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Abstrakt

Antropogenni zne€isténi prostfedi vede ke kontaminaci tkani volné Zijicich zivocicht
riznymi toxickymi prvky, jako jsou napftiklad tézké kovy, které maji potencidlni dopad
na jejich zdravi a celkovou kondici. V poslednich letech jsou pro studium téchto efekta
vyuzivany razné druhy volné Zijicich ptakl, a to zejména V industridlnich intenzivné
znecisténych oblastech. Doposud ovsem neexistovaly studie, které by popisovaly Sirsi
geografickou ¢i ¢asovou variabilitu miry kontaminace tézkymi kovy u volné zijicich
synantropnich zivo¢ichti v riznych meéstech. Stejné tak nebyly doposud dostatecné
studovany potencialni pfimé ¢i neptimé vlivy chronické subletalni expozice ve méstech
na zdravotni, kondi¢ni ¢i reprodukéni parametry téchto zvirat. Tato prace obsahuje
vysledky dlouholetého monitoringu volné zijicich méstskych populaci sykor konader
(Parus major) v Ceské republice. PestoZe analyza tézkych kovil ze vzorkt krve i pefi
sykor ukazala, Ze mira kontaminace zvitat se v riznych méstech lisi, souvislost s arovni
prachového znecisténi ovzdusi ve méstech nebyla prokdzana. Déle bylo zjisténo, ze
I pfesto, ze zadné ze zvifat nevykazovalo znamky akutni chronické otravy tézkymi kovy,
detekované subletalni koncentrace kovti v Kkrvi i pefi souvisely s dil¢imi zdravotné
zavislymi hematologickymi znaky. U jedinct S nejvyssimi koncentracemi kovi v Krvi
(v tomto piipadé pochazejicich z industrialné zatizeného mésta Bohumin) byly zjistény
ptiznaky anemického onemocnéni krve (nizsi celkovy pocet erytrocytl a slabé zvySené
pocty imaturnich erytrocytti v Krvi). Namétené koncentrace kovu v pefi pak signifikantné
pozitivné korelovaly s tzv. indexem dlouhodobého stresu u ptakd (vy$si pomér
heterofilti:lymfocytim (H/L) v krvi).

Déle byl v ptipad¢ dlouholetého monitoringu prazské populace sykor konader,
zalozeného na opakované odchycenych jedincich mezi roky 2006 - 2018, zjistén slaby
nelinearni vztah mezi vékem zvifat a kontaminaci krve olovem (Pb). Nejvyssi
koncentrace Pb v krvi sykor byly naméfeny zejména u zvifat v mladécim veéku (1. rok
Zivota) a poté u n€kolika malo zvifat v nejpokrocilejsim véku (7-leti). Vyznamny projev
celozivotni akumulace Pb v organismu na aktualni kontaminaci krve dospé€lych zvifat
tedy nebyl potvrzen. U téchto opakované odchycenych jedinci byl déle zjistén pozitivni
vztah mezi aktualnimi koncentracemi Pb, kadmia (Cd) i zinku (Zn) v krvi a celkovym
I diferencialnim poctem leukocytd zvifat. ZvySena proliferace leukocyti mize byt

V tomto piipadé jak projevem negativniho vlivu neesencialnich prvka (Pb a Cd; tj.



zvySend umrtnost bun¢k v dusledku toxicity), tak pfipadnym projevem pozitivniho efektu
zvysenych koncentraci esencialniho Zn (tj. zvySena mira imunitni obranyschopnosti).

U zéadné ze studovanych meéstskych populaci sykor nebyla v naSem ptipadé
zaznamenana souvislost mezi kontaminaci Krve ¢i peti tézkymi kovy a parametry fyzické
kondice (standardizovana hmotnost a Sitka rastovych prouzki rydovacich per) ¢i kvalitou
ornamentl pefi (sytost zlutého zbarveni bfisSniho ornamentu, plocha ¢erného bfisniho
pruhu). Samotna kondiéni ¢i zdravotni zavislost primarnich a sekundarnich pohlavnich
znakil sykor se nam nepodafila prokazat ani ve vybraném vzorku samcl v prazské
populaci sykor. Jediny signifikantni vztah se v tomto piipad¢ projevil mezi celkovou
variabilitou délky spermii a H/L indexem v Kkrvi, kdy samci s vyssi kvalitou spermii
vykazovali zéroven vyS$$i hladinu dlouhodobého stresu. Tento vysledek naznacuje
moznost fungovani tzv. teorie kompromisu u téchto zvifat, tedy ze existuje volba mezi
investici do reprodukce a do vlastniho sebeudrzovani.

Jsem presvédcena, ze vysledky této prace mohou pfispét k rozvoji novych
poznatkti nejen v oboru ekologie a ochrany synantropnich druhi, ale také v oboru

ekotoxikologie ¢i ochrany lidského zdravi.

Kli¢ova slova: hematologie ptakd, rizikové prvky, anémie, znecisténi prostiedi,

ornamenty pefi



Abstract

Anthropogenic pollution in the environment leads to the contamination of wildlife tissues
with various toxic elements, such as heavy metals, which have a potential impact on the
health and overall condition of the animals. In recent years, various species of free-living
birds have been used to study these effects, especially in heavily polluted industrial areas.
However, so far there have been no studies describing the wider geographical or temporal
variability of heavy metal contamination levels in free-living synanthropic animals
in different cities. Similarly, the potential direct or indirect effects of chronic sublethal
exposure in cities on the health, condition or reproductive parameters of these animals
have not yet been sufficiently studied. This thesis contains the results of the long-term
monitoring of free-living urban great tit (Parus major) populations in the Czech Republic.
Although the analysis of heavy metals in blood and feather samples showed that the level
of body contamination varies between birds from different cities, the association with the
dust air pollution concentrations in cities has not been demonstrated here. Furthermore, it
was found that although none of the animals showed signs of acute chronic heavy metal
poisoning, the detected sublethal concentrations of metals in the blood and feathers were
related to partial health-dependent haematological parameters. Symptoms of anaemic
blood disease (lower total erythrocyte count and slightly increased numbers of immature
erythrocytes in the blood) were found in individuals with the highest blood metal
concentrations (in this case, individuals captured in the industrially burdened city
of Bohumin). The level of the feather metal concentration was significantly positively
correlated with the long-term stress index in birds (i.e. higher heterophile:lymphocyte
(H/L) ratio in the blood).

In the case of long-term monitoring of the Prague great tit population, based
on repeatedly captured individuals during the years 2006 - 2018, a weak non-linear
relationship was found between the age of the animals and their blood lead (Pb)
contamination. The highest Pb concentrations were measured mainly in the cohort
of nestlings (1st year of age) and a small group of highly senescent birds (minimum
known age of 7 years). Thus, the significant manifestation of lifetime accumulation of Pb
in the organism on the current blood contamination levels in adult animals has not been
confirmed. In these repeatedly captured individuals, a positive relationship was found
between the blood Pb, cadmium (Cd) and zinc (Zn) concentrations and the total
and differential leukocyte counts of the animals. Increased leukocyte proliferation in this



case can be explained by both the negative effect of non-essential elements (Pb and Cd;
i.e. increased cell mortality due to toxicity) and the positive effect of increased
concentrations of essential Zn (i.e. increased immunocompetence).

The association between heavy metal blood or feather contamination and physical
condition parameters (standardised weight and width of the growth bars of the tail
feathers) or the quality of feather ornaments (saturation of the yellow carotenoid-based
breast feather ornament, area of the black melanin-pigmented breast stripe) was not
detected in any of the studied urban tit populations. Furthermore, no health/condition
dependence of the primary and secondary sexual traits of the great tits was proved
in selected males in the Prague population. In this case, the only significant relationship
was between the total variability of the sperm length and the H/L index in the blood,
where males with a higher sperm quality also showed a higher level of long-term stress.
This result suggests a possible trade-off between individual investment in reproduction
and self-maintenance.

I am convinced that the results of this work can contribute to the development
of current knowledge not only in the field of ecology and synanthropic species

conservation, but also in the field of ecotoxicology or human health protection.

Keywords: avian haematology, risk elements, anaemic disease, environmental

pollution, feather ornaments
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,,Jed od léku odlisuje pouze podavané mnozstvi.

Philippus Aureolus Theophrastu Paracelsus

1 Uvod

Kvalita prostiedi mtze ovliviiovat celkovou kondici a zdravi lidi i zvifat. Jednim
z méfitelnych aspekti kvality prostfedi s potencialnimi pfimymi negativnimi zdravotnimi
dopady je ptitomnost ruznych toxickych latek a prvku, jako jsou tézké kovy (Assi et al.
2016; Isaksson 2015; Mann et al. 2011). Pod pojem té€zké kovy (jinak také rizikové prvky
¢i stopové kovy) je vtéto praci obecné zahrnovana skupina kovi a polokovi se
specifickou hmotnosti prvku vétsi nez 5 g/cm® (CHMU 2016; Jarup 2003; WHO 2007).
Podle mezinarodni Umluvy o dalkovém pienosu latek znecistujicich ovzdusi
(Convention on Long Range Transboundary Air Pollution - CLRTAP) sem lze zafadit
arsen (As), kadmium (Cd), chrom (Cr), méd’ (Cu), rtut’ (Hg), nikl (Ni), olovo (Pb) a zinek
(Zn). Ackoliv nékteré tyto prvky se ve stopovém mnozstvi vyskytuji v prostiedi ptirozené
(a funguji také jako biogenni prvky — viz kapitola 2.1), pfevazna Cast té€zkych kovi
do prostiedi vstupuje zejména jako antropogenni emise ze spalovacich procesi (spalovani
fosilnich paliv a vyroba energie, vyroba a zpracovani Zeleza, metalurgie nezeleznych
kovl, spalovny odpadu, vyroba cementu, vyroba skla, spalovani pohonnych hmot
v doprave€) prostiednictvim navazani se na prachové castice (particulate matter — PM;
CHMU 1998; Vouk et Piver 1983). Imise tézkych kovi v prostiedi jsou tedy problémem
zejména pramyslovych oblasti a mést. Nebezpecnost téchto prvki a jejich sloucenin tkvi
predevsim v jejich perzistenci, vysoké mobilité, toxicité a schopnosti akumulace v prostiedi,
véetné rostlinnych pletiv a Zivo¢isnych tkani (Burger 2002; Mann et al. 2011; Ping et al.
2009). Prestoze celkové emise tézkych kovi do ovzdusi byly za poslednich 40 let
v Evropé vyrazné snizeny (CHMU 2016; Nriagu 1996), monitoring téchto toxickych
latek Vv prostiedi a vyzkum jejich dopadl na Zivé organismy je stale vysoce dulezitym
a aktualnim tématem (Berglund et al. 2012; Eeva et al. 2012; Schroder et al. 2010;
Sucharova et Suchara 2002).

Z riznych ptipadovych studii u lidi vyplyva, Ze chronické expozice 1 relativné
nizkym (subletdlnim) koncentracim tézkych kovii mohou vést Kk porucham ¢&i az
k postupnému selhavani dulezitych organovych soustav (ob&hova, dychaci, travici,

vylucovaci €1 rozmnoZovaci; EEA 2013, 2015; Jarup 2003; WHO 2007). Déle mize
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dochazet ke zménam psychickym, jako jsou zmény osobnosti a chovani, poruchy spanku,
chronicky stres, deprese, a neurologickym, jako je snizeni inteligence, naruseni neuro-
behavioralniho vyvoje, zpomaleni rastu, aj. (sledovano zejména u déti, ale také
u nékterych dospélych jedinci; Koller et al. 2004; Liu et al. 2014; Tchounwou et al.
2012). Podobné byly nékteré tyto piiznaky popsany také u riznych druhi savcei Zijicich
Vv blizkosti primyslovych zdrojii znecisténi. Pfikladem mohou byt zjiSténé poruchy
tvorby a funkénosti pohlavnich bunék u samcu jelent evropskych (Cervus elaphus)
zijicich v okoli tézebni lokality Pb (Castellanos et al. 2015) ¢i poruchy krvetvorby
u mysici kfovinnych (Apodemus sylvaticus) odchycenych pobliz byvalych Pb a Zn huti
(Téte et al. 2015). V piipad¢ ptaka byl zjistén napiiklad zhorSeny vyvoj motorickych
a kognitivnich dovednosti u mlad’at racku stiibfitych (Larus argentatus), kterym bylo
po vylihnuti experimentalné dodavano Pb (intraperitonealni aplikace acetatu Pb; Burger
1998; Burger et Gochfeld 1994).

V poslednich letech jsou pro bioindikaci a studium negativniho dopadu tézkych
kovl na zdravi, kondici ¢i reprodukéni uspeéSnost Zivocichi ¢im dal Castéji vyuzivany
ruzné druhy volné zijicich ptaki, a to zejména v primysloveé intenzivné zneciSténych
lokalitach (Belskii et al. 2005; Eeva et Lehikoinen 1996; Janssens et al. 2003; Migula et
al. 2000; vice viz kapitoly 2.2 az 2.7). Naopak urovenn kontaminace tézkymi kovy
u béznych synantropnich Zivocicht Zijicich ve méstech zlstava v tomto ohledu méné
prozkoumana. PrestoZze nckteré studie na ptacich potvrdily, Ze populace Zijici ve méste
maji vyssi miru kontaminace pefi, krve ¢i organti riznymi tézkymi kovy nez ptaci zijici
ve venkovskych lokalitach ¢i dale od mésta (Meillére et al. 2016; Roux et Marra 2007,
Scheifler et al. 2006; Swaileh et Sansur 2006), potencialni efekt méstského prostiedi na
rizné parametry zdravi a kondice zvifat zatim nebyl dostatecné objasnén. Existuji studie,
které prokazaly, Ze ptaci ve méstech trpeli vyssi mirou stresu (Meillere et al. 2016) ¢i
horsi kondici mlad’at (Roux et Marra 2007) v souvislosti s kontaminaci tézkymi kovy.
Doposud vsak nebylo studovano, jak se 1i8i mira kontaminace tkdni a zdravotni a kondi¢ni
stav zvifat zijicich ve méstech rizné velikosti s riiznou mirou zatizeni zneciSténim
ovzdusi nebo jak se méni individualni kontaminace zvifat zijicich ve mésté béhem jejich

zivota.

Tato prace se zabyva potencialnimi dopady znecisténi prostiedi t¢zkymi kovy na zdravi
a kondici volné Zijicich ptaki. Uvodni ast reserse je vénovana dosavadnim poznatkiim

o zdravotnich rizicich téZkych kovl ziskanym z klinickych a experimentalnich studii
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u lidi a zvifat. Poté nasleduje souhrnna evidence korelativnich i manipulativnich studii
zabyvajicich se pfimymi i nepfimymi vlivy tézkych kovi na rizné slozky zivota volné
zijicich ptaku véetné zahrnuti vysledku vyplyvajicich z vlastniho vyzkumu. PtiloZzené
publikované c¢lanky pak obsahuji kompletni popis vlastniho vyzkumu zaméteného
na studium souvislosti mezi kvalitou prostiedi, urovni kontaminace vybranych tkani
tézkymi kovy a riznymi zdravotné-kondi¢nimi ¢i pohlavnimi znaky u volné Zijicich

méstskych populaci sykor konader v Ceské republice.
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2 Literarni reSerse

Nasledujici literarni reSerse ma za cil nejen podat uceleny prehled o studiich zabyvajicich
se problematikou miry vyskytu a efektu tézkych kovi ve volné zijicich organismech,
konkrétné ptacich, ale také kriticky zhodnotit dosavadni publikované vysledky a porovnat

je (pokud mozno) v kontextu s vlastnim vyzkumem.

2.1 Tézké kovy a jejich zdravotni rizika

Tézké kovy a jejich slouceniny jsou do téla zivocichu i lidi nej¢astéji piijimany inhalaci
(vzduchem; absorbovano plicemi) ¢i ingesci (ve vodé a v potraveé; absorbovano
gastrointestinalnim traktem). Cast skupiny téchto rizikovych prvka tvoii tzv. esencidlni
kovy - Zn, Cu, Fe a Mg, které jsou v nizkych koncentracich potebné pro spravnou funkci
organismu, jelikoz se Ucastni oxidacné-redukcnich reakci a jsou soucdsti nékterych
dilezitych enzymu (Goyer et al. 2004; Jarup 2003; Sharma et Agrawal 2005). Pti vyssich
koncentracich maji ov§em i tyto kovy toxické a karcinogenni G¢inky. Ostatni kovy, jako
jsou naptiklad Pb, Cd, As a Hg, nejsou evidovany jako t€lu prospésné a mohou byt velmi
toxické jiz pfi relativné nizkych koncentracich (Goyer et al. 2004; Sharma et Agrawal
2005).

Po vstupu do organismu se téZké kovy vazi vétSinou na proteiny, kde nahrazuji
puvodni esencidlni kovy v jejich pfirozenych vazebnych mistech a zptisobuji tak selhdni
bungk, a nakonec otravu (Jarup 2003). Tyto prvky maji také schopnost vytvaret vysoce
reaktivni volné radikaly (oxidativni stres), které vedou k dalSimu poskozeni bunék
(Obr. ¢. 1), jako je vyCerpani enzymové aktivity, poSkozeni lipidové dvojvrstvy a samotné
DNA, ¢i mohou vést ke vzniku raznych karcinomt (Flora et al. 2008; Stohs et Bagchi
1995). Ruzné kovy mohou po vstupu do organismu zasahovat rtizné systémové
a organové slozky. Nasledujici odstavce struéné popisuji zdravotni rizika a mechanismy

pusobeni nékterych vybranych tézkych kovi.
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Obr. ¢. 1. Vliv téZkych kovii na bunky a rovnovahu v produkci a odstranovani volnych
kyslikovych radikali (ROS — Reactive Oxygen Species. Pfevzato z Jaishankar et al.
(2014).

Olovo (Pb)

Absorbované Pb neni rovnomérné distribuovano v téle obratlovcl. Nejprve nastava
pomérné rychly vstup do krve a mékkych tkani, poté nasleduje pomala redistribuce
do kosti a zubt. Naopak neabsorbovana ¢ast kontaminace Pb je obvykle z téla vylu¢ovana
moci a trusem (WHO 1995). Primérna doba ,,zivotnosti* Pb v krvi a jinych mékkych
tkanich je okolo 26 - 36 dnu, zatimco v kostech je v fadech desitek let. Kosti, které
akumuluji Pb pribézné po celou délku zivota, mohou zaroven slouzit i jako endogenni
zdroj tohoto rizikového prvku (Jarup 2003; WHO 1995). Koncentrace Pb naméiené
z krve tak mohou obsahovat kombinovanou informaci o celkové kontaminaci organismu,
ziskanou jak z poslednich nékolika dnt, tak za nékolik let (WHO 2007).

Je znamo, Ze na retenci Pb v téle jsou daleko nachylnéjsi mladi (déti/mlad’ata) nez
dospéli jedinci (vzhledem k vyvoji organovych soustav a kosti). U novorozenych jedinct
olovo mlzZe pronikat méné vyvinutou hematoencefalitickou bariérou a muze tak
zpusobovat poSkozeni mozku a celkového vyvoje centralni nervové soustavy (Jarup
2003). V disledku toho mize dochazet k pomalejsimu mentalnimu vyvoji déti, K jejich
snizenému 1Q ¢i ke zvySenému riziku vzniku sluchovych a zrakovych vad (Jarup 2003;

WHO 1995). Obdobn¢ byla pozorovana zhorSena schopnost uc¢eni a paméti u mladych
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experimentalnich potkanti a primati exponovanych riznym koncentracim Pb (WHO
1995).

Poruchy rozmnozovaci soustavy V dasledku ptsobeni Pb jsou popisovany jak
U muzd, tak u samci riznych obratlovet, kdy muze dochazet jak ke snizené produkci
spermii, tak K jejich zhorSené funkénosti ¢i k morfologickym zménam (Assi et al. 2016;
WHO 1995). Dale je pak znamo, Ze mize dochazet k celkem snadnému pienosu Pb mezi
matkou a plodem v dobé téhotenstvi, ¢imz mulze byt negativné ovliviiovan jeho rust
a vyvoj (WHO 1995). Obdobné je tomu i u ptakt, kdy samice mohou pienaset ¢ast své
kontaminace do vajec. U lidi i u vétSiny experimentalnich druhi zvifat (od mysi az po
primaty) bylo opakované potvrzeno, ze kontaminace Pb zptsobuje poruchy krvetvorby
(projevy regenerativni anémie; Dumonceaux et Harrison 1994; WHO 1995). Dale muze
zpusobovat poruchy funkce ledvin (WHO 1995). Mechanismy vlivu Pb na imunitni
systém zatim nejsou znamy. U experimentalnich zvitat bylo pozorovano, ze ucinky Pb
snizuji celkovou odolnost a schopnost pieziti v piipadé infikovani riznymi bakteridlnimi
¢i virovymi onemocnénimi. Dale Pb muiZze narusovat tvorbu protilatek a lymfoidni tkan
tenkého stfeva. VIiv Pb na jednotlivé typy leukocytli zatim nebyl dostate¢né popsan
(WHO 1995, 2007).

Arsen (As)

Anorganicky As patii do skupiny polokovii, nikoli kovi. Jedna se o silné toxicky
a karcinogenni prvek, ktery se uklada predevsim do kuize a koznich derivatu (vlasy, nehty,
drépy, srst, pefi; SzU2017; WHO 2007), ale potencialn€ mlize zasahovat i dalsi organové
soustavy (kardiovaskularni, nervovou, vyluCovaci, gastrointestindlni 1 dychaci;
Tchounwou et al. 2012). Primérna doba ,,Zivotnosti As Vv krvi je uvadéna v fadech
jednotek az desitek hodin (Lehmann et al. 2001).

Jednim z mechanismil toxickych G¢inkli As v organismu je naruSeni buné&ného
dychani inhibici riznych mitochondridlnich enzymt a odpojenim oxidativni fosforylace.
Dale se vaze na sulfhydrylové skupiny proteini a enzymu, kde ¢asto nahrazuje fosfor
Vv riznych biochemickych reakcich (Tchounwou et al. 2012).

U lidi se chronicka toxicita As projevuje nejcastéji riznymi vyrazkami, zménou
pigmentace klUze az koZznimi lézemi. Pfi niZSich koncentracich muize dochazet
k onemocnéni perifernich cév, redukci mnozstvi erytrocyti (zvySend hemolyza)

a leukocytt (pozorovano i u mysi; Sanchez-Virosta et al. 2015; Tchounwou et al. 2012).
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Vyssi dlouhotrvajici expozice mohou zplsobovat rakovinu riznych organti, jako jsou
plice, ledviny, mocovy méchyt a kiize (Jaishankar et al. 2014; Jarup 2003; Sanchez-
Virosta et al. 2015; WHO 2001b). U As je dale popsan genotoxicky ucinek, a to jak u lidi,
tak u experimentalnich zvitrat, kdy mize zptusobovat poruchy DNA, chromozomalni
aberace ¢i sesterské vymény chromatid (Sanchez-Virosta et al. 2015; Tchounwou et al.
2012).

Kadmium (Cd)

Kadmium je jednim z dalsich velmi toxickych kovu, ktery se nejvice hromadi v ledvinach
a dale zasahuje i kosti. Udavana délka trvani ,,zivotnosti Cd v ledvinach je az desitky
let, a muZze tak zpusobovat ¢etné poruchy funkce ledvin az jejich selhani (Faroon et al.
2012; Jarup 2003).

Pii ingesci Cd vstupuje nejprve do jater, kde se vaze na metalothionein (protein
bohaty na cystein), ¢imz zptsobuje hepatotoxicitu. Posléze postupuje ledvin, v jejichz
tkani se postupné hromadi a zpusobuje otravu i zde (Jaishankar et al. 2014). Pti inhalaci
(u lidi zejména V piipad¢ kuidkli riznych tabakovych vyrobkd) mutze dale dochézet
K riznym porucham dychaci soustavy az k rakoviné plic (pozorovano jak u lidi, tak
u pokusnych mysi; Faroon et al. 2012; Tchounwou et al. 2012; WHO 2007).

Kadmium dale negativné ovliviiuje metabolismus vapniku (Ca) a fosforu (P)
v téle. Proto jsou v souvislosti s nim ¢asto pozorovany poruchy kostry, jako je bolest
kosti, osteopordza, zvySend lamavost kosti, aj. (Jarup 2003; WHO 2007). Mimoto
Vv organismu ¢asto nahrazuje i zelezo (Fe), ¢imZ negativné ovlivituje krvetvorbu (snizuje
koncentraci hemoglobinu a vznika tak hemolytické anémie; Jaishankar et al. 2014). V této
souvislosti je také uvadéna vétsi nachylnost k retenci Cd u zen/samic, Casto trpicich
deficienci Fe, zvlasté pak v kombinaci s vyhradné rostlinnou stravou (WHO 2007).

Pfestoze koncentrace Cd naméfené v krvi dobte koreluji s koncentracemi
naméfenymi v moci, je zndmo, Ze v tomto piipadé krev odrazi spiSe neddvnou ¢i aktudlni
expozici (napfiklad u kufaki), zatimco mo¢ lépe vystihuje celkovou dlouhodobou

expozici organismu (Faroon et al. 2012; Tchounwou et al. 2012; WHO 2007).

Zinek (Zn)
Zinek je esencialni kov, ktery je soucasti nékolika riiznych enzymu v té€le a ma mnoho

dilezitych fyziologickych funkci. Mimo jiné se vyznamné podili na metabolismu cukrti
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(soucasti inzulinu), procesu hojeni, déleni a ristu buné¢k a odbourdvani karbohydrati
v téle (Zargar et al. 2015). Jeho absorpce je fizena homeostatickymi mechanismy, které
zatim nejsou zcela objasnény, ale jsou prevazné fizeny pankreatickou a stievni sekreci
(proteiny vazajici kov - metalothionein a stfevni bilkovina bohatda na cystein)
a vyluéovanim stolice. Absorbovany Zn se pievdzné ukladd do svalii, kosti, jater,
slinivky, ledvin a jinych organd. Uvadéna délka ,,zivotnosti* zinku v téle je 4 az 50 dni
U potkand (v zavislosti na aplikované davce) a piiblizné 280 dni u lidi (WHO 2001a).
Akutni otrava Zn zptsobena inhalaci vyvolala u experimentalnich hlodavct
respiracni potize, plicni edém a nadmérnou infiltraci leukocytit do plic. Akutni otrava
oralnim pozitim pak zptisobovala poruchy krvetvorby, histologické a funkéni poruchy
ledvin, poruchy jater a slinivky a zvySené procento narozenych mrtvych mlad’at. Dale pak
bylo pozorovéno, Ze zvySené koncentrace Zn V téle experimentalnich zvifat souvisely se
soucasnymi snizenymi hladinami ostatnich esencialnich kovu, jako je Cu ¢i Fe (WHO

2001a).

Méd’ (Cu)

Med’ patii stejn€ jako Zn mezi esencialni kovy a slouzi jako vyznamny antioxidant. Dale
je dulezitou soucasti fady kovovych enzymd, které se podili na tvorbé hemoglobinu,
metabolismu sacharidd, biosyntéze katecholaminii, sitovani kolagenu, -elastinu
a vlasového keratinu (ATSDR 2004). Ptfi nadmémém mnozstvi mize ovSem rovnéz
pusobit toxicky, jelikoz prechody tohoto prvku mezi oxidovanym (Cu?*) a redukovanym
(Cu™) stavem mohou vést k tvorb& superoxidovych a hydroxylovych radikalt v téle
(ATSDR 2004; Tchounwou et al. 2012).

Méd je vétSinou vstiebavana vtenkém stfevé, kde se pii1 piebytecnych
koncentracich vaze na protein metalothionein a je posléze vyloucen z téla. Nevyloucena
Cu v této fazi mize dale kolovat a hromadit se v jatrech, ze kterych je obdobnym
zpusobem (navazanim na metalothionein) postupné uvoliovana do zluce a je vyloucena
Z téla. PrestoZe tyto homeostatické mechanismy brani organismus pied vznikem otravy,
expozice nadmérného mnozstvi Cu muze prostfednictvim oxidativniho naruSeni
bunécnych membran a makromolekul zptisobovat rizné zdravotni potize. Patii mezi né
poskozeni jater a ledvin, anémie, poruchy imunitniho systému a poruchy vyvoje plodu.
Nékteré studie na experimentalnich mysich potvrzuji, ze nadmérnd intoxikace Cu muize

poskozovat jak bunécnou, tak humoralni sloZzku imunity a miZe inhibovat rist embryi
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I plodid (ATSDR 2004). Ptaci jsou podle dosavadnich vysledki nékterych studii schopni
tolerovat daleko vyssi koncentrace v organismu nez ruzni savei. Diky tomu jsou pripady

evidence otravy Cu u ptaki velmi vzacné (Dumonceaux et Harrison 1994).

Prestoze hodnoty letalnich a subletdlnich dévek se zaznamenanymi vyznamnymi
fyziologickymi zménami v organismu byly v n¢kolika studiich popsany jak u lidi, tak
u riznych experimentalnich zvitat, rozmezi tolerance a toxicity prvku se zde velmi casto
vyrazné li§i. Rozdily lze najit nejen vzhledem Kk Zivoc¢isnému druhu (piiklad u ptaku
Tab. ¢. 1), ale i vzhledem k vé&ku, pohlavi a v neposledni fad¢ zpuisobu kontaminace
(inhalace/ingesce, systematicky aplikovana/postupna; Dumonceaux et Harrison 1994;
Jarup 2003; Tchounwou et al. 2012; WHO 2007).

Pii studiu expozice t€Zkych kovi u volné zijicich druhi Zivocicht tak mize
dochazet k ptekonavani deklarovanych prahovych hodnot toxicity v organismu, a to i bez
zaznamenani piiznakl akutni otravy ¢i smrti zvifete (Abbasi et al. 2015; Abdullah et al.
2015; Sanchez-Virosta et al. 2015). Dale je nutné zohlednit, Zze detekovana mira
kontaminace rlznymi kovy mize mit odliSné znaky expozice sriznymi typy
analyzovanych tkani a biologickych materialii. Porovnatelnost vysledkd rdznych

experimentalnich a eko-toxikologickych studii tedy nemusi byt mnohdy reélna.

Tab. & 1. Predpokladané normalni hodnoty Pb (v ramci tolerance organismu) v Krvi
u riznych druhti ptakt. Souhrn z riznych veterinarnich studii. Pfevzato z (Dumonceaux

et Harrison 1994).

Swan 6 ng/d|
Mallard 5— 39 ug/dl
Canada Goose 10— 37 ug/dl
Pigeon 17 — 81 pg/dl
Cockatiel 5 ng/dl
Most Psittaciformes <20 pg/di

2.2 Volné Zijici ptaci jako bioindikatory kvality prostiedi

Mezi dlouhodobé pouzivané bioindikatory toxickych latek v prostiedi patii napiiklad
houby (Garcia et al. 1998; Lalotra et al. 2016), mechy (bryomonitoring; (Sabovljevi et al.
2009; Schroder et al. 2010; Sucharova et Suchara 2002)), vyssi cévnaté rostliny (napf.
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stromy; Nabais et al. 1999; Sxbg et al. 2015; Sawidis et al. 2011) ¢i vodni mlzi (Kraak et
al. 1991; Rainbow et al. 2000; Strungaru et al. 2017). V poslednich letech jsou pro tyto
ucely hojné uzivani i volné Zijici ptaci (Furness et Greenwood 1993; Sanchez-Virosta et
al. 2015). Oduvodnénim vhodnosti takovéhoto vyuziti ptaki mize byt zejména jejich
vyskyt v hojném poctu, dobie znama ekologie u vétSiny druht, rychly rozmnozovaci
cyklus a snadny zptisob odbéru riznych vzorki pro analyzu znecist'ujicich latek, aniz by
zivo¢ich musel byt usmrcen (Andél 2011). Nevyhodou vyuziti ptaka jako bioindikatora
kvality prostiedi mohou byt jejich velké arealy rozptylu (zejména u migrujicich druhii) ¢i
napiiklad limitace v mozném mnozstvi odebrané krve u nékterych malych druht ptakt
(pévci).

Eko-toxikologické studie na ptacich Ize rozdélit podle jejich zaméfeni. Nékteré
vyzkumy se zamé&fuji zejména na rtizné druhy dravcu (Carneiro et al. 2015; Dauwe et al.
2003; Dietz et al. 2006; Sheffield 1997) a rybozravych vodnich ptakd (Boncompagni et
al. 2003; Borghesi et al. 2017; Zamani-Ahmadmahmoodi et al. 2010), a to s ohledem
na moznost detekce bioakumulace tézkych kovi diky jejich pomémné vysokému
postaveni v potravnim fetézci (vice viz kapitola 2.7). Ztéchto studii vyplyva, ze
mezidruhova variabilita v kontaminaci kovy u ptakt mize byt ¢astecné vysvétlena jejich
potravnimi preferencemi (Burger 2002; Carvalho et al. 2013). Nejvyssi kontaminace
semenozravé druhy ptakd (Abbasi et al. 2015).

Dalsi poc¢etné vyzkumy se vénuji béznym terestridlnim druhtim (zejména riznym
druhti pévct (Roux et Marra 2007) ¢i holubt (Frantz et al. 2012)), jakoZto bioindikatordm
kvality prostiedi na riznych lokalitach. Detekce miry kontaminace u téchto druht pak
muze strhavat vétsi pozornost vefejnosti, jelikoZ tyto druhy se béZzné vyskytuji
V bezprostiedni blizkosti ¢lovéka a 1ze z této miry tedy ¢astecné vyvodit 1 zdravotni rizika
z pohledu lidského zdravi (viz naptiklad novinovy ¢lanek Tucek (2017) ,,Sykorky sdéluji,
kde zijeme* prezentujici vysledky élanku I). Prevazna vétsina dosavadnich studii se
V tomto pfipad¢é ovSem zaméfuje spiSe na kontaminaci t€zkymi kovy u zvitat zijicich
V bezprostfedni blizkosti primyslovych zdroji znecisténi (kovové huté a rizné
metalurgické zavody). V této souvislosti bylo opakované pozorovano, ze rizné druhy
volné Zijicich ptaka v industridlné kontaminovanych oblastech vykazuji vysSi miry
kontaminace kovy nez jejich populace zijici v lesnich biotopech mimo ¢i dale od zdroje
znecisteéni (naptiklad Belskii et Grebennikov 2014; Coeurdassier et al. 2012; Eeva et al.

2009; Geens et al. 2010; Migula et al. 2000). O néco mensi pocet studii se pak zabyval
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kontaminaci tézkymi kovy ve méstech. I v tomto ptipadé bylo zjiSténo, ze méeststi ptaci
jsou vice zatizeni kontaminaci riznymi kovy nez ptéci zijici ve venkovskych lokalitdch
¢i v lesich dale od mésta (Chatelain et al. 2017; Eens et al. 1999; Frantz et al. 2012;
Meillére et al. 2016; Tansy et Roth 1970). V souvislosti se zvy$enou kontaminaci tézkymi
kovy na rtiznych lokalitdch byla také v n¢kolika studiich popsana i snizena dostupnost
vapniku (Ca) v prostiedi, coz bylo potvrzeno pii analyzach trusu ptaku, jejich potravy ¢i
pii analyzach pudy (Belskii et Grebennikov 2014; Espin et al. 2017; Ruiz et al. 2017).
Tento jev ovSem muze souviset jak se samotnym deficitem Ca v prostiedi, tak s vlastnosti
tézkych kovi navazat se jak v organismu, tak v prostiedi na mista pro n¢j neptivodni
a nahrazovat tak jiné prvky (jako je naptiklad Ca ¢i P; WHO 2007). V nasem piipadé
vysledky monitoringu rtiznych populaci sykor koniader v CR ukézaly, Ze kontaminace
krve i pefi zvifat se v riznych méstech 1isi, avSak ne prokazatelné v souvislosti s Grovni
znecisténi ovzdusi mést prachovymi ¢asticemi PMio (jakoZzto ,,nosic¢t té¢zkych kovi).
Nejvyssi celkové koncentrace kovi v krvi byly nicméné nameéteny u nékolika samci
pochazejicich z primyslové zatizeného mésta Bohumin (pobliz Ostravy), které v daném
roce monitoringu zaroven vykazovalo nejvyssi primérné ro¢ni znecisténi ovzdusi PMyo
Casticemi (¢ldanek 1). Z téchto vysledkl vyplyva, ze vyznamnou roli v kontaminaci zvifat
bude hrat mnozstvi kov jiz deponované v prostiedi (nikoliv jen v ovzdusi). Pti dalSim
biomonitoringu by tedy méla byt zohlednéna i mira kontaminace témito prvky v padé ¢i

Vv potravé zvifat (jako napiiklad ve studiich (Eeva et al. 2005; Roux et Marra 2007).

2.3 Zpisoby detekce miry kontaminace téZkymi kovy u ptakua

Nasledujici kapitola popisuje biologické vzorky u ptakt nejcastéji pouzivané
k vyhodnoceni individualni miry kontaminace zvitat za ptedpokladu vyuziti minimalné

invazivnich (nedestruktivnich) metod.

Analyza vzorkit Krve

Krev je jedna znejspolehlivéjsich biologickych vzorkli pro podchyceni celkové
kontaminace organismu tézkymi kovy (Sanchez-Virosta et al. 2015; WHO 2007).
Limitaci je zde ovSem velikost zvifete. Zvlast¢ u malych druhl ptaki je nutno zvazit
moznost ziskani minimalniho potfebného objemu vzorku krve pro analyzu tézkych kova

tak, aby zvife nebylo odbérem nijak zasadné ohrozovano na zdravi (Campbell et Ellis
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2007). Dle nasich zkusenosti je pro Gspésnou chemickou analyzu potieba alespon 5 pL
krve (pfi ultrastopové analytické metodé hmotnostni spektrometrie ICP-MS). Potfebné
mnozstvi je ovSem siln¢ zavislé na konkrétné zvolené metod¢ analyzy kovi (J. Hranic¢ek
in verb). Krev lze analyzovat bud’to celou zacerstva (pouzita ve vét§iné piipadu studii;
napi. Carneiro et al. 2015; Evers et al. 1998; Geens et al. 2010) nebo odstiedénou zvlast,
tedy analyzovat krevni buiikky (Coeurdassier et al. 2012) ¢i krevni plazmu (Bailly et al.
2017; Bravo et al. 2005). Pfevazné mnozstvi tézkych kovli obsazenych v Krvi se ovSem
vaze na krevni buiikky (pomoci enzymil), zatimco plazma obsahuje pouze cca 1 % celkové
kontaminace krve (WHO 2007). Neni tedy zadnym piekvapenim, ze koncentrace
naméfené v samotnych krevnich bunikach silné koreluji s koncentracemi naméfenymi v
celé krvi (Coeurdassier et al. 2012). Analyza obsahu tézkych kovii v krevnich burikach se
ukazala jako vhodna metoda i v piipadé naseho vyzkumu, jelikoZ uchovani zbylé Casti
vzorku krve (krevni plazmy) nam umoznilo testovat dale napiiklad antibakterialni
aktivitu komplementu v plazmé (éldnek 1). Na rozdil od pefi kontaminace zvifete
stanovena z odebranych vzorku krve vyjadiuje zejména velmi nedavnou a aktualni
expozici zvifete, a maze tedy poslouzit jako dobry indikator kvality dané lokality v dobé&
odchytu (viz Tab. €. 2) nebo muze odrazet pfechodné ¢i sezonni zmény v eXpozici zvifat
(Berglund et al. 2012; Geens et al. 2010; Pollack et al. 2017). Vysledky vlastniho
vyzkumu zabyvajici se otdzkou moZnosti detekce akumulace vybranych tézkych kovl

ze vzorkd krve odebranych v rizném véku zivota zvifat jsou dale popsany v kapitole 2.7.

Tab. €. 2. Pramérné koncentrace té€Zkych kovt (ng/g mokré vahy + SE) v krvi sykor konader
zijicich v rizné vzdalenosti od zdroje znecisténi. UM = lokalita nejblize hutim, do vzdalenosti
350 m, F8 = lokalita od 400 do 600 m vzdalenosti, F7 = ve vzdalenosti 2500 m, F4 = lokalita

nejdale od zdroje, ve vzdalenosti 8500 m. Pievzato z Geens et al. (2010).

UM (n=18) F8 (n=13) F7 (n=16) F4 (n=10)
Cd 0,016+ 0,003 A 0.011 £ 0.002 A 0,007 + 0.001 B 0,007 £ 0.001
Co 0.35 4 0,08 0.254 005 0,25 4 0.04 0,23 +0.07
Cu 0.13 +0.02 0,09 + 0,02 0.20+0.03 013 £0.03
Ni 0.1+ 0,03 0.14+0.03 013005 0,18 £0.03
Pb 0.28 4+ 0.02 A 0.17 £ 0.02 A 0.03 £ 0.01 B 0.02 £ 002
In 55405 69405 79+0.7 6.9+0.7

Analyza vzorki peii
Dals$i moznost jak zjistit miru kontaminace tézkymi kovy u volné Zzijicich ptakd, je

analyza vzorku peti (Abdullah et al. 2015; Burger et Gochfeld 2000; Geens et al. 2010).
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Depozice kovi do pefi je u ptakli jedna z moznosti jak vytésnit nadbytek toxickych latek
ze svého organismu (Abdullah et al. 2015; Malik et Zeb 2009). Jelikoz tato depozice
ovSem probiha pouze v obdobi rlstu per (tj. béhem piepetovani po dobu cca po 3 tydni;
Borghesi et al. 2016, 2017; Burger et Gochfeld 1997), nelze obsah téZkych kovi v pefi
povazovat za odraz aktudlniho stavu zvifete, ale spiSe jeho dlouhodobéjsiho hlediska.
Koncentrace riznych kovii namétené v pefi ptakd tedy nemusi korelovat s koncentracemi
naméfenymi Vv jejich krvi ¢i jinych tkanich (Dauwe et al. 2005; Scheifler et al. 2006;
¢lanek 1). Chceme-li miru kontaminace pefi pouzit jako relevantni udaj ke konkrétni
lokalité, je nutné toto nacasovani depozice zohlednit, a to obzvlasté pokud se zabyvame
migrujicimi druhy ptakt. Tento fakt potvrzuje studie (Cooper et al. 2017), ktera
porovnavala kontaminaci pefi u dvou riznych druht (kardinalt ¢ervenych Cardinalis
cardinalis a tyrant chocholatych Myiarchus crinitus) hnizdicich na stejné lokalité.
Zatimco primérna kontaminace krve riznymi kovy byla u rezidentnich kardinald velice
podobna jako u migrujicich tyranti, kontaminace peti se mezi druhy vyrazné lisila.
Naopak v piipadé nasi studie nebyla navaznost kontaminace t€zkymi kovy na odchytovou
lokalitu sykor prokazana ani u krve ani u pefi (¢ldnek I). Dalsim tskalim u analyzy
vzorkd pefi mize byt externi znecisténi kovy, které nastava i v dobé po ukonceni ristu
pera. Pokud je tedy cilem zpracovani pefi ziskat informaci pouze o vnitini kontaminaci
zvifete (z dlouhodobého hlediska), je nutné tyto vzorky dikladné oplachnout (Borghesi
et al. 2016, 2017).

Na druhou stranu nékteré studie prokazaly, ze mira kontaminace pefi muze
castecné odrazet i miru dlouhodobé akumulace kovl v téle ptakd, jelikoz pozitivné
korelovala s koncentracemi namétenymi v riznych organech (Dauwe et al. 2002; Kim et
Koo 2008; Zamani-Ahmadmahmoodi et al. 2010; dale viz kapitola 2.7).

Analyza trusu

Mira kontaminace téZkymi kovy u volné zijicich ptaki mize byt hodnocena také z analyz
trusu. Jedné se o neinvazivni a celkem spolehlivou metodu vzorkovani Casto uzivanou
napiiklad u mlad’at (Belskii et Grebennikov 2014; Eeva et al. 2009; Eeva et al. 2003; Ruiz
et al. 2016) ¢i u velkych dravci (Bravo et al. 2005). Podobné jako u pefi ¢i u vajec lze
z koncentraci kovil v trusu zachytit pouze nadbyte¢nou cast kontaminace vylou¢enou
organismem. Namétené koncentrace kovi v trusu se tedy mohou lisit od koncentraci

naméfenych v krvi ¢i v pefi (Costa et al. 2012, 2014). Mira kontaminace trusu ovSem
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na druhou stranu dobte odrazi kvalitu a dostupnost potravy na dané lokalité, zejména pak
jiz jednou zminény deficit vapniku v prostiedi (viz Tab. ¢. 3; (Belskii et Grebennikov
2014; Dauwe et al. 2004a; Eeva et Lehikoinen 2004; Ruiz et al. 2017), ¢i potravni
preference u riznych druht ptaka (Bravo et al. 2005; Eeva et al. 2009).

Tab. ¢&. 3. Primérné koncentrace tézkych kovi a vapniku (ug/g suché vahy + SE) v trusu mlad’at
volné zijicich lejskti Cernohlavych. Porovnani ze dvou odchytovych lokalit: nejblize ke zdroji
znecisténi (impact zone) a nejdale od zdroje znecisténi (background zone). Pievzato z Belskii et

Grebennikov (2014).

Metal Zone Effect of zone *
Background Impact F p

Cu 41.7 + 3.6 2546 4 42.7 829 =0.001

Zn 4249 + 44.8 7777 +£ 929 11.1 0.004

Cd 64 + 0.7 238 £ 36 349 <0.001

Ph 137+ 18 1865 + 25.0 136.1 =0,001

Ca 32006 + 943.5 17582 + 479.6 27 0.12

* One-way analysis of variance (ANOVA), metal concentrations were log,-
transformed.

Analyza vajec

Jako vhodny biologicky material k analyze tézkych kovl u ptadkt mohou slouzit i jejich
vejce. Prestoze se vtomto piipadé jednd o jedinou zminénou destruktivni metodu
vzorkovani, je to jeden z mala zpisobu, jak zjistit miru pfenosu kontaminace ze samic
najejich mlad’ata. Samice mohou bcéhem tvorby vajec deponovat cast vlastni
kontaminace do vaje¢ného obsahu i skotapek (Boncompagni et al. 2003; Hargitai et al.
2016; Zarrintab et Mirzaei 2017). Poméry ukladani kovii do riznych slozek vejce se
ovSem mohou vyrazng lisit (Tab. ¢. 4; Mora 2003). Obecné byvaji ve vejcich detekovany
nejvyssi koncentrace zejména Pb a Hg, které zde Casto nahrazuji Ca (Lam et al. 2005;
Ruuskanen et al. 2014; Scheuhammer 1987). Naopak As a Cd jsou ve vejcich vétSinou
evidovany pouze ve velmi nizkych koncentracich (Burger et al. 1999; Tsipoura et al.
2011). Zvysena intoxikace vajec tézkymi kovy pak muze negativné ovliviiovat jejich
kvalitu, celkovou hnizdni Gispé$nost i naslednou schopnost pieziti mlad’at (Burger 2002;

Zarrintab et Mirzaei 2017; viz kapitola 2.6).
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Tab. ¢ 4. Primérné koncentrace kovu (ug/g suché vahy + standardizovand odchylka SD)

ve vejcich a vajecnych skotapkach, véetné poméru zastoupeni kovi v téchto ¢astech, u volné

ey

zijicich tyranovci vrbovych (Empidonax traillii extimus) a lesnacku zlutoprstych (Icteria virens).
Pfevzato z Mora (2003).

Element Species

Yellow-hreasted chat Willow flycatcher

Egge Eggshell Eggshell Egg Epg Eggshell Eggshell/Egg
As = (.5 21+04 8.4 =05 1.3£0.2 5.2
Ba 2.5+2 339423 13.6 0.5+0.1 i6+2.2 7.2
Cu 32409 6248 1.9 2.54+09 3017 1.2
Mn 37+15 29+19 1.1 19+1.3 39+14 21
Ni =0.5 4.1+£3.6 16.4 <0.5 6.5+5.7 26
Pb <(,5° 06407 2.4 =0.5 0.9+0.6 3.6
Se 304048 055403 017 J4+0.4 1.2£0.7 .35
Sr 2394127 B264424 346 351458 299+ 155 8.5
v =05 52413 208 =0.5 48+29 19.2
Zn 524+128 9.5+10 0.18 385+124 46.2+10.7 1.2

* As was below detection limits in egg contents, except for 1 sample with 1.3 pg/e dw, Used 0.3 the DL to calculate ratio.
" Pb was not detected in egg contents of YBHCs or WIFLs. Used 0.5 DL to calculate ratio.

¢ Se wus detected above detection limits in 31% (8 of 26) of the eggshells.

4 Vanadium was found above detection limits in three YBCH ¢gg contents. Used 0.5 DL to calculate ratio,

2.4 Vliv tézkych kovi na rizné kondi¢ni znaky ptaki

Negativni vliv kontaminace t€zkymi kovy na obecné uzivané kondi¢ni parametry ptaki
spojené s nutrici, jako je standardizovana hmotnost (hmotnost / délka tarsu), délka beéhaku
(tarsus), délka kiidla a délka ocasnich per, byl pozorovan zejména u mlad’at vyrustajicich
Vv blizkosti velkych zdroju primyslového znecisténi (Eeva et al. 2009; Eeva et al. 1998;
Eeva et Lehikoinen 2004; Koivula et al. 2011). Ve vice kontaminovanych oblastech byla
také zjiSténa vyssi pravdépodobnost vyskytu riznych asymetrii a abnormalit rastu kiidel
a nohou u mlad’at (pozorovano ve studii Eeva et Lehikoinen (1996) u lejsku
¢ernohlavych; v Eeva et al. (2000, 2003) a Janssens et al. (2003) u sykor konader).
Ve vétsing pripadi takto oslabena mlad’ata brzy uhynou nebo se vzhledem k vysoké
pravdépodobnosti predace nedoziji dospélého veéku (Eeva et Lehikoinen 1996).
U dospélych jedinct se negativni vliv kovii na morfologické kondi¢ni znaky ve vétsing
ptipadi neprojevil (Dauwe et al. 2006; Eeva et al. 2009; Geens et al. 2009). V nami
studovanych populacich méstskych sykor kotiader (pochazejicich jak riznych mést v CR,
tak pouze z Prahy) nebyla zaznamenana zadna signifikantni souvislost mezi kontaminaci
tézkymi kovy a standardizovanou hmotnosti, délkou béhaku ¢i Sitkou ristového prouzku
ocasnich per u dospélcti ani u mlad’at (kontrolovany ve véku 15ti dni; élanky 1 a 3).
Zvitata ve méstech tedy pravdépodobné nedosahovala takové trovné kontaminace kovy,

kterd by vyznamné limitovala jejich télesnou hmotnost ¢i riistovy vyvoj.
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DalSimi parametry spiSe fyziologické kondice zvifat, které mohou byt
Vv toxikologickych studiich u volné zijicich ptaka sledovany, jsou antioxida¢ni kapacita
krevni plazmy a oxidativni stres (Koivula et Eeva 2010). ZvySeny oxidativni stres byl
zjistén ve studii (Berglund et al. 2007) u mlad’at lejski ¢ernohlavych, ktera vyrustala
pobliz huti sulfidovych rud. Tato mladata méla zvySené antioxidacni enzymy V Krvi
(glutathion reduktazu a katalazu) a zaroven u nich byla zjisténa vyrazna akumulace As,
Cd, Hg, Pb, Fe a Zn v jatrech. Obdobné byly ve studii Geens et al. (2009) namé&feny
zvysené koncentrace antioxidantii v krevni plazmé (tzv. Trolox ekvivalent antioxida¢ni
kapacity - TEAC, celkovy protein, albumin a kyselina mocova) u mlad’at sykor konader
pochazejicich z okoli huti nezeleznych kovt (Tab. €. 5). Detekce vlivlu tézkych kovil
na oxidativni stres muze siln¢ zdviset na vyb&ru biomarkeri méfeni. V nckterych
ptipadech se rizné parametry oxidativniho stresu mohou rozchazet (napiiklad v reakci
na nedostatek Ca; Espin et al. 2017).

Vyznamnymi antioxidanty v krvi ptaki jsou i karotenoidy. Jedna se o neesencialni
pigmenty, které se podili jak na odstranovani volnych radikali z t€la (Giraudeau et al.
2015; Moller et al. 2000), tak na zbarveni riznych sekunddrnich pohlavnich znak ptakt
(ornamenty pefi, kiize ¢i rohovitych koznich derivati) tcastnicich se pohlavniho vybéru
a jiné vizualni komunikace (Hill 2006; Peters et al. 2004). Kvalita karotenoidniho
zbarveni u ptakl tedy miiZze signalizovat nejen potravni dostupnost karotenoidl
v prostiedi a celkovou kvalitu prostiedi (Koivula et al. 2011), ale pravdépodobné i
schopnost zvifete vypofadat se S pfipadnym oxidativnim stresem (Geens et al. 2009;
Moller et al. 2000; Olson et Owens 1998). JelikoZz kontaminace t€Zkymi kovy miize
zvySovat oxidativni stres u zvifat, pfedpoklada se, Ze vice exponovand zvifata jsou nucena
investovat vice karotenoidii do antioxida¢nich procest, coz mtize vést naopak ke zhorseni
kvality zbarveni karotenoidnich ornamentd (hor$i sytost ¢i jas zbarveni). To ukazali
ve svych studiich napt. Geens et al. (2009), Dauwe et Eens (2008) ¢i Eeva et al. (1998),
vykazovali vyrazn€ hor$i zluté zbarveni pefi bfiSniho ornamentu nez jedinci Zijici dale
od zdroje znecisténi (Obr. ¢. 2a). Vztah mezi kvalitou karotenoidniho zbarveni pefi
a oxidativnim stresem ¢i antioxidacni kapacitou jedinct se Vv téchto piipadech ovSem
nepotvrdil (Geens et al. 2009; Koivula et al. 2011). Platnost teorie kompromisu (trade-off
theory) mezi alokaci karotenoidii do ornamentll a do antioxidace a sebeudrzovani
organismu tak u ptaki stale neni jasna (Giraudeau et al. 2015). Tuto teorii bohuzel nejsme

schopni potvrdit ani na zéklad¢ vlastnich pozorovani, jelikoz mira kontaminace krve ani
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pefi tézkymi kovy nijak nesouvisela s kvalitou zlutého karotenoidniho zbarveni pefi
u studovanych méstskych sykor (¢lanek 1). Na druhou stranu nejsme schopni podpofit
ani platnost alternativni hypotézy o0 ornamentech jakozto spolehlivych vizualnich znacich
individualni kvality a zivotaschopnosti samce (tj. viability indicator hypothesis - VIH;
Andersson 1994; Hill 2011), tedy ze kvalita karotenoidnich ornamentd je pozitivné
kondi¢né ¢i zdravotné zavisla, jelikoz takovyto vztah nebyl prokdzan ani u jedné z nasich
studii (¢lanky 1 - 3).

Znecisténi tézkymi kovy miize potencidlné ovliviiovat i kvalitu melaninovych
ornamentl ptakil. Piestoze melaniny jsou esencialni pigmenty (t€lo si je dokdze vytvaret)
a kvalita zbarveni je dana predevsim geneticky (Norris 1993; Roulin et Dijkstra 2003), je
znamo, ze muze byt dale ovlivilovdna hormony, potravni dostupnosti ¢i schopnosti
rezistence vuci parazitim (Griffith et al. 2006; McGraw 2008). Mimoto je také znamo,
ze esencialni tézké kovy, jako Zn, Cu a Fe jsou nezbytné pro syntézu eumelaninovych
a feomelaninovych pigmenti (McGraw 2003), a tudiz v tomto piipadé mohou kovy spise
podporovat kvalitu téchto ornamenti (McGraw 2007; Niecke et al. 2003). U volné
zijicich druht ptaki byla tato zavislost pozorovéna u sykor konader, kdy jedinci Zijici
Vv bezprostiedni blizkosti médénych huti méli vétsi bifisSni melaninovy ornament
nez jedinci zijici dale od zdroje znecisténi (Obr. ¢. 2b; Dauwe et Eens 2008). Efekt
tézkych kovii na samotnou kvalitu zbarveni (sytost ¢i jas) melaninovych ornament zatim
nebyl piili§ prokouman (McGraw 2007). Dle mé evidence existuji pouze dvé studie
zabyvajici se touto tématikou (Chatelain et al. 2014, 2017). Prace Chatelain et al. (2017)
popsala souvislost kontaminace peti Pb se zhorSenou jasnosti (brightness) iridiscentniho
pefi na krku a soucasné¢ Se zhorSenou odrazivosti (reflektance) melaninového pefi
ve stiednich vinovych délkach u méstskych holubt (Columba livia). Naopak dodanim
esencialniho Zn se odrazivost tohoto peti zlepsila v ultra-fialovém délkovém spektru.
Z4dna z dosavadnich studii se zatim nezabyvala piipadnymi rozdily ve vlivu tézkych
kovi na kvalitu zbarveni eumelaninovych a feomelaninovych ornamentt pefi. Vlastni
vyzkum v tomto piipad¢ nepotvrdil Zadnou souvislost mezi kontaminaci krve ¢i pefi
sykor esencidlnimi ¢i neesencialnimi kovy a kvalitou melaninového bfisniho ornamentu
(vyjadiena velikosti plochy pruhu; ¢lanky 1 a 3). Podobné jako u karotenoidnich
ornamentti se nam ani u melaninového bfiSniho pruhu nepodafila prokazat souvislost
s kondi¢nimi parametry, parametry zdravotniho stavu ani kvalitou saméich pohlavnich

bunék (¢ldanek 2).
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Tab. €. 5. Primérné koncentrace antioxidanti (prumér + SE) v krvi mlad’at sykor konader
pochazejicich z rizné vzdalenych lokalit od zdroje zneCisténi (UM = nejblize, F4 = nejdale).

Prevzato z Geens et al. (2009).

UM (0-350 m) F8 (400-600 m) F7 (2500 m) F4 (8000 m)
(n=60) (n=61) (n=155) (n=37)
Total protein (g/L) 402+ 3.4 A 302409 B 339+14 C 28.5+4.1 C
Albumin (g/L) 13.3+1.2 A 11.0+=02 B 10,6 +£09 BC 9208 C
Triglyceride (mmol/L) 4.354-0.23 4414017 479+044 4144039
Uric acid (pmaol /L) 1040 478 A 1100 == 57 A 802 +121 B 721+53 B
Cholesterol {mmol/L) 3944016 427 +01 444 + 041 398+033
TEAC (mmol Trolox equ./1) 282401 A 297 +0.07 A 23+021 B 2084022 B
0.62 35
(a) (b)
}4
0.58 —_ J
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Obr. ¢. 2. Primérné hodnoty (+ SE) (a) sytosti karotenoidniho zbarveni (chroma) a (b) velikosti
melaninového btisniho pruhu u volng zijicich sykor konader v zavislosti na lokalité jejich ptivodu
(high = lokalita nejvice znecisténa tézkymi kovy ve vzdalenosti do 0.5 km od zdroje, intermediate
= stfedné znecisténa lokalita vzdalend 1 km od zdroje a low = nejméné znecisténa lokalita
vzdalena 6 km od zdroje). V pripadé (a) jsou zndzornéna ob¢ pohlavi s kombinovanym vékem
zvirat. V ptipadé (b) jsou znazornéni pouze samci a to mladi do 1 roku (pIné kolecko) a starsi

(prazdné kolecko). Pievzato z Dauwe et Eens (2008).

2.5  Vliv tézkych kovii na hematologické parametry ptaku

S ohledem na mozné projevy pusobeni tézkych kovi na zdravotni stav je nasledujici
kapitola vénovana riznym hematologickym parametrim. Vysetieni krve je spolehliva
metoda analyzy individualniho zdravotniho stavu, ke které stac¢i pouze velmi malé
mnozstvi krve a neni nijak zvlast' finan¢né ani postupové narocna (Campbell et Ellis

2007; Jones 2015). Je =znamo, ze =zejména neesencialni tézké kovy mohou
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I pfi subletalnich koncentracich zplsobovat zvySenou umrtnost cervenych krvinek
(erytrocytil), a tedy vznik hemolytické anémie (chudokrevnost projevujici se zrychlenou
krvetvorbou a neustalym vyplavovanim novych nezralych bunék do ob&éhu; Campbell et
Ellis 2007). Pfesto byl tento parametr studovan pouze v nékolika malo studiich
zaméfenych na voln¢ zijici populace ptakd. Pfiznaky hemolytické anémie byly zjistény
napiiklad ve studii (Belskii et al. 2005), kde byla u mlad’at lejski ¢ernohlavych
vyrustajicich Vv bezprostiedni blizkosti médénych huti zjiSténa snizend koncentrace
hemoglobinu a zvySené pomérové zastoupeni imaturnich erytrocytd v krvi (Tab. ¢. 6).
Obdobné¢ byl detekovan snizeny objem hematokritu a celkova koncentrace hemoglobinu
u dospélych sykor konader zijicich pobliz huti nezeleznych kovu (Geens et al. 2010; Obr.
¢. 3). V nékterych studiich, které se zaméfovaly vyhradné na celkovy objem hematokritu,
nebyl vliv tézkych kovt prokazan (Costa et al. 2014; Dauwe et al. 2006; Janssens et al.
2003). V téchto ptipadech se ovSem muze jednat o zkreslené vysledky v dusledku
nedostate¢n¢ komplexniho vySetieni krve. Jak je znamo, celkovy objem hematokritu neni
zavisly pouze na poctu erytrocytt, ale i na jejich velikosti. Jelikoz imaturni stadia
erytrocytll jsou zpravidla objemnégj$i nez jejich zrald (maturni) stadia, je mozné, ze
Vv ptipad¢ jejich vétsiho pomérového zastoupeni v Krvi (pfipad hemolytické anémie) se
celkovy objem hematokritu nemusi zdsadné ménit ¢i se mize dokonce zvysit (Carleton
2008; Dawson et Bortolotti 1997; Ewenson et al. 2001; Ots et al. 1998). Vysetfeni
diferencialniho poctu erytrocytii tedy mize byt pro presnéjsi identifikaci zdravotniho
stavu volné Zijicich zvitat stéZejni. Komplexni vySetfeni krve bylo provadéno i1 béhem
naseho vyzkumu na sykorach konadrach. V souvislosti s vysokymi koncentracemi
tézkych kovu v krvi byly u nékolika jedinct pochazejicich z nejvice prumyslové
zatizeného mésta detekovany snizené celkové pocty erytrocyti a naznak zvySeného
zastoupeni imaturnich erytrocytt v Krvi (¢lanek 1).

Piisobeni toxickych prvkl se muze projevovat také na zvySeném celkovém
mnozstvi bilych krvinek (leukocytit) ¢i na odchylkach v diferencialnich poctech riznych
leukocytt v krvi (Campbell et Ellis 2007). V tomto piipadé je sledovan zejména pomér
heterofilt/lymfocytim (H/L index), jakozto projev dlouhodobého stresu u ptaka (Davis
2005; Davis et al. 2008), ¢i elevace poctu lymfocytu, heterofilti, bazofili a eozinofila
naznacujici probihajici zanét v téle (Campbell et Ellis 2007; Jones 2015; Sanchez-Virosta
et al. 2015). Evidence efektu tézkych kovl na rizné typy leukocytl je u volné zijicich
ptakd zatim nedostatecna. Studie (Belskii et al. 2005) se sice u mlad’at lejskt zabyvala

analyzou diferencialniho poc¢tu leukocyti, Zadny z parametri se ovSem nijak prokazatelné
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nelisil mezi mlad’aty pochédzejicimi z kontaminované ¢i z referencni oblasti (Tab. ¢. 6).
Podobné nebyl prokazan vliv prumyslového znecisténi na celkovy pocet leukocyti ¢i H/L
pomér u mlad’at sykor konader v Portugalsku (Costa et al. 2014). Naopak ve studii Eeva
et Hasselquist (2005) zaznamenali snizeny H/L pomér v krvi u dospélych lejsku
¢ernohlavych pochazejicich z bezprostfedni blizkosti médénych huti. Tuto pomérné
ptekvapivou zavislost autofi vysvétluji elevaci lymfocytti v disledku imunitni odpovédi
na antigen, ktery byl t€émto samciim cilen¢ aplikovan pro testovani rychlosti jejich
imunitni reakce. Samotny efekt znecisténi lokality tedy mohl byt touto manipulaci
zkreslen. Na druhou stranu v tomto pfipadé ovsem bylo zjisténo, Ze samci pochazejici
z kontaminované oblasti mé&li siln€jsi imunitni odpovéd’ (nartst poctu lymfocytt v krvi)
na aplikovany antigen nez samci z kontrolni (nekontaminované oblasti). P¥ima souvislost
mezi subletalni kontaminaci tézkymi kovy a poctem rtznych typu leukocyti nebyla
zjisténa ani u hrdlicek bélavoktidlych (Zenaida asiatica) zijicich v lokalité¢ dlouhodobé
znecisténé persistentnimi organickymi latkami a tézkymi kovy (Lower Rio Grande
Valley, USA; Fredricks et al. 2009). V ptipad¢ vlastniho pozorovani jsme u sykor
pochazejicich z riznych mést v CR zaznamenali pouze signifikantni pozitivni vztah mezi
koncentracemi kovii vpeti a H/L pomérem samct. Tento vztah lze vysvétlit
pravdépodobnym projevem dlouhodobého stresu v dusledku ptisobeni kovi (podobné
jako u Meillere et al. (2016)). Zaroven byl ovSem také zjistén slaby negativni vztah mezi
aktualnimi koncentracemi kovl v krvi samcti a H/L pomérem. Tento vztah mize byt
projevem toxického plsobeni neesencialnich kovil na heterofily (naznacen snizeny pocet
heterofilti u jedinct S nevys§imi koncentracemi As v krvi; éldnek I). Celkové tedy
z nasich vysledkd vyplyva, ze se aktualni uroven kontaminace krve t¢zkymi kovy muze
projevovat na poctu jednotlivych typu leukocytti vkrvi ptakl, nicméné ne piilis
jednozna¢né v piipadé Casto pouzivaného stresového H/L indexu. Zda kovy do ur¢itych
koncentraci zptisobuji elevaci leukocyti (v disledku zvysSeni imunitni obranyschopnosti)
a od danych koncentraci naopak jejich vyrazny ubytek (v disledku nadmérné iimrtnosti
bungk), je potfeba dale prozkoumat. Nejlépe pomoci experimentalné vedeného

manipulativniho vyzkumu (fizend aplikace ur€itych davek raznych tézkych kovi).
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Tab. €. 6. Vybrané krevni parametry mlad’at lejskti ¢ernohlavych (Ficedula hypoleuca). Ptaci
pochazeli z riizné vzdalenych lokalit od zdroje znecisténi. Referencni zona byla vzdalena vice jak

15 km od zdroje, pfechodova zoéna (buffer) byla ve vzdalenosti 3 az 15 km a ohniskova zona

(impact) byla stanovena do 3 km od zdroje. Pievzato z Belskii et al. (2005).

Zone
Parameter (%)
reference buffer impact
Hemoglobin, g/l 110.1+19 101.1 £ 2.6% 97.9+£2.7*
n 55 52 45
Immature erythrocytes 9.1+0.8 11.5+08 169+ 1.4
Leukocytes:
Pseudoeosinophils 8.2+1.2 45407 7.7+1.3
Including:
Jjuvenile 0.5+0.2 1.0£0.3 0.8£0.2
band 41406 1.9+04 36+0.6
segmented 3606 l.6£0.3 3308
Eosinophils 3.8%05 49+0.7 54+13
Basophils 11.2+1.2 72+0.8 10.3£1.1
Monocytes 3.1£06 35+0.7 26204
Lymphocytes 73.7+£2.0 799+ 1.8 740+2.2
n 58 59 48
* Differences from the background parameters are significant at p < 0.05.
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Obr. ¢&. 3. Vztah kontaminace krve Pb (osa x) a riznych krevnich parametrti u sykor konader
zijicich v riznych vzdalenostech od zdroje znecisténi. HGB = koncentrace hemoglobinu (g/dl),

MCH = prumérné mnozstvi hemoglobinu v erytrocytu (pg), MCV = stiedni objem erytrocytu
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(umd), HCT = objem hematokritu (%). Lokality: UM (O) = neblize ke zdroji, F8 (@) = F8 =
lokalita od 400 do 600 m vzdalenosti, F7 ([]) = ve vzdalenosti 2500 m, F4 () = lokalita nejdale

od zdroje, ve vzdalenosti 8500 m. Prevzato z Geens et al. (2010).

2.6 Vliv tézkych kovii na reprodukci a hnizdni uspésnost ptaki

Reproduk¢ni uspésnost dospélci je dana mnoha faktory, predevsim vsak kvalitou
primarnich pohlavnich znaki. Nékolik klinickych a laboratornich studii (u zvitat i u lidi)
popsalo schopnost akumulace tézkych kovi (zejména Pb a Cd) v samcich varlatech
a spermiich prostfednictvim navizani se na mnohodetné Ca?* a draslikové (K?*) kanalky
(de Angelis et al. 2017; Benoff et al. 2000; Dauwe et al. 2004b). Toxické ucinky téchto
kovu pak mohou mit za nasledek snizenou celkovou produkci spermii, jejich snizenou
pohyblivost, kratkou Zzivotnost, horS$i akrozomalni reakci ¢&i CetnéjsSi  vyskyt
fragmentované DNA ve spermiich (pozorovano u lidi: ATSDR 2007, 2012; Benoff et al.
2000; Hernandez-Ochoa et al. 2005; a u voln¢ zijicich jelent: Castellanos et al. 2015;
Reglero et al. 2009). Vliv niz8ich (subletalnich) koncentraci na kvalitu spermii u volné
zijicich ptaka nebyl zatim dostate¢né zkouman, a neni tedy znamo, do jaké miry mohou
tyto slozky v prosttedi ohrozovat celkovou reprodukéni tspésnost sameti.

V Belgii studovali vliv zne€isténi prostfedi kovy na pocet spermii obsazenych
Vv perivitelinnich membranach vaje¢nych Zloutkli volné Zijicich sykor modiinek
(Cyanistes caeruleus). Nizsi pocet spermii v tomto piipadé byl zaznamenan u vajec
pochazejicich z bezprostiedni blizkosti huti nezeleznych kovt (Dauwe et al. 2004b). Vliv
intoxikace Pb byl sledovan i ve studii Vallverdu-Coll et al. (2016) u volné Zijicich orebici
rudych (Alectoris rufa). Piestoze zvySena kontaminace Pb méla negativni vliv
na pohyblivost spermii a jejich akrozomalni integritu, vliv na pocet spermii ¢i jejich
Zivotnost V tomto piipadé nebyl prokazan. Zaroven zde byl zjistén pozitivni vtah kvality
spermii samct S kvalitou jejich karotenoidnich ornamenti a celkovym mnozstvim
antioxidantt a karotenoidt v krvi. Samci s vyssimi hladinami antioxidantd v krvi a lepSim
karotenoidnim zbarvenim tak mohli byt schopni 1épe odolavat vliviim oxidativniho stresu
zpusobeného subletalnimi davkami Pb na celkovou kvalitu spermii (Vallverdu-Coll et al.
2016). Tyto vysledky tedy podobné jako studie Peters et al. (2004) podporuji ptipadnou
platnost hypotézy fenotypu spojeného s plodnosti (phenotype-linked fertility hypothesis

— PFLH), tedy Ze exprese ornamentll pefi samct muze znacit kvalitu pohlavnich bun€k
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samct (Sheldon 1994). V ptipad¢ vlastniho vyzkumu byl u méstskych samct sykor
konader zjistén negativni vztah mezi celkovou variabilitou v délce spermii a H/L
pomérem v Krvi. Samci s kvalitnéj$im ejakulatem (s niz$i variabilitou v délce spermii)
vykazovali vyssi hladinu dlouhodobého stresu v krvi nez samci s horsi kvalitou ejakulatu.
Tyto vysledky naopak naznauji mozny projev kompromisu mezi investici
do reproduk¢ni schopnosti a vlastniho sebeudrzovani (soucasti tzv. ,.teorie konkurence
spermii“ neboli sperm competition theory — SCT; Parker 1994). Tato terorie vychazi
z ptredpokladu, ze existuje pouze omezené mnozstvi energie a zdroji investovatelné
do pred-kopukacnich a po-kopula¢nich znakd samcii, coz muize vést k negativnimu
vztahu mezi expresi ornamentt pefi a kvalitou pohlavnich bunék (Tomasek et al. 2017).
Dalsi souvislost kvality spermii samct s jejich standardizovanou hmotnosti ¢i kvalitou
karotenoidnich a melaninovych ornamenti pefi Vtomto piipadé¢ nebyla prokazéna
(¢lanek 2). Divodem castetné nekonzistence vysledkli vtomto sméru muze byt
variabilita mezi sledovanymi parametry samcich pohlavnich bunék (morfologie vs.
motilita spermii). Pro budouci vyzkum by bylo pfinosem experimentilni ovétfeni
moznosti kontaminace spermii tézkymi kovy (cilenou aplikaci Pb ¢i Cd) a nasledné
sledovani dopadu jak na morfologické, tak na funk¢ni znaky spermii, ¢i dale na kondi¢ni
a zdravotni znaky samci.

U volné Zijicich populaci ptaki bylo dale n€kolikrat zjisténo, ze vliv tézkych kovil
v prumysloveé kontaminovanych lokalitach mize mit vyznamny negativni vliv na velikost
snisek, tspéSnost lihnuti a schopnost pteziti mlad’at (Belskii et al. 2005; Burger et
Gochfeld 1997; Eeva et al. 2009; Eeva et Lehikoinen 1996, 2015; Migula et al. 2000;
Ruuskanen et al. 2014). U ruskych populaci lejskit ¢ernohlavych zijicich v rizné
vzdalenosti od médénych huti bylo zjisténo, Ze primérna velikost snisky lejskt Zijicich
nejblize zdroji byla az 1.5krat nizsi nez snusky lejski Zijicich dale od zdroje (referen¢ni
populace; vice jak 15 km od zdroje). Déle pak byla u této populace zjisténa 2krat nizsi
uspesnost lihnuti 1 pocet vyvedenych mlad’at na hnizdo a az 3.5krat vyssi mortalita vajec
(Belskii et al. 2005). Snizena kvalita vajec a UspeSnost lihnuti mize také souviset
s deficitem vapniku v kontaminovanych oblastech i u samic samotnych (Belskii et
Grebennikov 2014; Eeva et Lehikoinen 2004). U volné zijicich strak obecnych (Pica
pica) v franu bylo zjisténo, ze blize ke zdroji znedisténi byly snisky vajec sice veétsi
nez ve vzdalenéjsich oblastech, zaroven byla vejce ale objemové mensi a vykazovala
horsi uspésnost lihnuti (Zarrintab et Mirzaei 2017). Naopak v nékterych studiich nebyl

vliv tézkych kovli na velikost vajec, tloustku skotapek ¢i celkovou hnizdni usp€snost
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prokazan (v blizkosti primyslovych zdroji: Costa et al. 2014; Dauwe et al. 2004b; ve
meésté: Hargitai et al. 2016; na rtiznych lokalitach v Evropé: Ruuskanen et al. 2014).

2.7 Akumulace téZkych kovii v téle ptaku a jeji zmény v souvislosti

s vékem

Je znamo, ze t€zké kovy maji schopnost se akumulovat v téle zivych organismu. Protoze
jsou tyto prvky do urcité miry v prostredi pfirozené, organismy jsou schopné tyto latky
Z téla riznymi zpusoby vylucovat. Pokud jsou ovSem zvifata dlouhodobé vystavovana
vy$$im koncentracim, nez je piirozené bézné, jejich organismus prestane byt schopen se
v dostate¢né mire detoxikovat a dochézi k postupné akumulaci kovt v dil¢ich tkanich
(Mann et al. 2011). U ptaku je bioakumulace tézkych kovi (zde mysleno jako akumulace
kovu Vv zivoc¢isnych tkanich) nejcastéji sledovana v souvislosti s postavenim v potravnim
fetézci. Jak jiz bylo vySe popsano, nejveétsi mnozstvi tézkych kovil ve svém téle akumuluji
vyhradné¢ masozravé a mrchozravé druhy, az poté druhy hmyzozravé, vsezravé ci
vyhradné semenozravé (Abbasi et al. 2015; Berglund et al. 2011). Mira akumulace kovi
Vv té€lech ptakti mize byt dale mezidruhové i vnitrodruhové specificka (Berglund et al.
2011; Burger 2008; Roux et Marra 2007). U rtznych druhG moiskych ptakd byly
zaznamenany rozdily v kontaminaci vajec tézkymi kovy v souvislosti s potravnimi
preferencemi druhu. Vyssi koncentrace vybranych kovi byly naméteny u ptaku zivicich
se vetsimi rybami, niz8i u té€ch Zivicich se malymi rybami ¢i planktonem (Burger 2002).
Ptestoze naS vyzkum nebyl zaméfen na studium koncentraci téZkych kovll v potravnim
fetézci ptaka (jako napf. u studie Fritsch et al. (2012)), nase vysledky ukazaly, ze sykory
odchycené v hnizdni sezon¢ mély signifikantné vyssi aktualni koncentrace Cd a Zn v krvi
nez nékolik malo sykor odchycenych v zimé (¢lanek 3). Domnivame se, Ze tento rozdil
Ize vysvétlit pravé zménami v potravnim sloZeni sykor béhem roku. Na jafe a v 1été se
tento druh krmi pfevazné hmyzem a housenkami bohatymi na obsah tézkych kovi,
a naopak v zimé se zivi vyhradné€ semeny a rostlinnou potravou, kterd ma zpravidla nizsi
obsah kovii (Eeva et Hasselquist 2005; Fritsch et al. 2012; Ping et al. 2009).

Mira akumulace riznych tézkych kovi v organismu dale pochopitelné souvisi
s individualni schopnosti dekontaminace organismu a s vékem zvitat (Furness 1993). Jak
jiz bylo popsano v kapitole 2.1, rizné kovy maji rizna mista navazani a depozice

v organismu. Koncentrace kovii naméfené v organismu se tedy mohou vyrazné lisit
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Vv zéavislosti na typu analyzované tkan¢. Z riiznych studii na voln¢ Zijicich ptacich bylo
potvrzeno, Ze nejvys$i koncentrace Pb jsou nejcastéji naméteny v kostech, zatimco
napiiklad nejvyssi koncentrace Cd byvaji namétfeny Vv ledvinach ¢i jatrech (Deng et al.
2007; Garcia-Fernandez et al. 1996; Janaydeh et al. 2018; Swaileh et Sansur 2006;
Vanparys et al. 2008). Dale pak bylo popsano, ze koncentrace Pb naméfené v kostech
suptt mrchozravych (Neophron percnopterus) byly u starSich zvifat signifikantné vyssi
nez u mladsich (1 a 2 leti jedinci, Obr. ¢. 4; Gangoso et al. 2009). Nékolik dalsich studii
analyzujicich rizné vnitini organy se pak shodovalo na tom, ze mira kontaminace
neesencialnimi kovy (nejcastéji Pb a Cd) byla vyrazné nizs$i u mlad’at nez dospélych
jedinct (Berglund et al. 2011; Garcia-Fernandez et al. 1996; Maedgen et al. 1982; Nam
et al. 2004; Swaileh et Sansur 2006). Na druhou stranu existuji i prace zabyvajici se
studiem akumulace kovu v téle zvifat ze vzorku krve ¢i pefi volné zijicich ptaki (viz
korelace koncentraci kovi v riznych organech s koncentracemi Vv pefi ¢i krvi v (Dauwe
et al. 2002; Garcia-Fernandez et al. 1996; Thompson et al. 1991), které se ve svych
vysledcich jiz tolik neshoduji. N&které potvrzuji vyssi kontaminaci kovy u dospélcli nez
u mlad’at (pozorovano v ptipadé Pb v krvi u studii Fritsch et al. 2012, Van Wyk et al.
2001; ¢i v pripadé Hg v peti u Evers et al. 1998, Thompson et al. 1991). Naopak jiné
bud’to nezaznamenaly zadny rozdil mezi kontaminaci mlad’at a dospé€lcti (Coeurdassier
et al. 2012; Janssens et al. 2001; Meillere et al. 2016), nebo dokonce mlad’ata vykazovala
vys§i miru kontaminace kovy nez dospélci (Fritsch et al. 2019; Nyholm 1994; Obr. €. 5).
Toto potlaceni rozdilt v kontaminaci krve ¢i peti dospélcti a mlad’at je Casto vysvétlovano
praveé zvySenou dostupnosti potravy bohaté na tézké kovy béhem hnizdni sezony, a to jak
u intenzivné krmenych mlad’at, tak u samotnych dospélct (Eeva et al. 2005; Janssens et
al. 2001; Nyholm 1994). Pti zohlediiovani dosavadnich vysledkd je ovSem nutné
zdiiraznit, Ze naprosta vétSina vySe zminénych studii zabyvajicich se akumulaci kovl
s vékem u riznych druhti volné zijicich ptdkli nezahrnovala opakované vzorkovani
jedinct (s vyjimkou studie Evers et al. 1998). Proces akumulace kovii béhem zivota ptakt
Vv ruznych stadiich jejich véku tedy doposud nebyl dostatecné obeznamen.

Vysledky vlastniho pozorovani, zaloZzené na opakovanych odchytech v prazské
populaci sykor konader, ukazaly slabou vékovou nelinearni zavislost u kontaminace Pb
v Krvi zvifat (u Cd a Zn nikoliv). Nejvyssi koncentrace Pb byly naméfeny mladécim véku
a poté u n¢kolika nejstarsich jedinct (ve veéku 7 let). Po dodate¢ném zohlednéni pouze
dospélych zvirat (stafi 2 roky a vyse) ovSem tento vztah mezi individudlnim vékem

a kontaminaci krve Pb jiz nebyl statisticky prukazny. Z naSich vysledka tedy vyplyva, zZe
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hladiny kovl v Krvi skuteéné odrazely spise aktualni dostupnost prvkt v prostiedi a byly
pouze minimaln¢ ovlivnény mirou celozivotni akumulace kovt v organismu (¢lanek 3).
Otazkou ovSem zistava, jak by tomu bylo v pfipadé zvitat pochazejicich z vyraznéji

kontaminovanych oblasti.
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Obr. ¢. 4. Koncentrace Pb v kostech riizné starych supi mrchozravych pochézejicich

z ostrova Fuerteventura (Kanarské ostrovy). Pfevzato z Gangoso et al. (2009).
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Obr. &. 5. Souvislost koncentrace Pb v pefi (v pg/g suché vahy) s v€kem volné Zijicich
kosti &ernych (Turdus merula) v méstskych parcich ve Stéting (Polsko). Vék zvitat byl
stanoven podle charakteristik pefi a dle roku prvniho okrouzkovani jedinct. Kontaminace
tézkymi kovy byla méfena u kazdého jedince pouze jednou (nikoliv opakovang). Pievzato

z Fritsch et al. (2019).
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3 Cile a hypotézy vlastniho vyzkumu

Modelovym druhem pro vlastni vyzkum byla sykora konadra (Parus major),
celoevropsky rozsiteny staly synantropni druh, v Ceské republice podetné zastoupeny
Vv lesich vSech typi (cca do 1200 m.n.m.) i v blizkosti lidskych obydli a méstskych ¢asti
(Stastny et al. 2011).

Cilem vyzkumu bylo popsat, jak se li$§i mira kontaminace vybranymi téZkymi
kovy v krvi a pefi volné Zijicich sykor koiiader v riznych méstech v CR. Dale zjistit,
jaka je souvislost mezi individualni kontaminaci krve ¢i pefi zvifat a jejich
hematologickymi zdravotné zavislymi a kondi¢nimi znaky. V souvislosti s analyzou
zdravotniho stavu a kondice volné zijicich sykor byly také ovéfovany dvé hypotézy: 1)
hypotéza ,,fenotypu spojeného s plodnosti“ (PFLH), a ii) teorie kompromisu (trade-off
theory) mezi investici do pied-kopula¢nich a po-kopulaénich sam¢ich znakt (soucasti
tzv. teorie ,konkurence spermii® neboli SCT). Tedy zda spolu mohou fenotypové
plastické primarni i sekundarni pohlavni znaky samcu (tj. kvalita spermii a kvalita
ornamenti pefi) ovlivnitelné faktory prostiedi a individualitou jedince pozitivné
souviset, a slouzit tak jako vizualni znak reprodukéniho dspéchu pro samice (i).
Nebo zda existuje urdita strategie kompromisu mezi investici energie a latek
do reprodukce a do ,,sebeudrzovani* jedince (tj. kvalita spermii vs. zdravi ¢i kvalita
ornamentu pefi; ii). V neposledni fad¢ bylo cilem zjistit, jak se méni koncentrace
tézkych kovi v krvi méstskych volné Zijicich sykor béhem jejich Zivota, a zda muze
mira kontaminace krve odraZet schopnost akumulace kovi v téle zvirat béhem
jejich starnuti. Na zakladé dosavadnich poznatkti shrnutych v literarni resersi byly

stanoveny nasledujici otazky (O) a hypotézy (H) vlastniho vyzkumu.

O1: Jak se lisi kontaminace krve a peri tézkymi kovy u volné Zijicich sykor konader
pochdzejicich z riznych mést v CR o riizném znecisténi prachovymi casticemi (PMo)?
Mira kontaminace krve a pefi sykor tézkymi kovy se v riznych méstech bude lisit.
Koncentrace kovii naméfené v krvi budou pozitivné korelovat s primérnymi ro¢nimi
koncentracemi PM1o Vv ovzdusi na odchytovych lokalitach (H1a). Naopak u pefi se
zjisténi této souvislosti s lokalitou vzhledem k nacasovani depozice kovi neocekava
(H1b). (¢élanek 1)
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O2: Jak souvisi mira kontaminace tezkymi kovy v krvi a peri téchto zvirat s riiznymi
zdravotné zavislymi hematologickymi a kondicnimi znaky sykor?

U jedincu s vys$$i kontaminaci krve tézkymi kovy se da ocekavat vyskyt anemického
nemocnéni (snizené celkové pocty erytrocytd, vyssi pomerové zastoupeni imaturnich
erytrocytll) a zvySenych hladin leukocyta v krvi (vyssi absolutni pocet leukocytl, vyssi
pomér heterofild : lymfocytim; H2a). Dale pak samci s vyssimi koncentracemi kovi
vkrvi i pefi budou vykazovat sniZzenou nutri¢ni kondici (men$i ristové prouzky
rydovacich per; H2b) a horsi karotenoidniho zbarveni peti (nizsi sytost Zlutého zbarveni;
H2c). Sohledem na podporujici efekt tézkych kovii na melanogenezi je naopak

o¢ekavano, ze samci s vyssi kontaminaci tézZkymi kovy budou vykazovat vétsi velikost

melaninového ornamentu nez samci s niz$i kontaminaci (H2d). (¢ldnek 1)

03: Jak souvisi individudlni zdravotni stav a kondice samcii volné Zijicich sykor konader
s kvalitou jejich primdrnich a sekunddrnich pohlavnich znakii?
Dle VIH (viability indicator hypothesis) se da o¢ekavat, ze samci v hor§im zdravotnim
a kondiénim stavu budou zaroven vykazovat hor$i kvalitu karotenoidniho i
melaninového ornamentu (méné syté zbarveni zlutého bfiSniho pefi; mensi plocha
¢erného btisniho pruhu; H3a) a také horsi kvalitu spermii (hor$i morfologické parametry;
dle PFLH; H3b) nez samci V lepsim zdravotnim stavu a kondici.

Alternativné lze dle SCT piedpokladat, ze samci s vyssi kvalitou spermii budou

naopak vykazovat hor$i expresi ornament pefi (H3c) ¢i budou v horS§im kondi¢nim

a zdravotnim stavu (H3d). (¢ldnek 2)

O4: Jak se meni mira kontaminace krve tézkymi kovy v pritbéhu Zivota volné Zijicich sykor
konader?
S ohledem na moznost ¢asteéné redistribuce Pb akumulovaného v kostech zpét
do krevniho obéhu ocekavame, ze koncentrace Pb v krvi bude s vékem zvifat narustat
(H4a). U jinych kovul se zjisténi pozitivniho vztahu mezi koncentraci v krvi a vékem
zvifat neocekava vzhledem Kk odlisnym mistim depozice Vv téle (H4Db).

Dale Ize ocekavat, ze se kontaminace krve kovy se bude lisit s ohledem na pohlavi
jedincd, jelikoz samice mohou Vv hnizdnim obdobi ¢ast své télesné kontaminace snizit

depozici do vajec (H4c). (¢lanek 3)

39



O5: Jak se zmény v kontaminaci krve tezkymi kovy v pribéhu Zivota ptakii projevuji na
Jjejich zdravotné a kondicné zavislych znacich?

Potencialni zvySeni koncentraci tézkych kovt v krvi v pribéhu Zivota zvirat bude
souviset se zhorSenim zdravotniho stavu (vyskyt anemického onemocnéni, vys$si H/L
pomér a vyssi celkové pocty leukocyti v krvi; H5a), hor$i nutri¢ni kondici (nizsi
standardizovana hmotnost, H5b) ¢i horsi kvalitou karotenoidniho ornamentu pefti (H5c).
Naopak zvysSeni koncentraci vybranych kovii v krvi by mohlo podpofit expresi

melaninového ornamentu pefi (H5d). (¢ldnek 3)

4 Publikované ¢lanky

Nize jsou uvedeny védecké ¢lanky publikované v recenzovanych casopisech, které
pfedstavuji jadro vlastniho vyzkumu této disertacni prace. ProhldSeni o autorském
ptispévku a doplnujici informace (supplementary material/supporting information)

publikované spolu s témito ¢lanky jsou k dispozici v ptiloze na konci prace.
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Urban environmental pollution results in contamination of the tissues of synanthropic organisms by toxic trace
elements with potential impacts on human health. Passerine birds may serve as convenient indicators of such
contamination. In this study we investigated the effect of blood and plumage contamination with heavy metals
(lead Pb, cadmium Cd, copper Cu, chromium Cr) and arsenic metalloid (As) on condition, health and ornamental
colour in free-living great tit (Parus major) males from 13 cities across the Czech Republic (EU), mist netted dur-
ing the early breading season (April-May). Our results showed a significant association of heavy metal tissue con-
tamination with immune function, namely leukocyte composition in the avian blood circulation. High heavy
metal contamination in bird feathers was linked to a high heterophil/lymphocyte (H/L) ratio, indicating long-
term stress in individuals inhabiting heavily polluted environments. In contrast, males with higher concentra-
tions of heavy metals in blood had a lower H/L ratio, assumingly due to the direct toxicity of heavy metals in cer-
tain cell types. This is also supported by traits indicative of anaemia-like haemolytic conditions (decreased
absolute erythrocyte count) and increased haematopoiesis (a tendency for increased frequencies of immature
erythrocytes). We did not find any association of heavy metal contamination with the bacteriolytic activity of
plasma complement, feather growth or ornamentation (black breast stripe area and yellow colouration). There
was 1o significant relationship between heavy metal contamination in blood or feathers and PM; pollution at
the study sites. Our correlational study is the first to show on a large geographic scale that despite strict
European air pollution regulations and regular monitoring that have allowed general improvements in
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atmospheric contamination, non-degradable heavy metals persistently contaminate animal blood and feathers in
anthropogenic environments at levels that may have subclinical yet physiological effects with varied influence on

health.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metals are released into urban environments through atmospheric
particulate matter pollution (including PM;o < 10 pm particles) and
waste water, both commonly related to industrial production. Given
the impacts of pollution on health of living organisms (Jarup, 2003;
WHO, 2007) the potential environmental risks associated with industri-
al development must be considered. Heavy metals and metalloids (for
simplicity considered as heavy metals in this article) are especially dan-
gerous due to their persistence, high mobility and ability to accumulate
in human and animal tissues (Mora, 2003; Walker et al., 2012). The
world-wide understanding of the severity of this issue (WHO, 2000)
has led most countries to establish measures reducing particulate mat-
ter and heavy metal emissions (WHO, 2006a; WHO, 2006b). In the
Czech Republic the Clean Air Act No. 201/2012 Coll. (reflecting present
EU directives) sets hygienic limits for PM;o air pollution and some
metals (e.g., arsenic (As), cadmium (Cd), nickel (Ni) and lead (Pb);
also EEA, 2015). For other metals (e.g. chromium (Cr), copper (Cu)
and mercury (Hg)) no legal measures have yet been set, even though
their ecological importance in the environment is significant.

It has been shown that simple contamination of the environment
with heavy metals may not reliably reflect their absorption rates and
physiological effects in living organisms (Scheifler et al., 2006). There-
fore, biological indicators of such a relationship are needed to monitor
environmental quality (Burger and Gochfeld, 2001). Avian tissue con-
tamination has been frequently considered a valuable and cost-
effective bioindicator of environmental pollution (Burger and
Gochfeld, 2001). Unlike most other tissues such as lungs, kidneys or
liver (Cui et al., 2016), feathers (Bianchi et al.,, 2008; Dauwe et al,,
2002a; Dauwe et al., 2000; Markowski et al., 2013) and avian blood
(Carneiro et al.,, 2015; Coeurdassier et al., 2012; Costa et al., 2014;
Geens et al., 2010) may serve as non-destructive and easy-to-obtain bi-
ological materials for such monitoring. Heavy metal contamination in
feathers is assumed to be representative of intra-annual exposure
(Dauwe et al., 2002a). It has been documented that heavy metals depos-
ited into tail feathers (rectrices) reflect the levels in key internal tissues
resulting from long-term accumulation (Dauwe et al., 2002b). In con-
trast, blood is a transport medium and accumulation of heavy metals
there is unlikely. Thus, blood contamination reflects immediate expo-
sure (Geens et al., 2010; Scheifler et al,, 2006), and there is typically
no correlation between blood and feather heavy metal contents
(Dauwe et al., 2005).

In wild animals, toxic metals may have direct measurable negative
physiological effects even in low sublethal concentrations (Geens
et al,, 2010; Hawley et al., 2009; Janssens et al., 2003). Effects on bird
physiology (Aggarwal et al,, 2008), reproduction (Belskii et al., 2005;
Eeva et al., 2009; Eeva and Lehikoinen, 2015), diet composition (Eeva
et al,, 1998; Geens et al., 2009) and nutritional condition (Blanco et al.,
2004; Eeva et al., 1998) have been reported. Pb, Cd and Cu in particular
have also been reported to directly alter antioxidant capacity (Geens
et al., 2009), immunity and health in free-living birds (Blanco et al.,
2004; Fair and Myers, 2002; Geens et al., 2010; Snoeijs et al., 2004).
Heavy-metal-induced changes in haematological parameters associated
with erythrocytes (haematocrit, erythrocyte count and haemoglobin
content) reflect anaemia resulting from intoxication (Geens et al,
2010; Papanikolaou et al., 2005). Since health, antioxidant capacity as
well as immune function can be related to avian ornament expression
(Vinkler and Albrecht, 2010), several authors (e.g. Dauwe and Eens,

2008 and Eeva et al.,, 1998) have suggested the possibility of decreased
carotenoid-based ornamentation in birds at heavily polluted sites. In
contrast, melanin-based ornamentation was found to be increased in
adult great tits from highly-polluted sites (Dauwe and Eens, 2008).

The heavy metal burden in birds is higher in cities than in the coun-
tryside (Hargitai et al,, 2016), as has been confirmed in blackbirds
(Turdus merula; Meillere et al., 2016; Scheifler et al., 2006), and great
(Parus major) and blue tits (Cyanistes caeruleus; Eens et al,, 1999). How-
ever, even cities themselves may differ markedly in their levels of heavy
metal contamination (CHMI, 2009). It has been previously shown that
amounts of heavy metals in great and blue tit tissues decrease with
the distance from the source of pollution (Dauwe et al.,, 2002b). We
may predict, therefore, that urban habitats differing in sources of pollu-
tion will also differ in their levels of contamination. However, no com-
parison of avian tissue heavy-metal contamination across a large-scale
geographic area has yet been done to show the effects of varying pollu-
tion levels on animal health-related physiological traits.

In this study, we hypothesised that differences in avian heavy metal
contamination in urban free-living populations would manifest in vari-
ation in their health-related traits. We predicted that birds from more
polluted cities would show impaired condition and health compared
to birds from cleaner cities. To test this hypothesis we compared
heavy metal (As, Cu, Cd, Pb, and Cr) concentrations in the blood and
feathers of 57 great tit males originating from 13 different city regions
varying in air pollution. Contrary to most other studies dealing with
this issue, we did not focus on any particular candidate source of envi-
ronmental contamination, but rather performed a large-area survey,
with study sites distributed all over the area of interest, in our case the
territory of the Czech Republic, EU. Study localities were chosen
according to their annual average concentrations of PM;q (ranging
from 27 pg/m>, to 65 pg/m?, Fig. 1, (CHMI, 2010), for closer details see
Table 1). We used principal component analysis (PCA) of heavy metal
contamination to reveal general effects of all heavy metals on individual
health- and condition-related traits, namely fat deposition index,
ptilochronologically-measured feather growth rate, leukocyte and
erythrocyte levels in blood circulation, differential leukocyte count, im-
mature erythrocyte frequencies, complement activity in plasma, and
carotenoid- and melanin-based ornamentation.

2. Methods and materials
2.1. Field procedures

During the early breeding season (April-May) 2010 great tit adult
males (N = 57) attracted by a song record were mist netted during
the morning hours at 13 different urban areas in the Czech Republic,
EU (map, Fig. 1 and Supplement 2). These areas were selected based
on their PM;, air pollution levels in the previous year (the annual aver-
age of year 2009; data from the Czech Hydrometeorological Institute,
CHMI, 2010), comprising putatively highly polluted sites (PMo 2
40 pg/m3, n = 5) as well as putatively lowly polluted sites
(PM;o < 40 pg/m3, n = 8), and reflecting the distribution of the
most important urban centres in the Czech Republic (see Table 1 for ad-
ditional details). The mist-netting sites were always located within a ra-
dius of 2 km from a CHMI automatic air pollution monitoring station
(see Table 1 and Supplement 2 for a detailed description), always in
the same habitat type (deciduous forest with no major roads or indus-
trial buildings in their vicinity). In most locations the sample sizes of
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Fig. 1. Pollution distribution in the Czech Republic (annual average concentration of PM, in year 2009). The geographical distribution of the cities where great tits were sampled in 2010 is
indicated by red triangles (locations with PM;o > 40 pg/m?) or green circles (locations with PMq < 40 peg/m?). Numbers of individuals mist-netted per location are given in parentheses.
Classification of the measuring station is indicated by the symbol at the beginning of each arrow (legend included in the figure; map source CHMI, 2010). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

birds were n > 4 per site, except Bene3ov, Ostrava and Olomouc (see
Fig. 1 or Table 1). Note that our selection of the study sites was highly
limited by the available number of distinct regions in the Czech
Republic with high levels of air pollution. In all birds, a blood sample
(ca. 150 ul) was taken from the brachial vein within 15 min of capture.
Following haematological procedures included a blood smear prepara-
tion (ca. 5-10 pl), dilution for absolute haematological counting (15
wl), microcapillary centrifugation and haematocrit measurement (ca.
130 pl; see chapter 2.2 for details); plasma was frozen at —80 °C
while the pellet was stored in ethanol at — 20 °C. The ethanol-dried pel-
let was later used for analyses of the heavy metal content in the fixed
blood cells (on average ca. 11 mg of dried blood; see Section 2.5).
Then the birds were weighed with a digital scale (Pesola AG, Baar,
Switzerland, type PPS200, accuracy 0.02 g) and their tarsus lengths (in-
cluding the intertarsal joint) were measured with a digital calliper
(Kinex, accuracy to 0.01 mm) as a general estimate of their size. The

Table 1

age of the birds was estimated according to Jenni and Winkler (1994)
and assigned to two categories: 1) birds in their second year of life
and 2) older birds (for more details about the number of individuals
in these age classes see Table 1). Then, standard digital images of breast
ornaments were taken by an Epson Perfection V30 scanner (Seiko
Epson Corporation, Japan; see Svobodova et al., 2013 for details), ran-
domly taken samples of carotenoid and melanin-pigmented feathers
were taken (ca. 20) and the second outermost rectrix from the left
side (a homologous feather in all birds that moults after breeding, be-
tween August and October of the previous year, Jenni and Winkler,
1994) was collected for heavy metal analysis. A fat deposition index
(hereafter termed fatness) was scored according to Pettersson and
Hasselquist (1985). Finally, each individual was ringed with a standard
steel ring of the Czech Bird Ringing Centre (National Museum Prague)
and released within 30 min of capture. All birds were handled and mea-
sured by a single person (MV).

Description of the sampling localities (Nyocaliy = 13) of great tits from the Czech Republic, 2010 (N = 57). GPS = GPS coordinates, PM;o = annual average concentrations of PMyo (in g/
m?), n = number of birds captured per locality with the number of individuals in each age class in brackets (1*'y = birds in their 1st year of life, ad = older birds), n-inhab. = number of
city inhabitants, GDP = Gross Domestic Product (GDP in mil. CZK) given for the whole region (based on NUTS = Nomenclature of Units for Territorial Statistics). Localities are listed in

order from the least polluted to the most polluted sites.

GPS PM;o n (1% y/ad) n-inhab.* Region (NUTS) GDP*
Pibram 49°41'02.16"N, 14°01'19.18"E 27.22 5(1/4) 34,068 Stiedocesky 380,158
Benesov 49°47'10.34"N, 14°41'51.06"E 27.64 3(172) 16,343 Stfedocesky 380,158
Znojmo 48°51'27.24"N, 16°02'42.04"E 283 4(1/3) 34,476 Jihomoravsky 368,957
Olomouc 49°36'31.55"N, 17°15'26.74"E 28.46 1(1/0) 100,233 Olomoucky 166,084
Plzei 49°44'10.17"N, 13°25'01.82"E 29.86 5(3/2) 168,808 Plzefisky 179,597
Hradec Kralové 50°11'42.52"N, 15°52'11.66"E 31.02 5(2/3) 94,318 Kralovehradecky 164,478
Jihlava 49°23'21.48"N, 15°36'12.03"E 34.77 6(1/5) 51,154 Vysotina 140,204
Brno 49°11'48.09"N, 16°35'43.92"E 37.79 5(5/0) 371,371 Jihomoravsky 368,957
Praha 50°03'49.86"N, 14°24'09.79"E 43.12 5(4/1) 1,257,158 Praha 920,879
Karvina 49°52/26.86"N, 18°33/36.74'E 46.57 5(5/0) 60,679 Moravskoslezsky 351,484
Kladno 50°10'37.76"N, 14°11'58.71"E 4917 6(5/1) 69,938 Stfedocesky 380,158
Ostrava 49°48'01.88"N, 18°2022.62"E 56.1 2(2/0) 303,609 Moravskoslezsky 351,484
Bohumin 49°53'39.96"N, 18°22'11.17"E 64.83 5(3/2) 22,631 Moravskoslezsky 351,484

¢ Data taken from the publicly available database of the Czech Statistical Office (CSO, 2017).
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2.2. Haematological analysis

The haematological procedures followed the protocol previously
published by Vinkler et al. (2010) and are described here only briefly.
From each blood sample collected into a heparinised microcapillary,
15 Wl of blood were transferred to 2985 pl of Natt and Herrick's solution
and stored for several hours in a field refrigerator until the total red
blood cell count (TRBC, i.e. number of erythrocytes per volume unit of
blood), and the total white blood cell count (TWBC, i.e. number of leu-
kocytes per volume unit of blood) was investigated using a Biirker's
counting chamber (100 large squares for leukocytes were examined di-
rectly in the field and digital images of 20 rectangles were scanned for
erythrocytes later in the lab using an automated counting system;
Stepka, 2013). A blood smear was prepared from a blood droplet and
the rest of the blood remaining in the microcapillary was centrifuged
for 5 min at 11000 rpm (Niive HN 075) to estimate haematocrit.

Blood smears (unfixed with methanol) were later stained in the lab
with Wright-Giemsa Modified stain (product No. WG128, Sigma-
Aldrich, St. Luis, MO, USA) and used to assess the differential leukocyte
count and percentage of immature erythrocytes using a light micro-
scope with 100x objective magnification (Olympus Corporation,
Tokyo, Japan, type CX-31). The differential leukocyte count was based
on a sample of ca. 120 leukocytes where five leukocyte categories
were recognised: lymphocytes, monocytes, heterophils, basophils and
eosinophils. We used heterophil and lymphocyte cell counts to calculate
the heterophil:lymphocyte ratio (H/L), a commonly used indicator of
long-term stress and health change (Davis et al., 2008). Given the very
low frequency of eosinophils and monocytes (<2%), we excluded
these leukocyte types from further analysis. The percentage of imma-
ture erythrocytes was estimated based on 5 photographed (Olympus,
camera E-410) randomly chosen monolayer fields (ca. 2000-4000
cells). Copies of all images were transformed into a black and white 1
bit format and the total number of cells per image was automatically
counted using the particle analyser in Image] software (Schneider
et al., 2012). The original photographs were then used to manually
count the immature erythrocytes in the images using the Image] cell
counter. All cell counting was performed by one person only (smears,
TRBC: PB, TWBC: MV) to minimise any potential variability among the
measurements.

For measuring the antibacterial activity of the plasma complement
(in part of the sample, N = 22, see below) we used the
bioluminescence-based method (for more details see Buchtikova et al.,,
2011). The viability of bioluminescent Escherichia coli K12 (genetic
modification pEGFPluxABCDEamp; Atosuo et al., 2013) was measured
(continuously for approx. 3 h at 37 °C) in a Chameleon V plate
luminometer (Hidex, Turku, Finland), where the intensity of the emit-
ted light corresponds to bacterial viability over time. Subsequently,
the required time for killing 50% of the bacteria volume was determined.
A shorter time, therefore, implies higher plasma complement bacteri-
cidal activity. This analysis required a minimum volume of 25 yl of
pure plasma; in our case only 22 samples met this criterion. However,
even in this reduced dataset there were samples present from most of
the studied localities (njocaiiy = 9; 4 localities with PM;o < 40 pg/m?, 5
localities > 40 pg/m?), and the number of individuals per locality were
n > 2, except for BeneSov and Plzeil (n = 1).

2.3. Ptilochronological analysis

To measure the differences between individual males in their nutri-
tional condition over the moulting period, ptilochronological measure-
ments of tail feather growth rates were performed according to Grubb
(2006), with several modifications. The rectrices were scanned with a
50 mm scale using a scanner (Epson V30) in the grey scale reflex
mode with 600dpi resolution. Digital images were adjusted in Corel
Photo-Paint X3 (Corel Corporation, Ottawa, Canada) software by the
function of Local Equalization (with parameters Width 100 and Height

100). Thereafter, the digital images were used to measure the total rec-
trix length and the mean width of the growth bars in Image] (Schindelin
et al, 2015). To estimate the mean growth bar width, a segment of 10
growth bars with its centre located at 2/3 of the feather length was used.

2.4. Analysis of the feather ornamentation

Digital images of the great tit melanin breast ornaments (ventral
side of the bird) were analysed using Adobe PHOTOSHOP CS.3 software
version 10.0 (Adobe Systems, San Jose, CA, USA). First, all pictures were
standardized in colouration according to a white, 50% grey and 100%
black reference swatch (grey card GC 18 and colour & grey chart Q 14;
Danes-Picta, Praha, Czech Republic) and rulers (1 mm = 8 pixels;
Vinkler et al., 2012). Then, the area of the black melanin-pigmented
breast stripe (further referred to as stripe area) was measured at
50 mm in length from the neck using the selection tool and area mea-
suring function.

Saturation of the yellow carotenoid-based breast feather ornament
(hereinafter termed yellow chroma) was measured using an Avaspec
2048 spectrometer with an Avalight XE light source (Avantes, Eerbeek,
Netherlands) and the Avasoft 7.0 processing system (Avantes). In each
individual we measured the colour of a layer of 10 sampled
carotenoid-based feathers fixed on the surface of a slide with tape (ac-
cording to Quesada and Senar, 2006) under standardized conditions
(for details on the method, see Albrecht et al., 2009). To describe the
inter-individual variation in colour we calculated the yellow chroma
(difference between reflectance at 700 nm and reflectance at 450 nm,
relative to reflectance at 700 nm; the interval for absorbance of caroten-
oid pigments is 450-700 nm) from the spectral data (Montgomerie,
2006).

2.5. Analysis of heavy metal content in blood and feathers

All tail feather samples were weighed with an accuracy 4 0.01 mg
(Sartorius 2004 MP, Sartorius, USA; the dry feather mass ranged be-
tween 0.007 and 0.010 g). Although unwashed feathers exhibit ca.
40% external contamination with heavy metals (Scheifler et al., 2006),
rinsing has been shown to be only partially effective for avoiding this
contamination (Jaspers et al., 2004). Therefore, in this study we did
not perform any rinsing in order to avoid potential artificial variation
between samples due to variations in washing efficiency. The feathers
were digested in 5 ml of 65% HNO3 (Analpur, Analytika, Czech
Republic) using a Digestion MDS-2000 microwave system with lined di-
gestion vessels. Original solutions were transferred into 10 ml volumet-
ric flasks and filled up to the mark with deionized water
(<0.1 mS cm™'; Milli-QPLUS, Millipore, USA). Given the potential diffi-
culties in ensuring valid wet weight data (variation in blood plasma
content), we also tested dried blood samples. The dried blood samples
were weighed (weight ranged between 0.001 and 0.031 g) and then
dissolved in 1.5 mL of 65% HNO3 in a 40 °C water bath. Original solutions
were transferred into 10 ml volumetric flasks and filled up to the mark
with deionized water. Afterwards, for both types of samples (blood and
feathers) Electrothermal Atomization - Atomic Absorption Spectrome-
try (ETA-AAS) was used to determine Pb, Cd, Cy, and Cr contents (sam-
pling volume 20 pl), and Hydride Generation-Atomic Absorption
Spectrometry (HG-AAS) was used to determine As content (sampling
volume 500 pl). ETA-AAS measurements were carried out using a
Model ContrAA 700 high-resolution continuum source atomic absorp-
tion spectrometer (Analytic Jena AG, Jena, Germany), equipped with a
transversely heated graphite tube. The ContrAA 700 with a xenon
short-arc lamp was operated with a nominal power of 300 W in hot-
spot mode. The analytical lines at 283.306, 228.802, 324.754 and
357.869 nm were used for Pb, Cd, Cu and Cr, respectively. The chemical
modifiers NH4H,PO,4 for Pb and Cd, Pd/Mg(NO3), for Cu and Mg(NOs)
for Cr were used. HG-AAS measurements were carried out using the
atomic absorption spectrometer UNICAM 939 Solaar AA with deuterium
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correction (Unicam, UK) with the optimized Vapor Generation Accesso-
ry VGA-76 (Varian Techtron, Australia). The spectrometer was operated
using predefined optimal settings. The Varian Se hollow cathode lamp
was operated at 196.0 nm with 0.5 nm spectral band passes. A lamp cur-
rent of 10 mA was used. All reagents and modifiers used were of analyt-
ical reagent grade or higher purity. Working standards were prepared
by diluting standard 1.000 g L~" stock solutions of As®>*, Cd**, €™,
cu?*, and Pb?* (Merck, Germany). All measurements were carried
out in triplicates (results are presented as medians with relative stan-
dard deviations). Concentrations of individual metals were recalculated
from micrograms per litre to micrograms per gram of dry blood samples
or feathers samples, including all dilutions. Measured concentrations in
all samples were for all elements higher than appropriate limits of de-
tections, which are summarised with other analytical figures in
Table S1. Measurement procedures included blank in each series of di-
gestions, with concentration detected being always under the limit of
detection for each element. The accuracy of the methods was verified
using a sample spiked with Pb, Cd, Cu, Cr and As. The recovery range
for these elements was between 93.2 and 102%. Certified material
(IAEA-A-13 Animal Blood, Terrestrial Environment Laboratory, Vienna,
Austria) was analysed for quality control. Recovered concentrations of
the certified samples were within 8% of the certified values, which is
an acceptable margin.

2.6. Statistical analysis

Data distribution in the selected response variables was tested using
the Shapiro-Wilk normality test. Due to the non-Gaussian distribution
of some of the haematological and condition-related traits we used
the Spearman's rank correlation coefficient for testing correlations. For
models involving the non-Gaussian response variable stripe area we
used logarithmic transformation to achieve normality. Two variables
(fatness and TWBC) followed a Poisson data distribution. The values of
heavy metal content (dry weight) in blood and feathers were trans-
formed to a normal distribution by a Box-Cox transformation
(Osborne, 2010). Because concentrations of heavy metals in blood
were intercorrelated and the same pattern was (to lesser extent) ob-
served in feathers (see Table S2), as well as to reduce the metal expo-
sure variables to a single value, we performed principal component
analysis (PCA, Frantz et al., 2012; Koivula et al., 2011) separately for
blood and for feather samples. The main (first) components (PC1B for
blood and PCTF for feathers) were used for all subsequent analyses.

We first tested the association between annual average concentra-
tion of PMj air pollution and PC1B and PC1F, respectively, with the lo-
cations (n = 13) as random factors. The PC1B and PC1F were used as
response variables in Generalised Linear Mixed Models (GLMMs) and
tested against annual average PM;, concentrations at the localities (as
explanatory variables) using Analysis of Covariance (ANCOVA). Given
the non-normal distribution of PC1B, a logaritmic transformation was

Table 2
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performed (log(x + 2)). PC1F followed a normal distribution. For test-
ing the relationship between selected health and condition-related
traits (response variables: fatness, mean growth bar width, TWBC, H/
L, TRBC, immature erythrocyte frequency, bacteriolytic activity of plas-
ma complement, yellow chroma, and stripe area) and selected explana-
tory variables (body mass, tarsus length, age, PC1B and PC1F) we used
GLMM:s including locality as a variable with a random effect. Since the
original data, however, showed a marked deviation of the most polluted
locality (Bohumin) from other sites in the data set in the levels of envi-
ronmental pollution (PM; Fig. 1, Table 1) as well in average blood con-
tamination of the sampled individuals (Fig. S7, Table 2), in Supplement
1 we also show the results of analysis using untransformed heavy metal
data without the random effect of locality (which blurs the effects of the
outlying data points and localities). A minimum adequate model
(MAM; model with all terms either significant, p < 0.05, or marginally
non-significant, p < 0.10) was obtained through backward elimination
of terms from the full model; i.e. we first fitted all the variables of inter-
est in the full model to assess the model's residual deviance; next, based
on the Akaike information criterion (AIC) we remove the least signifi-
cant terms, and by using Analysis of Varinace (ANOVA) F statistics we
tested whether omitting this term caused a significant increase in the
deviance - if not, the term was deleted and the model was further re-
duced in the same way until the model (MAM) only contained signifi-
cant terms. Candidate models were compared based on the change in
deviance with the accompanied change in degrees of freedom
(ANOVA) using F statistics. The statistical analysis was performed
using R software v. 3.1.3 (R Core Team, 2016).

3. Results

3.1. PMy, air pollution at the sampling sites and blood and feather metal
concentrations in the examined birds

For all blood and feather samples analysed in this study (N = 57),
the concentrations of all selected heavy metals (As, Cu, Cd, Pb and Cr)
were above the detection limit of the method adopted (summary statis-
tics for individual locations are listed in Tables 2 and 3). In blood, the
metal concentrations followed the order Cu > Pb > Cd > Cr > As, while
in feather samples it was Cu > Pb > Cr > As > Cd. Blood and feather
metal concentrations were mostly uncorrelated (the only three signifi-
cant correlations detected out of the 25 pairs tested were found be-
tween Pb in blood and feathers, and Cd in feathers and Cu in blood
and Cr in blood, but all with R? <0.1; Table S2 in Supplement 1). In con-
trast, concentrations of individual heavy metals within blood (10 out of
10 correlations significant with r > 0.40, R? on average = 0.35) and
within feather samples (4 out of 10 correlations significant with r >
0.30, R? on average = 0.19) were intercorrelated to each other (see
Table S2 in Supplement 1). Therefore, we performed the PCA analysis,
separately for blood and feathers (Table S3 in Supplement 1). The

Average values of heavy metal concentrations (g/g dry weight) in blood per locality (Rjocaiiry = 13) in great tits from the Czech Republic, 2010 (N =57).SD = standard deviation, n = number
of birds captured per locality. Values for the most polluted locality (based on PM;,) are highlighted in bold.

Locality n Pb Mean + SD Cd Mean =+ SD Cu Mean + SD Cr Mean + SD As Mean + SD
BeneSov 3 6.42 +3.95 0.63 =022 19.07 + 10.93 091 = 0.52 0.11 £ 0.02
Bohumin 5 7.67 + 4.33 1.96 + 1.69 61.81 + 36.11 2.28 + 1.30 0.63 + 0.58
Brno 5 3.74+285 0.36 + 0.09 15.40 £+ 11.91 033+ 0.16 0.09 £ 0.03
Hradec Kralové 5 541+ 725 0.56 + 0.24 15.87 + 13.68 1.09 + 0.82 0.17 £0.17
Jihlava 6 412 +348 0.58 + 042 22.15 £ 17.58 044 + 039 025 +0.18
Karvind 5 1.79 £ 092 0.93 = 0.67 29.73 +18.81 0.58 + 0.34 0.13 £0.09
Olomouc 1 2.04 0.80 27.02 042 0.20
Ostrava 2 5.09 & 6.99 0.54 +0.22 23.01 +21.34 121+ 087 0.13 £ 0.07
Plzei 5 572 £314 048 £0.13 17.96 + 12.82 0.95 + 046 0.17 £0.18
Praha 5 476 +1.08 0.54 £ 0.16 10.20 + 4.81 033 4+ 0.21 0.11 + 0.06
Pfibram 5 2.68 & 1.06 0.57 =024 16.90 + 4.44 0.73 £ 045 0.14 4 0.08
Kladno 6 5.35 4 3.70 047 +0.16 7.91 £9.00 0.40 + 0.40 0.09 + 0.02
Znojmo 4 4.04 +2.16 068 = 0.34 2370 £ 1134 0.36 + 0.06 0.15 £ 0.04
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Table 3

Average values of heavy metal concentrations (ug/g dry weight) in feathers per location (Nocarion = 13) in great tits from the Czech Republic, 2010 (N = 57). SD = standard
deviation, n = number of birds captured per location. Values for the most polluted locality (based on PMyo) are highlighted in bold.

Location n Pb Mean =+ SD Cd Mean + SD Cu Mean + SD Cr Mean + SD As Mean + SD
BeneSov 3 6.60 + 0.70 0.26 & 0.06 40.04 + 18.34 6.63 + 4.46 1.51 £0.09
Bohumin 5 7.11 £ 238 0.51 &+ 0.07 2417 £ 11.15 6.59 = 4.72 1.25 + 0.29
Brno 5 6.07 £733 0.04 £ 0.03 2413 +19.13 3.07 £1.09 0.91 £ 048
Hradec Kralové 5 1048 + 7.94 042 + 037 12.92 + 2.86 3.89 +1.11 0.69 + 0.38
Jihlava 6 458 £2.77 0.36 4+ 0.27 8.57 £3.75 3.78 £ 136 0.77 £ 0.19
Karvind 5 871+175 0.71 +0.78 10.95 + 3.18 3.65 + 2.04 1.19 +0.24
Olomouc 1 3.62 0.14 6.02 2.26 2.07
Ostrava 2k 15.90 +2.73 0.50 £+ 0.20 11.25+£7.73 280 +1.17 123 £0.04
Plzeil 5 3.85 + 1.80 0.15 £ 0.10 943 £ 1.60 3.81+153 136 £ 0.71
Praha 5 310+ 1.72 0.20 +0.19 39.01 £ 47.01 448 +3.47 091 £ 0.21
Pfibram 5 26.21 = 21.91 0.59 +£0.18 3136 £ 1155 642 +5.09 1.16 £ 0.39
Kladno 6 513 +£823 0.07 £ 0.08 19.79 + 29.60 393 +2.96 1.30 £ 0.32
Znojmo 4 6.22 +£5.18 0.14 + 0.05 8.50 + 245 341 +£348 1.07 £ 0.36

proportion of variation explained by PC1 and PC2 were 67.6% and 13.1%
(blood) and 42.8% and 22.0% (feathers). Factor coordinates were all pos-
itive for PC1 and for blood ranged between 0.658 (Pb) to 0.914 (Cd; see
Fig. S1) and for feathers 0.321 (As) to 0.794 (Pb; see Fig. S2). We did not
find any relationship between PC1B or PC1F and annual average PM;o at
the study sites (model 1: p = 0.160, model 2: p = 0.684; Table 54 in
Supplement 1). Despite this lack of any clear general relationships, we
found that the site with the highest PM;, (Bohumin) was also the site
with the highest blood contamination levels in all individually analysed
heavy metals examined in the great tits (Fig. S7; Tables 1 and 2; this
trend was not detected for feathers, see Fig. S8; Table 3).

3.2. Effect of heavy metal contamination on condition-related traits

In our dataset the condition-related traits were only moderately
intercorrelated, with two of 15 relationships significant: growth bar
and tarsus length, and fatness and body mass (in both cases R? > 0.15;
see Table S7 in Supplement 1). We did not find any significant associa-
tions between PC1B or PC1F and fatness or mean growth bar width (p>
0.10; see MAM 3 and MAM 4 in Table 4).

3.3. Effect of heavy metal contamination on haematological health-related
traits

Summary statistics for all haematological health-related traits
analysed are given in Table S8 in Supplement 1. Since haematocrit
was significantly intercorrelated with TRBC (p = 0.015, R? = 0.102;
Table S9 in Supplement 1), we retained only TRBC in further analyses
(in all other pairs of haematological traits p > 0.05). No effect of PC1B
or PC1F on TWBC was detected (MAM 5 in Table 4). In contrast to
TWABC, the leukocyte differential count analysis revealed that the H/L

Table 4

ratio is significantly related to both PC1B and PC1F (in both cases p <
0.001; note the contrasting slopes, Figs. 2, 3; MAM 6 in Table 4). Similar
results were also obtained using analysis based on untransformed
heavy metal data without the random effect of locality (Table S6, Figs.
S3 and S4 in Supplement 1). Separate analyses including Pb and As in-
stead of PC1B (Table $10) suggest a relationship between heterophil
counts, and H/L and As contamination (Figs. S9 and S10). Furthermore,
our results showed a significant decrease in TRBC with increasing PC1B
(p = 0.002, MAM 7 in Table 4, Fig. 4). Again, analogous results were ob-
tained using analysis based on untransformed heavy metal data without
the random effect of locality (Table S6 and Fig. S5 in Supplement 1) and
Pb data (Table S$10; Fig. S11). This analysis (taking into account the ef-
fects of the outlying locality - Bohumin) also shows a link between in-
creased PC1B and an increase in immature erythrocyte count (p =
0.036, MAM 8 in Table S6, Fig. S6), which, in contrast, remained unde-
tected using the transformed heavy metal data in GLMM with locality
as arandom variable (MAM 8 in Table 4). We did not find any significant
effect of PC1B or PC1F on plasma complement activity by any statistical
approach adopted (N = 22, model 9 in Tables S4 and S5 in Supplement
1). For the blood parameters tested, body size (body mass or tarsus
length), and the age of the birds were also important explanatory vari-
ables (Table 4).

3.4. Effect of heavy metal contamination on ornamental traits

The two ornamental traits analysed in this study (stripe area and
yellow chroma) were not inter-correlated (p > 0.70; see Table S7 in
Supplement 1). Neither of these two ornamental traits were associ-
ated with PC1B or PC1F (yellow chroma p > 0.10, model 10, Tables
S4 and S5 in Supplement 1; stripe area p >0.10, MAM 11 in Table 4
and Table S6).

The Minimum adequate models (MAMs) based on great tit data from the Czech Republic, 2010 (N = 57). Locality used as a variable with random effect. Slope 4 standard error (SE) values
are only provided for individual continuous variables. Significant effects of heavy metal contamination are highlighted in bold.

Slope + SE F Df p
MAM 3 Fatness ~ body mass 6.727 £ 3.042 4.891 1/55 0.028
MAM 4 Growth bar width ~ tarsus length 0.063 + 0.031 4483 1/55 0.044
MAM 5 TWBC ~ body mass 4.068 £ 2.091 5.171 1/55 0.050
MAM 6 H/L ~ PC1B + PCIF + age + body mass 72561 4/56 «0.001
PC1B —0.080 + 0.019 5.553 1/52 <0.001
PC1F 0.112 + 0.025 20.801 1/52 <0.001
Age 23.732 1/52 «0.001
Body mass —4483 +1.018 19.424 1/52 <0.001
MAM 7 TRBC ~ PC1B + age 13.120 2/56 0.001
PC1B —0.139 £ 0.043 10.525 1/54 0.002
Age 3577 1/54 0.078
MAM 8 Immature erythrocyte count ~ tarsus length —0.959 + 0.528 3.298 1/55 0.069
MAM 11 Stripe-area ~ tarsus length 0.024 £+ 0.013 3.536 1/55 0.063
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Fig. 2. Association between feather heavy metal contamination (PC1F) and heterophil/
lymphocyte (H/L) ratio in urban great tits from the Czech Republic, 2010 (N = 57). On
the Y axis, H/L ratio is shown as residuals from the MAM 6 (see in Table 4) excluding
PCIF (X axis). Location used as a variable with random effect. R* = 0.020, p < 0.001.

4. Discussion

Although birds may serve as useful bioindicators of heavy metal pol-
lution in anthropogenic environments, studies investigating large-scale
geographic variation in heavy metal contamination of avian tissues are
rare, and have so far focused only on eggshells (Ruuskanen et al,
2014). We performed a large-scale study examining associations be-
tween body condition and health-related physiological traits in great
tits inhabiting urban areas with different levels of air pollution. To a cer-
tain extent, the blood and feather samples from all sites were contami-
nated with heavy metals, mainly with Cu and Pb (Cu being the only
essential element of the metals analysed; Walker et al., 2012), but also
with As, Cd and Cr in small amounts. Despite the generally low effects,
the H/L ratio was significantly increased in birds suffering from higher
feather heavy metal contamination (tested based on PC1F data), indi-
cating their increased long-term stress. In contrast, increased blood
heavy metal contamination (tested based on PC1B data) was signifi-
cantly associated with a decreased H/L ratio, suggesting decreased het-
erophil counts in pollution-affected birds. In these birds, erythrocyte
levels were also decreased and immature erythrocyte frequencies
showed a tendency to be increased at the most polluted site (Bohumin),
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Fig. 3. Association between blood heavy metal contamination (PC1B) and heterophil/
lymphocyte (H/L) ratio in urban great tits from the Czech Republic, 2010 (N = 57). On
the Y axis, H/L ratio is shown as residuals from the MAM 6 (see in Table 4) excluding
PC1B (X axis). Location used as a variable with random effect. R? = 0.014, p < 0.001.
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Fig. 4. Association between blood heavy metal contamination (PC1B) and total
erythrocyte count (TRBC; cells x 10%/ul) in urban great tits from the Czech Republic,
2010 (N = 57). On the Y axis, TRBC is shown as residuals from MAM 7 (see Table 4) ex-
cluding PC1B (X axis). Location used as a variable with random effect. R* = 0.118, p =
0.002.

indicating anaemia-like haemolytic conditions and accelerated
haematopoiesis. In contrast, we did not find any significant association
between nutritional condition (fatness and mean growth bar width)
and heavy metal contamination in blood or feathers. Similarly, the two
ornamental traits analysed (stripe area and yellow chroma) were unre-
lated to heavy metal contamination.

In this study the subset of toxic heavy metals analysed (Pb, Cd, Cu, Cr,
As) was similar to that in previous related studies (see e.g. Dauwe et al,,
2002b; Eens et al., 1999). In general, the levels of heavy metal contam-
ination were comparable to other studies on birds (Geens et al., 2010 on
great tits; Meillere et al.,, 2016 on common blackbirds; Frantz et al,, 2012
on pigeons Columba livia), although the dry weight values measured in
this study are for methodological differences difficult to directly com-
pare (the main aim of this study was to compare data from different lo-
calities sampled within this study). By far the highest levels of blood
contamination within all heavy metals tested were detected in the sam-
ples from Bohumin, which was also the site where dust (PM;) air pol-
lution was the highest. The Bohumin site, located in the north-eastern
part of the Czech Republic is a long-term strongly-polluted industrial lo-
cality (several iron works, steel works and metallurgical plants are lo-
cated in the vicinity of the sampling site; CHMI, 2010). Similarly to
Dauwe et al. (2005) and Scheifler et al. (2006), for most heavy metals
we did not find any relationship between heavy metal content in
blood and feathers. This difference may partially arise due to distinct
contamination timing (virtually in all birds rectrices are changed during
the post-breeding moult, Jenni and Winkler, 1994, while blood levels
show the actual state at the time of sampling). However, the effect of ex-
ogenous contamination may be equally important. Although the feather
tissue dies after the completion of feather growth (i.e. unable to actively
accumulate heavy metals, apparently suggesting that the feathers con-
tain information on heavy metal concentrations circulating in the
blood at the time of moulting), heavy metal levels have been shown
to further increase, possibly due to the deposition of dust and/or excre-
tion of the uropygial gland (Jaspers et al, 2004; Scheifler et al., 2006).
Therefore, heavy metal content in feathers reflects both endogenous
and exogenous deposition, and blood and feather heavy metal concen-
trations may be considered distinct traits indicating different contami-
nation features. While blood is a transport medium likely showing
actual levels of heavy metal contamination, heavy metal concentrations
in feathers reflect their general intra-annual accumulation since
moulting (Dauwe et al., 2002b). In contrast to the lack of consistency be-
tween tissues, individual heavy metals within blood and within feathers
were highly positively intercorrelated, suggesting that different heavy
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metals were accumulated in both tissues in a similar way. It has been re-
peatedly shown that biolevels of various heavy metals tend to positively
correlate one with each other (e.g. Eens et al,, 1999; Frantz et al., 2012).

Our results demonstrate associations between the heavy metal load
and health-related physiological traits in free-living birds in urban
areas. In particular, it appears that cumulative heavy metal contamina-
tion (PC1F in our study) may increase long-term stress (indicated by in-
creased blood H/L) in birds. This relationship was earlier reported by
Eevaet al. (2005) in pied flycatchers (Ficedula hypoleuca), where H/L ra-
tios of nestlings were higher in a copper-polluted area than in a control
area. The authors also observed a strong negative association between
the H/L ratios of nestlings and their fledging success, indicating a surviv-
al effect resulting from heavy metal pollution. A similar effect of pollu-
tion on stress in urban birds has been reported by Meillere et al.
(2016) in common blackbirds, where corticosterone levels in both juve-
nile and adult feathers positively correlated with Cd and Pb contamina-
tion of the feathers.

In contrast to feather contamination, blood heavy metal content
was significantly negatively associated with the H/L ratio. Again,
this was mainly due to the effect of the most contaminated samples.
This result suggests differences between long-term and short-term
exposure effects. Although non-migratory, great tits are vagrant
(birds breeding in the Czech Republic may move as far as to central
France or central Italy during their post-breeding period, Cepak
et al., 2008). Therefore, different levels of heavy metals may be accu-
mulated by individual birds during the breeding and non-breeding
seasons. We suggest that the actual levels of pollution (indicated
by blood contamination with heavy metals) may decrease the num-
bers of heterophils in blood circulation, also decreasing H/L, which
might be caused by increased heterophil mortality. This has been
previously observed in fish (Palikova et al., 2015) in response to
low-level As intoxication. Also in our study the association between
H/L and heavy metals in blood appears to be driven by As (Fig. S9)
and there is a tendency for total heterophil count to decrease in re-
sponse to increasing As contamination (Fig. S10). Since heterophils
are among those cells with fast turnover in the blood (Tak et al.,
2013), they may suffer more than the longer-lived lymphocytes
from short-term fluctuations in heavy-metal-induced toxicity.
Given the low statistical effects of the associations (despite the sta-
tistical significance of the trends), both relationships (increased H/
L due to long-term stress and decreased H/L due to actual pollution)
may co-occur in urban tit populations.

The indicated negative effects of heavy metals on avian health are
further supported by the anaemia-like symptoms we detected in
birds suffering from high blood heavy metal content. In these birds
the total erythrocyte levels were decreased in blood circulation,
while there was also a tendency for increased frequencies of imma-
ture erythrocytes in the most contaminated individuals (see
Fig. S6). Previous studies have documented that the concentration
of heavy metals in blood is mostly associated with their content in
erythrocytes (Coeurdassier et al., 2012). It has been shown in win-
tering great tits that blood Pb contamination is negatively associated
with blood haemoglobin concentrations, haematocrit, mean corpus-
cular volume and mean corpuscular haemoglobin (Geens et al.,
2010). Although Geens et al. (2010) did not observe any association
directly with the total red blood cell count, in this study we found a
significant negative relationship between heavy metal levels (main-
ly Pb, Fig. S11) and the absolute erythrocyte count, likely resulting
from increased heavy-metal-induced erythrocyte mortality in birds
with high blood contamination levels. This heavy metal-associated
decrease in erythrocyte levels may be linked to the increased
frequency of immature erythrocytes in the most contaminated
individuals. An increased frequency of immature erythrocytes in
avian blood circulation has been suggested to reflect increased
haematopoiesis (Vinkler et al., 2010), which is frequently associated
with anaemia induced by environmental pollution (Belskii et al.,

2005; Yamato et al., 1996). The large variation observed in the asso-
ciations between feather/blood heavy metal contamination and hae-
matological parameters suggests that other important factors (not
tested in this study) are involved, and indirect environmental im-
pacts of pollution (e.g. lower quality of available food sources) may
also explain the relationships revealed (Eeva et al., 1998).

In contrast to other studies (Dauwe and Eens, 2008; Eeva et al., 1998;
Geens et al., 2009) we did not find any association between heavy metal
pollution and ornamental trait expression (yellow chroma or breast
stripe area). Given their role in oxidative balance maintenance
(Tomések et al., 2016), carotenoids in particular were predicted to
show a trade-off between ornamentation and prevention against the
negative effects of urban oxidative challenges. Heavy metal pollution
has been reported to reduce carotenoid-based colouration in great tits
(Geens et al., 2009; Eeva et al,, 1998), but only in some studies
(Koivula et al,, 2011). The absence of any such relationship in our
study may result from the fact that we did not focus on any particular
effect of a single major source of heavy metal pollution, but rather inves-
tigated heavy metal contamination across cities with no extreme levels
of pollution. This inconsistency in results suggests that the effects of
heavy metal contamination on external phenotypic traits (such as orna-
mentation) is not general, but remains limited only to the most extreme
cases of environmental pollution.

Taken altogether, this correlational study contributes to an un-
derstanding of the relationships between environmental pollution
and the biology of organisms living in anthropogenic environments.
We show that despite general improvements in the level of atmo-
spheric contamination, non-degradable heavy metals persistently
contaminate animal tissues in urban areas at levels having subclini-
cal yet physiological effects, namely on blood cell levels. This sup-
ports other findings showing impaired physiological performance
in urban birds (Bailly et al., 2016). We believe that these results high-
light the necessity for ongoing environmental concern in urban areas
even today.
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Abstract

The phenotype-linked fertility hypothesis (PLFH) proposes that both sexual ornaments and sperm traits are phenotypically
plastic and co-affected by environmental factors through individual condition, resulting in a positive correlation between
ornament expression and functional fertility. Ornaments may then serve females in the identification of the most fertile males.
Despite intense research on the relationship between sexual characters and male ejaculate quality, published results are not
consistent with the PLFH. The aim of our study was to test if sperm morphology is associated with sexual ornamentation
and several health/condition-dependent traits in Great Tit males (Parus major). We evaluated the association between sperm
morphology and two types of ornaments, carotenoid- and melanin-based ventral feather coloration, to evaluate predictions
of the PLFH. As surrogates for condition and health/stress status, we used standardized male weight and the peripheral
blood heterophil to lymphocyte ratio (H/L). Also, we used the immature erythrocyte frequency as a trait linked to the rate of
haematopoiesis, and presumably metabolism and pace of life. Our results support an association of sperm traits with health-
related traits: the within-male variability in total sperm length was negatively related to the H/L ratio. This either suggests
that birds maintaining low sperm variability may afford to invest more into heterophil production or, in contrast to the PLFH,
there could be a trade-off between individual investment in reproduction (ejaculate quality) and the avoidance of long-term
physiological stress. Contrary to the predictions of the PLFH we were unable to identify any parameter of sperm morphology
associated with either body condition or the expression of male sexual traits. Thus, our study contributes to evidence rejecting
the hypothesis of ornamental involvement in fertility selection, while giving weak support to the sperm competition theory.

Keywords Carotenoid coloration - Melanin coloration - Condition-dependent sexual signalling - Haematology - Sperm
flagellum - Sperm length

Zusammenfassung

Bei Kohlmeisenminnchen (Parus major) ist die Spermienvariabilitiit mit einem gesundheitsrelevanten himatolo-
gischen Merkmal gekoppelt, nicht jedoch mit der Firbung.

Die Hypothese der phinotypgekoppelten Fertilitit (Phenotype-linked Fertility Hypothesis; PLFH) besagt, dass sowohl
die geschlechtstypische Farbung als auch die Spermienmerkmale phanotypisch plastisch sind und iiber die individuelle
Kérperkondition von Umweltfaktoren mitbeeinflusst werden, was zu einer positiven Korrelation zwischen duBerlicher
Merkmalsausprigung und funktioneller Fertilitit fiihrt. Eine Schmuckfirbung kann dann den Weibchen dabei helfen, die
fruchtbarsten Minnchen zu erkennen. Trotz intensiver Erforschung der Zusammenhénge zwischen Geschlechtsmerkmalen
und der Qualitit der minnlichen Ejakulate lassen sich die publizierten Ergebnisse nicht mit der PLFH in Einklang brin-
gen. Ziel unserer Studie war es zu testen, ob die Spermienmorphologie bei Kohlmeisenminnchen (Parus major) mit der
geschlechtstypischen Farbung und verschiedenen vom Gesundheitszustand beziehungsweise der Kondition abhéngigen
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Merkmalen in Verbindung steht. Um die Vorhersagen der PLFH zu iiberpriifen, betrachteten wir den Zusammenhang zwi-
schen der Spermienmorphologie und zwei Typen der Schmuckférbung, ndmlich der carotinoid- beziehungsweise melanin-
basierten Firbung des ventralen Gefieders. Stellvertretend fiir die Kondition und den Gesundheits-/Stress-Status verwendeten
wir das standardisierte Korpergewicht der Ménnchen und deren H/L-Verhiltnis (Heterophile Granulozyten/Lymphozyten)
im peripheren Blut. AuBerdem nutzten wir die Haufigkeit unreifer Erythrozyten als Merkmal fiir das Ausmal der Blutneubil-
dung sowie vermutlich fiir die Stoffwechselrate und das Lebenstempo. Unsere Ergebnisse sprechen fiir einen Zusammenhang
zwischen Spermieneigenschaften und gesundheitsbezogenen Merkmalen: Die Variabilitdt der Spermien-Gesamtlédnge bei
einem Minnchen stand jeweils in einer negativen Beziehung zum H/L-Verhéltnis. Entweder bedeutet dies, dass es sich Vogel
mit einer geringen Spermienvariabilitét leisten konnen, mehr in die Produktion heterophiler Granulozyten zu investieren,
oder es kénnte sich—im Widerspruch zur PLFH—um einen Kompromiss zwischen der individuellen Investition in die
Fortpflanzung (Qualitit des Ejakulats) und der Vermeidung langfristigen physiologischen Stresses handeln. Im Gegensatz
zu den Voraussagen der PLFH konnten wir keinen Parameter der Spermienmorphologie ausmachen, welcher entweder
mit der Korperkondition oder der Ausprigung mannlicher Geschlechtsmerkmale im Zusammenhang stiinde. Somit liefert
unsere Studie einen weiteren Beleg fiir eine Widerlegung der Hypothese von der Beteiligung der Schmuckfarbung an der
Fertilititsselektion und unterstiitzt dagegen leicht die Theorie der Spermienkonkurrenz (Sperm Competition Theory; SCT).

Introduction

Health and the expression of secondary sexual traits both
depend on an individual’s condition. Only individuals in
superior condition may be able to maintain the high expres-
sion of secondary sexual traits and produce high-quality
gametes [the viability indicator hypothesis (Andersson
1994; Hill 2011)]. For example, the phenotype-linked
fertility hypothesis (PLFH) proposes that the expression
of secondary sexual traits reflects a male’s reproductive
performance, including ejaculate quality (Sheldon 1994),
because pre- and post-copulatory traits (ornamentation and
gametes) may share condition dependence [e.g. are affected
by the same type of stressors (Blount et al. 2001)]. By select-
ing highly ornamented males, females may increase their
chances of being successfully fertilized or even of having
their sons inherit high-quality ejaculates (Pizzari and Birk-
head 2002; Pizzari et al. 2004), leading to the evolution of
pre-copulatory signals of sperm quality. However, a recent
meta-analysis using a wide array of taxa found little support
for a positive association between the expression of condi-
tion-dependent sexual signals and ejaculate quality (Mautz
et al. 2013). An alternative scenario, originally outlined as a
part of the sperm competition theory (SCT) (Parker 1998),
assumes that the total amount of energy invested into repro-
duction is limited, resulting in a trade-off between invest-
ments into pre-copulatory and post-copulatory traits, and
hence to a negative relationship between sexual male orna-
mentation and sperm quality. In this case, investments into
costly sexual ornaments may compromise ejaculate quality
[e.g. the ability to cope with oxidative challenge (TomaSek
et al. 2017)].

Carotenoid-based ornaments may reflect individual qual-
ity because carotenoids are obtained exclusively from the

@ Springer

diet and have been proposed to take part in anti-oxidative
protection (Lozano 1994; von Schantz et al. 1999; Svensson
and Wong 2011). In birds, carotenoids are responsible for
the yellow to red coloration of skin derivatives (e.g. feathers,
podotheca, rhamphotheca, etc.). Given the fact that carot-
enoids also occur in the testes and seminal fluid (Rowe and
McGraw 2008; Rowe et al. 2012), they can directly influ-
ence sperm quality and quantity by quenching free radicals
(von Schantz et al. 1999; Blount et al. 2001). For instance,
their supplementation resulted in fewer sperm abnormali-
ties in Zebra Finches (Tomasek et al. 2017). Although the
PLFH may apply to carotenoid-based ornaments in birds
(e.g. Helfenstein et al. 2010; Losdat et al. 2011), there might
exist a trade-off between the use of carotenoids in maintain-
ing either the high expression of sexual ornamentation or
high sperm quality (Tomasek et al. 2017).

Recent studies have shown that similarly to carotenoid-
based traits, melanin-based ornaments are frequently related
to individual condition (Griffith et al. 2006; Guindre-Parker
and Love 2014) and immune function (e.g. Gangoso et al.
2011; Jacquin et al. 2011). Therefore, the PLFH may apply
to melanin ornaments as well. At present only a few studies
have examined the relationship between sperm character-
istics and melanin ornaments, and their results are incon-
sistent. For example, Calhim et al. (2009) found a positive
relationship between sperm length and plumage blackness in
Pied Flycatchers (Ficedula hypoleuca), whereas Lifjeld et al.
(2012) found no such relationship in the same study popula-
tion but with a much larger dataset. Similarly, Birkhead and
Fletcher (1995) found no link between any sperm traits and
melanin breast plumage area in Zebra Finches (Taeniopygia
guttata).

Here we used Great Tits (Parus major) to evalu-
ate the idea that sexually selected condition-dependent
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ornamentation in males (carotenoid-based coloration of
ventral feathers and the size of the melanin-based black
stripe on the belly) reflects sperm phenotypes. Moreover,
we evaluated possible links between sperm phenotypes and
individual condition and health status. As general estima-
tors of condition and health status we used standardized
weight and two haematological parameters, the stress-linked
peripheral blood heterophil to lymphocyte ratio (H/L) (Davis
et al. 2008) and the immature erythrocyte frequency. The
latter is positively linked to the rate of haematopoiesis, and
presumably metabolism and the pace of life (Vinkler et al.
2010). Failures in spermatogenesis may lead to the produc-
tion of morphologically diverse sperm including abnormal
sperm cells (Opatova et al. 2016). We therefore calculated
the coefficient of variation in sperm length for each ejacu-
late and tested this parameter with sexual ornamentation and
condition estimates. Previous studies across passerine taxa
have shown that increased sperm competition leads to longer
sperm cells with a relatively longer midpiece (Kleven et al.
2009), and intra-specific analyses, based on experimental
approach, have also demonstrated that longer sperm cells
are faster and competitively superior than shorter sperm at
least in some passerines (Bennison et al. 2015). We therefore
assume that total sperm length and the midpiece/flagellum
ratio may reflect ejaculate quality in our study species (also
see Calhim et al. 2009; Mautz et al. 2013).

Methods
Field procedures

The study was carried out in the breeding seasons April-May
2011-2013, in a city forest in Prague (Czech Republic
50°8'10.591"N, 14°27'51.144"E,~310 m a.s..). The forest
was mainly dominated by oak (Quercus sp.), lime (Tilia sp.)
and hornbeam (Carpinus berulus). Within the study area nest
boxes were installed in a regular grid of 50 X 50 m on trees
at a height of ~3 m. Nest boxes were regularly controlled
during April to identify Great Tit breeding pairs. In total, 42
males were caught during the three breeding seasons with
mist nets placed in front of their nest boxes.

Approximately 50 ul of blood was taken from the jugular
vein of each individual, and a blood smear was prepared
from a drop of blood. Then, body mass (measured by a
Pesola PPS200, 200 g, d=0.02 g) and tarsus length (meas-
ured by a digital calliper, accuracy 0.01 mm; Kinex, Prague,
Czech Republic) were recorded. Two feather ornaments were
chosen for further analyses: the area of the melanin breast
stripe and coloration of the yellow breast carotenoid. To
assess the area of the melanin breast stripe, standard digital
images of the breast were taken of each male with a Perfec-
tion V30 scanner (Seiko Epson, Nagano, Japan). All images

were taken in a standardised position in a mobile dark tent,
with grey and colour standard reference swatches equipped
with a ruler (a GC 18 grey card and Q 14 colour and grey
chart; Danes-Picta, Prague). Feather samples from the upper
part of the yellow breast ornament were collected for spec-
trometry analysis (see below). Ejaculates were obtained by a
gentle cloacal massage and stored in 10% formalin solution
(Albrecht et al. 2013). Finally, every male was tagged by an
aluminium ring with a unique code of the Czech Bird Ring-
ing Centre (N Museum Praha) and released immediately
after sampling. No male underwent any repeated sampling
throughout the entire experiment. The study was approved
by the Ethical Committee of the Czech Academy of Sciences
(041/2011) and was carried out in accordance with the cur-
rent laws of the Czech Republic.

Measurements of ornamental traits

The digital images of the melanin breast stripe were ana-
lysed using Adobe PHOTOSHOP CS.4 software version
11.0 (Adobe Systems, San Jose, CA). First, the image scales
were equalised according to the rulers. From these standard-
ised images, areas of the ornaments were measured.
Coloration of the yellow breast ornament was measured
by an AvaSpec 2048 spectrometer with an AvaLight-XE
light source (Avantes, the Netherlands). Samples of each
individual were randomly arranged into two sets from ten
feathers and fixed on microscope slides with a black back-
ground (Quesada and Senar 2006). In addition, feather quills
were fixed with a black sturdy paper inset to measure just the
yellow part of feathers. The spectrophotometer probe was
placed in a plastic extender holding the same light condition,
angle (45°) and distance (4 mm) of the probe from a meas-
ured sample. To obtain reliable measurements, each feather
set was rearranged and the whole process was repeated a
total of four times for each set, i.e. eight measurements
were taken for each male. The spectrometer was standard-
ized against the darkroom and a WS-2 white standard after
measuring samples representing each ten individuals. Yel-
low chroma, which reflects the amount of yellow carotenoids
(lutein and zeaxanthin) in breast feathers in the Great Tit
(Isaksson et al. 2008), was calculated as R700 minus R450,
divided by R700, (R700 is reflectance at 700 nm and R450
reflectance at 450 nm). In statistical analyses, the average
values calculated from the eight measurements were used.
The repeatability of yellow chroma measurements was
r=0.76, n=33, p=0.003 (Lessels and Boag 1987).

Measurements of sperm traits
Sperm morphometric data were obtained using light micros-

copy (Olympus BX41, camera UI-1540-C: Olympus, Tokyo)
under 400X magnification and image ImageJ] software
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version 1.49. Slides were prepared by spreading a drop
(approximately 15 pl) of the fixed sperm sample on a clean
microscope slide and air drying it. We measured (to the near-
est 0.1 pm) the length of three sperm components: the head,
midpiece (containing fused mitochondria) and tail (also see
Opatova et al. 2016). For each sperm, the total length was
then calculated as a sum of these three components. Twenty
spermatozoa per male were measured to obtain a representa-
tive estimate of the male’s mean sperm total length (e.g.
Immler et al. 2008). Within-male variability in total sperm
length (CV,,,) was calculated as the coefficient of varia-
tion [CV =(SD/mean) X 100 (Sokal and Rohlf 1981; Lifjeld
etal. 2010)]. The accuracy of sperm measurements was high
(Thead > 072, Fyigpiece = 0.96, 735 =0.87, 14 =0.96, n=10,
all p<0.001 for all measured components).

Haematological assays

To analyse the differential leukocyte count and frequency
of immature erythrocytes, the air-dried blood smears were
stained with Modified Wright-Giemsa Stain (product no.
WG128; Sigma-Aldrich) and scanned with an Olympus
BX-41 microscope under 1000x magnification to count the
proportion of lymphocytes and heterophils within a sample
of 110-140 leukocytes per smear (e.g. Vinkler et al. 2010).
We found two individuals with extremely high H/L ratios
(>4) in our data set. Since individuals with an H/L ratio
> 4 have also been found in other Great Tit populations
(e.g. Ots and Horak 1996) these individuals were included
in subsequent analyses. The differential count of immature
erythrocytes was estimated in five randomly chosen mon-
olayer fields photographed at 100X objective magnification
(ca. 500-1000 cells). The photographs were used to manu-
ally count the immature erythrocytes in the images using
Imagel] software. The repeatability of the estimate was
r=0.89, n=10, p=0.05.

Statistical analyses

We first performed Sperman’s correlation between individual
sperm traits. We found strong significant positive correlations
between average total sperm length and all other sperm traits
except sperm CV,,,, (Table S1). Therefore, only average total
sperm length, midpiece/flagellum ratio and sperm CV,,, were
included in the analysis. There was no correlation between the
expression of melanin-based and carotenoid-based ornaments
(r=0.156, p=0.322). Standardized weight and haematologi-
cal traits were also uncorrelated (ry; =-0.197, p=0.211;
Fimgry=—0.115, p=0.468). The relationships between sperm
morphology, condition, ornaments and health status were ana-
lysed by using linear regression models (LM) in which either
total sperm length, midpiece/flagellum ratio or sperm CV
were response variables (i.e. three LM models). The sperm
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CVm Was In-transformed and logit transformation was used
for the midpiece/flagellum ratio to obtain a normal distribu-
tion. The standardised weight, yellow chroma, area of the mel-
anin ornament, H/L ratio, immature erythrocyte count, year
and their meaningful two-way interactions (i.e. those between
year, condition and haematological parameters, respectively)
were included as explanatory variables. Similarly, relation-
ships between ornaments and condition status were analysed
by LM models. The yellow chroma and area of the melanin
breast stripe were response variables and the standardised
weight, H/L ratio, immature erythrocyte count, year and their
meaningful two-way interactions were explanatory variables,
resulting in two LM models. The significance (p <0.05) of
particular terms in the models was calculated based on the
change in deviance between the full and reduced (null) mod-
els using the dropl function. The statistic is reported for each
corresponding step when terms were removed from the model
(Crawley 2002). All analyses were performed in the software
R.3.0.3 (R Development Core Team 2011).

Results

There were no associations between either the coloration of
the yellow ornament (yellow chroma) or the melanin-based
ornamentation and the selected condition-reflecting or hae-
matological traits (Table 1).

Data on sperm trait variation (length differences in the
sperm segments) are summarised in Table 2. Sperm mor-
phological traits varied substantially in Great Tit males, but
the most variable sperm characteristic was the within-male
variation in total sperm length (CV,,,) and midpiece/flagel-
lum ratio.

There was no association between the average total sperm
length and either the condition or haematological traits
(Table 3). Although there was substantial variation in the
midpiece/flagellum ratio, no significant relationship was
found between this sperm trait and the tested variables. There
was, however, a significant relationship between the sperm
CV,,m and H/L ratio (LM, estimate + SE=—0.135+0.058,
F\ 40=5.487, p=0.024; Table 3). Males with higher CV,,
had a lower H/L ratio (Fig. 1). It should be noted that
when two data points with high H/L ratios (> 4; Cook’s
D> 1) are removed from the dataset, the negative relation-
ship between CV,,, and H/L is not significant (LM, esti-
mate +SE=-0.128 +0.106, F 4o=1.204, p=0.237).

Discussion
In this study we evaluated the idea that condition-depend-
ent carotenoid- and melanin-based feather ornamentation

reflects sperm quality in Great Tits. Previous studies in
this species have demonstrated that the ejaculates of more
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Table 1 Results of linear Yellow chroma Breast strip

models evaluating the

association between male df F p df F P

ornamentation and selected

condition/haematological traits H/L 40 0.115 0.725 39 1.800 0.188
Immature erythrocytes 39 0.298 0.588 40 3.059 0.088
Year 37 1.687 0.199 36 0.593 0.588
Standardised weight 36 0.209 0.651 38 0.015 0.902
H/L x Tear 34 1127 0.336 34 0.123 0.884
Immature erythrocytes X Year 32 0.203 0.818 32 0.513 0.604
Standardised weight X Year 30 0.473 0.628 30 0.060 0.942

In addition to the peripheral blood heterophil to lymphocyte ratio (H/L), frequency of immature erythro-
cytes and standardized weight, year was also included in the analysis as a response (explanatory) variable.
Statistics for particular explanatory variables were found using a backward stepwise procedure, and corre-
spond to the step when each term was removed from the model (n=42)

Table 2 Variation in sperm
characteristics among a

Mean SD Median Minimum Maximum (@)%

sample of ten Great Tit males’ Head length (um) 14.7 0.6 14.6 13.4 16.6 44

ejaculates (n=42) Midpiecs length (i) 502 24 506 526 643 41
Flagellum length (um) 23.9 23 243 17.5 28.3 9.8
Total length (um) 97.8 3.5 96.9 91.5 105.5 3.6
Midpiece/flagellum proportion 2.5 0.3 24 2. 3.7 11.9
CVum 2.5 1.1 2.1 12 6.4 =2
CV Coefficient of variation, CV,, within-male variation in sperm length
*Not calculated

Table 3 Results of linear .

Foa st }fellow Total sperm length GV x:;;::;?;gﬂagellum

chroma, breast stripe area, H/L

ratio, frequency of immature df F P af F p df F )4

erythrocytes, standardized

weight and year as response H/L 40 2629 0.113 40 5487 0.024 39 0362 0.551

variables to explain the Yellow chroma 38 0520 0476 38 1768 0.192 40 1703 0.199

variation in selected sperm traits  poaqy uripy 37 0129 0721 37 0291 0593 36 0031 0.862
Immature erythrocytes 39 2796 0103 39 0311 0580 38 0.029 0.865
Year 34 2318 0.114 34 0948 0398 34 1410 0.258
Standardised weight 36 0.692 0411 36 0.038 0.847 37 1355 0.251
H/L x year 28 1.330 0281 28 1956 0397 28 2750 0.081
Yellow chroma X year 30 0.775 047 30 0721 0494 30 0261 0771
Breast strip X year 36 0.485 0.621 26 0453 0.641 32 0.156 0.856
Immature erythrocytes X year 32 1267 029 32 1714 0.196 25 0.054 03818
Standardised weight X year 25 <0.001 098 25 0.087 0.771 26 1450 0.253

Statistics for particular explanatory variable were found using a backward stepwise procedure. All statis-
tics correspond to the step when they were removed from the model (n=42). For other abbreviations, see

Tables 1 and 2

colourful males are more resistant to oxidative stress, and
hence that male carotenoid-based coloration indicates ejacu-
late quality measured as sperm velocity. In our study we
focused on other sperm traits that potentially reflect ejacu-
late quality: the sperm length, midpiece/flagellum ratio and

within-male variation in sperm length. We found little sup-
port for an association between sperm traits and male orna-
ments or condition-dependent traits.

The SCT predicts a trade-off between sexual signals and
ejaculate investment if resources available for allocation
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Fig.1 Associations between the peripheral blood heterophil to lym-
phocyte ratio (H/L) and within-male variation in sperm length (CV,,,,))

wn

in Great Tit males in 2011-2013 (n=42). The CV,, is log trans-
formed and dashed lines show the 95% confidence interval

to either trait are limited (Parker 1998). Interestingly, in
accordance with this hypothesis we found that the within-
male variability in sperm length [which may reflect variation
in the size of the testicular seminiferous tubules (Aire 2007;
Liipold et al. 2009)] was negatively related to the H/L ratio,
an indicator of general health and long-term stress (see e.g.
Davis 2005; Davis et al. 2008). Alternatively, our findings
could support the PLFH if males with enhanced H/L ratio
were superior individuals defending nesting areas of high
quality. Such males could be more stressed because they
would be more involved in antagonistic interactions. How-
ever, since we found no correlation between the H/L ratio
and standardised weight we are rather inclined to accept the
SCT as a more likely explanation. The negative relationship
between the within-male variability in sperm length and H/L
ratio indicates that birds maintaining high ejaculate quality
are not able to resist stress. Males that invest high energy
into ejaculate quality may also not be able to invest into
precopulatory signals of quality, such as carotenoid-based
ornamentation (Tomések et al. 2017). Similarly, immune
activation of Great Tit males by lipopolysacharide led to a
reduction of sperm swimming velocity (Losdat et al. 2011)
and males with enhanced H/L ratios produced longer sper-
matozoa in House Wrens (Cramer et al. 2012). The nega-
tive correlation between the H/L ratio and within-male
variability in sperm length in our study may imply that the
maintenance of proper spermatogenesis in Great Tit males,
reflected by reduced within-ejaculate variation in sperm
length, is only possible at some physiological costs reflected
by an increased H/L ratio. Sperm competition in passerines

Q Springer

leads to a decrease in the sperm length variation within
ejaculates (Kleven et al. 2008; Immler et al. 2008), possi-
bly because selection favours optimal sperm length and acts
against extremes. Male fertilization ability may to a large
extent be determined by sperm numbers and hence the pro-
portion of normal sperm in the ejaculate (Malo et al. 2005).
Whether having less variable sperm is adaptive for Great
Tits, a species with moderate levels of sperm competition
(Griffith et al. 2002), remains unknown and requires further
investigation. It should be noted that when two data points
with extremely high H/L ratios (both >4) were removed
from the model, the negative relationship between CV,,,
and H/L was not significant. It is worth noting, however,
that we investigated sperm and condition traits of males in a
free-living population, where it is difficult to catch enough
males with a sufficient range of H/L ratios. Apparently, for
a stronger test of the SCT (i.e. of the negative relationships
among sperm traits and different levels of long-term stress)
one would need an experimental approach to increase vari-
ation in the H/L ratio among individuals.

In our study, sperm morphology did not relate to any
measurements of secondary traits, either carotenoid- or
melanin-based feather ornaments, and we thus were unable
to confirm the PLFH in our data set. This is in accordance
with some previous studies on other passerine species (e.g.
Lifield et al. 2012; but see Calhim et al. 2009). However,
in contrast to our results, Helfenstein et al. (2010) showed
that Great Tit males with paler carotenoid ornament and
increased workload had a higher level of oxidative dam-
age in their ejaculate and a lower proportion of motile
spermatozoa than brighter males. Similarly, Losdat et al.
(2011) also confirmed that more colourful males in a free-
living population of the same species produced sperm with
greater swimming motility. One possible explanation for
this discrepancy may lie in the different sperm traits inves-
tigated (motility versus morphology). However, although
we did not directly measure sperm motility as an indica-
tor of ejaculate quality (Pizzari et al. 2008), we measured
the midpiece/flagellum ratio, which has been associated
with sperm speed/motility in some other studies on passer-
ines (e.g. Laskemoen et al. 2010). In addition, total sperm
length itself seems to reflect sperm speed and male fertili-
zation success in at least some passerines (Bennison et al.
2015). The discrepancy could also be explained by the
fact that there was no association between ornaments and
condition traits in our study. This is not surprising because
ornament function may differ not only among species but
also among populations of the same species (Griffith et al.
2006; Dunn et al. 2010), and signalling may be context
dependent (Vergara et al. 2012a, b). Taken together, we
find it unlikely that Great Tit females could estimate ejacu-
late quality based on the expression of a male’s secondary
features in our Great Tit population.
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In conclusion, based on our correlative study our data
seem to partly confirm the idea that within-male variability
in sperm length is negatively related to the H/L ratio in male
Great Tits, which could indicate a trade-off between indi-
vidual investment in ejaculate quality and immune capac-
ity. However, there was no association between sperm traits
and male ornamentation. Since other phenotypic sperm traits
were not associated with any measured immunological and
haematological traits, support for the trade-off between
ejaculate quality and immunity needs further study, ideally
involving an experimental approach.
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Urban heavy metal pollution can impair the health of humans and other organisms inhabiting cities. While birds
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the process of particular elements' accurnulation in blood and its possible adverse health effects during ageing
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great tit (Parus major) population monitored over a long period of time. The blood As concentrations were
under the limit of detection in most samples. The blood Pb levels showed a non-linear relationship to individuals
age, where the highest Pb concentrations were measured in nestlings and in a very small group of highly senes-
cent birds (over 7 years old), while no clear trend was observed for the majority of the adult age stages. No age-
related patterns were found for blood Cd or Zn concentrations. The positive relationship between date of capture
and blood Cd and Zn levels may reflect seasonal changes in diet composition. We did not reveal any anaemia-like
conditions (decreased total erythrocyte count or increased immature erythrocyte count) in relation to blood
heavy metal concentrations in the investigated birds. Total leukocyte counts, heterophil/lymphocyte (H/L)
ratio and total heterophil and lymphocyte counts increased with increasing Pb, Cd and Zn concentrations in

= Corresponding author at: Department of Ecology, Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Kamycké 1176, 165 21 Prague 6, Czech Republic.
E-mail address: petra.bauerova@chmi.cz (P. Bauerovd).

https://doi.org/10.1016/j.scitotenv.2020.138002

0048-9697/© 2020 Elsevier B.V. All rights reserved.

59



2 P. Bauerovd et al. / Science of the Total Environment 723 (2020) 138002

blood. This study demonstrates the suitability of avian blood for actual heavy metal spatial and temporal biomon-
itoring even in situations when the precise age of the individuals remains unknown.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Globally, various animal species colonise urban habitats where they
face novel environmental threats (Francis and Chadwick, 2012;
Isaksson, 2015). Among these, anthropogenic heavy metal pollution
has received special attention due to its possible toxic effects on humans
and wildlife and non-biodegradable nature (in this study we define
heavy metals as elements with specific density >5 pg/m?, including es-
sential trace elements and metalloids; Assi et al., 2016; Jaishankar
et al., 2014; Jarup, 2003; WHO, 2007). Although intensive research in
avian ecotoxicology has focused especially on industrial or post-
industrial environments (Berglund et al., 2012; Dauwe et al., 2006;
Fritsch et al., 2012; Migula et al., 2000), growing attention is also
being paid to urban habitats lacking any particular point source of
heavy metal pollution (Bailly et al., 2017; Bauerova et al., 2017; Frantz
etal., 2012; Roux and Marra, 2007; Scheifler et al., 2006). Once released
by combustion processes, heavy metals most often contaminate the
bodies of living organisms through the food chain (Mann et al,, 2011),
resulting in only slow improvement of heavy metal biocontamination
(i.e. contamination of animal biota, here specifically of avian biota)
after significant emissions decrease (Berglund et al., 2012; Berglund
and Nyholm, 2011; Eeva and Lehikoinen, 2015).

Some of these elements, including zinc (Zn), copper (Cu) and iron
(Fe), play important roles in animal metabolism and therefore are, at
low concentrations, essential (Goyer et al., 2004; Sharma and Agrawal,
2005). However, if accumulated at higher concentrations they may
have toxic effects (Sharma and Agrawal, 2005; Tchounwou et al.,
2012). By contrast, non-essential heavy metals such as lead (Pb), cad-
mium (Cd) and arsenic (As) have been proven to be highly toxic, with
detrimental effects observed even in very low doses (Goyer et al.,
2004; Jarup, 2003). After entering the organism, toxic heavy metals re-
place the original essential metals and cause metabolic failures (Jan
et al,, 2015; Jarup, 2003; Tchounwou et al, 2012). In addition, these el-
ements have the ability to generate free radicals that increase oxidative
stress, thus damage to the cellular structures (Flora et al.,, 2008;
Jaishankar et al., 2014; Stohs and Bagchi, 1995).

Evidence from humans- and laboratory-animals studies suggests
that individual heavy metals interfere with distinct physiological path-
ways. Pb enters the bloodstream and soft tissues rapidly and is slowly
redistributed into the bones later (WHO, 1995). By contrast, Cd, which
is one of the most toxic metals detectable in human bodies, rapidly en-
ters the liver where it binds to metallothionein (replacing essential Zn)
causing hepatotoxicity (Jaishankar et al., 2014; Jarup, 2003 ). Eventually,
Cd accumulates mostly in the kidneys, although partial accumulation in
the bones (similar to Pb) is also known (Burger, 2008). Highly toxic
metalloid As is deposited primarily in the skin and skin derivatives (in
birds' claws, feathers and beaks; WHO, 2007), while interfering with
most organ systems (cardiovascular, nervous, gastrointestinal and re-
spiratory; Tchounwou et al., 2012). Finally, Zn is essential in a large
number of different metalloproteins (Zargar et al., 2015). Absorbed Zn
is stored in the muscles, bones, liver, pancreas, kidneys and other organs
and excessive Zn is typically excreted in the faeces (WHO, 2001). As-
sessment of trace element concentrations in most tissues does not
allow to estimate the period of time over which the elements were ac-
cumulated and differentiation of current contamination from the past
one. In mobile organisms this impairs relating information on element
concentration with the locality of exposure. Blood could serve as a tissue
for recent contamination estimate.

Since in the modern globalised world the human diet is typically de-
void of most of its local specificity, human-orientated research cannot

bring much understanding to the spatial and temporal patterns in
heavy metal contamination of different biological systems. Therefore,
the use of appropriate bioindicators (i.e. indicators of biota contamina-
tion, not necessarily proportionally reflecting abiotic environment) is
essential. Environmental quality assessment studies have adopted sev-
eral different bioindicators for different trophic levels, such as mosses
and higher plants (Nickel et al., 2018; Sawidis et al., 2011), small mam-
mals (Téte et al.,, 2015; Wijnhoven et al,, 2007) and free-living birds
(Chatelain et al., 2014; Eens et al., 1999; Frantz et al., 2012; Scheifler
etal,, 2006). Especially the avian models have proven particularly useful
thanks to their omnipresence and frequently generalist foraging strate-
gies (Burger and Gochfeld, 2004; Furness, 1993; Pollack et al., 2017).
Urban environmental pollution can affect the overall health and welfare
of free-living birds both clinically and sub-clinically (Bailly et al., 2016;
Bauerova et al,, 2017; McClelland et al., 2019; Meillére et al., 2016).
While there are several studies focusing on particular physiological ef-
fects of different heavy metals in wild birds (e.g. Fair and Ricklefs,
2002; Ferreyra et al.,, 2015; Holladay et al., 2012; Koivula and Eeva,
2010), the effect of lifetime changes in blood heavy metal concentra-
tions on health-related traits remains mostly neglected in birds. From
the perspective of haematology one of the most frequently observed
health symptoms of sub-lethal doses of toxic elements is anaemia
resulting from increased erythrocyte mortality. Furthermore increased
total white blood cell counts (TWBC), often accompanied by increased
heterophils (heterophilia) or decreased lymphocytes (lymphopenia; to-
gether causing increased H/L ratio) indicating possible acute or chronic
toxicosis, long-term stress or inflammation (Campbell and Ellis, 2007;
Jones, 2015).

The practical use of avian bioindicators may be confounded by the
effects of individual traits associated with heavy metal contamination.
While age-independent heavy metal contamination in avian blood can
be predicted, given the role of blood as a transportation medium
interconnecting tissues (WHO, 1995), without relevant evidence this
presumption is unjustified. Haematopoiesis in the bone marrow could
serve as an endogenous source of some heavy metals, such as Pb or
Cd. Thus, the blood Pb and Cd levels could indicate both current and
long-term exposure (WHO, 1995). As described in humans (Flora
et al., 2012) bones can contribute around 40-70% of Pb released into
blood in adults. However, the degree of redistribution depends on sev-
eral factors, including also individual age and these processes are pres-
ently unknown in birds. Since in the field birds cannot be often
precisely aged based on plumage characteristics (Svensson, 1984), age
effects may bias the monitoring results. Dealing with this issue by
non-longitudinal comparing broad categories of juveniles (either col-
lected during the nesting period or during their 1st year of age) and
adults (over the 1st year of age; Berglund et al., 2011; Carvalho et al.,
2013; Coeurdassier et al., 2012; Fritsch et al., 2012; Janssens et al.,
2001: Meillére et al., 2016; Van Wyk et al., 2001) most studies adopt
an only too general age classification that is unable to cover ontogenetic
changes in adults. Surprisingly, almost nothing is presently known
about the process of heavy metals accumulation in free-living birds
throughout their lifetime. Although named as one of the pitfalls of cur-
rent research (Fritsch et al., 2019), this drawback partially reflects the
fact that internal organs cannot be repeatedly sampled from the same
individuals, precluding for many tissues (except blood and feathers)
longitudinal studies.

Using unique long-term (2006-2018) monitoring data on repeat-
edly captured free-living great tits (Parus major; a common species
used for pollutant biomonitoring; Bauerova et al., 2017; Berglund
et al, 2011; Eeva et al., 2003) we have tested two main hypotheses:
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1) the hypothesis of increasing heavy metal concentrations in blood
during the life of an animal and 2) the hypothesis of negative effect of
this contamination on health. To the first hypothesis we had two alter-
native predictions: i) based on the bi-directional exchange of some
metals between tissues and blood, accumulation of selected heavy
metals (the toxic elements Pb and Cd, unlike As and the essential Zn)
throughout the life can be monitored in blood, or ii) in blood that is a
transportation medium no accumulation occurs allowing the use of
blood for measuring the actual biocontamination levels. To the second
hypothesis we predicted to observe associations between the lifetime
changes in heavy metal blood concentrations and health-related hae-
matological traits.

2. Materials and methods
2.1. Field procedures

During the years 2006-2018 the total number of 374 blood samples
from 185 repeatedly captured birds were collected within a nest-box-
breeding study population of free-living great tits inhabiting a suburban
forest fragment of Cimicky haj and Dablicky haj in Prague (50°8'7.186"
N, 14°27'57.422"E, Czech Republic, EU; birds were re-captured mini-
mally two times, on average three times, maximally five times; for a his-
togram of re-capturing frequencies see Fig. S1, for the number of
samples in particular years see Fig. S2 in the electronic supplementary
material (ESM)).The dendrological composition of the forest that is
being managed in an environmentally-friendly manner under a Forest
Stewardship Council (FSC) certificate - a mostly natural representation
of deciduous trees is supplemented locally with coniferous species. The
forest area is situated in the vicinity of a small military airport, Kbely,
from which complete information was available on total daily precipita-
tion, average temperatures, humidity and sunshine duration. Birds cap-
turing and blood sampling was performed mostly during the early
breeding season (April-May); only 7 samples (from 4 repeatedly cap-
tured animals) were collected during the winter season (January-Feb-
ruary). The nests were checked regularly to estimate the breeding
onset (in total 265 nest boxes were installed within the study area),
the nestlings were ringed and sampled at the age of 15 days in the
nest boxes, while the adults were mist netted in their breeding territory.
The minimum known age of the birds was determined and controlled
according to inter-annual monitoring (the nestlings are further referred
to as birds in their 1st year of age, the minimum age of the adults at their
first capture was assessed on the basis of plumage traits as either the
2nd year or older; Svensson, 1984). For a histogram of age classes
with sex-specific distribution see Fig. S3 in ESM. In all of the birds a
blood sample (100-150 pL) was taken from the jugular vein using a
heparinised syringe within 15 min after the capture. Then, the birds
were weighed with digital scales (accuracy 0.02 g; Pesola AG, Baar,
Switzerland, type PPS200) and their tarsus lengths were measured
with a digital calliper (accuracy to 0.01 mm; Kinex, Prague, Czech
Republic) to estimate size-standardised weight (calculated as weight/
tarsus length; hereafter called as body mass). Each firstly captured indi-
vidual was ringed with a standard steel ring of the Czech Bird Ringing
Centre (National Museum, Prague). Finally, all birds were released
within 30 min after capture. A small part of each collected blood sample
was used immediately for haematological analysis and the rest was
stored in a microtube with 96% ethanol and later deep frozen (—80
°C) for subsequent heavy metal analysis.

2.2. Haematological analysis

The haematological analysis was performed using methodology pre-
viously described elsewhere (Bauerova et al., 2017; Svobodova et al.,
2018; Vinkler et al., 2010). In brief, 15 pL of blood was diluted in 2985
WL of Natt and Herrick's solution, stored in a cooling bag and analysed
the same day for the total red blood cell count (TRBC) and total white

blood cell count (TWBC) under a light microscope with 40x objective
magnification (Olympus Corporation, Tokyo, Japan, type CX-31). Using
a Biirker's counting chamber we manually quantified the leukocytes in
100 large squares (in a total representation of 10 mm? of blood diluted
1:200) to calculate the TWBC. The TRBC was based on the quantification
of erythrocytes in two digital images of 6 squares (representation of
0.048 mm?3 of diluted blood) in automated counting software (St&pka,
2013).

Two blood smears were prepared for the differential leukocyte and
erythrocyte analysis. Unfixed dried blood smears were stained with
Wright-Giemsa Modified stain (product no. WG128, Sigma-Aldrich, St.
Louis, MO, USA) and analysed under a microscope with a 100x objective
magnification. The frequencies of lymphocytes, heterophils, basophils,
eosinophils and monocytes were counted in a total sample of approxi-
mately 120 leukocytes. Since heterophils and lymphocytes were the
most abundant leukocyte types, the H/L ratio was calculated as a mea-
sure of long-term physiological stress (Davis et al., 2008). The total lym-
phocyte count (TLC) and the total heterophil count (THC) were
determined by recalculating the cell-type frequencies to the TWBC.
The immature erythrocyte count (IEC) was determined as a frequency
of immature red blood cells (%) obtained from 5 digital images of ran-
domly chosen monolayer fields (a sample of approximately
2000-4000 cells). For all individuals the particular procedures were al-
ways performed only by a single person to ensure minimum variation
over the measurements.

2.3. Analysis of heavy metal content in dried blood

Before analysis, all whole blood samples were first dried and
weighed on analytical scales (accuracy to 0.01 mg; Sartorius,
Goettingen, Germany, type R160P). The weight of the samples ranged
between 0.5 and 17.0 mg. In glass vials, the samples were mixed with
0.5 mL of concentrated nitric acid (HNOs, Merck, Suprapur, Germany),
0.2 mL of 30% hydrogen peroxide (H,0,, p.a., Analytika, Czech
Republic) and 0.3 mL of deionised water (DIW, <0.2 pS/cm, Ultrapur,
Watrex, USA) and digested in a microwave digestion system,
UltraWAVE (Milestone, Sorisole, Italy). A three-step programme recom-
mended by the manufacturer was followed in this order: 5-min ramp to
a temperature of 150 °C (800 W), 10-min ramp to 170 °C (1500 W) and
10-min ramp to 190 °C (1500 W). The initial pressure inside the diges-
tion chamber was 30 bar. After digestion, the solutions were quantita-
tively transferred into 15 mL polypropylene vials and diluted to 5 mL
volume before analysis.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measure-
ments were carried out using an Agilent 7700x inductively coupled
plasma mass spectrometer equipped with a MicroMist concentric neb-
ulizer, High Matrix Interface and ASX-500 autosampler (Agilent Tech-
nologies, Santa Clara, CA, USA). Zn and As were measured at m/z 66
and 75, respectively, in a helium collision mode (4.1 mL min~" He) in
a collision cell. Cd and Pb were measured at m/z 111 and 206 + 207
+ 208, respectively, in a no gas mode. Prior to nebulization, the sam-
ple/standard was on-line mixed with a solution containing 100 pg/L ger-
manium (Ge), 50 pg/L yttrium (Y), 20 pg/L rhodium (Rh) and 10 pg/L
bismuth (Bi) in 1% HNOs, which were used as internal standards to cor-
rect for sensitivity drifts. Element quantification was performed using a
matrix matched six-point external calibration. The results were proc-
essed using Agilent Mass Hunter software.

The measured concentrations of heavy metals are presented in ug/g
dry weight. The accuracy of determination was verified by the measure-
ment of two certified reference materials: Seronorm™ Trace Elements
Whole Blood 210205 L-2 (LOT 1406264; Labmark, Prague, Czech
Republic) and IAEA-A-13 Trace Elements in Freeze Dried Animal Blood
(International Atomic Energy Agency, Vienna, Austria). All the deter-
mined values in Seronorm™ agreed well with the certified values
(Table S1 in ESM). For IAEA-A-13, there is only a certified value for Zn
and an information value for Pb: both these values agreed well with
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the determined values (Table S1). These results suggest good accuracy
of the employed methodology for the analysis of metals in dried blood
samples in great tits. The limits of detection (LOD) for Zn, Cd, Pb and
As were controlled by the digestion blanks. Numerically, the limits
corresponded to 8 ng for Zn, 0.008 ng for Cd, 0.1 ng for Pb and 0.15 ng
for As in the liquid samples (5 mL). As the amounts of the dried blood
sample taken for digestion and analysis differed significantly
(0.5-17 mg), the LOD in ug/g of dried sample had to be recalculated
for each sample using a sample-specific dilution factor. The dilution fac-
tors (volume of the sample taken for ICP-MS analysis/sample weight
taken for digestion) were in the range of 300-10000. The measurement
error determined as the average coefficient of variation (standard devi-
ation of 5 measured replicates relative to the sample mean) estimated in
a subsample of 59 individuals was <2.17% for Zn, 3.37% for Cd and 6.16%
for Pb.

2.4, Statistical analysis

All statistical procedures were conducted in R software 3.5.1 (R
Development Core Team, 2018). Gaussian data distributions of the se-
lected response variables were checked using the Shapiro-Wilk normal-
ity test. Given the non-Gaussian distribution of all heavy metal
concentrations and most haematological parameters, the Spearman's
rank correlation coefficient was used for testing correlations. To achieve
model residual normality, the logarithmic transformation was applied
to the response variables before model testing (except for the IEC,
where the Box-Cox transformation with lambda —0.10 was used
instead).

Despite intercorrelation, particular metals were tested separately in
models regarding their different effects on body metabolism (Jaishankar
et al, 2014; Jarup, 2003; Tchounwou et al., 2012). The possible accumu-
lation of heavy metals in the blood during the life of free-living birds
was tested through analysis of deviance of the generalised linear
mixed models (GLMMs, R package Ime4; Bates et al., 2015), where con-
centrations of Pb/Cd/Zn in the blood were used as response variables
and the age of the individuals (centred, in linear and quadratic form),
sex, body mass, tarsus length and the date of capture converted to the
Julian calendar (further referred to as the date) were as explanatory var-
iables (fixed terms). The year of capture and individual ID were used in
all the models as a variable with a random intercept effect, while age
was used as a random slope effect within ID (age|ID) to allow for
inter-individual variation in age-related changes (for full GLMMs
models, see Table S2 in ESM). The Satterthwaite approximation method
was used for F- and p-value estimation (R package ImerTest;
Kuznetsova et al., 2017). For testing the relationship between lifetime
changes of metal concentrations and particular haematological traits,
the GLMMs were used with TRBC, IEC, TWBC, H/L, TLC and THC, respec-
tively, serving as response variables and the age, sex, age:sex interac-
tion, log transformed blood Pb/Cd/Zn concentrations, body mass,
tarsus length and average air temperature 7 days before capturing (fur-
ther referred to as the temperature) used as explanatory variables. Of
the meteorological data available we used only the temperature (a po-
tential stress factor linked to haematological traits) because of its statis-
tically significant correlation with all other parameters, such as average
air humidity (r = —0.41, p <0.01), total precipitation (r = 0.21,p <
0.01) and average sunshine duration (r = 0.66, p < 0.01). The year of
capture and individual ID were again used as variables with a random
intercept effect, age was used as a random slope variable within ID
(Table S2 in ESM).

Minimum adequate models (MAMs; here defined as models with all
fixed terms significant at the level of p < 0.05 or with marginally insig-
nificant terms at the level of p < 0.10) were selected by backward elim-
ination of non-significant terms from the full models. All the steps of
backward elimination in the models were verified by changes of devi-
ance with an accompanied change in degrees of freedom (ANOVA)
and Akaike information criterion (AIC) by using F statistics. Slopes and

standard errors (SE) were calculated for all continuous variables within
the MAMs. The figures were made using the R package visreg (Breheny
and Burchett, 2017).

3. Results

The measured blood Pb, Cd and Zn concentrations were above the
detection limit of the method adopted in most of the samples (3%
below the LOD for Pb, 0.22% for Cd and 0.46% for Zn). Conversely, As
was predominantly non-measurable (75% of the samples below the
LOD), therefore it was excluded from further analyses. The concentra-
tions of measurable heavy metals were in the following order: Zn > Pb
> Cd (summary statistics in Table 1) and were significantly positively
correlated with each other (see Table 2).

3.1. Changes in blood heavy metal concentrations related to age

We found only moderate evidence of heavy metal concentration
changes in the blood during the individual lifetime. In the case of Pb,
our results indicated a significant sex-specific quadratic relationship be-
tween the blood Pb concentrations and age (MAM 1 in Table 3, Fig. 1),
where males had higher blood Pb levels than females and where in
both cases the highest concentrations were measured in nestlings and
in the oldest individuals. However, this relationship was no longer sig-
nificant when the age category of nestlings (age = 1) was excluded
from the tested dataset (see MAM 1a in Table S3 and Fig. S4 in ESM). Ex-
clusion of highly senescent individuals (age = 7) did not change the
trend significance (see MAM 1b in Table S3 and Fig. S5 in ESM). In the
cases of blood Cd and Zn concentrations we did not detect any such as-
sociations (only a significant positive relationship with the date of cap-
ture was observed; MAM 2 and MAM 3 in Table 3, Figs. S6 and S7 in
ESM).

3.2. Associations between blood heavy metal concentrations and haemato-
logical parameters

The summary statistics of all the haematological parameters
analysed in this study and their correlations are listed in Table S4 and
Table S5, respectively (both in ESM). Our results showed no relationship
between blood Pb, Cd or Zn concentrations and TRBC or IEC in the

Table 1
Summary statistics of heavy metal concentrations (ug/g dry weight) in the blood of free-
living re-captured great tits at different ages.

Heavy metal Age  Ngps®  Mean = SD Range v

Zn 1 72 185.69 + 21335 23.37-792.01 114.90
Cd 72 0.04 + 0.06 0.00-0.39 158.67
Pb 67 147 £ 1.72 0.02-7.86 117.11
Zn 2 118 600.25 + 892.72 11.59-4203.59 148.72
Cd 118 0.06 & 0.08 0.00-0.36 13445
Pb 114 144 £1.71 0.04-6.49 118.14
Zn 3 123 459.65 + 659.91 11.54-3057.00 14357
cd 124 0.07 £ 0.09 0.00-0.47 129.33
Pb 123 1.28 + 143 0.02-6.70 112.09
Zn 4 75 661.40 + 674.28 17.36-2808.08 101.95
Cd 75 0.09 £ 0.11 0.00-0.47 116.10
Pb 73 210+ 185 0.04-7.70 87.75
Zn 5 34 718.25 + 965.67 19.72-4545.31 13445
Cd 34 0.10 £ 0.11 0.01-0.39 114.04
Pb 34 148 +1.34 0.06-4.73 90.53
Zn 6 11 257.58 4 419.61 15.68-1396.72 162.91
Cd 12 0.04 £ 0.07 0.01-0.244 176.12
Pb 12 1.83 +£226 0.04-6.59 123.87
Zn 7 3 846.40 + 353.98 599.47-1251.94 41.82
cd 3 0.13 £ 0.10 0.012-0.20 79.28
Pb 3 430 £ 2.65 1.29-6.26 61.61

Nrotobs — 416 (number of total observations), Njya = 177 (number of individuals).
2 Nops = number of observations.
b ¢V = coefficient of variation.
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Table 2
Correlation matrix of heavy metal concentrations in blood.*
Variable Pb cd Zn
Pb 1.00
cd 0.74 1.00
Zn 0.79 0.64 1.00

2 Spearman correlation coefficients (rs) are shown, values highlighted in bold are sta-
tistically significant at p = 0.05 level. Ngymples = 416.

peripheral blood of tits (MAMs 4-9 in Table 3, Figs. $8-S13 in ESM). On
the contrary, a significantly positive relationship between blood con-
centrations of all heavy metals and TWBC was detected. The strongest
positive trend was detected in the case of blood Zn levels (slope =
0.146, p < 0.001; MAM 10 in Table 3, Fig. 2), then in blood Cd levels
(slope = 0.101, p = 0.003; MAM 11 in Table 3; Fig. $15 in ESM) and
the weakest trend was found in the case of blood Pb levels (slope =
0.089, p = 0.017; MAM 12 in Table 3; Fig. S14 in ESM). The differential
leukocyte count analysis showed the H/L ratio to be only marginally in-
significantly associated with the blood Cd concentrations (slope =
0.095, p = 0.068; MAM 14 in Table 3; Fig. S17 in ESM), while in the
case of blood Pb and Zn concentrations there was none relationship (p
= 0.36 and 0.17, Figs. S16 and S18 in ESM, respectively). Furthermore,
our results have shown slightly (yet significantly) increased THC for in-
dividuals with higher blood Cd and Zn concentrations (slope = 0.133, p
= 0.008, MAM 17; slope = 0.153, p = 0.003, MAM 18, both in Table 3;
Figs. S20 and S21 in ESM). Also, the increased TLC levels were signifi-
cantly linked to the higher blood Pb and Zn concentrations (slope =
0.092, p = 0.034, MAM 19; slope = 0.117, p = 0.011, MAM 21 in
Table 3; Figs. S22 and S24 in ESM). The relationship between the
blood Cd concentrations and TLC was marginally insignificant (p =
0.084, MAM 20 in Table 3; Fig. S23 in ESM). An overview of the relation-
ships between all analysed metals and individual haematological pa-
rameters is shown in Table 4.

4. Discussion

Although several studies have already confirmed that free-living
birds can serve as useful bioindicators of environmental quality
(Bauerova et al., 2017; Evers et al, 1998; Hargitai et al., 2016;
Ruuskanen et al., 2014), the process of accumulation of different
heavy metals during the avian lifetime has remained mostly unknown.
Furthermore, the age-related effects of heavy metal concentration
changes on individual health status have not yet been studied. In this
correlative study we benefitted from the long-term ringing and longitu-
dinal sampling effort in our free-living urban great tit population. The
determination of the minimum age of each individual and statistical
controlling for inter-annual variation allowed us to investigate the life-
time changes in blood heavy metal concentrations (Pb, Cd, As and Zn)
and their associations with particular health-related haematological
parameters.

Consistently with our previous study (Bauerova et al., 2017), the
measured concentrations of heavy metals decreased in our samples
from the essential Zn to Pb to the highly toxic Cd and As. This trend
may not reflect only the environmental contamination patterns, but
also bioaccumulation-associated heavy metal turnovers. We assume
that a very short biological half-life of As in the blood (in humans,
only from units to tens of hours; Lehmann et al., 2001) could be one of
the reasons which prevented us from finding a reliable (measurable)
levels of blood As contamination. The time dynamics and organ-
specific deposition also need to be considered when interpreting our
other findings. While a biological half-life of Pb in the blood is reported
at about 1 month, in the bones (which remained unstudied in our re-
search) it spans decades (in humans; Jarup, 2003). The same is also
true for Cd accumulation in the kidneys (Burger, 2008; Faroon et al.,
2012). Although in this study we lack the holistic insight for a

comparison of different tissues, because this approach would not
allow repeated measures within the same individuals, the use of blood
appear relevant for longitudinal biomonitoring from the perspective of
practical application: firstly, blood is an easily accessible biological ma-
terial frequently used for both metal biomonitoring and health assess-
ment based on haematological and biochemical traits (Bailly et al.,
2017; Bauerova et al., 2017; Coeurdassier et al, 2012; Fair and
Ricklefs, 2002; Ferreyra et al., 2015); secondly, blood is the transport
medium that allows to detect current contamination with heavy metals
regardless of their later site of deposition (Garcia-Ferndndez et al., 1996;
Van Wyk et al., 2001); and thirdly, both Pb and Cd are also deposited in
the bones (Deng et al., 2007; Garcia-Fernandez et al., 1996; Janaydeh
et al,, 2018), from where, through haematopoiesis these trace elements
can be partly redistributed back into the bloodstream.

Although it is known that essential elements such as Ca or Zn can
protect the body against the absorption of toxic metals (Pb or Cd;
Chatelain et al., 2016; Goyer et al., 2004; Hogstad, 1996) we have not
confirmed this sort of negative relationship in birds' blood. Similarly to
some other studies in free-living birds, we have revealed only signifi-
cantly positive correlations between Zn and Pb or Cd concentrations
(Dauwe et al., 2002; Fritsch et al., 2012; Janssens et al., 2001; Migula
et al,, 2000).

Contrasting to our prediction on lifetime bioaccumulation of heavy
metals detectable in blood, our results show only weak and non-linear
age effect in blood heavy metal concentrations (significant in the case
of Pb, but not in Cd or Zn). This relationship is apparently driven by
the mild peaks in the cohort of nestlings (1st year of age) and highly se-
nescent individuals (minimum known age of 7 years). Notably, if the
nestling category was excluded from the dataset, the relationship be-
tween blood Pb concentrations and age would become insignificant.
Thus, our results suggest only a very weak lifetime accumulation ten-
dency for Pb in the blood of adult individuals living in an urban non-
industrial environment. Since great tits represent omnivorous species
feeding their nestlings with insects (Cramp et al., 1993), the bimodal
pattern can be explained by increased intake through a metal-rich diet
(namely caterpillars, spiders or beetles; Fritsch et al., 2012; Heikens
et al,, 2001) in nestlings on one hand (Eeva et al., 2005; Janssens et al.,
2001), and by the impaired detoxification metabolism in aged individ-
uals on the other. Furthermore, our results also suggest that Pb may
be decontaminated from the blood of young individuals, while it can
later accumulate in the bodies (possibly in bones) to get increasingly
redistributed back into the bloodstream of the senescent ones. Here it
is appropriate to highlight that given the low re-capture rate in nestlings
the age recorded was the minimum-known age (i.e. some individuals
might have been actually older than the recorded age, provided that
they were captured the first time as full-grown adults). Although meth-
odologically suboptimal, this shortcoming results from the biology of
the studied species and could not be prevented. Since age was in this
study controlled for the individual identity in the re-capture data, this
should not bias our results. Although several non-longitudinal studies
in free-living birds reported higher blood Pb concentrations in adults
than in nestlings (Fritsch et al., 2012; Van Wyk et al., 2001), differential
heavy metal retention or detoxification within differently aged adults
has not been described before for Pb. The only study (according to our
knowledge) focused on repeatedly measured adult individuals in free-
living birds was Evers et al. (1998), which reported similar lack of rela-
tionship in case of blood Hg contamination and age in adult re-captured
common loons (Gavia immer).

Contrary to Pb, we have not found any relationship between blood
Cd or Zn concentrations and the age or sex of the individuals. The lack
of an age-related pattern of Cd in the blood was also observed in other
non-longitudinal studies on free-living birds (Coeurdassier et al.,
2012; Fritsch et al.,, 2012), while in the case of Zn, the age-related pat-
tern in blood concentrations was not expected since Zn is an essential
element regulated by the homeostatic system (WHO, 2001; Zargar
et al., 2015). This corresponds to our second prediction that blood as a
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Table 3
Minimum adequate models (MAMs) obtained for the dataset of re-captured great tits.
Minimum adequate model® Slope + SE E Df p Nobs’/Nind®
MAM 1 Pb ~ age + age? + sex 20.72 3/415 <0.001 416/177
Age —0.054 + 0.037 215 1/412 0.144
Age? 0.077 £ 0.020 15.22 1/412 <0.001
Sex 498 1/412 0.026
MAM 2 Cd ~ date 0.032 £ 0.004 57.13 1/410 <<0.001 412/175
MAM 3 Zn ~ date 0.031 + 0.003 84.47 1/410 <<0.001 412/175
MAM 4 TRBC ~ age + temperature 7.61 2/262 0.022 263/114
Age —0.019 = 0.009 431 1/260 0.040
Temperature 0.010 £ 0.005 4.19 1/260 0.042
MAM 5 TRBC ~ age + temperature 757 2/261 0.023 262/112
Age —0.018 = 0.009 4.00 1/259 0.048
Temperature 0.011 £ 0.005 433 1/259 0.039
MAM 6 TRBC ~ age + temperature 831 2/266 0.016 267/115
Age —0.019 £ 0.009 421 1/264 0.042
Temperature 0.011 £ 0.005 5.08 1/264 0.025
MAM 7 IEC ~ body mass 0.585 £ 0.325 324 1/317 0.073 319/138
MAM 8 IEC ~ body mass 0.640 + 0316 411 1/326 0.044 327/140
MAM 9 IEC ~ age + body mass 6.79 2/330 0.034 331/143
Age —0.026 = 0.015 2.92 1/328 0.092
Body mass 0.642 + 0313 4,20 1/328 0.041
MAM 10 TWBC ~ sex + Pb + body mass + temperature 22.85 4/294 <0.001 295/128
Sex 8.45 1/290 0.005
Pb 0.089 + 0.034 7.04 1/290 0.017
Body mass 1.604 £ 0.695 533 1/290 0.022
Temperature 0.040 + 0.015 7.28 1/290 0.008
MAM 11 TWBC ~ sex + Cd + body mass + temperature 27.22 4/298 <<0.001 299/128
Sex 5.94 1/294 0.016
cd 0.101 + 0.032 9.84 1/294 0.003
Body mass 1.281 = 0.644 3.96 1/294 0.048
Temperature 0.044 £ 0.015 9.35 1/294 0.003
MAM 12 TWBC ~ sex + Zn + body mass + temperature 35.98 4/300 <<0.001 301/130
Sex 6.34 1/296 0.013
Zn 0.146 + 0.018 63.46 1/296 <0.001
Body mass 1.627 = 0.670 5.89 1/296 0.016
Temperature 0.047 £ 0.012 15.27 1/296 <0.001
MAM 13H/L ~ age + sex + temperature 3295 3/327 <<0.001 328/141
Age 0.145 + 0.041 1242 1/324 0.001
Sex 1431 1/324 <0.001
Temperature —0.071 = 0.021 1145 1/324 0.001
MAM 14H/L ~ age + Cd + sex + temperature 37.71 4/330 <<0.001 331/141
Age 0.159 + 0.042 14.59 1/326 <0.001
cd 0.095 + 0.052 339 1/326 0.068
Sex 13.83 1/326 <0.001
Temperature —0.077 = 0.021 12.86 1/326 <0.001
MAM 15H/L ~ age + sex + temperature 35.45 3/331 <<0.001 332/144
Age 0.159 + 0.041 15.22 1/328 <0.001
Sex 14.04 1/328 <0.001
Temperature —0.073 = 0.021 12.23 1/328 0.001
MAM 16 THC ~ sex + body mass 1957 2/293 <<0.001 294/127
Sex 12.49 1/291 <0.001
Body mass 3.186 + 1.044 9.31 1/291 0.003
MAM 17 THC ~ sex + Cd + body mass 24.86 3/296 <<0.001 297/127
Sex 9.81 1/293 0.002
ad 0.133 £ 0.049 7.25 1/293 0.008
Body mass 3.025 + 1.012 8.94 1/293 0.003
MAM 18 THC ~ sex + Zn + body mass 29.40 3/301 <<0.001 302/130
Sex 11.72 1/298 <0.001
Zn 0.153 + 0.044 11.87 1/298 0.003
Body mass 3.001 £+ 1.012 8.78 1/298 0.003
MAM 19 TLC ~ age + Pb + temperature 2395 3/293 <<0.001 294/127
Age —0.094 = 0.036 7.01 1/290 0.010
Pb 0.092 + 0.040 5.23 1/290 0.034
Temperature 0.067 + 0.018 14.53 1/290 <0.001
MAM 20 TLC ~ age + Cd + temperature 25.06 3/296 <<0.001 297/127

64



P. Bauerovd et al. / Science of the Total Environment 723 (2020) 138002

Table 3 (continued)

Minimum adequate model® Slope =+ SE F Df P Nobs”/Nind®
Age —0.075 £ 0.034 4.69 1/293 0.033
cd 0.068 + 0.038 3.09 1/293 0.084
Temperature 0.075 + 0.017 18.77 1/293 <<0.001

MAM 21 TLC ~ age + Zn + temperature 27.16 3/301 <<0.001 302/130
Age —0.084 + 0.034 5.95 1/298 0.017
Zn 0.117 + 0.033 13.04 1/298 0.011
Temperature 0.068 + 0.016 17.27 1/298 <0.001

2 The year and individual ID were used as variables with a random intercept effect, the age of the individuals was used as a random slope within the ID (Age|ID). Slope + SE values are
only provided for continuous variables. Significant and marginally non-significant effects of heavy metal concentrations in the blood are highlighted in bold. Pb/Cd/Zn = heavy metal blood
concentration (ug/g dry weight), date = day of capture, temperature = average air temperature 7 days before capturing, TRBC = total red blood cell count[cells x 10'2L}, IEC = immature
erythrocyte count [%], TWBC = total white blood cell count [cells x 10°L], H/L = heterophil/lymphocyte ratio, THC = total heterophil count [cells x 10°L}, TLC = total lymphocyte count

[cells x 10°L}.
b Nyps = number of observations.
€ Nina = number of individuals.
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Fig. 1. The relationship between blood Pb concentration and age of great tit males (M, in blue) and females (F, in red; Ning = 177, Nobs = 416). Blood Pb concentrations are shown on they
axis as adjusted value controlled for all significant effects of fixed variables in the MAM 1 model (Table 3), i.e. model residuals not including the random effects (done in R by package

visreg; Breheny and Burchett, 2017).

transportation medium is not involved in accumulation of heavy metals,
which allows use of blood for actual trace element biomonitoring. The
only significant effect in the case of Cd and Zn blood concentrations
was the date of capture: great tits mist netted in spring (during the
breeding season) had significantly higher levels of Cd and Zn blood con-
centrations than the tits mist netted in winter. Although we are aware
that we did not have sufficient sample of birds captured in winter (n
= 7), we assume that these seasonal differences in blood Cd and Zn con-
centrations could reflect the changes in the tits' diet composition. While
during the breeding season and summer this species is primarily fed on
metal-rich insects, during the winter up to 90% of their diet consists of
plant material and various seeds, which often have lower levels of
heavy metal contamination (Eeva and Hasselquist, 2005; Fritsch et al.,
2012; Ping et al., 2009). This highlights the need for accounting the sea-
sonal effects in the biomonitoring studies.

Interestingly, contrary to our predictions based on our previous
study in the same species (Bauerova et al., 2017), we found no
anaemia-like conditions (decreased TRBC or increased IEC) in the

individuals suffering from higher heavy metal contamination. This
may be explained by much lower Pb and Cd blood levels detected in
the present study that, unlike others, did not focus on industrial sites
(Belskii et al., 2005; Geens et al., 2010). Despite this lack of a relationship
to erythrocyte-associated haematological traits, in all of the investigated
heavy metals we showed a significant positive trend with the absolute
leukocyte numbers (TWBC). Apparently, both major leukocyte types in-
creased with the higher metal levels, but the trend was slightly stronger
for heterophils. This result is surprising, because toxic (Pb and Cd) and
essential (Zn) elements showed the same trend and also because this
trend was evidently not reflecting the increased H/L ratio indicating
long-term stress (although there was a marginally non-significant ten-
dency in this direction for Cd). Since the strongest relationship was de-
tected with Zn, we suggest that this trend may be driven by a possible
positive effect of the increased levels of this essential element on leuko-
cyte proliferation (Chatelain et al., 2016). However, because a similar
pattern was also observed for non-essential Cd and Pb, we cannot rule
out even the alternative explanation through the negative health effects

20

Adjusted TWBC

00 5

Zn

Fig. 2. Relationship between TWBC and blood Zn concentration (ug/g dry weight) of great tits, males (M, in blue) and females (F, in red; Nipa = 130, Nops = 301). The TWBC is shown on the
y axis as adjusted value controlled for all significant effects of fixed variables from MAM 12 (Table 3), i.e. including body mass and air temperature, but not including the random effects

(done in R by package visreg; Breheny and Burchett, 2017).
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Table 4
The summary table of slopes for the relationships® between blood heavy metal concentra-
tions and particular haematological parameters.

Variable Pb ad Zn

TRBC 0 (MAM 4) 0 (MAM 5) 0 (MAM 6)
IEC 0 (MAM 7) 0 (MAM 8) 0 (MAM 9)
TWBC + (MAM 10) 4 (MAM 11) + (MAM 12)
H/L 0 (MAM 13) % (MAM 14) 0 (MAM 15)
THC 0 (MAM 16) + (MAM17) 4 (MAM 18)
TLC + (MAM 19) 4 (A 20) 4 (mam 21)

2 (0) = no relationship, (+) = significant (bold) or marginally non-significant (italics)
positive relationship. The reference to the particular MAMs in Table 3 is provided in
brackets.

of toxic heavy metal peripheral blood contamination inducing leukocyte
proliferation (Dumonceaux and Harrison, 1994; Jones, 2015). There are
only a few studies focusing on associations between heavy metal body
contamination and blood levels of different leukocyte types in wild
birds (Bauerova et al., 2017; Fredricks et al., 2009). In the case of the
TWBC neither of them showed a significant relationship with heavy
metal blood content and in Bauerova et al. (2017) we revealed only neg-
ative effect of blood heavy metal contamination on the H/L ratio.

The results of this long-term monitoring field study can help to clar-
ify the role of individual age in blood heavy metal contamination in free-
living animals and the associations between lifetime contamination
changes and the actual health-related condition. Taken altogether, we
found only moderate evidence for nestling-driven age effect on Pb
blood contamination with no clear trend observable in adults. No signif-
icant age-related trend was found in the cases of Cd and Zn. Thus, our
research justifies the increasing preference for use of adult birds with
unknown precise age for reliable indication of actual blood contamina-
tion levels during biomonitoring. These results are not biased by the ef-
fect of lifetime accumulation in body tissues and its possible
redistribution back into the blood stream.
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5 Shrnuti nejdilezitéjSich vysledki a diskuze

Diky dlouholetému monitoringu volné zijicich méstskych populaci sykor konader
V hnizdnim obdobi vcetné kolekce a analyz velkého mnozstvi biologického materidlu
nam bylo umoznéno studovat souvislosti mezi kvalitou prostiedi zvifat, jejich zdravotnim
stavem a fyzickou ¢i reproduk¢ni kondici. Piestoze sykora konadra je béhem svého Zivota
Gastend potulna nebo i tazna (Stastny et al. 2011), nase zkugenost prokazala pomémé
uspokojivou navratnost na hnizdni lokalitu v dobé sezény (i s ohledem na neznalost miry
ubytku jedinci v disledku predace v mimo-hnizdnim obdobi). Jsme tedy piesvédéeni, ze
se jedna o vhodny modelovy druh pro vyzkum tohoto typu. Déle je dilezité zminit, ze
k G¢elim tohoto vyzkumu nedochazelo k zamérnému usmrcovani zvifat a byly pouzity
vyhradné¢ minimaln¢ invazivni metody odbéru biologickych vzorkl (schvéleno etickou
komisi Institutu biologie obratlovet AV CR — povoleni ¢ 107/2009, a provedeno

v souladu s ¢eskou i evropskou legislativou).

5.1  Souvislost méstského znecisténi ovzdusi v CR se zdravotné a
kondicné zavislymi znaky volné zijicich sykor konader (¢lanek 1)

Tato studie byla dle nasich znalosti jedna z prvnich, ktera se v Sir§im geografickém
méfitku zabyvala vyzkumem souvislosti mezi kontaminaci tkanovych struktur ptaka
riznymi tézkymi kovy (Pb, Cd, Cu, Cr a As) a trovni znec€isténi ovzdusi casticemi PMyo
v lokalité ptivodu (57 samct sykor kofiader odchycenych v 13 rtiznych méstech v CR).

Vysledky ukazaly, ze mira kontaminace krve ani pefi sykor nijak vyznamné
nesouvisela s Grovni znecisténi ovzdusi prachovymi ¢asticemi (PM1o) Ve méstech jejich
odchytu. I pfesto byly ovSem nejvyssi koncentrace tézkych kovii naméteny v Krvi
nékolika jedincti sykor (n = 3) pochazejicich z Bohumina, kde byla v roce monitoringu
zaznamenana nejvyssi primérna rocni koncentrace PMio Vv ovzdusi (intenzivni produkce
t&zkého pramyslu a metalurgie; CHMU 2010). Zkresleni vztahu u ostatnich lokalit bylo
(ingesce prosttednictvim vody a potravy).

Dale nebyla zjisténa zadna korelace mezi koncentracemi kovi namétenymi v Krvi
a Vv pefi sykor (podobné jako v Dauwe et al. 2006 nebo Scheifler et al. 2006). Tyto rozdily
pravdépodobné vyplyvaji z odlisného nacasovani depozice kovi do téchto tkanovych

struktur. Zatimco krev je transportni médium, které odrazi ptevazné¢ aktualni ¢i neddvnou

70



kontaminaci, peti odrazi dlouhodobéjsi meziro¢ni kontaminaci zvifete (Dauwe et al.
2002). Na druhou stranu byla zjisténa vyznamna pozitivni korelace koncentraci
jednotlivych kovti v ramci analyzovanych tkani (podobné jako v Eens et al. 1999 ¢i Frantz
et al. 2012), coz vedlo k vytvoieni dvou proménnych vyjadiujicich celkovou miru
kontaminace pefi (znaceno jako PCI1F) a celkovou miru kontaminace krve (PCIB,;
vytvofeny prostfednictvim analyzy hlavnich komponent). Vys$si mira kontaminace pefi
(PC1F) pak dale signifikantné souvisela s vy$§imi hladinami H/L v krvi sykor. Tento
vztah naznacuje zvyseny dlouhodoby stres u zvifat s chronickym zatizenim tézkymi kovy
(diive reportovano také u Eeva et Hasselquist 2005 nebo Meillére et al. 2016). Soucasné
byl ovSem také zjistén negativni vztah mezi hladinami H/L v krvi a aktuélni urovni
kontaminace krve tézkymi kovy (PC1B) v dobé odchytu. Tyto protichtidné vysledky
pravdépodobné odrazeji odlisny efekt kovii deponovanych v hnizdnim a mimo-hnizdnim
obdobi. V piipadé kontaminace krve lze zjistény negativni vztah vuci H/L indexu
vysvétlit moznym rychlej$im ubytkem heterofild v disledku pitimého toxického ucinku
kovu na tyto leukocyty (ovétovano dodate¢nou analyzou zvlasté pro nejvice toxicky As;
vice viz doplnujici informace K ¢lanku 1 v pfiloze). Tuto myslenku ovSem nelze
dostate¢né podpofit dosavadni literaturou, jelikoz chybi studie, které by se timto tématem
u ptakt zabyvaly (zaznamenano pouze u ryb ve studii Palikova et al. 2015).

Potencialni negativni U¢inky t€Zkych kovl na zdravi zvifat (i pfi nizSich non-
letalnich koncentracich) byly dale podpofeny zjisténymi pfiznaky anemického
onemocnéni v sSouvislosti se zvySenou mirou kontaminace krve sykor. Samci s vyssimi
koncentracemi kovti v Krvi méli signifikantné snizené celkové pocCty erytrocytu souc¢asné
s naznakem zvySeného poméru zastoupeni nezralych (imaturnich) erytrocytd v Krvi
(podobné jako u Belskii et al. 2005). S ohledem na velkou variabilitu pozorovanou
ve vztazich mezi kontaminaci krve ¢i pefi sykor a rliznymi zdravotné zévislymi
hematologickymi parametry je nutné zminit, Ze nepopirame moznost spoluptisobeni
dalSich pfimych i nepfimych faktorti prostiedi nezahrnutych v této studii (naptiklad
kvalita potravy; Eeva et al. 1998).

V ptipadé¢ analyzy sekundarnich pohlavnich znakd jsme vtéto studii
nezaznamenali zadnou souvislost mezi kontaminaci krve ¢i pefi tézkymi kovy a kvalitou
karotenoidniho ¢i melaninového ornamentu peti samcti (na rozdil od studii Dauwe et Eens
2008, Eeva et al. 1998 a Geens et al. 2009 zaméfenych na industrialné silné zatizené

lokality). Teorie nutnosti vétsi potieby alokace latek a energie do vlastniho sebeudrzovani
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nez do kvality pted-kopulacnich vizualnich pohlavnich znakt u vice kontaminovanych
jedinct se tedy v piipadé téchto méstskych populaci sykor konader nepotvrdila.

Celkov¢ lze shrnout, ze tato korelativni studie ptispiva k pochopeni vztahti mezi
zneCisténim zivotniho prostiedi a biologii organismu zijicich v antropogennim prostiedi.
Vysledky ukazuji, Ze i ptes celkové zlepSeni tirovné atmosférického znecisténi biologicky
neodbouratelnymi tézkymi kovy, se tyto prvky dale trvale vyskytuji a hromadi v téle
organismi. Dale Ze i relativné nizké koncentrace téchto prvka v téle mohou zpusobovat
subklinické fyziologické zmény na rovni krevnich bun€k, které se ticastni homeostaze

a dulezitych imunitnich procest.

5.2 Kvalita ejakulatu volné Zijicich samcu sykor konader v souvislosti s
jejich hematologickymi zdravotné zavislymi znaky a kvalitou ornamentii
peri (¢lanek 2)

S ohledem na inkonzistenci vysledkd v dosavadni literatuie byla tato studie zaméfena na
ovéfeni platnosti tzv. hypotézy ,,fenotypu spojeného s plodnosti“ (PLFH), a to na volné
zijici prazské populaci sykor koniader. Tato hypotéza tik4, ze sekundarni pohlavni znaky
(tedy karotenoidni a melaninové ornamenty peti) jsou kondi¢né a zdravotné zavislé
a mohou tak slouzit jako vizualni znak individudlni kvality samce a kvality jeho spermii
(Mautz, Mpller, and Jennions 2013). Kvalita spermii byla v tomto ptipadé¢ odvozena
z vybranych morfologickych parametri (celkova délka spermie, pomér délky
hlavi¢ky:bi¢iku spermie a variabilita v celkové délce spermii v ramci 1 jedince), které
v minulosti korelovaly s funkénimi znaky jako je motilita spermii, rychlost pohybu ¢i
uspésnost oplodnéni (Bennison et al. 2015; Laskemoen et al. 2010). Vyssi variabilita
Vv celkové délce spermii v rdmci ejakuldtu pak miiZze naznacovat poruchy spermatogeneze
a veétsi riziko vyskytu abnormalnich spermatickych bunck (Opatova et al. 2016).

Z vysledkti hematologického vySetieni a analyzy morfologickych znakti spermii
byla zjiSt€éna negativni souvislost mezi individudlni variabilitou v délce spermii
a hladinou H/L v krvi samct (indikator stresu u ptakt; Davis 2005; Davis et al. 2008).
Tedy Ze samci s vys$i kvalitou ejakulatu (nizsi variabilita v délce spermii) méli vyssi
hladinu indikatoru dlouhodobému stresu. Dle PFLH lze tento vztah vysvétlit tak, ze se
jednalo o excelentni jedince, ktefi obhajovali vysoce kvalitni hnizdni oblast, a mohli tak
byt intenzivnéji vystavovani antagonistickym interakcim v populaci (pfirozené zvySené

hladiny stresovych hormonil). Alternativné a Sohledem na dal§i vysledky spiSe
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pravdépodobngéji Ize tento vztah vysvétlit pomoci teorie kompromisu (soucésti ,.teorie
konkurence spermii“ — SCT; Tomdasek et al. 2017), tedy ze samci S vyssi kvalitou
ejakulatu byli vzhledem k omezené mife investice zdroji soucasné v hor§im zdravotnim
stavu a hiife odolavali stresu. Dalsi souvislost mezi H/L indexem a standardizovanou
hmotnosti samct (znak fyzické kondice) nebyla zjiSténa.

Na rozdil od studii Helfenstein et al. (2010) ¢i Losdat et al. (2011), které
zaznamenaly pozitivni vztah mezi kvalitou karotenoidniho ornamentu pefi a kvalitou
spermii samcu sykor konader (v souladu s PLFH), jsme v této studii neprokazali zadnou
vzajemnou souvislost mezi sekunddrnimi a primarnimi pohlavnimi znaky samcd.
Na zakladé téchto vysledku tedy nelze potvrdit platnost PFLH. Bohuzel nelze ani nijak
vyznamné& podpofit ptipadnou teorii SCT (jako u studie Calhim et al. 2009). Kvalita
ornamentll pefi dale nesouvisela svybranymi kondi¢nimi ani hematologickymi
parametry samcu.

Celkove se v této korelativni studii nepodafilo potvrdit ani jednu z nastinénych
hypotéz. Zminénou inkonzistenci vysledkii studii zabyvajicich se kondi¢ni zavislosti
sekundérnich pohlavnich znakl lze vysvétlit Castecné jednak sledovanim odliSnych
parametri (at’ uz pohlavnich bunék, zdravi ¢i ornamentd pefi), tak pravdépodobnou
odlisnosti funkce ornamentl pefi nejen mezi riznymi druhy, ale také mezi rGznymi
populacemi v ramci stejného druhu (Griffith et al. 2006; Vergara et al. 2012a, 2012b).
Pro podporu nastinéné teorie o0 kompromisu mezi udrzovanim kvality ejakulatu a vlastni
imunokompetence je zapotfebi dal§iho vyzkumu, idedlné¢ zahrnujicim postupy

manipulativniho experimentu.

5.3  Zmeny koncentraci tezkych kovii v krvi behem starnuti volné Zijicich

sykor konader a jejich dopady na zdravotni a kondicni parametry zvirat

(Clanek 3)

PrestoZe rizné druhy volné Zijicich druht ptdkt se ukazaly byt vhodnym indikatorem
kvality prostredi (Bauerova et al. 2017; Evers et al. 1998; Hargitai et al. 2016; Ruuskanen
et al. 2014), proces akumulace té¢Zkych kovii béhem zivota jednotlivet zustal prevazné
neobjasnén. Dlivodem toho je zejména fakt, Ze rizné organy a vnitini tkané jakozto
primarni mista akumulace kovi se nedaji opakovan€ méfit v rdmei stejnych jedinci.
PrestoZe krev je obecné povazovana za transportni medium, které odrazi zejména aktudlni

expozice zvifete, existuje moznost ¢aste¢né redistribuce kovii akumulovanych v mistech
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depozice zpét do krevniho obéhu. Konkrétni projevy tohoto procesu vsak zatim nebyly
dostateén¢ popsany. Tato prace se diky dlouholetému monitoringu volné Zijicich
prazskych sykor konader (probihajicimu mezi lety 2006 az 2018) zabyvala jako jedna
z prvnich zménami koncentraci t€Zkych kova (Pb, Cd, As a Zn) v krvi v souvislosti
s vékem u opakovan¢ odchycenych zvifat (analyzovano 374 vzork(l krve ze 185
opakované odchycenych jedincti; z toho 72 jedincii bylo vzorkovano od mladéciho véku).
Dale se zabyvala otazkou, jak se zmény koncentrace kovii v krvi sykor projevuji na jejich
zdravotnich a kondi¢nich parametrech. Jelikoz stafi jedinct lze v terénu Stanovit pouze
na kategorii mladsi nebo star$i nez 1 rok (juvenilové v 1. roce zivota vs. star$i dospélci;
Berglund et al. 2011; Janssens et al. 2001) na zakladé danych charakteristik pefi
(Svensson 1984), domnivame se, ze skute¢ny veék muze zkreslovat informaci 0 mife
kontaminace tézkymi kovy pfi biomonitoringovych studiich.

Nase predikce o moznosti detekce miry celozivotni akumulace vybranych tézkych
kovii z krevnich vzorki se v této studii nepotvrdila. Vysledky ukéazaly pouze slaby (byt’
statisticky signifikantni) nelinearni vztah mezi koncentracemi Pb v krvi zvifat a jejich
vekem, kdy vysSich koncentraci dosahovali jedinci v mladécim (tedy Vv prvnim roce
zivota) a v nejstarSim véku (maximum znamého véku 7 let). Zvysené koncentrace Pb
v krvi mlad’at 1ze vysvétlit moznym zvySenym piijmem v potrave, jelikoz mlad’ata jsou
po vylihnuti rodi¢i intenzivné krmena housenkami a rliznymi druhy hmyzu bohatymi
na obsah tézkych kovi (Fritsch et al. 2012; Heikens et al. 2001). Zvysené koncentrace Pb
v Krvi U nejstarSich jedinci pak mohou naznaCovat snizenou schopnost detoxikace
organismu V pokrocilém véku zvifat. Mimoto mohou byt tyto vysledky také odrazem
schopnosti dekontaminace krve u mladych jedinct prostfednictvim depozice Pb do kosti
béhem ristu, Snaslednou moznosti zvySené miry redistribuce tohoto prvku zpét
do krevniho ob&hu u starych jedinca.

U ostatnich kovii (Cd ani Zn) koncentrace V krvi sykor nijak vyznamné
nesouvisely s jejich vékem. V piipadé Cd nebyla souvislost kontaminace krve s vékem
popsana ani kohortovych studii Coeurdassier et al. (2012) a Fritsch et al. (2012).
V piipad¢ koncentraci Zn v krvi nebylo zjisténi vztahu s vékem zvifat oc¢ekavano, jelikoz
tento esencialni prvek je regulovan homeostatickym systémem organismu (Zargar et al.
2015). Koncentrace Cd i Zn v krvi nicmén¢ signifikantné pozitivné souvisely s datem
odchytu jedinct, kdy jedinci odchyceni na jafe (behem hnizdni sezony) vykazovali
vyrazné vys$$i koncentrace nez jedinci odchyceni v zimé (v piipadé¢ této studie pouze 7

jedinct). Tyto vysledky mohou byt opét odrazem zmén Vv potravnich preferencich sykor
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béhem roku. Zatimco béhem hnizdni sezony se tito ptaci zivi pfevazné hmyzem, béhem
zimy jejich potravu tvoii Z 90 % rostlinné slozka a zrniny, které maji casto niz$i obsah
kovi nez hmyz (Eeva et Hasselquist 2005; Fritsch et al. 2012; Ping et al. 2009). Tyto
sezonni zmény V kontaminaci krve ptaka by tedy mély byt zohlednény v piipadé studii
zabyvajicich se biomonitoringem na riznych lokalitach.

Na rozdil od nasi pfedchozi studie Bauerova et al. (2017) nebyly v ptipadé
populace prazskych sykor u Zzadného zvifete detekovany naznaky anemického
onemocnéni krve v souvislosti s kontaminaci kovy. Koncentrace Pb, Cd ani Zn v Krvi
tedy nijak nesouvisely s celkovym poctem erytrocytd ani S procentualnim zastoupenim
imaturnich erytrocytii. Tento vysledek lze vysvétlit obecné niz§imi koncentracemi Pb
a Cd v krvi nez u sykor v nasi pfedchozi studii nebo v jinych studiich soustfedénych
na industrialn¢ zatizené lokality (Belskii et al. 2005; Geens et al. 2010). Naopak
u celkového poctu leukocytt byl zjistén signifikantni pozitivni vztah s koncentracemi
vSech testovanych kovi v krvi (Pb, Cd i Zn). Podobny vztah byl poté zjistén i u celkového
poctu heterofilti a lymfocytl. Zvysené pocty obou téchto typu leukocyti v souvislosti
s koncentracemi kovl v krvi zéaroven vysvétluji nesignifikantni projev u casto
sledovaného H/L indexu v krvi sykor (tzv. indexu dlouhodobého stresu; Jones 2015).
Jelikoz nejsilnéjsi vztah byl ve vSech ptipadech detekovan u Zn, je mozné, Ze se jedna
0 vysledek pozitivniho u¢inku tohoto esencialniho prvku na zvysenou tvorbu leukocytl
jakozto podporu imunitni obranyschopnosti organismu (Chatelain et al. 2016). Nicméné
s ohledem na to, Ze bylo dosazeno obdobnych vztahtl i u neesencialnich kovi (Pb a Cd),
nelze vyloucit ani moznost zvySené tvorby leukocyti v disledku toxického plisobeni
kovi v krevnim ob&hu. Tyto vysledky lze dale porovnat pouze s dvéma dostupnymi
studiemi zabyvajicimi se tézkymi kovy u ptakd, a to s nasi predchozi studii Bauerova et
al. (2017) a studii Fredricks et al. (2009). Studie Fredricks et al. (2009) neprokazala zadny
signifikantni vztah mezi poétem celkovych ¢i dil¢ich leukocytt v krvi a koncentraci kovi
Vv jatrech. Studie Bauerova et al. (2017) prokazala negativni vztah mezi koncentraci kovt
Vv krvi a pomérem H/L, s naznaCenim snizeného poctu heterofilti v souvislosti s vyssimi
koncentracemi As. Tyto ponékud protichiidné vysledky lze pravdépodobné vysvétlit
rozdilnou mirou kontaminace u studovanych zvifat. Mimoto, Ze v této studii byl As
U prevazné vétsSiny vzorka neméftitelny (75% vzorki pod limitem detekce), je mozné, ze
chronické nizké koncentrace kovl se projevuji zvySenou tvorbou leukocytli a az vyssi
koncentrace (neznamé hladiny) se projevuji ubytkem v dasledku ptimého toxického

ucinku na tyto bunky.
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Celkoveé vzato tato studie prokazala pouze slabou nelinearni zavislost mezi
individualnim v€kem zvifat a koncentraci Pb Vv jejich krvi (vztah zaloZzen zejména
na vyssich koncentracich u mlad’at a né¢kolika malo nejstarSich jedincti). Nutno
podotknout, Ze po dodate¢ném odstranéni mlad’at z testovaného datasetu tento vztah
ovSem zanikl. Lze tedy tvrdit, ze koncentrace tézkych kovt v Krvi rizné starych dospélcti
nejsou ovlivnény mirou jejich celozivotni akumulace téchto prvku, a tudiz znalost
piesného veéku zvifete neni nezbytna v ptipad¢ pouziti vzorki krve pro biomonitoring

kovi ve vybranych lokalitach.

6 Zavéry

Tato diserta¢ni prace je ucelenym piehledem o potencialnich rizicich akumulace tézkych
kovl v prostfedi a zivych organismech. I pifes pravidelny monitoring a celosvétovou
snahu 0 redukci emisi se tyto prvky stale vyskytuji v télech organismd, a to
v koncentracich, které se Casto neprojevuji akutni otravou, ale pouze ¢asteénymi
fyziologickymi zménami na trovni bunék i celého organismu. Tyto zmény pak mohou
dale ovliviiovat kvalitu zivota zvifat, obzvlast¢ v kombinaci s dal$imi rizikovymi faktory
jako jsou kvalita potravy, vliv paraziti, stres aj. Béhem studia volné Zijicich méstskych
populaci sykor konader bylo za pouziti korelativnich metod pozorovéno, ze ve vét§ing
vybranych mést v CR zvifata netrpéla anemickym onemocnénim krve (S vyjimkou
nékolika jedinci pochézejicich z primyslového Bohumina) ¢i zhorSenou fyzickou
kondici v souvislosti s kontaminaci tézkymi kovy. Na druhou stranu byl zjistén negativni
vztah mezi H/L pomérem a kontaminaci krve sykor, ktery naznaoval mozny projev
toxického pusobeni téZkych kovi na vybrané typy leukocytl (Ubytek heterofill).
Dlouhodoby monitoring samotné prazské populace sykor pak naopak ukazal pozitivni
vztah mezi koncentracemi esencialnich i neesencialnich kovi naméfenych v krvi jedinct
a celkovym i dil¢im poc¢tem leukocytt. Neni ovSem jasné, zda je zvySena proliferace
lymfocytt a heterofili znakem dobré imunitni obranyschopnosti zvifat, ¢i je projevem
chronického zanétu nebo reakce na zvySenou umrtnost téchto bunék Vv souvislosti
s toxickym plsobenim neesencidlnich kovii (Pb, Cd, As). Ve studovanych populacich
dale nebyla zjiSténa prokazatelnd souvislost mezi kondi¢nimi ¢1 zdravotnimi znaky
a kvalitou ornamentd pefi ¢i kvalitou pohlavnich bunék. S ohledem na velkou variabilitu

v namétenych datech lze potvrdit, Ze schopnost vyporadat se toxickymi latkami v téle
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I nasledna souvislost mezi individualni kondici a zdravim zvitete s kvalitou primarnich
a sekundarnich pohlavnich znakii je nejen mezidruhové, ale i silné vnitrodruhové
specificka vlastnost (rozdily na trovni jedincit). Nicméné s ohledem na povahu vyzkumu
nelze samoziejmé vylouc¢it mozné spoluptisobeni dalSich faktort, které nebyly v ramci
vlastnich analyz zohlednény (potravni dostupnost, mira parazitace, investice
do reprodukce a hnizdni uspés$nosti, genetické predispozice, aj.).

Pfestoze tato prace neni zalozena na kauzalnich vztazich prokazanych fizenym
experimentem, jsem piesvédéena, ze jeji vysledky pomohou prispét k dalsimu rozvoji
poznatkil o souvislostech mezi kvalitou prostiedi a kvalitou zivota volné Zijicich zvifat.
Pro podporu zjisténych vztahi je zapotiebi dalSich studii jak v ptirozenych populacich
ptaki, tak pfipadné v experimentalné vedenych skupinach. Pro moznost ovéfeni ptimého
efektu t€Zkych kovii na zdravi a dal$i kondi¢ni ¢i reprodukéni znaky ptakt bude nezbytné
provést ftizenou aplikaci riznych davek tézkych kovi (jak neesencialnich, tak
esencialnich) na dostatecném poctu jedincd. Jednak by bylo vhodné otestovat efekt
injekéné aplikovanych roztokd kova (Pb, Cd, Zn a distého kontrolniho roztoku)
na skupiny Cerstvé vylihlych mladat (stati 7 az 15 dni; 1 skupina o alespon 10-ti
jedincich). S naslednym otestovanim jejich kondi¢niho, zdravotniho a behavioralniho
vyvoje. Dale pak ve 3 skupinach dospélych jedinct (skupina alespont o 20 jedincich,
S vyvazenym zastoupenim pohlavi; 4. skupina kontrolni) nutri¢né aplikovat obdobné
kovy a sledovat zmény V koncentracich kovi v Kkrvi, Vv kondi¢nich a zdravotnich
parametrech a pohlavnich znacich (efekt na morfologii a funk¢éni znaky samcich
pohlavnich bunek).

Pro budouci biomonitoring pomoci volné Zijicich populaci ptakl je dale zddouci
zvazovat zatazeni odberu a chemické analyzy vzorkt potravy, rostlin a pady pro kontrolu
navaznosti na kontaminaci riznych slozek prostfedi. V této souvislosti je napiiklad
planovano otestovat geografickou variabilitu v kontaminaci sykor konader tézkymi kovy
vramci Evropy. Byla navazana spoluprace s n¢kolika zahrani¢nimi institucemi
zabyvajicimi se ekologii a monitoringem tohoto druhu. Za roky 2018 a 2019 nam byly
poskytnuty vzorky krve dospélych zvitat, plidy a listi z n€kolika desitek lokalit v Evropé
(s riznych zatazenim - méstské, venkovské, zemédélské, industrialné kontaminované).
Vzorky budou analyzovany jednotnou metodou ve stejné laboratofi. Studie tedy umozni
nejen testovat navaznost mezi individualni kontamminaci zvifat a jejich lokalit, ale

I mapovat rozdily v ramci riznych evropskych populaci sykor konader.
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8.2 Doplnujici informace k ¢lanku 1
Title: Association of urban environmental pollution with health-related

physiological traits in a free-living bird species

Authors: Petra Bauerova, Jitka Vinklerova, Jakub Hranicek, Vojtéch Corba, Libor

Vojtek, Jana Svobodova and Michal Vinkler

1. Tables

Table S1. Analytical figures of merit for Pb, Cd, Cu, Cr and As determination. Based on
great tit data from the Czech Republic, 2010. LOD = Limit of detection, LOQ = limit of
quantification, d.w. = dry weight.

Pb Cd Cu Cr As
LOD (30) (ng/g d.w.) 0.032 0.0038 0.065 0.029 0.021
LOQ (10 0) (ug/g d.w) 0.10 0.013 0.22 0.094  0.070
Sensitivity (1031 ug ™) 12.6 147 15.3 21.4 101
Repeatability (%) 2.89 1.92 1.15 1.04 4.73
Correlation coefficient 0.9995 0.9815 0.9998 0.9995 0.9936
Linear range up to (ug 1) 100 10 100 100 100
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Table S2. Correlation matrix of heavy metal concentrations (ng/g dry weight) in blood
and feathers with PC1F/PC1B (first scores from principal component analysis, PCA, for
feather/blood metal contamination; used in further statistical analysis) and PC2F/PC2B
(second scores from PCA for feather/blood metal contamination); great tit data from the
Czech Republic, 2010 (N = 57). Pearson correlation coefficients (r) are shown, values
highlighted in bold are statistically significant at p = 0.05 level.

Variable | PP G4 Cu Cr As PCIF PC2F| Pb Cd Cu Cr As PCIB PC2B
Feathers Blood

Pb 1.00

cd 0.60 1.00

Cu g2]032 019 100

Cr §|031 021 053 100

As " ]o021 000 007 021 1.00

PCIF 079 066 068 071 032 1.00

PC2F -0.36 -0.64 0.35 044 049 000 1.00

Pb 031 -022 005 -0.07 0.14 -0.17 0.28 | 1.00

cd 004 020 0.5 006 015 0.6 0.0 | 0.50 1.00

Cu o |015 031 013 -0.03 011 020 -0.15|045 073 1.00

Cr % 019 030 025 022 011 033 -0.02|040 067 063 1.00

As 000 011 002 0.5 018 012 009 [ 047 080 0.68 053 1.00

PC1B 004 019 0.5 008 017 0.17 003|066 091 086 079 086 1.00

PC2B -0.46 047 -0.09 -0.18 0.04 -040 035|075 -0.12 -0.16 -0.24 -0.07 0.0 1.00

Table S3. Principal component analysis (PCA) of heavy metal concentrations (ug/g dry
weight) in blood and feathers of great tits from the Czech Republic, 2010 (N = 57).
Eigenvalues and proportion of variance for each component (PC1 — PC5) are shown.
Factor coordinates of metals from correlation matrix for first 3 components are listed.
Eigenvalue = SD"2.

Sample | Variable PC1 PC2 PC3 PC4 PC5
Eigenvalue 3.377 0.656 0481 0.312 0.174
Proportion
of variance 67.547 13.115 9.624 6.23 3.484

= %

8 Pb 0.658 0.745 0.109

e o 0914 -0.116 -0.126
Cu 0.863  -0.156  -0.027
Cr 0.791  -0.241 0.532
As 0.861  -0.069 -0.411
o Eigenvalue 2.142 1.099 0.954  0.462 0.343
2 Proportion
8 |ofvariance 42842 21.983 19.073 9.248  6.854
%
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Pb 0.794  -0362 0.222
Cd 0.660 -0.642  0.069
Cu 0.682 0.351 -0.461
Cr 0.713 0.443  -0.229
As 0.321 0.486 0.797

Table S4. Full Generalised Linear Mixed Models (GLMMs) tested in the dataset of great
tits from the Czech Republic, 2010 (N =57). Locality was used as variable with a random
effect. PC1F / PC1B = feather / blood heavy metal contamination, TWBC = Total White
Blood Cell count, H/L = Heterophil/Lymphocyte ratio, TRBC = Total Red Blood Cell

count.

Full model F Df p

model 1 PC1B ~PM10 1.973 1/11 0.160
model 2 PC1F ~ PM10 0.166 1/11 0.684
model 3 Fatness ~ PC1B + PC1F + age + body mass + tarsus length 7.854 5/56 0.165
model 4 Growth bar width ~ PC1B + PC1F + age + body mass + tarsus length 8.511 5/56 0.130
model 5 TWBC ~ PC1B + PC1F + age + body mass + tarsus length 5.270 5/56 0.384
model 6 H/L ~PC1B + PC1F + age + body mass + tarsus length 72.570 5/56 <<0.001
model 7 TRBC ~ PC1B + PC1F + age + body mass + tarsus length 13.784 5/56 0.017
model 8 Immature erythrocyte count ~ PC1B + PC1F + age + body mass + tarsus length 5.131 5/56 0.400
model 9 Plasma complement activity ~ PC1B + PC1F + age + body mass + tarsus length ~ 3.704 5/21 0.593
model 10 Yellow-chroma ~ PC1B + PC1F + age + body mass + tarsus length 4.329 5/56 0.503
model 11 Stripe-area ~ PC1B + PC1F + age + body mass + tarsus length 5.188 5/56 0.393

Table S5. Full Generalised Linear Models (GLMs) tested in untransformed heavy metal
data and without locality as random effect on the great tit data from the Czech Republic,
2010 (N =57). PC1F / PC1B = feather / blood heavy metal contamination, TWBC = Total
White Blood Cell count, H/L = Heterophil/Lymphocyte ratio, TRBC = Total Red Blood

Cell count.

Full model F Df p
model 1 PC1B average per location ~ PM10 1.69 1/11 0.220
model 2 PCL1F average per location ~ PM10 0.18 1/11 0.680
model 3 Fatness ~ PC1B + PC1F + age + body mass + tarsus length 1.89 51/56  0.093
model 4 Growth bar width ~ PC1B + PC1F + age + body mass + tarsus length 241 51/56  0.049
model 5 TWBC ~ PC1B + PC1F + age + body mass + tarsus length 1.62 51/56  0.151
model 6 H/L ~ PC1B + PC1F + age + body mass + tarsus length 19.22 51/56 <<0.001
model 7 TRBC ~ PC1B + PC1F + age + body mass + tarsus length 2.48 51/56  0.044
model 8 Immature erythrocyte count ~ PC1B + PC1F + age + body mass + tarsus length 2.74 51/56  0.029
model 9 Plasma complement activity ~ PC1B + PC1F + age + body mass + tarsus length 0.33 16/21  0.889
model 10 Yellow chroma ~ PC1B + PC1F + age + body mass + tarsus length 0.64 51/56  0.669
model 11 Stripe-area ~ PC1B + PC1F + age + body mass + tarsus length 1.08 51/57 0.384
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Table S6. Minimum adequate models (MAMs) obtained on untransformed heavy metal
data and without locality as random effect in the great tit dataset from the Czech Republic,
2010 (N =57). Slope + SE values are only provided for continuous variables. Significant
and marginally non-significant effects of heavy metal contamination are highlighted in
bold. PC1F / PC1B = feather / blood heavy metal contamination, TWBC = Total White
Blood Cell count, H/L = Heterophil/Lymphocyte ratio, TRBC = Total Red Blood Cell

count.

Minimum adequate model Slope = SE F Df p

MAM 3 Fatness ~ PC1B + body mass 424 2/56 0.014
PC1B -0.136 £0.081 3.63 1/54 0.057
body mass 6.637+3.112 453 1/54 0.033

MAM 4 Growth bar width ~ PC1F + tarsus length 3.38  2/56 0.041
PC1F 0.021+£0.012 3.19 1/54 0.080
tarsus length 0.054 £0.029 3.49 1/54 0.067

MAM 5 TWBC ~ body mass 4827+1.735 7.69 1/55 0.006

MAM 6 H/L ~PC1B + PCL1F + age + body mass 23.63 4/56 <<0.001
PC1B -0.059+0.016 14.20 1/52 <0.001
PC1F 0.145+0.019 55.41 1/52 <<0.001
Age 455 1/52 0.033
body mass -4.750+0.854 31.16 1/52 <<0.001

MAM 7 TRBC ~PC1B + age 6.02 2/56 0.004
PC1B -0.086+0.042 429 1/54 0.043
Age 6.08 1/54 0.017

MAM 8 Immature erythrocyte count ~ PC1B + age + tarsus length 3.74 3/56 0.016
PC1B 0.439+0.204 4.62 1/53 0.036
Age 3.23 1/53 0.078
tarsus length -1.613+0.691 540 1/53 0.024

MAM 11 Stripe-area ~ tarsus length 0.022+0.012 3.24 1/55 0.078

Table S7. Correlation matrix of all condition-related traits measured in great tits from the
Czech Republic, 2010 (N = 57). Spearman correlation coefficient (rs) was calculated.

Highlighted values are significant at the p = 0.05 level.

Tarsus Growth Body Stripe Yellow
Variable length bar mass Fatness area chroma
Tarsus length 1.00
Growth bar 0.33 1.00
Body mass 0.03 0.05 1.00
Fatness -0.12 -0.09 0.34 1.00
Stripe area 0.23 0.03 0.02 0.03 1.00
Yellow chroma -0.01 0.12 0.07 -0.04 0.04 1.00
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Table S8. Summary statistics for the haematological traits analysed in great tits from the
Czech Republic, 2010 (N = 57). SD = standard deviation. TWBC = Total White Blood
Cell count, H/L = Heterophil/Lymphocyte ratio, TRBC = Total Red Blood Cell count.

Variable Range Mean + SD Median
TWBC (x10° cells/ul) 1.00 - 12.00 5.00 £2.85 5.00
Lymphocytes (%) 29.31 - 87.07 57.36 +£14.72 58.47
Immature leukocytes (%) 0.00 - 5.97 0.53+£1.17 0.00
Heterophils (%) 3.05 - 58.05 2286+ 12.11 21.21
H/L ratio 0.04 -1.98 0.48 +0.38 0.35
Basophils (%) 1.56 - 33.81 11.77 +£7.41 10.17
Eosinophils (%) 0.00 - 16.55 3.63+2.98 2.87
Monocytes (%) 0.00-9.38 3.85+2.25 3.92
Haematocrit (%) 41.44 - 54.42 49.26 £2.77 49.37
TRBC (x10° cells/ul) 2.05-5.92 4.38 +0.64 4.43
Immature erythrocytes (%) 2.57 - 15.62 8.70 +3.07 9.23
Plasma complement activity 2819.00 - 3884.30 + 3593.50
(s)* 7752.00 1219.60 '

*For plasma complement activity N = 22.

Table S9. Correlation matrix of haematological traits measured in great tits from the
Czech Republic, 2010 (N = 57). Spearman correlation coefficient (rs) was calculated.
Highlighted values are significant at the p = 0.05 level. TWBC = Total White Blood Cell
count, H/L = Heterophil/Lymphocyte ratio, TRBC = Total Red Blood Cell count.

TWB H/L  Basophil Haematocri Immat.
Variable C ratio S t TRBC Eryth
TWBC 1.00
HI/L ratio -0.10  1.00
Basophils -0.23  0.18 1.00
Haematocrit 0.02 0.15 0.05 1.00
TRBC 0.01 0.00 0.10 0.32 1.00
Immature
Erythrocytes -0.06 -0.14 0.17 -0.04 0.26* 1.00
*p =0.055
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Table S10. Associations between studied haematological traits and levels of arsenic and
lead blood contamination (AsB and PbB) in great tits from the Czech Republic, 2010 (N
= 57). Full GLMM models (with locality as random variable) in which H/L, THC (Total
Heterophil Count [cells x 10°L]), TLC (Total Lymphocyte Count [cells x 10°L]), TRBC
and IEC (Immature Erythrocyte Count) were tested against feather and blood levels of As
/ Pb contamination (contaminationF, contaminationB) together with other explanatory
variables (age, body mass and tarsus length). THC and TLC were calculated from the %
proportion of heterophils and lymphocytes in blood and TWBC (THC =
TWBC*(heterophil % proportion /100); TLC = TWBC*(lymphocyte % proportion
/100)). Individual significance for As contamination in blood (p(AsB)) and Pb
contamination in blood (p(PbB)) are listed, significant or marginally non-significant
effects are in bold (for closer description of these effects see legends to Fig. S9, Fig. S10,
and Fig. S11).

Model p (AsB) p (PbB)

H/L ~ contaminationF + contaminantionB + age + body mass + tarsus length <<0.001 >0.50

THC ~ contaminationF + contaminationB + age + body mass + tarsus length 0.10 >0.50

TLC ~ contaminationF + contaminationB + age + body mass + tarsus length >0.50 >0.50

TRBC ~ contaminationF + contaminationB + age + body mass + tarsus length >0.15 0.01

IEC ~ contaminationF + contaminationB + age + body mass + tarsus length >0.50 >0.50
2. Figures

PC2B (13.11 %)

-1.0 0.5 0.0 0.5 1.0

PC1B (67.55 %)
Fig. S1. Principal component analysis (PCA) of blood heavy metal concentrations in

urban great tits from the Czech Republic, 2010 (N = 57). The first two components (PC1B
and PC2B) are displayed with proportion of variance explained given in brackets.
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PC2F (21.98 %)

PC1F (42.84 %)

Fig. S2. Principal component analysis (PCA) of feather heavy metal concentrations in
urban great tits from the Czech Republic, 2010 (N =57). The first two components (PC1F
and PC2F) are displayed with proportion of variance explained given in brackets.

10.0 -
°
8.0 -
6.0 - .
°
°
— 4.0 ‘. [ ]
., ‘ )
T oo . .
w» 2.0 - ° P
S e ° ¢ T e
S o0- .'.__.o-' e o
2 e
“‘,20_"0..° e o °
’ . ® e,
°
4.0 I %
® o
6.0 - ° ®
°
_8.0 T T T T T T T 1
2 1 0 1 2 3 4 5 6
PC1F

Fig. S3. Association between feather heavy metal contamination (PC1F) and
heterophil/lymphocyte ratio (H/L ratio) in urban great tits from the Czech Republic, 2010
(N =57). On the Y axis, H/L ratio is shown as residuals from the MAM 6 (GLM without
transformation of heavy metals and locality as variable with random effect; see Table S6)
excluding PC1F, which is on the axis X. R =0.070, p << 0.001.
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Fig. S4. Association between blood heavy metal contamination (PC1B) and
heterophil/lymphocyte ratio (H/L ratio) in urban great tits from the Czech Republic, 2010
(N =57). On the Y axis, H/L ratio is shown as residuals from the MAM 6 model (GLM
without transformation of heavy metals and locality as variable with random effect; see
Table S6) excluding PC1B, which is on the axis X. R?> = 0.014, p < 0.001.
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Fig. S5. Association between blood heavy metal contamination (PC1B) and total
erythrocyte count (TRBC; cells x10%puL) in urban great tits from the Czech Republic,
2010 (N =57). On the Y axis TRBC is shown as residuals from MAM 7 (GLM without
transformation of heavy metals and locality as variable with random effect; see Table S6)
excluding PC1B, which is on the axis X. R? = 0.072, p = 0.043.
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Residuals immature erythrocyte count
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Fig. S6. Association between blood heavy metal contamination (PC1B) and immature
erythrocyte count in urban great tits from the Czech Republic, 2010 (N = 57). Grey
triangles indicate individuals from the most polluted site (Bohumin, n = 5). Immature
erythrocyte count is shown as residuals from MAM 8 (GLM model without
transformation of heavy metals and locality as variable with random effect; see Table S6)
excluding PC1B, which is on the axis X. R? = 0.076, p = 0.036.
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Fig S7. Differences between studied localities (Niocaity = 13) in heavy metal blood
contamination (PC1B, without previous transformation of heavy metal data). Great tits
dataset from the Czech Republic, 2010 (N = 57). Mean values and mean values + 2 x
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standard deviation are showed in the graph. On X axis the localities are ordered according
to the rising PM1o pollution from the left to the right.
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Fig. S8. Differences between studied localities (Niocaity = 13) in heavy metal feather
contamination (PC1F, without previous transformation of heavy metal data). Great tits
dataset from the Czech Republic, 2010 (N = 57). Mean values and mean values + 2 x
standard deviation are showed in the graph. On X axis the localities are ordered according
to the rising PMyo pollution from the left to the right.
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Fig. S9. Association between As blood contamination levels (AsB) and
heterophil/lymphocyte ratio (H/L ratio) in urban great tits from the Czech Republic, 2010
(N =57). On the Y axis, H/L ratio is shown as residuals from the MAM (H/L ~ AsB +
age + mass; p<<0.001, for full model see Table S10) excluding AsB, which is on the axis
X. Locality was added as a variable with a random effect. For AsB: slope + SE = -0.207
+0.032, F= 15.84, Df = 2/56, R? = 0.040, p << 0.001.
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Fig. S10. Association between As blood contamination levels (AsB) and total heterophil
count (THC [cells x 10°L]) in urban great tits from the Czech Republic, 2010 (N = 57).
On the Y axis, THC is shown as residuals from the MAM (THC ~ AsB + mass; p = 0.046,
for full model see Table S10) excluding AsB, which is on the axis X. Locality was added
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as a variable with a random effect. For AsB: slope + SE =-0.069 + 0.043, F= 3.58, Df =
3/56, R? = 0.042, p = 0.104.
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Fig. S11. Association between Pb blood contamination levels (PbB) and total red blood
cell count (TRBC) in urban great tits from the Czech Republic, 2010 (N = 57). On the Y
axis, TRBC is shown as residuals from the MAM (TRBC ~ PbB + age; p = 0.008, for full
model see Table S10) excluding PbB, which is on the axis X. Locality was added as a
variable with a random effect. For PbB: slope + SE =-0.136 + 0.065, F=7.72, Df = 2/56,
R?=0.071, p = 0.008.
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8.3 Dopliujici informace k ¢lanku 2

Title: Sperm variation in Great Tit males (Parus major) is linked to a

haematological health-related trait, but not ornamentation

Authors: Jana Svobodova, Petra Bauerova, Jifi Elias, Hana Velova, Michal Vinkler and
Tomas Albrecht

Table S1. Correlation matrix of all individual sperm traits. Spearman correlation
coefficients (rs) are shown.

Head Midpiece  Flagellum Total Cvwm  Midpiece/flagellum
sperm length proportion

Head -0.020 0.390 0.330 0.030 -0.413
Midpiece 0.893 0.020 0.650 -0.090 0.265
Flagellum 0.009 0.923 0.690 0.050 -0.851

Total sperm length 0.033 0.000 0.000 -0.080 -0.318
CVwm 0.834 0.545 0.775 0.599 -0.100
Midpiece/flagellum

proportion 0.021 0.008 0.000 0.030 0.542
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1. Supplementary Tables

Table S1. Contents of metals in two certified reference materials (CRMs) determined by
ICP-MS after microwave acid digestion. These materials served as positive controls and
standards for the measurement method.

Determined Certified
CRM (ng/) (ng/l)
Zn Cd Pb As Zn Cd Pb As
S
TUO| 7640 5.8+ 329+ 1380+ 7100 501 337+ 1410+
+ : : : + +1. :
1406264 100 0.21 6.00 0.10 1400 +1.01 68 2.80
Determined (dry weight) Certified (dry weight)
(ng/g ) (ng/g)
Zn Cd Pb As Zn Cd Pb As
IAEA-A-| 1350 P90 018 0015+ sil e ol s
13 +1.30 0.0005 * 0.01 0.003

a not certified, ? information value
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Table S2. Full Generalised Linear Mixed Models (GLMMs) tested in the great tit study.

Full model? F Df P Nobs®/Ning®
model 1  Pb ~ age + age? + sex + body mass + tarsus length + date 14554 6/373 0.024 374/160
model 2 Cd ~ age + age? + sex + body mass + tarsus length + date 21.232 6/373 0.002  374/160
model 3 Zn ~ age + age? + sex + body mass + tarsus length + date 27.922 6/373 <<0.001 374/160
model 4 TRBC ~ age*sex + Pb + body mass + tarsus length + temperature ~ 11.160 7/262 0.132  263/114
model 5 TRBC ~ age*sex + Cd + body mass + tarsus length + temperature  11.849 7/261 0.106  262/112
model 6 TRBC ~ age*sex + Zn + body mass + tarsus length + temperature  11.986 7/266 0.101  267/115
model 7 1EC ~ age*sex + Pb + body mass + tarsus length + temperature 10.014 7/318 0.189  319/138
model 8 1EC ~ age*sex + Cd + body mass + tarsus length + temperature 10.795 7/326  0.148  327/140
model 9 IEC ~ age*sex + Zn + body mass + tarsus length + temperature 11.203 7/330 0.130 331/143
model 10 TWBC ~ age*sex + Pb + body mass + tarsus length + temperature  24.369 7/294  0.001  295/128
model 11 TWBC ~ age*sex + Cd + body mass + tarsus length + temperature  29.454 7/298 <0.001 299/128
model 12 TWBC ~ age*sex + Zn + body mass + tarsus length + temperature  37.625 7/300 <<0.001 301/130
model 13 H/L ~ age*sex + Pb + body mass + tarsus length + temperature 35.790 7/327 <<0.001 328/141
model 14 H/L ~age*sex + Cd + body mass + tarsus length + temperature 39.912 7/330 <<0.001 331/141
model 15 H/L ~ age*sex + Zn + body mass + tarsus length + temperature 38.208 7/331 <<0.001 332/144
model 16 THC ~ age*sex + Pb + body mass + tarsus length + temperature 24594 7/293 0.001  294/127
model 17 THC ~ age*sex + Cd + body mass + tarsus length + temperature 31.289 7/296 <<0.001 297/127
model 18 THC ~ age*sex + Zn + body mass + tarsus length + temperature 33.296 7/301 <<0.001 302/130
model 19 TLC ~ age*sex + Pb + body mass + tarsus length + temperature 26.674 7/293 <0.001 294/127
model 20 TLC ~ age*sex + Cd + body mass + tarsus length + temperature 27532 7/296 <0.001 297/127
model 21 TLC ~ age*sex + Zn + body mass + tarsus length + temperature 30.476 7/301 <<0.001 302/130

®The year and individual ID were used as variables with a random

observations, °Ning = number of individuals.

intercept effect, the
age of the individuals was used as random slope within the ID (Age|ID). Slope + SE
values are only provided for continuous variables. Significant and marginally non-
significant effects of heavy metal concentrations in the blood are highlighted in bold.
Pb/Cd/Zn = heavy metal blood concentration [pg/g dry weight], date = day of capture,
temperature = average air temperature 7 days before capturing, TRBC = total red blood
cell count [cells x 10*2L], IEC = immature erythrocyte count [%], TWBC = total white
blood cell count [cells x 10°L], H/L = heterophil/lymphocyte ratio, THC = total heterophil
count [cells x 10°L], TLC = total lymphocyte count [cells x 10°L], "Nops = number of
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Table S3. Minimum adequate model (MAM) obtained for the dataset of re-captured great
tits excluding nestling age cohort (MAM 1a) or the oldest age cohort (7 years old

individuals; MAM 1b).

Minimum adequate model Slope + SE F Df P Nobs/Nind
MAM la Pb ~ age + age? 3.64 2/306 0.162 307/132
age -0.024 + 0.056 0.19 1/304 0.665
age? 0.053 £0.030 3.27 1/304 0.072
MAM 1b Pb ~ age + age? + sex 16.88 3/410 <0.001 411/174
age -0.050 £0.192 1.72 1/407 0.192
age? 0.076 + 0.022 12.34 1/407 0.001
sex 6.32 1/407 0.012

Table S4. Summary statistics to the haematological parameters analysed in blood of the

free-living re-captured great tits.?

Variable N Range Mean + SD Median
TRBC (x10%cells/uL) 345  2.31-8.98 449 +0.82 4.55
IEC (%) 390 2.16-29.79 8.81 +3.69 8.27
TWBC (x10° cells/uL) 362  1.00 - 43.50 7.52+£4.78 6.50
H/L ratio 392  0.00-7.67 1.18+1.12 0.83
TBC (<103 cells/uL) 361 0.00-4.65 0.79 £0.61 0.64
THC (x10%cells/uL) 361 0.13-20.44  2.90+2.59 2.16
TLC (x10%cells/uL) 361 0.20-20.74  3.18+£2.52 2.59
Basophils (%) 392 0.00-37.21 16.64 + 6.85 10.27
Heterophils (%) 392 0.00-80.16 36.49+16.43 34.46
Lymphocytes (%) 392 9.38-88.10 43.39+16.27 42.75
Eosinophils (%) 387 0.00-22.90 4.99+4.19 3.70
Monocytes (%) 392 0.00-13.49 3.53+2.39 3.14

*TRBC = total red blood cell count, IEC = immature erythrocyte count, TWBC = total
white blood cell count, H/L = heterophil/lymphocyte ratio, THC = total heterophil count,
TLC = total lymphocyte count. N = number of valid observations, SD = standard

deviation.
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Table S5. Correlation matrix of analysed haematological parameters.?

Variable | TRBC IEC TwBC TLC THC HL
TRBC 1.00

IEC -0.06 1.00

TWBC 0.10 -0.03 1.00

TLC 0.01 -0.06 0.76 1.00

THC 0.14 0.04 0.79 0.30 1.00

HL 0.08 0.09 0.16 -0.44 0.68 1.00

8Spearman correlation coefficients (rs) are shown, values highlighted in bold are
statistically significant at p = 0.05 level. TRBC = total red blood cell count, IEC =

immature erythrocyte count, TWBC

total

white blood cell

HIL =

heterophil/lymphocyte ratio, THC = total heterophil count, TLC = total lymphocyte
count. Number of samples differed from Nmin = 338 t0 Nmax = 392.

2. Supplementary Figures
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Fig. S1. Histogram of number of repeated captures in great tits dataset (Ntotina = 185).
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Fig. S2. Histogram of number of samples analysed in particular years (Ntotsamples = 438,
NRecaptureSamples = 374).
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(NTotaIObs =438, NRecaptureObs = 374)-
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Fig. S4. Lack of relationship between blood Pb concentrations and age of great tits after
elimination of nestlings (only age > 2; Nind = 132, Nobs = 307). Blood Pb concentrations
are shown on the y axis as adjusted value controlled for all significant effects of fixed
variables in the MAM 1a model (Table S3), i.e. model residuals not including the random
effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S5. The relationship between blood Pb concentrations and age of great tit males (M,
in blue) and females (F, in red; Nina = 174, Nons = 411). Blood Pb concentrations are
shown on the y axis on the y axis as adjusted value controlled for all significant effects of
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fixed variables from the MAM 1b (Table S3), i.e. model residuals not including the

random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S6. Relationship between blood Cd concentration and capture date (starting from 1%
January in the particular calendar year) in urban great tits. The blood Cd concentrations
are shown on the y as adjusted value controlled for all significant effects of fixed variables
from MAM 2 (Table 2), i.e. model residuals not including the random effects (done in R

by package visreg; Breheny and Burchett, 2017).
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Fig. S7. Relationship between blood Zn concentration and capture date (starting from 1%
January in the particular calendar year) in urban great tits. The blood Zn concentrations
are shown on the y as adjusted value controlled for all significant effects of fixed variables
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from MAM 3 (Table 2), i.e. model residuals not including the random effects (done in R
by package visreg; Breheny and Burchett, 2017).
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Fig. S8. Lack of relationship between TRBC and blood Pb concentrations in urban great
tits. The TRBC is shown on the y as adjusted value controlled for all significant effects
of fixed variables from MAM 4 (Table 2), i.e. including age and air temperature, but not
including the random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S9. Lack of relationship between TRBC and blood Cd concentrations in urban great
tits. The TRBC is shown on the y as adjusted value controlled for all significant effects
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of fixed variables from MAM 5 (Table 2), i.e. including age and air temperature, but not
including the random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S10. Lack of relationship between TRBC and blood Zn concentrations in urban great
tits. The TRBC is shown on the y as adjusted value controlled for all significant effects
of fixed variables from MAM 6 (Table 2), i.e. including age and air temperature, but not
including the random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S11. Lack of relationship between IEC and blood Pb concentrations in urban great
tits. The IEC is shown on the y as adjusted value controlled for all significant effects of
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fixed variables from MAM 7 (Table 2), i.e. including body mass, but not including the
random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S12. Lack of relationship between IEC and blood Cd concentrations in urban great
tits. The IEC is shown on the y as adjusted value controlled for all significant effects of
fixed variables from MAM 8 (Table 2), i.e. including body mass, but not including the
random effects (done in R by package visreg; Breheny and Burchett, 2017).

.

254 @

% o
.
° & g
...

Q e .o * °°
I 20 b °..e *% . o @
— L
5 % "‘ 'o o.
7] & L]
47 * :. ° ®
= :.. 0.. * *
ko] s ©
<

15

.
10 @
T T T T T
0 1000 2000 3000 4000
Zn

Fig. S13. Lack of relationship between IEC and blood Zn concentrations in urban great
tits. The IEC is shown on the y as adjusted value controlled for all significant effects of
fixed variables from MAM 9 (Table 2), i.e. including body mass, but not including the
random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S14. Relationship between TWBC and blood Pb concentrations in urban great tits.
The TWBC is shown on the y as adjusted value controlled for all significant effects of
fixed variables from MAM 10 (Table 2), i.e. including body mass and air temperature,

but not including the random effects (done in R by package visreg; Breheny and Burchett,
2017).
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Fig. S15. Relationship between TWBC and blood Cd concentrations in urban great tits.
The TWBC is shown on the y as adjusted value controlled for all significant effects of
fixed variables from MAM 11 (Table 2), i.e. including body mass and air temperature,

but not including the random effects (done in R by package visreg; Breheny and Burchett,
2017).
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Fig. S16. Lack of relationship between H/L ratio and blood Pb concentrations in urban
great tits. The H/L ratio is shown on the y as adjusted value controlled for all significant
effects of fixed variables from MAM 13 (Table 2), i.e. including age and air temperature,

but not including the random effects (done in R by package visreg; Breheny and Burchett,
2017).
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Fig. S17. Marginally non-significant relationship between H/L ratio and blood Cd
concentrations in urban great tits. The H/L ratio is shown on the y as adjusted value
controlled for all significant effects of fixed variables from MAM 14 (Table 2), i.e.

including age and air temperature, but not including the random effects (done in R by
package visreg; Breheny and Burchett, 2017).
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Fig. S18. Lack of relationship between H/L ratio and blood Zn concentrations in urban
great tits. The H/L ratio is shown on the y as adjusted value controlled for all significant
effects of fixed variables from MAM 15 (Table 2), i.e. including age and air temperature,

but not including the random effects (done in R by package visreg; Breheny and Burchett,
2017).
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Fig. S19. Lack of relationship between THC and blood Pb concentrations in urban great
tits. The THC is shown on the y as adjusted value controlled for all significant effects of
fixed variables from MAM 16 (Table 2), i.e. including body mass, but not including the
random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S20. Relationship between THC and blood Cd concentrations in urban great tits. The
THC is shown on the y as adjusted value controlled for all significant effects of fixed
variables from MAM 17 (Table 2), i.e. including body mass, but not including the random
effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S21. Relationship between THC and blood Zn concentrations in urban great tits. The
THC is shown on the y as adjusted value controlled for all significant effects of fixed
variables from MAM 18 (Table 2), i.e. including body mass, but not including the random
effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S22. Relationship between TLC and blood Pb concentrations in urban great tits. The
TLC is shown on the y as adjusted value controlled for all significant effects of fixed
variables from MAM 19 (Table 2), i.e. including age and air temperature, but not
including the random effects (done in R by package visreg; Breheny and Burchett, 2017).
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Fig. S23. Marginally non-significant relationship between TLC and blood Cd
concentrations in urban great tits. The TLC is shown on the y as adjusted value controlled
for all significant effects of fixed variables from MAM 20 (Table 2), i.e. including age
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and air temperature, but not including the random effects (done in R by package visreg;
Breheny and Burchett, 2017).
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Fig. S24. Relationship between TLC and blood Zn concentrations in urban great tits. The
TLC is shown on the y as adjusted value controlled for all significant effects of fixed
variables from MAM 21 (Table 2), i.e. including age and air temperature, but not
including the random effects (done in R by package visreg; Breheny and Burchett, 2017).
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