
and shows the median most likely path of the bird. The circles indi-
cate the stationary sites used during each season (red =breeding, dark
yellow = post-breeding, blue =non-breeding, light yellow = pre-breed-
ing). Stationary sites were defined as stops >48 h

The final run of the model for 2000 iterations produced the
median migration tracks and associated 95% confidence
intervals. Calibration parameters used in SGAT are avail-
able in Online Supplement 1, Table S2.

The addition of atmospheric pressure information to
light-based geolocation has been shown to greatly enhance
the accuracy of location estimates (Nussbaumer et al.
2023a). Thus, pressure, activity, and light data recorded
from the single GDL3-PAM multi-sensor logger (16KN)
were used to predict positions with the R package GeoPres-
sureR (Nussbaumer et al. 2023b). We followed the steps
detailed in Nussbaumer (2022). Essentially, GeoPressureR
creates a likelihood map of positions based on matching
geolocator-measured ambient air pressure data and global
reference weather data, and a second likelihood map based
on ambient light intensity data to further refine location
estimates (Nussbaumer et al. 2023b). We distinguished
between stationary and migratory periods based on simul-
taneous drops in pressure and sustained high activity. We
handled outliers using a visual inspection as suggested in
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Nussbaumer (2022) using TRAINSET (https://www.train
set.geocene.com). This allowed us to compare pressure and
activity data simultaneously, and we removed outlying sin-
gle pressure points that differed significantly from preceding
or following points (within 30 min) and did not match the
activity level. We used a two-day threshold for stationary
sites (i.e. >48 h), and light data was analyzed based on the
threshold method, using breeding-site calibration. The com-
bination of pressure and light likelihood maps is then used to
model the trajectory of the bird, based on a gamma-distrib-
uted flight speed distribution (min. groundspeed: 20 km/h,
average groundspeed: < 120 km/h). The resulting simulated
most-likely path is the shortest path between the estimated
stationary sites, and a marginal probability of each station-
ary site regardless of the bird’s trajectory is also produced.
Parameters used in GeoPressureR are available in Online
Supplement 1, Table S3.

To gain insight on the migratory behaviour of the shrikes
throughout the annual cycle, we further classified the activ-
ity data recorded by the multi-sensor logger using the R
package PAMLr (Dhanjal-Adams 2022). Following the
guidelines in Dhanjal-Adams et al. (2022), we used the
‘classify_flap’ function to identify periods of low to high
activity (flapping flight) using k-means clustering. Sustained
high activity of 60 min or more was considered migration.
The function ‘classify_summary_statistics’ was then used to
summarize pressure changes and respective flight altitudes
per classified flight. All analyses were conducted in R ver-
sion 4.1.3 (R Core Team 2022). All times are given as UTC.

Results
Ring recoveries

All seven recoveries were related to autumn migration, link-
ing breeding and southern passage sites (Fig. 1a), and none
linked breeding and African non-breeding sites. Four birds
were ringed as nestlings. Six birds were recovered in Greece
in late August and early September (range 23 Aug—20 Sept,
mean 8 Sept, mean distance 1200 km). One bird ringed as a
nestling in Germany was recovered after 478 km and 60 days
on 28 Aug in N Italy. Four birds were recovered in Greece
within the same season. Two birds ringed at Hungarian
breeding sites were recovered in Greece in the following
autumn. Details on recoveries are provided in Online Sup-
plement 1, Table S1.

Geolocation
The first bird (22UL, Fig. 1c) left the breeding site on July

21 (Table 1) and the first stopover was detected for 23 days
in Bulgaria (July 25—-Aug 18) and a second stay in northern

@ Springer

Table 1 Migration table for two geolocator and multi-sensor logger
tracked Lesser Grey Shrikes

Bird ID 22UL 16KN
Autumn migration

Departure breeding site 21 July 23 July
Arrival to main NBS 13 Nov 14 Nov
Duration (days) 115 114
Great circle distance (km) T777* 8167
Site-to-site distance 8038* 8481

# stopovers 3(2) 54)
Sum stopover days 99 (42) 95 (43)
Migration speed great circle distance (km/day) 68 (106) 72 (115)
Migration speed site-to-site (km/day) 70 (110) 74 (119)

Travel speed (km/day) 486 430

Spring migration

Departure 29 Mar 7 Apr
Arrival to BS 15May 17 May
Duration (days) 47 40

8053** 8167
9041** 9711

Great circle distance (km)
Site-to-site distance

# stopovers 3 2

Sum stopover days 16 10.5
Migration speed great circle distance (km/day) 171 204
Migration speed site-to-site (km/day) 192 243
Travel speed (km/day) 260 277

NBS non-breeding site. Migration speed was estimated as the distance
between breeding and African NBS divided by the total duration of
migration, including stopovers. Great circle distance estimates are
between the breeding and African non-breeding sites. Note that only
stopovers > 2 days are considered here

Numbers in parentheses refer to estimates without the residency/stop-
over in Chad

*to first NBS, **from the second NBS

Chad on the border with Libya for 57 days (Aug 24—Oct
20). After that, the bird made a quick 3700 km long move-
ment and on Oct 23 it arrived at Angola where it stayed for
19 days. On Nov 13, the bird arrived at its first main non-
breeding site in W Botswana, where it remained until Jan
10 (58 days). After that, it moved about 2° further South
within Botswana to spend another 73 days (Jan 15—-Mar 29)
at the second main non-breeding site. The bird initiated the
spring migration on Mar 29 and between Apr 7-9 it took
a short stopover in the area of W Mozambique. After that, it
took another 10-day stopover from April 15 in NW Kenya,
west of Lake Turkana. The last detected stopover was esti-
mated for three days (Apr 29-May 2) in Saudi Arabia. The
bird flew towards the breeding site via Cyprus, Anatolia and
Balkan with final arrival to the breeding site on May 15
(Fig. Ic).

The second individual (16KN, Table 1; Fig. 1¢) departed
the breeding site on July 23. It quickly moved to the border
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Fig.2 Actogram of the Lesser Grey Shrike (16KN) over its annual
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sified into four behavioural states (resting, low activity, high activity

region of W Romania and SE Hungary around the Mures
River, where it stayed for 25 days (July 25—-Aug 18). On Aug
18, the bird took off for migration. Changes in pressure data
show flight for six consecutive nights (Online Supplement 1,
Fig. S1). On Aug 24, following the Mediterranean Sea and
Sahara crossing, it took a three-day stopover (Aug 24-27) at
an estimated location in the border area of Niger and Chad.
After that, on Aug 27 it made a short movement further
south, where after two nocturnal flights arrived on Aug 29 in
the Kanem region, Chad. There, the bird stopped for 52 days
(Aug 29-Oct 19), which resembles the pattern in the previ-
ously tracked bird (22UL, with departure on Oct 20). On
Oct 19, the bird took off and over a series of 9 nights, it
moved further south to the next stopover in Angola, where
it stayed for 4 days (Oct 27-31). After that, the bird moved
southeast, staying 11 days (Nov 3-13) in Western Zambia,
in the border region between Angola and Namibia, near the
Zambezi River. After this stop, the bird continued further
and on Nov 14 it arrived at its final non-breeding site in Cen-
tral Kalahari Game Reserve, Ghanzi District, Botswana. On
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and migration) using PAMLr. The two white vertical lines indicate
the local sunrise and sunset times as recorder by the logger

Apr 7, after 144 days of residency, the bird initiated spring
migration. For eight nights in a row it migrated, took a break
from Apr 14, and continued with flight on the night of Apr
15. After that, it took a stopover around Lake Turkana,
Kenya for 3.5 days (Apr 16-19). Over the next four nights,
the bird moved northeast and it took another 7-day stopover
(Apr 23-30) in Somaliland, Somalia, in the area between
Karkaar Mts and the Nugaal Valley (Fig. 1c). On Apr 30,
the bird departed from the site. Changes in pressure show
that the bird continued to make a series of nocturnal flights
until May 15, with only one 1-day short stopover on May 7.
However, these stopovers are below the set 2-day threshold,
and therefore not shown. For comparison, a track modelled
with a 12 h threshold, can be seen in Online Supplement 2.

Flight behaviour on migration
Nocturnal flights were the norm in both autumn and spring

(Fig. 2). However, three prolonged flights into the day
(22-24 Aug) occurred during the barrier crossing of the
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Mediterranean Sea and the Sahara Desert. Cumulatively,
autumn migration lasted 176.8 h for this individual (with
events classified as flights > 1 h). On July 23, the bird initi-
ated the first migration flights (4.7 and 1.3 h) across two
consecutive nights to its first stopover site in Romania
(Fig. 3). Flight durations while barrier crossing ranged
from 12.9 to 14.9 h per night. Between the stopover sites
in Romania and Chad, the bird made nine flights in total
for 69.5 h, mean 7.7 (range 1.8—14.9). From Chad towards
the main non-breeding site in Botswana, the bird flew in
several bouts, totalling 101.4 h (mean 6.8, range 2.7-11.0).

Spring migration was initiated with a series of noctur-
nal flights across eight consecutive nights (cumulatively
69.8 flight hours, mean 8.7). After a one-day break, the
bird continued with a 9.3 h flight on April 15. Another
set of nocturnal flights was initiated on Apr 19 for four
consecutive nights (cumulatively 29.5 flight hours). On
Apr 30, the bird initiated another set of nocturnal flights
(mean 8.5 h, range 5-10.3) but the logger stopped work-
ing while the bird was on the move (May 15). By May
11, the spring part of migration took cumulatively 201.8
flight hours. Interestingly, on several occasions while the
bird was residing in the same area, it took short nocturnal
flights (Fig. 3). For example, while residing in Chad, on
Sept 17 it took 2.1 h climb flight up 1096 m. Similarly, on
Dec 18 it took a short flight up 1085 m (Online Supple-
ment 1, Fig. S2).

Fig. 3 Flight durations (in
hours) over the annual cycle in 151
Lesser Grey Shrike (16KN).
Only flights longer than 1 h are
shown
10
<
c
K]
[
>
©
=
2
o
5 -
0 -

Altitudes of migratory flights

Flight altitudes in autumn were the lowest during the first
two flights between the breeding site in Slovakia and the first
stopover site, when the single bird reached the first night
max 1329 m. Altitude range and heights reached were higher
during the barrier crossing phase than during the period
when on the move between Chad and Botswana (Table 2).
Maximum flight altitude during barrier crossing was 3274 m
asl, mean 1198 +949 SD m asl. Interestingly, we detected an
increase in altitudes at dawn, when the bird started its ascent.
This happened on all three mornings when the bird extended
nocturnal flight into the day (Fig. 4). At the non-breeding
residency site in Botswana, the bird stayed at a relatively
constant altitude of 1000 m asl (Online Supplement 1, Fig.
S2). Climbing height, record flight altitude (4530 m asl)
and altitude range were the highest during the last stretch of
migration, after Apr 30 (Table 2).

Discussion

The few available ringing recoveries of the Lesser Grey
Shrike show that birds from European breeding sites migrate
via Greece in autumn. Funnelling via Greece was likely
common for birds from the extinct western European breed-
ing sites (as indicated by the two recoveries of birds from
German breeding sites). The only recovery in Africa is a

Atljg S(Iep
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Table 2 Characteristics of migratory flights of the Lesser Grey Shrike based on data from the multi-sensor logger
Travel period  Dates Mean alti- SD (m) Max. n Altitude ~ Climb mean No. flights Mean flight  Flight hours
tude (m) altitude range (m) duration (h)
(m)
1 Jul 23-24 898 411 1525 11 1329 752 2 3.0 59
2 Aug 18-29 1417 909 3274 139 3238 1944 9 7.7 69.5
3 Oct 19-Nov 14 1589 659 3378 199 2335 1238 15 6.8 101.4
4 Apr 7-16 1859 712 3930 157 2831 1273 9 8.8 79.0
5 Apr 19-22 1261 492 3114 59 2361 1132 4 7.4 29.5
6 Apr30-May 11 1955 962 4530 167 3551 1946 11 8.5 93.3

Recording interval 30 min; n refers to no. of sampling events. For flight durations, only events over 1 h in duration and classified as migration
were considered. Altitude range—the total flight altitude range during that travel period. Climb mean—mean of altitude ranges during that travel

period

Travel periods: 1 From the breeding site to first stopover site in Romania, 2 from Romania, via Greece, barrier crossing flights to Chad, 3 from
Chad to Angola, 4 spring migration towards the stopover site in Kenya, 5 from Kenya to Somaliland, 6 from Somaliland to breeding site in Slo-

vakia

Fig.4 Changes in flight alti-
tudes of the Lesser Grey Shrike
(16KN) during the nocturnal
and diurnal parts of barrier
crossing of the Mediterranean
Sea and Sahara Desert. Blue
areas indicate nights. Note that
these are three flights inter-
rupted with diurnal stops

3000 1

2000 1

Altitude

1000 1

22 }-\ug

female colour-ringed at our Slovak breeding site on June 10,
1998 by AK and resighted on April 12, 2000 in the area of
Awash, Ethiopia (9.00N, 40.17E; Kristin 2008). Data from
our two-tracked individuals confirm the earlier suggestions
of Stresemann (1943), and Moreau (1961) of an anticlock-
wise loop migration pattern in this species. This is compa-
rable to the loop migration pattern in the Red-backed Shrike
(Tottrup et al. 2012). Furthermore, both birds in our study
made long stops either in the Sahel zone or in an oasis in
the Sahara Desert. There, both birds spent nearly 2 months
before moving further south to stopover sites in Angola.

23 }-\ug 24 }-\ug

Date

Again, this resembles the behaviour of the Red-backed
Shrike for which Tgttrup et al. (2012, 2017) and Pedersen
et al. (2020) found that the birds spent 1 to 2 months in S
Sudan after Sahara crossing, before moving further south to
the final non-breeding sites. Such a long residency indicates
that this region might be of critical importance for shrikes
after barrier crossing. Tgttrup et al. (2012) suggested that
the shrikes likely encounter favourable foraging conditions
in this area and store fuel for rapid southward movements.
Both tracked individuals resided during boreal winter in
the area of the Kalahari Desert. This is the area where the
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entire global population of the species is seen to concentrate
at that time of year (Herremans 1998). Earlier observational
studies reported the first arriving birds from late October
(Zimbabwe) to late November (Cape Province, S Africa)
(Dowsett 1971; Lefranc & Worfolk 1997). Our tracked birds
arrived at remarkably similar dates in mid-November. For
the spring migration, we confirmed that the species migrates
along the E African countries towards Ethiopia and Soma-
lia, the Red Sea, the Middle East, Anatolia and the Balkan
Peninsula. In line with the expected pattern of faster migra-
tion in spring (Nilsson et al. 2013; Briedis et al. 2020a), the
migration speeds of shrikes were also much faster in spring
than in autumn. However, travel speeds (i.e. speed exclud-
ing stopovers) were much faster in autumn. This resembles
the pattern in the Great Reed Warbler when the total flight
duration used for covering the full-migration distance was on
average shorter in autumn than in spring (Emmenegger et al.
2021). However, all of these estimates should be taken with
caution as no geolocator study can provide data on the first
fuelling period prior to departure. The question of whether
to consider the long autumn residency period in Chad as a
stopover also arises. It is likely the birds undergo a partial
moult there (Lefranc and Worfolk 1997), and if we assume
residency in Chad, our migration speed estimates would be
underestimated (but note that we also provide migration
speed estimates without the Chad residencies). For example,
Schmaljohann et al. (2022) do not consider an interruption
of endurance flights due to moult as a stopover. Thus, if
the shrikes undergo moult in this area, we should consider
this residency period as a unique annual cycle event. This
raises the question of how to define autumn migration, e.g.
whether to view it as two events — prior and after the Chad
residencies. Arrivals of the two birds to the breeding site in
mid-May correspond with the long-term observations (mean
arrival May 6; Kristin et al. 2007 and KriStin unpubl. data).

For the single individual with the multi-sensor logger
data, we show that nocturnal migration was the prevailing
pattern. This is in line with the typical pattern of prevailing
nocturnal migration found for most trans-Saharan avian
migrants (Dorka 1966; Schmaljohann et al. 2007b). The
bird only extended its flights shortly into the day on three
nights in autumn, during its crossing of the Mediterranean
Sea and the Sahara Desert. This observation fits into the
expected pattern that prolonged flights occur during bar-
rier crossings (Adamik et al. 2016; Jiguet et al. 2019).
Similarly, the extensions of nocturnal flights into the day
during Sahara crossing were also found for two Red-
backed Shrikes tracked with data loggers (Bdackman et al.
2017a, b). Schmaljohann et al. (2007a) showed that under
favourable tail winds, the passerine nocturnal migration
measured by radar continued into the day. In their study,
landing tendency (sink rate) correlated negatively with tail
winds. Thus, both radar and geolocation from this study

@ Springer

provide solid evidence for the extension of flights into the
day by trans-Saharan migrants. Activity data also signifi-
cantly improved our understanding of migration behav-
iour. For example, we could see that migratory flights in
spring are more compressed in time than in autumn, with
the exception of a series of short nocturnal flights in the
autumn. The single individual migrated on average for
around 6 h per night in autumn and over 8 h per night in
spring. In autumn, the migration was divided into three
segments, with similar numbers of flights as was found
for the Red-backed Shrike (Sjoberg et al. 2018). Flight
altitudes were usually in the range of 1000-3000 m asl,
with a record of 4530 m asl., and lowest during the first
segment of autumn migration in Europe. These findings
are in line with the flight altitudes recorded by the Red-
backed Shrike (Tgttrup et al. 2017; Sjoberg et al. 2018).
A similar pattern of low flight altitudes over Europe and
a sudden increase in altitudes during barrier crossing was
also found in European Nightjars (Norevik et al. 2021).
Our tracked individual climbed the most metres during the
diurnal part of the barrier crossing phase in autumn and in
the last stretch of spring migration after leaving Somalia.
We found that starting the ascent at dawn occurred over
three barrier-crossing events. This was a similar pattern to
the Great Reed Warbler described by Sjoberg et al. (2021)
or to the sudden daytime ascents in migratory Great Snipes
(Lindstrom et al. 2021). It is likely that the sudden increase
in flight altitudes served the bird to find more favourable
wind conditions or to reduce water loss (e.g., Schmaljo-
hann et al. 2009). The highest flight altitude of 4530 m
asl was recorded during the spring passage (May 2). It
was higher than in the Red-backed Shrike or Tawny Pipit
(Briedis et al. 2020b), similar to Eurasian Hoopoe, but
lower than in the diurnal flights of the Great Reed Warbler
(up to 6267 m asl; Sjoberg et al. 2021; Liechti et al. 2018).
However, we should interpret this with caution as we had
altitudinal data only from a single individual.

Although we provide details on migration behaviour of
only two individuals, the gathered data greatly enhance our
knowledge of this little-known and endangered long-dis-
tance migratory species. Our findings fit well into what was
expected (loop migration, prevailing nocturnal migration)
or what is already known about nocturnal migrants (extend-
ing nocturnal flights into the day, climbs at dawn). Thus we
suggest that our findings likely show the general migration
pattern in the Lesser Grey Shrike. Collecting data on these
few individuals was a challenge in the field. The breeding
population continues to decline in our study area and within
few years there could be no individuals to track.
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Abstract. The barred warbler, Curruca nisoria, is an Afro-Palearctic migrating bird with a wide breeding
distribution across eastern Europe to central Asia. Ring recoveries and direct observations have suggested
they migrate to non-breeding grounds in East Africa. However, little is known about their migration routes
and flight behaviour during migration and on the non-breeding grounds. Using geolocators and multi-sensor
loggers, we tracked three barred warblers from a Czech breeding site to document their migration routes,
stopover and non-breeding sites, and flight activity patterns across the annual cycle. All three tracked birds
took south-eastern autumn migration routes through the Levant, with a shared stopover in Syria before
crossing the Arabian Desert, the Red Sea and eastern Sahara Desert and stopping in Sudan for ca. two months.
After 109 days (average), birds arrived at their main non-breeding sites of W Kenya or S Ethiopia. A single
stopover on the Red Sea coast of Saudi Arabia was used during the spring migration before continuing NW
across the Mediterranean. Pressure and acceleration data showed that warblers migrated exclusively at night,
with the longest flights crossing the Sahara and travelling from Sudan to non-breeding sites. Daily diurnal
activity patterns were uniform across all stationary sites.

Key words: geolocation, tracking, nocturnal activity, diurnal activity, Afro-Palearctic bird migration system

Introduction

Knowledge of the annual cycle of migrating birds,
including where and when they can be found at
different times of the year, provides important
information about the factors affecting bird
movement, breeding and survival. For example, poor
conditions (e.g. low rainfall and resulting decreased
food availability) at tropical non-breeding sites have

* Corresponding Author

been shown to delay spring migration, resulting
in later arrival at breeding grounds and lower
reproductive success (Rockwell et al. 2012, Cooper
et al. 2015). Similarly, cold weather conditions along
migratory routes have also been shown to affect
migratory performance in long-distance migrants,
carrying over to late arrival and low return rates at
breeding sites due to increased mortality en route
(Briedis et al. 2017). These observations suggest that

This is an open access article under the terms of the Creative Commons
Attribution Licence (CC BY 4.0), which permits use, distribution and
reproduction in any medium provided the original work is properly cited.
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understanding avian migration routes and behaviour
is fundamental to understanding the population
dynamics of long-distance migratory birds.

The barred warbler, Curruca nisoria, is an Afro-
Palaearctic long-distance migrant with an estimated
world population of 4 to 7.8 million individuals across
a breeding range of about 16 million km? from eastern
Europe to central Asia (BirdLife International 2023).
Barred warblers favour richly structured habitats
consisting of bushes and shrubs, and as a result, their
inconspicuous behaviour has made observations of
their behaviour challenging. Ring recoveries have
shown that warblers breeding in Europe migrate to
East Africa, and the high concentration of recoveries
in the Middle East suggests funnelling to Africa
likely occurs via the Levant (Aymi et al. 2021,
Spina et al. 2022). However, direct observations
at non-breeding grounds are restricted to a small
region in eastern Africa, namely parts of Kenya and
northern Tanzania, and a few in eastern Uganda and
Ethiopia from November to March. The only two
available ring recoveries from the putative African
passage and/or non-breeding range are recorded
from the River Nile valley in Sudan (Spina et al.
2022). Still, no tracking study on individual barred
warblers has been published to verify the migration
routes used, and little is known about the flight
behaviour of warblers during migration and the
non-breeding period.

Thus, we aimed to unravel the migration tracks,
stopover sites, non-breeding sites and daily activity
patterns of individual barred warblers to better
inform knowledge of their migration ecology during
the annual cycle. We focus on spatial-temporal
occurrences along the flyway and the presumably
restricted non-breeding grounds, as those sites seem
important for many populations across the Palaearctic
breeding range.

Material and Methods

Study site

We studied barred warblers at Naceraticky kopec,
an abandoned military training area near Znojmo,
Czech Republic (48.83 N, 16.10 E). The study area (ca.
130 ha) is a nature sanctuary with dominant open
steppe grassland habitats. Thorny shrubs (especially
the dog rose Rosa spp. and hawthorn Crataegus spp.),
planted old fruit trees, and smaller wild trees form a
minor part of the site.

Migration.and flight activity in barred warblers

Fieldwork

In 2017, we deployed 16 light-level geolocators (model
SOI-GDL2, Swiss Ornithological Institute) and two
multi-sensor loggers (model SOI-GDL3-PAM, Swiss
Ornithological Institute) on ten males and eight
females. In 2019, we deployed seven geolocators and
ten multi-sensor loggers on nine males and eight
females. The mean weight of geolocators was 0.68 g
and of multi-sensor loggers 1.48 g. The mean body
mass of adult males equipped with loggers was 22.7
g + 1.3 SD (range 20.8-26.8 g), while the mean female
body mass was 25.5 g + 1.9 (range 22.3-29.8 g). In May
and June, we trapped all adult birds with mist nets
within their breeding territories. In the following
breeding seasons, we retrieved one geolocator and
two multi-sensor loggers (all from males; one logger
was retrieved after two years). The return rate of
logger-tagged birds was 15.8% (3/19) for males and
0% (0/16) for females. The return rate of control birds
(ringed only) was 8.8% for males (5/57) and 7.9% for
females (3/38) from 2016 to 2021. Thus, the odds ratio
of tagged males returning compared to untagged
males was 1.8 (95% CI: 0.4-8.3), while the odds ratio
of tagged females returning compared to untagged
females was 0.3 (0.01-6.8).

Analysis

Ambient air pressure was recorded every 15 min,
while day light intensity and the bird’s activity
(accelerometer) were recorded every 5 min.
Geographical position estimates of the warblers
were calculated in one of two ways: from light-
only data (logger 21DV; SOI-GDL2 tag) using the
R package SGAT (Wotherspoon et al. 2013) or from
the combination of pressure, light and activity data
(loggers 22PO and 22PH; SOI-GDL3-PAM tags) using
the R package GeoPressureR (v.3.1.2) (Nussbaumer &
Gravey 2022). The light-only logger provided data on
a complete annual cycle from the breeding to the non-
breeding grounds and back, while the multi-sensor
loggers contained data from the autumn migration
and the non-breeding residence sites until 4 February
and 13 March when the batteries depleted.

We analysed light-only data in similar steps outlined
in Wong et al. (2022), and the light, pressure
and activity data following the guidelines of the
GeoPressure Manual (https://raphaelnussbaumer.
com/GeoPressureManual/; Nussbaumer et al. 2023).
In short, SGAT uses a Bayesian approach to estimate
locations based on the twilight error distribution,
the flight speed distribution (gamma distributed;
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Fig. 1. Modelled autumn and spring migration tracks used by three barred warblers originating from a Czech breeding site. 21DV (orange/
brown) was modelled using SGAT and shows the most likely median path, while 22PH (black) and 22PO (blue) were modelled using
GeoPressureR and show the path that maximises the overall probability. Each dot represents a stopover site (= 2 days stop) used by the
individual bird, and the size of the dot is scaled to the minimum duration of days spent at the site. Triangles represent the breeding site
(grey) or the main non-breeding site (white). 22PH and 22PO0 tracks represent only autumn migration until tags stopped recording at the
non-breeding site. Uncertainties associated with position estimates are presented per individual in Figs. S1-S3.

shape: 2.2, rate: 0.08), and a land mask to give locations
on land a higher prior. Meanwhile, GeoPressureR
combines the additional pressure information
to create a 1) likelihood map of positions from
matching logger-recorded pressure data to global
reference weather data and then enhances position
estimates by constructing a 2) likelihood map from

light data. From this, the path that maximises the
overall probability is modelled between estimated
stationary sites while taking into account a gamma-
distributed flight speed distribution (shape: 7, scale:
7, low-speed fix: 15). Calibration was performed by
deriving the median reference solar zenith angles
from the breeding site. As the minimum duration for
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Table 1. Migration timing, distance, and speed for three geolocators (21DV) and multi-sensor loggers (22PH, 22P0) tracked barred
warblers. BS = Breeding site; NBS = Non-breeding site. Further details about individual distances travelled and duration between

stationary sites are provided in Table S1.

21DV 22PH 22P0O
Autumn migration
Departure from BS 1 Aug 30 Jul 12 Aug
Arrival to main NBS 29 Oct 5 Dec 24 Nov
Duration (days) 89 128 109
Travel duration (days) 21 24 20
Great circle distance (km) 5555 5196 5372
Site-to-site distance (km) 6486 6007 6588
# stopovers 5 5 5
Sum of stopover duration (days) 70 115 95
Migration speed great circle distance (km/day) 62 41 49
Migration speed site-to-site (km/day) 73 47 60
Travel speed (km/day) 309 250 329
Spring migration
Departure from main NBS 1 Apr - -
Arrival to BS 1 May - -
Duration (days) 30 - -
Travel duration (days) 10 - -
Great circle distance (km) 5555 - -
Site-to-site distance (km) 5804 - -
# stopovers 1 - -
Sum of stopover duration (days) 20 - -
Migration speed great circle distance (km/day) 185 - -
Migration speed site-to-site (km/day) 193 - -
Travel speed (km/day) 580 - -

physiological recovery in migratory songbirds is one
day (Eikenaar et al. 2023), we defined stationary sites
as stops 248 h (as in Adamik et al. 2024).

To understand the flight and activity patterns of
barred warblers throughout the year, we analysed the
activity data recorded by the multi-sensor loggers.
We classified flapping activity using the function
‘classify_flap’ in the R package PAMLr (Dhanjal-
Adams et al. 2022). This function determines the
threshold between high and low activity using
k-means clustering, and classifies continuous high
activity (i.e. continuous flapping flight) over our set
threshold of 20 min as migratory flight. We used the
function ‘classify_summary_statistics’ to calculate
the flight altitudes and duration of each migratory
flight (Dhanjal-Adams et al. 2022).

Great circle distances were calculated between
stationary sites to evaluate the total flight
distance travelled by migrating birds using the

‘distVincentyEllipsoid” function in the R package
geosphere (Hijmans 2021). The total migration
distance per season was calculated by summing the
distances between stationary sites.

Results

Autumn migration

All three barred warblers departed from their Czech
breeding grounds in late July/early August (mean:
4 August; range: 30 July-12 August) in a southeast
direction circumventing the Mediterranean Sea (Fig.
1). Before crossing the Sahara, the birds made 2-3
stopovers from August to September in Romania
(22PO), Serbia (21DV), Turkey (22PH) or Syria (all
birds; mean stopover duration: 11.4 days). After
flying over the Red Sea and crossing the Sahara at its
eastern part between 31° E to 38° E, warblers stopped
at 2-3 sites in Sudan, arriving in mid-September
(mean stopover duration per site: 23 days; mean total
stopover duration in Sudan: 63 days) and departing
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Fig. 2. Actograms showing the classified activity of two individuals (22PH and 22P0) from post-breeding (July) until the late non-
breeding period (February and March) based on PAMLr classification by flapping activity. Sustained high activity for > 20 min was
classified as migration. White lines delineate sunrise and sunset times.

on average in mid-November. One individual (22PO)
made an additional stopover in Ethiopia at the end
of November (duration: 5 days). Warblers arrived
at their final non-breeding sites on average around
November 20 (range: 29 October-5 December) in W
Kenya (21DV) or S Ethiopia (22PH, 22PO) after a
total average autumn migration journey of 109 days
(range: 89-128 days) (Table 1). After 91 days at its main
Ethiopian non-breeding site, individual 22PH moved
to a second site in Ethiopia on February 29, where
it remained until the logger stopped recording on
March 13. The site-to-site migration distance travelled
by the birds in autumn averaged 6,360 km (range:
6,007-6,588 km), compared to an average direct great
circle distance (not accounting for the route used by
the birds) of 5,393 km (range: 5,196-5,555 km) between
the breeding site and non-breeding site (Table 1).
Overall, the longest travel distances occurred en route
to Syria, Syria to Sudan, and Sudan to the final non-
breeding sites of Kenya or Ethiopia (Table S1).

Spring migration
Spring migration information was only available
for one individual (21DV), which departed its non-

breeding site in W Kenya on April 1 and arrived at
a stopover site in Saudi Arabia on April 3 (Fig. 1).
There, the bird remained for 20 days before departure
on April 23 in a NW direction. In contrast to autumn
migration, this individual took a Mediterranean
path through the Greek islands, returning to Czechia
through the Balkans, Hungary and Slovakia, arriving
on May 1 back at the breeding site (Fig. 1, Table 1).
The total site-to-site distance of spring migration
was 5,804 km, with similar distances travelled from
Kenya to Saudi Arabia, and Saudi Arabia to Czechia
(Table 1, Table S1).

Individual behaviour during migration and the
non-breeding period

Accelerometery data showed that the two warblers
migrated only at night and were less active during
the day leading up to a nocturnal migratory flight
(Fig. 2). The median time for both birds to start
migratory flights was 0.9 h (54 min) after sunset
(22PH: 2.2 h; 22PO: 0.8 h), and the median time
of landing was 2.8 h before sunrise (22PH: 2.4 h;
22PO: 4 h) (Fig. 3). The start and end of migratory
flights was primarily related to the duration of the
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flight, with longer duration flights starting closer to
sunset and ending closer to sunrise (Fig. 3). Flight
durations were remarkably similar between the two

individuals, with the longest single migratory flights
of 10.8 h (22PH: 2-3 September) and 10.4 h (22PO:
8-9 September), occurring during the crossing of the
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Fig. 4. Migratory flight durations and altitudes (based on PAMLr classification by flapping activity) for two individuals (22PH and 22P0)
during autumn migration and when itinerant between non-breeding residence sites in Africa.
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Sahara (22PH: 29 August-8 September; 22PO: 6-11
September) and 10.9 h (22PH: 3-4 December) and 11
h (22PO: 22-23 November) between the migratory
period from Sudan to their final non-breeding sites
(22PH: 2-5 December; 22P0O: 21-24 November) (Fig.
4). The Sahara crossing flight of 22PH was the only
flight to extend into sunrise, by 0.16 h (3 September),
but actograms showed that all remaining migratory
endurance flights were not extended into the day
(Figs. 2, 3). The median flight duration per individual
was 3.0 h (22PH; range: 0.3-10.9 h) and 4.7 h (22PO;
range: 0.3-11 h) (Fig. 3). The median altitude across
migratory flights per individual was 1,273.7 m (22PH;
range: 0-3,622.8 m) and 1,303.6 m (22PO; range:
0-3,070.7 m) (Fig. 4). The total cumulative flight hours
for each bird to reach their main non-breeding sites
were 140.3 h (22PH) and 167.8 h (22PO).

In contrast to migration, warblers were active almost
exclusively during the day during annual periods of
residency (Figs. 2, 5). Although birds appeared to be
less active in the hour after sunrise, analysis of the
hourly activity during residency periods showed no
distinguishable patterns in daytime activity across
sites (breeding sites, stopovers, non-breeding sites)
nor daylight hours (Fig. 5).

Discussion

Our tracking study confirms thatbarred warblers from
the Czech breeding site spend the main non-breeding
residency period in W Kenya and S Ethiopia, and in
addition, use migration routes through the Levant
and Middle East during autumn and pass through
the Mediterranean during spring migration. These
findings correspond with the presumed autumn
migration corridor of barred warblers, in which most
known western Palaearctic breeding populations
are thought to bypass the Mediterranean on their
southward journey (Moreau 1961). The use of and
arrival at non-breeding sites in Kenya and S Ethiopia
are also within expected regions and timing (Raz et al.
2023), with former records detailing arrivals from late
October/early November onwards to Kenya (21DV
arrived October 29), and arrivals to inland Ethiopian
sites from late-September to mid-December (22PO
arrived November 24, 22PH arrived December 5)
(Cramp 1985, Urban et al. 1997). We identified several
important stopover sites and provide the first data on
stopover durations.

Notably, all three birds utilised a ca. 19-day stopover in
Syria before crossing the Sahara in autumn. The Levant
is well known as a funnel between the Mediterranean

Migration.and flight activity in barred warblers

Sea and the Arabian Desert for many long-distance
migrants. In barred warblers, 26 out of 29 long-
distance ring recoveries during migration were made
in this region (Spina et al. 2022). Stopping here appears
to be the last option for refuelling before crossing the
Sahara, which requires substantial accumulated fuel
for nocturnal endurance flights (see Fig. 2).

Following the Sahara crossing, all three birds stopped
in Sudan for a long ca. two-month stopover. This halt
is similar to long residencies detected in shrikes after
crossing this significant barrier (Adamik et al. 2024).
There may be several environmental conditions like
food and shelter availability and physiological needs
that favour the use of such a long stopover. One
possibility is the recovery from long-endurance flights
and replenishing exhausted body reserves for further
migration, which might take several days but not such
an extended residency period. Another explanation
for the long stopover is post-breeding moult, which
occurs when passerine birds renew flight feathers and
usually avoid large movements. Interestingly, barred
warblers are known to have a seasonally split wing-
moult pattern in which, before autumn migration,
they interrupt the regular moult of flight feathers after
the renewing of primaries and complete the moult of
secondaries at African non-breeding sites (Hasselquist
etal. 1988, Lindstrom et al. 1993). Whether the Sudanese
stopover sites are used to complete a wing feather
moult awaits future investigations. A candidate for
resource tracing is the steep gradient in stable sulphur
isotopes between Sudanese sites and the warblers’
main non-breeding grounds (Brlik et al. 2022), which
allows quantification of site-specific contributions.

Optimal habitat conditions are a prerequisite
to accomplishing keratin synthesis and feather
development within a reasonable time and without
interruptions that could substantially weaken feather
quality. The elongated Sudanese stopovers used
by the barred warblers in our study range between
29° E and 32° E longitude, i.e. the longitudinal
range wherein the River Nile flows in this region.
The Sudanese portion of the Nile flood plains is
associated with several important wetland areas and
is also known to harbour a great diversity of plants
and insects, which provide suitable conditions for
insectivorous migratory species (Paltenea et al. 2008).
The rainy season occurs in Sudan from June or July
to September when the Intertropical Convergence
Zone lies over the northern tropics of the Sahel
region, resulting in a resource peak for insectivorous
birds (Pearson & Lack 1992). This seasonal pattern
of rainfall in the southern part of Sudan coincides
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well with the timing of the arrival and departure of
warblers in our study.

Favourable environmental conditions likely also
dictate the choice of the main non-breeding site.
Not only do the non-breeding sites of our tracked
birds in north-western Kenya and southern Ethiopia
correspond to the currently documented non-breeding
distribution in Kenya and Ethiopia from November to
March (https://ebird.org/species/barwarl), but they
also fall within the wider Great Rift Valley area. The
wider Great Rift Valley region is known to support a
high diversity of birds and other animals (Lemma &
Desta 2016), and barred warblers have been known
to frequent the Valley in autumn and spring (Cramp
1985, https://ebird.org/species/barwarl). Rainfall
in the presumed non-breeding regions occurs in
southern Ethiopia from October to November and in
Kenya from November to December (Pearson & Lack
1992). This finding suggests warblers likely select sites
based on precipitation or proximity to a water body,
which contributes to high insect availability, and
likely depart when resource conditions deteriorate
following the end of the rainy season.

Insight into the activity of barred warblers during
migration and the non-breeding period was also
revealed. Warblers generally took off on migratory
flights within an hour after sunset and landed less
than four hours before sunrise. In contrast to other
songbirds (Adamik et al. 2016), barred warblers
generally showed no elongation of flights into the
day during barrier crossing, suggesting these birds
may instead utilise optimal flight conditions (i.e.
tailwinds) or have some flexibility in their choice of
stopover sites (i.e. stopping anywhere before sunrise),
which allow the avoidance of diurnal flights.

The actograms (Fig. 2) and the hourly proportion
of activity (Fig. 5) indicate that warblers forage
for diurnally active prey but show slightly lower
foraging activity in the first hour after sunrise.
Interestingly, the daily activity of barred warblers
at the Sudanese sites was similarly high compared
to breeding and subsequent non-breeding residence
sites, indicating the same diurnal pattern of foraging
and rest across stationary sites. This result may
suggest that all stationary sites used present equal
foraging opportunities.

Spring migration is the final step to complete the
annual cycle, for which we provide data for the first
time. The departure of 21DV from Kenya on April 1is
within the late March to early April range for which

previously recorded departures of barred warblers
(of unknown origin and fate) were recorded (Urban
et al. 1997, Aymi et al. 2021). Using a single long,
20-day stopover at a site near the Red Sea coast in
northern Saudi Arabia also matches records of barred
warblers in high numbers in the southern Levant
in April (Cramp 1985). The Red Sea coast of Saudi
Arabia is a highly biodiverse region with a high
prevalence of vegetation and invertebrates (Price et
al. 1998), which suggests migratory warblers likely
use this area as a primary refuelling site after a long
flight from Africa and in preparation for another
long flight across the Mediterranean. However, the
spring passage through the Mediterranean and the
southern Balkan peninsula has not been previously
documented, as ring recoveries suggested warblers
also return north using a Middle Eastern, Levantine
route. The detailed flight activity and altitudes of this
Mediterranean crossing flight remain unexplored as
the bird carried a light-only geolocator tag.

Here, we provide a first look at the migration routes,
stationary sites and daily flight behaviour of barred
warblers. Despite data from just three individuals,
our findings fit the expected non-breeding range
and provide evidence for the Balkan and Levant
migratory path speculated for this species. As species
distributions are expected to shift with changes
in climate and food availability, documenting the
natural history of migratory birds is valuable to
increase our understanding of their annual cycle and
flight behaviour.
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Over decades it has been unclear how individual migratory songbirds cross large ecological barriers such
as seas or deserts. By deploying light-level geolocators on four songbird species weighing only about

: 12g, we found that these otherwise mainly nocturnal migrants seem to regularly extend their nocturnal

. flights into the day when crossing the Sahara Desert and the Mediterranean Sea. The proportion of the

: proposed diurnally flying birds gradually declined over the day with similar landing patterns in autumn

. and spring. The prolonged flights were slightly more frequent in spring than in autumn, suggesting

- tighter migratory schedules when returning to breeding sites. Often we found several patterns for

. barrier crossing for the same individual in autumn compared to the spring journey. As only a small
proportion of the birds flew strictly during the night and even some individuals might have flown non-

. stop, we suggest that prolonged endurance flights are not an exception even in small migratory species.

. We empbhasise an individual’s ability to perform both diurnal and nocturnal migration when facing the
challenge of crossing a large ecological barrier to successfully complete a migratory journey.

. Twice a year billions of birds undertake a migratory journey of several thousand kilometres to their non-breeding
. sites and back. The Palearctic-African flyway represents probably the largest avian migration system on earth'. An
© estimated 2.1 billion songbirds and near-passerines move from Europe to Africa each autumn?. At some point in
. time, nearly all of them have to cross a major ecological barrier, the 1500-2000 km wide Sahara Desert.
: A crucial, and to date debated, issue is which migratory strategy individual songbirds use to reach their des-
. tination. In his seminal work, Moreau® suggested “it does seem that an ability to maintain flight for 50-60 hours
. without food or water is essential for those birds which regularly migrate across the Sahara” However, since the
. 1980s, an accumulating number of studies brought evidence in favour of the alternative intermittent migratory
strategy*~. In this scenario songbirds cross the Sahara in small steps: flying at night and resting and/or refuelling
. during the day. The picture, however, seems to be complex, as radar studies from various sites across the globe
- have brought evidence of nocturnal migrants regularly prolonging flight into the day when crossing large-scale
. barriers®!!. The proportion of diurnal migratory traffic in these studies was just a fraction of typical night-time
. migration, suggesting that landing occurs shortly around sunrise and that only some birds are capable of pro-
. longed daytime flights. This means that some individuals show flexible migratory behaviour and they can switch
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Figure 1. Representative examples of full light pattern anomalies (FLP, grey area) in a collared flycatcher
(CF), pied flycatcher (PF) and barn swallow (BS) recorded by light-level geolocators on days while crossing
the Sahara desert. The middle plot (PF) depicts an example of FLP that abruptly ends on the second day at
12:00 UTC. Tick marks on x-axis denote noon. The zigzag light pattern (shading caused by habitat and bird
behaviour) a few days before and after the full light pattern in collared and pied flycatchers represents typical
geolocator data for most birds throughout their annual cycle. The barn swallow data represent typical geolocator
data for an aerial forager.

from nocturnal to partially diurnal migration. In general, nocturnal migration is the prevailing pattern in small
birds within the Palaearctic African migration system'2. With our own survey we estimate that about 63% of spe-
cies (44 out of 70 trans-Saharan migrants for which we have collated data; Supplementary Table S1) are expected
to migrate during the night when crossing continental Europe. Another 16% migrate solely during the daytime,
so the pool of individuals that might theoretically switch to temporary daytime migration is considerable. While
we already know that daytime migration and prolonged flights across vast barriers do happen in small song-
birds'?, the magnitude, temporal and seasonal (spring vs. autumn passage) effects at the individual and species
level remain little known for the large barriers between Europe and Africa.

Recent technical development of satellite transmitters and small light intensity data loggers (geolocators) has
enabled research showing that at least in some larger migratory species, extreme endurance flights of several
thousands of kilometres are possible!*~1¢. Here we tracked several small songbird species, weighing about 12 g,
and for the first time investigated their individual migratory patterns while crossing the Sahara Desert and the
Mediterranean Sea. By the analysis of anomalies in the light patterns recorded during barrier crossing periods we
aim to evaluate i) the occurrence and the timing of prolonged flights into the day by typical nocturnal migrants,
ii) the day-to-day diversity in migratory patterns, and iii) to compare autumn and spring migration periods.

Results
Spatial and temporal occurrence of light anomalies.  All four species in this study, i.e. the collared fly-
catcher Ficedula albicollis, pied flycatcher Ficedula hypoleuca, Eurasian reed warbler Acrocephalus scirpaceus and
aquatic warbler Acrocephalus paludicola (see Supplementary Table S2 for details) are widely thought to migrate
at night and rest during daytime. This behaviour is reflected in geolocator data with a zigzagging light pattern
during the day, caused by variable exposure of the light sensor during foraging, preening, resting and moving
through vegetation (Fig. 1). In both spring and autumn migration periods, however, there was a noticeable pat-
tern of continuous full light intensity (full light pattern; FLP) during the daytime in all four species, i.e. the sensor
recorded maximum light levels for uninterrupted periods of several hours (for an overview of FLP anomalies see
Fig. 2). This FLP anomaly lasted for 1-3 days. In the collared flycatcher it occurred in 12 out of 13 birds in autumn
and in all birds in spring (11 individuals for which data have been recorded until spring). All pied flycatchers
showed FLP in both autumn and spring (4 and 2 individuals, respectively). Similarly, all aquatic warblers had FLP
(5 and 2 individuals). In reed warblers FLP occurred in 4 out of 12 birds in autumn and in all 8 birds tracked in
spring. Summarising across species, all individuals showed FLP in spring and the absence of FLP was observed
in autumn only (9 out of 34 tracked individuals). Seven of 9 birds without FLP still had a distinct zigzag pattern
of increased light intensities.

In all four species the occurrence of FLP coincides with the migration time between Europe and Africa
(Supplementary Table S2). The majority of the stopover sites preceding and following FLPs are located North and
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Figure 2. Detailed seasonal overview of daytime light pattern anomalies (FLP) recorded by geolocators
while the birds were crossing the Sahara Desert. Each category is accompanied by a representative figure
of recorded light intensities, % of occurrence (numbers of individuals are in parentheses), description of the
anomaly and our most plausible interpretation (categories A-H).

South of the Sahara (Fig. 3), demonstrating that FLP occurred while the birds were crossing the Sahara and/or
the Mediterranean Sea.

The estimated flight duration between stationary sites before and after the FLP was positively related to the
estimated travel distance that the birds had to cross (b= 0.033 & 0.009 SE, t= 3.9, P = 0.004; Fig. 4), while con-
trolling for the non-significant effect of season (t= 1.5, P = 0.129; model means + SE: autumn 52.1 4+ 7.7 h, spring
47.7 £ 7.6 h; random effects variance: bird identity 49.3 (7.0 SD), species 170.4 (13.1 SD), residual variance 67.6
(8.2SD)).

Strategies of barrier crossing. In both seasons FLPs often ended abruptly during daytime on the last day
of the presumed Sahara crossing (see middle plot of Fig. 1). We interpret this as prolonged flight into the day and
the sudden change in light intensities as landing time (Fig. 2). In autumn FLP occurred in 73.5% (25 out of 34) of
tracked birds and 47.1% (16) had an abrupt ending of FLP. Abrupt FLP endings mostly occurred on the last day
and for the remaining birds various patterns were detected (Fig. 2). In spring all 23 tracked birds had FLP and
abrupt ending occurred in 65.2% (15) of individuals, and as in autumn, the abrupt FLP ending occurred often
on the last day (Fig. 2). We found no statistical difference in the number of FLPs occurring in autumn compared
to spring (Chi-squared test with Yates’ correction x?=0.34, df= 1, P=0.561). Eight individuals prolonged their
flights into the day during the two- or three-day period of barrier crossing but the durations of diurnal flights
within individuals varied considerably (Fig. 2 and Supplementary Table S2). Four out of 22 birds tracked during
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Figure 3. Autumn (A) and spring (B) stationary sites of birds (median + 25% and 75% percentiles of location
estimates) just prior and after the occurrence of the full light pattern (blue = collared flycatcher, black = pied
flycatcher, red = Eurasian reed warbler, purple = aquatic warbler). The two dashed lines connect stationary sites
for birds without FLP. The background map was made with Natural Earth public domain free vector and raster
map data@naturalearthdata.com. The stationary sites were depicted in ArcGIS.

both migratory periods showed the same pattern of barrier crossing (Supplementary Table S3). If we consider
categories B and C (Fig. 2) as a variation on the same pattern, then 9 out of 22 birds showed the same pattern.

Consistent with radar measurements (Fig. 5b°¢) we found FLP with T,,,, < 92 min (threshold time it took for
each sunrise event to reach the maximum light intensity) and abrupt FLP endings to occur up to 12 hours after
sunrise. The frequency of prolonged flights into the day (i.e. the number of FLPs with abrupt endings during day-
time) was higher in spring (50% out of 28 cases) than in autumn (39.5% out of 38 cases; Fig. 5a) but this difference
is not statistically significant (Kolmogorov-Smirnov test, D = 0.402, P=0.31). The flights into the day ceased on
average 5.8+ 3.0 (SD) hours (n= 15 cases) after sunrise in autumn and 6.8 + 2.1 hours (n = 14 cases) after sunrise
in spring.

FLP without abrupt ending or any gaps by shading occurred in 26.5% (9) birds in autumn and 34.8% (8) birds
in spring. Among them only one bird had perfect FLP and a low T, on both FLP days in autumn (i.e. 2.9% of
34 checked individuals; pied flycatcher, T,,,, = 61 and 53 min) and another bird had perfect FLP for one day in
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Figure 4. Relationship between travel distance (width of the Sahara desert on the individual crossing
course) and the estimated duration of flight based on cumulative length of FLP (including night lengths).
Fitted line 4= 95% CI (dashed lines) is from a linear mixed-effect model. Note that there was no seasonal effect in
the relationship (see Results). The point in the lower right corner was excluded as an outlier.
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Figure 5. Estimates of proportions of birds with diurnal flights while crossing the Sahara desert and their
timing of landing (inset in the upper right corner). The upper plot (A) shows frequencies of migratory flights
into the day estimated from this study (excluding cases when T,,,, >92 min) and the lower panel (B) those
(mean =+ SD) recalculated from a radar field study in the Mauritanian Sahara®.

spring (i.e. 4.3% of 23 individuals; aquatic warbler, T,,,, = 34 min). All remaining birds showed a combination of
perfect FLP and gaps by shading.

Our simulation approach showed that, depending on the assumed flight speeds, between 20-80% of individ-
uals fly into the day, to cover the distance for crossing the Sahara desert (Supplementary Fig. S3). The simulation
shows that for spring migration a slightly higher percentage of daytime flights are necessary for crossing the
desert (Supplementary Fig. S3).
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Discussion

High light intensities are typically recorded by geolocators in aerial foragers such as martins or swallows that stay
airborne during large parts of the day (Fig. 1). In these “classic” diurnal migrants the light sensor is consistently
exposed to the sun during the day. As a result, FLP is recorded regularly. We show here that four songbird spe-
cies, which have been considered to be mainly nocturnal migrants, also show FLP during a limited migration
period that coincides with their crossing of the Sahara desert. We suggest that migratory birds can flexibly switch
from typical nocturnal migration to a prolonged flight into the day when facing the task of crossing a major eco-
logical barrier. We found, however, that in three individuals (one aquatic warbler and two collared flycatchers)
FLP was also detected outside the main migratory period (Supplementary Table S2). In two birds it occurred in
November-December in sub-Saharan Africa (presumably effect of open habitat or perching behaviour) and in
one bird at the breeding site in open habitat (marshes). Hence, at the moment we do not have any evidence for
diurnal movements north of the Mediterranean.

In 9 individuals we did not find FLP while crossing the Sahara in autumn but for 7 of them we could still
observe elevated light intensities that were above the average of typical light data recorded at times prior and after
the desert crossing. We suggest that these birds behaved as typical nocturnal migrants that landed before dawn
and rested during the day. In contrast, very few individuals (one in autumn and one in spring) showed perfect
FLP either during the entire period of the Sahara crossing (or at least on some of the days needed for the cross-
ing). Our very conservative suggestion is that these might be the non-stop flying individuals. An alternative view
would be that the birds were resting on the ground without hiding in the shade. This seems unlikely, however, as
the majority of observations of grounded birds show that they were actively hiding during daytime hours'’. In
addition, our simulation approach showed that the birds would have to fly at extreme speeds to cross the recorded
distances by nocturnal flight only. Finally the diverse patterns of FLPs (Fig. 2) emphasise that birds are able to
perform both diurnal and nocturnal migration even within one and the same journey.

The duration of FLP (i.e. the sum of nocturnal and diurnal periods) was positively related to the distance we
calculated that the birds have to fly over the Sahara. For birds that crossed longer distances over the Sahara, multi-
ple and/or longer durations of FLP were recorded. In contrast, birds that crossed the Sahara at its narrowest points
had FLP usually only on one day. Interestingly, spring and autumn desert crossing times were similar. Hence it
seems that desert crossing is optimized independently from seasonal time pressures; crossing the inhospitable
region as fast as possible might be the main aim for every individual. And indeed, currently available geolocator
studies showed fast crossing of the Sahara desert”!51°.

Earlier field studies demonstrated that nocturnally migrating birds of unknown provenience prolong their
flights into the day>!2%2!, It was generally believed that these prolonged flights had just a very short duration
and most birds tended to land shortly after dawn®!"?? (but see'®). Based on abrupt endings of the FLP dur-
ing daytime, we found that the birds on average prolong the flights until noon during both autumn and spring
migration. Our estimates of diurnal flights (as estimated from the durations of FLPs and T,,, < 92 min) showed
a gradual decline over the day. This pattern was remarkably similar to the one derived from the radar study in the
western Sahara® (recalculated in Fig. 5b). In spring, however, a higher proportion of tracked birds (i.e. with FLP
and abrupt ending) prolonged their flights into the day than in autumn. Similarly, this seasonal pattern strongly
resembled findings of the radar study by Schmaljohann et al.®. In addition, we found slightly higher occurrence
of FLP in spring (25 out of 34 birds in autumn, while in all 23 individuals in spring). These two facts, however, do
not match with estimates of desert crossing times which were similar for the two periods (see above). Faster total
migration in spring is the general pattern across bird species® but our data indicate that this might not be the case
during desert crossing. That we found slightly more FLPs in spring might result from frequent tailwinds which
prevail at higher flight altitudes at this time of the year?*. Tailwinds are similar in autumn but at lower flight alti-
tudes, in hotter and dry air*, which might explain the lower proportion of flights into the day. Accordingly, more
birds prolonged their migration into the day under tailwind conditions as shown by radar'!. Our data suggest that
landing or searching for shade can occur nearly at any time of the day, most probably depending on when the bird
reaches a suitable destination. This suggests an individually flexible prolongation of nocturnal migration into the
day based on the bird’s needs and environmental conditions.

Another striking pattern we found was that the prolonged flights into day occurred most frequently on the last
day of barrier crossing. Abrupt FLP endings were followed by much lower and variable light levels (i.e. a typical
zigzag pattern) for the rest of the daytime than was typically observed on regular days without FLP. Field obser-
vations from the Sahara show that grounded fat birds (i.e. those that do not need to stop for refuelling) were often
found resting in shade (e.g. single rocks, wadis, depressions or mountain ridges*'”) and our data seem to be in line
with this. By simulation we estimated that depending on the flight speed between 20-80% of birds extended their
nocturnal flights into the day in order to travel the distance they did.

To summarise, earlier studies detected diurnal flights of nocturnal migrants®>!° but were supposing that a
small number of birds were doing so and that landing occurred shortly after dawn®. Here we emphasise that, at
least in the four songbird species studied, prolonging flights into the day may be a common migratory pattern
during barrier crossing. Such flights might be more common also in other barrier crossing systems, as has been
recently shown for blackpoll warblers'®. Based on the diverse patterns of FLP and its absence in some individuals,
we emphasise the ability of birds to appropriately switch between diurnal and nocturnal migration when facing
the challenge of crossing a large ecological barrier. There is accumulating evidence in larger-sized birds of con-
siderable spatial but low temporal variability in migratory behaviour?*-?’. Often we found the same individuals
to show different patterns of barrier crossing in autumn compared to spring journeys. This might be in line with
the hypothesis of individually optimized migration schedules®. Such an assessment should be possible in the
future by using larger data sets containing data from both sexes and repeated tracks of individuals across several
migratory seasons.
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Methods

Study species and the detection of light anomalies. From 2011 to 2012 individuals of four song-
bird species were equipped with geolocators (SOI-GDL 2.0, weight approx. 0.6 g, manufactured by the Swiss
Ornithological Institute) at their European breeding grounds. After a year we retrieved 34 functional loggers: 13
from collared flycatchers, 4 from pied flycatchers, 12 from Eurasian reed warblers and 5 from aquatic warblers
(Supplementary Table S2). The geolocators used an SMD photodiode EPD-470-1-0.9-1 (EPIGAP Optoelektronik,
Germany) for light intensity measurements with a sensor wave length between 380 to 555nm and a maximum
range of about 3500 lux (corresponding to 63 arbitrary units). The SOI-GDL 2.0 geolocators recorded ambient
light intensity in 5 min intervals.

The geolocators, conventionally used for positioning of migratory birds are also suitable for documenting
changes in behaviour over the annual cycle? 2. When inspecting geolocator data in the four focal species we
detected an obvious pattern of continuous full light intensity (hereafter full light pattern-FLP) with regular occur-
rence twice a year at times that coincide with the migratory period in many species (Fig. 1). We classified FLP
as an uninterrupted period of >5h (or >1h on days with abrupt FLP ending, see below) during daytime where
maximum light intensity (63 in arbitrary scale) was recorded.

An overview of individual FLP cases is given in Supplementary Table S2. The FLPs were classified into sev-
eral categories in two steps based on a) the amount of shade of the daily light curves and b) time (T,,,,,) it took
for each FLP sunrise event to reach the maximum light intensity (i.e. from 0/1 to 63 units). In the first step we
fitted quadratic regressions to the sunrise data (delimited by the time of sunrise using the software Geolocator
(SOI, Sempach) and the first consecutive data point which reached maximum light intensity) and sunset data
(delimited by the last data point which reached maximum light intensity and sunset determined by the R-package
GeoLight, version 1.03%) and summed up the absolute residuals. For the daytime period (delimited by the first
and the last data point which reached maximum light intensity) we summed up all deviations from the maximal
light intensity. These sums were used to assign every sunrise, day and sunset to the following categories: 1) perfect
FLP, virtually no shading; 2) slight shading; 3) substantial shading. Additionally we assigned category 4 to FLPs
with an abrupt start or end (Supplementary Fig. S1). In the second step, we calculated the T,,,, for each sunrise
FLP event. We assumed that during the flight the bird was at an unknown height above ground. This implies no
shading by vegetation or by folded wings occasionally covering the light sensor and thus a rapid increase in the
recorded light intensity from 0 at twilight to maximum values. To extract sunrises for potential flights prolonged
into the day from other sunrises, we compared the data to the sunrise pattern recorded by a typical diurnal
migrant and aerial forager. We used light-level logger data of barn swallows Hirundo rustica breeding in south-
ern Switzerland and migrating along the central European-African flyway. We selected 6 days during autumn
(n=10 birds) and spring (n= 7 birds) migration, when the birds moved between 16° and 35°N (southern borders
of the Sahel and the Mediterranean Sea) and vice versa. This was at periods between 12-30 Sept and 10 March-17
April. The maximum T,,,, value and its 95" percentile in barn swallows were 127 min and 91 min, respectively
(Supplementary Fig. S2). The latter was used as a threshold for our conservative estimates of prolonged flights into
the day. Hence, unless otherwise stated, for further analyses of flight into the day we considered only those FLP
cases when T,,,, < 92 min (68 FLP events, 27 excluded) and the FLP was classified as 1, 2 or 4.

Determining stationary periods. Data from autumn and spring were analysed independently using
January 1 as a separator. We calculated stationary periods prior and after the occurrence of FLP using the
changeLight function of the R-package GeoLight with minimum staging period set at 3 days. We filtered outlying
positions that were >800km from the median latitude of a given stationary site. We defined a stationary site to
be the median of the geographic coordinates + their 25%/75™ percentiles within the particular stationary period.
The same number of interquartile ranges (k= 2) of the loessFilter function was used for all individuals of the same
species except for one bird (70Y, k= 1.1). To determine the first stationary period before and after the FLP the
probability threshold of the changeLight function was adjusted for each bird individually. For autumn, geographic
positions of the stationary periods before and after the FLP were calculated using sun-elevation angles derived
from the in-habitat calibration in the breeding areas or Hill-Ekstrom calibration from data of the respective sta-
tionary period®. When one of the calibration techniques was not applicable or failed, the other was used instead.
Please note that we were not able to determine stationary sites for all birds (available estimates are for 22 birds in
autumn and 19 in spring). An example of light data profile used to determine the stationary periods before and
after crossing the barrier is provided in Supplementary Fig. S4.

Duration of light anomalies. We considered two scenarios for estimating the duration of potential flight
over the Sahara Desert at times when FLP occurred: nocturnal flight only or including prolonged flight into the
daytime. When FLP ended abruptly during daytime, we took that abrupt change (accuracy to 5min) as a termi-
nation of FLP and the assumed prolonged flight. We estimated the theoretical duration of the prolonged flight
as nocturnal flight plus FLP. We assumed that the bird took off for the flight within an hour after sunset the day
preceding the occurrence of FLP*¢-%, For cases when there were two or more periods of FLP separated by days
without FLP, we excluded the daytime non-FLP period from the estimates of flight times. In those cases when an
abrupt end of FLP occurred during the day, we added the time period between sunrise and the moment of abrupt
decline of light data to the nocturnal flight duration. For cases without an abrupt end of FLP, landing time was
estimated to be within an hour before the sunrise on the day that followed the FLP day'!. Duration of nocturnal
flights only was estimated as a sum of night lengths before, during and after the FLP.

We compared the frequency of potential flights into day based on abrupt FLP endings with those found in
an empirical study provided byS. We recalculated the migration traffic rates from their original dataset by setting
nocturnal migration traffic rates to 100 and calculated the declining proportion of traffic rates binned to hours
after sunrise in autumn and spring.
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Flight range estimates during FLP times. Distance between stationary sites was measured as the lox-
odromic distance between median positions of the last stationary site before the FLP and the first thereafter. For
an approximation of barrier crossing distances, we estimated the width of the Sahara desert (minimum travel
distance) at points where the bird presumably entered and exited the desert on the loxodromic line that connects
the stationary sites just before and after the FLP. Northern and southern desert borders were derived from the
land cover map from the GLC2000 database, European Commission Joint Research Centre, http://bioval. jrc.
ec.europa.eu/products/glc2000/glc2000.php. We hypothesized that the duration of FLP was driven by the width
of the desert and the barrier-crossing strategy of an individual. The relationship between travel distance and the
estimated duration of flight during FLP was assessed by a linear mixed-effect model in the R-package Ime4. We
ran a model with flight duration as response variable that included our estimates of summed time for both noc-
turnal and diurnal migration (n= 40 cases after excluding one case, a reed warbler where a distance of 2211 km
in 17 h was considered as an outlier, see Fig. 4. This individual would have to fly at speed of ca 130km h™! which
is very unlikely). The fixed effect was travel distance, while season (autumn, spring) was taken as a covariate.
Individual identity nested within species was entered as a random effect. We obtained similar results (not shown)
when we ran the same analysis with travel distances between the stationary sites. All data analyses were conducted
in R version 3.0.1%.

Ethical note. The field work was carried out in accordance with the current laws of Belarus, Czech Republic,
Finland, Germany, Sweden and Ukraine. The procedures used to handle and fit the birds with geolocators were
approved by Academy of Sciences of the Czech Republic (#38/2011), Varsinais-Suomi Centre for Economic
Development, Transport and the Environment (#L0OS-2009-L-308-259), Landratsamt Saale-Orla-Kreis
(#16.075.364.622.0 SC/12), Landkreis Leipzig (364.620/15/7/4), Stockholms sodra djurforsoksetiska nand
(#S855-11), Ukrainian Ministry of Ecology and Natural Resources (1/2011) and by ethical committees of Palacky
University and Czech Ministry of Education (#1/2011, licence #CZ00231).
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Breeding latitude leads to different temporal but not spatial
organization of the annual cycle in a long-distance migrant

Martins Briedis, Steffen Hahn, Lars Gustafsson, lan Henshaw, Johan Traff, Miroslav Kral
and Peter Adamik

M. Briedis (martins.briedis@upol.cz), M. Krdl and P Adamik (http:/forcid.org/0000-0003-1566-1234), Dept of Zoology, Palacky Univ.,
Olomouc, Czech Republic. MK also at: Dlouhd Loucka, Czech Republic. — S. Hahn, Dept of Bird Migration, Swiss Ornithological Inst., Sempach,
Switzerland. — L. Gustafsson and 1. Henshaw, Dept of Animal Ecology/Ecology and Genetics, Uppsala Univ., Uppsala, Sweden. — ]. Triff;
Havdhem, Gotland, Sweden.

The temporal and spatial organization of the annual cycle according to local conditions is of crucial importance for
individuals’ fitness. Moreover, which sites and when particular sites are used can have profound consequences especially for
migratory animals, because the two factors shape interactions within and between populations, as well as between animal
and the environment. Here, we compare spatial and temporal patterns of two latitudinally separated breeding popula-
tions of a trans-Equatorial passerine migrant, the collared flycatcher Ficedula albicollis, throughout the annual cycle. We
found that migration routes and non-breeding residency areas of the two populations largely overlapped. Due to climatic
constraints, however, the onset of breeding in the northern population was approximately two weeks later than that of the
southern population. We demonstrate that this temporal offset between the populations carries-over from breeding to the
entire annual cycle. The northern population was consistently later in timing of all subsequent annual events — autumn
migration, non-breeding residence period, spring migration and the following breeding. Such year-round spatiotemporal
patterns suggest that annual schedules are endogenously controlled with breeding latitude as the decisive element

pre-determining the timing of annual events in our study populations.

In birds, different events in the annual cycle like reproduc-
tion, migration, and moult are linked both physiologically
and ecologically in a unified sequence, where one event can
have downstream consequences for the others (Harrison
etal. 2011). For instance, sub-optimal timing of a particular
annual event or a spatial disadvantage (e.g. residency in sub-
optimal habitat) often results in reduced body condition and
performance, which can impact on subsequent events and
ultimately — individual fitness (Marra et al. 1998, McKinnon
et al. 2015). Optimizing spatiotemporal patterns through-
out the annual cycle is, therefore, of vital importance on the
individual and population scale, especially for migratory
animals, where different populations may adapt their annual
cycles differently (Alerstam 2011). Comparative studies
including full annual cycles have hitherto been underrepre-
sented in animal ecology and, thus, ask for further investiga-
tion (Marra et al. 2015).

Earlier attempts to link breeding latitude (and breeding
time) with other parts of the annual cycle have mostly used
ring recoveries (Both 2010) or migratory passage dates
(Sokolov et al. 1999, Hedlund et al. 2014). These meth-
ods, however, lack information on the entire annual cycle
of individual birds or particular populations. Recent studies
linking annual events have focused on migratory connectivity

and migration routes of single (Schmaljohann et al. 2012,
Tottrup et al. 2012a, b) or longitudinally separated popula-
tions (Hahn et al. 2013, Trierweiler et al. 2014). Further,
multi-population studies on annual cycles of migratory birds
using tracking data (Ouwehand et al. 2015, Stanley et al.
2015), stable isotopes (Arizaga et al. 2015), and genetic
markers (Ruegg et al. 2014) have showed that spatiotempo-
ral organization of the annual cycle may strongly depend on
breeding site location.

In temperate climate zones latitude is a good broad scale
indicator of phenology in plants and animals, i.e. onset of the
growing season (Rétzer and Chmielewski 2001), migratory
bird arrival (Kélzsch et al. 2015) and onset of breeding (Lack
1950). Recent, year-round tracking of bar-tailed godwits
Limosa lapponica baueri, an arctic breeding shorebird,
revealed how annual schedules are shaped by individuals
breeding latitudes (Conklin et al. 2010). Birds spending the
non-breeding period at the same location showed individu-
ally adapted migration schedules, fine-tuned according to
breeding site phenology. Similarly, different subspecies of red
knot Calidris canutus breeding at different locations in the
Arctic have differently adapted migration schedules (Buehler
and Piersma 2008). Furthermore, Fraser et al. (2013) verified
that purple martins Progne subis with different breeding
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origins differ in spring migration schedules, with southern
populations starting their spring migration earlier compared
to northern populations.

In this study we compared the annual cycle of a long-
distance trans-Equatorial Passerine migrant, the collared
flycatcher Ficedula albicollis, from two geographically distant
populations. We were interested in both spatial and tempo-
ral aspects of the annual cycle particularly regarding overlap
and/or differences in the non-breeding residency periods,
migration routes and the timing of key life history events.
The two study populations differ in their breeding site lati-
tude while longitude is similar. Due to their latitudinally
separate breeding sites, we hypothesize that 1) the northern
breeding population spends the non-breeding period further
south (leap-frog migration; Alerstam and Hégstedt 1980),
2) the timing of breeding is the main factor shaping the
annual schedules and that 3) differences in annual sched-
ules between the populations persist throughout the entire
annual cycle.

Material and methods

The southern study population of collared flycatchers
breeds in deciduous (mainly beech—oak) woodland between
300-500 m a.s.l in the Czech Republic (49°50'N, 17°13’E).
The northern population on the Baltic island of Gotland,
Sweden (57°01'N, 18°16’E) breeds in deciduous (mainly
ash-oak-hazel) woodland at approximately 15 m a.s.l. The
latitudinal distance between the two populations is 835
km, while the difference in longitude is 74-88 km. Both
populations breed in nest boxes and nearly all birds are
marked with aluminum rings.

In 2013 we fitted 69 breeding birds (33 males, 36 females)
with geolocators at the southern study site. At the northern
study site 50 breeders (30 males, 20 females) were fitted with
geolocators in 2012 and 49 (31 males, 18 females) in 2013
(Supplementary material Appendix 1). In all cases we used
SOI-GDL2.0 geolocators (Swiss Ornithological Inst.), which
were attached on bird’s back using a silicon leg-loop harness.
The geolocator including the harness weighed 0.6 £0.04 g
which represents less than 5% of the body mass of the tagged
birds (mean * SD, northern population: males=13.2 + 0.5
g, n=>59; females = 13.7 + 0.7 g, n = 40; southern popula-
tion: males=12.9 = 0.6 g, n=33; females=13.2%£0.6 g,
n=306).

We acquired nine full tracks (2012: 6 males and
3 females) and seven incomplete tracks (2012: 1 male and
2 females; 2013: 2 males and 2 females) from the northern
population and nine full (2013: 5 males and 4 females) and
six incomplete tracks (2013: 3 males and 3 females) from the
southern population.

Data analysis

To calculate geographic positions we used the threshold
method (Lisovski et al. 2012). Sunrise and sunset times were
determined using GeoLocator software (Swiss Ornithological
Inst.) and all data sets were corrected for clock drift. Sunrise
and sunset data were filtered using loessFilter function of
the R-package ‘GeoLight’ ver. 1.03, using two interquartile
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ranges as a threshold before saying that a particular sun
event is an outlier. Stationary periods were determined by
the changeLight function (probability of change=0.85,
minimal staging period =3 d; Lisovski and Hahn 2012).
Geographic positions of the individual non-breeding areas
were calculated using sun-elevation angles derived from the
Hill-Ekstrom calibration. The resulting sun elevation angles
ranged between 8.6 and —0.7. We determined popula-
tion specific non-breeding areas by applying kernel density
analysis to the estimated positions (ArcMap 10.1; ESRI;
search radius 300 km, 70% of maximum density). Addition-
ally, we determined time of the Sahara crossing by inspecting
the raw ambient light recordings according to the procedure
described by Adamik et al. (2016).

Since we did not observe differences between sexes in
timing of annual events in neither of the two study popu-
lations (northern population: autumn: W =41, p=0.34,
spring: W =23.5, p=42; southern population: autumn:
W =30.5, p=0.82, spring: W =25, p=10.77), we pooled
data on annual schedules of males and females. Onset of
breeding for each individual was determined as first egg’s-
laying date.

As oak trees provide primary feeding habitat during the
breeding season (Adamik and Bure$ 2007, Veen et al. 2010),
we used the phenophase beginning of English oak Quercus
robur leaf unfolding as a proxy of vegetation development
for the two sites. This data were available from the national
phenological networks for the sites Grotlingbo, Sweden and
Sobotin, Czech Republic (4 and 20 km from our study sites,
respectively).

Data available upon request from the MoveBank data
repository (project ID 166151488).

Results
Spatial organization

Autumn migration route differed slightly between the
two study populations. Birds from the southern breeding
population crossed the Mediterranean Sea via southern Italy,
while birds from the northern population migrated mainly
via Greece (Fig. 1).

Non-breeding residency areas of both populations
were located in southern and central Africa, i.e. Angola,
Botswana, Democratic Republic of the Congo, Zambia
(Fig. 1; see Supplementary material Appendix 2, Fig. Al
for data on individual birds) and largely overlapped
(Wilcoxon test; latitudes: W =66, p =0.24, longitudes:
W =77, p=0.52) with the southern population birds
residing slightly further north (coordinates of max kernel
density, northern population: 13°47’S, 23°56’E; southern
population: 16°30’S, 23°38’E). The great circle distance
between the breeding and non-breeding sites were 8190
km for the northern population and 7104 km for the
southern population.

During spring both populations migrated along the same
flyway crossing the Sahara Desert at ca 14°-20° E and con-
tinuing via Greece to cross the Mediterranean Sea (Fig. 1).
The southern populations performed a counter-clockwise
migration to and from the non-breeding areas, whereas the
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Figure 1. Spatiotemporal organization of the annual cycle of the northern (red) and southern (blue) breeding populations of a trans-
Equatorial migrant, the collared flycatcher. Breeding sites (dots), migration routes (population median routes expressed as changes in
observed longitude in respect to time elapsed since departure) and non-breeding residency areas (70% kernel density isopleths). North-
south and east-west on the map correspond to summer-winter solstices and vernal-autumnal equinoxes on the time axis. Thick circular
arrows on the time axis represent stationary periods, thin — migration periods. The base map shows terrestrial habitats of land cover data
from GLC2000 database, European Commission Joint Research Centre (available at <http://bioval.jrc.ec.curopa.eu/products/glc2000/
¢lc2000.php>). The collared flycatcher illustration © Copyright Birds of Armenia Project.

spatial difference between the seasonal migration routes was
minimal for the northern population.

Annual schedules

During the three years covered by this study the average
onset of oak tree leaf unfolding at the southern study site
was 27 April (range: 22 April-1 May). At the northern study
site leaf unfolding started on average three weeks later — 17
May (range 14-20 May).

In the year of geolocator deployment the median onset of
egg laying for the southern population was 4 May (range: 29
April-28 May; Fig. 2). The northern population began egg
laying significantly later — median date 21 May (14 May—19
June, Wilcoxon test: W=211.5, p<<0.001). Thus, both
populations bred in the same phenological environment
in relation to oak tree phenology. The between-population
differences in timing persisted throughout the entire annual
cycle (Fig. 1, 2). The southern population underwent both,
autumn and spring migration, earlier and returned to
their respective breeding site two to three weeks before the
northern population.

Median departure date from the breeding area for the
southern population was 26 July (15 July-8 August), with

Sahara crossing on 4 September (21 August—15 September)
and arrival at the non-breeding site on 25 September (18
September—11 October). The northern birds were 2—4 weeks
later in their autumn migration schedule leaving their breed-
ing site on 19 August (6-30 August; W =1, p<<0.001),
crossing the Sahara on 17 September (7-22 September;
W =19, p<0.001) and arriving at their respective non-
breeding sites on 24 October (6 October—5 November;
W =3.5, p<0.001).

Median spring departure date from the non-breeding areas
for the southern population was 3 March (11 February—20
March) with Sahara crossing on 9 April (6-17 April) and
arrival at the breeding site on 22 April (19-25 April). As
in autumn, the northern population was consistently later
in their spring migration schedule when compared to the
southern population. Median departure date for the north-
ern birds was 9 March (23 February-21 March, W =42,
p = 0.24) with Sahara crossing on 22 April (6 April-2 May;
W =20.5, p=0.02) and arrival at the breeding site on
10 May (5-16 May; W =0, p<<0.001).

For the southern population the median onset of breeding
in the following spring was 2 May (29 April-13 May). As in
the previous breeding season, the median onset of breeding
in the northern population was more than two weeks later
— 20 May (14 May-26 May, W =0, p<0.001).
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Figure 2. Timing of major events over the collared flycatcher’s annual cycle (first egg laid, migratory departure, Sahara crossing and arrival)
from the southern (grey box plots) and the northern breeding populations (white box plots). Only geolocator-tagged birds are considered.
Sample size for each stage of the annual cycle is indicated beside each box plot. Oak leaf symbols indicate oak tree leaf unfolding dates at
the respective breeding locations. Stars (*) denote significant changes (p <0.05) in temporal scatter of data within population compared to
the preceding event (next to box plots) and between populations (next to axis labels).

Temporal variation of annual events between and
within populations

Variation in timing of annual events between the populations
did not differ throughout autumn migration and onset of
spring migration but was significantly different at the breed-
ing site arrival (Levene’s test: F = 14.3, p <0.01; Fig. 2, Sup-
plementary material Appendix 2, Table A1). Variation within
population decreased from the non-breeding site departure
to breeding site arrival (southern population: F=16.1,
p <0.001; northern population: F =7.6, p<<0.05), but the
variation increased again at the onset of egg laying for the
northern population (F=4.5, p<0.05).

Duration of key annual phases

The median duration of autumn migration for the southern
birds was 64.5 d (range: 58-85), the stationary non-breeding
period — 157.5 d (range: 126-175), and the spring migra-
tion — 50 d (range: 34—69). Similarly, the median duration
of autumn migration of the northern birds was 66 d (range:
45-98), stationary non-breeding period — 141.5 d (range:
123-193), and spring migration — 48 d (range: 16-65). The
length of autumn migration (W =98, p=0.78) and spring
migration (W =415, p=0.96) did not differ between
the two populations, but duration of the stationary non-
breeding period was significantly shorter in the northern
population (W =90.5, p<0.05).

Discussion

Our study presents an insight into the spatiotemporal orga-
nization of the complete annual cycle of two latitudinally
distant breeding populations of a trans-Equatorial migrant
bird. We demonstrate different temporal schedules for spa-
tially similar non-breeding periods of the two populations
in which the northern breeding population is always later
than the southern population. This might suggest that
climatic constraints at different breeding latitudes could be
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the determining factor for the temporal differences between
the populations.

The remarkably similar spatial organization of the annual
cycle contradicted our expectation of a leap-frog migration
pattern. Furthermore, the non-breeding sites of both popu-
lations lie west of the previously known non-breeding range
(BirdLife International and NatureServe 2011). Several
recent studies have highlighted strong migratory connectiv-
ity between breeding and non-breeding longitudes (Hahn
etal. 2013, Ouwehand et al. 2015), and might help explain
our findings as both studied populations are located on the
western edge of the species breeding range. The observed
differences in autumn migration routes fit the pattern of
autumn ring recoveries from southern Europe (Holzinger
1993), whereas very little is known about spring migration
routes.

Recent tracking studies have also demonstrated different
migration schedules of latitudinally separated breeding
populations (Fraser et al. 2013, Stanley et al. 2015). In the
temperate climate zone breeding sites along the latitudi-
nal gradient are successively occupied in accordance with
the advancing spring (Lack 1950). Conklin et al. (2010)
demonstrated this in a non-passerine bird, the bar-tailed
godwit, where individuals from a non-breeding site in
New Zealand were tracked back and forth to their breed-
ing grounds. Similar to our findings, godwits of different
breeding origins spent the non-breeding period in the same
locations, therefore experiencing the same ambient con-
ditions. The onset of spring migration, however, differed
among individuals with southern breeders departing first
and completing all stages of the onward and return migra-
tory journeys earlier when compared to more northerly
breeding individuals. The temporal pattern between the
populations of our tracked flycatchers was not significantly
different at the onset of spring migration but increased
gradually throughout the annual cycle (Fig. 1, 2). Due to
the overlapping non-breeding sites, this might indicate
that environmental signals are involved in triggering spring
migration.



Occupation and passage of the same sites at different
times can have various implications because food availabil-
ity, parasite abundances or potential hazards vary temporar-
ily (Bauer et al. 2016). Therefore, we argue that analyzing
temporal patterns is of similar importance as analyzing spa-
tial patterns for understanding the consequences of different
annual cycles.

Spatiotemporal patterns of occupancy of specific sites
by migratory birds and phenology of these sites often vary
annually (Tottrup et al. 2012b) and shift in the long-term
(Hedenstrom et al. 2007). The majority of our geolocation
data for the northern population come from the 2012/2013
season, while all data for the southern population are from
2013/2014. Different study years are unlikely to affect the
choice of the final non-breeding residency areas, but the
variation of migration patterns is less clear. Overall, tempo-
ral patterns during long-distance migration seem relatively
consistent between years (Battley 2006, Stanley et al. 2012),
with exceptions occurring under extreme weather conditions
(Tottrup et al. 2012b) or adaptation to long-term climate
change (Both 2010). Individual migration routes, on the
other hand, seems to vary to a higher degree (Stanley et al.
2012, Lépez-Lépez et al. 2014).

The evident similarity between the two populations
regarding individual variation in timing of annual events
(Fig. 2) suggests similar seasonal selection pressures in both
populations. The difference in breeding site arrival between
the northern and southern population could be explained
by the unusually warm spring in 2014 at the southern study
site when most birds arrived during a single large influx early
in the season. Consistent with our findings Lindstrom et al.
(2015) found the smallest temporal variation among indi-
viduals for breeding site arrival. This implies strong selection
pressure at this stage of the annual cycle, while timing of
other parts might be more relaxed.

Our findings emphasize the importance of climatic con-
straints at breeding latitude (and in turn breeding time) as
a primary factor shaping the annual schedules in our two
study populations. We suggest that the annual schedules are
largely endogenously controlled by mechanisms adapted to
the environmental conditions at the breeding site to maxi-
mize breeding output. Experiments on collared flycatchers
exposed to photoperiods of various latitudes have revealed
that timing of migratory restlessness at the end of autumn
and it’s onset in spring is fixed irrespective of the photope-
riod (Gwinner 1989). Further studies suggest that migration
schedules of long-distance migrants are endogenously con-
trolled (Berthold 1991, Gwinner 1996), with breeding
site latitude as the main driver for temporal variation on a
broad geographic scale (Conklin et al. 2010). Thus, breeding
and its timing could be considered a key life history event
shaping the annual schedule at least in single-brooded long-
distance migratory species, while other events might be
subordinated.
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1 | INTRODUCTION

The ecological background for why birds migrate differs seasonally
(Newton, 2008). In autumn, the drive for migration comes from a
self-preservation viewpoint as birds try to increase their chances

of survival by escaping the forthcoming unfavorable conditions at
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Abstract

Under time-selected migration, birds should choose a strategy for outcompeting ri-
vals over securing access to prime resources at the final destination. Thus, migration
can be viewed as a race among individuals where winners are arriving first when
conditions are suitable. The sprint migration hypothesis predicts that individuals shift
from maximum sustained speed to a final burst of sprint to shorten the transition
from migration to breeding (Alerstam, 2006). In this study, we test the hypothesis of
a final sprint migration in a long-distance Afro-Palearctic migrant, the collared fly-
catcher Ficedula albicollis, during autumn and spring, and compare migration strate-
gies between the seasons. In both seasons, collared flycatchers evidently exhibited
sprint migration by increasing their overall speed over the last leg of migration after
the Sahara crossing. This phenomenon was more pronounced in spring, contributing
to overall faster spring migration and possibly highlighting higher importance for
early arrival at the breeding grounds. In both seasons and particularly in spring, late
departing individuals flew at a faster rate, partially being able to catch up with their
early departing conspecifics. Differential fueling strategies may play an important
role in determining migration speed, especially during the early stages of the migra-
tion, and might explain the observed differences in migration speeds between late
and early departing individuals. Our findings suggest competition for early arrival at
the breeding and at the nonbreeding destinations alike. Sprint migration might be an
appropriate strategy to gain advantage over conspecifics and settle in prime territo-

ries as well as to cope with the increasingly earlier springs at high latitudes.

KEYWORDS
geolocator, long-distance migrant, migration speed, migration-breeding transition, optimal

migration, sprint migration

their breeding sites. In spring, however, birds urge to return to the
breeding sites to exploit the seasonal increase in food availability for
reproduction. Because of these season-specific causes for migration
and the variable life history events following the migration, birds
may adopt different migration strategies in each of the seasons. The

optimal migration theory (Alerstam, 2011) states that birds on the
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move should optimize their energy expenditure (transport costs)—
the energy minimization strategy—and they should maximize the
total migration speed—the time-minimization strategy (Hedenstrém,
2008). However, the two strategies may be seen as two endpoints
along a continuum and birds may adopt intermediate behaviors de-
pending on the relative importance of energy- and time-selection
pressure (Alerstam & Lindstrém, 1990).

Passerines are typical income breeders (Langin, Norris, Kyser,
Marra, & Ratcliffe, 2006) and arrive at the breeding grounds early
and use the local resources for reproduction. Earlier arriving indi-
viduals, thus, outcompete their rivals for access to important as-
sets, like prime breeding territories (Kokko, 1999). Because early
arrival time is of high importance for reproductive success, we
may expect the birds to optimize time, rather than energy during
the spring migration, that is, to adopt the time-minimization strat-
egy (Alerstam & Lindstrom, 1990). While advantages of early
arrival are evident in spring, the benefits for early arrival at the
nonbreeding grounds are less obvious (Gill et al., 2001). If compe-
tition for resources, like prime molting sites, at the nonbreeding
areas is fierce, we may expect similar migration strategies in re-
spect to timely arrival in both seasons. If arrival time at the non-
breeding sites is of low importance, birds may rather choose to
optimize their energy expenditure during the autumn migration,
that is, to adopt the energy minimization strategy, and thus, mi-
grate at an overall slower speed as compared to spring (Alerstam
& Lindstrém, 1990).

While theoretical background of the arrival game is strong
(Kokko, 1999), we still lack good empirical evidence of the mech-
anisms how individuals secure early (spring and possibly autumn)
arrival to outcompete their rivals. Early arrival could be induced by
departing for migration before the competitors and/or by migrating
at a faster speed. Earlier tracking studies have shown that the over-
all migration duration in passerines is shorter and speed is higher
in spring than in autumn (McKinnon, Fraser, & Stutchbury, 2013;
Nilsson, Klaassen, & Alerstam, 2013; Schmaljohann, 2018). Faster
migration can be achieved by flying at higher speeds or by shorten-
ing the duration of stopovers. Radar studies revealed that nocturnal
migrants fly on average at 12%-16% higher speed in spring com-
pared to autumn (Karlsson, Nilsson, Backman, & Alerstam, 2012;
Nilsson, Backman, & Alerstam, 2014). However, such increase in
flight speed contributes relatively little to increasing the overall mi-
gration speed, as the vast majority of time during migration is spent
on stopovers, rather than actually flying (Hedenstrom & Alerstam,
1997). Therefore, the faster spring migration is more likely to orig-
inate from a reduction in stopover time. One way or another, the
overall faster spring migration exposes that the importance for early
arrival is essentially different in autumn and spring.

How and where migrants adjust their migration speed along the
route is still not known. Birds may achieve higher overall speed by
increasing the migration speed over the entire migratory journey or
increasing the speed of a particular leg of migration. Alerstam (2006)
has proposed the “sprint migration” hypothesis: Migratory birds
may adopt a variable strategy with optimizing energy expenditure

through the early part of the journey (i.e., energy minimization) fol-
lowed by a period with increased migration speed to complete the
migration (i.e., time-minimization strategy). However, we lack com-
pelling evidence that migratory birds indeed increase the migration
speed when approaching their destinations.

In this study, we measure migration speed over different legs of
the migratory journey to disentangle the strategies adopted by birds
during autumn and spring migration. We use collared flycatcher
Ficedula albicollis (Figure 1), a small long-distance passerine mi-
grant breeding in Europe and overwintering in south-central Africa
(Briedis, Hahn et al., 2016), as our model species. The Afro-Palearctic
bird migration system comprises of temperate and tropical-subtrop-
ical zones which are separated by a large ecological barrier—the
Sahara Desert. Recent evidence from tracking studies shows rapid
desert crossing by small passerines (Adamik et al., 2016; Ouwehand
& Both, 2016; Xenophontos, Blackburn, & Cresswell, 2017), includ-
ing the collared flycatcher, with the main stopovers typically found
before the barrier crossing (Briedis, Beran, Hahn, & Adamik, 2016;
Risely, Blackburn, & Cresswell, 2015). Thus, comparing migration
speeds and durations prior and after the desert crossing allows for
insights into migratory strategies over different legs of the migration
journey. We hypothesize that (a) early arrival at the destination is of
high importance in both seasons and to attain this, birds adopt the
sprint migration strategy (Alerstam, 2006). Thus, we predict that mi-
gration speed will be faster for the last migration leg after the Sahara
crossing in both autumn and spring. We also hypothesize (b) that the
pressure for early arrival is larger in spring than in autumn (Kokko,
1999). Hence, we predict that the overall speed of migration will be
higher and birds will advance noticeably more through the last leg
of migration during spring compared to autumn. Lastly, we hypoth-
esize that (c) sprint migration is used to outcompete rivals for early
arrival at either destination. Therefore, we predict that the arrival
date will highly depend on migration speed through the last leg of
the migration.

FIGURE 1 Collared flycatcher female. © Martins Briedis
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2 | METHODS

2.1 | Study site and geolocators

We studied migration of collared flycatchers breeding at two nearby
sites in the Czech Republic (Dlouha Loucka: 49°50'N, 17°13'E and
Velky Kosit: 49°32'N, 17°04'E, distance between the sites = 30 km).
Each site hosts a nest box population with ~100 breeding pairs
which are monitored throughout the breeding season. In 2013 and
2014, we deployed 69 (33 males and 36 females) and 165 (157 males
and 8 females) geolocators (model GDL2.0 with 7 mm light stalk,
Swiss Ornithological Institute) on adult birds at Dlouha Loucka and
Velky Kosif, respectively. Devices were attached on birds’ backs
using leg-loop silicone harnesses and each device including the har-
ness weighted ~0.6 g (<5% of the body mass of the birds). At Dlouha
Loucka, we deployed all geolocators on breeding adults during the
late nestling phase, while at Velky KosiF, we equipped the birds with
the devices upon their arrival at the site before the onset of breeding
(n = 139) and during the breeding season (n = 26). Only 51 of the 139
males equipped with geolocators upon arrival at Velky Kosii were
later observed breeding in the nest boxes that season.

Next year after the deployment, we retrieved 28 geolocators
(40.6%, 14 males, 14 females; +1 male 2 years later = 42% total re-
covery rate) at Dlouhé Loucka and 29 geolocators (17.6%, all males;
+1 male 2 years later = 18.2% total recovery rate) at Velky Kosit.
The relatively low recovery rate at Velky Kosif may at least par-
tially be explained by the deployment of the devices on nonbreed-
ing birds upon their spring arrival as the recovery rate was 43.3%
when considering only males that were observed breeding in the
nestboxes in 2014. At Dlouha Loucka, geolocators had no notice-
able effect on individual apparent survival compared to the con-
trol ringed-only birds (return rate of control individuals = 34.9%,
X2 =0.30, p = 0.58). Unfortunately, we lack similar data of control
birds from site Velky KosiF as all the captured males were tagged.

2.2 | Geolocator data analyses

We defined sunrise and sunset times of the recorded light data using
“Geolocator” software (Swiss Ornithological Institute) and set the
light level threshold of 1 unit from the arbitrary scale of 61 to de-
fine transition times. Further, we analyzed geolocation data using
the R-package “Geolight” v 2.0.0 following the standard procedure
(Lisovski & Hahn, 2012) outlined in Briedis, Hahn et al. (2016). We
used a minimal stationary period of 3 days and probability of change
(g-value) 0.85 to determine stationary and movement periods with
the “changeLight” function. Beginning and end of the migration pe-
riods were validated by visually inspecting changes in longitude over
time as birds moved along the east-west axis. Further, geographic
coordinates of individual nonbreeding sites were calculated using
sun elevation angles derived from Hill-Ekstrom calibration, while
the birds were at their nonbreeding residency sites (range: +8.6 to
-0.7 for different individuals). Due to the high probability of errors

when determining stationary periods of short duration, we did not
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define any stopovers during migration. Such data would be of high
risk to reflect data quality (which differed substantially among in-
dividuals as can be implied from the broad range of sun elevation
angles stated above) rather than actual stopover times and sites of
the flycatchers. In addition, we determined the date of Sahara cross-
ing using prolonged periods of uninterrupted high light intensities as
birds extend their nocturnal flights into the day when crossing the
barrier (Adamik et al., 2016).

2.3 | Statistical analyses

Migration period is defined as a period starting from predeparture
fueling until arrival at the final destination (Alerstam, 2003). Current
remote tracking techniques do not allow for quantifying the station-
ary fueling period before departure. Thus, we excluded this period
from our estimations of migration speed, but we examine the pos-
sible effects of the predeparture fueling period for migration speeds
in the discussion. Therefore, the migration speed here is defined in a
conservative way as the rate of movement from the departure until
arrival, including stopovers.

We excluded one outlaying individual of extraordinary long
autumn migration (logger ID: 11PE, 101 days, mean = 61.1 + 10.0
(SD) days) from further analyses. We used general linear models
to identify whether there was an effect of study year (and ac-
cordingly study site), birds’ age (second calendar year or older),
and sex on the migration speeds in autumn and spring. Analyses
revealed that neither of the factors were significant predictors
for migration speeds in neither of the seasons (Table 1). Thus, we
pooled the data across study years, study sites, sexes, and age
classes (age 5 and 6, EURING code). We selected the southern
and northern edges of the Sahara Desert as the start and end
points of specific migration segments generating two main mi-
gration legs for each season: (a) first leg—from departure until
completion of the Sahara crossing; (b) last leg—from completion
of the Sahara crossing until arrival. We included the period of
Sahara crossing in the first leg of migration as barrier crossing
is typically preceded by prolonged stopovers for fueling (Bayly,
Atkinson, & Rumsey, 2012; Briedis, Beran et al., 2016; Risely
et al., 2015; Schaub & Jenni, 2000), followed by a rapid desert
crossing previously shown in collared flycatchers (Adamik et al.,
2016). The duration and migration speed of the Sahara cross-
ing of our tracked birds was 2.5 + 0.4 days (SD), 828 + 116 km/
day in autumn, and 3.0 £ 0.7 days, 702 + 154 km/day in spring.
We estimated the total migration distance as a great-circle (or-
thodromic) distance between the breeding site and the median
location of the estimated nonbreeding site of each individual. As
aresult, the migration segments over Europe and over the Sahara
Desert were estimated each at 2,000 km long, while the segment
in sub-Saharan Africa was ca. 3,000 km long. Please note that as
we excluded the predeparture fueling period from calculations of
migration speed, we consequently overestimate the overall mi-
gration speed across the entire journey, as well as over the first
migration leg (see Section 4).
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TABLE 1 Summary statistics of general linear models of study
year, birds’ sex, and age on migration speed in (a) autumn and (b)
spring

Estimate SE t value p-value
(a) Autumn migration speed (df = 33)
Intercept 109.4 11.0 9.9 <0.01
Year o5 16.4 12.7 1.3 0.21
S€X(male) -1.2 15.2 -0.1 0.94
Age(q 3.8 9.4 0.4 0.69
calendar year)
(b) Spring migration speed (df = 22)
Intercept 148.2 17.3 8.6 <0.01
Year 5015 9.8 17.7 0.6 0.59
S€X(male) -15.0 22.4 -0.7 0.51
Age g 5.6 13.9 0.4 0.69

calendar year)

Unfortunately, not all the recovered geolocators contained data
of full annual schedules, and thus, our analyses are based on 41 in-
dividual tracks. Sample sizes for specific migration parts are as fol-
lowing: full autumn migration n = 36; autumn first legn = 37; autumn
second leg n = 38; full spring migration n = 26; spring first leg n = 28;
spring second leg n = 26; full annual tracks n = 24.

We used nested ANOVA to test for differences in migration
speed through different parts of the migration irrespective of the

season. Two-tailed paired t tests were used to compare migration
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speeds in autumn and spring of individual birds. Further, we used
linear models to test whether there is a relationship between depar-
ture dates and migration speed of different parts of the migratory

journey, as well as between arrival and departure dates.

3 | RESULTS
3.1 | Migration speed through different parts of the
journey

We found no statistical differences in migration speed between
the two spatial parts of the migration (F1,89 =0, p =1; Figure 2a)
when pooling data of both seasons with speeds “through Africa”
sensu lato (the second leg in spring & the first leg in spring) aver-
aged at 148.7 £ 60.7 km/day (SD) and “through Europe” sensu lato
(the first leg in autumn and second leg in spring) at 148.7 + 73.9 km/
day. On the contrary, we found the last leg to be significantly faster
(Fy g9 = 12.5, p < 0.001; Figure 2b), with migration speeds through
the first migration leg 129.2 + 43.4 km/day and through the last
migration leg after the Sahara crossing 169.1 + 81.0 km/day (data

pooled for both seasons).

3.2 | Migration speed in autumn and spring

Average migration speed over the entire journey was signifi-
cantly faster in spring (144.2 + 30.4 km/day) compared to autumn
(120.9 + 26.1 km/day; Figure 3a). We found that for only four in-
dividuals (of 24) the average migration speed was lower in spring

FIGURE 2 Comparison of migration
speeds through different parts of the
migration irrespective of the season. (a)
Migration speeds across spatial scales, (b)
migration speeds across temporal scales.
Horizontal lines depict mean values,
boxes—SD, vertical lines—range of data,
and points denote individual data

Last leg
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(Figure 3a), highlighting the overall faster spring migration on the
individual level. We also found that birds increased their migra-
tion speed over the last leg of migration after the Sahara crossing
(Figure 4) in both seasons. Spring migration speeds were typically
faster for both migration legs (Figure 3d,e), with particular advance-
ment through Europe (Figure 3c).

We found a positive relationship between departure date and the
overall migration speed in both seasons (autumn: b = 1.33 + 0.35 (SE),
Fy45=14.0,p < 0.001, r? =0.29; spring: b = 2.47 + 0.36, Fi04=459,
p < 0.001, 2 = 0.66; Figure 5a,c). This phenomenon was largely
caused by faster migration of the late departing individuals through
their first leg of migration (autumn: b =1.45+0.58, Fi13,=6.3,
p =0.02, = 0.15; spring: b =3.13 +0.63, F1,26 =24.3, p<0.001,
r? = 0.48). The speed of the last migration leg was similar for all in-
dividuals, irrespective of their departure (autumn: b = 0.65 + 1.15,
Fi35=0.3, p=0.57, »=0.01; spring: b=171+179, F,,, =09,
p =0.35,r? = 0.04).

There was a negative relationship between arrival date and
migration speed in autumn (b = -0.90 + 0.42, F1,35 =4.5,p=0.04,
r?=0.11; Figure 5b), but not in spring (b = -0.83 + 0.99, F1,24 =0.7,
p=0.41, 2= 0.03; Figure 5d). However, when excluding one out-
laying individual whose autumn migration speed was higher than
200 km/day, the relationship between autumn migration speed
and nonbreeding arrival date was not significant (b = -0.57 + 0.36,
F1,34 =25 p=0.12, r? = 0.07). There was a significant and posi-
tive relationship between the departure and the arrival date in au-
tumn (b = 0.49 £ 0.13, F1,37 =14.3, p < 0.001, r?=0.28; Figure 6a),
but not in spring (b =0.20+0.12, F,,, =29, p =0.10, r* = 0.11;
Figure 6b). We found a weak positive relationship between autumn
arrival date and migration speed of the last migration leg after the
Sahara crossing (b = -0.04 + 0.02, F1,38 = 3.6, p=0.07, r? = 0.09),
while there was no significant relationship between the speed
through the first leg of the migration before Sahara and arrival time
(b=-0.02+0.04, F,;,=0.3, p=0.56, r*=0.01). Spring arrival
date was not significantly related to migration speed of the last
migration leg (b = 0.01+0.01, F, 5, = 0.2, p = 0.63, r* = 0.01), nor
with the first migration leg (b = 0.01 + 0.02, F1,z4 =0.2, p=0.88,
r? <0.01).
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4 | DISCUSSION

In this study, we first show that long-distance migratory collared
flycatchers adopt similar migration strategies in autumn and spring
by increasing their migration speed in the last part of the journey
after crossing the Sahara Desert. This supports the Alerstam’s
sprint migration hypothesis (Alerstam, 2006). Second, we reveal
that migration through the last leg of the journey is faster in spring
than in autumn, largely accounting for an overall faster spring mi-
gration and possibly indicating higher pressure for early arrival in
spring. We also demonstrate that the overall migration speed in
both seasons depends on departure date and late departing indi-
viduals are (at least partially) able to catch up with their early de-
parting conspecifics to arrive at the destination at a similar time.
Again, this phenomenon is more pronounced in spring, highlight-
ing the possibly higher pressure for early arrival in this season. Our
third hypothesis is partially supported—there is a positive trend for
relationship between arrival date and migration speed through the
last leg in autumn, but not in spring. It may be that in spring, most
individuals exhaust themselves to the sustainable limits leaving lit-

tle room for individual variation.

4.1 | Sprint migration

As Alerstam (2006) coined the “sprint migration” hypothesis, he
exemplified migration speeds of two male ospreys Pandion haliage-
tus at the tail end of their migrations in autumn and spring. None
of the birds exhibited sprint migration in autumn, but results were
ambiguous for one in spring. Likewise, GPS-tracked honey buz-
zards Pernis apivorus and Montagu's harriers Circus pygargus did
not show sprint migration to finish their journeys in either of the
seasons (Vansteelant et al., 2015). Nilsson et al. (2013) also report
no seasonal differences in the overall migration duration for ther-
mal soaring migrants contrasting the findings in songbird migration.
Ring recoveries have shown that songbirds tend to increase their
migration speed along the route (Ellegren, 1993; Hedenstrom &
Pettersson, 1987), providing indirect evidence for adoption of sprint

migration strategy. Geolocator-tracked swifts Apus apus showed
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FIGURE 3 Comparison of individual migration speeds in autumn and spring, including speeds (a) over the entire migration, (b) through
Africa, (c) through Europe, (d) the first leg of migration, and (e) the last leg of migration after the Sahara. Values below the diagonal line
denote cases when the individual migrated faster in autumn that in spring (summary statistics of two-tailed paired t tests are given within

each panel)
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FIGURE 4 Average migration speed
(km/day) and duration (days, d) +SD of

the tracked collared flycatchers over
different legs of the migratory journey.
Sprint migration over the last migration
leg is highlighted in yellow. Larger blue
circle denotes breeding site, light blue
area—nonbreeding range with median
coordinates of individual nonbreeding
sites depicted as small blue circles. Arrows
schematically illustrate different migration
legs but do not depict precise migration
routes taken. Map is shown in azimuthal
equidistant projection centered at 0°
latitude and 20°E longitude. The collared
flycatcher illustration © Birds of Armenia
Project

40° E

no clear pattern of changes in travel rate between early and late
stages of migration, while, similar to our tracked flycatchers, the
swifts showed increased speed during the barrier crossing (Akesson,
Klaassen, Holmgren, Fox, & Hedenstrom, 2012). Rapid crossing of
ecological barriers have also been demonstrated in other songbirds
(Adamik et al., 2016; Ouwehand & Both, 2016) as well as waders
(Klaassen, Alerstam, Carlsson, Fox, & Lindstréom, 2011; Pakanen
et al.,, 2018). However, a comprehensive comparison of migration
speeds in songbirds over different parts of their journey is still lack-
ing due to former weight limitations of tracking devices.

The changes in speed over different legs of migration found in
collared flycatchers may alternatively be explained by a reduction
in migration speed over the first migration leg rather than advance-
ment over the last leg. The overall slower speed during the first
migration leg might arise due to prolonged stopovers for fuel accu-
mulation before the cross-desert flight or simply by weather-induced
delays of Sahara crossing. However, the latter should affect the mi-
gration speed both ways as some individuals may delay the Sahara
crossing, while others may rush it to catch the optimal conditions.

Furthermore, it has been recently shown that collared flycatchers

routinely cross the Sahara Desert in flights reaching speeds of up
to 1,000 km/day (Adamik et al., 2016; see Section 2). Therefore, we
included the Sahara crossing in the first migration leg to diminish the
effect of the lengthy pre-desert stopovers on the overall speed of
the first migration leg.

It is to be noted that our calculated migration speeds through
the first leg are likely an overestimation due to the exclusion of
predeparture fueling period (Alerstam, 2003). While accurate mea-
sure of individual predeparture fueling times is currently not possi-
ble using remote tracking techniques, Zhao et al. (2018) estimated
that predeparture fueling in waders of various body sizes can take
longer than the actual movement period between breeding and
nonbreeding sites, leading to overestimation of migration speed
by up to 60%. Unfortunately, we lack similar data on predeparture
fueling durations in flycatchers before either autumn or spring mi-
grations. In the Zhao et al. (2018) study, they also found a positive
relationship between predeparture fueling duration and lean body
mass of the species. Following their calculations, the predeparture
fueling in collared flycatchers may range roughly between 5 and

10 days (depending on the on-site specific intake rates). In such
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case, our migration speed for the first leg would be overestimated
by 14%-25% in autumn and 13%-23% in spring. After the flight
across the Sahara Desert and the completion of the first migration
leg, flycatchers’ fuel reserves are presumably depleted and need to
be renewed before continuing the migration. The last migration leg
therefore may reflect nearly true migration speed including both
fueling and flight to the final destination. Therefore, the difference
in the observed migration speeds between the first and the last
legs of migration is likely even larger with more pronounced sprint
migration when considering the predeparture fueling as part of the

first migration leg.
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4.2 | Seasonal differences in time-
selected migration

It is widely accepted that pressure for timely arrival in spring is
higher due to the strong relationship between early arrival, breeding
time, and subsequent reproductive success (Kokko, 1999; Wiggins,
Part, & Gustafsson, 1994). We have also shown that there is such
positive relationship between early arrival and early breeding in our
study population (b = 1.26 £ 0.28, le =20.73,p < 0.001, r?=0.50;
Briedis et al. 2018). Differences between spring and autumn migra-

tion durations are largely induced by reduction in stopover duration;
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the increase in flight speeds contributed relatively little (Nilsson
et al.,, 2013; Schmaljohann, 2018). As the stopover durations are
tightly linked to fueling rates (Schaub, Jenni, & Bairlein, 2008), it may
be that the environmental conditions like food abundance and day
length (i.e., the time available for foraging) at least partially explain
the higher migration speeds observed in spring. Disentangling the
intrinsic behavioral adaptations of individuals from those induced
by changes in the environment is challenging and remains to be ac-
complished. However, at least in the case of collared flycatchers, the
feeding conditions should be better during the autumn migration
with higher food abundance along the route, while having similar
daylight hours for feeding in both seasons (Bauchinger & Klaassen,
2005). Thus, we propose that competition for resources at the final
destination rather than improved environmental conditions en route
may better explain the faster overall spring migration as well the
sprint finishes observed in the collared flycatchers.

Competition for resources at the nonbreeding sites (Lindstrém
& Alerstam, 1992; Price, 1981) may also explain why autumn migra-
tion schedules of long-distance migrants are tightly linked to the
time of completion of breeding (Briedis, Hahn et al., 2016; Conklin,
Battley, Potter, & Fox, 2010). Many long-distance migrants likely
begin the autumn migration as soon as their respective breeding
cycles are over and they are in a physiological condition required
for migration. With the progression of autumn, the Northern
Hemisphere experiences depletion in resources for long-distance
migrants, while on the contrary, autumn marks the onset of rainy
season in the Sahel where conditions are getting increasingly bet-
ter. Thus, Afro-Palearctic migrants would benefit from early and
fast migration through Europe but, in case there is no competition
for early arrival at the nonbreeding sites, could afford prolonged
stopovers after the Sahara crossing as the prey abundance flour-
ishes. Though, the observed sprint migration of collared flycatch-
ers during autumn may suggest competition at the nonbreeding
grounds. Long-distance migrants spend several months at the non-
breeding sites where many species undergo full or partial feather
molt and high-quality molting sites may be the limited resource
that birds compete for (Greenberg, 1986; Sherry & Holmes, 1996;
Studds & Marra, 2005; Stutchbury, 1994).

The predeparture fueling (not considered in our calculations of
the overall migration speed) should similarly affect the overall migra-
tion speed in autumn and spring given the fueling rates at breeding
and nonbreeding destinations are similar. We found that spring mi-
gration was on average 11 * 14 days (SD) shorter than autumn mi-
gration. If the observed pattern of faster spring migration originates
solely by the amount of fat stored during the fueling, individual fat
scores at departure in autumn would have to be much lower than at
departure in spring. This would slow down the early parts of the mi-
gration as birds need to stop more often and/or for more extended
periods to fuel for migratory flights. Even though this fits the pattern
found in collared flycatchers where the migration speed through the
first leg was slower in autumn compared to spring, it remains to be
tested in the field by measuring fuel loads of birds upon migratory
departure.

4.3 | What determines arrival time?

Migration schedules of long-distance migrants seem to be under
tight endogenous control in autumn and spring alike (Berthold,
1991; Gwinner, 1996). In the closely related pied flycatcher Ficedula
hypoleuca, spring arrival largely depends on the departure time from
Africa, rather than migration speed (Ouwehand & Both, 2017). On
the contrary, semicollared flycatcher Ficedula semitorquata spring
arrival at breeding sites in Bulgaria differed significantly between
years and was related to the environmental conditions en route and
spring green-up at the breeding site (Briedis, Hahn, & Adamik, 2017,
Briedis, Traff et al., 2016). Thus, migration speed through the last
leg of migration reflected the arrival time more closely than depar-
ture time in semicollared flycatchers. Our results show that both
strategies, that is, early departure and slow migration, and late de-
parture and fast migration, are used by the collared flycatchers pos-
sibly reflecting differences in fueling strategies for the early parts
of migration.

None of our geolocator-tracked birds adopted the strat-
egy of early departure and fast migration speed. This may be
due to physiological constraints and early departing individu-
als might recognize that they should depart earlier to arrive on
time as they may be incapable of sustaining high migration speed
throughout the journey. Unfavorable conditions en route or at
the breeding sites may also be of high relevance in this regard
(Briedis et al., 2017; Tettrup et al., 2012). Migrating in spring
before the environment is suitable implies high mortality risk.
Late departing individuals might spend the extra time before the
onset of migration to store additional fuel reserves for the early
stages of migration. Such strategy would allow completing the
first leg of migration without stopping-over for extensive fuel-
ing. If this is the case, we may expect to see the pattern shown
by the collared flycatchers when late departing individuals are
those migrating faster through the first leg of the migration.
Such pattern has also been found in several warbler species of
genus Sylvia (Fransson, 1995) as well as in a number of other
short- and long-distance migrants (Ellegren, 1993) highlighting
the importance of predeparture fueling as a determinant for mi-
gration speed through early stages.

Evidence suggests that in long-distance migrants the onset of
migration is less flexible (Doren, Liedvogel, & Helm, 2017; Gwinner,
1989), while the migratory journey itself has a great potential for
flexible adjustments (Briedis et al., 2017; Marra, Francis, Mulvihill,
& Moore, 2005; Tattrup et al., 2012; van Wijk et al., 2012). Within
the Afro-Palearctic bird migration system, cues about the environ-
mental conditions at the destination can be obtained only after
crossing the Sahara Desert (and possibly Mediterranean Sea). Such
circumstances present a situation when speed through the first leg
of migration may offer limited adjustments in accordance with the
environmental conditions at the breeding grounds. Acceleration
of migration speed through the last leg of the journey may play
an important role not only in intraspecific competition but also in

adjusting migration timing in accordance with phenology of each
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particular spring as well as for climate change (Schmaljohann &
Both, 2017).
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Abstract

Annual cycles of animals consist of distinct life history phases linked in a unified sequence, and processes taking place in one
season can influence an individual’s performance in subsequent seasons via carry-over effects. Here, using a long-distance
migratory bird, the collared flycatcher Ficedula albicollis, we link events throughout the annual cycle by integrating breeding
data, individual-based tracking, and stable-carbon isotopes to unravel the connections between different annual phases. To
disentangle true carry-over effects from an individuals’ intrinsic quality, we experimentally manipulated the brood size of
geolocator-tracked males prior to tracking. We did not find unambiguous differences in annual schedules between individuals
of reduced and increased broods; however, in the following spring, the latter crossed the Sahara and arrived at the breeding
grounds earlier. Individuals with higher absolute parental investment delayed their autumn migration, had shorter non-breeding
residency period but advanced spring migration compared to individuals with lower breeding effort. Neither the local non-
breeding conditions (as inferred from &'°C values) nor the previous breeding effort was linked to the timing of the following
breeding period. Furthermore, while on migration, collared flycatchers showed a pronounced “domino effect” but it did not carry
over across different migration seasons. Thus, the non-breeding period buffered further accumulation of carry-over effects from
the previous breeding season and autumn migration. Our results demonstrate tight links between spatially and temporally distinct
phases of the annual cycles of migrants which can have significant implications for population dynamics.

Significance statement

Timing is everything! This holds true also for migratory animals which must time their annual movements, breeding and non-
breeding seasons according to the environment they live in. However, perfect timing of a particular event can be hampered by past
events. We studied connections between spatially and temporarily distinct annual phases in collared flycatchers, a small bodied bird
which twice a year migrates between Europe and sub-Saharan Africa. We found tight links between individual’s parental investment
and timing of autumn migration, but not spring migration. Similarly, the timing of autumn migration did not translate to influence the
timing of spring migration. Thus, our results demonstrate that the non-breeding period may serve as a buffer to overcome high
energy expenditure during the previous breeding season and prevent further accumulation of carry-over effects in migratory birds.

Keywords Autumn migration - Geolocator - Phenology - Spring migration - Seasonal interactions - Stable isotope
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Introduction

Annual cycles of migratory animals consist of various
spatially and temporally distinct phases, such as reproduc-
tion, moult, migration, and non-breeding residency.
Nevertheless, these events are linked to each other phys-
iologically and ecologically, and preceding events may
have profound consequences on the following life history
phases (Harrison et al. 2011). For long-distance migratory
birds, this means that experiences at their tropical non-
breeding grounds may carry over across seasons and con-
tinents to influence events taking place at their temperate
breeding grounds and vice versa. For instance, residing in
sub-optimal habitat at non-breeding areas can result in
delayed spring migration, consequently negatively affect-
ing breeding performance the following season (Marra et
al. 1998; Norris et al. 2004; Catry et al. 2013; Low et al.
2015). Such events and processes taking place in one
season which result in individuals making the transition
between seasons in different physical conditions and ulti-
mately affecting their performance are defined as carry-
over effects (Norris and Marra 2007; Harrison et al.
2011). Habitat quality, social status, population density
and breeding effort have been identified among the main
drivers of carry-over effects (Harrison et al. 2011).
Negative consequences of carry-over effects are often ex-
hibited as delays in timing of annual events (Harrison et al.
2011). In annual migrations, it has often been shown that
delays in one phase of migration (i.e. onset of migration)
translate into delays in the following migration phases (i.e.
end of migration)—a so-called domino effect (Piersma
1987). Such patterns can have significant consequences for
individual fitness and population dynamics revealing links
between different parts of the annual cycle (Bauer et al. 2015).
Carry-over effects can influence individual condition not
only in the following season but also across years. For exam-
ple, successful breeding in one year can negatively influence
breeding probability and fecundity in the following year
(Gustafsson and Sutherland 1988; Inger et al. 2010); but it is
important to note that the interaction between individual qual-
ity and the environment may also play a significant role
(Souchay et al. 2018). Furthermore, parental investment can
affect migration timing as well as the geographical distri-
bution of individuals during the non-breeding season. In
Cory’s shearwaters Calonectris diomedea, birds with ex-
perimentally reduced breeding effort started autumn and
the following spring migration earlier and were more likely
to engage in long-distance migration than their conspe-
cifics which had naturally higher breeding effort (Catry et
al. 2013). This suggests that energetic and time-dependent
costs of reproduction can influence subsequent migration
episodes via carry-over effects. On the other hand, carry-
over effects of delayed autumn migration could also be

@ Springer

overcome during the non-breeding period as found in
Hudsonian godwits Limosa haemastica (Senner et al.
2014). Hence, we still lack a comprehensive assessment
of carry-over effects across full annual cycles.

Just as parental effort influences migration and the non-
breeding period, experiences at the non-breeding areas have
consequences for the following spring migration and breeding
season. Non-breeding conditions are known to influence
spring migration phenology and individual fitness (Marra et
al. 1998; Norris et al. 2004; Saino et al. 2004; Gunnarsson et
al. 2005; Balbontin et al. 2009; Drake et al. 2013; Lopez-
Calderodn et al. 2017). For instance, individuals residing in
better habitats arrive at the breeding sites earlier and in better
condition (Marra et al. 1998). For such studies, stable isotope
ratios of winter-grown tissues have been increasingly used to
evaluate the local conditions individual birds experience at
their distant non-breeding areas. Thus far, stable-carbon iso-
tope (5'°C) signatures have been used most often to discrim-
inate between higher (i.e. mesic) and lower quality (i.e. xeric)
sites (e.g. Bearhop et al. 2004; Norris et al. 2004; Prochazka et
al. 2008) as 5'°C values allow for the discrimination between
habitats with C3 and C4 plants.

Collared flycatchers Ficedula albicollis are long-distance
Afro-Palearctic migrants which breed across large areas of the
Western Palearctic and migrate to Southern-Central Africa
during the Northern Hemisphere winter (Briedis et al. 2016).
During their annual cycle, flycatchers spend about 3 months at
breeding sites where birds reproduce and undergo a complete
body moult before departing for autumn migration
(Stresemann and Stresemann 1966). For the greater part of
the year, birds reside in sub-Saharan Africa, where approxi-
mately 5 months are spent at the non-breeding residency sites
(Briedis et al. 2016). During the non-breeding period, the spe-
cies is assumed to feed solely on invertebrates, but little is
known about habitat use and preferences (Cramp and Perrins
1993). However, we might expect that inhabiting mesic hab-
itats should be advantageous over residing in xeric habitats as
the former offer better feeding opportunities (Studds and
Marra 2007; Lopez-Calderdn et al. 2017).

With this study, we aim to narrow the gap in our under-
standing of full annual cycles in animal ecology by linking
summer—winter—summer events in a long-distance migratory
bird (Marra et al. 2015). We couple an experimental approach
with observational data to unravel the links between different
parts of the annual cycle by integrating breeding monitoring,
tracking by light-level geolocators, and stable isotope analyses
of winter-grown feathers. By doing so, we are able to follow
individual birds throughout the full annual cycle and assess
the magnitude of carry-over effects from the breeding season
to autumn migration, non-breeding period, spring migration,
and the following breeding period as well as from the non-
breeding season to spring migration and the subsequent breed-
ing season. As the non-breeding period in collared flycatchers
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is supposedly less time-constrained (Briedis et al. 2016), we
predict that (i) parental investment will affect autumn migra-
tion schedules via carry-over effects, but the costs of breeding
may be overcome during the non-breeding residency, rather
than accumulate further (Senner et al. 2014). Therefore, (ii)
spring migration schedules and the consecutive breeding pe-
riod will be more dependent on the non-breeding habitat con-
ditions, rather than the previous parental investment.

Methods

We studied collared flycatchers at two localities in the
Czech Republic approximately 30 km apart (site Dlouha
Loucka: 49° 50" N, 17° 13" E, site Kosii: 49° 32' N, 17° 04’
E). In spring, flycatchers arrive starting from the second
week of April (Briedis et al. 2016) and the earliest clutches
are initiated in late April or early May. At both sites, birds
breed in nest boxes situated mainly in mixed deciduous
woodlands. Nest boxes were regularly monitored through-
out the breeding season and nearly all breeding birds were
captured and marked with aluminium rings while feeding
the nestlings. The flycatchers at Dlouhd Loucka are under
heavy predation pressure by edible dormouse Glis glis;
therefore, we protected the nest boxes by applying approx-
imately 50 cm wide plastic foil around the trees roughly
50 cm above and below the nest boxes.

Data availability The datasets analysed during the current
study are available upon request from the MoveBank data
repository (project ID 166151488).

Geolocator deployment and retrieval

Field work was carried out during three breeding seasons from
2013 to 2015. In 2013 and 2014, we attached geolocators
(model GDL2.0, Swiss Ornithological Institute) to the backs
of adult birds using flexible 24 mm long leg-loop harnesses
made from 1 mm thick silicone or neoprene cords.
Geolocators automatically—thus with a blind method—mea-
sured ambient light intensity every minute and stored maxi-
mum values in 5 min intervals. To reduce potential shading of
the light sensor by birds’ feathers, all devices were equipped
with a 7-mm long light stalk. Each device weighted approxi-
mately 0.6 g including the harness and light stalk (i.e. < 5% of
the body mass of collared flycatchers).

In 2013 at Dlouhd Loucka, we deployed a total of 69
geolocators on breeding birds (33 males, 36 females) during
late stages of their respective breeding cycles (last days of
feeding nestlings in the nest boxes). In 2014, we deployed a
total of 165 geolocators (157 males, 8 females) at Kosit where
birds were captured and equipped with the devices upon their

arrival at the site before the onset of breeding (n=139) and
during nestling provisioning (n = 26).

In the years following the deployment of the devices, we
conducted extensive re-trappings of the returning birds before
and during the breeding season. In 2014 at Dlouha Loucka,
we recovered 28 (40.6%, 14 males, 14 females) of the 69
deployed geolocators. One additional device (male) was re-
covered in 2015 accounting for a total recovery rate 0of42%. In
2015 at Kosif, we recovered 29 geolocators (17.6%, all males)
and one additional device from a male was recovered in 2016
(total recovery rate 18.2%). The relatively low recovery rate at
Kosif may be explained by the deployment of devices on birds
before the onset of breeding, as not all birds that were fitted
with geolocators bred in the nest boxes in 2014 and/or 2015.
The recovery rate was 43.3% when considering only males
that were observed breeding in the nestboxes in 2014. Since
all captured males were fitted with geolocators at Kosit in
2014, we were not able to compare return rates of tagged
and untagged birds, but typical return rates at this site range
between 30% and 50% (MK unpublished data). At Dlouha
Loucka, the geolocators had no apparent effect on return rates
of the tagged individuals compared to the control group of
ringed-only birds (tagged: 28/69 =40.6%; control: 29/83 =
34.9%; x*=0.30, p=0.58).

Brood size manipulation

To disentangle true carry-over effects from the intrinsic qual-
ity of individuals, during the 2014 field season at Kosit, we
conducted a brood size manipulation experiment by adding
or subtracting one chick to/from the initial brood. Nests with
the same hatching date were treated in pairs by randomly
moving one chick from one nest to another. The manipula-
tion took place on day 2 or 3 after the eggs had hatched. In
total, 104 nests (52 pairs) were experimentally manipulated.
At the manipulated nest, we trapped adult males and
equipped them with geolocators. In total, we tagged males
at 46 nests with increased brood size and 44 nests with
decreased brood size. However, this represents only 86 in-
dividuals, since four of those males were polygynous and
were caught on two nests. We obtained migration and non-
breeding residency data from the geolocators of seven males
with reduced broods (reduced from 8 to 7 chicks =1 case, 7/
6=1,6/5=1,5/4=1, 4/3=2, 3/2=1) and nine males with
increased brood size (increased from 5 to 6 chicks =2 cases,
6/7="17, including one polygynous male that also took care
of another nest with increased brood size 3/4).

Assessment of non-breeding conditions
Upon geolocator retrieval, we collected feather samples from

all previously tagged birds. We used stable isotope ratios of
carbon (613C) measured from tertial feathers moulted at the
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non-breeding sites (Svensson 1992) to assess the non-
breeding conditions. Lower §'°C values identify cooler and
moister habitats which accommodate increased quantities of
invertebrates providing better feeding opportunities, while
higher 5'°C values are associated with hotter and drier habitats
with more C,4 plants (Marra et al. 1998; Marshall et al. 2007).
Lab procedures of stable isotope analyses are detailed in the
Online Resource 1.

Data analyses

We determined sunrise and sunset times within the re-
corded geolocator light data using ‘GeoLocator’ software
(Swiss Ornithological Institute). Non-breeding sites and
migratory departure and arrival times were determined
with the R-package ‘GeoLight’ v 1.03 following the
standard procedures outlined by Lisovski and Hahn
(2012) and setting the ‘changeLight’ function parameters
to ¢ =0.85, days =3. Unfortunately, due to high variabil-
ity in the recorded light data during the migration and
proximity of the equinox, we were not able to identify
specific migratory stopover sites. Geographic coordinates
of the individual non-breeding sites were calculated
using Hill-Ekstrom calibration. The derived sun elevation
angles ranged between +8.6 and —0.7. We determined
time of Sahara crossing by carefully inspecting daily pat-
terns of raw light recordings and searching for days with
periods of uninterrupted maximal light intensities
throughout the day, which indicate non-stop diurnal
flight, characteristic of a desert crossing (Adamik et al.
2016; Ouwehand and Both 2016). Migration distance for
each individual was measured as a great circle
(orthodromic) distance between the respective breeding
and non-breeding sites (using the median coordinates
within the non-breeding residency period).

We used general linear models to identify if there was an
effect of study year (and accordingly study site), birds’ age
and sex on the timing of annual events (e.g. breeding, onset of
migration, Sahara crossing, etc.). Analyses revealed that study
year was a significant predictor for timing of breeding, depar-
ture from the breeding site, arrival at the non-breeding site,
and breeding the following year (Online Resource 2), while
age was a significant predictor only for the timing of breeding
in the first year. Sex had no effect on the dependent variables
(i.e. no protandry); therefore, we pooled male and female data.
For further analyses, we centred the timing of annual events
relative to the average first egg’s laying date in each year
(2013: 10 May, SD =8.53, n =115, 2014: 4 May, SD =7.33,
n =125), thus compensating for the year effect on the consec-
utive parts of the annual cycle. Only the first clutch of each
individual was considered.

To test for carry-over effects of breeding effort on the
timing of consecutive parts of the annual cycle, we
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categorized all birds according to their breeding performance.
This was done due to the relatively low variation in the num-
ber of fledged nestlings, and a skewed distribution (but see
Online Resource 3 for regression analyses of the number of
fledglings against the annual schedule variables). Each indi-
vidual was assigned to one of the two groups depending on the
number of nestlings fledged—above or below the average
(5.4+1.4 SD fledged nestlings, n =30). Further analyses on
how breeding effort influenced the timing of consecutive parts
of the annual cycle were done using these two categories. We
excluded all individuals that fledged zero nestlings due to
adverse weather or predation as the nest losses may have hap-
pened at different stages of the breeding season and the further
whereabouts of these individuals were unknown. Some indi-
viduals may have attempted to have a replacement clutch
(outside of our nest boxes) while others may not, thus not
allowing for the accurate evaluation of their breeding effort.
Sample sizes of timing data for different stages of the annual
cycle differ due to technical issues with the geolocators (typ-
ically lower sample sizes for spring events due to limitations
of the geolocators’ batteries’ life span) or the inability to de-
termine the timing of certain events due to high noise in the
recorded light data (n =2 cases).

We used confirmatory path analyses (R-package ‘lavaan’;
Rosseel 2012) to examine direct and indirect effects of how
timing of one annual cycle event is linked to the timing of all
subsequent events. Path analysis is a type of structural equa-
tion models where only the measured variables are considered
ignoring latent variables. In structural equation models, com-
ponents can appear both as predictors and response variables
generating a causal network. We included timing of eight
annual cycle events in our model: onset of egg laying in the
first year, breeding site departure, Sahara crossing in au-
tumn, non-breeding site arrival, non-breeding site depar-
ture, Sahara crossing in spring, breeding site arrival, and
onset of egg laying in the second year. Since the timing of
all events in the animals’ annual cycle are linked in a uni-
fied sequence via carry-over effects (Harrison 2011), we
structured the path model so that the timing of each event
was dependent on the timing of all preceding events. The
final path diagram was plotted using R-package ‘semPlot’
and one-headed arrows represent causal relationship be-
tween the variables. The given path coefficients are stan-
dardized partial regression coefficients.

Due to multiple testing, p values should be interpreted
against a threshold level of alpha=0.008 for the timing
of migration, and alpha=0.017 for the duration of annu-
al stages (autumn migrations, non-breeding residency,
and spring migration). We assessed the timing of spring
events in relation to the non-breeding conditions (6'°C
values) and previous parental investment using general
linear models (GLM) with normal error structure and
an identity link function:
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Timing/duration of migration event ~ 5'C + previous pa-
rental investment.

We calculated the unbiased Cohen’s d values and their
confidence intervals according to Nakagawa and Cuthill
(2007) accounting for small sample sizes. Statistical tests were
performed in R version 3.3.1 (R Core Team 2016).

Results
Brood size manipulation

The comparison of annual migration schedules of experimen-
tally manipulated birds revealed no significant differences in
timing at any stage of the annual cycle between the males
whose brood size was increased (average fledged: 6.1+0.9
SD, n=9) and those with reduced broods (averaged fledged:
4.1+£1.9 SD, n=7, Fig. 1a, Online Resource 4). Nor did we

(a)

20 Experimental threatment:
B +1 chick
15 —| [ -1 chick

10

Days
[6)]
l

find a statistically significant difference between the two treat-
ment groups regarding migration durations in autumn or
spring, non-breeding residency duration or total migration
distance.

Absolute breeding effort

‘When looking at the absolute fledgling numbers (not considering
brood manipulation) as a proxy for breeding effort, we found that
individuals that fledged higher than average number of fledglings
(6.3+0.5 SD, n = 18) underwent all stages of autumn migration
later than those fledging fewer than average fledglings (4.0 + 1.0
SD, n= 12; Fig. 1b, Online Resource 5). The timing difference
between the two groups was significant for arrival at the non-
breeding site (unpaired ¢ test: £=3.1, p =0.004) with birds fledg-
ing more young arriving on average 10 days later. The opposite
was observed regarding the timing of spring migration—birds
that fledged more young in the previous year underwent all

o
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Fig. 1 Average deviation of migration timing in collared flycatchers
depending on a experimental treatment of brood size manipulation, and
b absolute breeding effort (expressed as below or above the study average
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of 5.4 fledglings). Bars denote the average difference in timing of
migration events relative to the mean of the compared groups. Error
bars denote standard errors
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Fig. 2 Migration schedules of the 33 geolocator-tracked collared fly-
catchers according to their breeding effort (number of fledglings below
or above the average). Individual level (solid lines) and pooled category
level (boxplots showing median, interquartile range (IQR)—boxes; whis-
kers extend to values within 1.5 times the IQR and dots depict outliers)
data are presented. Migration schedules include departure from the

stages of the spring migration earlier. We did not find significant
differences in migration durations in autumn or spring, nor in
total migration distance. However, birds that fledged more young
spent on average 14 days less at the non-breeding residency areas
(unpaired 7 test: =—2.5, p=0.04, Fig. 1b, Online Resource 5)
and, thus, on average migrated earlier in spring (individual sched-
ules are summarized in Fig. 2).

Confirmatory path analyses between the timing of different
annual events revealed no significant effects of the breeding time
on the timing of any of the further stages throughout the annual
cycle, nor the timing of breeding next year (Fig. 3). There was a
significant positive effect of breeding site departure, non-
breeding site arrival, and breeding site arrival on the timing of
following breeding, while timing of Sahara crossing in autumn
had a negative effect on the timing of breeding the following
year. Significant positive effects were also found between timing
of breeding site departure and Sahara crossing in autumn, as well
as Sahara crossing in spring and breeding site arrival (Fig. 3;
Online Resource 6).

We found a pronounced ‘domino effect’ where the timing
of each annual stage had the strongest impact on the timing of
the following one and the interactions got weaker with
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breeding site, Sahara crossing in autumn, arrival at the non-breeding site,
departure from the non-breeding site, Sahara crossing in spring, and ar-
rival at the breeding site. Faded lines indicate lack of data due to failure of
the geolocator’s battery or uncertainty of the timing of a particular event.
Only individuals with known fledgling numbers are shown

increasing timespan between the events (F 6= 11.48, P =
0.28, p=0.002, Fig. 4; individual linear regressions are avail-
able at Online Resource 7). Thus, there was a stronger rela-
tionship in timing of intra-seasonal events compared to timing
of inter-seasonal events (autumn—spring).

Stable isotopes

GLM analyses relating spring migration schedules to local
habitat conditions at the non-breeding areas and previous
breeding effort revealed that 5'*C values were strong predic-
tors only for the non-breeding site departure (Fig. 5, Table 1).
There was no indication that either of the factors carried over
to influence the timing of the following breeding (Fig. 5d,
Table 1d).

Discussion
In this study, we linked events across the entire annual cycle in

the long-distance migratory collared flycatcher and evaluated
carry-over effects of parental investment and local non-
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Fig. 3 Path diagram of the model showing causal relationship between
different parts of the annual cycle in collared flycatchers. Arrows indicate
casual effects of one event (independent variable) on the subsequent
events (dependent variables). Green arrows indicate positive effects,

breeding conditions. Our hypothesis that the experimental in-
crease of brood size would result in delayed autumn migration
was not supported as we found no difference in migration
schedules between the males whose brood sizes were reduced
and males with enlarged brood sizes. However, when looking
at the absolute parental investment (measured as the total
number of fledglings), we found that higher parental invest-
ment was associated with delayed autumn migration, shorter
non-breeding residency, and advanced spring migration. The
magnitude of carry-over effects from one stage to another
faded with increasing timespan between the stages along the
annual cycle and the non-breeding period served as a buffer
not allowing for carry-over effects to accumulate. Hereof, we
also showed that neither local non-breeding conditions nor the
previous breeding effort was linked to the timing of spring
migration and the following breeding period.

Reproduction is an energy- and time-consuming process.
Rearing a lower number of chicks should be less energy-de-
manding, but the total amount of time necessary to complete the
breeding cycle should be similar. Previous experimental manip-
ulations of clutch size in the collared flycatcher have shown that
an enlarged clutch carries consequences for male secondary

blue arrows—negative effects. The width and colour intensity of the
arrows represent the values of standardized path coefficients. The
significant interactions are highlighted with standardized path
coefficients given in boxes

sexual traits and results in the reduction of subsequent fecundity
(Gustafsson and Sutherland 1988; Gustafsson et al. 1995). A
study of Cory’s shearwaters showed that experimentally in-
duced breeding failure resulted in the early onset of autumn
migration (Catry et al. 2013). Experimentally manipulated birds
were freed from energetic and time-dependent costs of re-
production alike and theoretically could engage in south-
bound migration before their conspecifics had completed
their respective breeding cycles. These results contradict
our findings since we did not observe differences in autumn
migration schedules between our two experimental groups.
This raises the question of whether changing brood size by one
chick in a multi-egg laying species carries consequences for the
annual schedules of migrants. It could be that the total number
of chicks fledged may better reflect the costs of breeding if they
carry over to the subsequent annual cycle phases. Another rea-
son for the lack of unambiguous differences between the two
experimental groups may be the limited sample size in our
study. Furthermore, we looked only at male annual schedules
in relation to our experimental manipulation and parental in-
vestment through provisioning of young may differ between
the sexes.
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Fig. 4 The strength of the “domino effect” between consecutive parts of
the annual cycle expressed as the relationship between regression
coefficients of the timing of different parts of the annual cycle and the
timespan between the events. Squares (m) denote regression coefficients
of intra-seasonal events and circles (®) denote regression coefficients of
inter-seasonal events. The black line depicts fitted loess curve + SE (shad-
ed area)

‘When looking at parental investment as the total number of
fledglings, we found a negative effect of the absolute number
of chicks fledged on autumn migration schedules. Higher pa-
rental investment has been reported to delay autumn migration
in numerous water birds, e.g. Cory’s shearwater (Catry et al.
2013), brent goose Branta bernicla (Inger et al. 2010), and
black-legged kittiwake Rissa tridactyla (Bogdanova et al.
2011), but there is little evidence of this effect in passerines
(but see Mitchell et al. 2012). Theoretical models indicate that
the onset of migration highly depends on an individual’s body
condition (McNamara et al. 1998). It is important to note that
collared flycatchers undergo a complete body moult before
commencing autumn migration (Stresemann and Stresemann
1966). Feather moult is a highly energetically demanding pro-
cess and there must be trade-offs between shortening the du-
ration of moult and increasing the quality of newly grown
feathers (Vagasi et al. 2012). It is likely that the energy expen-
diture of parental care has consequences which influence
moult, further affecting the onset of autumn migration. Such
interactions could explain why the individuals fledging more
young departed later from the breeding sites.

Interestingly, we found no significant relationship between
the timing of breeding and other parts of the annual cycle
(Fig. 3, Online resources 7). Mitchell et al. (2012), Saino et
al. (2017), and van Wijk et al. (2017) reported positive corre-
lation between the completion of breeding and autumn migra-
tion departure in savannah sparrows Passerculus
sandwichensis, barn swallows Hirundo rustica, and hoopoes
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Table 1 Summary statistics of models showing a relationship between
the timing and duration of spring events and non-breeding conditions
(8"C) and parental investment (above or below the population average)
in the previous breeding season

Estimate  SE t P

(a) Departure non-breeding site (df = 15)

Intercept 194.6 57.88  3.36 <0.01

8C 6.85 300 229 0.04

Breeding effort peiow) 542 4.56 1.19 0.25
(b) Sahara crossing spring (df=15)

Intercept 143.15 4337 33 <0.01

e 2.39 225 1.06 0.3

Breeding effort peiow) 10 342 2.93 0.01

(c) Aurrival breeding site (df=15)

Intercept 135.19 453 2.98 0.01
8¢ 1.18 235 05 0.62
Breeding effortpeiowy — 4.71 3.57 1.32 0.21
(d) Onset of egg laying year ¢+ 1 (df=22)
Intercept 124.67 63.75 1.96 0.06
§C 0.03 331 001 0.99
Breeding effortpeiow) 3.03 3.94 0.77 0.45
(f) Timespan arrival breeding site—onset of egg laying (df = 14)
Intercept —54.95 9856  —0.56  0.59
§C -6.08 512 —119 025
Breeding effortpeiowy  0.15 7.72 0.02 0.98
(e) Timespan departure non-breeding site—onset of egg laying (df = 14)
Intercept 3.84 4792  0.08 0.94
§3C —0.44 249  —0.18  0.86
Breeding effortpeiowy ~ 0.82 3.75 0.22 0.83

Upupa epops, respectively. Similarly, an elongated breeding
period was associated with delayed autumn departure in Manx
shearwaters Puffinus puffinus (Fayet et al. 2016), highlighting
the time-dependent costs of reproduction. Late-nesting wood
thrushes Hylocichla mustelina initiated their post-breeding
moult later than early-breeding conspecifics, possibly
resulting in delayed departure for autumn migration, but no
effect was found on the timing of arrival in the tropics
(Stutchbury et al. 2011). In wood thrushes, late breeding was
also associated with higher reproductive success. The positive
relationship between high breeding effort and delayed autumn
departure coincides with our findings. Thus, energetic and
time-dependent carry-over effects of parental investment
could be more important determinants for the onset of autumn
departure than the timing of the onset of breeding.

A pivotal finding in our study was that higher parental
investment not only delayed autumn migration schedules,
but was also associated with shorter non-breeding residency
neglecting the delays in autumn migration schedules. Fayet et
al. (2016) have shown that experimentally increasing the du-
ration of provisioning for young delayed autumn migration
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departure and resulted in a shorter non-breeding residency
period in Manx shearwaters. The length of the non-breeding
residency period might not be as time-constrained as other
parts of the annual cycle and thus could be a subject to adjust-
ments if needed. We have shown earlier that collared fly-
catchers breeding in Sweden spend ca. 10% less time at the
non-breeding sites than birds from our study site in the
Czech Republic, suggesting more relaxed schedules and the
buffering effect of this period on other parts of the annual
cycle (Briedis et al. 2016).

We also observed a pronounced “domino effect” (Piersma
1987) between consecutive parts of the annual cycle. Such a
pattern is expected to arise under the time-minimization mi-
gration strategy (Hedenstrom 2008). When adopting this strat-
egy, individual birds should travel as fast as possible given
their body condition and environmental conditions, therefore
making it difficult to overcome the costs of being late at a
particular stage within a single migration season. However,
we also observed that the relationship was stronger between
annual cycle stages directly following each other and

gradually faded along the annual cycle with increasing
timespan between the stages (Fig. 4). The strong links found
within rather than across migration seasons suggest that the
domino effect and carry-over effects from the breeding season
can be overcome during the non-breeding season. Collared
flycatchers that had higher breeding effort migrated later in
autumn, but earlier in spring, supporting the hypothesis that
non-breeding period buffers accumulation of carry-over ef-
fects. Van Wijk et al. (2017) also reported strong relationship
between the timing of annual stages directly following each
other in hoopoes. The dependencies of the timing decreased
with increasing timespan between the annual cycle events.
Similarly to our results, van Wijk et al. (2017) found the stron-
gest relationship between the timing of breeding site arrival
and the onset of breeding, highlighting the importance for
timely spring arrival (Kokko 1999).

Conditions at the non-breeding areas have been shown to
influence the spring migration schedule and following breed-
ing period in several species (Marra et al. 1998; Norris et al.
2004; Saino et al. 2004; Studds and Marra 2005; Tonra et al.
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2011; Rockwell et al. 2012; Paxton and Moore 2015; Lépez-
Calderon et al. 2017), while we found no such links in our
study system (Fig. 5). Pedersen et al. (2016) also found no
carry-over effects of local non-breeding habitat conditions on
the late stages of spring migration and the following breeding
period in red-backed shrikes Lanius collurio using §'>C
values as a proxy. Similarly, no carry-over effects of non-
breeding habitat quality were found in yellow warblers
Setophaga petechial (Drake et al. 2014), magnolia warblers
S. magnolia (Boone et al. 2010), and Hudsonian godwits
(Senner et al. 2014). Such contradicting results across species
suggest that carry-over effects of non-breeding conditions
may not be limiting for all species and populations, or may
vary in their detectability via isotope signatures in winter-
grown tissues.

Spring migration and the following breeding season
might be affected by a combination of factors, like pre-
vious breeding effort and conditions experienced during
the non-breeding residency. In the present study, we
showed that the previous breeding effort and local non-
breeding habitat conditions had negligible influence on
the timing of the following breeding period. Similarly,
Bogdanova et al. (2011) reported no differences in spring
migration schedules caused by previous breeding experi-
ence. Ouwehand and Both (2017) demonstrated that the
rank order of birds from autumn migration was disrupted
during the non-breeding period and the timing of spring
migration was not related to the timing of autumn migra-
tion in the closely related pied flycatchers Ficedula
hypoleuca. On the contrary, long-lasting carry-over ef-
fects of previous breeding effort have been shown to
influence following breeding attempts in long-lived mi-
gratory birds (Inger et al. 2010; Catry et al. 2013).
Carry-over effects from various parts of the annual cycle
may play different roles in population dynamics of spe-
cies with different life history strategies. Therefore, it is
important to consider full annual cycles to gain a better
understanding of carry-over effects operating in animal
populations.

It is likely that the recent decline of long-distance migrants
(Vickery et al. 2014) has been caused by the complex interac-
tion of events and processes taking place at temperate breed-
ing grounds, tropical non-breeding areas and during migration
between them. Our results indicate that energetic and time-
dependent costs of reproduction play a key role in altering
autumn migration schedules and defining individual variation
via carry-over effects but we also highlight the importance of
non-breeding period as a buffer for further accumulation of the
carry-over effects. Linking events throughout the entire
annual cycle can give us an in-depth insight into underly-
ing processes driving animal population dynamics. This
may open new perspectives in our understanding of the
ecology of migratory animals and further be of service to
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conservation efforts. We hope that our study will stimulate
more comprehensive animal ecology research with respect
to full annual cycles.
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arrival and decreases apparent survival in a
long-distance migratory songbird
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Abstract

Background: Adjusting the timing of annual events to gradual changes in environmental conditions is necessary for
population viability. However, adaptations to weather extremes are poorly documented in migratory species. Due to
their vast seasonal movements, long-distance migrants face unique challenges in responding to changes as they rely
on an endogenous circannual rhythm to cue the timing of their migration. Furthermore, the exact mechanisms that

explain how environmental factors shape the migration schedules of long-distance migrants are often unknown.

Results: Here we show that long-distance migrating semi-collared flycatchers Ficedula semitorquata delayed the
last phase of their spring migration and the population suffered low return rates to breeding sites while enduring

a severe cold spell en route. We found that the onset of spring migration in Africa and the timing of Sahara crossing
were consistent between early and late springs while the arrival at the breeding site depended on spring phenology

at stopover areas in each particular year.

Conclusion: Understanding how environmental stimuli and endogenous circannual rhythms interact can improve
predictions of the consequences of climate changes on migratory animals.

Keywords: Circannual rhythm, Climate change, Geolocator, Long-distance migrant, Phenology, Weather extremes

Background

Over the course of the 20th century, the Earth’s near-
surface temperature has increased, [1] and many spe-
cies have advanced their phenology as a response to this
climate warming [2]. Among those, various migratory
birds have advanced their spring migration and breeding
schedules [3], with stronger responses in short-distance
compared to long-distance migrants [4].

Long-distance migrants spend the non-breeding period
in the areas where they often have limited possibilities
to assess the climatic conditions at their distant breed-
ing grounds, thus limiting their ability to time the spring
migration accordingly. Current theory suggests that long-
distance migratory birds depend on endogenously con-
trolled circannual rhythms to cue their spring migration
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[5, 6]. Photoperiod and environmental factors may serve
as Zeitgeber to fine-tune the timing of departure [7-9].
While the mechanisms regulating the onset of spring
migration are not yet fully understood, even less is known
about the processes modifying migration rates and deci-
sion making en route [10]. Thus, the specific factors that
determine the observed advances in spring arrival of
long-distance migrants remain unknown.

The understanding how animals respond to the chang-
ing environment is of special importance with respect
to increasing frequency of extreme weather events [11].
Inability to respond to a rapidly changing environment
can have severe consequences on population demogra-
phy and viability. If long-distance migrants rely solely on
endogenous signals to time the entire spring migration,
this could result in suboptimal arrivals at the breeding
sites, possibly leading to mismatches of food peak avail-
ability and food demand [12].
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Here we examine how long-distance migrating semi-
collared flycatchers Ficedula semitorquata respond to
contrasting climatological conditions encountered in two
consecutive spring migrations. Flycatchers’ peak arrival
period at their breeding range extends from the end of
March to the beginning of April [13]. In Southeastern
Europe in 2014, this period was the warmest on record
since 2000, followed by an exceptional cold spring in
2015 with temperatures well below the long-term average
(Fig. 1). Such extreme and opposing conditions present
an ideal opportunity to study phenotypic plasticity in a
natural setting. We were particularly interested to test
whether this obligatory long-distance migrant is capable
of adjusting its migration rate based on environmental
cues en route to fine-tune arrival at the breeding site.

Methods

Study site and geolocators

Our study site is located in eastern Bulgaria (42°55'N,
27°48'E) approximately 8 km from the Black Sea coast at
120-150 masl. Habitat at the breeding site is oak wood-
land dominated by Hungarian oak Quercus frainetto with
very little undergrowth. A population of approximately
100 pairs of semi-collared flycatchers breeds in nest
boxes.

During the breeding season of 2013 and 2014 we
equipped 40 (17 males, 23 females) and 49 (27 males, 22
females) adults with geolocators (GDL2.0, Swiss Orni-
thological Institute; weight including the harness: 0.6 g)
which were fitted on birds’ backs using elastic leg-loop
silicone harnesses. The geolocators on average con-
stituted 4.6 £ 0.3% (SD) of the bird’s body mass. There
was no difference in the average load of the geolocator
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Fig. 1 Average land surface temperature in Bulgaria, Greece and
Turkey from 22 March to 7 April from 2000 to 2015 [Data available
from the U.S. Geological Survey (http://www.usgs.gov/)]
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between the birds that returned and those that did not
return (average + SD; returned: 4.7 + 0.3%, n = 18;
not returned: 4.6 = 0.3%, n = 71; t test: tg; = —1.19,
p =0.25).

We did an extensive recapturing of the tagged birds
upon their arrival at the breeding site. Birds were cap-
tured using mist-nets and traps inside the nest boxes
before the initiation of nest building. All adult breeders
were captured later in the season when feeding nestlings,
allowing for additional geolocator retrieval from the birds
not captured earlier. In total we recovered 18 geolocators
(2014: n = 11, 2015: n = 7); however, due to technical
problems, we obtained spring migration data from only
5 [2 females, 3 males (1 incomplete)] and 6 (2 females, 4
males) devices in 2014 and 2015, respectively.

In addition, we acquired spring migration passage dates
of flycatchers from the Antikythira Bird Observatory,
Greece (35°51'N, 23°18'E, [14]) from 2007 to 2015.

Data analysis
We processed the light recording data using the R-pack-
age ‘GeoLight’ v2.0 [15], having determined sunrise and
sunset times with ‘Geolocator’ software (Swiss Ornitho-
logical Institute) beforehand. We filtered the datasets
for outlaying sun events using the ‘loessFilter’ function
(k value = 2). We determined departure from the non-
breeding site and arrival at the breeding site using the
‘changeLight’ function (probability of change q = 0.8).
Minimum stationary period duration was set to 3 days.
We determined Sahara crossing time according to the
procedure described by Adamik et al. [16]. In short, dur-
ing the Sahara crossing days geolocator’s light sensor
records uninterrupted maximal light intensities through-
out the day, suggesting that birds cross the ecological
barrier with a non-stop flight or at least prolonging the
typical nocturnal flight for several hours into the fol-
lowing day. We adjusted the probability of change in the
‘changeLight’ function for each individual starting from
q = 0.8, so that the function detects Sahara crossing time
as a movement period. Annual timing of key migration
phases are given as median date plus interquartile range
(IQR) throughout.

To test for differences in apparent local survival rates
between 2013-2014 and 2014-2015, we used a Chi
squared goodness-of-fit test without Yates correction.

Weather data acquisition

We obtained land surface temperature data (data set:
MOD11A2) and leaf area index (MOD15A2) data dur-
ing the spring migration period (10 February-7 April)
from MODIS terra and aqua satellites, accessed from
the Land Processes Distributed Active Archive Center
(LP DAAC) at the US Geological Survey (USGS) Earth
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Resources Observation and Science (EROS) Center
(https://lpdaac.usgs.gov/). We obtained wind data for
the 850 mb pressure level (approximately 1500 masl)
from the National Center for Environmental Predic-
tion (NCEP)/National Center for Atmospheric Research
(NCAR) Reanalysis dataset [17] using R-package
‘RNCEP’ [18]. Data were gathered across a 2.5° grid for
every 6 h period in 2014, 2015 and annually averaged
across the whole spring migration period (10 Febru-
ary—7 April). Winds at the 850 m bar pressure level are
largely free of orographic distortion and, thus, are fre-
quently used for describing wind patterns experienced
by migratory birds [19].

Page 3 of 8

Results

Weather patterns

The average land surface temperature during the spring
migration period across Bulgaria, Greece and Turkey—
countries on the species flyway—from 22 March-7 April
was 20.5 °C in 2014, while in 2015 it was only 14.8 °C
(Fig. 2a, b). This was the largest such difference in air
temperature for over a decade (Fig. 1). Plant phenology,
measured by leaf development, was delayed by approxi-
mately 29 days in 2015 compared to 2014 (Fig. 2c). Along
other parts of the flycatchers’ migratory flyway of the
flycatchers, the prevailing winds and temperatures were
similar between the two study years (Fig. 3).
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Fig. 2 Annual differences in weather conditions and the corresponding migration phenology of semi-collared flycatchers. Land surface tempera-
tures (°C) from 22 March-7 April in a 2014 and b 2015. ¢ Leaf area index (m? of leaf area per m? ground area) progression from 6 February-1 May at
the flycatcher’s breeding site in 2014 (orange) and 2015 (blue) and the related flycatcher migration phenology in each year, including (D) departure
from the non-breeding site, (S) Sahara crossing, and (A) arrival at the breeding site. d Stopover duration north of the Sahara in relation to leaf area
index at the breeding site at the time of Sahara crossing [The background maps in a and b made were made from data available from the U.S.
Geological Survey (http://www.usgs.gov/); maps were created in ArcMap 10.1 (http://www.esri.com/)]
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Fig. 3 Average land surface temperature (background map) and wind patterns at 850 kPa pressure level (small arrows) during semi-collared
flycatcher spring migration from 10 February to 7 April in @ 2014 and b 2015. Black shape outlines semi-collared flycatcher non-breeding range
(BirdLife International and NatureServe 2011) and large arrows indicate spring migration routes [Temperature data available from the U.S. Geological
Survey (http://www.usgs.gov/); wind data available from National Oceanic and Atmospheric Administration (http://www.noaa.gov/). Maps were

+35°C

Responses of migrants

During both years, flycatchers departed from their non-
breeding grounds in Eastern-Central Africa in the second
half of February {median date 2014: 21 February [inter-
quartile range (IQR) = 17-22 Feb], 2015: 16 February
(11-19 Feb), Fig. 2¢} and crossed the Sahara desert in late
March [2014: 23 March (17-30 Mar), 2015: 27 March
(21 Mar-5 Apr)]. After crossing the Sahara, the birds
stayed in the Mediterranean Basin for 5 days (3.5-7.1)
in 2014 before arriving at the breeding site on 2 April
(29 Mar-7 Apr). In 2015 birds spent three times longer

(mean 15 days, IQR 9.8-19.5) in the Mediterranean
Basin and arrived at the breeding site on 10 April (9-11
Apr, see Additional file 1). We found a negative relation-
ship between the time spent in the Mediterranean Basin
and leaf development at the breeding site (Pearson’s
one-tailed correlation: r = —0.82, n = 10, p = 0.002;
Fig. 2d). The median spring migration passage times of
flycatchers at Antikythira Bird Observatory in 2014 and
2015 were within the species’ typical long-term passage
period (2014: 17 Apr; 2015: 14 Apr; 2007-2015: 15 Apr,
IQR = 12-18 Apr).
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We also observed prominent sex differences in migra-
tion timing, with males crossing the Sahara and arriving
at the breeding site earlier than females in both years.
The distinct protandry resulted in stronger delays in
males’ migration schedule than in females’ In 2015 males

25 .-— . Mdeparture Africa
o Sahara crossing
. 20 + 3 : arrival breeding site
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Fig. 4 Sex-specific difference in individual migration schedules
between a cold (2015) and a warm spring (2014). The delay in arrival
is larger for the earlier migrating males than for later migrating
females. Individual data points represent difference between every
possible pair of two individuals tracked in different years
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arrived at the breeding site on average 13 days later than
in 2014, while the difference for females was only 5.5 days
(Fig. 4).

The cold spell of 2015 also had severe consequences on
apparent local survival. Return rates of geolocator-tagged
and ringed-only control birds were approximately two
times lower in 2015 (Table 1), with males and older indi-
viduals (more than 3 years old) affected more severely.

Discussion

Our findings show that a cold spell encountered en route
delayed spring arrival and decreased local apparent sur-
vival in a trans-Equatorial migrant. After reaching the
temperate climatic zone where environmental cues of
spring phenology become available, tracked semi-col-
lared flycatchers flexibly adjusted their migration rate
and advanced (in the warm spring of 2014) or delayed (in
the cold spring of 2015) their arrival at the breeding site
depending on local conditions (e.g. temperature and leaf
development).

The typical passage times of semi-collared flycatchers
at Antikythira Bird Observatory range from the end of
March to the end of April [14], with most birds passing in
the second decade of April. Median passage times in the
second decade of April may imply that the flyway through
Antikythira is used by different populations than ours,
and those populations migrating through Antikythira

Table 1 Differences in return rates of semi-collared flycatchers between 2014 and 2015, and between control group

and geolocator-tagged group

2014 2015 X p value

Control

Males 58.8% (30/51) 23.8% (19/80) 6.29 0.01

Females 38.1% (24/63) 21.7% (15/69) 1.78 0.18

2cy 64.3% (18/28) 51.4% (19/37) 0.11 0.74

2cy+ 41.9% (36/86) 13.4% (15/112) 10.90 <0.001

Total 47.4% (54/114) 22.8% (34/149) 7.87 0.005
Tagged

Males 47.1% (8/17) 18.5% (5/27) 1.31 0.25

Females 13.0% (3/23) 9.1% (2/22) 14e—30 1

2¢cy 37.5% (6/16) 21.4% (3/14) 0.11 0.75

2cy+ 20.8% (5/24) 11.4% (4/35) 0.23 0.63

Total 27.5% (11/40) 14.3% (7/49) 0.99 032

Control Tagged X p value

2014-2015

Males 37.4% (49/131) 29.5% (13/44) 0.24 0.63

Females 29.5% (39/132) 11.1% (5/45) 3.22 0.07

2cy 56.9% (37/65) 30.0% (9/30) 1.68 0.20

2cy+ 25.8% (51/198) 15.3% (9/59) 1.39 0.24

Total 33.5% (88/263) 20.2% (18/89) 269 0.10

Significant differences are given in italics
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do not pass there until after the prolonged stopovers of
our tracked birds in 2015. Indeed in 2014, birds from our
study population arrival at the breeding site earlier than
the median passage time at Antikythira, supporting this
idea.

So far, contrasting results have been reported in
long-distance migrants regarding their ability to use
environmental signals to cue spring migration [5]. Nearc-
tic-Neotropical long-distance migrants have been shown
to use environmental cues to some extent to adjust their
migration rate in spring [20, 21]. On the contrary, pied
flycatchers Ficedula hypoleuca were not able to adjust
the arrival time proportionally to the increasing spring
temperatures suggesting a tight endogenous routine con-
trolling phenology of spring migration in that popula-
tion [22]. Recent tracking studies confirm these findings,
showing that breeding site arrival date in pied flycatch-
ers largely depends on the onset of spring migration,
rather than birds making adjustments en route [23]. In
the closely related collared flycatcher E albicollis, spring
arrival at different breeding sites is related to local phe-
nology, and timing of the onset of spring migration seems
to be less important [24]. This coincides with our find-
ings in semi-collared flycatchers. The differences between
these three Ficedula species may be related to the
migratory flyway they use during the spring migration.
Resource availability and ecological barriers encoun-
tered en route can influence on the rate and timing of
bird migration [25, 26]. Species that encounter ecologi-
cal barriers along the migratory flyway and have larger
migratory distance show a greater degree of variation in
their migratory behaviour and ability to adjust migration
rate in response to the environment. In spring, pied fly-
catchers migrate along the western Afro-Palearctic fly-
way, while collared and semi-collared flycatchers migrate
along the central Afro-Palearctic flyway. Migrants using
the central Afro-Palearctic flyway encounter larger eco-
logical barriers (e.g. the distance to cross the Sahara
Desert is larger) and harsher conditions compared to the
species using the western Afro-Palearctic flyway.

To date there seems to be no general consensus on
where along a migration route the changing conditions
should have the largest effect on the timing of bird arrival
[10]. Tottrup et al. [27] demonstrated that drought in the
Horn of Africa delayed spring arrival of Afro-Palearctic
migrants, as birds prolonged their stopovers in this area.
This, when considered with our results suggests that
prolonged stopovers due to adverse weather conditions
could occur at any place along the migratory route (in
the tropics and temperate regions alike), and can cause
delayed arrival at the breeding sites.

As a consequence of adverse weather, increased mor-
tality rates have previously been reported across different
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taxa [28]. Our finding of low apparent survival of flycatch-
ers in a year with adverse weather conditions likely indi-
cates increased mortality. Alternatively, birds may have
acted opportunistically and settled for breeding elsewhere
along the migratory route or exhibited a higher degree
of breeding dispersal compared to the previous year. In
our study, males showed lower return rates than females
in the colder spring of 2015. By arriving earlier, males
are exposed to a more hostile environment, including
lower food availability, than later arriving females. Simi-
larly, older flycatchers usually arrive at the breeding site
earlier than younger ones and would therefore undergo
similar consequences to those of males versus females. In
cliff swallows Petrochelidon pyrrhonota higher mortality
of older individuals was found as a result of a cold spell,
coinciding with our findings of low return rates [29].
Geolocator attachment has been shown to negatively
affect return rates of birds [30]. However the recent evi-
dence is ambiguous, with a number of studies showing no
apparent effect on return rates of the tagged birds [e.g. 31,
32], while some report negative influence [33] including
delayed breeding site arrival time and decreased breed-
ing success in the year following the geolocator deploy-
ment [34]. Furthermore, the differences in return rates
between tagged and control birds seem to vary among
sites within the same species [24, 35]. Therefore, hav-
ing a control group of ringed only individuals within a
study population is recommended in order to evaluate
the impact of the attached devices on the animals. It may
be that the limited sample size of tagged birds restricted
our ability to detect a significant negative effect on indi-
vidual apparent survival associated with carrying the
geolocator, despite the fact that return rates of the geolo-
cator-tagged individuals in our study were lower than
for ringed only birds (see Table 1). However, we have no
reason to believe that the extra weight of the geolocators
influenced the migration speed and stopover behaviour
of our study birds, as our field observations show simul-
taneous arrival of the tagged and ringed-only birds.

Conclusions

Our tracked flycatchers prolonged their stopovers in the
Mediterranean region when confronting a cold spell,
while the population as a whole suffered increased mor-
tality. One must keep in mind that tracking by geolocator
only provides data from recaptured, surviving individu-
als. Individuals differ in their response to abiotic stress-
ors [36], and those not returning may have died due to
an inappropriate response strategy. Because of spatial
and temporal differences in climate change [1], long-
distance migrants might be particularly challenged in
their responses. For migratory birds the ability to com-
bine external and internal stimuli appears to be essential
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for successful organization of the annual cycle. Under-
standing how species, populations, and even individu-
als respond to the changing climate and its associated
weather extremes can help to predict the consequences
for their population dynamics. Large phenotypic plastic-
ity is likely to play a crucial role for population viability
under the rapidly changing environment.

Additional files

Additional file 1. Video of semi-collared flycatcher spring migration
progression tracked by light-level geolocators in relation to temperature
anomalies in 2014 and 2015.

Additional file 2. Raw sunrise and sunset data recorded by the
geolocators.
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