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ABSTRAKT

Klimatickd zména a jeji dopady na ekosystémy jsou v dnesni ekologii hojné diskutovanym
tématem. Jednou z oblasti kde pozorujeme vyrazny vliv zmény klimatu je nacasovani Zivotnich
udalosti druhq, tzv. fenologie. Pfes veskerou pozornost a mnozstvi praci, které se fenologii
vénuji, stale nebyly plné vysvétleny nékteré aspekty zmén v nacasovani Zzivotnich udalosti.
Jednim z dlivodl je, Ze vétsina praci je zaloZzena na casovych radach, které jsou dlouhé jen
nékolik desetileti, coz znaéné omezuje nase poznatky ozménach, které probihaji na delsim
Casovém meéfritku. PredloZend prace se proto snazi zhodnotit fenologické zmény drevin a ptakd
v Ceské republice od 1. poloviny 19. stoleti po soucasnost a pFispét tak k poznani ekologickych

zmeén na delsi ¢asové skale.

Je obecné znamo, Ze nacasovani Zivotnich fazi u rostlin je vyrazné ovlivnéno teplotou. Nase
znalost reakci mnoha méné studovanych drevin na ménici se klima je vsak znaéné limitovana. Ve
studii zahrnujici 18 druhl dfevin jsem zjistila dfivéjsi nastup jarnich fenofazi (napf. pocatek
olistovani a kveteni) a naopak pozdéjsi nastup podzimnich fenofazi (napf. Zloutnuti a opad listi),
ato predevsim od poloviny 70. let 20. stoleti, coz vedlo k celkovému prodlouZeni vegetacni
sezény v priméru o 23,8 dne u 11 druhl drevin za obdobi poslednich 35 let. Nejvyrazné;jsi
posuny v nacasovani fenofazi jsem zjistila u kratkovékych rané sukcesnich druhi, coz je
vysvétlovano odliSnymi mechanismy, které ukoncuji dormanci v porovnani s pozdné sukcesnimi

dlouhovékymi druhy.

Obdobné jako u dfevin, jarni prilety ptak( byly uspiSeny a podzimni odlety byly u nékterych
druh(l spiSe opozdény ato predevsim od 70. let 20. stoleti. Pfes velkou variabilitu v ptiletech
béhem celého studovaného obdobi 1828-2010 a pres jasny recentni trend dfivéjsich pfriletl
jsem zjistila, Ze nékteré druhy pfilétaly v minulosti (v 1. pol. 19. stoleti) dokonce dfive nez dnes.
Pfestoze se uvadi, Ze dalkovi migranti jsou v porovnani s migranty na kratkou vzdalenost v
nacasovani svého jarniho pfriletu znacné rigidni, vysledky prezentované prace tento predpoklad
jednoznacéné nepotvrzuji. U dalkového migranta vlastovky obecné (Hirundo rustica) jsem zjistila,
Ze tento druh zkracuje délku mezi ptiletem a pocatkem hnizdéni, cozZ je jednou z moznosti, jak
dohnat ¢asovou ztratu zplsobenou pozdnim priletem a udrZet tak krok s uspiSenym nastupem

jara a potravni nabidkou. Pfes prodlouZeni délky setrvani na hnizdisti zplsobené uspiSenymi



prilety a opozdénymi odlety se vSak nepotvrdilo, Ze by se u tohoto druhu vyrazné prodluZovala

i délka hnizdni sezény.

Predlozend studie ukazuje, Ze analyza dlouhodobych historickych zaznamU o fenologii drevin
a ptakd muize poskytnout nové poznatky o vztazich mezi organismy a ménici se teplotou, cozZ je

ve svétle probihajici klimatické zmény velmi aktudlni.

Kli¢ovad slova: dalkovy migrant, fenologie, migracni strategie, migrant na kratkou vzdalenost,

teplota, zména klimatu, Zivotni strategie



ABSTRACT

Climate change and its impacts on ecosystems are intensely discussed topics in ecology today.
Exceptionally marked changes are observed in the timing of live-cycle events of plants and
animals induced by climate. Despite numerous studies published on this topic some key aspects
of phenological changes were not fully addressed. In addition, only marginal proportion of the
published papers used time series longer than a few decades, which can not only bias the results
of those studies but also distort our perception of current ecological changes. Therefore, to
partly remedy these shortcomings, | present my work on long-term changes in phenology of

trees and birds in the Czech Republic since the first half the 19" century.

Development of key life events in plants is strongly influenced by ambient temperature.
However, we have only poor knowledge about the responses to climate change in many less
studied trees. In my study of 18 species of trees, | found that spring phenophases (e.g. leaf
unfolding and flowering) advanced and autumn phenophases (e.g. leaf colouring and leaf falling)
delayed, especially since the middle of 1970s. This led to the prolonging of the growing season in
11 tree species on average by 23.8 days during last 35 years. Next, | found that species with
different life-history strategies responded differently to advancing spring. The spring
phenophases of short-lived, early successional tree species showed stronger response compared
to long-lived, later successional species. This difference can be attributed to different
mechanisms for triggering the end of dormancy in the spring as adaptations for varying risk

across diverse life-history strategies.

Similarly to the findings on tree phenology, spring arrivals in birds advanced and autumn
departures were in some species delayed, again especially since 1970s. However, spring arrivals
were very variable during the full period of 1828-2010 and despite strong current temperature
increase, some species arrived earlier in historical times (especially at the beginning of the
19" century) than today. Long-distance migrants are thought to be limited in their ability to
track the tempo of advancing spring when compared to short-distance migrants. However, our
results did not unambiguously support this assumption. Next, a long-distance migrant, the barn
swallow Hirundo rustica, shortened the interval between arrival and beginning of nesting, which

is another possibility how to track advancing spring and food abundance. Furthermore, there



was clear pattern of prolongation of the stay in the breeding sites but there was no evidence for

the extension of the breeding period.

My studies together show that detailed studies of carefully assembled historical records of plant
and animal phenology can provide unexpected insights into complex relationships between

organisms and changing temperature.

Keywords: climate change, life-history strategy, long-distance migrant, migration strategy,

phenology, short-distance migrant, temperature
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1. UvOoD

1.1. Vliv klimatickych zmén na biotu

Klima se ménilo po celou dobu vyvoje Zemé a zmény, ke kterym dochdzelo, byly mnohem vétsi,
neZ jaké se déji nyni (Fagan 2000). Co je vsak nové, jsou dlvody, které je zpUsobily a rychlost
s jakou k témto zménam dochdzi. Dnes je jiZz povaZovdno za prokdzané, Ze vyznamny podil na
zménach klimatu ma ¢lovék (Root a kol. 2005, Rosenzweig a kol. 2008). Jeho ¢innosti dochazi k
oteplovani, kterého jsme svédky zejména od sedmdesatych let 20. stoleti (Walther a kol. 2002).
Podle posledni paté hodnotici zpravy Intergovernmental Panel for Climate Change z roku 2013
teplota globdlné vzrostla 00,85° C za obdobi 1880-2012 a ocekadva se, ze béhem obdobi
2081-2100 celosvétoveé vzroste o 0,3—4,8° C v porovnani s obdobim 1986-2005 (IPCC 2013).

Takova zména klimatu md zdsadni vliv na Sirokou $kdlu ekologickych proménnych. Nespocet
védeckych studii jiz doloZilo vliv méniciho se klimatu na druhy a vazby mezi nimi a dokonce na
celé ekosystémy (Harrington a kol. 1999, Parmesan 2003, Parmesan 2006, Root a kol. 2003,
Walther akol. 2002, Walther 2010). U mnoha rostlinnych i Zivocisnych druhl byly popsany
posuny v arealech rozsiteni, které mély za nasledek zmény ve sloZeni spoleCenstev v prostoru
(Sykes 2009). Stejné tak dulezité jsou vSak posuny v nacasovani jednotlivych Zivotnich fazi druhd
tzv. fenologii, které umozni koexistenci jednotlivych druhl v ¢ase a tim jim umoZni maximalné

vyuzivat zdroje (Rathcke a Lacey 1985).

Pravé nacasovani Zivotnich fazi je ¢asto silné ovlivnéno teplotou (Sparks a Menzel 2002). Navic,
tim, Ze jednotlivé druhy jsou k teploté rozdilné sensitivni a ¢asto maji idalsi mechanismy
umoZiujici jim rozvoj dané Zivotni faze, je mnohdy obtizné posuny vyvolané zménou klimatu
odhadnout. Analyza fenologickych dat se vSak ukdzala jako pomérné jednoduchy nastroj, jak

zmény v ¢asovani Zivotnich fazich kvantifikovat a do urcité miry i predikovat.

1.2. Vliv klimatickych zmén na fenologii dfevin

Z divodu svého sesilniho Zivota, je rozvoj jednotlivych Zivotnich fazi u rostlin teplotou velmi silné

ovlivnén (Badeck a kol. 2004). Tohoto silného vztahu si lidé vsimli jiz pred nékolika staletimi. V

Japonsku je jiz od roku 705 n. I. zaznamenavano kveteni tfesni a je tak povaZovano za nejstarsi



znamou dochovanou fenologickou fadu na svété (Sekiguti 1969). Nejstarsi evropské fenologické
fady pro rostliny byly zaznamendvany rodinou Marshamovych z Norfolku v Anglii po vice jak dvé
stoleti od roku 1736 do roku 1947 (Sparks a Carey 1995). Tyto ifada dalSich dlouhodobych
fenologickych fad byly podkladem pro rozsdhlé meta-analyzy dat z celé Evropy. Tyto se obvykle
shoduji, Ze nastup jarnich fenofazi rostlin je v poslednich desetiletich vyrazné uspisen a naopak
podzimni fenofdze se spiSe opozduji (Ahas akol. 2002, Menzel a Fabian 1999, Menzel a kol.
2006a, Schwartz a kol. 2006). Pfimym dusledkem je prodlouZeni vegetacni sezény az o nékolik
dni za dekadu (Gordo a Sanz 2009, Menzel a Fabian 1999, Schaber a Badeck 2005). Studie z
jednotlivych zemi Evropy tyto trendy potvrzuji a dokresluji rozsah zmén na lokalni Urovni.
Naptiklad Fitter a Fitter (2002) zjistili u 385 z 557 rostlin Velké Britanie dfivéjsi pocatek kveteni
v priméru o 4,5 dne béhem let 1991-2000 v porovnani s obdobim 1954-1990. A podle Gordo
a Sanz (2009) od poloviny 70. let nastal u nékterych jarnich fenofazi stromd a ket ve Spanélsku

pocatek dokonce az o0 0,59 dne za rok.

Dreviny v porovnani s bylinami vykazuji mensi posuny v nacasovani fenofazi (Root a kol. 2003).
Avsak celkové trendy na vétSiné Uzemi Evropy jsou v souladu s vySe popsanymi tj. jarni fenofaze
nastupuji drive, podzimni pozdéji a celkova délka vegetacni sezény se prodluzuje (Defila a Clot
2001, Linkosalo a kol. 2009, Menzel a kol. 2001, Schaber a Badeck 2005, Sparks a Menzel 2002,
Sparks a kol. 2009). V pfipadé strom( vsak teplota neni jedinym faktorem, ktery ovliviiuje nastup
jarnich fenofazi jako je kveteni a olistovani. Jako garance pred pred¢asnym ukonéenim dormance
jsou dreviny mimo teploty sensitivni i k fotoperiodé a jarovizaci (Kérner a Basler 2010, Fu a kol.
2015). Kombinace téchto mechanism( umoZiujici nastup jarnich fenofazi je druhové specificka.
Zakladni rozdil je vSsak moZny pozorovat jiz na Urovni skupin dlouhovékych (K-strategie)
a kratkovékych drevin (r-strategie). Kratkovéké rané sukcesni dreviny, které jsou v temperatni
zéné plvodni (napf. habr rodu Carpinus) jsou po projiti jarovizaci k teploté plné sensitivni.
Naopak, dlouhovéké pozdné sukcesni dfeviny (napf. rod buk Fagus) potrebuji k ndstupu jarnich
fenofazi, aby byly naplnény vSechny tfi podminky tj. rostlina prosla jarovizaci, fotoperioda byla
dostatecné dlouhd ateplota dostatecné vysokd (Koérner aBasler 2010). Toto bylo
experimentalné potvrzeno u 14 druhl béznych evropskych drevin, které zastupovaly dvé vyse
zminéné strategie (Basler a Korner 2012, detailnéji u ¢tyf druhu viz Basler a Kérner 2014,
Caffarra a Donelly 2011). To vSak limituje moznosti reakce dlouhovékych drfevin na ménici se
klima a zaroven to poskytuje kompeti¢ni vyhodu rané sukcesnim nebo neptvodnim druhlm. Ty
v mnoha pfipadech potrebuji pro spusténi nastupu jarnich fenofazi pouze dostatecné vysokou

teplotu.



Studie, které se vénuji casovani podzimnich fenofazi se vétSinou shoduji na opozdujicim se
trendu nastupu nékterych fenofazi jako je Zloutnuti list(l a jejich opad (neplati pro zrani plodd,
Menzel a kol. 2006b). Avsak tyto posuny nejsou natolik vyrazné jako u jarnich fenofazi. Toto je
spole¢nym znakem fady studii, které hodnoti posuny v podzimnich fenofazich jako nevyrazné
a pomérné vagni (Defila a Clot 2001, Gordo a Sanz 2009, Menzel a kol. 2001, Schaber a Badeck
2005). Tento fakt je rovnéZ kvantifikovan v meta-analyze Menzel akol. (2006a) z dat
0 542 druzich rostlin a 19 druzich Zivocichl z 21 zemi Evropy (1971-2000), podle které zpUsobi
otepleni o 1°C uspiseni jarnich fenofazi o 2,5 dne, ale opoZdéni podzimnich jen o 1 den. Toto je
z Casti pripisovano nedostatku a mensi kvalité vstupnich dat o podzimnich fenofazich, které jsou
hare definovatelné a patrné vice podléhaji subjektivnimu posouzeni konkrétniho pozorovatele.
Ale také faktu, Zze podzimni fenofaze nejsou spoustény jen jednim dominantnim spoustécem, ale
Ze do nastupu podzimnich fenofazi je zapojeno vice proménnych, coz zvySuje variabilitu v jejich

nastupu (Estrella a Menzel 2006).

1.3. Vliv klimatickych zmén na fenologii ptaku

Ptaci jsou jednou z nejvice studovanych skupin Zivocichd vlbec, proto je rovnéz vliv zmény
klimatu na c¢asovani jejich migrace hojné studovanym tématem. V souladu s faktem o dfivéjsim
nastupu jarnich fenofazi panuje shoda, Ze i jarni pfilety ptakld ze zimovist na hnizdisté se vlivem
zvySené teploty v jarnich mésicich za nékolik poslednich dekad uspisily (Gordo 2007, Lehikoinen

a kol. 2006).

UspiSeni je patrné u fady migrujicich druht z rliznych taxonomickych skupin. Co se vsak zdda byt
rozhodujici je migraéni strategie druhu tj. zda se jedna o druh, ktery je dalkovym migrantem
(zimovisté se nachazi v tropické Africe a jiznéji) nebo jestli se jedna o druh, ktery zimuje na Uzemi
Evropy pfipadné severni Afriky. Bylo zjisténo, Ze druhy zimujici jen v rdmci Evropy a severni
Afriky jsou schopny svUj jarni ptilet uspisit daleko vice v porovnani s ddlkovymi migranty, coz jim
umozZiuje Iépe drZet tempo s uspiSenym nastupem jara (Gordo 2007). Pfi¢ina téchto odlisSnych
reakci je obvykle pfipisovana mife, do jaké jsou obé skupiny schopny byt sensitivni k teploté
a fotoperiodé. Pocatek jarni migrace dalkovych migrant( je diky jejich vyladéni endogennich
procesli kontrolovan predevsim délkou fotoperiody aje tedy relativné rigidni. Migranti na
kratkou vzdalenost vsak mohou vyuZit vyraznych teplotnich korelaci mezi zimovistém

a hnizdistém a jejich migrace je tedy vice kontrolovana teplotou (Berthold 1996, Gwinner 1996).



To jim umoznuje v porovnani s dalkovymi migranty lépe reagovat na ménici se klima a nasledné

presnéji synchronizovat svij pfilet s ndstupem jara.

Lépe nacasovany drivéjsi jarni prilet ptindsi fadu vyhod. Kromé lepsi synchronizace s uspiSenymi
jarnimi fenofaze rostlin a hmyzu, je to dale naptiklad moznost zisku lepsiho teritoria a zvySeni
Sance na dalsi zahnizdéni (Forstmeier 2002, Jonzén a kol. 2006a, Kokko 1999). MozZnosti, jak
Castecné dohnat ¢asovou ztratu zplsobenou u dalkovym migrant(l pozdéjsim priletem je zkratit
interval mezi pfiletem a zahnizdénim (Both a Visser 2001, Weidinger a Kral 2007). | pfesto vsak
fada dalkovych migrant( vykazuje populaéni pokles, pfipisovany pravé jejich neschopnosti lépe
synchronizovat sv(j pfilet s drivéjsim nastupem jara na hnizdistich (Both a kol. 2010, Heldbjerk

a Fox 2008).

Prispévek IV se mimo analyzy pfiletd vénuje i odletlim, které byly po dlouhou dobu fenology
opomijené (Gallinat a kol. 2015), ale z pohledu celoroc¢niho Zivotniho cyklu jsou pro druh zédsadni.
Drivéjsi ptilet spolec¢né s opozdénym odletem vedou k prodlouZeni periody setrvani na hnizdisti
a u nékterych druhG mohou vést ke zvyseni Sance na opakované zahnizdéni. Jenni a Kéry (2003)
zjistili, Ze dalkovi migranti sv(j podzimni odlet spiSe uspisuji a naopak migranti na kratkou
vzdalenost odlet odkladaji, coZ bylo potvrzeno inékterymi dalSimi studiemi na rdznych
taxonomickych skupinach (Filippi-Codaccioni a kol. 2010, Lehikoinen a Jaatinen 2012). Obecné je
pfijimano vysvétleni, Ze dalkovi migranti uspisuji svQj odlet proto, aby nehostinnou oblast Sahary
prekonali dfiv nez nastane suché obdobi (Jenni a Kéry 2003). Toto je vSak ve svétle dat ziskanych
ze sledovani migrace pomoci geolokatori zpochybnéno. | drobni pévci jsou schopni Saharu
prekonat v ramci desitek hodin a nezda se tedy, Ze by pro né byla tak velkou bariérou, jako se
predpokladalo dfive (Adamik a kol. 2016, Ouwehand a Both 2016). Dalsi mozna vysvétleni bude
tedy nutné hledat v Zivotnich historiich jednotlivych druhl ato predevsim v poctech jejich

zahnizdéni béhem roku, jak naznacuji Jenni a Kéry (2003).
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2. CiLE PRACE

0Od 90. let, kdy fenologie zaZiva svou renesanci v souvislosti s vyzkumem zmén klimatu, vznikly jiz

desitky praci, které se zabyvaji posuny naéasovani Zivotnich fazi. Pfesto jsou oblasti, kde jesté

neni fada otdzek zodpovézena. Tato prace si klade za cil pfispét k diskuzi o vlivech zmén klimatu

na dieviny a ptaky Ceské republiky v dlouhodobém méfitku desitek a vice let.

Dilci cile mé disertacni prdce jsou:

Fenologie dfevin (Prispévek I)

Na modelové skupiné 18 drevin zhodnotit ¢asové zmény v pocatku 8 fenologickych fazi
v obdobi 1946-2010.

Na modelové skupiné 18 dfevin zhodnotit casové zmény v délce trvani 8 fenologickych
fazi v obdobi 1946-2010.

Na modelové skupiné 11 druhl drevin zhodnotit casové zmény v délce trvani vegetacni

sezény v obdobi 1946-2010.

Fenologie ptéaki (Pfispévek I, 111, IV)

Zpracovat a analyzovat fenologickd data o priletech ptakd v obdobi 1828-1847

a porovnat je s recentnimi pfiletovymi daty z let 1991 aZ 2010.

Sestavit fenologickou ¢asovou fadu pfiletu 13 druhi ptakd v obdobi 1828-2010,
analyzovat ¢asové trendy pfriletll a zhodnotit zmény v teplotni sensitivité druhi ve
sledovaném obdobi s ohledem predevsim na jejich migracni strategii a ménici se klima.
Na modelové skupiné tfi dalkovym migrant( (jiticka obecna Delichon urbicum, rorys
obecny Apus apus, vlastovka obecnd Hirundo rustica) zhodnotit ¢asové trendy

v pfiletech a odletech s ohledem na jejich Zivotni historie a zhodnotit korelace mezi
prilety a odlety v rdmci sezény a mezi sezdnami (tzv. carry-over efekt) v obdobi
1923-2009.

Na modelovém druhu vlastovka obecnd zhodnotit ¢asovani tFi Zivotnich udalosti -

pfiletu, pocatku hnizdéni a jeho délky a odletu v obdobi 1939-2009.
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3. DATA A METODIKA

3.1. Piehled historie fenologickych pozorovani na Gizemi Ceské republiky

Vsechny prispévky této disertace analyzuji fenologicka data, tj. takova, ktera zaznamenavaji
prabéh a zménu Zivotnich fazi rostlin a ZivocCichi béhem roku vlivem meteorologickych a
klimatickych podminek. Nejstarsi sporadické zminky o vlivu klimatu na rostliny a zvifata na Uzemi
Ceska pochazi z druhé poloviny 18.stoleti a byly zaznamenany meteorology J. Steplingem,
A. Strnadem a M. A. Davidem (Nekovar a Hajkova 2010). Tyto pozndmky se tykaly predevsim
zemédélskych plodin, Urody ovoce a zni. To odpovida i situaci v jinych evropskych zemich, kde
ma rostlinna fenologie vétSinou starsi tradici nez zoologickd, protoze obyvatelstvo bylo na
rostlinné produkci pfimo zavislé a zdjem o rostlinou fenologii tak pfirozené vedla i snaha o jeji
zvySovani (Nekovar a kol. 2008). V roce 1780 byla v Mannheimu zaloZena Falcka spolecnost
meteorologickd (Societas meteorologica Palatina), kterad plisobila i na nasem tzemi. Clenové
spolecnosti byli vysoce vzdélani lidé (napf. botanici, Iékarnici, 1ékafri, ucitelé a duchovni), ktefi své
poznamky o fenologii rostlin, Zivocichl (pfilet a odlet nékterych taznych druh( ptakd) i nemoci
a skidcl pravidelné, jednou za rok, odesilali Mannheimské spolecnosti (Koch a kol. 2008,

Nekovar a Hajkova 2010).

Avsak prvni pravidelna fenologickd pozorovani provadéli az ¢lenové Vlastenecko-hospodarské
spolecnosti (Nekovar a Hajkova 2010). Prvni iniciativa k zaloZené této spolecnosti vzesla uz v roce
1767 od Marie Terezie a o tfi roky pozdéji Spole¢nost pro orbu a svobodna uméni (Gesellshaft
des Ackerbaues und den freien Kiinste im Kénigreich B6hmen), zahdjila svou ¢innost. V roce 1788
byla reorganizovana a pfejmenovana cisafem Josefem Il. na c. k. Vlastenecko-hospodaiskou
spole¢nost v kralovstvi Ceském (k. k. 6konomisch-patriotische Gesellshaft in Kénigreich B6hmen).
Clenové se zabyvali Sirokou kalou ¢&innosti pfedevim z oboru meteorologie, zemédélstvi, ale
i primyslu (Bélinova a Brazdil 2012). Vysledky svych pozorovani publikovala spolecnost
v nékolika ¢asopisech. Fenologickd pozorovani z obdobi 1828-1845 byla publikovana v periodiku
Neue Schriften (Obr.3.1.) ata zobdobi 1846-1847 v periodiku Verhandlungen und

Mittheilungen.

V roce 1923 Viéclav Novék zaloZil prvni celondrodni fenologickou sit, ktera byla organizovana

Sekci pro pldoznalstvi a zemédélskou meteorologii Zemského uUstavu zemédélského v Brné
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a patfi tak k nejstarsim fenologickym sitim na svété (Nekovar a Hajkova 2010). Dvacata a tricata
|éta 20. stoleti byla zlatym vékem ceské fenologie. Do cinnosti bylo zapojeno velké mnoZstvi
pozorovatell. Krska (2003) uvadi, Ze ve tficatych letech bylo na Uzemi celého statu okolo 1200
stanic, z toho jen na Moravé a ve Slezsku 650. Fenologie rostlin i ZivoCich(l byla zaznamendvana
i ve sloZitém obdobi protektoratu. V roce 1939 byly vSechny Meteorologické sluzby Moravy
a Cech slou¢eny do jednoho Ustiedniho meteorologického Gstavu pro Cechy a Moravu a od roku
1940 byla fenologicka sit ¢itajici cca 1000 lokalit pod spravou Meteorologické sluzby. Tento stav
trval aZz do roku 1954, kdy byla meteorologickd sluzba zaclenéna do Hydrometeorologického
Ustavu (Nekovar a Hajkova 2010). Ve spravé Hydrometeorologického ustavu je redukovana
fenologicka sit az do soucasnosti. Vyhodou ujednoceni fenologické sité je rovhomérné rozlozeni
fenologickych stanic a dlouhodobé jednotnd neménna metodika pozorovani jak rostlin, tak

Zivocicha.

Obr. 3.1. Titulni strana z ¢asopisu Neue Schriften z roku 1833 (foto: P. Adamik)
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3.2. Fenologicka pozorovani rostlin

Clenové Vlastenecko-hospodaiské spole¢nosti systematicky zaznamendvali svéd pozorovani
rostlinné fenologie jiz od roku 1817 dle instrukci sepsanych M. A. Davidem. Bylo sledovano
nékolik fenologickych fazi na 31 rostlinnych druzich na Gzemi Cech (Brazdil a kol. 2011). V obdobi
1879-1941 byla pozorovani rostlinné fenologie podle jednotné metodiky, kterou pozdéji prevzal
i V. Novak, zvefejfiovana pod zdastitou H. Hoffmanna a E. lhneho (Nekovar a Hajkova 2010). Od
roku 1956 se fenologickd pozorovani ftidila pokyny dle publikace Pfirucka pro fenologické
pozorovatele (Pifflova 1956). Byl sledovan velky pocet rostlin jak polnich, tak lesnich s detailné
rozepsanymi fenologickymi fazemi (Pfispévekl). V navaznosti na zemédélské plodiny byly
zaznamenavany charakteristiky o opylovacich predevsim véele medonosné a tzv. skidcich (napf.
chroustu). V roce 1983 vstoupily v platnost dvé metodické prirucky - pro polni plodiny a ovocné
dreviny a v roce 1987 pak posledni metodicka prirucka pro pozorovani lesnich rostlin, kterymi se
rusila platnost Priruc¢ky pro fenologické pozorovatele z roku 1956. Tyto se pak dockaly nékolika
aktualizaci, ale po metodické strance zUstaly nezménény. Definice fenologickych fazi jsou plné

kompatibilni s mezinarodnim klicem fenologickych fazi tzv. BBCH kédem.

Mnoistvi fenologickych fazi, mnoizstvi rostlin adoba, po kterou byly v Ceské republice
spolupracovniky Ceského hydrometeorologického Ustavu zaznamendvané jsou i v celosvétovém
méritku pomérné vyjimecné. V soucasné dobé stale probiha digitalizace predevsim historickych
Udaji acast dat je tedy uloZena v origindlni papirové podobé v archivech Ceského

hydrometeorologického Ustavu a ¢ekd na své zpracovani.

V Prispévku | jsem hodnotila vybrané fenologické faze u 18 drevin. Tyto jsem vybrala s ohledem
na pocet zaznam{, které jsem méla k dispozici i na jejich spolehlivost. Vybrané fenologické faze
jsou jasné definované a intuitivné jasné odlisitelné od dalSich, coZ sniZuje moZnost zamény nebo
nepfesnosti ze strany pozorovatele. RovnéZ podminky uréené "Ndvodem pro cinnost
fenologickych stanic — lesni rostliny" (Anonym 1987) jasné definuji jaké druhy (bézné rozsifené
s Sirokou ekologickou valenci), kolik (3-5 exemplard) a jaké jedince (mladé, v dobrém zdravotnim
stavu), vjaké frekvenci (obchlizky idedlné kazdy druhy den) ana jakych mistech (s nizkou
zastavbou, nenarusené urbanizacni, pramyslovou ¢i jinou cinnosti, s ohledem na stanovistni

podminky) mohou byt zafazeny do fenologického pozorovani.
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V Prispévku | jsem hodnotila 8 vybranych fenologickych fazi oznacenych cisly nize v textu (podle

"Navod pro ¢innost fenologickych stanic — lesni rostliny") :

a. Pocdtek kveteni
= Kvéty jsou rozeviené (jehnédy Ci SiStice rozvolnéné), prasniky jsou viditelné, alespon
nékteré z nich se praveé oteviraji a uvolnuji pyl
= Pozoruje se u vSech drevin a bylin, u jehli¢nand, habru, lisky, bfizy, olSe lepkavé a Sedé,
buku, dubu a jivy se sleduji pouze sam¢i kvétenstvi
=  Zaznamendvaji se 3 Urovné nastupu fenofaze podle pomérného mnozstvi rozvinutych

kvét( na rostliné: 10% (1), 50% a 100% (2)

b. Prvni listy
*  Pfipohledu na lic listu je pravé vidét celé listové zebro. Cepel listu je jiz ¢astecné
rozvinuta (u sloZenych list( jsou vidét vsechny jednotlivé listky), avSak zpUsob sloZeni
listu v pupenu (Ffasnaté sloZeni, svinuti) je stale ndznakové patrny, list jesté nedosahl své
konecné velikosti
=  Pozoruje se u viech druht drevin, sleduji se jen listy vyvijejici se z termindlnich pupent
= Udrevin se zaznamenavaji 3 Urovné nastupu fenofaze: 10% (3), 50% a 100% (4) listd na

rostliné odpovida popisu fenofaze

c. Zloutnuti listi
=  Pozoruje se u vsech druhl drevin s vyjimkou smrku, borovice lesni a kosodfeviny, olSe
lepkavé a Sedé
= Zaznamenavaji se dvé Urovné nastupu fenofaze: 10% nebo 100% (5) listd na stromé

zeZloutlo, zhnédlo ¢i se jinak probarvilo

d. Opad listi
= Pozoruje se u vsech druhi drevin s vyjimkou smrku, borovice lesni a kosodreviny

= Zaznamenavaji se dvé Urovné nastupu fenofaze, a to 10% (6) a 100% (7)

e. Zralost plodii
=  Plody di SiStice maji charakteristicky tvar a zabarveni, jsou dorostlé do konec¢né velikosti
a bud' zacinaji méknout (trnka, jerab, hloh, svida, dfin, bez ¢erny) nebo jsou naopak jiz

typicky ztvrdlé (liska), udalSich druh( je pro urceni zralosti rozhodujici praskani
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(otevirani, droleni) plodl a uvolnovani semen (akat, briza, buk, dub, olse lepkava, vrba)
¢i roznaseni jednotlivych plodl vétrem (kfidlaté dvojnazky javord), u jehli¢nan(
rozhoduje rozevirani Sistic a uvolfovani kfidlatych semen (na zemi lezi prvni desitky
semen), popf. opadavani celych zralych Sistic

=  Pozoruje se u viech drevin

= U tfesSné, trnky, jefabu, hlohu, svidy, dfinu, bezu ¢erného se zaznamenavaji 3 Urovné

nastupu fenofaze (10%, 50%, 100 %), u ostatnich pouze Urover 10% (8)

Dalsi charakteristikou, ktera je popsdna v Prispévku | je délka vegetacni sezdny. Ta se obvykle
urcuje jako rozmezi od prvniho olisténi po Zloutnuti listi (Menzel a Fabian 1999, Menzel a kol.
2001, Prispévek 1), ale néktefi autofi uvadi rozpéti mezi prvni olisténim a opadem listl (Gordo
aSanz 2009). Jeji délka je tedy pfimym vysledkem c¢asovych posunl jarnich a podzimnich

fenofazi.

3.3. Fenologicka pozorovani ptaka

Fenologie ZivocichG nema na Uzemi Cech tak dlouhou tradici jako fenologie rostlin. Prvni
systematickd pozorovani pfiletd a odletl ptak( provadéli ¢lenové Vlastenecko-hospodarského
spolku (publikované udaje pro obdobi 1828-1847, Ptispévek Il, Prispévek Ill). Pocatek tahu
(Anfang des Striches) je zaznamendn s presnosti na den, avSak konec (Ende des Striches) je

vétsinou uveden pouze jako "polovina mésice" a proto nebylo mozné tyto Udaje vyuzit.

V roce 1851 byl ve Vidni zalozen Ustav pro meteorologii a zemsky magnetismus (Zentralanstalt
fiir Meteorologie und Erdmagnetismus). Jeho rocenky obsahovaly i fenologickou pasaz, ve které
se v rozmezi let 1853-1867 (chybi 1856, 1858—1861, 1864-1867, 1876) objevovaly i fenologické
Udaje o priletu a odletu ptak( predevsim z Gzemi Moravy (Pfispévek lll). Kromé téchto dvou
fenofazi, byly u nékterych druhl doplrikové zaznamendvany iudaje o prvnim zpévu a prvni

snlsce.

Casovani migrace ptak( zaznamenavali i ¢lenové Prirodovédného spolku v Brné (Verhandlungen
des Naturforschenden Vereines in Briinn), ktery byl zaloZen roku 1861. Mezi zakladajici ¢leny
patfil mimo jiné i Gregor Mendel (Ustavujici schlze Prirodovédného spolku v Brné, 2014). Spolek

si vytycil za cil prozkoumat pfirodovédné poméry na Moravé a ve Slezsku a Sifit a podporovat
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studium pfirodnich véd. Clenové zaznamenavali i migraci taznych ptdk( ato prvni a posledni
pozorovani jedince daného druhu. PrestoZe byl spolek zrusen az vroce 1945, rocenky
s fenologickymi Udaji byly k dispozici jen pro roky 1867-1877, 1881-1903 a 1905-1906
(PFispévek 111).

Obr. 3.3. Ukazka fenologické rocenky vydané Ustavem pro meteorologii a zemsky magnetismus

v roce 1853 (foto: P. Adamik)

Velmi podrobné popisy tahu uvedl ve svém dile Franz Zdobnitzky, ktery pUsobil predevsim
vokoli Brna ana jizni Moravé na pocatku 20. stoleti. Fenologické Udaje o zacatku jarniho
i podzimniho tahu byly doplnény Gdaji o poctu jedincd, sméru tahu, pocatku hnizdéni, poctu

mladat, ale i o zastfelech apod. a vztahovaly se k obdobi 1900-1909 (Prispévek IlI).

V obdobi 1923-2002 byla fenologie ptak(l nepretrzité zaznamenavana na celém Gzemi Ceské
republiky pracovniky Ceského hydrometeorologického ustavu. Obdobné jak jiz bylo zminéno
vyse, méla fenologicka sit nejvice stanic ve dvacatych a tficatych letech. U béznych druhd jako
skfivan, Spacek a vlastovka byly zaznamenavany pfilety aZ ze stovek fenologickych stanic kazdy
rok (PFispévek lll, Prispévek IV). U fady druh(l byl zaznamenan i odlet (Pfispévek IV). Sporadicky
byl nékterymi pozorovateli zaznamenan i hromadny pfilet, prvni zpév nebo houfovani pred

podzimnim tahem. Téchto dat vSak bylo pomérné malo a nebylo tedy mozné je analyzovat na
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reprezentativnim vzorku. Pozorovatelé se fidili metodikou popsanou v Pfirucce pro fenologické
pozorovatele (Pifflova 1956). Po roce 1990 bylo pozorovani fenologie ptakd oficialné zcela

zruSeno a nadale pokracuje jen zaznamendvani fenologie rostlin.

Od 90. let 20. stoleti byla jedinou organizaci, ktera zastitovala fenologickd pozorovani ptakd na
tzemi Ceské republiky Ceskd spole¢nost ornitologicka (PFispévek Ill, Pfispévek IV). Clenové
spolecnosti, ¢asto velmi zkuSeni ornitologové, zasilali sva pozorovani spole¢nosti obvykle jednou
rocné ata je dale archivovala. Mezi hlavni jevy, které pozorovatelé zaznamenavali patfi prvni
jarni pozorovani a posledni pozorovani druhu na podzim. Hromadny pfilet byl zaznamenavan

pouze sporadicky.

S nastupem modernich technologii se i zaznamendvani tahu ptak( presunulo na internet. Od
1. bfezna 2010 je v provozu elektronickd podoba faunistické databdaze tzv. avif, kde je mozné
zadat jakékoliv pozorovani s mozZnosti vloZit poznamku, zda se jedna o fenologické pozorovani
(PFispévek Ill). Touto formou je obvykle moziné ziskat spolehlivd data o prvnich pfiletech,
protoze lidé se na jare tési na prilétajici migranty a nadSené do databaze vkladaji zdznamy
o prvnich pozorovdanich. Bohuzel, databaze prakticky neobsahuje Zadné zaznamy o odletech ¢i

jinych fenologickych fazich.

Fenologickd pozorovani organizovana jednotlivymi spole¢nostmi byla doplnéna zdznamy
z osobnich denikd ornitologl J. Musilka (zdznamy pro obdobi 1867-1940), V. Capka (1884—
1924), p. Hladika (1941-1957), p. Stancla a p. Stanclové (1944-1982), p. Brejchy (1947-2000),
H. Tichého (1975-2010), p. Cesaka (1976-2010), M. Tichaie (1991-2010), T. Ski¢ka (1995-2010)

a z tzv. Sedé literatury napf. z Casopisu Ornitolog (Pfispévek Iil).

Tak jako u kterychkoli jinych dat i kvalita téch fenologickych mize byt ovlivnéna nezadoucimi
vlivy. V souvislosti s daty o prvniho pfiletu se nejéastéji hovofi o zkresleni odlehlymi hodnotami,
které predstavuji extrémné brzo pfilétajici jedinci a prvni zdznam o pfiletu tak nemusi vérohodné
odrdzet trend v celé populaci po celou dobu migracni viny (pro review viz Lehikoinen a kol. 2006,
Sparks a kol. 2007). DalSim uskalim je v posledni letech hojné diskutovany vliv ménicich se
velikosti populaci avzorkovaciho usili, ktery ma vliv na pravdépodobnost detekce jedince
daného druhu (Dunn a Mgller 2014, Miller-Rushing a kol. 2008). Na druhou stranu pro svou

jednoduchost je prvni pozorovani hojné zaznamendvano Sirokou odbornou i laickou verejnosti,
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coz v mnoha pripadech poskytuje rozsahlé datové soubory. V neposledni fadé to jsou casto

jedina data o migraci ptaku, ktera mame k dispozici.

3.4. Klimaticka data

V Prispévku Il a lll jsem pouZila primérné mésicni teploty vzduchu. S laskavym souhlasem prof.
Brazdila a prof. Dobrovolného (Brazdil a kol. 2012) jsem poutZila teplotni fadu rekonstruovanou
pro celou Ceskou republiku na zdkladé meteorologickych méfeni z 10 stanic v obdobi
1800-2010. Pro ovéreni validity teplotni fady podle Brazdila a kol. (2012) jsem vSechny analyzy
z Prispévku Il opakovala s teplotni fadou pouze z meteorologické stanice Klementinum. Ukdazalo
se vsak, Ze teplotni fada podle Brazdila a kol. (2012) vysvétluje vice variability v datech a je proto

vhodnéjsi.

Pouziti primérnych mésicnich teplot je ve studiu fenologie ptakud Siroce rozsifené (Gordo 2007).
Pokud se vsak primérny den pfiletu pohybuje kolem poloviny kalendarniho mésice, je otazkou,
zda v analyze pouzit mésiéni teplotu pfedchoziho mésice nebo soucasného. Standardné je toto
rozhrani urceno arbitrarné - pokud nastane primérny pfilet do 15. dne mésice je pouZita
primérna teplota predchoziho mésice, po 15. dnu je pouZita primérna teplota mésice priletu
(PFispévek I, Prispévek Ill). Metodicky nejpresnéjsi je patrné pouziti primérnych dennich teplot
napt. 30 dni pred priimérnym dnem pfiletu (Both a kol. 2004, Weidinger a Kral 2007). Avsak toto
je sohledem na stari pouzitych fenologickych fad nemoZné, protoze takto podrobna teplotni

data pro studované obdobi 1828-2010 nejsou k dispozici.
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4. VYSLEDKY A DISKUZE

4.1. Zmény v casovych trendech nastupu fenofazi u dievin a jejich trvani

Analyzou casovych trend( osmi jarnich a podzimnich fenofazi 18 drevin v obdobi 1946-2010
bylo zjisténo, Ze k nejvétSim zméndm v nacasovani jednotlivych fenofazi doslo od konce 70. let,
konkrétné od roku 1976 (Prispévek I). Toto zjisténi bylo v souladu se zjisténimi obdobnych studii
z Uzemi Evropy, které rovnéz identifikovaly polovinu az konec 70. let jako zlomovou (Gordo
a Sanz 2009, Menzel a kol. 2006b). Vysledky dale ukazaly, Ze v obdobi 1976—2010 doslo u jarnich
fenofazi (fenofdaze pocatek kveteni 10% a 100%, prvni listy 10% a 100%) k jejich dfivéjsimu
nastupu. Podzimni fenofdze (fenofdze Zloutnuti listi 100%, opad listi 100%) vykazovaly
v porovnani s jarnimi vice variabilni vysledky, ale obecné lze fici, Ze doSlo spiSe k jejich
opozdovani, coZ je v souladu s obdobnymi studiemi (Defila a Clot 2001, Gordo a Sanz 2009,
Menzel akol. 2001, Menzel akol. 2006a). U fenofaze zralost plodd 10% byl zjistén trend k
drivéjSimu nastupu této fenofaze, ktery je vSak obecné vysvétlovan uzkou spojitosti
s nacasovanim kveteni a z toho dlivodu obvykle odpovida trendu zjisténému u kveteni (Gordo
a Sanz 2009, Menzel akol. 2006b). V souladu s dalSimi evropskymi studiemi uspiSeny nastup
jarni fenofdze prvni listy 100% a opozdéni podzimni fenofdze Zloutnuti listi 100% vedl
k prodlouzeni vegetacni sezény (Gordo a Sanz 2009, Linderholm 2006, Menzel a Fabian 1999,
Schaber a Badeck 2005). V priiméru se vegetacni sezéna u 11 vybranych drevin v obdobi 1976—
2010 prodlouZila 023,80 dne (tj. 0,68 dne/rok), coz dobfe odpovidd odhadu ze satelitniho
snimkovani v obdobi 1982-2001, které pro stfedni Evropu udava prodlouzeni vegetacni sezény

0 0,96 dne za rok (Stockli a Vidale 2004).

Sohledem na Zivotni strategie, byly nejvétsi posuny v nacasovani jarnich fenofazi zjistény
u kratkovékych, rané sukcesnich drevin jako jsou svida krvava Cornus sanguinea, hloh obecny
Crataeagus laevigata, trnka obecna Prunus spinosa, trnovnik akat Robinia pseudoacacia a lipa
malolistd Tilia cordata. Toto zjisténi odpovidd hypotéze Kornera aBaslera (2010), ktefi
predpokladaji u rané sukcesnich drevin, v porovnani s pozdné sukcesnimi, vyraznéjsi uspiseni
nastupu jarnich fenofazi diky vyraznéjsi roli teploty jako spoustéciho mechanismu ukonceni
dormance (viz Uvod a cile prace). U nékterych rané sukcesnich dfevin tak vyrazné posuny
v nacasovani zjiStény nebyly nebo, napf. u poc¢atku kveteni olSe lepkavé Alnus glutinosa, vykazaly

opacny trend neZ se ocekavalo. Tyto diskrepance lze pravdépodobné pricist vlivu lokalnich
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podminek. Tomu nasvédcuje i fakt, Ze na uzemi Alp byl béhem obdobi 1971-2000 pro dany druh

zjistén, tak jak by se dalo ocekavat, dfivéjsi nastup pocatku kveteni (Ziello a kol. 2009).

Jednim z nejzajimavéjsich vysledkl byl vyrazné uspiSeny nastup zrani plod( u jehli¢nanl
borovice lesni Pinus sylvestris (posun o 2,16 dne/rok) a smrku ztepilého Picea abies (posun
0 1,34 dne/rok), ktery vyrazné prevysoval dfivéjsi nastup zrani plodl u jakékoliv z listnatych
drevin (nejvétsi posun utrnky obecné o 0,88 dne/rok). Jednim z moZnych vysvétleni vychazi
z mechanismu, jakym se Sisky jehli¢nan(l oteviraji a vysemenuji - Supiny SiSek se oteviraji pfi
suchém pocasi a naopak zaviraji, kdyz je vlhko (tzv. hygroskopické pohyby, Reyssat a Mahadevan
2009). Pravé zvyseni vihkosti bylo zjiténo v dlouhodobé analyze klimatu v Ceské republice pro
mésice fijen aZ prosinec v obdobi 1961-2005 (Brazdil a kol. 2009), coz mlzZe vytvaret tlak na
jehlicnany plodit avysemenovat se drfive béhem sussich obdobi roku. Porovnani s jinymi
studiemi je vSak prakticky nemozné, protoze, pokud je mi zndmo, plozeni u jehlicnanl pro

obdobné dlouhou periodu, nebylo jinde publikovano

S ohledem na délku trvani jednotlivych fenofazi, ani u jarnich ani u podzimnich fenofazi nebyl
zjistén Zadny zjevny trend (Prispévek1). Obdobné jako u analyzy ¢asovych trend( izde byly
nejvétsi zmény v délce trvani jednotlivych fenofazi zjistény u kratkovékych rané sukcesnich
drevin jako jsou olSe lepkavd, dfin obecny Cornus mas, svida krvava, trnka obecna a vrba jiva
Salix caprea. To odpovida hypotéze Kérnera a Baslera (2010) o vétsi adaptibilité rané sukcesnich

drevin.

4.2. Zmény v ¢asovych trendech pfiletd ptaku

Panuje obecnd shoda podloZend fadou studii na tom, Ze predevsim za obdobi poslednich
nékolika dekad se diky oteplovani uspisuje i pfilet migrujicich ptakd na hnizdisté (Crick 2004,
Gordo 2007, Lehikoinen a kol. 2006, Knudsen a kol. 2011, Marra a kol. 2005). Vysledky analyzy
dlouhodobych trendt v pfiletu nékolika druh’ dalkovym migrantd i druh( migrujicich na kratkou
vzdalenost ukazaly, ze v Ceské republice predeviim od 70. let 20. stoleti migrujici druhy jasné
uspisuji svlj prilet na hnizdisté, coz je ve shodé s obdobnymi studiemi zEvropy

(PFispévek IlI, IV).

PFi porovnani sily trendu mezi obéma migracnimi strategiemi, migranti na kratkou vzdalenost

obvykle vykazuji silnéjsi trend k drivéjSimu priletu nez dalkovi migranti (Both a kol. 2010, Butler
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2003, Gordo 2007, Kolarova a kol. 2017, Knudsen a kol. 2011). Pfi¢inou tohoto jevu je rozdilnost
mechanismu, které u jednotlivych skupin spousti migraci. U dalkovych migranti je pocatek
migrace na hnizdisté spoustén spiSe endogennimi hormonalnimi procesy, které jsou ovlivnény
prodluzujici se fotoperiodou a tudiz jsou ddalkovi migranti i pfes ménici se klima v nacasovani
svych pfriletd pomérné rigidni. Naopak migranti na kratkou vzdalenost reaguji daleko silnéji na
zménu teploty, ktera jim diky prostorové autokorelaci mezi zimovistém a hnizdistém napomaha
odhadnout podminky na hnizdisti (Gordo 2007). Vysledky Pfispévku lll a nékolika dalSich studii
vsak ukazuji, Ze i dalkovi migranti jsou schopni vyrazné uspisit svij prilet a to tak, Ze se do jisté
miry stira rozdil mezi obéma skupinami (Jonzén a kol. 2006b, Stervander a kol. 2005). Autofi
obou studii se domnivaji, Ze markantni posun v pfiletu dalkovych migrantli je zpUsobem
mikroevoluénimi procesy. Avsak Both (2007) argumentuje, Ze drivéjsi pfilet dalkovych migrant(
mUZe byt zplsobem tim, Ze jsou pozorovani jedinci z rdznych populaci a tim padem is rlznym
nacasovani pfiletll nebo jen zlepsenim podminek na migracni trase. Ackoliv se predpoklada, ze
pozorovani jedinci v mé studii jsou jedinci hnizdici v Ceské republice, tak prakticky nelze nikdy
plné vyloucit, Ze nebyli pozorovani ijedinci, ktefi danym Uzemim jen protahovali. Rovnéi je
pravdépodobné, Ze u nékterych druhl vmé studii je drivéjsi pfrilet vysledkem zlepsenych
podminek na trase nebo na zimovisti, jak jiz bylo nékolikrat prokazano jinych pracech (Ambrosini

a kol. 2011, Finch a kol. 2014, Saino a Ambrosini 2008).

Vétsina studii, které se zabyvaji zménou casovani migrace u ptdkl se z divodu nedostatku
starSich dat soustredila prfedevsim na obdobi poslednich nékolika dekad. A pres nékolik vyjimek
(napfiklad Ahas 1999, Kullberg a kol. 2015, Primack a Miller-Rushing 2012, Sparks a Carey 1995,
Vitale a Schlesinger 2011) to potvrzuji inékteti autofi, ktefi uvadi, Ze pramérna délka
publikovanych fenologickych ¢asovych rad se pohybuje okolo 35 let (Bitterlin a Buskirk 2014,
Parmesan a Yohe 2003, Root a kol. 2003, Rubolini a kol. 2007). Avsak analyza delsi casové rady
napf. pro obdobi 1828-2010 (Pfispévek lll) mlze daleko Iépe oziejmit sjakou mirou se
nacasovani prvnich ptiletd v ¢ase méni. Pfekvapenim bylo, Ze navzdory chladnéjsimu a vihéimu
klimatu (Brazdil a kol. 2011) nékteré druhy pfilétaly na pocatku 19. stoleti dfive neZ v soucasnosti
a to i pres silny recentni trend k dfivéjSimu pfiletu. Jednim z moznych vysvétleni je, ze dfivé;si
prilet je jen statistickym artefaktem pocetnéjsich populaci pozorovanych druhl na pocatku
19. stoleti v porovnani se soucasnosti, coz vedlo k tomu, Ze se zvysila pravdépodobnost detekce
jedince daného druhu pfi jarnim ptiletu (Dunn a Mgller 2014, Miller-Rushing a kol. 2008, Sparks
1999). To by mohlo platit pfedevsim pro druhy zemédélské krajiny, jejichZz pocetnost populaci

v soucasnosti klesa (Reif a kol. 2008). Proti hovofi fakt, Ze nékteré druhy byly v 19. stoleti hojné
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loveny atak mohly byt jejich populace lokdlné znacné oslabeny (Baum 1955). BohuZel pro

nedostatek dat o velikostech populaci neni mozné tuto domnénku ovéfit.

4.3, Vliv teploty na prvni pfilety ptaku

Teplota je patrné nejvyraznéjsi faktor, ktery ovliviiuje ptilet migrujicich druhl ptakd na hnizdisté.
Ptaci, na rozdil napfiklad od rostlin a hmyzu nereaguji na teplotu pfimo, ale slouzi jim jako
zastupna proménnd, ktera je informuje o dostupnosti potravy (Gordo 2007). Pfesto analyza
teplotni sensitivity tj. jakou zménu v dané fenofazi vyvola zména v teploté je pomérné dulezita
napfiklad pro odhady reakci jednotlivych druhli na ménici se klima. Dlouhodoba analyza teplotni
sensitivity v PFispévku Ill ukazala, Ze za dané obdobi (1828—2010) migranti na kratkou vzdalenost
reagovali na zménu teploty vice nez dalkovi migranti (drivéjsi pfilet o 1,36 dne/°C, resp.
0,65 dne/°C). To je vsouladu jiz svySse popsanym jevem vnimani teploty u jednotlivych
migracnich strategii publikovanym ijinymi studiemi (Pearce-Higginns a Green 2014, Rainio
2008). Avsak od 70. let obé skupiny posilovali svou reakci na teplotu a to tak, Ze dalkovi migranti
preddili migranty na kratkou vzdalenost; rozdil vSak nebyl signifikantni. To by mohlo naznacovat,
Ze schopnost dalkovych migrantl prizpUsobit svij pfilet dfive nastupujicimu jaru neni tak
omezen3, jak se obecné mysli na coZ poukazuji nékteré studie (Jonzén a kol. 2006b, Stervander

a kol. 2005).

Analyza teplotni sensitivity napfi¢ druhy ukazala, Ze vztah mezi teplotou a pfiletem pro 13 druht
v teplych klimatickych periodach je jen mirné odlisny (prdmérny drivéjsi ptilet o 1,70 dne/°C) od
period chladnych (primérny dfivéjsi prilet o 1,42 dne/°C). Podobny vysledek ukazala i analyza
jiného datového souboru v Prispévku Il. Pfi detailnéjSim pohledu na jednotlivé druhy byl rozdil
v teplotni sensitivité v obou obdobich signifikantné odliSny jen pro druh rehek zahradni

Phoenicurus phoenicurus (PFispévek Ill).

4.4. Interval mezi priletem a poc¢atkem hnizdéni

Both a Visser (2001) upozornili, Ze jednim ze zplsob( jak dalkovi migranti mohou dohnat
Casovou ztratu zpUsobenou pozdnim pfiletem je uspiSeni pocatku hnizdéni, jak ukazali na druhu
lejsek cernohlavy Ficedula hypoleuca z Nizozemska. Toto bylo pozdéji potvrzeno i pro dalsiho
dalkového migranta lejska bélokrkého Ficedula albicollis v Ceské republice (Weidinger a Kral

2007). Analyza casového trendu krouzkovani mladat vlastovky obecné na hnizdé ukazala, Ze
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tento druh konstantné uspiSoval pocatek hnizdéni po celé obdobi 1939-2009 a to o 0,15 dne/rok
(PFispévek IV). Zaroven vsak, ale predevsim od roku 1973 vyrazné dfive pfrilétal i na hnizdisté

a tak se paradoxné od této doby délka intervalu mezi pfiletem a zahnizdénim mirné prodlouzila.

4.5. Zmény v casovych trendech odlett dalkovych migrantl a délce pobytu na hnizdisti

Podzimnim fenofdzim je obecné vénovdno méné pozornosti nez zménam casovani jarnich
fenofazi (Galliant a kol. 2015). Je to predevsim ze dvou dlvodi - pro mensi pocet spolehlivych
Udaji a pro méné vyrazné trendy zpUsobené vétsi variabilitou, kterd ma plvod ve vétsim

mnozstvi proménnych, které vstupuji do spusténi této fenofaze.

| v pfipadé analyz odletd tfi vybranych druh( dalkovych migrant(i v Prispévku IV byly trendy
v posunech nacasovani této fenofaze spise slabsi a to predevsim v porovnani s trendy pfiletu od
poloviny 70. let do soucasnosti. Vsechny tfi druhy ve sledovaném obdobi mirné uspisili sv{j
odlet, jak bylo zjisténo i u jinych druhl dalkovych migrantl (Fillippi-Codaccioni a kol. 2010, Jenni
a Kéry 2003, Mezquida akol. 2007, Sparks a Braslavska 2001, Tettrup akol. 2006, ale
nejednoznacéné u bahnakl viz Adamik a Pietruszkova 2008). Nejvétsi posun o0 0,17 dne/rok, byl
zaznamenam u druhu rorys obecny. Dfive se uvadélo, Ze dfivéjsi odlety dalkovych migrantd jsou
vysledkem jejich snahy prekonat Saharu jesté v dobé pred pocatkem suché sezény (Jenni a Kéry
2003). S rozvojem modernich technologii a s vysledky o prlibéhu migrace, které diky nim mame
se vsak ukazuje, Ze i drobni pévci jsou schopni prekonat tuto migracni bariéru v ramci nékolika
desitek hodin (Adamik a kol. 2016, Ouwehand a Both 2016). Proto se nezda, Zze by prekonani
Sahary bylo u dalkovych migrantQ jedinym kritickym parametrem pro nacasovani podzimni

migrace.

Nacasovani podzimni migrace tak mliZe byt vice spojeno s poctem zahnizdéni daného druhu, jak
upozornuje jiz Jenni a Kéry (2003) a ¢emuz by nasvédcovala i v porovnani s dalSimi druhy vyrazné
uspiSend migrace druhu rorys obecny v této studii. Podle Jenniho a Kéryho (2003) druhy s jednou
sntskou za rok (rorys obecny) svlj odlet uspisuji vice v porovnani s druhy, které maji jednu az
dvé (vlastovka obecna) nebo dvé snlsky (jificka obecna) za rok. K tomuto vysledku mohl prispét
i fakt, Ze v obdobi 1961-2005 se prlimérna mésicni teplota v srpnu zvysila nejvic ze vSech mésicu
roku (Brazdil a kol. 2009), coz mohlo pfispét ke zlepseni podminek na hnizdisti a tim zkratit délku

pobytu roryse zde.
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Vysledkem dfivéjsiho priletu na hnizdisté a pozdéjsiho odletu na zimovisté bylo u vlastovky
obecného se toto projevilo méng, protoze druh vyrazné uspisil i svij odlet, takZe délka intervalu
mezi priletem a odletem se prodlouzila jen nepatrné. S prodluzujici se délkou pobytu na hnizdisti
Ize pfedpokladat, Ze u druht s vice snGskami vzroste proporce jedincl, ktefi zahnizdi vicekrat.
Analyza dat krouzkovani mladat na hnizdé druhu vlastovka obecnd vsak nepotvrdila, Ze by se
zaroven s prodlouZzenim pobytu na hnizdisti vyrazné prodluzovala idélka hnizdni sezény
(prodlouzeni o0 0.05 dne/rok za obdobi 1939-2009). Proto neni moiné tento predpoklad

potvrdit.

4.6. Carry-over efekty v pfiletu a odletu u dalkovych migrantd

V Prispévku IV byl uvsech tfi druhl déalkovych migrantQ zjistén negativni vztah mezi prilety
a odlety v ramci jedné sezény tj. v letech kdy populace prilétala brzo na jare, odlétala pozdé na
podzim a naopak. Odlety tak mohly byt vysledkem podminek béhem hnizdni sezény na hnizdisti.
Podobné byl negativni vztah nalezen ipro odlety a pfilety mezi sezénami tj. v letech, kdy
populace odlétala pozdé z hnizdist prilétala brzo na jafe nasledujiciho roku a naopak. Zde vsak
byl pfilet ovlivnén podminkami, které populace zaZila na zimovisti a béhem tahu zpét na
hnizdisté. Vyznam vlivu podminek na zimovisti a béhem jarni migrace jako je jsou teplota
a srazky byl prokazan jiz na nékolika skupinach migrant( (Finch a kol. 2014, Gordo a Sanz 2008,
Saino a kol. 2004). Studie, které se zabyvaji carry-over efekty jsou obvykle provadény na urovni
jedincl, ktefi jsou individudlné znaceni nebo krouzkovani apoté znovu odecitani nebo
odchytdvani. Stejny vztah zjistény v Prispévku IV na populacni drovni mezi pfiletem a odletem
vramci sezény i mimo sezéonu byl napriklad zjistén u 10 druhd migrujicich pévclh v Dansku
(Thorup a kol. 2013) a u labuté Bewickovy v Anglii (Rees 1989). To naznacuje, zZe vysledky na

populaéni Urovni maji podporu i na individualni drovni.
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5. ZAVER

V disertacni préci jsem se zabyvala dlouhodobymi zménami ve fenologii dievin a ptak( na uzemi
Ceské republiky. Vysledky zmén jak ve fenologii dievin, tak ve fenologii ptak( jasné dokazuji, ze
od 70. let 20. stoleti dochazi v Ceské republice k vyraznym posundim predeviim jarnich fenofazi
(u dfevin napf. pocatek olistovani a kveteni a u ptakd prilet na hnizdisté), které nastupuji drive
nez v minulosti. U podzimnich fenofazi (u dfevin napf. Zloutnuti a opad listi, u ptak( odlet z
hnizdist) je patrny trend k opozdovani, ale posuny v nacasovani nejsou v porovnani s jarnimi
fenofdzemi tak vyrazné. Tyto vysledky jsou v souladu se zjisténimi obdobnych studii zabyvajicimi

se fenologickymi zménami v jinych ¢astech Evropy.

Mezi nové vysledky, které tato prace pfindsi patti zjiSténi o vyrazném uspiSeni plozeni u
jehli¢nanll. Bohuzel pro nedostatek studii, které by se danou problematikou zabyvaly nem(ze
byt toto zjisténi porovndno s jinymi studiemi. Mezi dalsSi prekvapiva zjisténi patti, ze nékteré
druhy prilétaly v minulosti (1. polovina 19. stoleti ) na hnizdisté dfive nezZ dnes. A to i pres velmi
silny trend k dfivéjSimu priletu v poslednich desetiletich. Zda se skute¢né jednd o statisticky
artefakt vyssi pravdépodobnosti detekce bohuzel nelze pro nedostatek dat o pocetnosti populaci
v minulosti potvrdit. Ale tento vysledek je dokladem, Ze analyza dlouhodobych ¢asovych fad
mUze prinést zajimavé a necekané vysledky. Poslednim vysledek, ktery do jisté miry odporuje
obecné pfijimanému tvrzeni je pomérné vysoka sensitivita dalkovych migrantl k teploté.
Vysledky ukazaly, Ze byli schopni pomérné vyrazné zménit nacasovani svého pfriletu a to
predeviim v poslednich dekddach, kdy jsme svédky vyrazného oteplovani i na Uzemi Ceské

republiky.

Z vysledk(l analyzy casovych trendl vyplyvd, Ze tada druhl je schopna do znacné miry
pfizplsobit nacasovani svych Zivotnich fazi ménicimu se klimatu. Mira s jakou jsou této zmény
schopny je druhové specifickd, coz determinuje miru synchronie nebo asynchronie jednotlivych
sloZzek ekosystém. Proto jako jednu z cest, kterou by se mél vyzkum fenologie dale ubirat vidim

studium reakci jednotlivych slozek v kontextu celého ekosystému.
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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 Roétzer 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

@ Springer

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
o o — -2010
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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; Kérner 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 (Komer 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 (Kdrner 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

@ Springer



1746

Int J Biometeorol (2014) 58:1739-1748

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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ESM 1. An overview of phenological stations used in this study.

ESM 2. Temporal trends in means and SD of tree phenology during 1946—2010. Estimates of the year, year2 effects and their standard error are
given. Only time series with at least 50 years are included. n — number of years.

ESM 3. Temporal trends in means and SD of tree phenology during 1976—-2010. Estimates of the linear effect of year and its SE are given. Only
time series with at least 30 years are included. n — number of years.

ESM 4. An assessment of potential week day bias in data collection. Percentage of the records during the week for the period 1946-2010. All

records included.
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ESM 1. An overview of phenological stations used in this study.

Station
Albrechtice
Bélcice

Bélec¢ nad Orlici
Benesov

Bitov
Boskovstejn
Brandov
BraniSovice
Brankovice
Bratrejov

Brloh
Brumov-Bylnice, Svaty Stépan
Bruzovice
Bfezina

Bfeznice

Budisov nad BudiSovkou
Buchlovice
Castrov
Cernovice

Ceskd Trebova
Ceské Budéjovice
Cesky Rudolec
Cesky T&%in
Cihost

Cista

Cizova

Dobrovice
Dobftenice

Altitude
286
520
241
370
450
375
630
170
240
450
582
335
340
450
442
512
220
620
610
290
400
540
270
531
480
530
240
250

Latitude
49 47
49 30
5012
49 47
48 56
48 59
5038
48 57
49 06
4913
48 56
49 03
49 43
49 17
49 15
49 48
49 05
4918
49 22
49 54
48 59
49 04
49 44
49 45
5032
49 22
5022
5009

Longitude
18 32
1353
1556
14 41
1543
1556
13 23
16 25
17 08
17 55
14 13
1802
1824
16 46
1431
18 38
17 20
1511
14 58
16 27
14 29
1520
1837
1520
1537
14 05
14 58
1539



Dobfis
Doksany

Dolni Bludovice
Dolni Kalna
Drsnik
Dubcany
Ferdinandov
Filipova Hut
Frydlant
Fulnek
Hanusovice
Harrachov
Havlickav Brod
Hlinsko
Holenice
Holovousy

Horka nad Moravou

Horni Marsov
Horni Rokytnice
Hostomice
Hradec Kralové

Chlumec nad Cidlinou

Chribska

Chric

Jaromér
Javornik

Jilem

Jilové u Prahy
Kasperské Hory
Klenice
Kobefice

430
155
280
400
500
240
370
1102
345
300
480
710
450
580
432
345
223
562
743
350
276
230
350
400
295
360
550
380
768
250
260

49 47
50 27
49 46
5033
49 38
49 39
5052
49 02
5055
49 43
5005
50 46
49 36
49 46
5032
5023
49 38
5040
5011
49 50
5011
5010
5052
49 59
5021
50 24
4943
4954
49 09
5019
49 59

1410
1410
18 26
1539
14 06
17 05
1510
1331
1504
17 55
16 56
1526
1535
1555
1518
1535
17 12
1549
16 30
14 03
1552
1528
14 29
1339
1554
1701
1535
14 30
1333
1540
18 04



Kochanky
Kolin

Kostelec nad Cernymi Lesy

Kostelec nad Labem
KoSetice

Koufim

Kovanec

Kozlovice

Kozl

Krakovec

Krmelin

Krnov

Kublov

Kvasetice

Lany

Lednice

Lipova

Liptal

Machov

Médénec

Mirotice

Mladecko
Moravské Budéjovice
Msecké Zehrovice
Namést nad Oslavou
Nasavrky

Némcice
Nemyceves

Nemysl

NihoSovice

Nova Olesna

200
220
398
169
480
280
304
400
454
370
280
340
430
500
450
165
460
440
500
830
420
477
430
460
385
500
575
286
510
530
558

5017
5002
49 59
50 14
49 33
5000
50 25
49 36
4941
49 36
49 44
5006
49 57
49 24
5008
48 47
5010
49 17
5030
50 26
49 26
49 52
49 01
5010
49 12
4951
49 27
5023
49 31
4911
4911

14 47
1512
1451
1435
15 07
14 59
14 47
1816
1515
16 59
1814
17 41
1352
1330
1357
16 48
17 09
17 55
16 17
1308
14 02
17 42
1547
1354
16 09
1548
16 43
1522
14 42
1352
1510



Olednice
Opava

Ostrov nad Ohfi
Palkovice
Palonin
Pernink
Plzen-Bolevec
Podébrady
Postupice
Pferov
PFibyslav
Pfikosice
Pfimda
Radéjov
Rapotin
Rozdélov
Roznov pod Radhostém
Rudoltice
RGzZdka
RGzZodol
Rychnov u Jablonce nad Nisou
Sadska
Seletice
Senozaty
Sidonie
Slabéice
Slemeno
Sobotin

Stara Rise
Staré Hamry
Stredokluky

467
260
400
330
258
870
330
190
445
207
490
550
710
275
360
400
374
490
450
380
440
196
260
470
320
450
480
425
605
540
320

49 39
49 56
5018
49 38
49 44
50 22
49 47
5009
49 44
49 27
49 35
49 40
49 40
48 52
5000
5008
49 27
49 25
49 24
5047
5041
5008
5019
49 34
49 03
49 20
5032
5000
4911
49 28
5008

1530
1754
1256
1819
16 57
12 47
1323
15 07
14 47
17 27
1545
1339
1241
17 21
1701
14 04
18 08
1308
18 00
1503
1508
14 59
1506
1512
18 04
14 20
1540
17 06
1536
18 28
1414



Stfibrna

Svoboda nad Upou
Svratouch
Sindelova
Slapanice

Tabor

Tanvald, Sumburk
Temenice

Teplice nad Metuji
Touzim

Trsténice
Tvrdovice
Tynec-Kole¢
Vanovice

Velka Bystfice
Velké Losiny
Velky Ujezd

Velky Viestov
Vésin

VlIasim
Vratkov,Modletin
Vysoké Myto
Zasmuky

Zbiroh
Zbraslavice
Zdar-Halze

Zlutice

706
560
680
600
250
460
500
330
467
632
430
176
220
334
410
256
411
400
264
565
385
630
280
350
500
499
630
496

50 22
5038
49 44
5019
4910
49 25
50 44
49 59
50 36
5002
49 47
48 45
5012
49 28
49 34
49 36
5002
49 34
5021
49 37
49 42
49 48
49 57
49 57
49 52
49 49
4951
50 05

12 32
15 49
16 02
12 36
16 43
14 40
1518
16 57
16 10
12 59
16 21
16 59
1414
17 58
16 39
17 23
17 03
17 29
1545
1350
1454
1542
16 10
1502
13 46
1511
12 35
1309



ESM 2. Temporal trends in means and SD of tree phenology during 1946—-2010. Estimates of the year, year? effects and their standard error are given. Only
time series with at least 50 years are included. n — number of years.

Mean Standard deviation
Species n Year SE Year? SE? Turn-point R? P n Year SE Year? SE2  Turnpoint R? P
Beginning of flowering
Acer platanoides 65 -0.044 0.045 0.015 0.330 65 -0.017 0.016 0.002  0.001 1982 0.089 0.030
Acer pseudoplatanus 65 0.006 0.032 -0.008 0.002 1978 0.231 <.001 65 -0.017  0.017 0.002  0.001 1982 0.076 0.047
Alnus glutinosa 65 -0.203 0.066 0.130 0.003 65 0.065 0.029 0.008  0.002 1975 0.299 <.001
Betula pendula 65 0.008 0.043 0.001 0.846 65 0.007 0.021 0.003  0.001 1977  0.090 0.017
Cornus sanguinea 54 -0.340 0.051 -0.008 0.004 1963 0.504 0.023 54 0.027 0.019 0.039 0.154
Corylus avellana 65 -0.211 0.087 0.084 0.019 65 0.019 0.033 0.005 0.574
Crataegus laevigata 65 -0.100 0.041 -0.011 0.002 1974 0.307 <.001 65 -0.012 0.010 0.003  0.001 1980 0.289 <.001
Fagus sylvatica 65 -0.008 0.033 -0.005 0.002 1977 0.098 0.012 65 -0.066 0.014 0.251 <.001
Larix decidua 65 -0.210 0.041 0.288 <.001 65 0.033 0.023 0.031 0.159
Picea abies 62 -0.068 0.034 -0.010 0.002 1975 0.302 <.001 62 -0.019 0.016 0.025 0.218
Pinus sylvestris 63 -0.071 0.033 -0.007 0.002 1974 0.221 <.001 63 -0.044 0.013 0.164 <.001
Prunus spinosa 65 -0.131 0.049 -0.008 0.003 1970 0.194 0.007 65 -0.025 0.013 0.056 0.058
Quercus robur 65 -0.082 0.034 -0.007 0.002 1972 0.230 <.001 65 -0.039 0.013 0.123 0.004
Robinia pseudoacacia 65 -0.102 0.047 -0.012 0.003 1974 0.275 <.001 65 -0.039 0.014 0.116 0.006
Salix caprea 65 -0.010 0.064 0.036 0.131 65 -0.009 0.020 0.006  0.001 1979  0.281 <.001
Sambucus nigra 65 -0.058 0.047 -0.010 0.003 1975 0.189 <.001 65 -0.027 0.012 0.005  0.001 1981  0.429 <.001
Sorbus aucuparia 65 -0.070 0.037 -0.005 0.002 1972 0.134 0.017 65 -0.004 0.013 0.004  0.001 1979  0.289 <.001
Tilia cordata 65 -0.117 0.040 -0.014 0.002 1974 0.403 <.001 65 -0.001 0.015 0.002  0.001 1978  0.098 0.012
Flowering
Acer platanoides 64 0.030 0.046 0.007 0.518 64 0.006 0.016 0.002 0.713
Acer pseudoplatanus 65  0.077 0.034 -0.006 0.002 1984 0.187 0.003 65 -0.006 0.017 0.002  0.001 1979  0.070 0.037



Alnus glutinosa
Betula pendula
Cornus sanguinea
Corylus avellana
Crataegus laevigata
Fagus sylvatica
Larix decidua

Picea abies

Pinus sylvestris
Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea
Sambucus nigra
Sorbus aucuparia
Tilia cordata

Beginning of leaf
unfolding
Acer platanoides

Acer pseudoplatanus
Alnus glutinosa
Betula pendula
Cornus sanguinea
Corylus avellana
Crataegus laevigata
Fagus sylvatica
Larix decidua

Picea abies

Pinus sylvestris
Prunus spinosa
Quercus robur

65
65
54
64
65
64
61
57
61
64
61
65
64
65
65
65

65
65
65
65
54
65
65
65
65
65
65
65
65

-0.127

0.045

-0.222
-0.147
-0.045

0.129

-0.114
-0.028
-0.063
-0.104
-0.079
-0.055
-0.033

0.037

-0.028
-0.035

-0.068
-0.053
-0.086
-0.058
-0.332
-0.080
-0.193
-0.083
-0.120

0.003
0.056

-0.157
-0.104

0.062
0.042
0.050
0.083
0.042
0.030
0.047
0.039
0.035
0.049
0.038
0.047
0.060
0.051
0.039
0.041

0.041
0.033
0.038
0.044
0.055
0.042
0.045
0.031
0.047
0.031
0.035
0.041
0.032

0.009

-0.008

-0.006

-0.009

-0.006

-0.011

-0.007

-0.011
-0.006

-0.005

-0.008
-0.005
-0.008
-0.008

0.004

0.003

0.003

0.003

0.003

0.002

0.002

0.004
0.003

0.002

0.002
0.002
0.002
0.002

1985

1975

1969

1975

1981

1976

1974

1968
1972

1970

1978
1983
1968
1971

0.138
0.018
0.275
0.048
0.149
0.228
0.092
0.009
0.051
0.129
0.067
0.162
0.005
0.070
0.008
0.254

0.043
0.180
0.075
0.027
0.475
0.138
0.227
0.199
0.095
0.234
0.130
0.279
0.310

0.020
0.288
<.001
0.080
0.003
<.001
0.018
0.474
0.082
0.044
0.044
0.002
0.582
0.046
0.472
<.001

0.099
0.002
0.027
0.195
0.006
0.015
<.001
0.006
0.021
<.001
0.012
0.003
<.001

65
65
54
64
65
64
61
57
61
64
61
65
64
65
65
65

65
65
65
65
54
65
65
65
65
65
65
65
65

0.083
0.011
0.025
0.034

-0.031

0.001
0.038

-0.015
-0.058
-0.030
-0.023
-0.053
-0.010
-0.047
-0.017
-0.027

-0.019
-0.037
-0.040
-0.002
-0.036
-0.042
-0.037
-0.027

0.011

-0.021

0.017

-0.034
-0.055

0.027
0.022
0.019
0.033
0.010
0.017
0.019
0.023
0.014
0.014
0.013
0.015
0.019
0.019
0.014
0.016

0.014
0.014
0.016
0.013
0.025
0.016
0.016
0.011
0.014
0.013
0.012
0.013
0.014

0.007

0.003

0.002
0.001

-0.002

0.005
0.002
0.004
0.002

-0.007

0.002

0.002

0.001

0.001
0.001

0.001

0.001
0.001
0.001
0.001

0.002

0.001

1972

1979

1986
1987

1970

1979
1988
1980
1984

1980

1984

0.328
0.004
0.112
0.017
0.238
0.004
0.065
0.008
0.223
0.151
0.051
0.171
0.218
0.144
0.334
0.114

0.028
0.102
0.088
0.0002
0.254
0.098
0.081
0.096
0.010
0.120
0.026
0.095
0.200

<.001
0.612
0.038
0.308
0.002
0.636
0.048
0.506
<.001
0.019
0.081
<.001
<.001
0.043
<.001
0.028

0.182
0.010
0.017
0.897
<.001
0.011
0.021
0.012
0.433
0.022
0.200
0.013
<.001



Robinia pseudoacacia
Salix caprea
Sambucus nigra

Sorbus aucuparia
Tilia cordata

Leaf unfolding

Acer platanoides
Acer pseudoplatanus
Alnus glutinosa
Betula pendula
Cornus sanguinea
Corylus avellana
Crataegus laevigata
Fagus sylvatica

Larix decidua

Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea
Sambucus nigra
Sorbus aucuparia
Tilia cordata

Leaf colouring

Acer platanoides
Acer pseudoplatanus
Betula pendula
Fagus sylvatica

Larix decidua

Prunus spinosa
Quercus robur

65
65
65

65
65

65
65
65
65
54
64
64
65
65
64
65
64
64
65
64
65

64
64
64
64
63
64
64

-0.139
-0.026
-0.350

-0.133
-0.072

-0.016

0.000

-0.010
-0.020
-0.215
-0.042
-0.120
-0.061
-0.054
-0.110
-0.066
-0.080

0.020

-0.140
-0.058
-0.052

0.097
0.147
0.141
0.015
0.290
0.099
0.157

0.039
0.043
0.057

0.041
0.037

0.040
0.033
0.036
0.041
0.050
0.411
0.043
0.030
0.043
0.039
0.031
0.039
0.042
0.051
0.040
0.037

0.031
0.030
0.028
0.029
0.025
0.029
0.031

-0.011
-0.006

-0.007

-0.004

-0.001

-0.009

-0.004

-0.005
-0.005
-0.006

0.009
0.009
0.009
0.009
0.005
0.012
0.013

0.002
0.003

0.002

0.002
0.002

0.004

0.002

0.002
0.002
0.002

0.002
0.002
0.002
0.002
0.002
0.002
0.002

1972
1976

1973

1978

1971

1970

1967
1972
1971

1972
1969
1970
1969
1048
1973
1972

0.355
0.079
0.373

0.139
0.170

0.003
0.071
0.001
0.004
0.337
0.017
0.111
0.119
0.024
0.182
0.169
0.147
0.004
0.107
0.032
0.030

0.356
0.442
0.469
0.463
0.697
0.499
0.561

<.001
0.030
<.001

0.002
0.004

0.692
0.034
0.776
0.633
0.011
0.311
0.007
0.046
0.213
0.025
0.006
0.017
0.641
0.008
0.160
0.171

<.001
<.001
<.001
<.001
0.003
<.001
<.001

65
65
65

65
65

65
65
65
65
54
64
64
65
65
64
65
64
64
65
64
65

64
64
64
64
63
64
64

0.054

-0.046

0.029

0.011

-0.036

-0.021
-0.028

0.013

-0.016

0.021

-0.006
-0.009
-0.037

0.012

-0.016
-0.037

0.010

-0.043

0.026
0.039

-0.022

-0.033
-0.028

0.028
0.021
0.006
0.004

-0.037

0.012
0.015
0.023

0.012
0.013

0.014
0.012
0.015
0.012
0.022
0.015
0.016
0.011
0.012
0.013
0.013
0.014
0.015
0.019
0.012
0.013

0.014
0.017
0.017
0.017
0.018
0.016
0.019

0.002

-0.004

-0.002

0.002

-0.002

0.002

0.003

0.004

-0.003

0.001

0.002

0.001
0.001

0.001

0.001

0.001

0.001
0.001

1986

1986

1976
1987

1974

1975

1984

1977
1978

0.257
0.128
0.024

0.012
0.111

0.033
0.148
0.012
0.027
0.122
0.002
0.087
0.267
0.017
0.120
0.110
0.075
0.120
0.031
0.139
0.042

0.189
0.044
0.039
0.023
0.172
0.098
0.057

<.001
0.003
0.223

0.383
0.007

0.149
0.023
0.378
0.191
0.015
0.699
0.023
0.002
0.300
0.014
0.007
0.042
0.005
0.164
0.002
0.101

0.004
0.097
0.117
0.236
<.001
0.013
0.057



Robinia pseudoacacia 64

Salix caprea 63
Sorbus aucuparia 63
Tilia cordata 64
Beginning of leaf falling
Acer platanoides 63
Acer pseudoplatanus 63
Alnus glutinosa 61
Betula pendula 65
Fagus sylvatica 59
Prunus spinosa 54
Quercus robur 57
Robinia pseudoacacia 54
Salix caprea 54
Sorbus aucuparia 55
Tilia cordata 55
Leaf falling

Acer platanoides 54
Acer pseudoplatanus 54
Alnus glutinosa 54
Betula pendula 55
Fagus sylvatica 65
Larix decidua 54
Prunus spinosa 54
Quercus robur 54
Robinia pseudoacacia 54
Salix caprea 54
Sorbus aucuparia 54
Tilia cordata 54

Beginning of fruit
ripening

0.119
0.174

-0.024

0.104

-0.217
-0.170
-0.151
-0.277
-0.173
-0.118
-0.131
-0.079
-0.085
-0.259
-0.172

0.112
0.122
0.116

-0.033

0.163
0.432
0.096
0.292
0.146
0.168

-0.049

0.092

0.027
0.028
0.027
0.031

0.026
0.025
0.029
0.026
0.028
0.032
0.029
0.033
0.027
0.029
0.032

0.034
0.032
0.030
0.106
0.046
0.042
0.037
0.046
0.029
0.027
0.032
0.038

0.010

0.009

0.005

0.011

0.003

0.004

0.006

0.009

0.005

0.005
0.004

0.009

0.014

0.007

0.007

0.008

0.002

0.002

0.002

0.002

0.002

0.002

0.002

0.002

0.002

0.002
0.002

0.003

0.003

0.002

0.002

0.003

1972

1968

1980

1973

2013

2003

1995

1988

1992

1969
1970

1973

1972

1972

1971

1977

0.493
0.518
0.151
0.427

0.558
0.468
0.314
0.650
0.463
0.201
0.448
0.100
0.235
0.595
0.352

0.170
0.272
0.272
0.002
0.278
0.672
0.110
0.534
0.416
0.513
0.043
0.225

<.001
<.001
0.003
<.001

0.044
0.024
<.001
<.001
0.003
<.001
<.001
0.020
0.019
<.001
<.001

0.002
0.046
0.044
0.754
0.010
<.001
0.014
<.001
0.002
<.001
0.131
0.004

64
63
63
64

63
63
61
65
59
54
57
54
54
55
55

54
54
54
55
65
54
54
54
54
54
55
54

-0.028

0.017
0.061

-0.013

0.038
0.064
0.071
0.080
0.102
0.075
0.011
0.081
0.125
0.081
0.066

0.024
0.056
0.032
0.126
0.212
0.003
0.007
0.110
0.011
0.057
0.089
0.031

0.017
0.015
0.016
0.019

0.017
0.014
0.019
0.020
0.023
0.021
0.023
0.021
0.020
0.015
0.021

0.019
0.018
0.017
0.021
0.029
0.024
0.017
0.025
0.018
0.017
0.019
0.021

0.007

0.006

0.002

0.002

1967

1974

0.042
0.021
0.204
0.008

0.079
0.255
0.186
0.195
0.258
0.192
0.004
0.225
0.429
0.347
0.157

0.030
0.155
0.065
0.401
0.558
0.0003
0.003
0.377
0.008
0.168
0.286
0.038

0.102
0.262
<.001
0.495

0.026
<.001
<.001
<.001
<.001
<.001
0.646
<.001
<.001
<.001
0.003

0.210
0.003
0.064
<.001
0.002
0.907
0.684
<.001
0.520
0.002
<.001
0.156



Acer platanoides
Acer pseudoplatanus
Betula pendula
Corylus avellana
Crataegus laevigata
Fagus sylvatica
Prunus spinosa
Quercus robur
Robinia pseudoacacia
Sambucus nigra
Sorbus aucuparia

62
57
56
65
64
55
65
61
61
65
65

0.030
0.013

-0.538
-0.029
-0.306
-0.047
-0.419
-0.140

0.010

-0.237
-0.380

0.039
0.047
0.041
0.034
0.033
0.041
0.034
0.032
0.045
0.040
0.039

-0.008
-0.008
-0.005
-0.006
-0.012

-0.006
-0.005

0.003
0.002
0.002
0.003
0.002

0.003
0.002

1948
1976
1949
1978
1960

1980
1953

0.010
0.001
0.775
0.215
0.600
0.102
0.746
0.237
0.074
0.389
0.592

0.444
0.783
0.005
<.001
0.012
0.033
<.001
<.001
0.037
0.050
<.001

62
57
56
65
64
95
65
61
61
65
65

-0.147
-0.019
-0.024

0.045

-0.021
-0.008

0.043

-0.031

0.082

-0.063

0.007

0.033
0.038
0.050
0.017
0.019
0.022
0.025
0.018
0.028
0.018
0.020

-0.013

0.003

0.006

0.007
0.007

0.002

0.001

0.001

0.001
0.001

1981

1971

1974

1982
1978

0.254
0.348
0.004
0.208
0.019
0.003
0.242
0.048
0.130
0.477
0.384

<.001
<.001
0.629
0.003
0.280
0.704
<.001
0.091
0.004
<.001
<.001




ESM 3. Temporal trends in means and SD of tree phenology during 1976—-2010. Estimates of the linear effect of year and its SE are given. Only time series
with at least 30 years are included. n — number of years.

Mean Standard deviation

Species n slope SE R2 t P n slope SE R2 t P
Beginning of flowering

Acer platanoides 35 -0.037 0108  0.003 -0.34 0.736| 35 -0.002 0.040 0.000 -0.06 0.954
Acer pseudoplatanus 35 0232 0075 0226 -3.10 0.004| 35 0.015 0.038 0.005 0.39 0.700
Alnus glutinosa 35 0173 0162  0.033 -1.07 0293 35 0.296 0.077 0.307 3.82 <.001
Betula pendula 35 -0.129  0.087  0.062 -1.48 0.148| 35 -0.003 0.040 0.000 -0.08 0.937
Cornus sanguinea 34 0590 0.095 0547 6.22 <001 34 0.073 0.040 0.095 1.83 0.077
Corylus avellana 35 0458 0235 0103 -1.95 0.060| 35 0.098 0.089 0.036 1.11 0.277
Crataegus laevigata 35 -0.445  0.093 0408 -4.77 <001 35 0.062 0.027 0.141 2.33 0.026
Fagus sylvatica 35 -0.248 0.085 0206 -2.93 0.006| 35 -0.044 0.034 0.050 -1.32 0.196
Larix decidua 35 0360 0108 0253 -3.35 0.002| 35 -0.059 0.062 0.027 -0.95 0.348
Picea abies 34 0319  0.075 0362 -4.26 <001 34 -0.117 0.034 0.271 -3.45 0.002
Pinus sylvestris 35 -0.291 0073 0326 -4.00 <001 35 -0.053 0.030 0.086 -1.77 0.087
Prunus spinosa 35 -0.431 0112 0309 -3.84 <001 35 -0.094 0.033 0.19%4 -2.81 0.008
Quercus robur 35 -0.342  0.079 0363 -4.34 <001 35 -0.027 0.026 0.032 -1.04 0.305
Robinia pseudoacacia 35 0446 0122 0289 -3.66 <001 35 -0.018 0.028 0.012 -0.64 0.530
Salix caprea 35 -0.261 0159  0.075 -1.64 0111 35 0.165 0.048 0.261 3.41 0.002
Sambucus nigra 35 0329 0120 0186  -2.75 0.010| 35 0.123 0.030 0.332 4.50 <.001
Sorbus aucuparia 35 -0.267  0.092 0203 -2.90 0.007| 35 0.078 0.029 0.182 2.7 0.011
Tilia cordata 35 0495 0110 0382 452 <001 35 0.023 0.041 0.010 0.57 0.570
Flowering

Acer platanoides 34 0.08 0112  0.019 0.78 0438 34 0.021 0.037 0.010 0.58 0.569
Acer pseudoplatanus 35 -0.085 0.085 0.029 -0.99 0327 35 0.028 0.038 0.016 0.74 0.465
Alnus glutinosa 35 0.034 0.149  0.002 0.23 0.819] 35 0.308 0.069 0.376 4.46 <.001
Betula pendula 35 -0.003 0.096 0.000 -0.03 0.978| 35 -0.013 0.043 0.003 -0.29 0.771



Cornus sanguinea
Corylus avellana
Crataegus laevigata
Fagus sylvatica

Larix decidua

Picea abies

Pinus sylvestris
Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea
Sambucus nigra
Sorbus aucuparia
Tilia cordata
Beginning of leaf unfolding
Acer platanoides
Acer pseudoplatanus
Alnus glutinosa
Betula pendula
Cornus sanguinea
Corylus avellana
Crataegus laevigata
Fagus sylvatica

Larix decidua

Picea abies

Pinus sylvestris
Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea
Sambucus nigra

34
34
35
34
34
31
34
34
35
35
34
35
35
35

35
35
35
35
34
35
35
35
35
35
35
35
35
35
35
35

-0.394
-0.290
-0.274
-0.099
-0.207
-0.145
-0.202
-0.334
-0.228
-0.300
-0.054
-0.021
-0.141
-0.313

-0.198
-0.292
-0.228
-0.194
-0.697
-0.305
-0.397
-0.314
-0.300
-0.233
-0.058
-0.445
-0.393
-0.543
-0.213
-0.518

0.097
0.215
0.099
0.069
0.115
0.086
0.072
0.112
0.087
0.126
0.148
0.128
0.100
0.109

0.090
0.071
0.082
0.098
0.090
0.093
0.100
0.066
0.113
0.072
0.084
0.089
0.071
0.093
0.086
0.141

0.339
0.054
0.188
0.060
0.091
0.088
0.196
0.216
0.173
0.147
0.004
0.001
0.057
0.202

0.127
0.342
0.191
0.106
0.655
0.248
0.324
0.405
0.176
0.242
0.015
0.429
0.481
0.510
0.156
0.289

-4.05
-1.35
2.77
-1.43
-1.79
-1.68
-0.28
-2.97
-2.63
-2.39
-0.37
-0.17
-1.41
-2.89

-2.19
-4.14
-2.79
-1.98
-1.79
-3.29
-3.98
-4.74
-2.65
-3.24
-0.70
-4.97
-5.53
-5.86
247
-3.67

<.001
0.187
0.009
0.162
0.082
0.104
0.009
0.006
0.013
0.023
0.718
0.868
0.169
0.007

0.036
<.001
0.009
0.056
<.001
0.002
<.001
<.001
0.012
0.003
0.491
<.001
<.001
<.001
0.019
<.001

34
34
35
34
34
31
34
34
35
35
34
35
35
35

35
35
35
35
34
35
35
35
35
35
35
35
35
35
35
35

0.098
0.090
0.012

-0.008
-0.049
-0.067
-0.057
-0.135
-0.030
-0.072

0.148
0.057
0.065

-0.012

-0.064
-0.048
-0.140
-0.047
-0.248
-0.129
-0.129

0.007
0.012
0.004

-0.006
-0.089
-0.026
-0.023
-0.110

0.032

0.039
0.082
0.025
0.037
0.041
0.050
0.035
0.037
0.026
0.031
0.047
0.040
0.026
0.042

0.035
0.030
0.037
0.032
0.043
0.033
0.037
0.023
0.035
0.028
0.033
0.033
0.035
0.027
0.032
0.063

0.165
0.037
0.006
0.002
0.044
0.059
0.077
0.291
0.039
0.143
0.237
0.057
0.160
0.002

0.090
0.071
0.301
0.060
0.516
0.322
0.268
0.003
0.004
0.001
0.001
0.179
0.016
0.023
0.262
0.008

2.52
1.10
0.46

-0.22
-1.21
-1.35
-1.64
-3.62
-1.16
-2.34

3.15
1.42
2.51

-0.28

-1.81
-1.59
-3.77
-1.46
-5.84
-3.96
-3.47

0.31
0.35
0.13

-0.17
-2.68
-0.74
-0.88
-3.42

0.51

0.017
0.278
0.647
0.824
0.235
0.188
0.111
<.001
0.256
0.025
0.004
0.166
0.017
0.779

0.079
0.121
<.001
0.155
<.001
<.001
0.002
0.761
0.732
0.898
0.867
0.011
0.464
0.387
0.002
0.616



Sorbus aucuparia
Tilia cordata

Leaf unfolding

Acer platanoides
Acer pseudoplatanus
Alnus glutinosa
Betula pendula
Cornus sanguinea
Corylus avellana
Crataegus laevigata
Fagus sylvatica

Larix decidua

Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea
Sambucus nigra
Sorbus aucuparia
Tilia cordata

Leaf colouring

Acer platanoides
Acer pseudoplatanus
Betula pendula
Fagus sylvatica

Larix decidua

Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea

Sorbus aucuparia
Tilia cordata

35
35

35
35
35
35
34
34
34
35
35
34
35
34
34
35
34
35

34
34
34
34
34
34
34
34
34
34
34

-0.281
-0.328

-0.080
-0.160
-0.049
-0.109
-0.511
-0.147
-0.253
-0.234
-0.206
-0.321
-0.264
-0.290
-0.068
-0.142
-0.113
-0.193

0.491
0.549
0.503
0.516
0.470
0.520
0.638
0.491
0.542
0.189
0.523

0.091
0.080

0.094
0.072
0.084
0.094
0.083
0.092
0.097
0.067
0.103
0.081
0.074
0.083
0.085
0.121
0.092
0.081

0.089
0.083
0.076
0.079
0.063
0.083
0.091
0.069
0.073
0.070
0.083

0.226
0.335

0.022
0.130
0.010
0.039
0.541
0.074
0.176
0.270
0.108
0.329
0.279
0.274
0.020
0.040
0.045
0.145

0.489
0.575
0.581
0.570
0.636
0.550
0.603
0.613
0.636
0.184
0.557

-3.10
-4.07

-0.86
-2.22
-0.58
-1.15
-6.14
-1.60
-2.62
-3.50
-1.99
-3.97
-3.58
-3.48
-0.80
-1.18
-1.22
-2.37

5.53
6.58
6.67
6.51
7.48
6.25
6.97
7.12
7.48
2.69
6.34

0.004
<.001

0.398
0.034
0.563
0.257
<.001
0.119
0.014
<.001
0.054
<.001
<.001
0.002
0.427
0.248
0.231
0.024

<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
0.011
<.001

35
35

35
35
35
35
34
34
34
35
35
34
35
34
34
35
34
35

34
34
34
34
34
34
34
34
34
34
34

0.002

-0.077

-0.052
-0.009
-0.054
-0.034
-0.098
-0.064
-0.128

0.027
0.025

-0.089

0.008
0.073

-0.100
-0.024

0.054

-0.024

0.042
0.017
0.007
0.055
0.081

-0.121
-0.033
-0.074
-0.007

0.072

-0.006

0.026
0.029

0.033
0.028
0.034
0.031
0.041
0.033
0.034
0.023
0.030
0.032
0.031
0.029
0.031
0.045
0.027
0.026

0.042
0.049
0.050
0.049
0.039
0.043
0.059
0.037
0.038
0.043
0.049

0.000
0.178

0.069
0.003
0.070
0.034
0.152
0.107
0.302
0.040
0.020
0.193
0.002
0.167
0.243
0.008
0.108
0.025

0.030
0.004
0.001
0.038
0.120
0.200
0.010
0.108
0.001
0.078
0.000

0.07

-2.67

-1.56
-0.33
-1.58
-1.08
-2.39
-1.96
-3.72

1.17
0.82

-2.77

0.25
2.53

-3.21
-0.53

1.97

-0.91

0.99
0.34
0.14
1.12
2.90

-2.83
-0.56
-1.97
-0.20

1.65

-0.12

0.948
0.012

0.127
0.745
0.124
0.287
0.023
0.059
<.001
0.249
0.418
0.009
0.807
0.016
0.003
0.600
0.057
0.368

0.330
0.733
0.892
0.269
0.045
0.008
0.582
0.058
0.843
0.110
0.905



Beginning of leaf falling
Acer platanoides
Acer pseudoplatanus
Alnus glutinosa
Betula pendula

Fagus sylvatica
Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea

Sorbus aucuparia
Tilia cordata

Leaf falling

Acer platanoides
Acer pseudoplatanus
Alnus glutinosa
Betula pendula

Fagus sylvatica

Larix decidua

Prunus spinosa
Quercus robur
Robinia pseudoacacia
Salix caprea

Sorbus aucuparia
Tilia cordata

| Beginning of fruit ripening

Acer platanoides
Acer pseudoplatanus
Betula pendula
Cornus sanguinea
Corylus avellana

35
35
34
35
34
34
34
34
34
35
35

34
34
34
35
34
34
34
34
34
34
34
34

35
35
34
32
35

-0.109
-0.068
-0.238
-0.261
-0.002
-0.088

0.072

-0.072

0.009

-0.350
-0.134

0.226
0.251
0.191

-0.212

0.395
0.568
0.192
0.606
0.274
0.324

-0.079

0.269

0.096
0.213

-0.770
-0.647
-0.313

0.063
0.058
0.063
0.067
0.066
0.063
0.063
0.067
0.056
0.056
0.064

0.067
0.056
0.056
0.257
0.100
0.082
0.077
0.103
0.059
0.055
0.063
0.076

0.096
0.093
0.088
0.100
0.089

0.084
0.040
0.309
0.316
0.000
0.058
0.039
0.035
0.001
0.543
0.116

0.264
0.382
0.265
0.020
0.327
0.600
0.162
0.517
0.403
0.522
0.046
0.279

0.029
0.138
0.706
0.580
0.271

-1.74
-1.17
-2.79
-3.91
-0.04
-1.41

1.15
-1.08

0.16
-6.27
-2.08

3.39
4.45
-0.58
-0.83
3.94
6.92
2.49
5.85
4.65
5.92
-1.25
3.52

1.00
2.29
-8.77
-6.44
-3.50

0.091
0.252
<.001
<.001
0.970
0.169
0.261
0.288
0.874
<.001
0.046

0.002
<.001
0.002
0.415
<.001
<.001
0.018
<.001
<.001
<.001
0.222
<.001

0.325
0.028
<.001
<.001
<.001

35
35
34
35
34
34
34
34
34
35
35

34
34
34
35
34
34
34
34
34
34
34
34

35
35
34
32
35

0.072
0.061
0.139
0.103
0.142
0.105
0.033
0.105
0.154
0.113
0.060

0.000
0.060
0.030
0.156
0.398
0.076

-0.011

0.270
0.020
0.026
0.094
0.008

-0.307
-0.414
-0.015

0.095
0.174

0.041
0.040
0.052
0.057
0.061
0.047
0.051
0.048
0.045
0.031
0.046

0.039
0.040
0.034
0.048
0.059
0.053
0.038
0.048
0.035
0.036
0.038
0.049

0.072
0.066
0.115
0.087
0.048

0.084
0.066
0.186
0.091
0.145
0.135
0.013
0.130
0.267
0.286
0.050

0.000
0.066
0.024
0.241
0.588
0.062
0.003
0.499
0.010
0.016
0.156
0.001

0.353
0.541
0.001
0.038
0.285

1.74
1.52
2.70
1.82
2.33
2.23
0.66
2.19
3.41
3.64
1.32

0.01
1.50
0.88
3.23
6.76
1.45

-0.29

5.65
0.57
0.72
243
0.17

-4.24
-6.24
-0.13

1.80
3.63

0.091
0.137
0.011
0.078
0.026
0.033
0.514
0.036
0.002
<.001
0.197

0.995
0.144
0.383
0.003
<.001
0.157
0.772
<.001
0.575
0.479
0.021
0.865

<.001
<.001
0.899
0.287
<.001



Crataegus laevigata
Fagus sylvatica

Picea abies

Pinus sylvestris
Prunus spinosa
Quercus robur
Robinia pseudoacacia
Sambucus nigra
Sorbus aucuparia

35
34
27
33
35
35
34
35
35

-0.538
-0.237
-1.338
-2.157
-0.823
-0.270
-0.119
-0.458
-0.289

0.084
0.096
0.523
0.336
0.097
0.074
0.099
0.109
0.092

0.555
0.159
0.208
0.570
0.687
0.287
0.044
0.348
0.229

-6.41
-2.46
-2.56
-6.41
-8.51
-3.67
-1.21
-4.20
-3.13

<.001
0.020
0.017
<.001
<.001
<.001
0.236
<.001
0.004

35
34
27
33
35
35
34
35
35

0.006
0.073

-2.393
-1.953

0.270
0.033
0.158
0.149
0.258

0.036
0.046
0.417
0.293
0.069
0.038
0.058
0.038
0.048

0.001
0.072
0.569
0.606
0.316
0.023
0.186
0.320
0.465

0.16
1.58

-5.74
-6.90

3.91
0.88
2.70
3.94
5.36

0.876
0.125
<.001
<.001
<.001
0.386
0.011
<.001
<.001




ESM 4. An assessment of potential week day bias in data collection. Percentage of the records during the week for the period 1946—2010. All

records included.

Day of the week n Percentage of records (%)
Monday 46.080 14.49%
Tuesday 44.929 14.13%
Wednesday 44.421 13.97%
Thursday 44.726 14.07%
Friday 44.690 14.06%
Saturday 46.037 14.48%

Sunday 47.044 14.80%
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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: Bird arrival - Long-distance migrant - Phenology - Short-distance migrant -
Temperature
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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 & Séderholm-Tana 1983,
Terhivuo et al. 2009). Beginning in 1846, the Finnish

*Corresponding author: evakolar@seznam.cz

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 1995).
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

© Inter-Research 2015 - www.int-res.com



92 Clim Res 63: 91-98, 2015

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, Nekovar 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 & Hdéjkova 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 Bohmen) 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 (Kr$ka & 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 Mdahren, 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 Brinn)
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 Ohfti, 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.

values of arrivals from the fixed part
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Vyssi Brod), we assessed the local

relationship between arrivals and
temperature. For an assessment of

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



94 Clim Res 63: 91-98, 2015

Table 1. Bird species recorded by the members of the Bohemian Patriotic-Economic Society and current valid classification of
species names

Original scientific name

Original
German name

Current valid
scientific name

Common
English name

Ardea minuta
Ardea stellaris

Motacilla erithacus
Motacilla hortensis

Kleine Rohrdommel
Gemeine Rohrdommel

Hausrothschwéanzchen
Grasmiicke

Ixobrychus minutus
Botaurus stellaris

Phoenicurus ochruros®
Sylvia spp.¢

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.” 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
Colymbus cristatus GroBer Haubentaucher Podiceps cristatus Great crested grebe
Cuculus canorus Kukuck Cuculus canorus Common cuckoo
Hirundo apus Mauerschwalbe Apus apus Common swift
Hirundo riparia Uferschwalbe Riparia riparia Sand martin
Hirundo urbica Hausschwalbe Delichon urbicum House martin
Larus Moéwen Larus spp. Gulls

Loxia cocothraustes Dickschnabel Coccothraustes coccothraustes Hawfinch

Loxia enuncleator FichtenkernbeiBler Pinicola enucleator Pine grosbeak
Motacilla alba Gemeine Bachstelze Motacilla alba White wagtail

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

iGeese were not well recognized to species level at that time. At 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. YM. 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 e

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 A

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 A

Phoenicurus phoenicurus L 100 96 11.1 270 109 8.5 A

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 A

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, Fy = 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 (meanr = 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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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 Krdlové; Bohemia versus Loket (paired t-test;
ti, = 3.27, p = 0.001), Bohemia versus Velké Dvorce
(t10 = 3.29, p = 0.008) and Bohemia versus Hradec
Krélové (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
Kralové (n = 13), and -1.16 in Vyssi Brod (n = 3; see
Table S3 in the Supplement at www.int-res.com/
articles/suppl/c063p091_supp.pdf).

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-

Higgins & Green 2014). Few studies have analyzed
18th and 19th century time series on bird arrivals.
Data on 3 species from Finland show responses
between —1.02 to —=2.34 d °C~! in 1749-1762 (Lehiko-
inen et al. 2004). The Marsham family records from
the east of England and 2 other shorter British time
series show a slightly stronger relationship with tem-
perature; e.g. the common cuckoo: -1.5t0-2.8d °C™,
which in our study was -1.2 d °C~! in the regional
dataset (but see also the variable station-based data,
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 (Brazdil 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,



Koléfova & Adamik: Bird arrival dates in Central Europe for 1828-1847 97

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 & Soderholm-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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Table S1: A list of stations with available data. Given is the original German site name, current Czech
site name, n — number of observations for the selected 27 species (i.e. those with > 50 observations),
altitude, and coordinates (N, E).

German name Czech name n altitude latitude longitude
Bohmischkamnif3 Cesk4 Kamenice 136 316 504752 14 25 04
Bfezina Bfezina 11 483 494827 133548
Ellbogen Loket 358 417 501110 124517
GrofBmierhofen Velké Dvorce 291 552 494057 1242 18
Hohenelbe Vrchlabi 100 475 503708 1536 41
Hohenfurt Vyssi Brod 168 576 4836 58 14 18 43
Karlstein Karl$tejn 4 220 49 56 02 14 11 01
Klosterle Klasterec nad Ohii 44 319 502304 131017
Koniggrah Hradec Kralové 307 238 501237 1549 31
Konigswart Lazné KynZvart 55 674 5000 38 1237 29
Krumau Cesky Krumlov 98 493 484843 14 18 58
Liebeschifl3 Libesice u Litoméfic 96 251 50 34 08 1417 21
Nassaberg Nasavrky 117 488 495040 1548 47
Neubistrif3 Nové Bystfice 50 592 490111 1506 12
Neuhof Nové Dvory 206 210 495814 151930
Perus Peruc 16 345 502033 13 57 36
PlaB Plasy 152 329 495604 132325
Preitenstein Nectiny 3 416 495931 13 14 00
Piirgli3 Krivoklat 136 259 500217 135212
Richtenberg Rychmburk 9 443 4949 54 16 02 18
Rothenhaus Cerveny Hradek 9 341 503042 132707
Seelau Zeliv 181 407 493148 151319
Sehuschif Zehugice 45 220 495810 152427
Schonhof Krasny Dvar 24 293 501515 132204
SchoBl Vsestudy 37 315 502727 1330 27
Smetschna Smécno 130 372 501118 14 02 25
Starkenbach Jilemnice 98 462 503632 153024
Tachlowil Tachlovice 11 360 500052 14 14 26
Tetschen Décin 234 134 504621 14 12 46
Winterberg Vimperk 48 700 490309 13 46 28
Wlaschim Vlasim 16 372 494223 14 53 56
Zbirow Zbiroh 25 430 495137 1346 21
Zlonif Zlonice 33 225 501716 14 05 29




Table S2: Linear regressions and correlations between the annual mean first arrival day and the mean monthly temperature for the periods 1828—1847 and 1991-2010. Presented are numbers

of years with records (n), migratory classification (mc; as in Table 2) mean arrival day (DOY), focal month with temperature series, slope and its standard error (SE). Significant results (P<
0.05) in bold

1828—1847 1991-2010

Species mc n DOY month slope(°C) SE R? P r n DOY month slope(°C) SE R? P r
Alauda arvensis Sa 20 50 Feb -1.796 0712 0.261 0.021 -0.511 20 62 Feb -1.765  0.337 0604 <0.001 -0.777
Anser spp. S 20 66 Feb -1.099 069 0121 0133 -0.348

Apus apus La 20 119 Apr 0652 0593 0.063 0.286 -0.251 20 123 Apr -0.511 0.631 0.035 0429 -0.187
Ardea cinerea S 20 93 Mar -1.386  0.686 0.185 0.058 -0.430

Certhia spp. S 20 77 Mar -1.501 1.083 0.097 0.182 -0.311

Columba oenas Sa 20 74 Mar -1.688 0465 0423 0.002 -0.650 18 81 Mar -3.120 1292 0267 0.028 -0.485
Columba palumbus Sa 20 78 Mar -1.832 0504 0424 0.002 -0.651 20 75 Mar 2217 0838 0280 0.016 -0.529
Coturnix coturnix La 20 132 Apr  -2.380 0773 0.345 0.007 -0.587 19 134  Apr 0668 0910 o371 0473 -0.169
Cuculus canorus La 20 113 Apr -1.227 0346 0411 0.002 -0.641 20 120 Apr 0273 0340 0.035 0433 -0.186
Cyanistes caeruleus S 19 71 Feb -2.942 1174 0270 0.023 -0.516

Delichon urbicum La 20 106 Apr 0470 0528 0.042 0385 -0.205 20 113 Apr -1.195 0480 0256 0.023 -0.506
Luscinia megarhynchos L& 20 117 Apr -1.255 0723 0.144 0100 -0.379 20 118 Apr -0.773 0429 0.153 0.088 -0.391
Motacilla alba Sa 20 71 Mar -1.906 0408 0.548 <0.001 -0.740 20 76 Mar -1670 0278 0667 <0.001 -0.817
Oriolus oriolus La 20 105 Apr -1.388 1115 0.079 0229 -0.281 20 128 Apr -0.325 0333 0050 0.342 -0.224
Parus major S 20 72 Feb 2402 0909 0.279 0.017 -0.529

Periparus ater S 20 68 Feb -1.391 1139 0076 0.238 -0.277

Phoenicurus ochruros Sa 20 94 Mar -1484 0564 0278 0.017 -0.527 20 86 Mar -1.678 0519 0.367 0.005 -0.606
Phoenicurus phoenicurus L2 20 96 Mar -1.182  0.640 0.159 0.081 -0.399 20 109 Apr -0.900 0493 0.157 0.084 -0.396
Scolopax rusticola S 20 88 Mar -2.151 0473 0534 <0.001 -0.731

Streptopelia turtur La 20 113 Apr -0.368  0.605 0.020 0550 -0.142 20 119 Apr -0.302 0739 0.009 0.687 -0.096
Sturnus vulgaris Sa 20 68 Feb 0979 0639 0115 0.143 -0.340 20 61 Feb -1.408 0324 0512 <0.001 -0.715
Sylvia spp. 20 112 Apr -0.691 0699 0.051 0336 -0.227

Turdus philomelos Sa 20 74 Mar -2.481 0.680 0425 0.002 -0.652 20 73 Mar -1.997 0638 0.353 0.006 -0.594
Turdus pilaris S 20 297 Oct 0.556 1452 0.008 0706 0.090

Turdus viscivorus Sa 20 55 Feb 2464 0750 0.375 0.004 -0.612 17 62 Feb -2.832 0633 0571 <0.001 -0.753
Upupa epops L 20 104 Apr 0.059 1.036 0.000 095 0.013

Vanellus vanellus Sa 19 76 Mar -2.211 0.504 0531 <0.001 -0.730 20 70 Mar 2652 0770 0.397 0.003 -0.630

“Included in estimation of the mean slope for short- and long-distance migrants




Table S3: Site-specific relationships between first arrival date and the mean monthly temperature for the period
1828—1847. Number of years with available records per site (n), the mean day of the year of the first arrival (DOY),
slope and its standard error (SE), and Pearson correlation coefficients. Only true migrants with = 14 years of data were
included. Significant results in bold.

Site / species n DOY month slope (°C) SE R? P r
Hradec Kralové

Alauda arvensis 16 49 Feb -2.373  0.871 0.346 0.017 -0.589
Apus apus 18 17 Apr -1.552  0.756 0.208 0.057 -0.445
Columba oenas 15 77 Mar -1.538  0.590 0.344 0.022 -0.576
Columba palumbus 15 82 Mar -0.949  0.581 0.170 0.126 -0.417
Coturnix coturnix 16 122 Mar -1.606  0.596 0.341 0.018 -0.579
Cuculus canorus 17 114 Apr -0.997  0.568 0171 0.099 -0.391
Delichon urbicum 18 98 Apr -0.693 0478 0.116 0.166 -0.325
Luscinia megarhynchos 17 119 Apr -1.148  0.822 0.115 0.183 -0.331
Motacila alba 18 73 Feb -0.733  0.588 0.088 0.231 -0.301
Phoenicurus ochruros 15 97 Mar 0.707  0.921 0.043 0.456 0.226
Phoenicurus phoenicurus 16 100 Mar 0.657  1.010 0.029 0.526 0.174
Scolopax rusticola 18 81 Mar -1.614  0.455 0.441 0.003 -0.662
Streptopelia turtur 15 111 Apr 0.057  0.590 0.001 0.924 0.018
Loket

Alauda arvensis 18 49 Feb 2121 0.695 0.368 0.008 -0.606
Columba oenas 18 79 Mar -2.907  0.741 0.491 0.001 -0.700
Columba palumbus 17 84 Mar -2.247  0.740 0.381 0.008 -0.641
Coturnix coturnix 18 148 Apr 2232 1.243 0.168 0.092 -0.410
Cuculus canorus 18 119 Apr -2.780  0.729 0.476 0.002 -0.690
Delichon urbicum 19 114 Apr 2421 0.817 0.341 0.009 -0.572
Motacila alba 18 73 Mar -2.563  0.799 0.391 0.006 -0.626
Phoenicurus phoenicurus 18 98 Mar -2.666  0.867 0.371 0.007 -0.609
Scolopax rusticola 17 106 Apr -3.068  1.738 0.172 0.098 -0.407
Sturnus vulgaris 18 57 Feb -2.319  0.758 0.369 0.008 -0.607
Turdus philomelos 18 66 Feb -1.965  0.676 0.346 0.010 -0.588
Turdus viscivorus 18 72 Feb -1.826  0.755 0.268 0.028 -0.517
Vanellus vanellus 18 83 Mar -3.239  1.246 0.297 0.019 -0.545

Velké Dvorce

Alauda arvensis 18 50 Feb 2231 1.196 0.179 0.081 -0.423
Apus apus 16 115 Apr 2431 2363 0.070 0.321 -0.265
Columba oenas 18 62 Feb -2582 0.728 0.440 0.003 -0.664
Columba palumbus 18 74 Feb -2.805 0.824 0.420 0.004 -0.648
Cuculus canorus 18 111 Apr -1.000  0.775 0.094 0.216 -0.307
Delichon urbicum 17 102 Mar -1.455  1.291 0.078 0.278 -0.279
Motacila alba 17 66 Mar -2.647  0.809 0.416 0.005 -0.645
Phoenicurus ochruros 16 83 Mar -3.095 1.690 0.193 0.088 -0.430
Scolopax rusticola 16 86 Mar -2.663  2.094 0.104 0.224 -0.339
Sturnus vulgaris 17 61 Feb -1.575  0.891 0.173 0.097 -0.415
Turdus philomelos 18 71 Feb -1.846  0.713 0.295 0.020 -0.543
Vyssi Brod

Alauda arvensis 16 48 Feb -1.122 0.997 0.083 0.280 -0.288
Cuculus canorus 14 112 Apr -1.572  0.627 0.344 0.027 -0.587
Delichon urbicum 16 100 Apr -0.794 1135 0.034 0.496 -0.184




Table S4: Cross-correlations of arrivals among four sites for 12 true migrant species. n — number of

years with available arrival data at each site for a given bird species. Significant values in bold.

Species / Site Hradec Kralové Loket  Velké Dvorce  VysSi Brod
Alauda arvensis 16 Hradec Kralové - 0.798 0.682 0.604
18 Loket - - 0.798 0.536
18 Velké Dvorce - - - 0.508
16 Vy$8i Brod - - - -
Apus apus 18 Hradec Krélové - - 0.174 -
16 Velké Dvorce - - - -
Columba oenas 15 Hradec Kralové - 0.468 0.218 -
18 Loket - - 0.397 -
18 Velké Dvorce - - - -
Columba palumbus 15 Hradec Krélové - 0.289 0.007 -
17 Loket - - 0.335 -
18 Velké Dvorce - - - -
Coturnix coturnix 16 Hradec Krélové - 0.724 - -
18 Loket - - - -
Cuculus canorus 17 Hradec Krélové - 0.312 0.316 0.692
18 Loket - - 0.080 0.547
18 Velké Dvorce - - - 0.366
14 Vy$§i Brod - - - -
Delichon urbicum 18 Hradec Kralové - 0.330 0.143 0.113
19 Loket - - 0.264 0.339
17 Velké Dvorce - - - -0.220
16 Vy$8i Brod - - - -
Motacilla alba 18 Hradec Krélové - 0.088 0.225 -
18 Loket - - 0.803 -
17 Velké Dvorce - - - -
Phoenicurus ochruros 15 Hradec Kralové - - -0.254 -
16 Velké Dvorce - - - -
Phoenicurus phoenicurus 16 Hradec Krélové - -0.460 - -
18 Loket - - - -
Sturnus vulgaris 18 Hradec Kralové - - - -
17 Velké Dvorce - 0.342 - -
Turdus philomelos 18 Loket - - 0.759 -
18 Velké Dvorce - - - -




Table S5: Reconstructed mean arrival dates (day of the year) of particular bird species to Bohemia for
the period 1828-1847. Species abbreviations: Alauda arvensis (alaarv), Anser spp. (anser), Apus
apus (apuapu), Ardea cinerea (ardea), Certhia spp. (certhia), Columba oenas (coloen), Columba
palumbus (colpal), Coturnix coturnix (cotcot), Cuculus canorus (cuccan), Cyanistes caeruelus
(cyacae), Delichon urbicum (delurb), Luscinia megarhynchos (lusmeg), Motacilla alba (motalb),
Oriolus oriolus (oriori), Periparus ater (perate), Parus major (parmaj), Phoenicurus ochruros
(phooch), Phoenicurus phoenicurus (phopho), Scolopax rusticola (scorus), Streptopelia turtur
(strtur), Sturnus vulgaris (stuvul), Sylvia spp. (sylvia), Turdus philomelos (turphi), Turdus pilaris
(turpil), Turdus viscivorus (turvis), Upupa epops (upuepo), Vanellus vanellus (vanvan).

year alaarv  anser apuapu ardea certhia coloen colpal cotcot cuccan cyacae delurb lusmeg motalb oriori

1828 455 730  116.1 82.7 99.6 81.3 720 1202 1074 833 107.8 109.5 715  101.2
1829 553 67.1 120.6 894 1070 80.3 76.1 1287 108.6 913 1032 107.6 748 111.6
1830 572 673 1228 86.4 73.5 78.6 81.7 1203 1140 1190 1075 105.6 689  100.7

1831 442 586 1114 81.9 763 68.7 734 1221 1073 68.2 98.6 1144 67.1 96.6
1832 45.8 65.8 117.1 853 66.2 72.7 729 1355 1106 61.8 1050 116.6 69.8 95.8
1833 393 56.7 107.6 86.1 78.6 72.6 743 1306 1156 535 96.0 112.7 66.1 1116

1834 299 504 1244 842 673 67.6 709 1282 1155 455 1077 111.7 60.5 109.8
1835 43.1 538 1199 90.0 69.3 66.8 715 1343 1179 639 1080 114.0 633 1206

1836 490 634 1246 914 68.8 68.7 735 1368 1144 - 1102 119.8 68.7 86.1
1837 41.7 585 115.6 94.1 79.5 77.1 788 1266 1147 634 1053 1158 753 1212
1838 534 653 1222 96.1 70.5 72.9 81.8 1346 1165 616 107.1 122.0 676 109.6
1839 55.5 67.1 1237 983 71.7 80.2 86.8 1433 1172 642 1113 121.0 764 1009
1840 56.2 76.0 120.1 105.7 76.4 76.5 87.7 1438 1132 580 1063 119.1 825 1008

1841 52.5 672  120.6 104.7 71.7 79.9 81.7 1334 1134 790 112.1 118.5 732 1090
1842 50.1 632 1213 103.9 67.3 68.8 748 13677 1158 723 105.7 123.0 66.8 102.0
1843 46.6 613 116.5 91.0 73.0 71.8 76.1 1272 1099 620 106.1 1169 695 105.6
1844 61.6 71.3 123.6 102.1 94.6 754 91.1 1417 1168 838 110.6 114.6 747 1105
1845 78.5 88.8 114.0 1014 834 89.1 894 1382 1140 79.1  107.5 1253 83.1 103.7
1846 48.6 75.1 119.6 89.9 67.1 64.0 680 1294 1098 67.8 104.0 121.5 623 97.8
1847 52.1 74.6  120.1 91.5 67.7 754 770 1347 1109 714 1099 127.1 754 97.0

year  perate parmaj phooch phopho scorus strtur  stuvul sylvia turphi turpil  turvis upuepo vanvan
1828 81.1 96.6 1025 97.3 82.1 1156 791 1177 63.6 299.67 64.7 97.1 70.3
1829 88.0 88.6 98.0 100.2 882 1203 726 1140 82.1 28322 754 105.9 -
1830 92.0 91.0 88.8 91.9 856 1138 654 1143 715 284.87 53.1 96.0 72.8
1831 86.6 715 972 99.2 79.1 1160 689 107.0 68.0 281.04 555 100.7 73.0
1832 68.1 62.7 93.8 97.6 845 1125 65.1 1140 712 317.36 427 1129 70.7
1833 80.2 61.4 96.1 99.3 90.7 1158 509 1108 65.6 301.22 494 106.7 69.4
1834 66.8 46.1 107.5 90.9 828 117.1 630 1075 59.6 28548 425 101.3 71.6
1835 76.8 61.9 95.1 94.5 86.6 1197 782 1108 745 286.02 454 110.1 63.9
1836 833 63.3 85.4 94.8 83.0 109.7 680 116.8 726 28722 41.8 96.1 70.1
1837 73.8 66.6 1043 95.7 969 1107 626 1168 794 297.64 54.1 93.7 753
1838 74.8 64.3 88.5 100.5 949 1167 66.7 1175 70.7 298.64 56.5 93.1 76.7
1839 46.8 61.3 97.1 104.6 992 1150 630 1169 80.6  296.6 63.7 98.4 83.8
1840 47.8 557 1017 1069 100.7 114.6 747 1153 91.8 293.75 53.1 115.7 92.0
1841 60.0 71.6 87.8 96.6 88.6 1153 65.1 115.1 744 290.6 65.5 116.3 79.5
1842 583 62.0 86.0 98.5 86.6 1172 626 1134 67.8 298.49 520 107.9 739
1843 519 544 89.7 87.2 90.8 1094 617 1074 61.7 300.32 39.8 1124 747
1844 93.6 774 92.6 98.4 919 1014 765 1117 842 29729 717 1139 78.8
1845 763 75.1 972 959 958 1095 882 1136 92.1 306.68 69.1 104.1 925
1846 62.0 59.3 83.4 72.8 728 108.7 674 96.7 733 320.12 442 96.6 772
1847 71.2 63.5 91.6 94.2 872 109.8 68.6 104.6 779 306.85 60.6 104.7 74.7
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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
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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
grounds in Europe or Northern Africa) and 6 were long-
distance migrants which winter in sub-Saharan Africa (see
Table 1).

Reconstruction of arrival dates

For each of the 13 species, we reconstructed annual mean
FAD time series within a mixed-effects modelling framework
with year as fixed effect and site as random effect (Hakkinen
et al. 1995; Schaber et al. 2010; Table S2). Multi-site com-
bined arrival time series were estimated in R-package
“pheno” for each species. This package provides functions

which enable to deal with estimations of combined phenolog-
ical time series (Schaber 2012). We used linear mixed effects
model (LMM, R-package “Ime4”) to compare timing of ar-
rivals during the first and last 30-year period with year and
species as random effects. Barn swallow arrivals were not
included in this model as records of its arrival start later.
Temporal trends in reconstructed arrivals were assessed by
generalised additive models (GAM) for the period 18282010
and by weighted linear regressions for the period 1978-2010.
As weights for linear regression, we used the square root of the
number of observations per year and species (Table S3).
Similarly, weighted linear regression was used to assess tem-
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 —7.58 031 <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
of'years 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



Int J Biometeorol

Fig. 2 Reconstructed mean first = AIauda ?r\a ensis @ qPhoenicurus phoenicurus
arrival dates with 95% confidence o] *’ s ‘M
intervals in the Czech Republic ° : h W { f m #;,%,.(s :o."‘:’ {W R 1
for the period 1828-2010. The 7] m w Pﬂ :
arrivals are expressed as annual 3 - , : § -
deviations relative to vernal 1850 1800 1950 2000 1850 1800 1850 2000
equinox (zero line). Species are . ] rul{nus 7 Ig+aris ) + 3 i H:run o rustica
ordered according to their mean i { 4~ fooph Fi S - L’ = s .
first arrival date (FAD). Left & ww WA%H ""-.j*ﬂ".. ’f :.“ﬁ *&Wﬁf o] #‘ 'ﬁ:; A W,
column: short-distance migrants, o] * f * ¢ ; i
right column: long-distance A : : : : = , :
migrants 1850 1900 1950 2000 1850 1800 1950 2000
S VanelHuT vanellus 3 7| Delichon urhicum
i o] A
MRt WWWW o ] e
o _ ¢ «
ORI -
: Y -\ T T T T T T e -\ T T T T T
g 1850 1900 1950 2000 1850 1900 1950 2000
t_g g Mota illa alba 3 Cucu]ﬁ canorus
= 1 ] ol
o 2 } oo et Mhiven
ULV s
: -W W»MWWWW o1 R
C o T
% 1 ‘ ‘ ol — : : :
o 1850 1800 1950 2000 1850 1900 1950 2000
S Columbr palumbus & {Apus ap
g -
ST WWWW I Wﬂ kot
Lk \ w WM% ﬁ i W/
% - T T T T T T © - T T
1850 1900 1950 2000 1850 1900 1950 2000
- Turdus phflomelos o | Coturnix ¢ urnlx
il °° )
i o gy 1 A
Sl {if vy ¥ W s
g o
1850 1800 1950 2000 1825 1850 1875 1900 1925 1950 1875 2000
€ {Phoenjcyrus ochruros
T e
8 i {

T T T T T T T T
1825 1850 1875 1900 1925 1950 1975 2000

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
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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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Table 2  Weighted linear regression statistics of the relationship between mean first arrival dates (FAD) and monthly temperature for the coldest and the warmest 30-year periods

Coldest period Warmest period
Species Month  Period Number TS(@°C!) SE t R P Period Number TS(d°C') SE t R P P diff
Alauda arvensis Feb 1828-1857 23 -1.554 0.569 —2.73 026  0.013 19782010 33 -1.749 0317 -553 0.50 <0.001 0.884
Sturnus vulgaris Feb 1828-1857 22 -0.709 0.657 -1.08 0.06 0293 19782010 33 -1.453 0311 —4.67 041 <0.001 0.242
Vanellus vanellus Mar 1828-1857 21 -2.350 0.638 —3.68 042  0.002 19782010 33 -2.543 0.466 —546 049 <0.001 0.886
Motacilla alba Mar 1828-1857 23 -2.196 0516 —4.25 046 <0.001 1978-2010 33 -2.028 0323 —629 0.56 <0.001 0918
Columba palumbus Mar 1828-1857 22 -1.923 0479 —4.01 045  0.001 19782010 33 -2.126 0.656 —324 025  0.003 0.765
Turdus philomelos Mar 1828-1857 21 -2.653 0.555 —4.78 0.55 <0.001 1978-2010 33 -2.072 1.188 -1.75 0.9  0.091 0615
Phoenicurus ochruros Mar 1828-1857 21 -1.520 0411 -370 042  0.002 19782010 33 -1.461 0309 —4.73 042 <0.001 0.958
Phoenicurus phoenicurus ~ Apr 1888-1917 30 0.898 0.801  1.12 0.04 0272 1978-2010 31 -1.411 0434 325 027  0.003 0.006
Hirundo rustica Apr 1888-1917 27 -1.160 0.788 —147 0.08  0.153 1978-2010 33 -1.794 0.463 —3.88 033 <0.001 0.449
Delichon urbicum Apr 1888-1917 25 -1.728 0.657 —2.63 023 0015 19782010 33 -1.263 0265 —4.76 042 <0.001 0.576
Cuculus canorus Apr 1888-1917 30 -1.285 0370 —348 030  0.002 19782010 33 —0.966 0226 —428 037 <0.001 0362
Apus apus Apr 1888-1917 23 -1.251 0.785 159 0.1 0126 19782010 33 -1.084 0355 -3.06 023  0.005 0.949
Coturnix coturnix Apr 1888-1917 21 -1.037 1317 =079 0.03 0441 19782010 32 -2.187 0.640 —342 028  0.002 0.605

Species are listed in ascending order according to their mean FAD

Month the focal month linked to the bird arrival, Number number of years with available data in the 30-year period, 7 temperature sensitivity, estimate of FAD against mean monthly temperature, SE
standard error of the estimate, P diff significance of comparisons of the slopes of temperature sensitivity between the coldest and the warmest periods, significant P values (<0.05) are in bold

[ox0333WOTg [ U]
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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
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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
etal. (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.

Acknowledgements Thousands of volunteers have contributed with
their observations. Without their input, it would be impossible to recon-
struct bird arrivals over two centuries. We thank the reviewers for con-
structive comments on an earlier version of the paper. EK was supported
by Palacky University internal grant for graduate students (IGA PrF).

References

Ahas R (1999) Long-term phyto-, omitho- and ichthyophenological time-
series analyses in Estonia. Int J Biometeorol 42:119-123

Ambrosini R, Rubolini D, Mgller AP, Bani L, Clark J, Karcza Z,
Vangeluwe D, du Feu C, Spina F, Saino N (2011) Climate change
and the long-term northward shift in the African wintering range of
the barn swallow Hirundo rustica. Clim Res 49:131-141

Askeyev OV, Sparks TH, Askeyev IV (2009) Earliest recorded Tatarstan
skylark in 2008: non-linear response to temperature suggests ad-
vances in arrival dates may accelerate. Clim Res 38:189—192

Beklova M (1975) Ankuft und Abzug der tschechoslowakischen
Population Hirundo rustica, Delichon urbica und Apus apus. Folia
Zool 24:21-42

Beklova M, Pikula J, Sabatka L (1983) Phenological maps of bird migra-
tion. Acta Sc Nat Brno 17:1-47

Berthold P (1996) Control of bird migration. Chapman & Hall, London

Berthold P, Helbig AJ, Mohr G, Querner U (1992) Rapid microevolution
of migratory behaviour in a wild bird species. Nature 360:668—670

Bitterlin LR, van Buskirk J (2014) Ecological and life history correlates
of changes in avian migration timing in response to climate change.
Clim Res 61:109-121

Both C (2007) Comment on “Rapid advance of spring arrival dates in
long-distance migratory birds”. Science 315:598

Both C, Van Asch M, Bijlsma RG, Van den Burg AB, Visser ME (2009)
Climate change and unequal phenological changes across four tro-
phic levels: constrains or adaptations? J Anim Ecol 78:73-83

Both C, Van Turnhout CAM, Bijlsma RG, Siepel H, Van Strien AJ,
Foppen RPB (2010) Avian population consequences of climate
change are most severe for long-distance migrants in seasonal hab-
itats. Proc R Soc B 277:1259-1266

Both C, Visser ME (2001) Adjustment of climate change is constrained
by arrival date in a long-distance migrants. Nature 411:296-298

Brazdil R, Bélinova M, Roznovsky J (2011) Phenological observations
made by the I. R. Bohemian Patriotic-Economic Society, 1828—
1847. Theor Appl Climatol 105:71-81

Brazdil R, Bélinova M, Dobrovolny P (2012) Temperature and precipi-
tation fluctuations in the Czech lands during the instrumental period.
Masarykova Univerzita, Brno

Chambers LE, Altwegg R, Barbraud C, Barnard P, Beaumont L,
Crawford R, Durrant JM, Hughes L, Keatley MR, Low M,
Morellato LPC, Poloczanska E, Ruoppolo V, Vansteels R, Woehler
E, Wolfaardt A (2013) Changes in southern hemisphere phenology.
PLoS One 8:¢75514

Dunn PO, Moller AP (2014) Changes in breeding phenology and popu-
lation size of birds. J Anim Ecol 83:729-739

Ellwood ER, Primack RB, Talmadge ML (2010) Effects of climate
change on spring arrival times of birds in Thoreau’s Concord from
1851 to 2007. Condor 112:754-762

Ellwood ER, Diez JM, Ibafjez I, Primack RB, Kobori H, Higuchi H,
Silander JA (2012) Disentangling the paradox of insect phenology:
are temporal trends reflecting the response to warming? Oecologia
168:1161-1171

Finch T, Pearce-Higgins JW, Leech DI, Evans KL (2014) Carry-over
effects from passage regions are more important than breeding cli-
mate in determining the breeding phenology and performance of
three avian migrants of conservation concern. Biodivers Conserv
23(10):2427-2444

Fu YH, Zhao H, Piao S, Peaucelle M, Peng S, Zhou G, Ciais P, Huang M,
Menzel A, Penuelas J, Song Y, Vitasse Y, Zeng Z, Janssens [A
(2015) Declining global warming effects on the phenology of spring
leaf unfolding. Nature 526:104-107

Goodenough AE, Fairhurst SM, Morrison JB, Cade M, Morgan PJ
(2015) Quantifying the robustness of first arrival dates as a measure
of avian migratory phenology. Ibis 157:384-390

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

Gordo O, Doi H (2012) Drivers of population variability in phenological
responses to climate change in Japanes birds. Clim Res 54:95-112

Gordo O, Sanz JJ (2005) Phenology and climate change: a long-term
study in a Mediterranean locality. Oecologia 146:484—495

Gordo O, Sanz JJ, Lobo JM (2007) Environmental and geographical
constraints on common swift and barn swallow spring arrival pat-
terns throughout the Iberian Peninsula. J Biogeogr 34:1065-1076

Gordo O, Tryjanowski P, Kosicki JZ, Fulin M (2013) Complex pheno-
logical changes and their consequences in the breeding success of a
migratory bird, the white stork Ciconia ciconia. J Anim Ecol 82:
1072-1086

Gwinner E (1996) Circadian and circannual programmes in migratory
birds. J Anim Ecol 75:1119-1127

Hakkinen R, Linkosalo T, Hari P (1995) Methods for combining pheno-
logical time-series - application to bud burst in birch (Betula
pendula) in central Finland for the period 1896—1955. Tree
Physiol 15:721-726

Halkka A, Lehikoinen A, Velmala W (2011) Do long-distance migrants
use temperature variations along the migration route in Europe to
adjust the timing of their spring arrival? Boreal Environ Res 16:35—
48

Heide OM, Prestrud AK (2005) Low temperatures, but not photoperiod,
controls the growth cessation and dormancy induction and release in
apple and pear. Tree Physiol 25:109-114

Hovestadt T, Nowicki P (2008) Process and measurement errors of pop-
ulation size: their mutual effects on precision and bias of estimates
for demographic parameters. Biodivers Conserv 17(14):3417-3429

Jochner S, Ankerst D, Beck GA, Hoefler J, Traidl-Hofmann C, Menzel A
(2013) Nutrient status—the missing factor in phenological research.
J Exp Bot 64:2081-2092

Jonzén N, Lindén A, Ergon T, Knudsen E, Vik OJ, Rubolini D, Piacentini
D, Brinch C, Spina F, Karlsonn L, Stervander M, Andersson A,
Walderstrom J, Lehikoinen A, Edvardsen E, Solvang R, Stenseth
NC (2006) Rapid advance of spring arrival dates in long-distance
migratory birds. Science 312:1959-1961

Jonzén N, Hedenstrém A, Lundberg P (2007) Climate change and the
optimal arrival of migratory birds. Proc R Soc B 274:269-274

Kharouba H, Paquette SR, Kerr JT, Vellend M (2014) Predicting the
sensitivity of butterfly phenology to temperature over the past cen-
tury. Glob Chang Biol 20:504-514

Knudsen E, Lindén A, Both C, Jonzén N, Pulido F, Saino N, Sutherland
WIJ, Bach LA, Coppack T, Ergon T, Gienapp P, Gill JA, Gordo O,
Hedenstrom A, Lehikoinen E, Marra PP, Moller AP, Nilsson ALK,
Péron G, Ranta E, Rubolini D, Sparks TH, Spina F, Studds CE,
Sather SA, Tryjanowski P, Stenseth NC (2011) Challenging claims
in the study of migratory birds and climate change. Biol Rev 86:
928-946

@ Springer



Int J Biometeorol

Kolatova E, Adamik P (2015) Bird arrival dates in Central Europe based
on one of the earliest phenological networks. Clim Res 63:91-98

Korner C, Basler D (2010) Phenology under global warming. Science
327:1461-1462

Kullberg C, Fransson T, Hedlund J, Jonzén N, Langvall O, Nilsson J,
Bolmgren K (2015) Change in spring arrival of migratory birds
under era of climate change, Swedish data from the last 140 years.
Ambio 44(1):69-77

Laube J, Sparks TH, Estrella N, Menzel A (2014) Heat or humidity,
which triggers tree phenology? New Phythol 202(2):350-355

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

Marra PP, Francis CM, Mulvihill RS, Moore FR (2005) The influence of
climate on the timing and rate of spring bird migration. Oecologia
142:307-315

Miller-Rushing A, Lloyd-Evans TL, Primack RB, Satzinger P (2008)
Bird migration times, climate change, and changing population
sizes. Glob Chang Biol 14:1959-1972

Mitrus C, Sparks TH, Tryjanowski P (2005) First evidence of phenolog-
ical change in a transcontinental migrant overwintering in the Indian
sub-continent: the Red-breasted Flycatcher Ficedula parva. Ornis
Fennica 82:13-19

Moller AP, Rubolini D, Lehikoinen E (2008) Populations of migratory
bird species that did not show a phenological response to climate
change are declining. Proc Natl Acad Sci U S A 42:16195-16200

Naef-Daenzer B, Luterbacher J, Nuber M, Rutishauser T, Winkel W
(2012) Cascading climate effects and related ecological conse-
quences during past centuries. Clim Past 8:1527-1540

Nakazawa T, Doi H (2012) A perspective on match/mismatch of phenol-
ogy in community contexts. Oikos 121:489-495

Newton I (2007) Weather-related mass-mortality events in migrants. Ibis
149:453-467

Parmesan C (2007) Influences of species, latitudes and methodologies on
estimates of phenological response to global warming. Glob Chang
Biol 13:1860-1872

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate
change impacts across natural systems. Nature 421:37-42

Pearce-Higgins JW, Green RE (2014) Birds and climate change: impacts
and conservation responses. Cambridge University Press

Pulido F, Berthold P (2010) Current selection for lower migratory activity
will drive the evolution of residency in a migratory bird population.
Proc Natl Acad Sci U S A 107:7341-7346

Quansheng G, Huanjiong W, Jingyun Z, Rutishauser T, Junhu D (2014)
A 170 year spring phenology index of plants in eastern China. J
Geophys Res-Biogeo 119:301-311

Rainio K (2008) Climate change effects on avian migration. Dissertation,
University of Turku

Root TL, Price JT, Hall KR, Schneider SH, Rozenzweig C, Pounds JA
(2003) Fingerprints of global warming on wild animals and plants.
Nature 421:57-60

Rubolini D, Meller AP, Rainio K, Lehikoinen E (2007) Intraspecific
consistency and geographic variability in temporal trends of spring
migration phenology among European bird species. Clim Res 35:
135-146

Rutishauser T, Luterbacher J, Defila C, Frank D (2008) Swiss spring
phenology 2007: extremes, a multi-century perspective, and chang-
es in temperature sensitivity. Geophys Res Lett 35:L05703.
doi:10.1029/2007GL032545

Rutishauser T, Schleip C, Sparks TH, Nordli @, Menzel A, Wanner H,
Jeanneret F, Luterbacher J (2009) Temperature sensitivity of Swiss
and British plant phenology from 1753 to 1958. Clim Res 39:179—
190

Sagarin R (2001) False estimates of the advance of spring. Nature 414:
600

@ Springer

Saino N, Ambrosini R (2008) Climatic connectivity between Africa and
Europe may serve a basis for phenotypic adjustment of migration
schedules of trans-Saharan birds. Glob Chang Biol 14:250-263

Sanz JJ, Potti J, Moreno J, Merino S, Frias O (2003) Climate change and
fitness components of migratory bird breeding in the Mediterranean
region. Glob Chang Biol 9:461-472

Schaber J, Badeck F, Doktor D, von Bloh W (2010) Combining messy
phenological time series. In: Hudson IL, Keatley MR (ed)
Phenological Research, Springer, pp 147-158

Schaber J (2012) Pheno: auxiliary functions for phenological data analy-
sis. R package version 1:6 Available at: http://CRAN.R-project.
org/package=pheno

Schleip C, Rutishauser T, Luterbacher J, Menzel A (2008) Time series
modelling and central European temperature impact assessment of
phenological records over the last 250 years. J Geophys Res 113:
G04026. doi:10.1029/2007/JG000646

Schwartzberg EG, Jamieson MA, Raffa KF, Reich PB, Montgomery RA,
Lindroth RL (2014) Simulated climate warming alters phenological
synchrony between an outbreak insect herbivore and host trees.
Oecologia 3:1041-1049

Smallegange IM, Fiedler W, Koppen U, Geiter O, Bairlein F (2010) Tits
on the move: exploring the impact of environmental change on blue
and great tit migration distance. J Anim Ecol 79:350-357

Sparks TH (1999) Phenology and the changing pattern of bird migration
in Britain. Int J Biometeorol 42:134-1938

Sparks TH, Carey PD (1995) The responses of species to climate over
two centuries: an analysis of the Marsham phenological record,
1736-1947. J Ecol 83:321-329

Sparks TH, Huber K, Bland RL, Crick HQP, Croxton PJ, Flood J, Loxton
RG, Mason CF, Newnham JA, Tryjanowski P (2007) How consis-
tent are trends in arrival (and departure) dates of migrant birds in the
UK? J Ornithol 148:503-511

Stenseth NC, Mysterud A (2002) Climate, changing phenology, and other
life history traits: nonlinearity and match—mismatch to the environ-
ment. Proc Natl Acad Sci U S A 99:13379-13381

Stervander M, Lindstrdm A, 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

Sutherland WJ (1998) Evidence for flexibility and constraint in migration
systems. J Avian Biol 29:441-446

Thackeray SJ, Sparks TH, Frederiksen M, Burthe S, Bacon PJ, Bell JR,
Botham MS, Brereton TM, Bright PW, Carvalho L, Clutton-Brock
T, Dawson A, Edwards M, Elliot JM, Harrington R, Johns D, Jones
ID, Jones JT, Leech DI, Roy DB, Scott WA, Smith M, Smithers RJ,
Winfield 1J, Wanless S (2010) Trophic level asynchrony in rates of
phenological change for marine, freshwater and terrestrial environ-
ments. Glob Change Biol 16:3304-3313

Tooke F, Battey NH (2010) Temperate flowering phenology. J Exp Bot
61:2853-2862

Tryjanowski P, Kuzniak S, Sparks TH (2005) What effects the magnitude
of change in first arrival dates of migrant birds? J Ornithol 146:200—
205

Usui T, Butchart SHM, Phillimore AB (2016) Temporal shifts and tem-
perature sensitivity of avian spring migratory phenology: a phylo-
genetic meta-analysis. J] Anim Ecol. doi:10.1111/1365-2656.12612

Van Ash M, Van Tienderen P, Holleman LJM, Visser ME (2007)
Predicting adaptation of phenology in response to climate change,
an insect herbivore example. Glob Chang Biol 13:1596-1604

Visser ME, Holleman LIM (2001) Warmer springs disrupt the synchrony
of oak and winter moth phenology. Proc R Soc B 268:289-294

Visser ME, Perdeck AC, van Balen JH, Both C (2009) Climate change
leads to decreasing bird migration distances. Glob Chang Biol 15:
1859-1865



Int J Biometeorol

Wang H, Dai J, Zheng J, Ge Q (2015) Temperature sensitivity of plant
phenology in temperate and subtropical regions of China from
1850-2009. Int J Climatol 35:913-922

Zalakevicius M, Bartkeviciene G, Raudonikis L, Janulaitis J (2006)
Spring arrival response to climate change in birds: a case study from
eastern Europe. J Ornithol 147:326-343

Zhang X, Tarpley D, Sullivan JT (2007) Diverse responses of vegetation
phenology to warming climate. Geophys Res Lett 34:1.19405.
doi:10.1029/2007GL031447

Zar JH (1999) Biostatistical analysis. Prentice Hall

Zuur AF, Ieno EN, Elphick CS (2009) A protocol for data exploration to
avoid common statistical problems. Methods Ecol Evol 1:3-14

@ Springer



Supplementary material Appendix

Changes in spring arrival dates of and temperature sensitivity of
migratory birds over two centuries.

Eva Kolafova', Michael Matiu®, Annette Menzel*”, Jifi Nekovai*, Petr Lumpe®,
Peter Adamik’

E. Kolarovd, Palacky University, Faculty of Science, Department of Zoology and
Laboratory of Ornithology, 17. listopadu 50, Olomouc, 77146, Czech Republic. — M.
Matiu, Technische Universitdit Miinchen, Ecoclimatology, Department of Ecology and
Ecosystem Management, Hans-Carl-von-Carlowitz-Platz 2, Freising, 85354, Germany. —
A. Menzel, Technische Universitdit Miinchen, Ecoclimatology, Department of Ecology and
Ecosystem Management, Hans-Carl-von-Carlowitz-Platz 2, Freising, 85354, Germany,
Institute for Advanced Study, Technische Universitdit Miinchen, LichtenbergstrafSe 2a,
85748 Garching, Germany. — J. Nekovadr, Czech Hydrometeorological Institute, Na
Sabatce 17, Prague, 143 06, Czech Republic. — P. Lumpe, Agency for Nature
Conservation and Landscape Protection, Mélnik, 276 01, Czech Republic. — P. Adamik,
Palacky University, Faculty of Science, Department of Zoology and Laboratory of
Ornithology, 17. listopadu 50, Olomouc, 77146, Czech Republic.

Corresponding author: Eva Koléarova, evakolar@seznam.cz
Tel.: +420 776 801 500

Content:
Table S1 An overview of the data sources.

Figure S1 An overview of the data structure and sources used for reconstructions of mean first arrival dates
in the period 1828-2013.

Table S2 Reconstructed mean first arrival dates (expressed as deviations from vernal equinox) for 13 bird
species to the Czech Republic during the period 1828-2010.

Table S3 Results of the generalized additive models (GAM) for the period 1828-010 and weighted linear
regression estimates of temporal trends in mean first arrival dates during 1978-2010. Species are listed in
ascending order according to their mean first arrival day (FAD). Column labels: n - number of years, mean
FAD - mean first arrival date for the given period, F - F-statistics, DE (%) - percentage of explained
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Table S1 An overview of the data sources. The length of the time series and number of records (n) are
given for each bird species. Species are listed in ascending order according to their mean first arrival day
(FAD). Data sources: a - Patriotic-Economic Society 1828—-1847, b - Jahrbiicher der Zentralanstalt fiir
Meteorologie 1853—-1867, ¢ - Verhandlungen des Naturforschenden Vereines in Briinn 1867-1906, d -
Personal Diaries 1867-2010, e - Grey literature 1896-2008, f - Franz Zdobnitzky diaries 1900-1909, g -
Czech Hydrometeorological Institute 1923—2002, h - Czech Society for Ornithology 1931-2009, i - Czech
avifaunistic database 1978-2010.

Species Time series n a b c d e f g h i
Alauda arvensis 1828-2010 13152 203 31 522 212 26 - 1123 878 49
Sturnus vulgaris 1828-2010 13965 137 331 227 23 10 12182 974 76
Vanellus vanellus 1828-2010 1226 93 151 177 21 12 - 664 103
Motacilla alba 1828-2010 1902 184 22 370 252 37 - - 962 75
Columba palumbus 1828-2010 1401 161 10 278 162 18 11 - 697 64
Turdus philomelos 1828-2010 6110 148 1 235 194 14 — 4687 764 67
Phoenicurus ochruros 1828-2010 1447 113 3 84 214 18 - - 950 65
Phoenicurus phoenicurus 1828-2010 973 96 105 172 15 - - 527 50
Hirundo rustica 1853-2010 14142 - 16 435 221 27 25 12301 1018 99
Delichon urbicum 1828-2010 5784 207 19 104 181 15 9 4459 21 69
Cuculus canorus 1828-2010 13546 196 18 438 238 20 19 11688 847 82
Apus apus 1828-2010 4046 112 7 55 177 29 9 2716 857 84
Coturnix coturnix 1828-2010 2795 145 13 136 119 9 6 2033 320 14




Figure S1 An overview of the data structure and sources used for reconstructions of mean first arrival dates
in the period 1828-2013. a - Patriotic-Economic Society 1828—1847 — for details on this dataset see
Kolatova and Adamik (2015), b - Jahrbiicher der Zentralanstalt fiir Meteorologie 1853—-1867 — this is a
series of monographs with station-based data on bird arrivals, ¢ - Verhandlungen des Naturforschenden
Vereines in Briinn 1867—1906 — this is a series of reports published annually by Natural History Society in
Brno in their journal “Verhandlungen”, d - Personal Diaries 1867-2010 — this is a series of unpublished
data by well-skilled ornithologists that we collated from archives in various museum across Czechia and by
a personal correspondence with some old ornithologists, e - Grey literature 1896—2008 — this is a series of
dozens of local articles on bird arrivals published in local Czech journals like Ceskoslovensky ornitholog,
Pfiroda, Zpravy MOS, etc., f - Franz Zdobnitzky 1900—-1909 - a series of reports published in Zeitschrift
des Mihrischen Landesmuseums, g - Czech Hydrometeorological Institute 1923-2002 — the institute
coordinated a national phenological network for several decades, data originate from the archive and
published annual reports , h - Czech Society for Ornithology 1931-2009 — the society coordinated its own
network on arrival dates — data represent unpublished archival records, i - Czech avifaunistic database
1978-2010 — data from the public database on bird observations avif.birds.cz run by the Czech Society for
Ornithology.
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Table S2 Reconstructed mean first arrival dates (expressed as deviations from vernal equinox) and number of
observations per year (n) for 13 bird species to the Czech Republic during the period 1828-2010. Species
abbreviations: ala_arv - Alauda arvensis, stu_vul - Sturnus vulgaris, van_van - Vanellus vanellus, mot_alb -
Motacilla alba, col_pal - Columba palumbus, tur_phi - Turdus philomelos, pho_ochr - Phoenicurus ochruros,
pho_pho - Phoenicurus phoenicurus, hir_rus - Hirundo rustica, del_urb - Delichon urbicum, cuc_can - Cuculus
canorus, apu_apu - Apus apus, cot_cot - Coturnix coturnix.



year ala_arv stu_vul van_van mot_alb col_pal tur_phi pho_ochr pho_pho hir_rus del_urb cuc_can apu_apu cot_cot
est n est n est n est n est n est n est n est n est n est n est n est n est n
1828 -355 10 13 6 111 1 1119 72 6 131 5 101 2 156 2 - 249 10 267 7 342 5 385 8
1829 262 7 65 6 -78 8 48 5 27 5 95 4 205 4 - 213 8 285 6 406 4 492 7
1830 228 13 162 6 85 3 127 7 03 7 117 48 5 119 6 - 252 11 37 1N 433 2 406 8
1831 364 9 146 5 96 4 160 7 85 8 112 5 137 6 185 3 - 154 9 264 9 309 4 418 6
1832 352 10 201 5 110 4 136 8 97 6 66 7 109 7 183 3 - 214 10 294 10 364 6 553 9
1833 411 8 338 4 116 6 156 5 81 6 135 4 157 2 204 2 - 212 6 390 7 410 2 509 2
1834 426 4 149 4 96 6 202 7 -116 7 -136 4 254 1 123 3 - 257 10 347 10 49 2 483 7
1835 372 8 52 5 473 7 A7 7 111 8 46 4 131 4 149 3 - 263 8 378 6 393 3 542 7
1836 321 9 119 5 112 5 135 7 89 7 67 6 30 5 149 4 - 215 9 340 9 445 4 56.3 7
1837 367 9 181 6 53 5 -72 10 26 9 06 9 147 6 166 6 - 231 1 349 10 364 5 470 5
1838 273 9 142 6 46 4 -151 02 8 81 8 62 5 214 6 - 245 10 365 8 425 5 548 5
1839 261 7 202 5 26 5 6.9 44 6 19 7 146 5 255 4 - 219 8 368 8 450 4 633 4
1840 250 11 14 6 100 6 -1.1 50 8 127 9 196 7 265 6 - 232 10 325 9 406 7 632 5
1841 279 14 185 10 17 5 90 11 40 10 31009 63 7 172 6 - 298 13 333 13 415 8 538 7
1842 -306 15 -203 11 737 164 13 14 11 -10.1 10 48 10 184 7 - 254 14 354 15 420 8 566 9
1843  -333 14 181 9 -70 5 136 14 65 10 -113 9 81 8 104 8 - 234 13 295 12 362 10 473 11
1844 194 13 75 9 24 7 42 1 84 9 64 10 19 7 180 6 - 279 13 357 11 437 7 616 9
1845 19 13 53 11 57 4 07 12 76 11 164 11 173 7 161 7 - 249 11 340 11 353 9 585 9
1846 -302 9 143 8 41 3 207 10 141 8 36 9 35 6 81 2 - 214 10 293 11 405 7 495 9
1847 287 11 -149 10 63 6 712 12 52 11 18 10 114 9 138 8 - 270 13 303 13 405 10 552 11
1848 - - - - - - - - - -
1849 - - - - - - - - - -
1850 - - - - - - - - - -
1851 - - - - - - - - - -
1852 - - - - - - - - - -
1853 183 1 183 1 - - - - 403 1 343 1 434 1 - -
1854  -31.8 2 - - - - - 358 2 - - - -
1855 270 6 231 2 187 2 07 4 48 2 23 1 - 91 1 348 5 209 2 468 4 - 588 3
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Table S3 Results of the generalized additive models (GAM) for the period 1828-2010 and weighted linear regression estimates of temporal trends in mean first arrival dates
during 1978-2010. Species are listed in ascending order according to their mean first arrival day (FAD). Column labels: n - number of years, mean FAD - mean first arrival

date for the given period, F - F-statistics, DE (%) - percentage of explained variation, year - regression estimates of mean first arrival against year. The effective degrees of

freedom of the smoother in GAMs was optimized for each species (see Fig. S3) .

1828-2010 1978-2010
Species n mean FAD F DE (%) P n mean FAD year SE t R2 P
Alauda arvensis 156  Mar1 799 2240 <.001 33 Mar6 -0.166 0122  -1.36 0.06 0.185
Sturnus vulgaris 155  Mar6 1.83  10.60 0.090 33  Mar7 -0.288  0.101 -2.85 0.21 0.008
Vanellus vanellus 131 Mar13 289 1640 0.008 33  Mar13 0130 0138  -0.94 0.03 0.353
Motacilla alba 166  Mar 14 710  25.00 <.001 33  Mar18 -0.078 0104  -0.75 0.02 0.460
Columba palumbus 127 Mar 19 515 2560 <.001 33 Mar22 0581 0125 -4.64 0.41 <.001
Turdus philomelos 151 Mar23 16.05 49.30 <.001 33  Mar28 -1.066 0123  -8.69 0.71 <.001
Phoenicurus ochruros 143 Mar 28 6.75  27.00 <.001 33 Mar27 0119 0.086  -1.39 0.06 0.175
Phoenicurus phoenicurus 153 Apr 11 3160 60.80 <.001 31 Apr22 -0.297  0.098  -3.02 0.24 0.005
Hirundo rustica 140  Apr 16 1237 46.60 <.001 33 Apr17 0478  0.044 -10.82 0.79 <.001
Delichon urbicum 155  Apr22 2507 5830 <.001 33 Apr26 0234 0.042 -558 0.50 <.001
Cuculus canorus 167  Apr 26 1711 48.10 <.001 33  May1 -0178  0.037  -4.83 0.43 <.001
Apus apus 149  May3 6.97 28.70 <.001 33  Mayb 0316 0.040 -7.82 0.66 <.001
Coturnix coturnix 148  May 15 947 3940 <.001 32  May17 -0.585 0.086  -6.80 0.61 <.001
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Figure S2
Annual changes in mean monthly temperature extracted from Brazdil ef al. (2012) for February (black), March
(red) and April (blue) in the Czech Republic during 1828-2010.

Temperature [°C]

1825 1850 1875 1900 1925 1950 1975 2000
Year
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Figure S3

Changes in arrival dates obtained by GAM for the period 1828-2010 (in Hirundo rustica for the period
1853-2010). The optimal degrees of freedom (edf, following Zuur (2012)) for the smoother of each species is
provided. The smoother is centred around zero.

References: Zuur A.F. (2012) Beginner's Guide to Generalized Additive Models. Highland Statistics. Newburgh.
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Abstract

Phenology of birds’ arrivals is broadly studied topic related to current climate change. However,
other important life events such as onset of breeding and departure should also be studied to
get more complete picture of the changes in the whole annual cycle of the species. Therefore,
we analysed mean first arrival dates (FAD) and mean last departure dates (LDD) in three long-
distance migrants - barn swallow (Hirundo rustica), house martin (Delichon urbicum) and
common swift (Apus apus) — between 1923 and 2009, and mean onset of breeding (BD) in
Hirundo rustica between 1939 and 2009. In addition, we assessed carry-over effects on the
population level between mean FADs and mean LDDs within the season and between seasons in
all three species. We found delay in mean FADs from beginning of the data series but rapid
advancements after 1970 in all three species. This together with slight advancements in their
mean LDDs resulted in the prolongation of their residency time on breeding sites. Overall, the
length of the interval between mean FAD and mean BD in the swallow slightly shortened across
the period 1939-2009 but there was a clear pattern in prolongation since 1973 caused by rapid
advancement of mean FAD. The arrivals in the swallow and the house martin were negatively
correlated with departures within the season, which means that in years when the population
arrived early in the spring it departed late in the same year and vice versa. Moreover, on
between-years level when the population departed late in the given year, it arrived early in the
spring in the following year. Our study demonstrates that studying several life events can help
uncover how the annual life cycle of the species is influenced by climate change as a whole.



Key words: annual life cycle, carry-over effect, first arrival, last departure, long-distance migrant,
migration, onset of breeding

1. Introduction

Spring migration is a crucial life event of the annual life cycle of an individual. There is consistent
agreement about an advancement of the spring arrivals due to increasing temperature (Gordo
2007, Knudsen et al. 2011). However, in order to get a complete picture of the whole annual life
cycle it is necessary to include also two other fundamental life events - the onset of breeding
and autumn migration (Carey 2009). Especially the last one has been so far neglected from at
least two reasons (Galliant et al. 2015). First, long and reliable phenological series for autumn
migration are very rare. Second, variability in the timing of bird autumn migration implies that
wider range of triggers might play arole in onset of this phenophase, which hampers the
interpretation of findings (Adamik and Pietruszkova 2008, Gordo 2007, Sparks et al. 2007,
Tettrup et al. 2006). Consequently, there are numerous studies well documenting spring
migration but a lack of studies assessing the whole annual cycle (Galliant at el. 2015).

This issue is especially appealing in long-distance migrants. They are limited in responses to
changing temperature due to their endogenous mechanisms controlling the onset of migration
(Berthold 1996). This results in less advanced spring arrival compared to short-distance migrants
(Gordo 2007, Kolarova et al. 2017). However, it seems that an inability to adequately advance
their arrival to breeding sites is partly compensated by the shortening of the interval between
arrival and onset of breeding. This was found in several long-distance migrants (Both and Visser
2001, Rubolini et al. 2007, Weidinger and Kral 2007). This strategy enables them to begin the
nesting as early as possible and thus potentially prolong their breeding season.

Another strategy how to prolong the breeding season is to postpone departure, which may be
enabled by prolonged growing season. Benefits of this strategy can differ between species with
different breeding and migratory strategies. Delay in departure was found in short-distance
migrants (for both single and double brooded species). In contrast, long-distance migrants did
not change their departure, provided they were facultatively double brooded species but
advanced it provided they were strictly single brooded species (Jenni and Kéry 2003). The
contrasting findings of advancement of departures in long-distance migrants and delaying them
in short-distance migrants across several taxomonic groups were found also by other authors
despite they did not include the breeding strategy (Filippi-Codaccioni et al. 2010, Lehikoinen and
Jaatinen 2012, Mezquida et al. 2007, Sparks and Braslavska 2001).

In addition to the above-mentioned issues, departure is a subject of carry-over effects (Harrison
et al. 2011). This implies that departure can be influenced by life events, which the individual has
experienced during the season on the breeding site (within-season effect, Catry et al. 2013,
Senner et al. 2014). At the same time these events can also influence the life events in the next
season (between-seasons effect, Conklin et al. 2013). Previous study on 10 ringed long-distance
migratory passerines showed a slightly negative relationship between timing of spring and
autumn migration, which implies that individuals arriving early in the spring departed late in the



same season and vice versa (Thorup at al. 2013). Yet, this pattern was detected on individual
level and it is not clear if it can be detected also on population level and on long temporal scale.

Here, we present an assessment of the temporal trends in spring arrival, onset of nesting and
autumn departure in three long-distance migratory species. We assess the hypothesis of
shortening the interval between arrival and onset of breeding in the barn swallow as a result of
evolutionary pressure to track advancing spring phenology. Finally, we analyse potential carry-
over effects between arrival and departure within the season and between seasons in all three
species.

2. Material and methods

2. 1 Phenological data

We studied temporal changes in spring and autumn phenology in three long-distance migratory
bird species - common swift Apus apus, house martin Delichon urbicum and barn swallow
Hirundo rustica. For each species we compiled time series of observation site-specific data on
first arrival (FAD) and last departure dates (LDD) spanning the period 1923-2009 across the area
of the Czech Republic (for detailed overview of data see SOM Table 1). FAD and LDD data were
compiled from two sources - volunteer networks of Czech Hydrometeorological Institute (1923—
2002) and Czech Society for Ornithology (1994-2009).

For the barn swallow we also compiled ringing data of nestlings during 1939-2009 and spatially
covering the same area as FAD and LDD (SOM Table 1). Nestling ringing dates were shown to
serve as avery good proxy of the timing of breeding dates (BD) as there is relatively short
window (between 5" and 7% day after hatching) when ringers can ring the young nestlings
(HuSek and Adamik 2008, Najnamova and Adamik 2009) All ringing data originate from the
Czech Ringing Scheme ran by the National Museum in Prague.

The paper observation and ringing data were digitized and converted into the day of the year
format (DOY; where January1l = day 1l). When there were two and more FAD and LDD
observations per species from the same site and year we took the earliest one for FAD and the
latest one for LDD. Next, we visualised the migratory data series by box plots and Cleveland
dotplots and removed any outliers caused e.g. by mistyped values (Zuur et al. 2009). In addition,
we excluded from analyses any values which were beyond the interval of + 3 SD from the mean
to eliminate the influence of outliers to which especially FAD are sometimes sensitive
(Goodenough et al. 2015, Tryjanowski et al. 2005). This led to the exclusion of 1-2% of
observations in each species (SOM Table 1). However, due to bimodal distribution of data this
rule could not be applied in BD and we excluded only three unusually early dates. Next, we
identified all years for which we did not obtain at minimum 5 observations for FAD, LLD and BD
and excluded all data from these years.

2. 2 Data analyses
FAD and LDD annual estimates for the entire Czech Republic were obtained by using mixed-

effects models. To eliminate the effect of biased spatial sampling we considered year as a fixed



effect and site as a random effect for each species. The mixed-effects models were run in the R-
package pheno (Schaber 2012).

Next, ordinary least squares regression weighted by square root of the number of observations
per year was used to detect trends in FAD and LDD. However, an obvious non-linear temporal
pattern was identified in mean FAD. Hence, we used piecewise linear regression weighted by
square root of the number of observations per year to detect potential breakpoints of the
temporal trends. After visual inspection we choose the range of the years for the break point
and then iteratively run the linear model for each of the years. Year which had the lowest mean
square error was chosen as a breakpoint. Then we fitted linear model for each of two segments
of the time series (Crawley 2012). The annual duration of the stay on the breeding site was
estimated as a time period between the mean FAD and mean LDD.

In order to assess change in the length of the interval between arrival and beginning of the
breeding in the swallow we regressed the mean FAD estimates and the 10" percentile of BD
against year. The length of the interval was calculated as the difference in days between these
two phenophases for each year. Similarly, we assessed the changes in length of the interval
between 10" and 90" percentile for BD in order to assess the changes in the length of the
breeding season (Najmanova and Adamik 2009).

For an assessment of potential carry-over effects within season we regressed estimates from
mixed-model for mean FAD against those for mean LDD from the same year t. To assess whether
departures in year t were correlated with arrivals in year t+1, we regressed mean FAD,,; against
mean LDD; All these regressions were weighted by the square root of the number of
observations per year.

3. Results

3. 1. Temporal trends in arrivals and departures

The overall temporal trends in mean FAD were similar for all three species (Fig. 1, Table 1). They
showed a delay since 1920s which changed into strong advancement since 1970 in the swift,
1973 in the swallow and since 1980 in the house martin. As a consequence of advanced arrivals,
the length of the breeding site residency extended markedly since the middle 1990s, especially
for the swallow and the house martin. The LDD were slightly but constantly advancing in all
species over the studied period. The most pronounced advancement was found in the swift with
a shift of 14 days over the study period (b = -0.17 d year™, P = <.001).

3. 2. The relationship between first arrival and onset of breeding in the barn swallow

Timing of 10" percentile of the BD shifted by -0.15 d year™ (SE = 0.04, P< .001, Fig. 2) between
1939-2009. The temporal linear trend for mean FAD for the same period was -0.01 d year™ (SE =
0.03, P = 0.857). The mean length of the interval between these two phenophases was 59 days
(SD = 8.00, n = 64) and the interval shortened by 0.15 d year™ (SE = 0.05, P = 0.001) across the
period 1939-2009. The maximum length of the interval between mean FAD and mean BD of
89 days was recorded in 1944. Thereafter, the interval between these two phenophases was



constantly shortening until early 1990s. In 1993 the interval reached the minimum of 45 days.
But since then there was a clear pattern in prolonging the interval up to 2009.

The temporal trend for 90" percentile of the BD was -0.10 d year™ (SE = 0.05, P = 0.061). The
mean length of the interval between 10" and 90" percentile was 58 days (SD = 9.35, n = 65) and
showed slight trend of prolonging by 0.05 d year™ (SE = 0.06, P = 0.402) during the period 1939-
2009. The minimum length of the interval was detected in the year 1944. Since then until 1960s
the length of the interval was slightly prolonging and followed subsequently by shortening
between then and 1990s. During the last 20 years of the data there was a moderate trend in
prolonging the length of the interval again.

In both cases the marked changes in the length of the intervals at the beginning of the data
series were caused by the extreme value in the year 1944. When the value was removed, only
slight bending appeared at the beginning but the course of both trends remained unchanged for
the rest of the data series. The mean length was 59 days (SD = 7.12, n = 63) for the interval
between mean FAD and 10 percentile of BD and 59 days (SD = 6.78, n = 64) for interval
between 10" and 90" percentile of BD. Both intervals also shortened in the period 1939-2009.
The interval between mean FAD and 10th percentile of BD by 0.12 d year™ (SE = 0.04, P = 0.007)
and between 10" and 90" percentile of BD by 0.02 d year™ (SE = 0.04, P = 0.620).

3. 3. Carry-over effects within and between seasons

Both within and between season dates were negatively correlated in the swallow and the house
martin (Table 2, Fig. 3). The swift showed very weak positive relationship between arrival and
departure in both time periods. The swallow showed the strongest relationship between
departure and arrival within the same season (b = -0.16, P = 0.007), as well as between seasons
(b =-0.65, P <.001).

4, Discussion

We found a slight delay in arrivals over first decades of the time series and then a strong
advancements since 1970 in the swift, since 1973 in the swallow and since 1980 in the house
martin, respectively. This matches the previous findings of speeding up of spring migration since
1970s based on findings from several parts of Europe (Barrett 2011, Gordo 2005).

In the swallow we found slight shortening of the interval between first arrival and breeding date
for the period 1939-2009. However, rapid advancement of the arrival in the swallow since 1973
(b = -0.44 d year™, Table 1) caused that during the last decades the interval slightly prolonged (b
= -0.32 d year™?, SE = 0.07, P < .001 for BD during 1973-2009). The shortening of the period
between arrival and onset of breeding is usually attributed to the long-distance migrants’ effort
to catch up the temporal loss caused by inappropriate timing of their arrival and track advancing
spring phenology (Both and Visser 2001). Similar trends were found for the long-distance
migrant collared flycatcher Ficedula albicollis by Weidinger and Kral (2007, breaking point in
1980) in the Czech Republic and for the pied flycatcher Ficedula hypoleuca in Netherlands (Both
and Visser 2001) but not in the UK (Goodenough et al. 2011). Another interesting result was that



strongly advanced arrivals were responsible for extended duration of the stay in the breeding
grounds in the swallow and the house martin after ca. 1990. This might theoretically have led to
increasing proportion of barn swallows capable of laying second clutch. However, we detected
only negligible change in the length of the breeding period in the barn swallow and hence we
could not confirm this hypothesis.

Next, we found constant trends in advancing of autumn departures over the whole period in all
three species as was also shown in several long-distance migrants by previous studies
(Beaumont et al. 2006, Fillippi-Codaccioni et al. 2010, Jenni and Kéry 2003, Mezquida et al. 2007,
Sparks and Braslavska 2001). Departure advanced the most in the swift. In this species, autumn
advancement even compensated the advancement in spring arrival. As a result the duration of
the stay in the breeding sites did not prolong as in the other two species. Autumn advancements
in long-distance migrants are usually explained by their need to cross Sahara before the onset of
dry season. Recoveries of ringed birds from the Czech Republic support this hypothesis. They
revealed that swifts wintered more south (South Africa) than swallows and house martins, which
mainly wintered in central Africa. On the other hand, geolocator tracking showed that even
small passerines were able to cross Sahara within a few days. This implies that Sahara is not such
a vast barrier as was previously thought (Adamik et al. 2016, Ouwehand and Both 2016) and the
need to cross it during some climatically favourable time window is perhaps not so pressing.

Nevertheless, the swift is strictly single-brooded species with along period of parental care.
According to Jenni and Kéry (2003) such species are expected to advance the departure more
compared to species with one or two broods per year (e.g. swallow) and usually double brooded
species (e.g. house martin). According to results for 20 species and over 100 000 individuals the
multi-brooded species increased the durations of their breeding season by 0.43 d year” whereas
single-brooded species decreased it by 0.44 d year” during 1970-2007 (Mgller et al. 2010). In
addition, the mean monthly air temperature in the Czech Republic in August increased the most
during the period 1961-2005 (Brazdil et al. 2009). We therefore presume that conditions in the
breeding sites improved and as a consequence the period of parental care shortened which
resulted in advanced autumn departure.

Next, we for the first time analysed the relationship between arrival and departure on the
population level. The departure was negatively associated with arrival in the swallow and the
house martin within season, which means that in the years when population arrived early in the
spring it also stayed longer in the autumn and vice versa. This might have been caused by
conditions experienced during the breeding period on the breeding sites. We found similar
negative association for these species also between seasons indicating that when the population
departed late in a given year it arrived early in the spring of the next year. This can be result of
the conditions experienced on wintering grounds and in passage areas as was found for several
migratory species (Finch et al. 2014, Gordo and Sanz 2008, Saino et al. 2004). This type of studies
is typically carried out on marked or ringed individuals, which enables to assess the repeatability
of the patterns of migration on individual level. For example the same associations between
arrival and departure were found in ringed individuals of passerines in Denmark by Thorup et al.
(2013) and in Bewick’s swans in the UK by Rees (1989), which demonstrates that our results on
the population level have a support on the individual level.



Our study shows the relationships between three annual life events - spring arrival, onset of
breeding and autumn departure. We found that all three long-distance migrants rapidly
advanced their arrivals after 1970 and at the same time only slightly advanced their departures.
This resulted in prolonging of their residency time in the breeding sites after ca. 1990. Next, we
found that the length of the interval between arrival and onset of breeding in the swallow
shortened but we did not detect any prolonging of the breeding period. Last, there were clear
patterns in carry-over effects within and between seasons. As a whole, our results imply the
limitation of assessing the individual phenophases in isolation and at the same time also provide
new prospects in phenology, namely assessing the whole annual life cycle.

References:

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. Sci
Rep 6: 21560, Doi: 10.1038/srep21560

Adamik P, Pietruszkova J (2008) Advances in Spring but Variable Autumnal Trends in Timing of
Inland Wader Migration. Acta Ornithol 43: 119-128

Barrett RT (2011) Recent response to climate change among migrant birds in northern Norway.
Ringing and Migration. 26: 83-93

Beaumont LJ, McAllan IAW, Highes L (2006) A matter of timing: changes in the first date of
arrival and last date of departure of Australian migratory birds. Glob Change Biol 12: 1339-1354

Berthold P (1996) Control of Bird Migration. Chapman & Hall, London

Brazdil R, Chroma K, Dobrovolny P, Tolasz R (2009) Climate fluctuations in the Czech Republic
during the period 1961-2005. Int J Climatol 29: 223-242

Both C, Visser ME (2001) Adjustment to climate change is constrained by arrival date in a long-
distance migrant bird. Nature 411: 296-298

Carey C (2009) The impacts of climate change on the annual cycles of birds. Phil. Trans. R. Soc. B
364:3321-3330

Catry P, Dias MP, Phillips RA, Granadeiro JP (2013) Carry-over effects from breeding modulate
the annual cycle of a long-distance migrant: and experimental demonstration. Ecology 94(6):

1230-1235

Conklin JR, Battley PF, Potter MA (2013) Absolute consistency: Individual versus population
variation in annual-cycle schedules of a long-distance migrant bird. Plos One 8: e54535

Crawley MJ (2012) Piecewise Regression. The R Book, Second Edition, 485—-489

Filippi-Codaccioni O, Moussus J-P, Urcun J-P, Jiguet F (2010) Advanced departure dates in long-
distance migratory raptors. J Ornithol 151: 687-694



Finch T, Pearce-Higgins JW, Leech DI, Evans KL (2014) Carry-over effects from passage regions
are more important than breeding climate in determining the breeding phenology and
performance of thee avian migrants of conservation concern. Biodivers Conserv 23: 2427-2444

Galliant AS, Primack RB, Wagner DL (2015) Autumn, the neglected season in climate change
research. Tree 30 (2015): 169-176

Goodenough AE, Hart AG, Elliot SL (2011) What prevents phenological adjustment to climate
change in migrant bird species? Evidence against the "arrival constrain" hypothesis. Int J
Biometeorol 55: 97-102

Goodenough AE, Fairhurst SM, Morrison JB, Cade M, Morgan PJ (2015) Quantifying the
robustness of first arrival dates as a measure of avian migratory phenology. Ibis 157: 384-390
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

Gordo O, Sanz JJ (2005) Phenology and climate change: a long-term study in a Mediterranean
locality. Oecologia 146: 484-495

Gordo O, Sanz JJ (2008) The relative importance of conditions in wintering and passage areas of
spring arrival dates: the case of long-distance Iberian migrants. J Ornithol 149: 199-210

Harrison XA, Blount JD, Inger R, Norris DR, Bearhop S (2011) Carry-over effects as drivers or
fitness differences in animals. J Anim Ecol 80: 4-18

Husek J, Adamik P(2008) Long-term trends in the timing of breeding and brood size in the red-
backed shrike Lanius collurio in the Czech Republic, 1964-2004. ) Ornithol 149(1): 97-103

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

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. Int J Biometeorol, Doi:
10.1007/s00484-017-1305-5

Knudsen E, Lindén A, Both C, Jonzén N, Pulido F, Saino N, Sutherland WJ, Bach LA, Coppack T,
Ergon T, Gienapp P, Gill JA, Gordo O, Hedenstrom A, Lehikoinen E, Marra PP, Mgller AP, Nilsson
ALK, Péron G, Ranta E, Rubolini D, Sparks TH, Spina F, Studds CE, Saether SA, Tryjanowski P,
Stenseth NC (2011) Challenging claims in the study of migratory birds and climate change. Biol
Rev 86: 928-946

Mgller AP, Flensted-Jensen E, Klarborg K, Mardal W, Nielsen JT (2010) Climate change affects the
duration of the reproductive season in birds. J Anim Ecol 79: 777-784

Lehikoinen A, Jaatinen K (2012) Delayed migration in northern European waterfowl. J Ornithol
153: 563-570

Mezquida ET, Villaran A, Pascal-Parra J (2007) Timing of autumn bird migration in Central Spain
in light of recent climate change. Ardeola 54(2): 251-259



Najmanova L, Adamik P (2009) Effect of climatic change on the duration of the breeding season
in three European thrushes. Bird Study 56(3): 349-356

Ouwehand J, Both C (2016) Alternative non-stop migration strategies of pied flycatchers to cross
the Sahara desert. Biol Lett 12: 20151060

Rees E (1989) Consistency in the timing of migration for individual Bewick’s swans. Anim Behav
38:384-393

Rubolini D, Ambrosini R, Caffi M, Brichetti P, Armiraglio S, Saino N (2007) Long-term trend in first
arival and first egg laying dates of some migrant and resident bird species in northern Italy. IntJ
Biometeorol 51: 553-563

Saino N, Szép T, Romano M, Rubolini D, Spina F, Mgller P (2004) Ecological conditions during
winter predict arrival date at the breeding quarter in trans-Saharan migratory bird. Ecol Letters,
7:21-25

Senner NR, Hochachka WM, Fox JW, Afanasyev V (2014) An exception to the rule: Carry-over
effects do not accumulate in a long-distance migratory bird. Plos One 9: e86588

Schaber J (2012) Pheno: Auxiliary functions for phenological data analysis. R package version 1.6.
Available at: http://CRAN.R-project.org/package=pheno

Sparks TH, Braslavska O (2001) The effects of temperature, altitude and latitude on the arrival
and departure dates of the swallow Hirundo rustica in the Slovak Republic. Int J Biometeorol 45:
212-216

Sparks TH, Huber K, Bland RL, Crick HQP, Croxton PJ, Flood J, Loxton RG, Mason CF, Newnham
JA, Tryjanowski P (2007) How consistent are trends in arrival (and departure) dates of migrant
birds in the UK? J Ornithol 148: 503-511

Thorup K, Vardanis Y, Tgttrup AP, Kristensen MM (2013) Timing of songbird migration: individual
consistency within and between season. J Avian Biol 44: 486-494

Tettrup AP, Thorup K, Rahbek C (2006) Changes in timing of autumn migration in North
European songbird populations. Ardea 94(3): 527-536

Tryjanowski P, Kuzniak S, Sparks TH (2005) What effects the magnitude of change in first arrival
dates of migrant birds? J Ornithol 146: 200-205

Weidinger K, Kral M (2007) Climatic effects on arrival and laying dates in a long-distance migrant,
the Collared Flycatcher Ficedula albicollis. bis 149: 836—-847

Zuur AF, leno EN, Elphick CS (2009) A protocol for data exploration to avoid common statistical
problems. Methods Ecol Evol 1: 3-14



Tables and Figures

Table 1 Piecewise linear regression of mean first arrivals to breeding sites (FAD) and linear regression of
mean last departures (LDD) against year. Significant values (P < 0.05) are in bold.

Breakpoint Regression slope

Species year before  after without Rz P-value
Arrival

Hirundo rustica 1973 0.050 -0.442 - 052  <.001
Delichon urbicum 1980 0.152 -0.357 - 0.61  <.001
Apus apus 1970 0.131 -0.256 - 0.61 <.001
Departure

Hirundo rustica - - - -0.012 0.01 0.369
Delichon urbicum - - - -0.017 0.03 0.153
Apus apus - - - -0.169 040 <.001

Table 2 Linear regression statistics of the relationship between mean FAD and mean LDD within season

and between seasons. Significant values (P < 0.05) are in bold.

Species Estimate SE t-value Rz P-value
Within season

Hirundo rustica -0.161 0.058 -2.776 0.08 0.007
Delichon urbicum -0.145 0.074  -1.960 0.05 0.054
Apus apus 0.025 0.183 0.136 0.00 0.892
Between seasons

Hirundo rustica -0.650 0.193 -3.368 0.13 <.001
Delichon urbicum -0.425 0177 -2.406 0.07 0.019

Apus apus 0.000  0.082 -0.005 0.00  0.996




Figure 1 Temporal trends in mean first arrival dates (FAD) and mean last departure dates (LDD) in the
Czech Republic for three long-distance migrants (1923-2009). Piecewise regression is shown for
arrivals while ordinary least squares regression for departures. FAD and LDD are expressed in day
of the year format (DOY). The residency time in the breeding site is an annual difference between
mean FAD and mean LLD in days.
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Figure 2 Changes in the barn swallow phenology. The temporal trends in mean first arrival dates (FAD,
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stats in R.
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Figure 3 The relationship between mean first arrival (FAD) and mean last departure (LDD) within season
and between seasons in three long-distance migrants. The species are ordered according to their
mean FAD. The dates are given in day of the year format (DOY).
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SOM Table 1 An overview of primary and used data for three variables — first arrival date (FAD), last departure date (LDD) and breeding date (BD). Species are listed in
ascending order according to their mean FAD and for each of them is given number of records (n), time span and length of the time series (Years). In addition,
the number of removed incorrect values, those beyond the interval £ 3SD from mean and those from years which did not meet a criterion of minimum of 5

observations per year are given.

Primary data Used data

Species n Timespan  Years Incorrect(n) *3SD(n) Min.50bs (n) Total removed (n) n Time span Years  Mean SD

FAD
Hirundo rustica 14056 1923-2009 87 6 122 4 132 13924 1923-1991 86 105.5 9.10
- - - - - - 1993-2009 - - -
Delichon urbicum 5176 1923-2009 87 2 52 12 66 5110 1924 82 113.8 11.18
1927-1991
- - - - - - 1994-2009 - - -
Apus apus 3583  1923-2009 87 1 62 17 80 3503  1927-1936 80 124.2 10.70
1938-1991 - -
1994-2009
LDD
Hirundo rustica 10663  1923-2009 87 17 123 7 147 10516 1923-1924 85 2617 10.77
1926-1991
- - - - - - 1993-2009 - - -
Delichon urbicum 3145 1923-2009 87 6 39 20 65 3080  1927-1931 74 260.3 10.89
1933-1990
- - - - - - 1994-2009 - - -
Apus apus 2089  1924-2009 86 7 21 44 72 2017 1930-1931 69 2328 18.51
1935 -
1938-1940
1943-1945
1947-1990
1994-2009
BD



Hirundo rustica 17930  1938-1940 69 3 0 9 12 17918 1939 65 189.4 23.71
1943-2003 - - - - - 1944-1966
2005-2009 - - - - - 1968-2003
2005-2009
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Abstrakt:

Klimatickd zména ajeji dopady na ekosystémy jsou v dnesni ekologii hojné diskutovanym
tématem. Jednou z oblasti kde pozorujeme vyrazny vliv zmény klimatu je na¢asovani Zivotnich
udalosti druh, tzv. fenologie. Pfes veskerou pozornost a mnoiZstvi praci, které se fenologii
vénuji, stale nebyly plné vysvétleny nékteré aspekty zmén v nacasovdani Zivotnich udalosti.
Jednim z dlivodu je, Ze vétsSina praci je zaloZzena na Casovych raddach, které jsou dlouhé jen
nékolik desetileti, coZz znacné omezuje nase poznatky o zméndch, které probihaji na delSim
Casovém meéfritku. PfedloZzend prace se proto snazi zhodnotit fenologické zmény drevin a ptakd
v Ceské republice od 1. poloviny 19. stoleti po soucasnost a pFispét tak k poznani ekologickych

zmeén na delsi ¢asové skale.

Je obecné zndmo, Ze nacasovani Zivotnich fazi u rostlin je vyrazné ovlivnéno teplotou. Nase
znalost reakci mnoha méné studovanych drevin na ménici se klima je vSak zna¢né limitovana. Ve
studii zahrnujici 18 druhl dfevin jsem zjistila dfivéjsi nastup jarnich fenofazi (napf. pocatek
olistovani a kveteni) a naopak pozdéjsi nastup podzimnich fenofazi (napf. Zloutnuti a opad listi),
ato predevsim od poloviny 70. let 20. stoleti, coz vedlo k celkovému prodlouZeni vegetacni

sezény v praméru o 23,8dne u 11 druhll drevin za obdobi poslednich 35 let. Nejvyraznéjsi



posuny v nacasovani fenofazi jsem zjistila u kratkovékych rané sukcesnich druh(, coz je
vysvétlovano odliSnymi mechanismy, které ukoncuji dormanci v porovnani s pozdné sukcesnimi

dlouhovékymi druhy.

Obdobné jako u dfevin, jarni prilety ptak( byly uspiSeny a podzimni odlety byly u nékterych
druh( spiSe opoZdény ato predevsim od 70. let 20. stoleti. Pfes velkou variabilitu v pfiletech
béhem celého studovaného obdobi 1828-2010 a pres jasny recentni trend dfivéjsich prilet(
jsem zjistila, Ze nékteré druhy pfilétaly v minulosti (v 1. pol. 19. stoleti) dokonce dfive neZ dnes.
PfestoZe se uvadi, Ze dalkovi migranti jsou v porovnani s migranty na kratkou vzddlenost v
nacasovani svého jarniho pftiletu znacné rigidni, vysledky prezentované prace tento predpoklad
jednoznacéné nepotvrzuji. U dalkového migranta vlastovky obecné (Hirundo rustica) jsem zjistila,
Ze tento druh zkracuje délku mezi priletem a pocatkem hnizdéni, coz je jednou z moznosti, jak
dohnat ¢asovou ztratu zplsobenou pozdnim priletem a udrZet tak krok s uspiSenym nastupem
jara a potravni nabidkou. Pfes prodlouZeni délky setrvani na hnizdisti zplsobené uspisenymi
prilety a opozdénymi odlety se vSak nepotvrdilo, Ze by se u tohoto druhu vyrazné prodluzovala

i délka hnizdni sezény.

PfedloZend studie ukazuje, Ze analyza dlouhodobych historickych zaznam( o fenologii drevin
a ptakd muize poskytnout nové poznatky o vztazich mezi organismy a ménici se teplotou, coz? je

ve svétle probihajici klimatické zmény velmi aktudlni.

Kli¢ova slova: dalkovy migrant, fenologie, migracni strategie, migrant na kratkou vzdalenost,

teplota, zména klimatu, Zivotni strategie
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1. ABSTRAKT DISERTACNI PRACE

Klimatickd zména a jeji dopady na ekosystémy jsou v dnesni ekologii hojné diskutovanym tématem.
Jednou z oblasti kde pozorujeme vyrazny vliv zmény klimatu je nacasovani Zivotnich udalosti druhd,
tzv. fenologie. Pfes veSkerou pozornost a mnozstvi praci, které se fenologii vénuji, stale nebyly plné
vysvétleny nékteré aspekty zmén v nacasovani Zivotnich udalosti. Jednim z dlivod( je, Ze vétsSina praci
je zaloZena na c¢asovych fadach, které jsou dlouhé jen nékolik desetileti, coZz znaéné omezuje nase
poznatky o zménach, které probihaji na delSim casovém meéfitku. PfedloZend prace se proto snazi
zhodnotit fenologické zmény drevin a ptakd v Ceské republice od 1. poloviny 19.stoleti po

soucasnost a prispét tak k poznani ekologickych zmén na delsi ¢asové skale.

Je obecné znamo, Ze nacasovani Zivotnich fazi u rostlin je vyrazné ovlivnéno teplotou. Nase znalost
reakci mnoha méné studovanych drevin na ménici se klima je vSak znacné limitovana. Ve studii
zahrnujici 18 druh( dfevin jsem zjistila dFivéjsi nastup jarnich fenofazi (napf. pocatek olistovani
a kveteni) a naopak pozdéjsi nastup podzimnich fenofazi (napf. Zloutnuti a opad listi), a to predevsim
od poloviny 70.let 20. stoleti, coz vedlo kcelkovému prodlouZeni vegetacni sezény v priméru
0 23,8 dne u 11 druhU drevin za obdobi poslednich 35 let. Nejvyraznéjsi posuny v nacasovani fenofazi
jsem zjistila u kratkovékych rané sukcesnich druh, coZ je vysvétlovano odliSnymi mechanismy, které

ukoncuji dormanci v porovnani s pozdné sukcesnimi dlouhovékymi druhy.

Obdobné jako u dfevin, jarni prilety ptakl byly uspiSeny a podzimni odlety byly u nékterych druh
spiSe opozdény a to predevsim od 70. let 20. stoleti. Pfes velkou variabilitu v pfiletech béhem celého
studovaného obdobi 1828-2010 a pres jasny recentni trend drivéjsich priletli jsem zjistila, Ze nékteré
druhy prilétaly v minulosti (v 1. pol. 19. stoleti) dokonce dfive neZ dnes. Pfestoze se uvadi, Ze dalkovi
migranti jsou v porovnani s migranty na kratkou vzdalenost v nacasovani svého jarniho pfiletu znacné
rigidni, vysledky prezentované prace tento predpoklad jednoznacné nepotvrzuji. U dalkového
migranta vlastovky obecné (Hirundo rustica) jsem zjistila, Ze tento druh zkracuje délku mezi pfiletem
a pocatkem hnizdéni, coZ je jednou z mozZnosti, jak dohnat Casovou ztratu zplsobenou pozdnim
pfiletem a udrZet tak krok s uspiSenym ndastupem jara a potravni nabidkou. Pfes prodlouZeni délky
setrvani na hnizdisti zplsobené uspisenymi pfilety a opoZzdénymi odlety se vSak nepotvrdilo, Ze by se

u tohoto druhu vyrazné prodluzovala i délka hnizdni sezény.



PredloZzena studie ukazuje, Ze analyza dlouhodobych historickych zaznami o fenologii dievin a ptak(
mUlZe poskytnout nové poznatky o vztazich mezi organismy a ménici se teplotou, cozZ je ve svétle

probihajici klimatické zmény velmi aktudlni.

Klicova slova: dalkovy migrant, fenologie, migracni strategie, migrant na kratkou vzdalenost, teplota,

zména klimatu, Zivotni strategie



2. UvoD

Vliv klimatickych zmén na fenologii dievin

Z dlvodu svého sesilniho Zivota, je rozvoj jednotlivych Zivotnich fazi u rostlin teplotou velmi silné
ovlivnén (Badeck a kol. 2004). Tohoto silného vztahu si lidé vsimli jiz pred nékolika staletimi. V
Japonsku je jiz od roku 705 n.l. zaznamenavano kveteni tfesni aje tak povaZovano za nejstarsi
znamou dochovanou fenologickou fadu na svété (Sekiguti 1969). Nejstarsi evropské fenologické rady
pro rostliny byly zaznamenavany rodinou Marshamovych z Norfolku v Anglii po vice jak dvé stoleti od
roku 1736 do roku 1947 (Sparks a Carey 1995). Tyto i fada dalSich dlouhodobych fenologickych fad
byly podkladem pro rozsahlé meta-analyzy dat z celé Evropy. Tyto se obvykle shoduji, Ze nastup
jarnich fenofazi rostlin je v poslednich desetiletich vyrazné uspiSen a naopak podzimni fenofaze se
spise opozduji (Ahas a kol. 2002, Menzel a Fabian 1999, Menzel a kol. 2006a, Schwartz a kol. 2006).
Primym dlsledkem je prodlouZeni vegetacni sezdny aZz o nékolik dni za dekadu (Gordo a Sanz 2009,
Menzel a Fabian 1999, Schaber a Badeck 2005). Studie z jednotlivych zemi Evropy tyto trendy
potvrzuji a dokresluji rozsah zmén na lokalni drovni. Napfiklad Fitter a Fitter (2002) zjistili u 385 z 557
rostlin Velké Britanie drivéjsi pocatek kveteni v priméru o 4,5 dne béhem let 1991-2000 v porovnani
s obdobim 1954-1990. A podle Gordo a Sanz (2009) od poloviny 70. let nastal u nékterych jarnich

fenofazi strom( a kef(l ve Spanélsku pocatek dokonce az 0 0,59 dne za rok.

Dreviny v porovnani s bylinami vykazuji mensi posuny v nacasovani fenofazi (Root a kol. 2003). Avsak
celkové trendy na vétsiné Uzemi Evropy jsou v souladu s vySe popsanymi tj. jarni fenofaze nastupuiji
drive, podzimni pozdéji a celkova délka vegetacni sezény se prodluzuje (Defila a Clot 2001, Linkosalo
a kol. 2009, Menzel a kol. 2001, Schaber a Badeck 2005, Sparks a Menzel 2002, Sparks a kol. 2009).
V pfipadé stromi vsak teplota neni jedinym faktorem, ktery ovliviiuje nastup jarnich fenofazi jako je
kveteni a olistovani. Jako garance pred predéasnym ukonéenim dormance jsou dfeviny mimo teploty
sensitivni ik fotoperiodé a jarovizaci (Kérner a Basler 2010, Fu akol. 2015). Kombinace téchto
mechanismU umoznujici nadstup jarnich fenofazi je druhové specificka. Zakladni rozdil je vsak mozny
pozorovat jiz na Urovni skupin dlouhovékych (K-strategie) a kratkovékych drevin (r-strategie).
Kratkovéké rané sukcesni dreviny, které jsou v temperatni zoné plvodni (napf. habr rodu Carpinus)
jsou po projiti jarovizaci k teploté pIné sensitivni. Naopak, dlouhovéké pozdné sukcesni dieviny (napf.
rod buk Fagus) potrebuji k nastupu jarnich fenofazi, aby byly naplnény vsSechny tfi podminky tj.

rostlina prosla jarovizaci, fotoperioda byla dostatecné dlouhd a teplota dostatecné vysoka (Kérner



a Basler 2010). Toto bylo experimentalné potvrzeno u 14 druhd béznych evropskych drevin, které
zastupovaly dvé vySe zminéné strategie (Basler a Kérner 2012, detailnéji u ¢tyf druhu viz Basler
a Kérner 2014, Caffarra a Donelly 2011). To vSak limituje mozZnosti reakce dlouhovékych drevin na
ménici se klima azaroven to poskytuje kompeti¢ni vyhodu rané sukcesnim nebo neplvodnim
druhlim. Ty v mnoha pfipadech potrebuji pro spusténi nastupu jarnich fenofazi pouze dostatecné

vysokou teplotu.

Studie, které se vénuji ¢asovani podzimnich fenofazi se vétSinou shoduji na opozdujicim se trendu
nastupu nékterych fenofazi jako je Zloutnuti listll a jejich opad (neplati pro zrani plod(i, Menzel a kol.
2006b). Avsak tyto posuny nejsou natolik vyrazné jako u jarnich fenofazi. Toto je spole¢nym znakem
fady studii, které hodnoti posuny v podzimnich fenofazich jako nevyrazné a pomérné vagni (Defila
a Clot 2001, Gordo a Sanz 2009, Menzel a kol. 2001, Schaber a Badeck 2005). Tento fakt je rovnéz
kvantifikovan v meta-analyze Menzel a kol. (2006a) z dat o 542 druzich rostlin a 19 druzich Zivocich(
z 21 zemi Evropy (1971-2000), podle které zpUsobi otepleni o 1°C uspisSeni jarnich fenofazi o 2,5 dne,
ale opozdéni podzimnich jen o 1 den. Toto je z ¢asti pfipisovano nedostatku a mensi kvalité vstupnich
dat o podzimnich fenofazich, které jsou hire definovatelné a patrné vice podléhaji subjektivnimu
posouzeni konkrétniho pozorovatele. Ale také faktu, Ze podzimni fenofaze nejsou spoustény jen
jednim dominantnim spoustécem, ale Ze do nastupu podzimnich fenofazi je zapojeno vice

proménnych, coz zvysuje variabilitu v jejich nastupu (Estrella a Menzel 2006).

Vliv klimatickych zmén na fenologii ptakua

Ptaci jsou jednou z nejvice studovanych skupin Zivocichl vibec, proto je rovnéz vliv zmény klimatu na
¢asovani jejich migrace hojné studovanym tématem. V souladu s faktem o dfivéjSim nastupu jarnich
fenofazi panuje shoda, ze ijarni pfilety ptakd ze zimovist na hnizdisté se vlivem zvySené teploty

v jarnich mésicich za nékolik poslednich dekad uspisily (Gordo 2007, Lehikoinen a kol. 2006).

UspiSeni je patrné u fady migrujicich druhd z rGznych taxonomickych skupin. Co se vSak zda byt
rozhodujici je migracni strategie druhu tj. zda se jednda odruh, ktery je dalkovym migrantem
(zimovisté se nachazi v tropické Africe a jiznéji) nebo jestli se jedna o druh, ktery zimuje na Uzemi
Evropy pripadné severni Afriky. Bylo zjiSténo, Ze druhy zimujici jen v ramci Evropy a severni Afriky
jsou schopny sv{j jarni prilet uspisit daleko vice v porovnani s dalkovymi migranty, cozZ jim umoziuje
|épe driet tempo s uspiSenym nastupem jara (Gordo 2007). Pticina téchto odliSnych reakci je obvykle

pfipisovana mife, do jaké jsou obé skupiny schopny byt sensitivni k teploté a fotoperiodé. Pocatek
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jarni migrace dalkovych migrantu je diky jejich vyladéni endogennich procest kontrolovan predevsim
délkou fotoperiody a je tedy relativné rigidni. Migranti na kratkou vzdalenost vSak mohou vyuZit
vyraznych teplotnich korelaci mezi zimovistém a hnizdistém ajejich migrace je tedy vice
kontrolovana teplotou (Berthold 1996, Gwinner 1996). To jim umoZnuje v porovnani s dalkovymi
migranty |épe reagovat na ménici se klima a nasledné presnéji synchronizovat sv(j pfilet s nastupem

jara.

Lépe nacasovany drivéjsi jarni prilet pfinasi fadu vyhod. Kromé lepsi synchronizace s uspiSenymi
jarnimi fenofaze rostlin a hmyzu, je to dale napfiklad mozZnost zisku lepSiho teritoria a zvySeni Sance
na dalsi zahnizdéni (Forstmeier 2002, Jonzén a kol. 2006a, Kokko 1999). MozZnosti, jak ¢astecné
dohnat ¢asovou ztratu zpGsobenou u dalkovym migrant(l pozdéjsim pfiletem je zkratit interval mezi
pfiletem a zahnizdénim (Both a Visser 2001, Weidinger a Kral 2007). | pfesto vSak fada dalkovych
migrantl vykazuje populaéni pokles, pripisovany pravé jejich neschopnosti Iépe synchronizovat svij

prilet s drivéjSim nastupem jara na hnizdistich (Both a kol. 2010, Heldbjerk a Fox 2008).

Prispévek IV se mimo analyzy pftiletd vénuje iodletlim, které byly po dlouhou dobu fenology
opomijené (Gallinat a kol. 2015), ale z pohledu celoro¢niho Zivotniho cyklu jsou pro druh zasadni.
Drivéjsi prilet spolecné s opozdénym odletem vedou k prodlouZeni periody setrvani na hnizdisti
a u nékterych druhd mohou vést ke zvyseni Sance na opakované zahnizdéni. Jenni a Kéry (2003)
zjistili, Ze dalkovi migranti svlij podzimni odlet spiSe uspisuji a naopak migranti na kratkou vzdalenost
odlet odkladaji, coz bylo potvrzeno i nékterymi dalsimi studiemi na rliznych taxonomickych skupinach
(Filippi-Codaccioni a kol. 2010, Lehikoinen aJaatinen 2012). Obecné je pfijimano vysvétleni, Ze
dalkovi migranti uspisuji svdj odlet proto, aby nehostinnou oblast Sahary prekonali dfiv neZ nastane
suché obdobi (Jenni a Kéry 2003). Toto je vSak ve svétle dat ziskanych ze sledovani migrace pomoci
geolokatorl zpochybnéno. | drobni pévci jsou schopni Saharu prekonat v rdmci desitek hodin a nezda
se tedy, Ze by pro né byla tak velkou bariérou, jako se predpokladalo dfive (Adamik a kol. 2016,
Ouwehand a Both 2016). Dalsi moZna vysvétleni bude tedy nutné hledat v Zivotnich historiich
jednotlivych druh( a to predevsim v poctech jejich zahnizdéni béhem roku, jak naznacuji Jenni a Kéry

(2003).



3. CiLE PRACE

Od 90. let, kdy fenologie zaZiva svou renesanci v souvislosti s vyzkumem zmén klimatu, vznikly jiz
desitky praci, které se zabyvaji posuny nacasovani Zivotnich fazi. Pfesto jsou oblasti, kde jesté neni
fada otazek zodpovézena. Tato prace si klade za cil pfispét k diskuzi o vlivech zmén klimatu na

dieviny a ptaky Ceské republiky v dlouhodobém méFitku desitek a vice let.

Dilci cile mé disertacni préce jsou:
Fenologie drevin (Prispévek I)
= Na modelové skupiné 18 dievin zhodnotit casové zmény v pocatku 8 fenologickych fazi
v obdobi 1946-2010.
= Na modelové skupiné 18 dievin zhodnotit ¢asové zmény v délce trvani 8 fenologickych
fazi.v obdobi 1946-2010.
= Na modelové skupiné 11 druhi drevin zhodnotit ¢asové zmény v délce trvani vegetacéni

sezony v obdobi 1946-2010.

Fenologie ptaki (Pfispévek i, Ili, IV)

= Zpracovat a analyzovat fenologicka data o pfiletech ptakd v obdobi 1828-1847 a porovnat je
s recentnimi priletovymi daty z let 1991 a7 2010.

=  Sestavit fenologickou ¢asovou radu pfiletu 13 druh( ptakd v obdobi 1828-2010, analyzovat
Casové trendy priletd a zhodnotit zmény v teplotni sensitivité druh( ve sledovaném obdobi
s ohledem predevsim na jejich migracni strategii a ménici se klima.

=  Na modelové skupiné tfi dalkovym migrant( (jificka obecnd Delichon urbicum, rorys obecny
Apus apus, vlastovka obecnd Hirundo rustica) zhodnotit ¢asové trendy v pfiletech a odletech
s ohledem na jejich Zivotni historie a zhodnotit korelace mezi ptilety a odlety v ramci sezény
a mezi sezénami (tzv. carry-over efekt) v obdobi 1923-2009.

= Na modelovém druhu vlastovka obecna zhodnotit ¢asovani tfi Zivotnich udalosti - pfiletu,

pocatku hnizdéni a jeho délky a odletu v obdobi 1939-2009.



4. PREHLED VYSLEDKU

Fenologie drevin

K nejvétsim zménam v nacasovani fenofazi u 18 zkoumanych druh( drevin doslo po roce

1976.

Nastup jarnich fenofazich (napf. pocatek olistovani a kveteni) se béhem studovaného obdobi
uspiSoval a naopak nastup podzimnich fenofazi (napt. Zloutnuti a opad listi) se spiSe
opozdoval, coZ vedlo k prodlouzeni vegetacni sezény u 11 druht drevin v priméru o 23,8 dne

za obdobi 1976-2010.

Rané sukcesni kratkovéké druhy drevin vykdzaly vétsi zmény v nacasovani fenofazi nez

pozdné sukcesni dlouhovéké druhy.

Fenologie ptakii

K nejvétsim zménam v nacasovani pfiletli doslo od 70. let 20. stoleti.

Prilety se za studované obdobi uspiSovaly, naopak odlety u tfi druhd dalkovych migrant( se

mirné opozdovaly, coZ vedlo k prodlouzené délky pobytu na hnizdisti.

Nékteré druhy prilétaly dfive v 1. poloviné 19. stoleti neZ v nyni, a to i pres silny trend k

drivéjsimu pfriletu v poslednich dekadach.

Teplotni sensitivita u 13 druhl ptakd byla jen mirné vétsi v klimaticky teplém obdobi (-1.70 +

SD 0,47 dne/°C) neZ ve studeném (-1.42 + SD 0,89 dne/°C).

PrestoZe se celkova délka pobytu na hnizdisti u vlastovky obecné prodlouzila, prodlouzeni

délky hnizdni sezény bylo zanedbatelné.

Byl nalezen negativni vztah mezi pfilety a odlety v rdmci jedné sezdny tzn. v letech kdy
populace priletéla na hnizdisté brzo, tak na podzim sv(j odlet z hnizdisté opozdila a naopak.
Stejny vztah byl nalezen i mezi sezénami tzn. pokud populace odletéla pozdé na podzim v

daném roce, pak priletéla brzo na jare nasledujiciho roku a naopak.



5. ABSTRAKTY PRACI

PRISPEVEK |

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(8): 1739-1948.

One of the ways to assess the impacts of climate change on plants is analyzing 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 duration 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 per 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 seed productivity, but unequal shifts among species might alter competitive

relationships within ecosystems.

Keywords: climate change, flowering, growing season, long-term trends, phenology, trees

PRISPEVEK II

Kolafova E, Adamik P (2015) Bird arrival dates in Central Europe based on one of the earliest

phenological networks. Climate Research. 63: 91-98.



Recording arrival dates of migratory birds to their breeding grounds has been one of the most
popular activities among naturalists for more than two centuries. However, we know extremely little
about the timing of birds’ annual cycles when systematic field observations were still in their infancy
and 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 network that was 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 days per °C in our study which was remarkably similar to a recent dataset from the
same region. But the strength of this relationship depended on species-specific timing of migration.
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.

Keywords: bird arrival, long-distance migrant, phenology, short-distance migrant, temperature

PRISPEVEK III

Kolafova E, Matiu M, Menzel A, Nekovaf J, Lumpe P, Adamik P (2017) Changes in spring arrival
dates of and temperature sensitivity of migratory birds over two centuries. International Journal of

Biometeorology. DOI: 10.1007/s00484-017-1305-5.

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 exceeds 35 years. Therefore we
have limited evidence on animal 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 advancing in the most recent
decades (since the late 1970s). Interestingly, birds were arriving earlier during the cooler early part of
the 19" century than in the recent warm period. Temperature sensitivity was slightly stronger in the

warmest 30-year period (-1.70+ SD 0.47 d °C"") than in the coldest period (-1.42+ SD 0.89 d °C?),
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however, the difference was not statistically significant. In the most recent decades the temperature
sensitivity of both short- and long-distance migrants significantly increased. Our results demonstrate
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

PRISPEVEK IV

Kolarova E, Husek J, Nekovar J, Cepak J, Adamik P. Long-term patterns in avian life-cycle: Arrival,

onset of breeding and departure in three long-distance migrants. (rukopis)

Phenology of birds’ arrivals is broadly studied topic related to current climate change. However,
other important life events such as onset of breeding and departure should also be studied to get
more complete picture of the changes in the whole annual cycle of the species. Therefore, we
analysed mean first arrival dates (FAD) and mean last departure dates (LDD) in three long-distance
migrants - barn swallow (Hirundo rustica), house martin (Delichon urbicum) and common swift (Apus
apus) — between 1923 and 2009, and mean onset of breeding (BD) in Hirundo rustica between 1939
and 2009. In addition, we assessed carry-over effects on the population level between mean FADs
and mean LDDs within the season and between seasons in all three species. We found delay in mean
FADs from beginning of the data series but rapid advancements after 1970 in all three species. This
together with slight advancements in their mean LDDs resulted in the prolongation of their residency
time on breeding sites. Overall, the length of the interval between mean FAD and mean BD in the
swallow slightly shortened across the period 1939-2009 but there was aclear pattern in
prolongation since 1973 caused by rapid advancement of mean FAD. The arrivals in the swallow and
the house martin were negatively correlated with departures within the season, which means that in
years when the population arrived early in the spring it departed late in the same year and vice versa.
Moreover, on between-years level when the population departed late in the given year, it arrived
early in the spring in the following year. Our study demonstrates that studying several life events can

help uncover how the annual life cycle of the species is influenced by climate change as a whole.

Keywords: annual life cycle, carry-over effect, first arrival, last departure, long-distance migrant,

migration, onset of breeding
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