Antipredatory function of Graphosoma lineatum

(Heteroptera, Pentatomidae) coloration

Bakalarska prace — Petr Vesely
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UvoD

Aposematismus a mimikry

Pojem mimikry (mimeze) byl jvodné pouZivdn pro napodobovéani rostlinny¢sti
Zivogichy za @elem zneviditelsni pro predatory (Kirby and Spence 1815, 1817 em&@k
2001). Postuphbylo odhaleno mnoho vztalorganisnd, v nichz je uzivano napodobovani,
a’ uz s funkci antipredai ¢i jinak signaliz&ni. Aposematismus je jev zahrnujicicité
pripady antipred&ni signalizace mezi organismyjfi michZ nepoZivatelnd kst zpravidla
davé najevo svou nevyhodnost pro predatora napadarvenim. Podil na optick&sti
aposematického signalu ma také dspdani barev dotznych vzoti (Alatalo and Mappes
1996; Lindstrom 1999; Lindstrom, Alatalo et al. 200 DalSi ¢asti optického signalu
podpdujici vystraznost mohou byt tvar (Alatalo and Mapp&996) a velikost éta
(Gamberale and Sillén-Tullberg 1996a), které awmlj mnoZzZstvi barvy, fipadré vzor
daného aposematik€astym jevem je kombinace optickych signdle signaly¢ichovymi
(Marples, Van Veelen et al. 1994) a ¢bwmi (Sword 1999). Tyto jevy byly dnem
poslednich let intenzi¥nstudovany a byly vyvinuty nejergjSi experimentalni postupy
odhalujici fizné aspekty komunikace mezi ¢adtrenymi organismy (Silberglied 1979;
Guilford and Dawkins 1991; Guilford and Dawkins 39Marples, Van Veelen et al. 1994;
Rowe and Guilford 1996; Speed 2000).

Experimentalni vyzkum aposematismu

V dosavadnim vyzkumu aposematismu coby antigirgidatrategie byly uZivanytyii
hlavni gistupy: 1) observmi metody: rozbory potravy (Exnerova, Stys et &003),
pozorovani predatara jejich kdisti v ptirozenych podminkach (Collins and Watson 1983;
Peres and v. Roosmalen 1996}iemi girodniho materialu (Srygley 1994; Ohsaki 1995), 2)
polni experimenty (Morrell and Turner 1970; Waldeawand Sternburg 1987; Lyytinen,
Alatalo et al. 1999) 3) laboratorni experimentyz(wilale) a 4) ugle simulované modely
minimalizovat mnozstvi WjSich vlivii na piibeh pokusu, ale zéroviese rgkteré nové faktory
souvisejici se zajetim objevuji (Roper 1990).

Jako predatd byli pouzivani opticky se orientujici Zigirhové, nejastji ptaci (viz dale),
plazi (Krall, Bartelt et al. 1999; Sword 1999), als/by (D'Heursel and Haddad 1999) nebo
hmyz (Kauppinen and Mappes 2003). PouZzité preddteryozdélit na naivni, bez jakékoliv
mozné pedchozi zkuSenosti s experimentalnfiid a na predatory, u nichz lze zkuSenost s
koristi otekavat (v pirodé odchyceni¢i pozorovani). Nejasgji pouzivanymi v pirode

odchycenymi pt&imi predatory jsou na Americkém kontin&ntlhovci druhu Agelaius



phoeniceus (Avery and Nelms 1990), sykorernohlavéParus atricapillus (Alcock 1970),
sojky chocholatdCyanocitta cristata (Coppinger 1969; Bowers 1983), ale i strnadoviti
(Cardoso 1997) a v Evrépejsci (Ficedula hypoleuca) (Lyytinen, Alatalo et al. 1999), sykory
(hlavns Parus major) (Jarvi, Sillén-Tullberg et al. 1981; Sillén-Tudlly 1990), kosiTurdus
merula) (Marples, Roper et al. 1998) nebervenky Erithacus rubecula) (Gibson 1980;
Marples, Roper et al. 1998). Jako naivni predateey pouzit rdn¢ dochovana midata
v piirode beézné se vyskytujicich druly kterd nerila mozZnost setkat se s pokusnouitd,
ackoliv pati k druhu, ktery se s ni vijpodé mize kEZné potkavat: sykora kitadra Parus
major (Wiklund and Jéarvi 1982; Sillén-Tullberg 1985bjl&i-Tullberg 1990; Alatalo and
Mappes 1996; Lindstrom, Alatalo et al. 1999b), sgkmodinka Parus caeruleus (Wiklund
and Jarvi 1982), Spaek obecnySturnus vulgaris (Wiklund and Jarvi 1982),tkpelka polni
Coturnix coturnix (Wiklund and Jarvi 1982; Evans, Castoriades et@87), sojka chocholati
Cyanocitta cristata (Coppinger 1970), vihovec nachowQuiscalus quiscula (Coppinger
1970), vihoveciervenokidly Agelaius phoeniceus (Coppinger 1970) nebo tyran Zlutalhy
Pitangus sulphuratus (Smith 1977). Druhy typ naivnich preddtojsou druhy, které se
s predkladanou kigsti nikdy setkat nemohou t{auZz z geografickych, ekologickycki
behavioralnich d@ivodd): zel¥icky Taeniopygia guttata (Sillén-Tullberg 1985a), komeme
chovana kiata Gallus gallus domesticus (Gittleman, Harvey et al. 1980; Gamberale and
Sillén-Tullberg 1996a; Roper and Marples 1997; Gamale-Stille and Sillén-Tullberg 1999;
Sillén-Tullberg, Gamberale-Stille et al. 2000exelkyCoturnix coturnix japonica (Marples,
Van Veelen et al. 1994). Predtse stavaji naivnimi i tehdy je-li jimiedkladana ugle
vytvorend potrava (Alatalo and Mappes 1996; Lindstronata#ld et al. 1999a; Lindstrom,
Alatalo et al. 2001).

Pokusnou kiist Ize rozdlit do dvou hlavnich kategorii, na kst umglou a na kaist
ptirozenou. Uil Kkaist je uZivana fedevSim v experimentech, které se snazi odhalit
principy evoluce aposematismu (Alatalo and Map@36] Lindstrom, Alatalo et al. 1999a;
Lindstrém, Alatalo et al. 2001), protoZze predatmohou byt povaZzovani za naivni (nejen
vzhledem Kk jedinci, ale i k celému druhu). Navicélankaist skytd nepeberné mnozstvi
variability jak v optickych, tak v olfaktorickychgnélech. Posledni dobou se vyuZiva tohoto
designu stalecastji i v reSeni jinych otazek — napvliv kontrastu kaéisti k pozadi
(Gamberale-Stille and Guilford 2003). Jinyrfigadem urdlé koristi je vicemén prirozena
potrava, ovSem Umysinmodifikovana experimentatorem, rfapbarvené pgvo (Speed,
Alderson et al. 2000), obarveny hmyz (Lindstromatalo et al. 1999b), nebo se jedna o
mutace v pirock se vyskytujicich druh(Sillén-Tullberg 1985b).

Prirozena kaéist mize byt gedklddana viznych formach: ZzivA nebo znehyimd ¢i
umrtvena (Coppinger 1969; Coppinger 1970), soliteatabo gregaricka (Sillén-Tullberg
1990; Gamberale and Sillén-Tullberg 1996b). Mohoubft semena rostlin (Gittleman,



Harvey et al. 1980; Peres and v. Roosmalen 1986¥as€|Si je testovani aposematismu u
Zivocichi. Jako pirozenou Zivou kiist I1ze pouzit rskkySe (Allen, Raymond et al. 1988)
nebo obojzivelniky (Brodie 1980; D'Heursel and Hadld1999), ale bezkonkur&m
nejicastjsi jsou pokusy s hmyzem.

Ty ovS8em mohou mit takéizny design podle cile vyzkumu: byla pouzivarana
vyvojova stadia téhoz druhu hmyzu (Sillén-Tullberd/iklund et al. 1982), bare¥n
polymorfni druhy (Sillén-Tullberg 1985a; Sillén-Tatrg 1985b) nebo vicéznych hmyzich
pokusy v nichZ jsou jako kist predkladani motyli a jejich larvy. Bylo popsangékolik
mimetickych komple& motyli na nichz byly provathy experimentalni studieCplosyne
harrisii — Euphydryas phaeton — (Bowers 1983)lLimenitis archippus — Danaus plexippus —
Danaus gilippus — (Ritland 1991), nebo studie pouze testuji aposénmst signal
vybraného druhu (drdf) — nag. podtel. Heliconiinae (Benson 1971), rdehpilio (Jarvi,
Sillén-Tullberg et al. 1981; Minno and Emmel 1998)|. Pieridae (Lyytinen, Alatalo et al.
1999). Jako dalSi hmyzi Ket byla pouzita sarg&ata (Sword 2001), slutka (Marples, Van
Veelen et al. 1994) a jini brouci (Hetz and Slobokioff 1988; De Cock and Matthysen
2001), ¢asté jsou studie zabyvajici se blatidkkm a dvoukidlym hmyzem (Evans and
Waldbauer 1982; Howarth and Edmunds 2000; KauppamehMappes 2003).

Experimentalni vyzkum na plosticich

Muzemetrici, Ze druhou nejhofsi skupinou hmyzu, na niz je prowédvyzkum v oblasti
aposematismu jsou plostice (Heteroptera). Vellaat zastupc tohoto radu je vybavena
urcitym zdrojem chemické obrany, jehoZz chemické sloZzeniEinky (véetrg zmgn béhem
ontogenetického vyvoje jedince) byly podrobovanyomym studiim — nap Pentatomidae
(Akpata and Olagbemiro 1982; Aldrich, Avery et 4P96; Krall, Bartelt et al. 1999),
Pyrrhocoridae (Farine, Bonnard et al. 1992; Fari®982), Coreidae (Gunawardena and
Bandumathie 1993), Miridae (Wardle, Borden et 803). Obranné latky vznikaji obdobn
jako u tSiny hmyzich aposematiksekvestraci z potravy (Sillén-Tullberg, GambeGiide
et al. 2000; Aliabadi, Renwick et al. 2002), vz§crsyntézou z vlastnich latek (Cardoso
1997). Mér casté jsou prace pojednavajici o morfologii Zlazdpkajici obranné latky
(Cassier, Nagnan et al. 1994). Také druh& podmapkesematismu - vystraznost zbarveni -
byla prokazana v mnohgeledich heteropter — Coreidae (Schlee 1986), Renidée (Schlee
1986), Pyrrhocoridae (Wiklund and Jarvi 1982; SeHl686; Exnerova, Landova et al. 2003),
Lygaeidae (Sillén-Tullberg 1985a).

Konkrétni vyzkumy se pokousSely zodgot mnohé otdzky tykajici se aposematismu.
Zakladni otazkou je do jaké miry se plostice vygkyv potra¥ ve volné pirodé Zijicich

druhi (Creutz 1953; Exnerova, Stys et al. 2003). Prupieementy zkousely poZivatelnost



plostiich druhi pro mizné predatory (Ullrich 1953; Schliee 1986). KraBarlet et al.(1999)
provedli chemickou analyzu obrannych latek ploStideuhu Cosmopepla bimaculata
(Pentatomidae) a zaravetestovali jejich antipredai funkci. Jako predatory pouZzili naivni
ptaky (Charadrius vociferus, Surnus vulgaris, Turdus migratorius) i plazy (@nolis
carolinensis). Po opakovanémiedloZzeni plostic schopnych sekrece drazdivych |&ek
predatdéi nawili této koristi vyhybat. U jeding@, u nichZ byla sekrece repelentnich latek
znemozgna, byla mira predace vyssi.

Reakce predatora na aposematickotiskovSak skryvd mnohé dalSi aspekty. Problém
generalizace mezi jednotlivymiizré intenzivré vystraz zbarvenymi a zré¢ chemicky
chrargnymi zastupciceledi Lygaeidae se snaZilgSit Gamberale-Stille a Sillen-Tullberg
(1999). Pouziti naivni pred&ta Gallus gallus domesticus) byli schopni generalizovat mezi
jednotlivymi druhy a odmitali i ploStice jen pod@gm, jez se natili odmitat. Obdobnou
studii proved| Evans et al. (1987) na zastupcttitealedi plostic (Cercopidae, Lygaeidae,
Pentatomidae — vSichni vybrani zastupélimierno<ervenou kresbu). Predéigkiepelky) se
nawili vyhybat pesite zbarvené kasti bez ohledu na druhovottiglusnost. Zkouman byl také
vliv barevné variability uvnit jednoho plostiiho druhu. Sillén-Tullberg (1985b) nabizela
rucné odchovanym kitadram Parus major) dw barevné (aposematicka a krypticka) formy
druhuLygeus equestris. Aposematicka formarpzivala v daleko&tsi mire nez krypticka

Gamberale-Stille a Sillen-Tullberg (1996a) dale kdzaly, Ze dlesrt veétsi instary
aposematické plosticeTropidothorax leucopterus, Lygaeidae) jsou siliji chrareny pred
Utokem predatora (kata) nez menSi. Na stejném druhu ploStice byl talstovan vliv
gregarioznosti kiisti (Gamberale and Sillén-Tullberg 1998). Byla kiipana ¥tSi averze
predatora (kkata) wici kotristi shromazéné ve ¥tSi skupig. U neaposematické ploStice
(Graptosthetus servus) se stejny efekt nedostavil. Sillén-Tullberg (2ppeovadla u Lygaeus
equestris a Tropidothorax leucopterus pokusy se schopnosti sekvestrovat obranné latky
z potravy. Testovana kata odmitala vice plostice jejichz Zivna rostlinahta poskytovat

obranné latky

Disruptivni zbarveni

Za disruptivni je povaZzovano takové zbarveni, ktem&lada obrys nebo plochu jedince na
mensi ¢asti (somatolytické zbarveni) (Cott 1940; Komaredd0P). Néasledkem toho neni
predator schopen zafit svou pozornost na kst (nebo se za#iiuje na Zivot& meére
dulezité partie) a ta ma ¢&t8i pravépodobnost feziti. Tato strategie je hajnuzivana
v kombinaci s nenapadnymi barvami a vznik4 tim Hckg zbarveni nepagthnutelné na
vhodném pozadi (fmy, hlavonoZci, platysi, mtata na zemi hnizdicich ptaklelci,
pruhovani a skvimi kotkovitych Selem a mnohé jiné — Cott l.c.) &Kdy je vSak

somatolytické zbarveni uzivano i v kombinaci s zfwani barvami (naip ocni pruh ryb,



kiidla motyfi — Cott l.c.). Casto je také vyuZivana gregamdst k vytvdeni souvislého
prostoru s danym vzorem, ¥mZ jednotlivec zanika — napu zeber (Cloudsley-Thompson
1984). U hmyzu se somatolyza &eejji vyskytuje u motyi jak v kryptické podoé (naini
motyli) tak v kombinaci s barevnym vzorem (Silbézd| Aiello et al. 1980).

Experimenty testujici dinnost disruptivniho zbarveni nejsoiili§ casté, nebbje treba
dokonale napodobitifyodni podminky. Jedna z praci testujici nenapadmugyli druhi
Catocala ilia (tmavy) aCatocala relicta (swtly) (Kono, Reid et al. 1998) byla provedena tak,
Ze kdaist byla predatorovi Qyanocitta cristata) pouze promitdna na monitoru nasitém
pozadi (kKra k¥izy nebo dubu) a ptak bytipitoku odnénén potravou.

Castjsi jsou pokusy B nichZ se testuje celkovy vliv pozadi na optickgnsl kdisti
(castji zametené na aposematickou figt). Experiment s Kiaty a larvami hmyzu @ések
zelny Pieris rapae — zelené, pilatkaéAthalia rosae — cerné) (Ohara, Nagasaka et al. 1993)
testoval miru predace nézr¢ barevnych pozadictCerné larvy se naifrodnim zeleném
predkladanaierrg pruhovana kiist (tésto) na steji pruhovaném pozadi (Sellers and Allen
1991). Byl prokazan vliv orientace priutkoristi vaci pozadi na schopnost predatora nalézt
kotist. Schopnost krypticky zbarvené flaii (larva jepiceBaetis rhodani) aktivré nalézt
vhodné pozadi byla prokdzana v dalsi studii (TikkarHuhta et al. 2000). Sillén-Tullberg
(1985b) zkoumala reakce naivnichnkoer na ¢erven@ernou a Sedwrnou morfu nymf
plostice Lygeus equestris prezentované na Sedém pozadi. Tento design po&asunenmze
prokazat kryptické vlastnosti zbarveni S&stmé morfy, protoze predator vi, kde se mésko
nachazet a vyhne se ji jen pokud ntiijde nevhodna. Pokus Lindstrom, Alatalo et al (1999
s vystraza a krypticky zbarvenymi maimymi ¢ervy, podavanymi naivnim kKeadram,
nepotvrzuje, Ze by napadnosicvpozadi vyvolavala averzi predatora, pouze uryjehjeho
uceni se nové Kisti (Gamberale-Stille 2001).

Pri studiu kryptického zbarveni je stalasgjSi vyuZiti p&itacovych simulaci, modelujici
koevoluci kdisti a predatora s definovanymi parametry @3sost atoku/pezivani,
nechutnost kiisti, popul&ni charakteristiky apod.).ffRladem tohoto typu studia je prace
(Merilaita 2003), ktera se snazila vgflit podminky, za nichz je vyuZiti kryptického zbani
v riznorodém prosedi nejoptimalyjSi. Tyto experimentélni metody byvaji uzivany Roin
pfi studiu mimeze (vznik, udrZzeni, fungovani mimefick vztatw) (Turner, Kearney et al.
1984; Speed 1999; Speed and Turner 1999). Vyhodtwtd postupu je eliminace
nepredikovatelnych wgich vlivi, nevyhodou mohou byt nespravné &&v v pripads

nevhodi zadanych parametr
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Antipredatory function of Graphosoma lineatum

(Heteroptera, Pentatomidae) coloration
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Heteroptera, Pentatomidae,Graphosoma lineatum, aposematic coloration. background,

color pattern, Parus major, Parus caeruleus

Abstract

The reaction of two tit species to the shieldb@gaphosoma lineatum) was observed. The
coloration of the shieldbug (red and black longiadly striped pattern) could have two basic
antipredatory functions. Red and black color in boration with chemical defense of this
species supports the theory tatineatum is aposematic. The second hypothesis is based on
presence of the striped pattern in this bug spe@ieis type of coloration can be present in
cryptic species, and has somatolytic (or disruptiusction. These two hypotheses were
tested in experiments with avian predatdPar(s major and Parus caeruleus). The first
hypothesis was tested by making artificially nomsgmatic form of the bug and by
comparing results of these experiments to the tesdisimilar experiments with red firebug
(Pyrrhocoris apterus). The second hypothesis was tested in experimeitts modified
background that should imitate 1) the natural surdings of the shieldbug (the umbel of
carrot plant) and 2) the color pattern presenGidineatum. The blue tit avoided both wild
and non-aposematic forms of shieldbug. The greawtided wild form more often than the
non-aposematic one. The reaction of both testediapwes to the shieldbug was equal to the
reaction to the red firebug. The wild shieldbugsered on modified background is attacked
by great tit equally often as the nonaposematimfon the white background. The coloration
of the shieldbug on contrasting background has rming function. The power of this signal

is lowered on specific background.
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Introduction

The pentatomid true bugs are generally consideralispose of repellent defensive stuff.
Numerous chemical analysis observed the composiifothe contents of their defensive
glands (Akpata and Olagbemiro 1982; Aldrich, Luglhyal. 1984; Gunawardena and Herath
1991; Borges and Aldrich 1992; Gunawardena and Baathie 1993; Cassier, Nagnan et al.
1994; Pavis, Malosse et al. 1994; Aldrich, Avergketl996; Ho and Millar 2001; Ho, Kou et
al. 2003). Some experiments showed the effectexfalthemicals on predators (Krall, Bartelt
et al. 1999). But the pentatomid bugs usually diouse this chemical defense in combination
with warning coloration. There are few warninglylared species in this family for example
in genusMurgantia or in genusEurydema (Aldrich, Avery et al. 1996; Aliabadi, Renwick et
al. 2002). The antipredatory function of these mmecoloration has been tested rarely
(Aliabadi, Renwick et al. 2002).

The object of this study, the shieldbug@réphosoma lineatum L.), is red and black
longitudinaly striped insect. This pattern could @ensidered to have warning function
(Wallace 1867 ex Komarek 2001), but such hypotheagsnever been tested before among
insects. We can find longitudinal stripes in insggécies with epidermal derivate covering
their abdomen (elytra in Coleoptera, scutellum @&tdtoptera). The striped coloration present
in genus Graphosoma has no parallel among eurdpetnoptera. The most famous example
of longitudinaly striped beetle is colorado potéteetle [eptinotarsa decemlineata). Also
coloration of this species in combination withdteemical defense (Hough-Goldstein, Geiger
et al. 1993) could be thought to be aposematic.cérefind the transversal organisation of
stripes in Insecta much more often, because itnisaécordance with the metameric
morfological organisation of the insect body (ZrzaWedwd et al. 1993). The warning
function of this pattern has been proved in mangcis of orders Hymenoptera and
Lepidoptera (Jarvi, Sillén-Tullberg et al. 1981;aBg and Waldbauer 1982; Wiklund and
Jarvi 1982; Howarth and Edmunds 2000; Kauppinenhappes 2003).

On the other hand, the striped pattern presergmusgsraphosoma could have completely
other antipredatory function. Stripes are sometinmesd by animals for disruption of their
body outline e.g. in zebras (Cloudsley-Thompson4)9& for making important parts of
body invisible (eye stripe of fish) (Cott 1940).i€8Hdbug lives and feeds mostly on carrot
plants (Apiaceae, Rosopsida). The inflorescenceaafot plants is usually formed into an
umbel that consists of many short twigs. On thekpamund made of these twigs can the
coloration of the shieldbug have disruptive funat{the surface of the bug is fallen apart and

the outline of its body is not apparent).

13



We studied both functions of the shieldbug coloratin experiments with wild caught
avian predators. We could not test the disruptorgptic) function of the coloration of the
shieldbug in our experimental design (the predexpects the prey and attacks every suitable
prey offered). We had assumed that prey consideygaedator as suitable is not aposematic
and could be thought as disruptively colored (ia ttase).

We tested these null hypotheses: 1) The coloratidhe shieldbug presented on the white
background is not warning (attack rate of bird pted to the wild form of the shieldbug
presented on white background does not differ frleenattack rate to non-aposematic form of
shieldbug presented on the white background). 2) ddtoration of the shieldbug presented
on modified background is not warning (attack ratehe bird predator to the wild form of
shieldbug presented on modified background does diféer from the attack rate to
nonaposematic form of shieldbug presented on wiatkground). 3) The coloration of the
shieldbug has lower defence effect than the cotoradf the red firebug (attack rate of the
bird predator to the wild form of shieldbug presehbn white background differs from the
attack rate to the wild form of red firebug presehon white background).

Methods and material

Prey

The shieldbug Graphosoma lineatum L., 1758) is a member of family Pentatomidae
(Heteroptera, Pentatomorpha), that are considevebet distasteful for predators (Krall,
Bartelt et al. 1999). It disposes of active seoretf irritating stuff, when touched. Bugs are
considered to be able to acquire repellent secietioom their nutrient (Sillén-Tullberg,
Gamberale-Stille et al. 2000). It is predominamptigduced in metathoracical scent glands and
consists of short chained alkans and its derivati&ransky, Valterova et al. 1998). The
shieldbug is widespread species that inhabits mibtte Palearctic. Both larvae and adults
feed on seeds and vegetative parts of plants ofyfafypiaceae (Popov 1971; Musolin and
Saulich 1995). The experimental individuals werdlected in the surrounding ofeské
Budtjovice (South Bohemia) in the spring 2002 and 20G3oups of bugs (cca 50
individuals) were kept in laboratory in transparplatstic boxes (1& 13 x 7 cm). Dry seeds
of carrot Daucus carota sativa), cow parsley Anthriscus sylvestris), wild angelica Angelica
sylvestris) and water were supplieadl libitum. The insects were reared ate5and long day
conditions (18 h light, 6 h dark).

The second type of the prey was the red firetRygrbocoris apterus L., 1758). This
species was used to compare the reaction of tegtdsl Previous study proved that the red

firebug was considered aposematic by tested titispéExnerova, Landova et al. 2003). The
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experimental individuals of the firebug were caléxt during years 1995 — 2003. They were
kept in glass jars (15 cm in diameter) at@%nd long day conditions (18 h light, 6 h dark).

Dry seeds of linden tredifia cordata, Tilia platyphyllos) and water were supplied to them.

Predators

Adult birds of two tit speciesParus caeruleus L., 1758,Parus major L., 1758 see Fig 11.
and Fig. 12) caught to the mist net in the surrinmaf Ceské Budjovice were used as
predators. Captures were conducted during year® 1992003 except for the breeding
seasons (May to July). We are provided with licgmesenitting catching and ringing birds by
Bird Ringing Centre Praha (No. 1004) and experiggm with animals issued by Czech
Animal Welfare Commission (No. 150/99).

Birds were kept in standard birdcages to get aetizad to laboratory conditions one to
three days prior the experiments. Their sex and wge determined according to the
handbook (Hroméadko, Haték et al. 2002). The light conditions corresponteautdoor
fotoperiod. The birds were offered a varied dietnfpower seeds, mealworms (larvae of
Tenebrio molitor L., 1758), cricketsAcheta domestica (L., 1758), insects swept in the field)

not to be fixed on one type of prey. They were eéthgnd released immediately after trials.

Experimental equipment

The experimental cages were 71 cm wooden cubicelsacovered with wire mesh (2 x 2
mm) with the front wall of one-way mirror (see Fi3). The cages were equipped with
perch, bowl with water and rotating circular fegdtray containing 6 small cups. Only one of
the cups contained the prey during the individtal.tThe distance between the perch and the
tray was approximately 25 cm. The colour of thetdrtof cups was white or modified (see
chapter Trials). Standard illumination was obtairm®d light source (LUMILUX COMBI
18W, OSRAM) simulating the full daylight spectrum.

Trials

Tested sample of blue tits (80 individuals) waddid into four groups of 20 individuals.
The first group was offered wild (Fig. 4) and tleeend one artificially non-aposematic form
(Fig. 5) of the shieldbug. The third and fourth ypowas offered wild (Fig. 9) and non-
aposematic form (Fig. 10) the red firebug. We aliaed the aposematic coloration of bugs
using brown watercolour (burned sienna) spreadwat the pronotum, scutellum, hemielytra
and abdomen. This dye is odourless and non-torit,tlhe treatment did not influenced the
bugs as to their locomotion and secretion.

Great tits (120 individuals) were divided into gsoups of 20 individuals. The first one

was offered wild and the second one non-aposerfaiic of the shieldbug. The third and
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fourth group was offered wild and non-aposematimfof the red firebug. The fifth and the
sixth group was offered the shieldbug presentediff@rent background to test the disruptive
function of its colouration. There was a brown (imd sienna) pattern made of crossed lines
in the first type of experiment (form UMBEL). Thinés were organised to the shape of a
schematised umbel of a carrot plant as seen fraveaff-ig. 6 and Fig. 8). This pattern was
used to disrupt the uniform white bottom of the .clipe “shieldbug” pattern was used in the
second type of background experiment (form STRIPES®). 7). Colours and span of this
pattern was obtained by scanning the shieldbugagrer (HP scanjet 5470c).

To avoid pseudoreplication, each bird was useoherseries of trials only.

The bird was placed into the experimental cagerbefee experiment to get used to the
conditions and it was provided with food (mealwoyrasd water. The bird was deprived
from food for 1,5 to 2,5 hours before the experitnéinconsisted of 10 trials. The first trial
started at the moment when the bird attacked tlieresf mealworm immediately after
offering. The bird was successively offered onecspen of the mealworm and one of the
tested bug in the individual trials. Series of fi@l$ (sequence: mealworm, bug, mealworm,
bug...) was used in order to minimise the effect edbphobia, which was supposed to be
rather short—term event (Marples and Kelly 199@ctttrial was 5 minutes in length.

Continuous description of bird’'s behaviour was rded in program Observer
ver. 3 (1989-1992, ©Noldus). We distinguished Eadnts of bird’s behaviour but only two
were used in subsequent analyses: whether thehbirdled (touched or pecked the prey by

the bill) or killed some of the offered bugs.

Statistical analysis

We used the data in two forms for statistical asialy

First one were numbers of birds in each experinigntaup that handled or killed at least
one of five offered bugs. Fisher exact test wasl isetheir comparison.

Second one were numbers of bugs handled or kildindividual birds in each
experimental group. Distribution of data in thisnfiowas proved as Poisson by Kolmogorov —
Smirnov test. We have used square root transfoom&tir normalisation of this type of data.
Multiple comparisons of data were made by Tukey H®Bt in two — way ANOVA
(Statistica 5.5, 1984-1999, © StatSoft, Inc).

Generalised linear model (S-Plus 4.0, 1988-199KF|&&hSoft, Inc.) was used for selection

of significantly important parameters. We used dataoth forms in this case.
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Results

Numbers of observed reactions

Numbers of birds that handled or killed at least offfered shieldbugQ. lineatum) and
red firebug P. apterus) and numbers of bugs handled and killed by indigldbirds are
summarized in Tab. 2 and Tab. 3, Fig. 1, Fig. 2Rigd3.

Wild vs. brown non-aposematic form ofGraphosoma lineatum (GL)

* Paruscaeruleus

The blue tit avoided both forms of GL extremelyefdwas no difference found between
numbers of birds that handled (Fisher exact te<d,G05) or killed (Fisher exact test, p=1)
both forms of shieldbug.

e Parusmajor

Tested birds tended to avoid the wild form of GLrenthan the brown one. Although the
difference between numbers of great tits that hethdloth forms of shieldbug was not
strongly significant (Fisher exact test, p=0,11the difference in killing rate was more
important (Fisher exact test, p=0,0915). Never®lehe comparison of numbers of both
handled and killed bugs was proved as highly sicgmiftt (Tukey HSD test: handling —
p=0,0079; killing — p=0,0056).

Brown GL on white background vs. wild GL on modified background

(P. major)

» UMBEL

There was no difference found in numbers of bitdg handled, resp. killed at least one
brown bug presented on white background and wilgl fmesented on UMBEL background
(Fisher exact test: handling — p=0,3431; killingp=0,2351). Nevertheless, the number of
handled resp. killed wild shieldbugs presented &ABEL background was higher than the
number of handled or killed brown bugs on whitekgaound (Tukey HSD test: handling —
p=0,0868, killing — p=0,0256).

 STRIPES

There was no difference found in numbers of bildd handled, resp. killed at least one
brown bug presented on white background and wilgl fmesented on STRIPES background
(Fisher exact test: handling — p=0,3431; killingp=0,7164). There was no difference in
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numbers of handled and killed brown shieldbugs titevbackground and wild shieldbugs
presented on STRIPES background (Tukey HSD testdlimy — p=0,5519, kiling —
p=0,8181).

Wild form of Graphosoma lineatum vs. wild form of Pyrrhocoris

apterus

e Paruscaeruleus

Blue tit avoided wild forms of both bug species @&tu intensely (Fisher exact test:

handling — p=1, killing — p=1).

e Parusmajor

Birds tended to handle wild form of the shieldbugrenoften than the wild form of firebug
(Fisher exact test, p=0,0915) but they killed thesnally (Fisher exact test, p=1).

Generalized linear models

The most important parameters explaining data baityawere bug coloration (wild red-
black or artificially non-aposematic brown) anddogpeciesR. caeruleus or P. major). For
details see Tab. 1.

Tab. 1 — Results of GLM.

activity data factor F p % v.e.
distribution
handling binomial color of bug 20,11 <<0,001 8
bird species 15,46 <0,001 7
poisson bird species 22,69 <<0,001 13
color of bug 14,37 <0,001 9
background 6,23 <0,01 7
killing binomial color of bug 14,71 <0,001 10
bird species 13,73 <0,001 9
poisson color of bug 17,37 <<0,001 15
bird species 16,83 <<0,001 15
background 6,5 <0,01 10

v.e. — variability of data explained by stésl factor
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Discussion

The blue tit avoided both wild and non-aposemations of the shieldbug equally. There
was no difference in the reactions to wild and brgrainted shieldbug, because only few
blue tits decided to attack (and much fewer to) kilesented bug. These results show that
there is another effect influencing their reactiban the color of the bug (body size or body
shape of the shieldbug). The blue tit did not fine shieldbug as suitable prey. The results of
experiments with great tit as predator show a ihfiee in reactions to wild and brown form
of the bug. There were more brown bugs handledregtgit. On the other hand, number of
birds that handled the wild form of shieldbug dat significantly differ from number of birds
that handled brown form. Birds that manipulated ih@wvn form of bug manipulated usually
more than one offered bug whereas the wild forrbual was manipulated repetitively very
rarely. This finding was the reason for using tlhwenbers of handled or killed bugs also in
subsequent comparisons.

The rate of brown bugs handling presented on wiatkground is higher than the rate of
wild bugs handling presented on UMBEL backgroundt Bis difference was not proved as
significant. This result indicates that the warnfaogction of the shieldbug coloration is on
this type of background still present but its powsr weakened. Bugs presented on
background imitating the shieldbug pattern weredheth equally as brown bugs on white
background. This result indicates that the warrfimgction of the shieldbug coloration is
lowered on this type of background.

The blue tit avoided the wild shieldbug equallytias red firebug. Both bug species were
strongly refused. (see above). The great tit hahdled killed both tested bug species
similarly. Nevertheless, the wild shieldbug wasdied little bit often than the firebug.

On the other hand, many tested birds refused tisddblig regardless of the color signal
(the blue tit absolutely). The warning coloratis more important in cases of repeated
encounter of predator and prey. If the warning &igs received the predator will usually not
attack the prey repetitively.

The coloration of the shieldbug on contrasting lgasknd is considered by great tit as
warning. This function could be lowered when thelsibug is presented on background with
disrupted surface.

The coloration of the shieldbug has ever been thdoghave warning function, but this

has never been tested. This study is the firsttbaeproves this hypothesis in experiments

with wild caugh avian predators.
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The presumption that the shieldbug is an aposeabatjpecies was supported by many
features of this species. The combination of redil@dack color is widely considered to have
warning function (Wallace 1867). There are someigif’e chemicals present in this bug.
This is the other very important precondition ocbs@matism. The chemicals used as repellent
are propably sequestrated from the nutrient (caplants) as proved at other members of
family Pentatomidae (Aliabadi, Renwick et al. 2003gquestration of repellent stuffs was
proved at other warningly colored bugs (Sillén-balg, Gamberale-Stille et al. 2000). The
shieldbug mostly lives and feeds on upper parts t&frbs and is very good visible for
predators. It lives there with other insects thae wvarning coloration as antipredatory
strategy - for example ladybird (Whitmore and PsuE332).

But there are some differences in antipredatomgadigation of the shieldbug and of other
true bugs. The coloration of this species is noalamong aposematical true bugs. The red
and black combination is very commonPyrrhocoris apterus (Exnerova, Landovéa et al.
2003), Lygaeus equestris, Tropidothorax leucopterus (Gamberale-Stille and Sillén-Tullberg
1999), but formation of these colors in longitudistipes is among true bugs unique. There
are wery few warningly colored species in the fgriientatomidae. The usual coloration of
pentatomids could be thought as cryptic (mostlyworar green colors). The species that
were proved as aposematically colored e. g. in g&unydema (Aliabadi, Renwick et al.
2002) are mostly black with red or yellow spotsdidferent size and shape. Red and black
longitudinal stripes of genus Graphosoma are vemjque type of coloration within
aposematical pentatomids.

The other factor influencing the warning signali@at the chemical defense, is present in
most warningly colored bug species. The repellarit sf the shieldbug is mostly composed
of n-alkanes and 2-alkenals (Stransky, Valteroval.e1998). Similar chemicals were found
in defensive glands of other members of family Bemhidae (Akpata and Olagbemiro 1982;
Aldrich, Lusby et al. 1984; Gunawardena and Herd®91; Borges and Aldrich 1992;
Gunawardena and Bandumathie 1993; Cassier, Nagnah £994; Pavis, Malosse et al.
1994; Aldrich, Avery et al. 1996; Ho and Millar 200Ho, Kou et al. 2003). Other bug
families use in their defense also similar stuft bheir content may be different: e. g.
Pyrrhocoridae (Farine, Bonnard et al. 1992; Fari®982), Coreidae (Gunawardena and
Bandumathie 1993) or Miridae (Wardle, Borden eP@D3).

The theory of mimicry assumes that warningly calospecies should compose mimetic
complexes to increase their propability of survivethe shieldbug has no similarly colored
parallel within relative insects. It can be peregivby predators as member of group
(pentatomids or all true bugs) that is consideoelet distasteful regardless of the color.

A study exploring the presence of pentatomids aherotrue bugs in middle european

birds diet was made (Exnerova, Stys et al. 2008)s $tudy shows that the chemical defence
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does not prevence the bird attack totally. Sevenpemtatomid species were found in the diet
of fourteen bird species (mostly of gen@enanthe, Saxicola, Lanius andSitta). There was
also one aposematically colored species fouBdrydema oleracea) in the diet of the
nuthatch and the wheatear. The shieldbug has rert b®und in bird diet in this study
likewise in another wild bird diet analysis (Creut@253). On the other hand according to
these results we can say anything about the apéisaimsignalisation to the predator only
very hardly.

Bird species used in this study as predatétarus major and Parus caerueus) are
widespread tits that can easy acclimate to therdabry conditions. These species were
proved to be relativly intelligent and ready to esment with new food sources (Kothbauer-
Hellmann 1990). But the great tit seems to be madiaptable to changed foraging conditions
than the blue tit (Sasvari 1979). That is the reasby is this species used in numerous
studies as predator. Reaction of wild caught spesimof this species to aposematically
colored prey has been tested several times. Bgketetudies usually did not only test the
aposematical signalization of an insect specieseyTlested different aspects of the
relationship: aposematic prey — predator. For exanige ability of the great tit to generalize
among different aposematic bugs (Sillén-Tullbergklihd et al. 1982), the reaction of the
great tit to gregaric prey (Sillén-Tullberg 1990indistrom, Alatalo et al. 1999; Sillén-
Tullberg, Leimar et al. 2000) or the function oft@gian mimicry (Lindstrom, Alatalo et al.
1997).

Studies that tested only aposematical functiomadhaect signalization with adult great tit
as predator are scarce. In experiments with lao¥dapilio machaon (Jarvi, Sillén-Tullberg
et al. 1981) the great tits were able to learnvtmichthis unprofitable prey. Experiments with
European white butterflies (Pieridae) showed that white coloration of this prey do not
signal the unpalatibility (Lyytinen, Alatalo et 41999).

The other hypothesis tested in this study, theuaérite of the background to the optical
antipredatory signal of the prey, has also beeredesiany times. Results of several studies
testing this hypothesis are various. One (Silléfibeug 1985) proved that there is no effect
of background to the predator reaction. Testedeipasic prey I(ygaeus equestris) had been
refused by predators more than the nonaposematit ém every tested background. This
result agrees with ours. On the other hand anathety (Roper 1994) showed that prey
presented on background making it more visibleesafhigher predation than that one on
background making it cryptic. We did not test thshility of the prey but the effectiveness
of its warning coloration.

Results of this study supports the theory thatsttieldbug is warningly colored species.
Experiments with modified background did not témt &xtent of visibility of the prey but the
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extent of warningness of the shieldbug. These tessthow that it is posible to find

background that would lower the warning signalhaf prey.
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Appendix

Tab 2. — Number of birds that handled or killedeaist one offered shieldbu@.(lineatum)

and red firebugR. apterus).

tit species  bug speciebug color background| N | handling Kkilling
PM GL WILD WHITE 20 | 6 1
PM GL BROWN  WHITE 20 | 12 6
PM GL WILD UMBEL 20 |8 2
PM GL WILD STRIPES 20 | 8 4
PC GL WILD WHITE 20 |1 0
PC GL BROWN WHITE 20 | 3 1
PM PA WILD WHITE 20 |1 1
PM PA BROWN  WHITE 20 | 14 6
PC PA WILD WHITE 20 | 2 0
PC PA BROWN WHITE 20 | 12 1

PM —Parus major, PC —Parus caeruleus, GL —Graphosoma lineatum, PA —Pyrrhocoris

apterus

Tab 3. — Median, mean, minimum and maximum of thagedled and killed by individual

birds.
tit speciesbug species bug color background handling killing
min-max median mean | min-max median mean
PM GL WILD WHITE 0-2 0 1,33 | 0-1 0 1
PM GL BROWN WHITE 0-5 1 2,69 | 0-5 0 3,71
PM GL WILD UMBEL 0-2 0 15 0-2 0 15
PM GL WILD STRIPES 0-5 0 2,5 0-4 0 3,25
PC GL WILD WHITE 0-1 0 1 0-0 0 0
PC GL BROWN WHITE 0-2 0 1,67 0O-1 0 1
PM PA WILD WHITE 0-1 0 1 0-1 0 1
PM PA BROWN WHITE 0-5 1 1,712 0-5 0 2
PC PA WILD WHITE 0-1 0 1 0-0 0 0
PC PA BROWN WHITE 0-3 1 1,25| 0-2 0 2

PM —Parus major, PC —Parus caeruleus, GL —Graphosoma lineatum, PA —Pyrrhocoris

apterus

* - mean computed only from data from birds that wexedting or killing.
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Fig. 1 — Numbers of birds that handled and killetbast one offered shieldbuGriaphosoma lineatum).
PM —Parus major, PC —Parus caeruleus.
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Fig. 2 — Numbers of birds that handled and killed least one offered firebugPyrrhocoris apterus).

PM —Parus major, PC —Parus caeruleus.
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Fig. 10 — Non-aposematic form Bfrrhocoris
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Fig. 12 —Parus major.
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