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1. Seznam zkratek / List of abbreviations

MTG — metathorakdlni pachové Zlazy / metathoracic scent glands

UM - larva potemnika mou¢ného bez chemikalie / untreated mealworm

HX - hexan / hexane

PYR - pyrazin / pyrazine

3A - sm¢s tif aldehyda / mixture of three aldehydes

TA — smés tif aldehydli obohacend o tridekan / mixture of three aldehydes and tridecane
0XO - oxoaldehyd / oxoaldehyde

GS - sekrece kneZice paskované / Graphosoma lineatum secretion

LG/3A - Ziva knéZice paskovand predkladana pred vlastni sérii pokusti se smési tif aldehydii /
living specimen of Graphosoma linetaum offered before the trials with the mixture of three
aldehydes

LP/3A - Ziva ruménice pospolnd piredkladana pred vlastni sérii pokust se smési tii aldehydt /

living specimen of Pyrrhocoris apterus offered before the trials with the mixture of three

aldehydes



2. Abstrakt

Skupina plostice (Heteroptera) md vynikajici schopnost produkovat/uchovavat velké
mnoZzstvi chemickych latek, jez tvoii zdklad jejich komplexni repelentni sekrece. Mezi nejlépe
prostudované repelentni sekrece patii sekrece Graphosoma lineatum sklddajici se z mnoha
sloZek, které mohou pisobit jako iritanty nebo piimo jako toxiny. Mezi hlavni chemické
slozky sekrece patii aldehydy s kratkymi fetézci.

Dizertani priace se zaméciuje na hlavni chemické slozky této repelentni sekrece —
aldehydy - stejn€ jako na extrahovanou sekreci metathorakdlnich pachovych 7laz
Graphosoma lineatum. Celkem byly testovany aversivni reakce Ctyf vybranych druht
predatort: (1) gekoncik no¢ni (Eublepharis macularius); (2) jestérka zelend (Lacerta viridis);
(3) sykora konadra (Parus major) a (4) sykora modtinka (Cyanistes caeruleus).

Vybrané druhy predator byly konfrontovany s majoritnimi sloZkami obranné sekrece
Graphosoma lineatum: (1) smés tii aldehydt: (E)-hex-2-enal, (E)-oct-2-enal, (E)-dec-2-enal;
(2) smés téchto tif aldehydii obohacend o tridekan; (3) oxoaldehyd: (E)-4-oxohex-2-enal; (4)
extrahovand sekrece metathorakdlnich pachovych zlaz dospélé Graphosoma lineatum; (5)
hexan, jakoZto nepoldrni rozpoustédlo a (6) pyrazin: 2-isobutyl-3-methoxypyrazin u
experiment s gekonc¢iky noc¢nimi jako pozitivni kontrola k vylouceni efektu neofobie.
Vsechny chemikalie byly aplikovdny na poZivatelnou koftist (Tenebrio molitor larva).

Aversivni reakce jednotlivych druht preditori byly vyhodnocovany na zdkladé
sledovéni nésledujicich charakteristik chovani: (1) latence ptibliZeni se ke kofisti, (2) latence
zautoceni na kofist, (3) interval mezi pfiblizenim a vlastnim dtokem na kofist a (4) interval
mezi utokem a vlastni konzumaci kofisti.

U gekoncikti no¢nich vysledky ukazuji, Ze gekoncik reagoval aversivné vii¢i smési tif
aldehydl. Stejnd smés obohacend o tridekan vykazovala dokonce silné€jsi aversivni reakci.
Oxoaldehyd nevyvolal zadny aversivni efekt. Celkovd sekrece metathorakdlnich pachovych
714z méla jasny aversivni tcinek. Pfitomnost Zivé ploStice Graphosoma lineatum pted vlastni
testovanou sekvenci smési tif aldehydu zesilila aversivni reakce na tuto smeés. Tato smés miize
tedy fungovat jako potencidlni signdl nepoZivatelnosti této kofisti.

V piipad¢ jestérek zelenych byla aversivni reakce na smés tii aldehydu silnéjsi, nez
reakce na tuto smés obohacenou o tridekan. Smés s tridekanem méla vSak silngjSi aversivni
efekt, nez tomu bylo u oxoaldehydu. Aversivni reakce na oxoaldehyd byla sice nejslabsi, ale
stale signifikantni. Celkovd sekrece metathorakdlnich pachovych zldz méla jasny aversivni
ucinek. Navic, pokud byla piitomna plostice Graphosoma lineatum/Pyrrhocoris apterus pred
vlastni sekvenci smési tif aldehydu, byl tento efekt zesileny a diky tomu muze byt tato smés
potencidlnim signdlem nepoZivatelnosti dané kofisti.

Vysledky experimentll u obou ptac¢ich druht, sykory konadry a sykory modiinky,
ukazuji, Ze oba druhy reagovaly aversivné na smés tif aldehydta. U sykor konader byla navic
testovdna tato smés tii aldehydi obohacend o tridekan a pfitomnost tridekanu nevyvolala
Zadnou aversivni reakci. Oxoaldehyd mél silny aversivni efekt u sykor konader, zatimco u
sykor modiinek byla aversivni reakce opozdénd. Celkova sekrece metathorakdlnich
pachovych Zldz méla jasny aversivni ucinek pro oba pta¢i druhy. Konadry vahaly nejvice na
pfitomnost oxoaldehydu, zatimco modfinky vahaly nejvice na celkovou sekreci Graphosoma
lineatum.

Zavérem lze fici, Ze vSechny vybrané druhy preddtorti reagovaly aversivné vuci
aldehydiim. Navic smés tii aldehydi fungovala jako signdl nepozivatelnosti plostice
Graphosoma lineatum.

Klic¢ova slova: aldehydy, aversivni reakce, gekon¢ik noc¢ni, jestérka zelend, sykora konadra,
sykora modfinka, repelentni sekrece



3. Uvod

Skupina plostic (Heteroptera) predstavuje skupinu bohatou na taxony s velmi dobfie
vyvinutou chemickou obranou proti riznym druhiim predatori. Obrannd sekrece plostic je
velmi komplexni a obsahuje velké mnoZstvi chemickych sloZzek (Aldrich 1988). Antipredaéni
funkce by méla byt zajiStovdna sloZkami, které jsou v sekreci hojné jako jsou napiiklad
aldehydy nebo tridekan (Aldrich 1988; Farine et al. 1992; Sanda et al. 2012).

Ackoliv je chemickd analyza repelentni sekrece zndmd u mnoha druhl plostic
(Hamilton et al. 1985; Aldrich 1988; Farine et al. 1992; Aldrich et al. 1996, 1997; Krall et al.
1999: Aliabadi et al. 2002; Prudic et al. 2008; Favaro et al. 2011; Sanda et al. 2012), otazkou
stdle zustava, které chemické slozky jsou zodpovédné za aversivni reakce rtiznych druht
predatort.

Az dosud se jen velmi malo studii zabyvalo otdzkou tykajici se reakce predatorti na
aposematicky hmyz (Krall et al. 1999; Exnerové et al. 2006; Bonacci et al. 2008; Svidova et
al. 2009) a/nebo efekty vlastni obranné sekrece na preddtory — obratlovce, napf. studie
Benfield (1972) nebo Hirlin (2005), ktefi pouZili obrannou sekreci broukil ¢eledi Gyrinidae.
Nicméné vliv jednotlivych sloZek repelentni sekrece aposematickych plostic na predatory —
obratlovce je ptekvapivé velmi mélo znamy. Predklddanad studie se proto zabyva mirou
aversivni reakce vybranych potenciondlnich druhu predatorti na repelentni sekreci knézice
paskované (Graphosoma lineatum).

Dizertadni price se zamé&fuje na hlavni slozky repelentni sekrece — aldehydy (Sanda et
al. 2012). Tyto slozky jsou vysoce volatilni — tékavé a aromatické a mohou mit funkci
potencidlniho signdlu nepoZivatelnosti kofisti stejn¢ dobfe jako vlastni obranu jako takovou
(Eisner 1970; Hamilton et al. 1985).

3.1. Repelentni sekrece knézice paskované (Graphosoma lineatum)

Knézice péaskovand je oblibenym modelem chemické analyzy obranné sekrece
metathorakdlnich zlaz (Stransky et al. 1998; Durak a Kalender 2009; Sanda et al. 2012).
Chemicka obrana knéZice G. lineatum je sloZena z vysoce tékavé tekutiny, kterd obsahuje
iritanty i toxiny (Stransky et al. 1998; Durak a Kalender 2009; Sanda et al. 2012). Tato
tekutina se vytvari v metathorakdlnich zZlazach (MTG) dospélct (Aldrich 1988). Diky svému
volatilnimu slozeni, mliZe mit tato repelentni sekrece vliv i na vétsi vzdalenosti a diky tomu ji
potencidlni predator (ptdk ¢i jeStér), miZe rozpoznat a vyhnout se pak takovéto kofisti na
zéklad¢ olfaktorického aposematismu (Eisner a Grant 1981).

Zatimco iritanty, jako tfeba n-tridekan (Gunawardena a Herath 1991), jsou efektivni
proti ¢lenovcim — napt. proti kudlankdm, pavoukiim nebo mravencim (Aldrich 1988),
toxiny, jako a,p - nenasycené oxoaldehydy (Sanda et al. 2012), mohou plostici chrénit
prevazné proti ptakiim a jinym obratlovciim (Aldrich 1988).

Nésledujici aldehydy patii k nejbéznéj$im slozkam sekrece knéZice paskované: (E)-2-
hexenal, (E)-2-decenal, (E)-2-octenal, tridekan, (E)-4-oxohex-2-enal (Sanda et al. 2012).
Proto se predklddand studie zamétuje na tyto slozky MTG sekrece dospélc.

Na zdkladé¢ osobni komunikace s Ludvikem Streinzem a Bohumirem Koutkem
z Ustavu Organické chemie a Biochemie, AV CR, v.v.i., (E)-2-hexenal, (E)-2-decenal a (E)-
2-octenal byly testovany dohromady jako smeés, protoZe takto se v repelentni sekreci plostic
nejcastéji vyskytuji (Aldrich 1988; Farine et al. 1992; Aldrich et al. 1996; Stransky et al.
1998; Durak a Kalender 2009; Sanda et al. 2012). Proto se zd4, Ze by tato smés mohla mit
funkci olfaktorického signdlu — typicky vyrazny zdpach knéZice paskované (L. Streinz, osobni
sdéleni).



3.2. Modelové organismy

Predkladand studie ptedstavuje Sest modelovych organismi — cCtyfi modelové
organismy byly vybrdny jako pfedstavitelé potencidlnich predatorti: dva druhy jeStéra —
gekon¢ik no¢ni (Eublepharis macularius) a jeStérka zelena (Lacerta viridis) a dva druhy
ptakti — sykora konadra (Parus major) a sykora modiinka (Cyanistes caeruleus). Jako
aposematickd kofist byly vybrany ploStice knézice paskovand (Graphosoma lineatum) a
ruménice pospolnd (Pyrrhocoris apterus).

Vybrané druhy jestérti predstavuji protikladné druhy predatorti — noc¢ni a denni. Oba
druhy jsou v8ak hmyzoZravi (Angelici et al. 1997; Seufer et al. 2005) aktivni lovci (Cooper
1995) a spoléhaji se vice na chemickou diskriminaci nez predatofi ¢ihajici v zdloze (Huey a
Pianka 1981). Nicmén¢, vlastni chemicka diskriminace se u téchto dvou druhti mirn¢ 1isi.

Gekoncik nocni pfi vlastni chemické diskriminaci vyhleddvéani kofisti mize vyuzivat
dva hlavni smysly — €ich a vomerolfakci (Schwenk 1993, Rehorek et al. 2000). U gekont
obecné je Cichovd komora velmi dobfe vyvinuta stejné jako Cichové laloky v mozku (Pratt
1948). Oproti tomu chut’ je vyvinuta velmi Spatné¢ (Schwenk 1985). U gekoncika noéniho
dokonce nebyla zjiSténa Zddnd pfitomnost chutovych poharki v tlamé (Schwenk 1985,
Jamniczky et al. 2009).

V piipad¢ jeStérek zelenych smysly, které mohou zprostfedkovavat chemickou
diskriminaci kofisti, jsou vomerolfakce, Cich a chut’ (Schwenk 1985, 1993; Bonacci et al.
2008). Cich neboli olfakce je u jestérek velmi dobie vyvinuta podobné jako u gekonii (Gabe a
Saint Girons 1976; Cooper 1996). Co se tyCe chuti, ktera je v Celedi Lacertidae velmi dobfie
vyvinutym smyslem, chutové poharky jsou pocetné zvlasté pak na ventrolaterdlnim povrchu
pfedni Casti jazyka a ddle jsou roztrouSeny i1 po jeho zadni ¢asti (Schwenk 1985). U jeStérky
zelené jsou chutové pohéarky piitomny i na dlouhych Spickdch jazykové vidlice (Schwenk
1985). DalS§im smyslem, ktery by mohl byt zodpovédny za rozezndvani kofisti a potravy, je
velmi dobfe vyvinutd vomerolfakce (Cooper 1991, 1996). VSechny tyto strategie mohou byt
napomocny pifi vyhybani se chemicky chranéné kofisti jakou je knéZice paskovand G.
lineatum.

U obou ptacich druhti bylo zjiSténo a vzdno v potaz, Ze se oba druhy vyhybaji
cervenocCernym plosticim (Hotovda Svadova et al. 2010). Otazkou vSak zlstava, kterd
specificka chemicka sloZka mtze byt zodpovédna za konkrétni aversivni reakci u jednotlivych
druhti. Oba druhy jsou insektivorni (del Hoyo et al. 2007) a jejich potrava je sloZena i z
plostic (Exnerova et al. 2003a; del Hoyo et al. 2007). Ackoliv ¢ich nenf u ptdka dobfe vyvinut
(Mason a Clark 2000), chemickd obrana G. lineatum muze stile hrat roli jako signdl v ramci
olfaktorického aposematismu (Eisner a Grant 1981), protoZe jeji diskriminace muZe byt
zprostfedkovéna chuti (Schlee 1986) nebo chemestézi (Mason a Clark 2000; Conner 2007); a
to na zdkladé svého t&kavého sloZeni (Sanda et al. 2012). Podle Exnerové et al. (2003b) bylo
prokazéano, Ze i velmi blizce ptibuzné druhy, jako je celed’ Paridae, mohou reagovat rozdilng
pii vyhybani se stejné aposematické kofisti.

Dva druhy ploStic byly vybrany jako potencialni kofist. Prvni, knéZice paskovand
(Graphosoma lineatum), na jejiz repelentni sekreci je zaloZena tato studie a druhy, rumeénice
pospolnd (Pyrrhocoris apterus), kterd byla vybrdna jako jiny chemicky chranény druh
¢ervenocernych aposematickych stfedoevropskych plostic (Hotova Svadova et al. 2010).



4. Cile prace

Hlavnim cilem pfedklddané prace bylo studium vlastnich aversivnich efektd na béZzné
slozky repelentni MTG sekrece druhu knéZice paskované u rtiznych druhii potencidlnich
predatorti a otestovat hypotézu, Ze repelentni utc¢innost této sekrece spocivd predevSim v
aldehydech. Konkrétni cile dizertacni prace byly tyto:

(1) Stanovit aversivni efekt konkrétni chemické slozZky MTG sekrece a také efekt celkové
MTG sekrece G. lineatum proti ¢tyfem ruznym typim predatori — gekoncéiku no¢nimu
(Eublepharis macularius), jestérce zelené (Lacerta viridis), sykofe konadie (Parus
major) a sykote modfince (Cyanistes caeruleus).

(2) Porovnat aversivni efekt konkrétni chemické slozky a celkové MTG sekrece G. lineatum
pro vSechny typy vybranych predatori.

(3) Vyhodnotit, zda smés tii aldehydti mtize mit funkci potencidlniho olfaktorického signalu
nepozivatelnosti kofisti pro v§echny typy predatort.

(4) Ovétit hypotézu, Ze tridekan ma funkci katalyzatoru této aldehydové smési a tim zesiluje
aversivni reakce testovanych predatorii — gekoncik nocnich, jesStérek zelenych a sykor
konader.

(5) Vyhodnotit, zda oxoaldehyd muze fungovat jako pfimy toxin pro vSechny druhy
vybranych predatort.

(6) Zjistit, jaky vliv ma u gekoncikli nocnich pfitomnost Zivé knézice paskované (G.
lineatum) na aversivni reakci viici smési tif aldehydd.

(7) Zjistit, jaky vliv mé u jeStérek zelenych pifitomnost knéZice paskované (G. lineatum) a
rumeénice pospolné (Pyrrhocoris apterus) na aversivni reakci viaci smeési tif aldehyda.

5. Material a metodika
Gekonéici noéni

Celkové bylo testovdno 77 jedinct gekoncéika nocniho (Eublepharis macularius)
v letech 2010 — 2012. Pokusy byly provadény v obdobi nésledujicim po rozmnozovaci sezén¢
a pred vlastni hibernaci: od zafi do prvniho tydne v prosinci.

Tyden pted vlastnim pokusem byly gekonc¢ici odebrani z jejich chovné skupinky a byli
ubytovani jednotlivé v terdriich o rozmérech 20x40x20 cm, aby si zvykli na laboratorni
podminky pfi teploté 27 °C a 50 % vlhkosti; jiZ nebyli krmeni, ale voda byla k dispozici ad
libitum. Svételné podminky byly nastaveny podle dvanactihodinového cyklu svétlo/tma (6:00

- 18:00).



Jestérky zelené

Mezi lety 2010 — 2012 bylo celkové testovano 84 jesStérek zelenych (Lacerta viridis),
které byly chyceny na jizni Moravé v Ndarodnim Parku Podyji (48° 48° 59.20°S — 15° 58’
37.80°’V) a to v obdobi po rozmnoZovéni a pfed vlastni hibernaci: od Cervence do zacatku
srpna.

JeStérky byly ubytovany jednotlivé v terdriich o rozmérech 20x40x20 cm, teploté 29
°C, 45 % vlhkosti, ve dvanéctihodinovém cyklu svétlo/tma (6:00 — 18:00). Jestérky se
habituovaly na laboratorni prosttedi jeden tyden pifed vlastnimi pokusy s piistupem k vodé ad
libitum.

Sykory konadry a sykory modiinky

Dohromady bylo testovdano 196 sykor konader (Parus major) a 91 sykor modfinek
(Cyanistes caeruleus) v prub¢hu let 2009 — 2011 vZzdy od zéii do bfezna. Odchyceni ptaci byli
ubytovani jednotlivé v plastovych klecich o rozmérech 50x40x40 cm s pfedni sténou tvofenou
z draténého pletiva.

Ptaci se habituovali na laboratorni podminky 2 — 7 dnl pied vlastnim pokusem.
Svételné podminky byly nastaveny podle aktudlni ro€ni sezony za teploty v rozmezi 18 — 22
°C. Pokusy byly provadény v dievénych klecich (70x70x70 cm) s draténymi sténami a
stropem a reflexnim zrcadlem, skrze néj byli ptaci pozorovani.

Graphosoma lineatum

Knézice paskovand (Graphosoma lineatum, Heteroptera: Pentatomidae) byla vybrana
jako hlavni model aposematického druhu ploStice. KnéZice byly sbirdny na nékolika
lokalitich v Praze a drzeny v klimaboxu s dlouhou denni periodou (16S:8T) a teplotou
oscilujici v rozmezi mezi 24 °C (den) a 20 °C (noc).

KnéZice byly krmeny zelenymi C¢astmi a semeny jejich hostitelskych rostlin: mrkev
(Daucus carota), kerblik lesni (Anthriscus sylvestris) a and¢lika 1ékaiskd (Angelica
archangelica) s neomezenym piistupem k vode¢.

Pyrrhocoris apterus

Ruménice pospolnd (Pyrrhocoris apterus, Heteroptera: Pyrrhocoridae) byla vybrana
jako druhy modelovy druh plostice pouze pro pokusy s jestérkami zelenymi, jakoZto jiny druh
aposematicky zbarvenych ¢ervenocernych plostic (Hotova Svadova et al. 2010).

Ruménice byly sbirdny na nckolika lokalitich v Praze a drZeny ve stejnych
podminkach jako knéZice paskované. Ruménice byly krmeny zelenymi ¢astmi a semeny
svych hostitelskych rostlin celedi Malvaceae, Tiliaceae, Bombacaceae a Sterculiaceae s
neomezenym piistupem k vode.

Larvy potemnika mou¢ného

Larvy potemnika mouc¢ného (Tenebrio molitor, délka okolo 20 mm) byly pouZity jako
poZivatelnd kofist. Testované chemikalie byly aplikovany doprostfed zadni ¢4sti téla larvy
potemnika moucného.

Pridani chemikélie na povrch téla larvy potemnika moucného nezménilo v zZadnych
aspektech jeji chovani. Larvy potemnika moucného bez jakékoli chemikalie byly pouzity jako
kontrolni kofist.



Chemikalie

Testované chemikdlie predstavuji hlavni sloZky repelentni MTG sekrece dospélct
knéZice paskované G. lineatum (Stransky et al. 1998; Sanda et al. 2012). Byly testovéany
nasledujici chemické slozky: (1) smés tii aldehyda (3A): (E)-hex-2-enal, (E)-oct-2-enal, (E)-
dec-2-enal v poméru 10:1:10; (2) smes tii aldehydl obohacend o tridekan (TA), pomér
10:1:10:10; (3) oxoaldehyd (OXO): (E)-4-oxohex-2-enal; (4) extrahovand MTG sekrece
dospélct knéZice paskované (GS); (5) hexan (HX) — pouzit jako nepoldrni rozpoustédlo pro
ostatni chemikdlie (6) pyrazin (PYR): 2-isobutyl-3-methoxypyrazine jako pozitivni kontrola
k vylouceni efektu neofobie v pokusech s gekonciky no¢nimi.

Smés tii aldehydu, tato smés obohacend o tridekan a oxoaldehyd byly pouZity jako 2
% roztok v hexanu. Pyrazin byl rozpu$tén v malém mnoZstvi glycerolu a dédle rozfedén v
destilované vod¢ do 0.003 % roztoku, coz byla dostate¢nd koncentrace k vyvolani
potenciondlni aversivni reakce u kutat (Marples a Roper, 1996). A proto byla tato koncentrace
vybrana také pro gekonciky vzhledem k jejich lepsi ¢ichové/vomeronasalni citlivosti.

VSechny chemikalie byly nanaSeny Hamiltonovou stiikackou doprostfed zadni Casti
larvy potemnika moucného v mnoZzstvi 2 ul, coZ je mnozZstvi, které je obycejn¢ uvolnéno
knéZici paskovanou, paklize se citi ohrozena (M. Sanda, osobni sdé&leni). Metathorakalni
sekrece (GS) byla ziskdna simulaci dtoku na knézici. Jakmile knéZice uvolnila sekreci, byla
tato sekrece aplikovana pfimo na zadni stranu larvy potemnika mouc¢ného.

Testovaci protokol

Stejnd zdkladni testovaci sekvence byla pouZita pro vSechny typy predatori s
vyjimkou sykor modfinek, kde byla tato sekvence zkracena. Kazdé zvife bylo testovano
pouze jednou.

Testovaci sekvence se zklddala z deseti larev potemnika moucného (ddle jen moucny
Cerv) predkladanych za sebou v pétiminutovych pokusech. V piipadé testovanych chemikalii
(3A-TA-OXO-GS-PYR), sekvence zacinala s moucnym cCervem, na kterém byl nanesen
hexan, a ndsledovala sekvenci péti moucnych cervii s nanesenymi konkrétnimi chemikaliemi
odpovidajici testované skupin€. Sekvence byla zakonCena sérii ¢tyf moucnych cervu s
nanesenym hexanem. V piipadé sykor modiinek byla tato sekvence zkracena na Sest
moucnych Cervll a to kvili jejich mensi velikosti a rychlejSimu zasyceni potravou. Dana
sekvence vypadala nédsledovné: prvni mou¢ny Cerv byl s hexanem, nasledovin tiemi Cervy s
konkrétni chemikélii a celd sekvence byla zakoncena dvéma Cervy s hexanem. Zvitatim z
kontrolni skupiny mou¢ného cerva bez jakékoli chemikélie (UM) bylo piedloZeno deset/Sest
Cistych Cervl bez jakékoliv chemikdlie. Zvitatim z hexanové skupiny (HX) bylo piedlozeno
deset/Sest moucnych cervll s nanesenym hexanem. Touto metodou bylo moZné porovnat
reakce zvifat proti testované chemikdlii s potencidlni repelentni funkci hexanu vuci
moucnému Cervu bez jakékoli chemikdlie.

Chovani v odlisnych ¢éstech testovaci sekvence bylo take porovndvano: (1) “pre-
chemické* pokusy na zacitku, (2) “chemické* pokusy s testovanou chemikdlii, a (3) “post-
chemické® pokusy, které ndsledovaly po zkuSenosti s danou chemikalii k rozliSeni mezi
okamzitym a pretrvavajicim efektem dané chemikélie. V kazdém pokusu mélo zvite pét minut
na potencidlni manipulaci a konzumaci mou¢ného Cerva, jinak byl pokus zastaven. Pokus byl
zastaven drive, pokud zvite seZralo danou kofist béhem péti minut.

Pro otestovani reakce jeStéfich predatori vici Zivé knézici paskované G. lineatum
(LG/3A), nebo ruménici pospolné P. apterus (LP/3A), bylo pouZito stfidani Ccistého
moucného Cerva a zivé plostice tak dlouho, dokud jestér neodmitl plostici tiikrat v fadé bez
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jakékoli manipulace. Plostice byla pfedkladdna maximaln¢ pétkrat. Tuto sekvenci ndsledovala
standardni sekvence deseti Cervl potfenych smési tif aldehydii.

V piipadé¢ jestétich predatorti byly zaznamendvany tyto behaviordlni charakteristiky:
(1) Latence pribliZzeni se ke kofisti (approach) — predstavujici Cas, kdy se zvite zacalo cilené
priblizovat ke kofisti; (2) Latence zattoceni na kofist (attack) — predstavujici ¢as, kdy zvite
zaCalo manipulovat s kofisti, poté, co se k ni pfiblizilo; a (3) Interval mezi ptiblizenim se ke
kofisti a jeji vlastni manipulaci (approach-attack intervals) — pfedstavuje miru vahani mezi
pfiblizenim se ke kofisti a vlastnim utokem na kofist.

U ptacich predatori byly zaznamendvany tyto behaviordlni charakteristiky: (1)
Latence manipulace s kofisti (attack) — ptredstavujici ¢as, kdy ptdk zacal s kofisti manipulovat
(dotknul se, klovnul nebo vzal kofist do zobdku); a (2) Interval mezi ttokem na kofist a jeji
konzumaci (attack-eating interval) — pfedstavujici interval od prvniho utoku na Kkofist a
momentu, kdy ptak zacal kofist Zrat.

Statisticka analyza

Data byla analyzovdna pomoci programu R 3.0.1. ProtoZe data neméla normdlni
rozdéleni (Shapiro—Wilk normality test), byla aplikovdna robustn€j$Si metoda analyzy
zaloZzend na potadich. ANCOVA byla pouzita pro zpracovani zdkladniho modelu a pro
vyhodnoceni vlivu jednotlivych chemikalii. Jednim z pfedpoklada klasické ANCOVY je
normdlni rozdéleni dat. Vzhledem k tomu, Ze data nemé¢la normdlni rozdéleni, byla ptivodni
metoda upravena (inspirovdna Kruskal-Wallis ANOVA). Namisto pivodnich casovych
hodnot, byla pouZita jejich potadi (latence vybranych prvkl chovani) jako zdvisld proménna.
Nésledné bylo vyhodnoceno, jak jsou tato pofadi zdvisld na ostatnich proménnych: na
konkrétni chemikdlii, ¢4sti experimentdlni sekvence (pre-chemické, chemické and post-
chemické pokusy), v€ku, pohlavi a hmotnosti (v€k a hmotnost vstupovaly do modelu jako
numerické proménné, ostatni promeénné jako kategorické proménné). Byl zjiStovan i vliv
interakce mezi Casti experimentdlni sekvence a chemikdlii. Analyza rozptylu druhého typu
(Type I ANOVA) byla pouZzita k vyhodnoceni vlivu jednotlivych proménnych. Tento typ
analyzy rozptylu vyhodnocuje vliv jednotlivych proménnych s ohledem na ostatni zavisle
proménné v modelu, ale uZ bez ohledu na interakce. JelikoZ model obsahuje pouze jednu
interakci (ostatni ne), byla tato metoda pro naSe potfeby nejvhodnéjsi. Tukeyho metoda
mnohondsobného porovndni priméra (Tukey Contrasts) byla pouZita k porovnani chemikélii
uvnitt jednotlivych c¢asti experimentdlni sekvence. Pro vyhodnoceni rozdili byl pouZzit
optimalni model, v rdmci néhoZ byla vytvofena specidlni proménna pro interakci mezi Casti
experimentdlni sekvence a chemikalii, aby bylo vyhodnoceni vilbec moZné. VSechny testy
byly realizovany na hladiné vyznamnosti 0.05.

Grafy zobrazuji origindlni naméfené hodnoty (pozorované cCasy vlastnich reakci),
zatimco numerické vysledky vychdzeji z potadi téchto ¢as.

Eticka poznamka

Pokusy byly provadény na zdkladé licenci Cislo 24773/2008-10001 a CZ 00059
vydanych Ustiedni komisi pro ochranu zvitat CR (UKOZ). Jestérky zelené byly chytiny na
zéklad¢€ vyjimky z odchytu ziskané v Narodnim Parku Podyji se sidlem ve Znojmé (SZ NPP
0108/2010/8, NPP 0967/2010).

Odchyt ptakti a pokusy na nich byly provedeny na zdkladé povoleni 29532/2006-30,
CZU150/99 a CZ 00059 vydanych Ustfedni komisi pro ochranu zvitat CR (UKOZ), a
MHMP-154521/04/00P-V-25/R-40/09/Pra vydané Magistraitem hlavniho mésta Prahy.



Odchyt a krouzkovani ptdkli bylo provddéno na zdklad¢ ziskanych licenci od KrouZkovaci
stanice Narodniho Muzea v Praze (Nos 876, 1110).

6. Vysledky

6.1. Gekon¢éik noéni

Pro vSechny behaviordlni charakteristiky a ve vSech Castech testovaci sekvence (pre-
chemické, chemické a post-chemické pokusy), se reakce gekoncikii nocnich ze skupiny
hexanu (HX) a pyrazinu (PYR) vyrazné neliSily od kontrolni skupiny mouc¢ného Cerva bez
jakékoli chemikalie. Proto mohl byt vylouc¢en efekt neofobie.

Pro vSechny behaviordlni charakteristiky se reakce gekoncikti no¢nich v pre-
chemickém pokusu pro vSechny testované skupiny (3A-TA-OXO-GS-LG/3A) neliSily v
porovnani se skupinou hexanu. Gekoncici za¢inali pokusy se stejnou motivaci.

Latence piibliZeni se ke kofisti

Latence pribliZeni se ke kofisti byly ovlivnény testovanymi chemikéliemi (p < 0.001;
F = 13.539; dfl = 7; df2 = 734), pohlavim gekonc¢ika no¢nich (p < 0.01; F = 7.371; dfl = 1;
df2 = 734) a jejich hmotnosti (p < 0.001; F = 37.064; dfl = 1; df2 = 734). TeZz8i zvitata
obvykle védhala s pfiblizenim se ke kofisti déle nez zvitata leh¢i. Samice vétSinou véhaly déle
nez samci. Také zde byla pozorovana signifikantni interakce mezi vlivem chemikdlie a ¢4sti
testovaci sekvence (p < 0.05; F = 1.971; df1 = 14; df2 = 734).

V chemickych pokusech gekoncici no¢ni testovani s GS véhali s ptfiblizenim se ke
kofisti signifikantné¢ nejdéle v porovnani s HX skupinou (Tukey Contrasts: p < 0.001).
Nicméné, zbytek testovanych chemikalii se vyznamné neliSil od reakci gekoncikid v HX
skupin€. Pokud se srovna efekt testovanych chemikalii, ziskdme ndsledujici potradi vlivu
chemikdlii na aversivni reakci gekoncika: GS, 3A, LG/3A, TA, OXO, HX a UM. Latence
piibliZzeni se ke kofisti byly tedy nejkratsi v kontrolni UM skupiné (Tab. 1).

V post-chemickych pokusech byly reakce nejdelsi ve skupiné 3A. Dale I1ze chemikalie
sefadit podle sily aversivniho efektu takto: TA, GS, OXO, UM, LG/3A a HX. Latence
pfibliZzeni se ke kofisti byly nejkratSi v HX skupiné.

Latence zautodeni na korist

Latence manipulace s kofisti byly ovlivnény testovanymi chemikaliemi (p < 0.001; F
= 14.384; df1 = 7; df2 = 734) a hmotnosti gekon¢iki no¢nich (p < 0.001; F = 18.041; df1 = 1;
df2 = 734), nikoliv vSak jejich pohlavim (p = 0.903; F = 0.015; dfl = 1; df2 = 734). T&zsi
zvitata obvykle vdhala s manipulaci kofisti déle nez zvirata leh¢i. Také zde byla pozorovéina
signifikantni interakce mezi efektem chemikalie a testovaci sekvenci (p < 0.001; F = 3.381;
dfl = 14; df2 = 734).

V chemickych pokusech gekoncici nocni testovani s GS a LG/3A nejvice vahali
pfedtim, neZ zautoCili na kofist v porovnani s gekonciky v HX skupiné (Tukey Contrasts:
oboji p < 0.001). Latence manipulace s kofisti se také vyznamné liSily ve skupiné¢ TA (p <
0.01) a 3A (p < 0.05). Latence manipulace s kofisti u skupiny OXO se vyznamn¢ neliSila od
skupiny HX (p = 1.000) (Obr.1).

Nejdelsi latence pii manipulaci s kofisti byly pozorovany pro skupinu GS. Aversivni
efekt ostatnich chemikalii muZzeme sefadit takto: LG/3A, TA, 3A, OXO, HX a UM. Latence
manipulace s kofisti byla tedy nejkratsi v kontrolni UM skupiné (Tab. 1).
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Interval mezi piibliZenim se ke kofisti a vlastnim iitokem na kofist

Intervaly mezi piiblizenim se ke kofisti a vlastnim dtokem na kofist byly ovlivnéné
testovanou chemikdlii (p < 0.001; F = 12.768; dfl = 7; df2 = 734) a hmotnosti gekon¢ik
nocnich (p < 0.001; F = 10.925; dfl = 1; df2 = 734), nikoliv vSak jejich pohlavim (p = 0.348;
F = 0.883; dfl = 1; df2 = 734). T¢€zsi zvitata byla pomalejsi. Také zde byla pozorovina
signifikantni interakce mezi efektem chemikdlie a ¢asti testovaci sekvence (p < 0.001; F =
3.563; dfl = 14; df2 = 734).

Nejdelsi intervaly mezi piiblizenim se ke kofisti a vlastni manipulaci s kofisti v
chemickych pokusech byly pozorovany pro skupinu LG/3A. Vliv ostatnich chemikaliif mize
byt sefazen takto: GS, TA, 3A, OXO, HX a UM. Nejkratsi intervaly byly tedy pozorovany v
kontrolni UM skuping (Tab. 1).

Manipulace s knéZici pdskovanou

Béhem testovéni reakce gekonc¢ikli na Zivou knéZici paskovanou bylo pozorovano, Ze
z deseti gekonCiki Sest manipulovalo s plostici dvakrat (z maximdlniho mnozstvi 5
nabidnutych plostic), 2 gekoncici pouze jednou a zbyli dva nemanipulovali s plostici vibec
(ze tif nabizenych). Pouze dvé¢ knéZice paskované byly zabity, zbylé plostice byly propustény
nezranéné. Vysledky naznacuji, Ze pct nabizenych ploStic je dostateCny pocet k ziskdni
zkusenosti vyhnout se dané plostici.

Shrnuti

(1) Hexan nemél Zadny aversivni efekt na gekonciky noc¢ni. Proto mohl byt pouzit jako
nepolarni rozpoustédlo pro ostatni chemikalie.

(2) Pyrazin nem¢l zadny aversivni uCinek na gekonciky noc¢ni podobné jako hexan. Efekt
neofobie tedy mohl byt vyloucen.

(3) Sm¢és tif aldehydi méla aversivni efekt a mize tak slouzit jako signdl nepozivatelnosti
plostice.

(4) Sm¢s tif aldehydl obohacend o tridekan méla jesté vyraznéjsi aversivni efekt nez smés ti{
aldehydu jako takovd. Tridekan pravdépodobné zvysuje vliv smési tif aldehydu.

(5) Oxoaldehyd jako takovy nem¢l zadny aversivni G¢inek na gekonc¢iky nocni.

(6) Celkovda MTG sekrece méla silny aversivni uc¢inek.

(7) Pritomnost Zivé plostice knéZice paskované zvySovala aversivni efekt smési tif aldehyda
jako signdl nepoZzivatelnosti kofisti.

6.2. Jestérka zelena

Pro vSechny behaviordlni charakteristiky se v chemickych pokusech reakce jestérek
zelenych v hexanové skupiné vyznamné liSily od kontrolni skupiny UM. A proto byly reakce
jestérek zelenych v ostatnich chemickych skupindch porovnavéany pifimo s kontrolni skupinou
UM.

Pro vSechny behaviordlni charakteristiky se reakce jeStérek zelenych pro vSechny
testované skupiny (HX-3A-TA-OXO-GS-LG/3A-LP/3A) v pre-chemickém pokusu neliSily
od kontrolni skupiny (Tukey Contrasts). JeStérky zacinaly pokusy se stejnou motivaci.
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Latence piibliZent se ke koiisti

Latence pfiblizeni se ke kofisti byly ovlivnény pouze testovanymi chemikaliemi (p <
0.001; F = 13.438; df1 = 7; df2 = 812), nikoliv vSak hmotnosti (p = 0.453; F = 0.565; dfl = 1;
df2 = 812), jejich pohlavim (p = 0.095; F = 2.359; dfl = 2; df2 = 812) ani vékem (p = 0.555;
F =0.348; dfl = 1; df2 = 812). Interakce mezi efektem chemikalie a Casti testovaci sekvence
také nevysla vyznamné (p = 0.067; F = 1.626; df1 = 14; df2 = 812).

P11 porovnani sily efektu jednotlivych chemikalii vySlo nésledujici pofadi: GS, LG/3A,
LP/3A, 3A, TA, OXO, HX a UM. Nejkratsi latence piibliZzeni se ke kofisti méla u jeStérek
zelenych kontrolni UM skupina (Tab. 2).

Latence zautodeni na korist

Latence manipulace s kofisti byly opét ovlivnény pouze testovanymi chemikaliemi (p
< 0.001; F = 14.806; df1 = 7; df2 = 812), nikoliv vSak hmotnosti (p = 0.373; F = 0.793; dfl =
1; df2 = 812), pohlavim (p = 0.162; F = 1.825; dfl = 2; df2 = 812) ani vékem (p = 0.541; F =
0.374; dfl = 1; df2 = 812). Byla zde pozorovana signifikantni interakce mezi testovanou
chemikadlif a ¢asti testované sekvence (p < 0.05; F =2.047; df1 = 14; df2 = 812).

V' chemickych pokusech mély vSechny testované skupiny chemikalii signifikantni
aversivni efekt na jeStérky v porovnani s kontrolni UM skupinou (Tukey Contrasts: vSe p <
0.001) (Obr.2). Nejdelsi latence manipulace s kofisti byly pozorovany ve skupiné LG/3A.
Ostatni chemikalie lze sefadit takto: GS, LP/3A, 3A, TA, OXO, HX a UM. Latence
manipulace s kofisti byly tedy nejrychlejsi v kontrolni UM skupin€ (Tab. 2).

V post-chemickych pokusech jestérky zelené, které mély predchozi zkusenost s GS a
LP/3A védhaly vyznamné dlouho oproti jeStérkdm z kontrolni UM skupiny, ackoliv moucni
¢ervi jiz na sob¢ danou chemikalii/sekreci neméli (Tukey Contrasts: p < 0.05; p < 0.01).
Latence manipulace s kofisti v post-chemickych pokusech u ostatnich chemikdlii se
vyznamn¢ neliSily od kontrolni UM skupiny (Tukey Contrasts).

Interval mezi piibliZenim se ke koristi a vlastni manipulaci s koristi

Intervaly mezi ptiblizenim se ke kofisti a vlastni manipulaci s kofisti byly
signifikantn¢ ovlivnény testovanymi chemikéliemi (p < 0.001; F = 14.138; df1 =7; df2 = 812)
a hmotnosti jeStérek zelenych (p < 0.01; F = 7.360; df1 = 1; df2 = 812), nikoli vSak jejich
pohlavim (p = 0.200; F = 1.614; df1 = 2; df2 = 812) ani vékem (p = 0.435; F = 0.609; dfl = 1;
df2 = 812). T¢Zsi zvitata byla v intervalech mezi piibliZeni se ke kofisti a vlastni manipulaci s
kofisti rychlejsi. Navic zde byla pozorovéna signifikantni interakce mezi efektem testovanych
chemikdlif a ¢asti testovaci sekvence (p < 0.001; F =2.693; df1 = 14; df2 = 812).

Intervaly mezi ptiblizenim se ke kofisti a vlastni manipulaci s kofisti byly nejdelsi u
skupiny LG/3A. Aversivni efekty ostatnich chemikalii nasleduji v potadi: GS, LP/3A, TA,
3A, OXO, HX a UM. Intervaly mezi pfiblizenim se ke kofisti a vlastni manipulaci s kofisti
byly nejkratsi v kontrolni UM skupiné (Tab. 2).

Manipulace s knéZici paskovanou
Béhem testovani reakei jeStérek na Zivou knéZici paskovanou bylo pozorovéno, Ze z
osmi jeStérek tii zvifata manipulovala s ploStici dvakrit (z maximdlntho mnoZstvi 5

nabidnutych plostic), tfi zvifata pouze jednou a zbylé dv¢ jeStérky nemanipulovaly s knézici
paskovanou vibec. Ani jedna plostice nebyla zabita.
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Manipulace s ruménici pospolnou

Reakce jeStérek zelenych na Zivou rumeénici pospolnou se liSily od pozorovani s
knézici paskovanou. Ze sedmi zvitat pouze jedna jeStérka (mlady jedinec) manipulovala a
zabila jednu rumeénici. Zbylych Sest zvifat nemanipulovalo s Zadnou z nabizenych plostic.
Vsechny plostice, az na jednu, byly nedotknuté.

Shrnuti

(1) Hexan mél nejslabsi aversivni efekt na jeStérky zelené ze vSech testovanych chemikalii v
chemickych pokusech. Nicméné v post-chemickych pokusech, kdy byl hexan stile
piitomen, se jiZ jeStérky habituovaly. Jeho vliv se tedy prokazal jako minimalni.

(2) Aversivni uc¢inek smési tif aldehydt by se dal oznacit jako stiedni a siln€j$i nez u této
smési obohacené o tridekan, coZ je v rozporu s hypotézou tridekanu jako katalyzétoru.

(3) Sm¢s tii aldehydl obohacena o tridekan méla silnéjsi aversivni efekt nez oxoaldehyd.

(4) Oxoaldehyd mél druhy nejslabsi vliv (hned po hexanu) ze vSech testovanych chemikalif,
coz lze pficitat jeho charakteru, ktery je bez zapachu.

(5) Celkova MTG sekrece méla silny aversivni efekt na jeStérky zelené.

(6) Pritomnost zivé knézice paskované/ruménice pospolné zvySovala aversivni efekt smési ti{
aldehydt. Silnéjsi efekt byl pozorovdn v piitomnosti knéZice péaskované nez v
pritomnosti ruménice pospolné.

6.3. Sykora konadra

Pro vSechny behavioralni charakteristiky a ve vSech Castech testovaci sekvence reakce
sykor konader se mezi kontrolni skupinou UM a hexanovou skupinou HX vyznamné¢ neliSily.

Pro vSechny behaviordlni charakteristiky reakce sykor konader z ostatnich testovanych
skupin (3A-TA-OXO-GS) se v pre-chemické testu neliSily od hexanové skupiny HX.
Vsechny sykory konadry tedy zac¢inaly pokus se stejnou motivaci.

Latence zautodeni na korist

Latence manipulace s kofisti byly ovlivnény testovanymi chemikaliemi (p < 0.001; F
=41.777; df1 = 5; df2 = 1940) a jejich pohlavim (p < 0.001; F = 14.630; df1 = 1; df2 = 1940),
nikoli vSak jejich vékem (p = 0.857; F = 0.032; df1 = 1; df2 = 1940). Samice byly rychlejsi
nez samci. Byla pozorovéna signifikantni interakce mezi efektem testovanych chemikdlii a
¢asti testovaci sekvence (p < 0.001; F = 3.129; df1 = 10; df2 = 1940).

V chemickych pokusech byly signifikantné nejdelSi latence manipulace s kofisti ve
skupinich GS a OXO (Tukey Contrasts: oboji p < 0.001) v porovnani s HX skupinou.
Skupina 3A méla také signifikantni efekt na dané latence, nicméné tento efekt byl slabsi nez u
predeslych chemikdlii (Tukey Contrasts: p < 0.05). Latence manipulace s kofisti ve skupiné
TA se signifikantné neliSily s reakcemi v HX skupiné (Tukey Contrasts: p = 0.884) (Obr. 3).

Sykory konadry véhaly nejvice s manipulaci kofisti pottené OXO. Aversivni efekt
ostatnich chemikadlii jde v tomto poradi: GS, 3A, UM, TA a HX. Latence manipulace s kofisti
byly tedy nejkratsi v HX skupiné (Tab. 3).

V post-chemickych pokusech sykory konadry, které mély pfedtim zkuSenost s GS,
OXO a 3A, vdhaly signifikantné déle, ackoliv vlastni mouc¢ny Cerv jizZ nebyl chemikalii potfen
(Tukey Contrasts: all p < 0.001).
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Interval mezi utokem a viastni konzumaci ko¥visti

Interval mezi utokem a vlastni konzumaci kofisti byl ovlivnén testovanymi
chemikdliemi (p < 0.001; F = 82.401; dfl = 5; df2 = 1940) a vékem sykor konader (p < 0.001;
F =11.061; dfl = 1; df2 = 1940), nikoli vSak jejich pohlavim (p = 0.827; F = 0.048; dfl = 1;
df2 = 1940). Mladsi ptaci byli pomalej$i nez starSi ptaci. Byla zde také pozorovéna
signifikantni interakce mezi efektem testovanych chemikdliii a Casti testovaci sekvence (p <
0.001; F = 3.138; df1 = 10; df2 = 1940).

Pfi posuzovani intervalli mezi manipulaci s kofisti a vlastni konzumaci kofisti, sykory
konadry v chemickych pokusech védhaly nejvice u chemikédlie OXO. Efekt ostatnich
chemikdlii byl nasledujici: GS, 3A, TA, UM a HX. Intervaly mezi manipulaci s kofisti a
vlastni konzumaci kofisti byly nejkratSi v HX skupiné (Tab. 3).

V post-chemickych pokusech konadry, které mély predchozi zkusenost s GS, OXO a
3A, vahaly signifikantn€ déle nez ptaci z HX skupiny, ackoliv vlastni moucny Cerv jiZ nebyl
chemikadlii potien (Tukey Contrasts: all p < 0.001).

Shrnuti

(1) Sykory konladry nevykazovaly Zadnou aversivni reakci vici hexanu.

(2) Smés tif aldehydti méla aversivni efekt na sykory konadry, kdyZ manipulovaly s kofisti a
v intervalech mezi manipulaci s kofisti a vlastni konzumaci. Smés tif aldehydt miZe mit
ulohu signdlu nepozivatelnosti kofisti.

(3) Smés tii aldehydid obohacend o tridekan neméla Zadny aversivni efekt na sykory
konadry, kdyZ manipulovaly s kofisti. Slaby aversivni efekt byl pozorovan v chemickych
pokusech v intervalech mezi manipulaci s kofisti a vlastni konzumaci kofisti. Tridekan
pravdépodobné snizuje vliv smési tif aldehydi jako takové.

(4) Oxoaldehyd mél silny aversivni tcinek na sykoru konadru.

(5) Celkova MTG sekrece mé¢la jasny aversivni tcinek.

6.4. Sykora modiinka

Pro vSechny behaviordlni charakteristiky se reakce sykor modfinek pro vSechny
testované skupiny (HX-3A-OXO-GS) v pre-chemickém testu neliSily od kontrolni skupiny
UM (Tukey Contrasts). VSechny sykory modiinky tedy zacinaly pokus se stejnou motivaci.

Latence zautoceni na korist

Latence zautoCeni na kofist byly ovlivnény testovanymi chemikdliemi (p < 0.001; F =
25.128; df1 = 4; df2 = 529), nikoli vSak pohlavim ptdka (p = 0.390; F = 0.739; dfl = 1; df2 =
529) ¢&i jejich vékem (p = 0.536; F = 0.384; dfl = 1; df2 = 529). Interakce mezi efektem
chemikélie a Casti testované sekvence byla rovnéz nevyznamnd (p = 0.113; F = 1.630; df1 =
8; df2 = 529).

V chemickych pokusech byly latence manipulace s kofisti signifikantné del$i pouze ve
skupiné GS (Tukey Contrasts: p < 0.001) v porovnani s kontrolni UM skupinou. Latence
zautoceni na kofist v ostatnich skupindch, 3A, OXO a HX vysly nevyznamné v porovnani s
kontrolni UM skupinou (Tukey Contrasts: p =0.122; p = 0.873; p = 0.994) (Fig. 4).
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Sykory modfinky nejvice vahaly nad kofisti potfenou GS. Efekt ostatnich chemikalii
lze setadit takto: 3A, OXO, HX a UM. Latence manipulace s kofisti byly tudiZ nejkratsi v
kontrolni UM skuping (Tab. 4).

Interval mezi utokem a viastni konzumaci kovisti

Intervaly mezi manipulaci s kofisti a vlastni konzumaci kofisti byly ovlivnény pouze
testovanymi chemikaliemi (p < 0.001; F = 16.697; df1 = 4; df2 = 529), nikoli pohlavim ptaka
(p = 0.095; F =2.802; dfl = 1; df2 = 529), ¢i jejich vékem (p = 0.249; F = 1.330; df1 = 1; df2
= 529). Interakce mezi efektem chemikdlie a Casti testované sekvence byla rovnéz
nevyzanmnd (p = 0.359; F = 1.103; df1 = 8; df2 = 529).

Pokud posuzujeme intervaly mezi manipulaci s kofisti a vlastni konzumaci kofisti
sykory modtinky nejvice vdhaly nad kofisti potfenou GS. Efekt ostatnich chemikélii mtiZze byt
sefazen nasledujicim zpasobem: HX, OXO, 3A a UM. Tyto intervaly byly nejkrat$i v
kontrolni UM skuping (Tab. 4).

Shrnuti

(1) Hexan mél na sykory modfinky aversivni pretrvdvajici ucinek, kdyZ manipulovaly s
kofisti. Na druhé strané, pokud hodnotime intervaly mezi manipulaci s kofisti a vlastni
konzumaci kofisti, byly sykory modfinky v post-chemickych pokusech schopné tuto
toxickou zatéz prekonat.

(2) Smés tif aldehydl méla jasny aversivni U¢inek v post-chemickych pokusech v rdmci
latence manipulace s kofisti.

(3) Na sykory modiinky mél oxoladehyd zpozdény tucinek, kdyZz manipulovaly s kofisti (v
post-chemickych pokusech), zatimco u intervalu mezi manipulaci s kofisti a vlastni
konzumaci kofisti mél aversivni ucinek piimo v chemickych pokusech. Zda se tedy, Ze
oxoaldehyd by mohl mit vliv jako pfimy toxin.

(4) Celkovda MTG sekrece méla jasny aversivni tcinek na sykory modfinky.

(5) Sykory modtinky vahaly nejvice pravé na celkovou MTG sekreci knézice paskované.

7. Diskuse a Zavéry

Ziskané vysledky souhlasi s hypotézou, Ze repelence zavisi obzvlasté na aldehydech
(Eisner 1970; Hamilton et al. 1985; Gunawardena a Herath 1991). Gekoncici a jestérky, stejné
jako ptaci, byli vystaveni dilematu — hladovét nebo seZrat potencidlné jedovatou Kkofist
(Glendinning 2007). U gekonc¢ikll je odmitnuti chemicky branénné kofisti pravdépodobné
zaloZeno na Cichu a/nebo vomerolfakci (Halpern 1987; Schwenk 1993). A tudiz by hlavni roli
mohl hrat olfaktoricky aposematismus (Eisner a Grant 1981; Weldon 2013). Gekoncici jsou
velmi citlivi na vzdusné tékavé latky — volatily, vice nez jakdkoli jind skupina jeStért
(Schwenk 1993). Zatimco Cich ma za funkci zejména vyhleddvat potravu a potencidlni
predétory a reaguje prevazné na tékavé latky, vomeronasalni systém se zamétuje predevsim
na nové podnéty a reprodukéni chovéni a je proto sensitivni také na netékavé latky (Schwenk
1993).

U jestérek zelenych odmitnuti kofisti s repelentni sekreci je pravdépodobné zaloZeno
na (1) chuti (Schwenk 1985; Bonacci et al. 2008) a (2) ¢ichu/vomerolfakci (Cooper 1991,
1996). Predchozi experimenty zaloZené na chemické diskriminaci ukézaly, Ze u jeStéra je
chemickd diskriminace zprostiedkovdna spiSe vomerolfakci nez Cichem (Cooper 1997).
Protoze MTG sekrece je vysoce zdpasnd a t€kava (napi. aldehydy), ukazuje se, Ze gekoncici
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stejné jako jeStérky se mohou vyhnout takovéto kofisti pouze na zdklad¢ zapasného signalu
jako takového.

Vyhnuti se chemicky branéné kofisti u ptaki je zalozeno pravdépodobné na (1) chuti
(Schlee 1986; Skelhorn a Rowe 2006a,b,c,d), ale roli muze hriat také (2) olfaktoricky
aposematismus (Eisner a Grant 1981; Weldon 2013) a (3) chemestéze (Conner et al. 2007).

Ptaci si vyvinuli nékolik strategii chovani, jak se s chemicky branénou Kkofisti
vypotradat (Skelhorn a Rowe 2006a). Tyto “manipulacni techniky” se vyhybaji nebo
minimalizuji kontakt s danou sekreci (Schlee 1986). V naSich pokusech ptaci tyto techniky
b&zné& pouzivali. Zrali jen vnitini &dsti mou&ného &erva, trhali ho na kousky a otirali si zobaky
béhem a/nebo po krmeni mouénym cCervem. Ptici umi selektivné vybirat mezi vizudlng
identickou potravou pouze na zdklad¢ jejich chemického obsahu (Skelhorn and Rowe 2006d).
Také bylo pozorovano aversivni chovani na dalku — jako tfeba mrkani v pfitomnosti Cerva
natfeného smési tii aldehydt a celé MTG sekrece v piipad¢ ptdki stejné jako v piipad¢ jestért
(ne vSak v pfitomnosti oxoladehydu, pyrazinu a hexanu). Proto se zd4, Ze n¢které chemikalie,
jako napiiklad smés tif aldehydi, a cela MTG sekrece maji silnou zdpasnou funkci jako signal
na délku stejné jako jsou schopny vyvolat péleni (bolest) pokud jsou inhalovany (oko, dychaci
systém). To by mohl byt spolehlivy signél spojeny s Grovni obrany a také by mohl indikovat
to, Zze chemickd sekrece muze slouzit jako signdl i jako druhotnd slozka obrany (Gohli a
Hogstedt 2009).

Srovndvaci studie aversivnich efektii jednotlivych chemickych slozek repelentni
sekrece knéZice paskované proti ¢tyfem ruznym druhiim predatorti odhalila Sirokou miru
podobnosti mezi predatory, zejména v reakci na celkovou MTG sekreci. Také potvrdila
zdkladni roli aldehydt jako repelentnich sloZek sekrece, nicméné v jednotlivych reakcich se
zminéné druhy predatorti 1isi. Chemickd komplexita repelentni sekrece by tedy mohla byt
ovlivnéna néslednym vybérem danym riiznymi druhy preddtorti. Vystupy z jednotlivych
pokusii je mozno shrnout takto:

1. Hexan (pouzit jako nepolarni rozpoustédlo pro ostatni chemikalie)
Hexan nemél aversivni Ucinek na gekonciky no¢ni ani na sykory konadry. V ptipadé
jestérek zelenych mél hexan slaby aversivni UCinek v chemickych pokusech, zatimco
v post-chemickych pokusech (moucny cerv byl hexanem stdle potfen) byly jeStérky
zelené na n¢j jiz habituovany. Obdbobné chovani bylo pozorovano i u sykor modiinek (v
intervalech mezi manipulaci a vlastni konzumaci kofisti). Na druhou stranu hexan mél

pretrvavajici ucinek pfi manipulaci s kofisti v post-chemickych pokusech.

2. Pyrazin (pozitivni kontrola v pokusech s gekon¢iky no¢nimi)
Pyrazin byl pouZit jako pozitivni kontrola v pokusech s gekon¢iky no¢nimi, aby mohl byt
vyloucen efekt neofobie proti novému nezndmému zdpachu. Vysledky ukézaly, Ze
pyrazin nemél zadny aversivni ucinek v zaddném hodnoceném chovani. Proto mohla byt
neofobie u gekonc¢iki no¢nich vyloucena.

3. Smés tii aldehydu
Sm¢és tif aldehyd méla aversivni G¢inek na vSechny druhy vybranych predatori, ackoliv
jednotlivé druhy reagovaly riizné. V piipadé predatorti — jeStérti méla tato smés aversivni
ucinek, byla-li pfitomna na mouc¢ném cCervu (chemické pokusy). Sykory konadry byly
schopné generalizovat tuto kofist dfive potfenou touto smési. V piipad€ sykor modiinek
m¢éla tato smés pretrvavajici uCinek (manipulace s kofisti). Zda se tedy, Ze smés tif
aldehydti miZze mit funkci signdlu nepozivatelnosti kofisti a miize vyvolat generalizaci.
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4.

Smés tii aldehydi obohacena o tridekan

Sm¢s tif aldehydl obohacena o tridekan méla jasny a silny aversivni u¢inek na gekonciky
nocni. V tomto piipad¢ tridekan pravdépodobné zesiloval vliv vlastni smési tif aldehyda.
V pfipad¢ jestérek zelenych, tridekan tento vliv pro zménu sniZoval, ale stile zde byl
silny aversivni u¢inek v porovnédni s oxoaldehydem. Podobny efekt byl pozorovan u
sykor konader, kde smeés tii aldehydi a tridekan méla velmi slaby aversivni ucinek
(intervaly mezi manipulaci a vlastni konzumaci kofisti).

Oxoaldehyd

Oxoaldehyd nemél Zadny aversivni ucinek na gekonciky no€ni, zatimco v piipadé
jestérek zelenych zde byl pozorovan slaby efekt. Co se tykd ptaCich predatort,
oxoaldehyd mél silny aversivni ucinek na sykory konadry, zatimco u sykor modfinek byl
tento efekt zpozdén. Oxoladehyd mtze mit funkci pfimého toxinu pro sykory konadry.
Na sykory modfinky mél silny pietrvavajici ucinek. Diivod rtiznych reakci predéatort
proti oxoaldehydu miiZze byt vysvétlen rtiznou trovni chuti mezi predatory.

Celkova MTG sekrece G. lineatum

Pro vSechny vybrané druhy predatorit méla celkovd MTG sekrece knéZice paskované
jasny aversivni U¢inek a miZe tak mit funkci nejen signdlu ale i druhotné chemické
obrany jako takové.

Pritomnost Zivé knéZice paskované pred testovanou chemickou sekvenci
smési tii aldehydu

Ptitomnost Zivé knéZice paskované zvySovala aversivni ucinek smési tii aldehyda jako
signdlu nepozivatelnosti kofisti u gekonc¢ikli no¢nich stejné jako u jestérek zelenych.

Pritomnost Zivé ruménice pospolné pied testovanou chemickou sekvenci
smési tii aldehydu

Pfitomnost zivé ruménice pospolné také zvysila aversivni G¢inek smeési tif aldehydi a
navic vyvolala generalizaci u jeStérek zelenych. Nicméné, silnéj$i efekt byl pozorovin
spiSe v pfitomnosti knézice paskované nez v piitomnosti ruménice pospolné.
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8. Abstract

The chemical defence of Heteroptera is based on the repellent secretion that is very
complex and consists of dozens chemical compounds. Heteroptera have good ability to
produce/store large amounts of chemical components. The repellent secretion  of
Graphosoma lineatum is composed of many chemicals, such as short-chained aldehydes,
which may signal the unpalatability of the bug to its potential predators or be directly toxic for
them.

The thesis is aimed at the major components of defensive secretion of Graphosoma
lineatum — aldehydes — as well as the whole metathoracic scent-glands secretion of
Graphosoma lineatum. The aversive reactions of four selected predators were evaluated: (1)
leopard gecko (Eublepharis macularius); (2) green lizard (Lacerta viridis); (3) great tit (Parus
major) and (4) blue tit (Cyanistes caeruleus).

The following major compounds of the repellent secretion were tested: (1) the mixture
of three aldehydes: (E)-hex-2-enal, (E)-oct-2-enal, (E)-dec-2-enal; (2) the mixture of three
aldehydes and tridecane; (3) oxoaldehyde: (E)-4-oxohex-2-enal; (4) extracted metathoracic
scent-glands secretion of Graphosoma lineatum adults; (5) hexane as a non-polar solvent and
(6) pyrazine: 2-isobutyl-3-methoxypyrazine in experiments with leopard geckos as a positive
control for excluding the effect of neophobia. All chemicals were applied on a palatable food
(Tenebrio molitor larvae).

The aversive reactions of predators were evaluated by observing following
behavioural characteristics: (1) approach latencies, (2) attack latencies, (3) approach-attack
intervals and (4) attack-eating intervals towards the mealworms.

Leopard geckos exhibited aversive reactions to the mixture of three aldehydes and also
to this mixture and tridecane. The mixture enriched by tridecane had even stronger aversive
effect. On the other hand, oxoaldehyde did not have any aversive effect. The whole
metathoracic scent-glands secretion had clearly an aversive effect on leopard geckos.
Furthermore, when living specimen of Graphosoma lineatum was offered to leopard geckos
before the trials with the mixture of three aldehydes, the impact of this mixture was enhanced
thus acting as a potential signal of unpalatability.

Green lizards exhibited an aversive reaction to the mixture of three aldehydes.
Tridecane reduced the aversive effect of the aldehydes mixture. Oxoaldehyde had the weakest
but still significantly aversive effect on green lizards. The whole metathoracic scent-glands
secretion had clearly an aversive effect for green lizards. Moreover, when living specimen of
Graphosoma lineatum/ Pyrrhocoris apterus was presented to green lizards before the trials
with the mixture of three aldehydes, the effect of this mixture was enhanced hence acting as a
potential signal of unpalatability.

The results of great tits and blue tits showed that both bird species had aversive
reactions to the mixture of three aldehydes. On the other hand, the mixture of three aldehydes
and tridecane did not have any aversive effect in case of great tits. Oxoaldehyde had strong
aversive effect for great tits, whereas for blue tits this effect was delayed. The whole
metathoracic scent-glands secretion of Graphosoma lineatum had clearly an aversive effect
for both bird species. Great tits hesitated most to oxoaldehyde, while blue tits hesitated most
to the whole metathoracic scent-glands secretion of Graphosoma lineatum.

In conclusion, aldehydes show a promise as deterrents for different types of chosen
predators. The mixture of three aldehydes plays role as a strong signal of unpalatability of
Graphosoma lineatum.

Key words: aldehyde, aversive reaction, leopard gecko, green lizard, great tit, blue tit,
repellent secretion
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9. Introduction

The Heteroptera represent a group rich in taxa with well-developed chemical defensive
secretion towards predators. The defensive secretion of true bugs is very complex and it
contains numerous chemical compounds (Aldrich 1988). The antipredatory function is
supposed to be mediated by the compounds, which are abundant in the secretion — such as
aldehydes or tridecane (Aldrich 1988; Farine et al. 1992; Sanda et al. 2012).

Although the chemical analysis is well-known in many heteropteran species (Hamilton
et al. 1985; Aldrich 1988; Farine et al. 1992; Aldrich et al. 1996, 1997; Krall et al. 1999;
Aliabadi et al. 2002; Prudic et al. 2008; Favaro et al. 2011; Sanda et al. 2012), it is still
unknown, which components are responsible for the aversive reactions of different types of
predator species.

Yet, only few studies evaluated predators’ reactions towards aposematic insect (Krall
et al. 1999; Exnerova et al. 2006; Bonacci et al. 2008; Svadova et al. 2009) and/or effects of
the defensive secretion on vertebrate predators, such as Benfield (1972) or Hirlin (2005)
using the defensive secretion of beetles of family Gyrinidae. However, little is known about
testing individual components of the chemical defence secretion of heteropteran aposematic
insect in relation to vertebrate predators. Therefore, the present study provides, probably for
the first time, evaluation of the aversive reactions of selected potential predators towards the
defensive repellent secretion of the stink bug G. lineatum.

This study is focused on the major compounds of the repellent secretion — aldehydes
of G. lineatum (Sanda et al. 2012). These compounds are highly volatile and odorous and can
function as a potential signal of unpalatability as well as a secondary chemical defence itself
(Eisner 1970; Hamilton et al. 1985). However, little is known how the major compounds of
the repellent secretion of the striated shieldbug precisely work.

9.1. Repellent secretion of Graphosoma lineatum

The striated shieldbug is a widely used model for chemical analysis of the MTG
secretion (Stransky et al. 1998; Durak and Kalender 2009; Sanda et al. 2012). The chemical
defence of G. lineatum is composed of a highly volatile liquid, which contains irritants as well
as toxins (Stransky et al. 1998; Durak and Kalender 2009; Sanda et al. 2012) and it comes
from MTG in adults (Aldrich 1988). Thanks to this volatile composition, the repellent
secretion could operate over greater distance and therefore, there is a bigger chance that
potential predator, bird or lizard, could discriminate and avoid such a prey due to olfactory
aposematism (Eisner and Grant 1981).

While irritants, such as n-tridecane (Gunawardena and Herath 1991), are effective
against arthropod predators, e.g. mantids, spiders or ants (Aldrich 1988); toxins, such as a,f -
unsaturated oxoaldehydes (Sanda et al. 2012), can protect the bugs mostly against birds and
other vertebrates (Aldrich 1988).

The following aldehydes belong to the most common compounds of the striated
shieldbug repellent secretion: (E)-2-hexenal, (E)-2-decenal, (E)-2-octenal, tridecane, (E)-4-
oxohex-2-enal (Sanda et al. 2012). The present study is therefore focused on these compounds
from adult MTG secretion.

According to personal communication with Ludvik Streinz and Bohumir Koutek from
the Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech
Republic, (E)-2-hexenal, (E)-2-decenal and (E)-2-octenal were tested together as a mixture,
because of their common occurrence in the repellent secretion of true bugs (Aldrich 1988;
Farine et al. 1992; Aldrich et al. 1996; Stransky et al. 1998; Durak and Kalender 2009; Sanda
et al. 2012). Therefore, this mixture could function as a potential olfactory signal — typical
nasty smell of the striated shieldbug (L. Streinz, personal communication).
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9.2. Model organisms

For the present study six model organisms were selected. Four model organisms were
chosen as predators: two species of lizards — leopard gecko (Eublepharis macularius) and
green lizard (Lacerta viridis) and two species of birds — great tit (Parus major) and blue tit
(Cyanistes caeruleus). Two true bug species were chosen as a prey: striated shieldbug
(Graphosoma lineatum) and firebug (Pyrrhocoris apterus).

The two lizard species represent opposing types of the predator — diurnal and
nocturnal. Both are active foragers (Cooper 1995) and insectivorous predators (Angelici et al.
1997; Seufer et al. 2005) and they are more dependent on the chemical senses than sit-and-
wait predators (Huey and Pianka 1981). However, the prey discrimination in these two types
of predators is slightly different.

In leopard gecko, two major senses can be used for the prey detection — olfaction and
vomerolfaction (Schwenk 1993, Rehorek et al. 2000). In geckos, the olfactory chamber is well
developed as well as the olfactory bulbs in brain (Pratt 1948). On the other hand, gustation is
poorly developed (Schwenk 1985). Moreover, there is no evidence of the taste buds in leopard
geckos (Schwenk 1985, Jamniczky et al. 2009).

In green lizard, the senses, which can mediate the chemical discrimination of the prey,
are vomerolfaction, olfaction and gustation (Schwenk 1985, 1993; Bonacci et al. 2008). The
olfaction is similarly well-developed as in case of geckos (Gabe and Saint Girons 1976;
Cooper 1996). As for the gustation, which is well developed sense in the family Lacertidae
(Schwenk 1985), the taste buds are numerous, especially on the ventrolateral surfaces of the
foretongue and become scattered in the glandular portion of the hindtongue (Schwenk 1985).
In green lizard, the taste buds are even present on the long tines of the forked tongue tip
(Schwenk 1985). The other sense, which could be responsible for food discrimination, is
vomerolfaction that is also well developed in green lizards (Cooper 1991, 1996). Both
strategies could be usefull in avoiding chemically defended prey such as striated shieldbug G.
lineatum.

In case of selected bird species, the finding that both species avoid red-and-black
Heteroptera was taken into account (Hotova Svadova et al. 2010). The question is, which
chemical compound could be responsible for the aversive reactions of particular species. Both
species are insectivorous (del Hoyo et al. 2007) and their diet contains true bugs (Exnerova et
al. 2003a; del Hoyo et al. 2007). Although the nasal sense in birds is not well developed
(Mason and Clark 2000), the chemical defence of G. lineatum still could play a role as signal
in olfactory aposematism (Eisner and Grant 1981) as well as in gustation (Schlee 1986) or
chemesthesis (Mason and Clark 2000; Conner 2007) thanks to its volatile composition (Sanda
et al. 2012). According to Exnerova et al. (2003b), it was shown that even closely related
species, such as Paridae, reacted differently in avoiding similar aposematic prey.

Two true bug species were chosen as a prey. Firstly, the striated shieldbug
(Graphosoma lineatum), on which defence secretion this study is based, and secondly the
firebug (Pyrrhocoris apterus), which was used as another chemically defended prey of red-
and-black Central European aposematic Heteroptera (Hotova Svadova et al. 2010).

10. Aims of the study

The aim of this work was to study the effects of common chemical compounds of MTG
secretion of G. lineatum towards different types of potential predators and to test the
hypothesis that the repellent potency of this secretion is dependent mostly on the aldehydes.
The specific aims of the thesis were:
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(1) To assess the aversive effect of particular chemical components of MTG secretion and
the whole MTG secretion of G. lineatum towards four different types of predators —
leopard geckos (Eublepharis macularius), green lizards (Lacerta viridis), great tits
(Parus major) and blue tits (Cyanistes caeruleus).

(2) To compare the aversive effect of selected chemical compounds and the whole MTG
secretion of G. lineatum for all selected types of predators.

(3) To evaluate whether the mixture of three aldehydes could function as a potential signal
of unpalatability for all tested predators.

(4) To verify the hypothesis that tridecane may function as catalyst for the mixture of
three aldehydes thus potentiating aversive reactions of tested predators (leopard
geckos, green lizards and great tits).

(5) To evaluate the hypothesis that oxoaldehyde has function as a direct toxin for all
tested predators.

(6) To investigate how the presence of living specimen of G. lineatum influences aversive
reactions of leopard geckos to the mixture of three aldehydes.

(7) To investigate how the presence of living specimen of G. lineatum and P. apterus
influences aversive reactions of green lizards to the mixture of three aldehydes.

11. Material and Methods
Leopard geckos

In total 77 leopard geckos (Eublepharis macularius) were tested during the years 2010
— 2012. The experiments were carried out in the period after breeding season and before
hibernation: in autumn from September to the first week in December.

One week before the experiments, geckos were removed from their breeding groups
and were housed individually in terraria of sizes 20x40x20 cm for allowing habituation to the
laboratory environment. At this time, they were kept at temperature 27 °C, 50 % of humidity,
without feeding but offering water ad libitum. The light conditions were set according to the
twelve hour light/dark cycle (6:00 am — 6:00 pm).

Green lizards

In total 84 green lizards (Lacerta viridis) were tested during the years 2010 — 2012.
Lizards were captured in Podyji National Park (48° 48 59.20’N — 15° 58 37.80"’E of
Greenwich) in South Moravia after the breeding season and before hibernation: from July to
early August.

Lizards were housed individually in glass terraria of size 20x40x20 cm, temperature
29 °C, 45 % humidity, twelve hour period of light/dark cycle (6:00 am — 6:00 pm). Lizards
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were allowed to habituate to the laboratory environment for one week before the experiments
with offering water ad libitum.

Great tits and Blue tits

In total 196 great tits (Parus major) and 91 blue tits (Cyanistes caeruleus) were tested.
Birds were captured using the mist nets in Prague from September 2009 to March 2011.
Captured birds were housed individually in plastic cages of size 50x40x40 cm with a wire-
mesh front wall. Cages were equipped with wooden perches, water bowls and feeders.

Birds were allowed to habituate to the laboratory conditions for 2 — 7 days before the
experiments. The light conditions were set according to the outdoor photoperiod and the
temperature was between 18 — 22 °C. The birds were provided with mealworms, sunflower
seeds and water ad libitum.

The experiments were carried out in wooden cages (70x70x70 cm) with wire-mesh
walls and ceiling and the one-way mirror front wall through which the birds were observed.

Graphosoma lineatum

Striated shieldbug (Graphosoma lineatum, Heteroptera: Pentatomidae) was selected as
a primary model true bug species. Shieldbugs were picked up at several locations in Prague
and kept in a thermostat-controlled environment at long-day photoperiod (16L:8D) and the
temperature oscillating between 24 °C (day) and 20 °C (night).

They were supplied with tops, leaves and seeds of their host plants: carrot (Daucus
carota), cow parsley (Anthriscus sylvestris) and garden angelica (Angelica archangelica) and
water.

Pyrrhocoris apterus

The firebug (Pyrrhocoris apterus) was chosen as a second model organism only for
the tests with green lizards as another living specimen of red-and-black aposematic
Heteroptera (Hotova Svadova et al. 2010).

Firebugs were collected at several localities in Prague and kept in captivity under
natural conditions similarly to the striated shieldbug. The firebugs were fed on host plants and
seeds of Malvaceae, Tiliaceae, Bombacaceae and Sterculiaceae with supplement of water.

Larvae of Tenebrio molitor

Mealworms (larvae of Tenebrio molitor, length approx. 20 mm) were used for the
experiments as a palatable prey. Tested chemicals were applied on the middle part of the
dorsal side of the body of a mealworm.

Adding chemicals on the surface of the middle part of the dorsal side of mealworms
did not change their behaviour in any way. Untreated mealworms were used as a control prey.

Chemicals

Tested chemicals represent major components of adult MTG secretion of striated
shieldbug G. lineatum (Stransky et al. 1998; Sanda et al. 2012). Following chemicals and
mixtures were tested: (1) the mixture of three aldehydes (3A): (E)-hex-2-enal, (E)-oct-2-enal,
(E)-dec-2-enal at a volume ratio 10:1:10; (2) the mixture of three aldehydes and tridecane
(TA), ratio 10:1:10:10; (3) oxoaldehyde (OXO): (E)-4-oxohex-2-enal; (4) extracted MTG
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secretion of G. lineatum adults (GS); (5) hexane (HX) — it was used as a non-polar solvent for
all the other chemicals and (6) pyrazine (PYR): 2-isobutyl-3-methoxypyrazine as a positive
control to exclude the effect of neophobia in the experiments with leopard geckos.

The mixtures of three aldehydes, tridecane and oxoaldehyde were used as their 2 %
solution in hexane; pyrazine was dissolved in the small amount of glycerol and then diluted in
distilled water to form its 0.003 % solution, which was sufficient to elicit potential aversive
reactions in chicks (Marples and Roper, 1996). Therefore, this concentration was chosen for
geckos as well due to their better nasal/vomeronasal sensitivity.

All chemicals were applied using a Hamilton syringe on the middle part of the dorsal
side of the mealworms in the amount of 2 pl, an amount of secretion that is usually discharged
by the striated shieldbug (M. Sanda, personal communication). Metathoracic scent-glands
secretion (GS) was obtained by simulated attacks to the striated shieldbugs. When the
shieldbug had released the secretion, it was applied directly on the dorsal side of the
mealworm.

Testing procedure

The same basic testing sequence was used for all types of the predators with the
exception of blue tits, where the testing sequence was shortened. Each animal was tested only
once.

The testing sequence consisted of ten mealworms presented successively in five-
minute trials. For the experimental groups tested with the chemicals (3A-TA-OXO-GS-PYR),
the sequences started with a hexane-treated mealworm followed by five mealworms treated
with the particular chemical corresponding to the experimental group, and ended with a
sequence of four hexane-treated mealworms. In case of blue tits, due to their smaller size, the
sequence was reduced to 6 mealworms — first mealworm treated with hexane followed by 3
mealworms with the particular chemical, and ended with two hexane-treated mealworms.
Animals from the control group (UM) were offered ten/six untreated mealworms; animals
from the hexane group (HX) were offered ten/six hexane-treated mealworms. This way, it was
possible to compare the reactions of animals towards the tested chemicals with potentially
repellent function with their reactions to hexane and to untreated mealworms.

The behaviour in different parts of the experimental sequence was also compared: (1)
“pre-chemical‘ trials in the beginning, (2) “chemical® trials with tested chemicals, and (3)
“post-chemical* trials following the experience with chemicals to differentiate between
immediate and persisting effect of the tested chemicals. In each trial, the animal was allowed
for five minutes to attack and potentially consume the mealworm, otherwise the trial was
stopped. The trial was stopped earlier, if the animal consumed the prey.

For the testing of lizard predators’ reactions to the living specimen of G. lineatum
(LG/3A) or P. apterus (LP/3A), the alternation of the untreated mealworm and the bug was
used until the lizard rejected the bug three times without any handling (manipulation by
touching and/or taking it into the mouth). The bug was offered maximally five times. This
sequence was followed by the standard sequence of ten mealworms treated by the mixture of
three aldehydes.

For lizard’s predator species following behavioural characteristics were recorded: (1)
Approach latencies — representing the time when the animal started to come purposefully
towards the prey; (2) Attack latencies — representing the time when the animal started to
handle the prey (after approaching it); and (3) Approach-attack intervals — representing the
degree of hesitation between approaching the prey and attacking the prey. The whole time
interval is evaluated during which the tested chemical could influence the predator’s
behaviour.
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For bird’s predators following behavioural characteristics were recorded: (1) Attack
latencies — representing the time when the bird started to handle the prey (touching, pecking
or seizing); and (2) Attack-eating intervals — representing the interval between the first attack
and the moment the bird started eating the prey.

Statistical analyses

The data were analysed using the statistical program R 3.0.1. Since the data were not
normally distributed (Shapiro-Wilk normality test), robust methods of analysis based on
ranks were applied. ANCOVA was used to estimate the underlying model and to evaluate the
impact of the chemicals. One of the assumptions of classical ANCOVA is normal distribution
of the data. Since this assumption was violated, the original method had to be adjusted
(inspired by Kruskal-Wallis ANOVA). Instead of the real time values, the ranks of the
recorded data (latencies of chosen behavioural elements) were used as the dependent variable,
and it was evaluated in which way these ranks depended on the other covariates: chemicals,
part of the experimental sequence (pre-chemical, chemical and post-chemical trials), age, sex
and weight (with age and weight entering the model as numerical variables, the other
covariates as categorical variables). An interaction between the time period and the chemical
was also assumed. Type II ANOVA table was used to evaluate the impact of the particular
covariates, and Tukey contrasts were used to compare chemicals within parts of the
experimental sequence.Type II ANOVA, which assesses the impact of each covariate, con-
trolling for the other covariates (their main effect) but not for interactions, was chosen since
not all types of interactions were anticipated in the model. The comparison of particular
chemicals was carried out in the final model which included only the covariates with a
significant impact on the dependent variable. A new “interaction variable” (chemical vs. part
of the experimental sequence) was used for this purpose. In all tests, significance was
assumed at p < 0.05.

Note, that the figures reflect the original recorded values (i.e. observed time of
reactions), whereas the numerical results come from the ranks of these times.

Ethical note

The experiments were carried out under the permission no. 24773/2008-10001 and CZ
00059 issued by the Central Commission for Animal Welfare of the Czech Republic (UKOZ).
Green lizards were catched under the permission obtained from Podyji National Park in
headquarter Znojmo (SZ NPP 0108/2010/8, NPP 0967/2010).

Bird capturing and experiments were carried out under the permissions 29532/2006-
30, CZU150/99 and CZ 00059 issued by Central Commission for Animal Welfare of the
Czech Republic (UKOZ), and MHMP-154521/04/00P-V-25/R-40/09/Pra issued by Prague
City Hall. Catching and ringing birds were performed under the licenses from Czech Ringing
Centre in Prague (Nos 876, 1110).

12. Results
12.1. Leopard gecko

For all behavioural characteristics and in all parts of the experimental sequence (pre-
chemical trials, chemical trials and post-chemical trials), the reactions of leopard geckos from
the hexane (HX) and pyrazine (PYR) groups did not significantly differ from untreated
mealworm (UM) control group. Therefore, the effect of neophobia could be excluded.
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For all behavioural characteristics, the reactions of leopard geckos for all tested groups
(BA-TA-OXO-GS-LG/3A) in the first control (pre-chemical) trial did not significantly differ
compared to the hexane group. Therefore, all geckos started the experiment with the same
motivation.

Approach latencies

Approach latencies were affected by tested chemicals (p < 0.001; F = 13.539; dfl =7,
df2 = 734), sex of the leopard geckos (p < 0.01; F = 7.371; dfl = 1; df2 = 734) and their
weight (p < 0.001; F = 37.064; df1 = 1; df2 = 734). Heavier animals usually hesitated longer
than lighter animals before approaching the mealworms. Females mostly hesitated longer than
males before approaching the mealworms. There was also a significant interaction between
the effect of chemicals and part of the experimental sequence (p < 0.05; F = 1.971; dfl = 14;
df2 = 734).

In chemical trials, leopard geckos tested with GS hesitated significantly longer before
approaching the chemical-treated mealworms compared to the geckos from the HX group
(Tukey Contrasts: p < 0.001). However, approach latencies of leopard geckos tested with the
rest of the chemicals did not significantly differ from geckos’ reactions in the HX group.
When the effects of tested chemicals on the approach latencies in chemical trials were
compared, following sequence was obtained: GS, 3A, LG/3A, TA, OXO, HX and UM. The
approach latencies in the UM group were thus the shortest (Tab. 1).

In post-chemical trials, the approach latencies could be again ordered based on the
effect of the tested chemicals. The approach latencies were the longest in the group previously
treated with 3A. The effect of other chemicals on approach latencies was following: TA, GS,
0XO, UM, LG/3A and HX. The approach latencies in the HX group were the shortest (Tab.

I).

Attack latencies

Attack latencies were affected by the tested chemicals (p < 0.001; F = 14.384; df1 = 7;
df2 = 734) and the weight of leopard geckos (p < 0.001; F = 18.041; dfl = 1; df2 = 734), but
not by their sex (p = 0.903; F = 0.015; dfl = 1; df2 = 734). Heavier animals usually hesitated
longer than lighter animals before attacking the mealworms. There was also a significant
interaction between the effect of chemicals and part of the experimental sequence (p < 0.001;
F =3.381; dfl = 14; df2 = 734).

In chemical trials, leopard geckos tested with GS and LG/3A hesitated significantly
longer before attacking the chemical-treated mealworms compared to the geckos from the HX
group (Tukey Contrasts: both p < 0.001). Attack latencies were also significantly longer in the
group treated with TA (p < 0.01) and 3A (p < 0.05). Attack latencies of leopard geckos tested
with OXO did not significantly differ from geckos’ reactions in the HX group (p = 1.000)
(Fig.1). The attack latencies in chemical trials were the longest in the group treated with GS.
The effect of other chemicals on attack latencies was following: LG/3A, TA, 3A, OXO, HX
and UM. The attack latencies in the UM group were the shortest (Tab. 1).

Approach-attack intervals

Approach-attack intervals were affected by the tested chemicals (p < 0.001; F = 12.768; dfl =
7; df2 = 734) and the weight of leopard geckos (p < 0.001; F = 10.925; dfl = 1; df2 = 734),
but not by their sex (p = 0.348; F = 0.883; dfl = 1; df2 = 734). Heavier animals were slower
when evaluating approach-attack intervals. There was also a significant interaction between
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the effect of chemicals and part of the experimental sequence (p < 0.001; F = 3.563; dfl = 14;
df2 =734).

The approach-attack intervals in chemical trials were the longest in the group treated
with LG/3A. The effect of other chemicals on approach-attack intervals was following: GS,
TA, 3A, OXO, HX and UM. The approach-attack intervals in the UM group were the shortest
(Tab. 1).

Manipulation with Graphosoma lineatum

During the testing of gecko’s reactions to the living specimen of G. lineatum following
characteristics in the bug handling were observed. Out of 10 tested animals, 6 geckos
manipulated the bug twice (out of a maximum of 5 offered bugs), 2 geckos only once and
remaining 2 geckos did not manipulate any of three offered bugs. It means that leopard
geckos manipulated the bug maximally twice. As a result of the manipulation, only two bug
specimens were killed, the remaining bugs were released unharmed. The results indicated that
5 offered bugs was sufficient number to gain the experience to avoid the bugs.

Summary

(1) Hexane did not have aversive effect on leopard geckos. Therefore, hexane could be
used as a non-polar solvent for the other chemical compounds.

(2) Pyrazine did not have aversive effect on leopard geckos as well as hexane. Therefore,
the effect of neophobia could be excluded.

(3) The mixture of three aldehydes had an aversive effect and it could also play a role as a
signal of unpalatability.

(4) The mixture of three aldehydes and tridecane had even more pronounced aversive
effect than the mixture of three aldehydes. Tridecane probably increases the impact of
the mixture of aldehydes to leopard geckos.

(5) Oxoladehyde alone did not have any aversive effect for leopard geckos.

(6) Whole MTG secretion had a strong aversive effect for leopard geckos.

(7) Presence of living specimen of G. lineatum increased the effect of the mixture of three
aldehydes as a signal of unpalatability.

12.2. Green lizard

For all behavioural characteristics in the chemical trials, the reactions of green lizards
from the hexane (HX) group significantly differed from untreated mealworm (UM) control
group. Therefore, the reactions of green lizards in the other groups (3A-TA-OXO-GS-LG/3A-
LP/3A) were compared with those of the untreated mealworm control group.

For all behavioural characteristics, the reactions of green lizards for all tested groups
(HX-3A-TA-OXO-GS-LG/3A-LP/3A) in the first control (pre-chemical) trial did not
significantly differ compared to the untreated mealworm control group (Tukey Contrasts).
Therefore, all lizards started the experiment with the same motivation.

Approach latencies
Approach latencies were influenced only by the tested chemicals (p < 0.001; F =

13.438; df1 = 7; df2 = 812), but not by the weight of the animals (p = 0.453; F = 0.565; dfl =
1; df2 = 812), their sex (p = 0.095; F = 2.359; df1 = 2; df2 = 812) nor their age (p = 0.555; F =
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0.348; dfl = 1; df2 = 812). An interaction between the effect of chemicals and part of the
experimental sequence was also not significant (p = 0.067; F = 1.626; dfl = 14; df2 = 812).

The aversive effect of the tested chemicals on the approach latencies of the green
lizards was evaluated similarly to leopard geckos — based on a coefficient of the rank-based
regression model — the higher its value the slower reaction of the animal and thus stronger
aversion towards the particular chemical. Following sequence was obtained: GS, LG/3A,
LP/3A, 3A, TA, OXO, HX and UM. The approach latencies in the UM group were thus the
shortest (Tab. 2).

Attack latencies

Attack latencies were influenced only by the tested chemicals (p < 0.001; F = 14.806;
dfl =7; df2 = 812), but not by the weight of the animals (p =0.373; F=0.793; dfl = 1; df2 =
812), their sex (p = 0.162; F = 1.825; dfl = 2; df2 = 812) nor their age (p = 0.541; F = 0.374;
dfl = 1; df2 = 812). There was a significant interaction between the effect of chemicals and
part of the experimental sequence (p < 0.05; F =2.047; df1 = 14; df2 = 812).

In chemical trials, all tested chemicals had significant effect on the attack latencies of
green lizards compared to the UM group (Tukey Contrasts: all p < 0.001) (Fig.2). The attack
latencies were the longest in the group treated with LG/3A. The effect of the other chemicals
on attack latencies was following: GS, LP/3A, 3A, TA, OX0O, HX and UM. The attack
latencies in the UM group were thus the shortest (Tab. 2).

In trials following the experience with the chemicals (post-chemical trials), green
lizards that had previous experience with GS and LP/3A hesitated significantly longer than
lizards from the UM group before attacking the mealworms, even when they were no longer
treated with the chemicals (Tukey Contrasts: p < 0.05; p < 0.01 respectively). Attack latencies
of the groups previously treated with the other chemicals did not significantly differ from the
UM group (Tukey Contrasts).

Approach-attack intervals

Approach-attack intervals were influenced by the tested chemicals (p < 0.001; F = 14.138; df1
= 7; df2 = 812) and the weight of green lizards (p < 0.01; F = 7.360; dfl = 1; df2 = 812), but
not by their sex (p = 0.200; F = 1.614; df1 = 2; df2 = 812) nor their age (p = 0.435; F = 0.609;
dfl = 1; df2 = 812). Heavier animals were faster when assessing approach-attack intervals.
Additionally, there was a significant interaction between the effect of chemicals and part of
the experimental sequence (p < 0.001; F = 2.693; df1 = 14; df2 = 812).

The approach-attack intervals were the longest in the group treated with LG/3A. The
effect of other chemicals on approach-attack intervals was following (Tab. 2): GS, LP/3A,
TA, 3A, OXO, HX and UM. The approach-attack intervals in the UM group were thus the
shortest.

Manipulation with Graphosoma lineatum

During the testing of lizard’s reactions to the living specimen of G. lineatum following
characteristics in the bug handling were observed. Out of 8 tested animals, 3 lizards
manipulated the bug twice (out of a maximum of 5 offered bugs), 3 lizards only once and
remaining 2 lizards did not manipulate any of three offered bugs. It means that green lizards
manipulated the bug maximally twice. All bugs were released unharmed, no one was killed.
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Manipulation with Pyrrhocoris apterus

Lizard’s reactions to the living specimen of P. apterus were different from the
observation made with G. lineatum. Following characteristics in the bug handling were
observed. Out of 7 tested animals, only 1 manipulated and killed the firebug. Remaining 6
animals did not manipulate any of three offered firebugs. All bugs were thus untouched,
except for one.

Summary

(1) Hexane had the weakest aversive effect on green lizards. Lizards hesitated with
mealworms treated with hexane in chemical trials. In the following trials (post-
chemical trials) they were already habituated to hexane.

(2) The aversive effect of the mixture of aldehydes was moderately stronger than the same
mixture enhanced by tridecane, which is in contradiction with hypothesis of tridecane
acting as a catalyst.

(3) The mixture of aldehydes enhanced by tridecane had a stronger aversive effect than
oxoaldehyde.

(4) Oxoaldehyde had the weakest aversive effect on green lizards from the tested
chemicals, which may be attributed to its odourless nature.

(5) Whole MTG secretion had a strong aversive effect for green lizards.

(6) The presence of living G. lineatum/ P. apterus increased the effect of the mixture of
three aldehydes. The strongest effect was observed in the presence of living specimen
G. lineatum, rather than P. apterus.

12.3. Great tit

For all behavioural characteristics and in all parts of the experimental sequence (pre-chemical
trials, chemical trials and post-chemical trials), the reactions of great tits from the hexane
(HX) group did not significantly differ from untreated mealworm (UM) control group.

For all behavioural characteristics, the reactions of great tits for all tested groups (3A-
TA-OXO-GS) in the first control (pre-chemical) trial did not significantly differ compared to
the hexane group. Therefore, all great tits started the experiment with the same motivation.

Attack latencies

Attack latencies were influenced by the tested chemicals (p < 0.001; F = 41.777; df1 =
5; df2 = 1940) and sex of the great tits (p < 0.001; F = 14.630; df1l = 1; df2 = 1940), but not
by their age (p = 0.857; F = 0.032; dfl = 1; df2 = 1940). Females were faster than males.
There was also a significant interaction between the effect of chemicals and part of the
experimental sequence (p < 0.001; F =3.129; df1 = 10; df2 = 1940).

In chemical trials, the attack latencies were significantly longer in the group treated
with GS and OXO (Tukey Contrasts: both p < 0.001) compared to the birds from the HX
group. 3A had also significant effect on attack latencies (Tukey Contrasts: p < 0.05), but its
strength was weaker compared to previous chemicals. Attack latencies of birds tested with TA
did not significantly differ from birds‘ reactions in the HX group (Tukey Contrasts: p = 0.884)
(Fig. 3).
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The great tits hesitated most before attacking the prey treated with OXO (Tab. 3). The
effect of the other chemicals on attack latencies was following: GS, 3A, UM, TA and HX.
The attack latencies in the HX group were thus the shortest.

In trials following the experience with the chemicals (post-chemical trials), great tits
that had previous experience with GS, OXO and with 3A hesitated significantly longer before
attacking the prey, even when the mealworms were no longer treated with the chemical
(Tukey Contrasts: all p < 0.001).

Attack-eating intervals

Attack-eating intervals were affected by the tested chemicals (p < 0.001; F = 82.401;
df1 = 5; df2 = 1940) and the age of great tits (p < 0.001; F = 11.061; df1 = 1; df2 = 1940), but
not by their sex (p = 0.827; F = 0.048; dfl = 1; df2 = 1940). Younger birds were slower than
older birds. There was also a significant interaction between the effect of chemicals and part
of the experimental sequence (p < 0.001; F = 3.138; df1 = 10; df2 = 1940).

When assessing attack-eating intervals, the great tits hesitated most to the prey treated
with OXO in chemical trials (Tab. 3). The effect of the other chemicals on attack-eating
intervals was following: GS, 3A, TA, UM and HX. The attack-eating intervals in the HX
group were thus the shortest.

In trials following the experience with the chemicals (post-chemical trials), when
assessing attack-eating intervals, the great tits that had previous experience with GS, OXO
and 3A hesitated significantly longer than birds from the HX group, even when the
mealworms were no longer treated with the chemicals (Tukey Contrasts: all p < 0.001).

Summary

(1) Great tits did not show any aversive reaction to hexane.

(2) The mixture of three aldehydes had aversive effect on great tits when they attacked the
prey and when evaluating attack-eating intervals. Therefore, it could play a role as a
signal of unpalatability.

(3) The mixture of three aldehydes and tridecane did not have any aversive effect on great
tits when they attacked the prey. Weak aversive effect was observed when evaluating
attack-eating intervals in the chemical trials. Tridecane probably decreases the impact of
the mixture of three aldehydes on great tits.

(4) Oxoaldehyde had a strong aversive effect for great tits.

(5) Whole MTG secretion had clearly an aversive effect for great tits.

12.4. Blue tit

For all behavioural characteristics, the reactions of blue tits for all tested groups (HX-
3A-OXO0O-GYS) in the first control (pre-chemical) trial did not significantly differ compared to
the untreated mealworm control group (Tukey Contrasts). Therefore, all birds started the
experiment with the same motivation.

Attack latencies

Attack latencies were affected by the chemicals (p < 0.001; F = 25.128; dfl = 4; df2 =
529), but not by the sex of the birds (p = 0.390; F = 0.739; df1 = 1; df2 = 529) nor their age (p
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= 0.536; F = 0.384; dfl = 1; df2 = 529). An interaction between the effect of chemicals and
part of the experimental sequence was also not significant (p = 0.113; F = 1.630; df1l = 8; df2
=529).

In chemical trials, the attack latencies were significantly longer only in the group
treated with GS (Tukey Contrasts: p < 0.001) compared to the birds in the UM group. The
attack latencies of birds tested with 3A, OXO and HX did not significantly differ from birds’
reactions in the UM group (Tukey Contrasts: p = 0.122; p = 0.873; p = 0.994 respectively)
(Fig. 4).

The blue tits hesitated most before attacking the prey treated with GS. The effect of
the other chemicals on attack latencies was following (Tab. 4): 3A, OXO, HX and UM. The
attack latencies in the UM group were thus the shortest.

Attack-eating intervals

Attack-eating intervals were influenced only by the tested chemicals (p < 0.001; F =
16.697; df1 = 4; df2 = 529), not but the sex of blue tits (p = 0.095; F = 2.802; df1 = 1; df2 =
529) nor their age (p = 0.249; F = 1.330; dfl = 1; df2 = 529). An interaction between the
effect of chemicals and part of the experimental sequence was not significant (p = 0.359; F =
1.103; df1 = 8; df2 = 529).

When evaluating attack-eating intervals, the blue tits hesitated most before attacking
the prey treated with GS. The effect of the other chemicals on attack-eating intervals was
following: HX, OXO, 3A and UM. The attack-eating intervals in the UM group were thus the
shortest (Tab. 4).

Summary

(1) For blue tits hexane had an aversive after-effect when attacking the prey. On the other
hand, when evaluating attack-eating intervals blue tits were able to overcome the toxin
burden of hexane in the post-chemical trials.

(2) The mixture of three aldehydes had clearly an aversive effect on blue tits in the post-
chemical trials when evaluating attack latencies.

(3) For blue tits oxoaldehyde had delayed effect when attacking the prey (post-chemical
trials), whereas it had aversive effect in the chemical trials when evaluating attack-eating
intervals. Therefore, oxoaldehyde could function as a direct toxin.

(4) Whole MTG secretion had clearly an aversive effect for blue tits.

(5) Blue tits hesitated most to the whole MTG secretion of G. lineatum.

13. Discussion and Conclusions

The obtained results agree with the hypothesis, that repellency is dependent mostly on
the aldehydes (Eisner 1970; Hamilton et al. 1985; Gunawardena and Herath 1991). Geckos
and lizards as well as birds faced the predator’s dilemma — to starve or to eat a potentially
toxic prey (Glendinning 2007). The rejection of chemically defended prey in geckos is
probably based on olfaction/vomerolfaction (Halpern 1987; Schwenk 1993). Therefore, the
major role may play olfactory aposematism (Eisner and Grant 1981; Weldon 2013). Geckos
are highly sensitive to airborne volatiles, more than the other lizard species (Schwenk 1993).
Whereas olfaction is involved particularly in the detection of food and potential predators and
responds primarily to volatiles, the vomeronasal system is focused on novel stimuli and
reproductive behaviour and it is sensitive also to nonvolatiles (Schwenk 1993).
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For green lizards rejection of chemically defended prey is probably based on (1)
gustation (Schwenk 1985; Bonacci et al. 2008) and (2) olfaction/vomerolfaction (Cooper
1991, 1996). The previous experiments showed that prey chemical discrimination is mediated
by vomerolfaction rather than olfaction in lizards (see Cooper 1997). Since MTG secretion is
highly odorous and volatile (e.g. aldehydes) (Durak and Kalender 2009; Sanda et al. 2012), it
seems that geckos as well as lizards can avoid chemically defended prey based on odorous
signal alone.

The rejection of chemically defended prey in birds is probably based on (1) taste
(Schlee 1986; Skelhorn and Rowe 2006a,b,c,d), but role may play also (2) olfactory
aposematism (Eisner and Grant 1981; Weldon 2013) and (3) chemesthesis (Conner et al.
2007).

Birds have very different behavioural strategies when dealing with prey that have
internal/external chemical defences (Skelhorn and Rowe 2006a). These “handling techniques”
avoid or minimize contact with the secretion (Schlee 1986). In our experiments birds clearly
used such handling techniques. They ate only inner parts, tore mealworms into pieces and
wiped their beaks on perches during/after eating the mealworms. Birds can selectively reject
visually identical prey based on their chemical investment (Skelhorn and Rowe 2006d). It was
also observed aversive behaviour from distance such as blinking in the presence of the
mealworm treated with the mixture of three aldehydes (not in the presence of oxoaldehyde,
hexane and pyrazine) and with the whole MTG secretion (the same behaviour was observed
also in case of lizards). Therefore, it seems that some applied chemicals (such as the mixture
of three aldehydes) and the whole MTG secretion have strong odorous function as a signal
from distance as well as the potential to elicit pain when inhaled (eye, respiratory system).
This could be reliable signal related to the level of defence and it also indicates that chemical
secretion could work as a signal and a secondary defence component (Gohli and Hogstedt
2009).

The comparative study of aversive effects of individual chemical compounds of repellent
secretion of Graphosoma lineatum toward four different predator species revealed a broad
measure of similarities among them particularly in response to a complete MTG secretion. It
also confirmed the essential role of aldehydes in the repellent effect, yet in the response
toward particular aldehydes the tested taxa significantly differ. It suggests that the chemical
complexity of the repellent secretion might result from subsequent selection by predators of
different groups. The outputs of particular experiments can be summarized as follows:

1. Hexane (used as a non-polar solvent for the other chemicals)
Hexane did not have any aversive effect on leopard geckos and great tits. In case of
green lizards hexane had slightly aversive effect in the chemical trials, whereas in the
post-chemical trials (when hexane was still present on the mealworms) green lizards
were already habituated to it. The same behaviour was observed in case of blue tits
when evaluating attack-eating intervals. On the other hand, hexane had an aversive
after-effect on blue tits when birds attacked the prey in the post-chemical trials.

2. Pyrazine (positive control in the experiments with leopard geckos)
Pyrazine was used as a positive control in the experiments with leopard geckos in
order to exclude the effect of neophobia towards new malodours. The results showed
that pyrazine did not have any aversive effect on leopard geckos in any scored
behaviour. Therefore, neophobia could be excluded for leopard geckos.
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. The mixture of three aldehydes

The mixture of three aldehydes had an aversive effect for all chosen predator species
although the predators reacted differently. In case of lizard predators, this mixture
caused aversive reaction when present on the mealworms (chemical trials). On the
other hand, great tits were able to generalize the prey previously treated with the
mixture of three aldehydes. In case of blue tits, this mixture caused an aversive after-
effect (attack latencies). It seems that the mixture of three aldehydes could play a role
as a signal of unpalatability and it could elicit generalization.

. The mixture of three aldehydes and tridecane

The mixture of three aldehydes and tridecane had a strong aversive effect for leopard
geckos. In this case tridecane probably increases the impact of the mixture of
aldehydes to leopard geckos. In case of green lizards, tridecane decreased the potency
of the mixture of three aldehydes, but still there was a stronger effect of this mixture
and tridecane compared to oxoaldehyde. Similar effect was observed also for great tits
where the mixture of three aldehydes and tridecane had only a weak effect in one of
the two scored behaviours (attack-eating intervals).

. Oxoaldehyde

Oxoaldehyde did not have any aversive effect for leopard geckos, whereas in case of
green lizards there was observed a weak aversive effect. As for the bird predators,
oxoaldehyde had a strong aversive effect for great tits, whereas for blue tits this effect
was delayed. Oxoaldehyde could function as a direct toxin for great tits. For blue tits it
had a strong after-effect. The reason why the predators reacted so differently towards
oxoaldehyde could be explained by different levels of the gustation among the
predators.

. Graphosoma secretion
For all four chosen predators MTG secretion of G. lineatum had clearly an aversive
effect and may function as a signal as well as a secondary chemical defence.

. Presence of living specimen of G. lineatum before chemical sequence test
The presence of living specimen of G. lineatum increased the effect of the mixture of
three aldehydes as a signal of unpalatability in leopard geckos as well as in green
lizards.

. Presence of living specimen of P. apterus before chemical sequence test

The presence of living specimen of P. apterus also increased the effect of the mixture
of three aldehydes and also elicited generalization in green lizards. However, the
strongest effect was observed in the presence of G. lineatum, rather than P. apterus.
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Obr. 1: Latence manipulace s kofisti v pokusech s
testovanymi chemikaliemi (originalni hodnoty) u
gekoncikt nocnich

Latence manipulace s kofisti jsou znazornény na ose y.
Graf odrazi origindlni hodnoty (¢as, kdy gekoncik zacal
manipulovat s kofisti).

(vnitfni linie = median; box = doIni a horni kvartil; vousy =
neodlehla pozorovani; krouzky = odlehlé hodnoty)

Fig. 1: Attack latencies in trials with tested chemicals —
chemical trials (original values) in leopard geckos
Attack latencies are presented on y-axis. The figures
reflect the original recorded values (the time when the
gecko started to handle the prey).

(band inside the box = median; box = lower and upper
quartile; whiskers = nonoutlier range; circles = outlier data)

oo

T

Time (sec)
200
1

150
1
°

'
'
'
'
'
'
'

'

'

'

'

L

TA [0) (o) GS LGI3A LPIBA

50

100
1

S
Lo |

T |

 —
=

UM HX

Chemicals

Obr. 2: Latence manipulace s koristi v pokusech
s testovanymi chemikaliemi (originalni hodnoty) u
jestérek zelenych

Latence manipulace s kofisti jsou znazornény na ose y.
Graf odrdzi originalni hodnoty (Cas, kdy jeStérka zacala
manipulovat s kofisti).

(vnitfni linie = median; box = dolni a horni kvartil; vousy =
neodlehla pozorovani; krouzky = odlehlé hodnoty)

Fig. 2: Attack latencies in trials with tested chemicals —
chemical trials (original values) in green lizards

Attack latencies are presented on y-axis. The figures
reflect the original recorded values (the time when the
lizard started to handle the prey).

(band inside the box = median; box = lower and upper
quartile; whiskers = nonoutlier range; circles = outlier data)
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Chemicals UM HX PYR 3A TA OXO GS LG/A3A
Estimate (regression coefficient)

A - Approach latencies

Chemical trials -263.7 -2158 -2124 -939 -1236 -187.7 14.7 -120.9

Post-chemical trials 2600 -3104 -309.2 -1165 -133.1 -209.5 -138.8 -308.2

B - Attack latencies

Chemical trials -301.9 -2168 -1658 -634 -45.1 -170.8 25 29

C - Approach-attack intervals

Chemical trials -2190 -131.8 -77.0 403 404 -722 737 107.2

Tab. 1: Aversivni vliv testovanych chemikalii na
jednotlivé behavioralni charakteristiky u gekonéiku
nocnich

Regresni koeficent odhadu (Estimate): regresni model
danou chemikalii).

Tab. 1: The aversive effect of the tested chemical
compounds on the individual  behavioural
characteristics of leopard geckos

Estimate: effect on behavioural characteristics estimated
by a rank-based regression model (the lower the number
the faster the reaction to the chemical).

Chemicals UM HX 3A TA OXO GS LG/3A LP3A
Estimate (regression coefficient)

A - Approach latencies

Chemical trials -2562 -59.1 32 -222 -259 1271 92.6 54

B - Attack latencies

Chemical trials -2484 -45.1 11.2 -09 -128 1579 1620 33.2

C - Approach-attack intervals

Chemical trials -245.1 -22.1 17.8 3.1 -162 1713  174.1 452

Tab. 2: Aversivni vliv testovanych chemikalii na
jednotlivé behavioralni charakteristiky u jeStérek
zelenych

Regresni koeficent odhadu (Estimate): regresni model
danou chemikalii).

Tab. 2: The aversive effect of the tested chemical
compounds on the individual behavioural
characteristics of green lizards

Estimate: effect on behavioural characteristics estimated
by a rank-based regression model (the lower the number
the faster the reaction to the chemical).
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Obr. 3: Latence manipulace s kofisti v pokusech

s testovanymi chemikaliemi (originalni hodnoty) u
sykor konader

Latence manipulace s kofisti jsou znazornény na ose y.
Graf odrazi originalni hodnoty (¢as, kdy sykora koriadra
zacala manipulovat s kofisti).

(vnitfni linie = median; box = doIni a horni kvartil; vousy =
neodlehla pozorovani; krouzky = odlehlé hodnoty)

Fig. 3: Attack latencies in trials with tested chemicals —
chemical trials (original values) in great tits

Attack latencies are presented on y-axis. The figures
reflect the original recorded values (the time when the bird
started to handle the prey (touching, pecking or seizing)).
(band inside the box = median; box = lower and upper
quartile; whiskers = nonoutlier range; circles = outlier data)

8 g o o o s
L :
£ ig5 ] =
F e o !
o _ = Q == 4
T T T T T
um HX 3A oxo GS
Chemicals
Obr. 4: Latence manipulace s kofisti v pokusech

s testovanymi chemikaliemi
sykor modfinek

Latence manipulace s kofisti jsou znazornény na ose y.
Graf odrazi originalni hodnoty (€as, kdy sykora modfinka
zacgala manipulovat s kofisti).

(vnitfni linie = median; box = doIni a horni kvartil; vousy =
neodlehla pozorovani; krouzky = odlehlé hodnoty)

Fig. 4: Attack latencies in trials with tested chemicals —
chemical trials (original values) in blue tits

Attack latencies are presented on y-axis. The figures
reflect the original recorded values (the time when the bird
started to handle the prey (touching, pecking or seizing)).
(band inside the box = median; box = lower and upper
quartile; whiskers = nonoutlier range; circles = outlier data)
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Chemicals UM HX 3A TA 0X0 GS
Estimate (regression coefficient)
A - Attack latencies
Chemical trials 92.2 394 1774 90.0 407.2 387.2
Post-chemical trials 149.3 49.1 3928 102.3 665.6 531.3
B - Attack-eating intervals
acnnc:ll trials - - 31 l 81.9 27‘).77 TNTI 3 649.2 z;
Post-chemical trials 181.1 9.5 336.5 113.9 611.0 644.0
Tab. 3: Aversivni vliv testovanych chemikalii na
jednotlivé behavioralni charakteristiky u sykor
konader
Regresni koeficent odhadu (Estimate): regresni model
zalozeny na poradi (¢im nizsi Cislo tim rychlejSi reakce na
danou chemikalii).
Tab. 3: The aversive effect of the tested chemical
compounds on the individual behavioural
characteristics of great tits
Estimate: effect on behavioural characteristics estimated
by a rank-based regression model (the lower the number
the faster the reaction to the chemical).
Chemicals UM HX 3A 0X0 GS
Estimate (regression coefficient)
A - Attack latencies
Chemical trials -722 -332 14.8 -19.2 104.8
Post-chemical trials -122.1 8.5 13.6 -23 123.4
B - Attack-eating intervals
Chemical trials 7.3 1447 280 1256 1465

Tab. 4: Aversivni vliv testovanych chemikalii na
jednotlivé behavioralni charakteristiky u sykor
modfrinek

Regresni koeficent odhadu (Estimate): regresni model
danou chemikalii).

Tab. 1: The aversive effect of the tested chemical
compounds on the individual behavioural
characteristics of blue tits

Estimate: effect on behavioural characteristics estimated
by a rank-based regression model (the lower the number
the faster the reaction to the chemical).
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Seznam publikaci / Selected publications

Gregorovitova, M., Cernikova A. (2015a): Reactions of green lizards (Lacerta viridis) to
major repellent compounds secreted by Graphosoma lineatum (Heteroptera:
Pentatomidae).

Zoology 118: 176 — 182

The chemical defence of Heteroptera is primarily based on repellent secretions which signal
the potential toxicity of the bug to its predators. We tested the aversive reactions of green
lizards (Lacerta viridis) towards the major compounds of the defensive secretion of
Graphosoma lineatum, specifically: (i) a mixture of three aldehydes: (E)-hex-2-enal, (E)-oct-
2-enal, (E)-dec-2-enal; (ii) a mixture of these three aldehydes and tridecane; (iii) oxoaldehyde:
(E)-4-oxohex-2-enal; (iv) secretion extracted from metathoracic scent glands of G. lineatum
adults and (v) hexane as a non-polar solvent. All chemicals were presented on a palatable
food (Tenebrio molitor larvae). The aversive reactions of the green lizards towards the
mealworms were evaluated by observing the approach latencies, attack latencies and
approach—attack intervals. The green lizards exhibited a strong aversive reaction to the
mixture of three aldehydes. Tridecane reduced the aversive reaction to the aldehyde mixture.
Oxoaldehyde caused the weakest, but still significant, aversive reaction. The secretion from
whole metathoracic scent glands also clearly had an aversive effect on the green lizards.
Moreover, when a living specimen of G. lineatum or Pyrrhocoris apterus (another aposematic
red-and-black prey) was presented to the green lizards before the trials with the aldehyde
mixture, the aversive effect of the mixture was enhanced. In conclusion, the mixture of three
aldehydes had the strong aversive effect and could signal the potential toxicity of G. lineatum
to the green lizards.

Gregorovitova, M., Cernikova A. (2015b): Reactions of leopard geckos (Eublepharis
macularius) to defensive secretion of Graphosoma lineatum (Heteroptera Pentatomidae):
an experimental approach.

Ethology Ecology & Evolution doi: 10.1080/03949370.2015.1059895

Chemical protection of Heteroptera is mostly based on repellent secretion, which might signal
the unpalatability of the bug to its potential predators or be directly toxic to predators. The
aversive reactions of leopard geckos (Eublepharis macularius) were tested towards the major
compounds of defensive secretion of Graphosoma lineatum: (1) a mixture of three aldehydes:
(E)-hex-2-enal, (E)-oct-2-enal, (E)-dec-2-enal; (2) a mixture of three aldehydes and tridecane;
(3) oxoaldehyde: (E)-4-oxohex-2-enal; (4) extracted metathoracic scent-glands secretion of
Graphosoma lineatum adults and (5) hexane as a non-polar solvent. Additionally, (6) 2-
isobutyl-3-methoxypyrazine was used to exclude the effect of neophobia. All chemicals were
applied on a palatable food (Tenebrio molitor larvae). The aversive reactions of leopard
geckos towards the mealworms were evaluated by observing the approach latencies, attack
latencies and approach—attack intervals. Leopard geckos exhibited aversive reactions to the
mixture of three aldehydes and also to this mixture and tridecane. Oxoaldehyde did not have
any aversive effect. The whole metathoracic scent-glands secretion clearly had an aversive
effect on geckos. Furthemore, when a living specimen of Graphosoma lineatum was offered
to the geckos before the trials with the mixture of three aldehydes, the impact of this mixture
was enhanced, thus acting as a potential signal of unpalatability.
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