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Abstrakt

Rozklad schranek suchozemskych plza je komplexni proces, na kterém se podili mnozstvi
Cinitelt a vlivil, véetné vlastnosti schranek samotnych. Dulezita je predevsim velikost ulity, se
kterou je svazan prubéh i rychlost rozkladu.

Posmrtné zmény zacinaji ztratou ptivodniho zbarveni a u pruhlednych druhti zakalovanim
stény schranky. Nasledné dochazi k naruSeni periostraka a rozpousténi vapenatych vrstev.
Tato posloupnost vSak v ptipadé nékterych malych druhti (napt. Columella aspera, Nesovitrea
hammonis) mize byt obracena. Zivo¢ichové mechanicky niéi prazdné schranky, huminové
kyseliny ze substratu zptsobuji jejich obarvovani. Na povrchu schranek vyrtstaji houbova
mycelia ¢i kolonie bakterii r. Streptomyces. Na rozkladu se rovnéz podili kofeny rostlin.
Zatimco velké schranky se rozkladaji zpisobem periostrakum nejprve, periostrakum malych
ulit vytrvava i po rozpousténi ostraka. Jev je zplisoben vysokou odolnosti periostraka malych
druht. V pfipadé velkych schranek ma periostrakum piedev§im stavebni funkci pfi tvorbé
schranky a jiz za Zivota plze n€kdy opryskava. Pro malé druhy pfedstavuje dilezitou soucast
schranky, kterd zvysuje jeji odolnost, coz se rovnéz projevuje odliSnym pribehem rozkladu.
Velikost schranky ovliviiuje piredevsim rychlost rozkladu: malé schranky mizi velmi rychle,
v zavislosti na typu lokality 1 v fadu mésicti. Velké schranky naopak vytrvavaji dlouho, po
dobu né¢kolika let. Lokalita, na které k rozkladu dochazi, je rovnéz velmi dilezitd. Mista
znacné kysela a vlhké podporuji rychly rozklad, v lesich suchych a bazickych se schranky
uchovavaji po nékolik let i v podob¢ relativné nezménéné. Rizné lokality na schrankach
zanechavaji tzv. tafonomicky podpis: unikatni smes vyse zminénych typt poskozeni.

Ptestoze je rozklad schranek komplexni zélezitosti, mohou prazdné schranky poskytnout
cenné informace a nesmi byt piehlizeny.

Klic¢ova slova
Schranka, uhliCitan vapenaty, periostrakum, tafonomicky podpis, les, SEM



Abstract

The decomposition of land snail shell is a complex process involving a number of factors and
influences, including the characteristics of conchs themselves. In particular, it is the shell size
with which the progress and the rate of degradation are tightly bound.

Post-mortem changes begin with the loss of the original colour and, in the case of transparent
species, by the opacification of the shell wall. Subsequently, the periostracum disruption and
dissolution of calcium layers occur. However, this sequence may be reversed for some small
species (e.g. Columella aspera, Nesovitrea hammonis). Animals mechanically destroy empty
shells, humic acids from the substrate cause their artificial dyeing. Fungal mycelium or
colonies of Streptomyces grow on the surface of the conchs. The plant roots are also involved
in shell decomposition.

While degradation of large shells starts with periostracum disruption and subsequent ostracal
dissolution, periostracum of small shells persists even after dissolution of ostracal layers. The
phenomenon is caused by high resistance of the periostraca of small species. In the case of
large shells, periostracum has primarily a “building” function during shell formation, and
sometimes it is flaking off already during the snail’s life. For small species, it is an important
part of the conch and increases its durability, which is also reflected in a different course of
shell decomposition.

The shell size affects highly the rate of decomposition: small shells disappear very quickly,
depending on the habitat type in order of months. On the contrary, large shells could persist
for several years. The habitat influence is also very important. Acid and humid sites promote
rapid decomposition; in dry and basic woods shells are kept relatively unchanged for several
years. A unique and site-specific combination of the above-mentioned damage types, so
called taphonomic signature, is created.

Although the decomposition of the shells is a complex process, empty shells can provide
valuable information and must not be overlooked.

Key Words
Molluscan shell, calcium carbonate, periostracum, taphonomic signature, forest, SEM



Dotaz zaslany do rubriky Zeptejte se Ptirodovédct (www.prirodovedci.cz) 28. brezna 2017
Dobry den,

o vikendu jsem byla s vaukem na prochdzce v Prokopském udoli. Vnuk mé zaskocil nekolika
otazkami, které jsem nebyla schopna plné zodpovédet a proto vas prosim o radu.

Na obrazku v priloze jsou uprostied ulity hlemyzde, paskovky a — droboucka svétle hneda
ulitka uprostred obrazku patii komu?

Dale by nas zajimalo, proc vzdy po zimé nalézame tolik prazdnych ulit, kdyz plZi prezimuji?
To jich tolik uhyne? Nebo se nestaci véas zahrabat a umrznou? A proc jsou vétsinou ulity
uplné bile, ale nekteré si zachovaji svoji barvu? K tomuto vzorku by nas zajimalo — poslouzila
ulita k prezimovani néjakému pavoukovi nebo proc je tam ta drobna pavucinka?

Obcas Ize najit osamocenou rozbitou ulitu. Nakloval ji snad néjaky ptak nebo prosté praskla
starim/vlivem neprizné podminek?

Predem vam moc dékujeme za konzultaci!
Marie Jakoubkova s vnukem

Uvod

Co se stane sulitou plze po smrti majitele? Nedélni dotaz pani Jakoubkové dokonale
vystihuje jednu z komplexnich a dosud ne zcela zodpovézenych otdzek malakozoologie. A¢
vime mnohé o biologii i bionomii plzi, osudy prazdnych schranek stdle obestira rouska
tajemstvi.

ProtoZe (sub)fosilni zdznam dobie dokumentuje terciérni 1 kvartérni terestrické malakocendzy
(napt. Lozek 1964, Dvordk et al. 2010 ¢i Jufickova et al. 2014) ¢i vypovidd o charakteru
archeologickych nalezist’ (Evans 1972, Davies 2008), je ziejmé, Ze schranky se uchovavaji
dlouhodobé. Zaroven je pomérné jisté, Ze do zdznamu nevstupuji vSechny (paralelou muize
byt napt. prace Kidwellové a kolegi (2001)). A 1 pfesto, ze pro kvartérni malakologii i
archezoologicky vyzkum je tato znalost klicova, jsou zminky o posmrtném osudu ulit spise
anekdotické (Schilthuizen 2011).

Ulity jsou tvofené zvalné vétSiny (95-99,9 hm. %) anorganickou slozkou, uhli¢itanem
vapenatym. Zbytek — u riznych mékkysa 0,1-5 % hm. % — predstavuje ,,zakladni organicka
hmota (organic matrix) (Dauphin & Denis 2000). Nejvétsi podil z tohoto malého procenta
tvofi tzv. periostrakum, tenka organicka vrstvicka pokryvajici schranku zvenku (Watabe
1988). Periostrakum se skladad z né€kolika k sob& pftiléhajicich vrstev (Saleuddin 1971) a
vyjma ochranné funkce je rovnéz dilezité pii tvorbé novych ¢asti schranky (Martin & Luquet
2004, Checa et al. 2005). Ke krystalizaci vapenatych vrstev schranky dochazi pouze
v uzavieném prostoru mezi plastém a periostrakem.

Pod periostrakem se nachazi vapenaté vrstvy, v této praci souhrnné oznacované jako ostrakum
(z feckého ostrakon, stiep). Tradicni model stavby mekkysi schranky (napt. Brusca & Brusca
2003; str. 719, obr. 20.14B), dé€lici schranku na tfi vrstvy — vngj$i organické periostrakum,
sttedni kalcitové ostrakum a vnitini aragonitové hypostrakum — plati pouze pro velké mlze.



Sténa schranky suchozemskych plzii je tvofena slozitym systémem tycCinkovitych
aragonitovych krystalli, obalenych tenkymi pochvami organické hmoty, tzv. pficné-lamelarni
vapenatou vrstvou (crossed-lamelar structure). Protoze nejvnitingjsi vrstva se nijak nelisi od
vrstev predchozich, je vhodné vSechny oznacovat jedinym soubornym terminem. Vzajemné
uspotadani ,krystali® v jednotlivych vrstvach (tedy lamelach 1. fadu, viz obr. 1 a 2) této
struktury je velmi dilezité (v detailu rozebrano v pracich Dauphinové & Denise (2000) ¢i
Suzukiho a kolegii (2011)), protoze dodava schrance necekané mechanické vlastnosti (Hou et
al. 2003). Stejn¢ tak je pro soudrznost schranky dilezitd tenkéd vrstvicka organické hmoty,
ktera obaluje a spojuje lamely 3. a 4. fadu (Dauphin & Denis 2000, Checa et al. 2005).

V—
- 7

i /////' ‘ =
/'/////. —=

27

hladké vnéjsi vrstva — chrani vapenaté vrstvy (parketovité uspoiadané struktury slozené ze §tihlych hranold s riiznou
vzéjemnou orientaci). Ostrakum je v tomto pfipadé¢ tvofeno tfemi vrstvami, lamelami 1. fadu. Zluté vyznaceny lamely 2. fadu
(viz nasledujici obrazek).

lamela 1. fadu

lamela 2. fadu lamela 3. fadu

Obrazek 2: Schématické znazornéni stavby pfi¢né-lamelarni vrstvy. Jednotlivé ,,vrstvy® se nazyvaji lamely 1. fadu a jsou
slozené ze sloupkt tenkych §tihlych krystald, tzv. lamel 2. fadu. Stihlé krystaly samotné pak predstavuji lamely tfetiho radu.
Ptevzato z prace Dauphinové a Denise (2000); upraveno.

V literatue je dokumentovdno hromadéni schranek (Emberton et al. 1996, Cameron et al.
2003, Schilthuizen et al. 2003) 1 jejich rychly rozklad (de Winter & Gittenberger 1998, Miiller
et al. 2005, Strom et al. 2009). Nekteti autoii (Millar & Waite 1999, Hotopp 2002, Sélymos et
al. 2009) poukazuji, Ze drobné velikost vede k rychlému rozkladu, naopak veliké robustni
schranky se silnou sténou vytrvavaji v tanatocendze (souboru schranek vSech mrtvych jedinct
vSech druhti na lokalité; viz Lozek 1973, str. 157) ne¢ekané dlouho. S prazdnymi schrankami
rovnéz interaguji ZivocCichové, kteti piispivaji k jejich poniceni a naslednému vymizeni
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z tanatocendzy (Graveland et al. 1994, Appleton & Heeg 1999, Cadée 1999, Mind et al. 2000,
Ozgo & Bogucki 2006, Cadée 2016). Osudim schranek jako takovym je vSak vénovano
pouze nékolik praci.

Barrientosova (2000) zjistovala v tropickém destném lese Kostariky, co se stane s prazdnymi
schrankami drobného plze Ovachlamys fulgens. V pribéhu rozkladu schranek, ktery trval
celkem deset mésicl, pozorovala barevné zmény (blednuti i Cernavé obarveni posledniho
zavitu), ztratu periostraka a olamovani vrchold, nasledované rozpadem schranek na kousky a
postupnym rozpuSténim.

Menez (2002) se zaméfil na vliv osvitu na stav schranek v mediterannim prostredi Gibraltaru.
Schranky pozoroval v prabéhu ¢ty letnich mésicti a seznal, Zze v suchém klimatu pomérné
rychle ztracely cCerstvy lesk i periostrakum samé a dokonce praskaly a olamovaly Cci
rozlamovaly se. Velké schranky kulovitého tvaru odolavaly korozi nejdéle, rychle se naopak
rozkladaly schranky s relativné velkym povrchem. Tato studie plsobivé dolozila vliv tvaru,
plochy usti a povrchu schranky na jeji trvanlivost.

Millarova & Waite (2004) katalogizovali poskozeni schranek ve vymladkovém lese v Sussexu
(Velka Britanie). Schranky byly €asto poskozeny ptredsmrtnou ¢innosti riznych Zivocichd, a
celkem bylo zdokumentovdno Sest zékladnich typli poSkozeni. Schranky mély vylamany
kotou¢ (stopa po predaci strevlikovitymi brouky nebo sekaci; viz Nyffeler & Symondson
2001), byly v nich vyhlodané drobné otvirky a diilky anebo byl specificky poni¢en posledni
zavit (predace dravym plzem Aegopinella nitidula). Dalsi schranky s urazenym vrcholem
podlehly predaci hlodavci (rovnéz toto poskozeni je velmi specifické a diky tomu jednoduse
rozeznatelné — viz Abramsky et al. 1990 a Abramsky et al. 1992), jiné byly rozbité ci
rozmacknuté. Autofi si rovnéz povsimli specifického poskozeni, zptisobeného rozpousténim
ostrakalnich (vapenatych) vrstev schranky za soucasného vytrvani periostraka (viz obr. 3R).
Zatimco u ostatnich typd poskozeni byl pivodce vice ¢i méné zjevny (nejcastéj$im byla
predace), u posledniho zminéného ziistala pti¢ina neznama.

Toto nezvyklé poSkozeni zaznamenal rovnéZz Pearce (2008) pii vyzkumu rozkladu schranek
ve tfech typech severoamerického lesa mirného podnebného pasu. Krom rozpousténi ostraka
pfi vytrvani periostraka pozoroval rovnéz ztratu periostraka, tvorbu otvord a fragmentaci.
Zjistil, ze rizné druhy (ve studii jich bylo pouZito osm, s velikosti schranky pohybujici se
mezi 4-25 mm) se rozkladaji riznou rychlosti a ze ztrata periostraka neurychluje snizovani
hmotnosti schranek. A¢ sledoval rozklad schranek na tfech mistech, vliv lokality na rozklad
nebyl prok4zan. Primérny polocas rozpadu schranek se tak ustavil na 7,5 roku. ProtoZe vSak
byly schranky na lokality umistovany v sitovanych opadovych saécich (Pearce 2008,
str. 112) a neméli k nim pfistup Zivocichove, je pravdépodobné, Ze s jejich pfispénim by
rozklad probihal rychleji. Na zna¢né urychleni rozkladu schranek diky vyuziti ulit coby zdroje
vapniku v ptehledové studii velmi pékné ukazuje Cadée (2016).

Prekvapivym zjisténim severoamerické studie bylo, ze schranky se na ruznych lokalitdch
rozkladaji srovnatelnou rychlosti. Z paleontologické literatury je naopak znamo, ze rizné
lokality ovliviiuji zachovavani schranek motskych mékkysa rtizné (napt. Staff & Powell
1990, Perry & Smithers 2006). Komplexni vliv biotickych 1 abiotickych podminek lokality na
stav schranek vytvari tzv. tafonomicky podpis konkrétniho biotopu (taphonomic signature;
Parsons-Hubbard 2005). I malé rozdily v chemickych podminkéch, zptisobu ukladdani a vlivu
organismil se do néj promitaji (Kidwell et al. 2001).

Jedine¢nym zpiisobem se podaftilo dolozit rozdilné zachovavani schranek na riznych typech
pramenist Cernohorské et al. (2010). Pivodnim zaméfenim studie bylo (ve velmi hrubém
ptibliZeni) zjistit, jakym zplsobem ovliviiuje velikost snimkovaci plochy zjisténou druhovou
bohatost. Protoze vSak pouze 24 % vSech nalezenych jedinct predstavovali zivi plzi, provedli
autofi analyzy druhové bohatosti jak pro dataset slozeny pouze ze zivych jedinct, tak pro data
doplnéna o prazdné schranky. Z porovnani analyz vyplynulo, Ze na vapenitych pramenistich



se schranky dlouhodobé zachovavaji a zvysuji druhovou diverzitu zachycenou snimkovanim
malych ploSek: vyskyt 13 vzacnych druht studie podchytila jen diky nélezu prazdnych
schranek). Na mineraln¢ chudych mistech snizkym pH se prazdné schranky rychle,
pravdépodobné do jednoho roku, rozkladaji a jejich zahrnuti do analyz druhové spektrum
neovlivni. A¢ prameni$té predstavuji ptechodovy typ biotopu, i na nich se zietelné€ projevuje
vliv prostiedi na odlisSné zachovavani ulit.

Cile a struktura prdce

Protoze dostupné poznatky o rozkladu mékkysich schranek i faktorech, které ho ovliviuji,
jsou minimalni, rozhodla jsem se je doplnit a zjistit, co se miize s prazdnou schrankou po
smrti jejiho obyvatele stat v prostiedi sttedoevropského lesa mirného podnebného pasu, a
pozorované zmeény stejné jako pribéh rozkladu popsat. Dalsim cilem byla kvantifikace
rychlosti rozkladu schranek. Zaverenou ¢asti se pak stalo hledani pfi¢in posmrtnych zmén a
hodnoceni jejich vlivu, stejné jako vlivu vlastnosti schranek samotnych na priibéh rozkladu.

Soucasti predloZzené disertace jsou tii publikované odborné c¢lanky a jeden manuskript
(v plném znéni v PFiloze tohoto textu):

Koukol O. a Rihova D. 2013: Pentaster cepaeophilus gen. et sp. nov. described from surface
of empty shells of Cepaea hortensis. Nova Hedwigia 96(3—4): 495-500.
IF 0,914; pocet citaci k 2. dubnu 2018: 4

Rihova D., Janovsky Z. a Koukol O. 2014: Fungal communities colonising empty Cepaea
hortensis shells differ according to litter type. Fungal Ecology 8: 66—71.
IF 3,219; pocet citaci k 2. dubnu 2018: 3

Rihova D., J anovsky Z., Horsak M. a Jufickova L. 2018: Shell decomposition rates in relation
to shell size and habitat conditions in contrasting types of Central European forests. Journal of
Molluscan Studies 84: 54—61.

IF 1,25; dosud necitovan

Rihova D. a Juii¢kové L. (submitted): Degradation characteristics of empty land snail shells

in Central European temperate forests. Zaslano do Casopisu Folia Malacologica.

V piipravé jsou dva dalsi rukopisy:
Rihova D., Holubova A. a Juti¢kova L: The coat for every occasion: microstructural study of
periostracal and ostracal variability in land snails.

Rihova D., Janovsky Z. a Juti¢kova L.: Why do shells become opaque? The role of water in
land snail shell degradation.
SEM-fotografie lomi ulit byly vyuzity v populariza¢nim ¢lanku (ptiloZen k Priloze):

Rihova D. a Juracka P.J. 2010: Piibshy z elektronového mikroskopu 3. Jakou maji makkysi
strukturu své schranky. Ziva 3: 121-122.



Jak zkoumat rozklad mékkySich schranek?

Pilotni casti vyzkumu rozkladu schranek se stal terénni experiment, ktery umoznil vytvorit
,»katalog® posmrtnych zmén, ke kterym muze na schrankach dojit, i analyzovat ptipadny
tafonomicky podpis lokalit (sensu Parsons-Hubbard 2005). Coby modelové organismy
poslouzilo devét béznych druhd stiedoevropskych plzi, jejichz schranky byly umistény do
Sesti typt lesniho prostiedi a jejich stav byl pravidelné monitorovan.

Modelové druhy plzt byly vybrany s ohledem na charakteristiky, které by mohly ovliviiovat
zpusob rozkladu tak, aby pokryvaly Sirokou skalu velikosti i1 tvarti ulit, nebot morfologie
schranky ovlivituje posmrtné zachovani (Menez 2002). Je velmi pravdépodobné, ze krom
velikosti a tvaru maji schranky mnozstvi dalSich vlastnosti, které determinuji, co se s ni po
smrti majitele stane. Tyto charakteristiky vSak nejsou na prvni pohled zjevné a proto bylo
vyuzito specifické klasifikace ekologickych narokii stfedoevropskych plz (Lisicky 1991,
Jurickova et al. 2014). Suchozemské (a sladkovodni) plze Ize rozdélit do deseti ekologickych
skupin dle jejich narokl na vlhkost, typ a miru zastinéni lokality; pfipadn¢ dle narokl na
svétlo. Je to mozné diky uzké a specifické vazbé na konkrétni typ biotopu. Ekologické
charakteristiky se odrazi nejen v anatomii, etologii ¢i populaéni dynamice plzi, ale rovnéz
ve vlastnostech jejich schranky. Jednd se vSak o charakteristiky na prvni pohled nezjevné.
Jednou z nich je ultrastruktura schranky, rozebrané nize; dalsi na své odhaleni teprve cekaji.
Jak naznacuji prace Pfeningera et al. (2005) ¢i Giokase et al. (2005), moznym kandidatem
jsou povrchové skulptury a struktury.

Tabulka 1 sumarizuje uzité modelové druhy. Ekologické skupiny i naroky jsou uvedeny, aby
1 Ctenafim neobeznamenym s béznou malakozoologicko-ekologickou klasifikaci byla na
prvni pohled patrna diverzita uzitych druht.

Tabulka 1. Devét modelovych druhti suchozemskych plicnatych plzd, které byly pouzity pro vyzkum rozkladu schranek.
Jména a systematické zafazeni byla pievzata z prace Horsaka et al. (2013); velikost, tvar a povrch z prace Kerneyho et al.
(1983). Ekologické skupiny jsou uvadény dle Lisického (1991) a Jutickové et al. (2014).

Druh plze Celed’ Velikost Tvar a povrch Ekologické naroky Ekoskupina
A. arbustorum Helicidae velky kulovity, hladky lesni, vlhkomilna SI(AG)

X. obvia Hygromiidae  velky zplo§tély, ryhovany xerofilni, otev. krajina ST

A. biplicata Clausiliidae velky vietenity, zebirkaty lesni SI(AG)

1 isognomostomos  Helicidae velky kulovity, chlupaty lesni, dfevomilna SI

C. lubrica Cochlicopidae  maly vietenity, hladky ubikvistni AG

N. hammonis Zonitidae maly zplostely, hladky pionyrsky AG

V. pulchella Valloniidae maly zplo§tély, j. ryhovany  oteviena krajina PT

C. aspera Vertiginidae maly valcovity, ryzkovany  lesni, acidotolerantni  Ap

C. minimum Carychiidae maly vietenity, ryzkovany  vlhkomilna RP

Modelové druhy jsou v tabulce sefazeny sestupné dle pramérné velikosti schranky. Prvni Ctyii
druhy patii mezi velké zastupce Ceské fauny, nasledujicich pét druhti je klasifikovano coby
malé. Nesovitrea hammonis a Cochlicopa lubrica se ztéto pétice mirn€¢ vyclenuji diky
primérné velikosti okolo 5 mm; zbylé tfi druhy dorstaji nejvyse 3 mm (konkrétni piehledy
velikosti jsou uvedeny v Tabulce 7). Morfologickd odpovéd’ schranek na rozkladné vlivy je
velmi podobna zbyvajicim tfem drobnym malym druhim, takze pro nékteré analyzy byly tyto
druhy brany spolecné jako skupina malych druhti; v jinych analyzach (rychlost mizeni; viz
Rihova et al. 2018) byly pfifazeny k velkym modelovym druhiim.

Prazdné, Cerstvé dospélé schranky modelovych druhti, bez naruseného periostraka i dalSich
viditelnych typli poSkozeni byly umistény do Sestice lesnich prostiedi, reprezentujicich bézné
sttedoevropské lesni habitaty. Tabulka 2 uvadi sledované biotopy a udava jejich nadmoiskou
vySku, pH hrabanky a primérné ro¢ni srazky.



Tabulka 2. Sestice modelovych lokalit reprezentujicich typické stiedoevropské lesni Fkosystémy. Hrabankové pH a obsah
vapniku (Ca (mg)/kg substratu) byly méfeny v Geochemické laboratofi Akademie véd CR; Cesky hydrometeorologicky ustav
poskytl data o primérném ro¢nim srazkovém uhrnu (®). NV — nadmoiska vyska, udavana v m n.m.

Typ lesa Lokalizace (GPS) NV  pHhrab. Ca(mg) & (mm)
OlSina 50°02'39" N, 14°02' 00" E 430 4.30 73.58 497
Bucina 49°55'15" N,13°50'58"E 430 4.92 - 476
Kulturni smréina 50°01'02" N, 14°41'59"E 400 5.39 82.41 570
Dubohab¥ina 49° 57'25"N, 14°09'06"E 420 7.22 209.80 514
Raselinny bor 49°39'28"N, 15°53'12"E 600 3.52 27.39 877
Sut’ovy les 49°55'15"N,13°50'59"E 450 5.61 50.92 476

Aby bylo umoznéno zpétné nalezeni pouzitych schranek, byly tyto uzavieny do
prodéravélych plastovych krabic o velikosti 16,5%16,5%8 cm. Otvory s pramérnou hustotou
1 ot./em® a primérem 4 mm byly vytvofeny elektrickou vrtatkou nebo pajkou. ProtoZe drobné
modelové druhy by bylo obtizné dohledat i1 v relativné malém prostoru krabicky, byly jejich
schranky uzavieny do nylonovych pytlickl s velikosti ok pfiblizné¢ 320 um. Jak krabicky
samotné, tak nylonové sacky byly pred umisténim schranek naplnény mistni hrabankou a
opadankou a schranky do nich rozmistény tak, aby se navzajem nedotykaly a ptipadna vznikla
nahromadéni uhli¢itanu vapenatého neovliviiovala pfirozeny pribéh rozkladnych procest
(Cameron & Pokryszko 2005, S6lymos et al. 2009).

Na kazdou lokalitu byly umistény ctyti krabic¢ky, obsahujici vzdy vSech devét modelovych
druhti v poctu péti schranek na kazdy druh. Celkem bylo pro kazdy druh pouzito 120 ulit;
dohromady 1080 schranek.

Krabicky byly zakopany tak, aby zadna jejich ¢ast nevycnivala nad povrch a nepfitahovala
pozornost piipadnych kolemjdoucich ¢i zvifecich obyvatel lesa: byly umistény do hloubky
zhruba 15 cm, se dny rovnobézné s ptidnim horizontem A (souhlasné s umisténim opadovych
sackll v obdobné rozkladné-ulitové studii Pearce (2008)). Vika byla pokryta nejméné Scm
vrstvou hrabanky a opadanky a lokality byly po zakopani uvedeny do stavu co nejvice
odpovidajiciho ptivodnimu.

Schranky byly ponechany ptsobeni lesniho prostedi po dobu Sesti, 12, 24 a 36 mésict. Vzdy
po uplynulé dobé¢ byla jedna z krabi¢ek vyjmuta a odvezena k néslednému zpracovani.

Jeji obsah byl rozprostten do piepravky vystlané filtranim papirem a usuSen stejnym
zpusobem, jaky je pouzivan pii zpracovavani hrabankovych vzorkll (Lozek 1956, Kerney et
al. 1983). Obsah nylonovych sacka byl susen zvlast na Petriho miskach o priméru 16 cm
vystlanych filtraénim papirem. Po dokonalém proschnuti hrabanky (vlhké schranky jsou
nesmirn¢ kiehké a nachylné k fragmentaci) byly vSechny schranky ru¢né vybrany mékkou
entomologickou pinzetou a vyfotografovany. Kulovité druhy byly fotografovany z apikalni a
umbilikalni strany, podlouhlé¢ druhy zepfedu a zezadu. Velké druhy byly fotografovany
fotoaparatem Olympus C-5060 Wide Zoom, malé druhy kamerou Olympus U-eye UI-1440-C
pfipojenou k binokularni lupé Olympus SZX 9.

Stav ulit byl nasledné hodnocen z pofizenych fotografii. Zaznamenéano bylo sedm zékladnich
typt poskozeni. Poskozeni postihujici schranku tak, ze bylo mozné exaktné¢ métit plochu jimi
zasazenou (doliky, otvory a okénka; viz nize), byla ru¢né¢ zméfena v programu Image Tool
3.00; u ostatnich byla zaznamenéna jejich pfitomnost. K zaznamenani pfitomnosti stacilo, aby
se poSkozeni vyskytovalo na jedné strané konkrétni ulity.

I prestoze byly prodéravélé krabiCky umistovany co nejskrytéji, pfitdhly na nékterych
lokalitach (dubohabtina a kulturni smrkovy les; okrajové rovnéZ rasSelinny bor a bucina)
pozornost divokych prasat, kterd je vyryla a rozbila. Je typickym chovanim divokych prasat
zkoumat nové predméty v domovském okrsku (Meynhardt 1983) a protoze tato zvifata maji
silny stisk Celisti, krabicky nepteckaly zkouméani neporusené. Po konzultaci s odborniky (dr.
V. Vohralik, PfF UK) bylo pfistoupeno k oSetfeni lokalit posypem nastfthanymi lidskymi
vlasy. Takto upravené vlasy odpuzuji divoka prasata lidskym pachem i bodavym hmatovym
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vjemem do rypaku. Aby byly dodrzeny stejné podminky pro vSechny zkoumané lokality, byla
posypem vlasy osetiena vSechna zkoumand mista. Osetieni bylo obnovovéano dvakrat ro¢né,
na jafe a na podzim. Pfesto na vyrazné¢ exponovanych lokalitdich (dubohabfina; kulturni
smrkovy les) doslo ke ztratdm ctvrté krabicky.

Pro analyzu dat ziskanych z pilotniho pokusu byly pouzity statistické programy Canoco for
Windows 4.56 a R 3.2.5. Pro testovani tafonomického podpisu lokalit (obr. 4), druhové
specifity rozkladu (obr. 9) 1 vlivu Casu (obr. 14) byla vyuzita redundan¢ni analyza (RDA;
redundancy analysis). Vysvétlujici proménnou byl nejprve typ biotopu, a druh plze a cas
uplynuly od zacatku experimentu se staly kovariatami. Druhé dvé analyzy pouzily coby
vysvétlujici proménnou druh plze a cas uplynuly od zacatku experimentu; zbylé dvé
proménné vzdy poslouzily coby kovariaty. Signifikance vSech kanonickych os byla testovana
Monte Carlo permutac¢nim testem (4999 permutaci pro kazdy test).

Pro testovani efektu biotopu na typ poSkozeni byl pouzit neparametricky Spearmantv
korelacni koeficient. Ziskané p-hodnoty (Ho: p # 0; viz Tabulka 5) byly korigovany
sekven¢ni Bonferroniho korekci.

Poté, co byla provedena analyza stavu schranek z pilotniho experimentu a vysledky
porovnany s dostupnou schrankové-korozni literaturou, bylo ptikro¢eno ke zkoumdéni vlivu
vybranych faktorti na stav schranek. Prvnim ze zkoumanych faktort byl vliv vlhkosti, ktery je
pfedmétem piipravovaného ¢lanku (Rihova, Janovsky a Jufickova, in prep.), jehoz dosud
nepublikované vysledky jsou poprvé zvetejnény v této tezi.

Vliv vihkosti na stav schranek

Prvnim ze zkoumanych faktorti byla vlhkost. Coby modelové druhy byly pouzity drobné
druhy plzt s prisvitnou schrankou. Ke tfem druhtim z pilotniho experimentu (C. minimum,
N. hammonis a C. lubrica) byla ptidana jantarka Succinea putris. Tento vlhkomilny plz
doriista vétsich rozmeért (vyse az 22 mm (Horsék et al. 2013)), pfesto je jeho schranka za
Cerstva témét pruhlednd téméf stejné dokonale jako schranky mensich modelovych druht.
Jantarka obecna je hodnocena jako vlhkomilny ekoelement (Jufickova et al. 2014).

Protoze nékteré lokality z pilotniho experimentu (olSina, raselinny bor) jsou periodicky
zaplavovany a jiné naopak syceny pouze deStovymi srazkami (bucina, sutovy les a
dubohabfiina) a v teplé €asti roku znaéné vysychaji, byl v tomto experimentu hodnocen vliv
vlhkosti na dvou urovnich. Schranky byly vystaveny bud’ relativné mirné vlhkosti poloZzenim
na navlh¢enou nasakavou papirovou podlozku, ¢i byly do vody zcela ponotfeny. PouZity byly
cerstv€é nasbirané schranky s kompletnim periostrakem a beze stop po zakalovani stény
schranky.

Schranky vystavené vlivu mirné vlhkosti byly poloZeny na navlh¢eny papirovy ubrousek do
¢tvercové plastové Petriho misky o velikosti 12x12 cm. Ubrousek byl navlhéen kohoutkovou
vodou kapatkem tak, aby byl zcela nasycen vodou a nasledné na né byly poloZeny
pozorované schranky umbilikalni stranou dospodu (,,vlhéené* schranky). Schranky vystavené
piimému kontaktu s vodou (,,macené*) byly uzavieny v plastové falkoné o objemu 15 ml
zcela naplnéné kohoutkovou vodou. Coby kontrola poslouzily ulity umisténé do identickych
Petriho misek na stejné papirové utérky, avsak bez navlhceni.

Celkem bylo piipraveno deset navlhcenych a deset suchych Petriho misek, a deset falkon
naplnénych vodou. Vlh¢ené Petriho misky byly ocislovany od jedné do deseti a srovnany
sestupné do kominku, stejné jako suché Petriho misky. Ocislované falkony byly postaveny do
sklenéné kadinky tak, aby zaujimaly stdlou polohou vickem nahoru. Vlh¢ené i méacené ulity a
sucha kontrola byly spolecné uzavieny do prithledného plastového klip-boxu; kontrola byla
navic postavena do mensiho prisvitného boxu se silikagelem na dné.
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Pozorovani trvalo 30 dnti. V kazdé misce a falkon¢ bylo ulozeno deset schranek N. hammonis,
osm schranek C. lubrica, 12 schranek C. minimum a 13 schranek S. putris. Celkem bylo
pouzito 1290 schranek.

Protoze z pilotniho experimentu vyplynulo, Ze zakalovani schranek mtize probihat velmi
rychle, byl stav schranek kontrolovan jednou za tfi dny (3x24 hodin). Vzdy byla odebrana
jedna miska s vlhéenymi schrankami, jedna suchd miska a jedna falkona. Schranky byly
vyjmuty mekkou entomologickou pinzetou a ulozeny na filtracni papir do sklenénych Petriho
misek o priméru 6 cm, kde byly ponechany schnout 24 hodin pii pokojové teplote. Nasledné
byly vyfotografovany stejnym zptisobem jako schranky v pilotnim experimentu.

Stejné jako v pilotnim experimentu, hodnoceny byly fotografie. Protoze dochdzelo pouze
k nékterym typtim poskozeni, pozorovanym v ptedchozi fazi (zakalovani stény schranky,
vznik lalo¢natych skvrn; u schranek ponoienych ve vodé¢ olupovani periostraka), které nebylo
naruSovano zabarvenim ani rozpousténim ostraka, bylo mozné v programu Image Tool 3.00
méfit 1 plochu ¢aste€ného zakaleni. Dva typy poskozeni (bodové zakaleni a pfitomnost bilych
lalo¢natych skvrn) byly hodnoceny pouze kvalitativné na dvoubodové skéle.

Ziskana data byla analyzovana ve statistickém programu R 2.10.1. Rychlost zakalovani stény
schranky (viz obr. 12) byla analyzovana metodou GLM (generalised linear models).

Houby a houbam podobné organismy poristajici povrch schrinek

Protoze se schranky pilotniho experimentu umisténé v lesnich ekosystémech uz od prvni
kontroly po Sesti mésicich staly substratem pro rst hub a houbam podobnych organismi,
zajimalo nds, jaké organismy mohou povrchy ulit kolonizovat. Pfi tfeti kontrole pilotniho
experimentu (24 mésici) byly z povrchu ulit plamatky 4. arbustorum z dubohabftiny, olSiny a
raSelinného boru semisterilné odebrany ¢asti mycelia a ziskany materidl pouzit pro pfimou
PCR amplifikaci (viz Rihova et al. 2014) a mikroskopické pozorovani.

Pro bliZ8i poznani houbovych spolecenstev byl nasledné zalozen kultiva¢ni experiment. Coby
navnada poslouzily UV-svétlem sterilizované schranky péaskovky Cepaea hortensis
(O.F.Miiller, 1774). Druh mé velkou kulovitou schranku a tedy i zna¢nou plochu, kterou
mohou houby kolonizovat. Diky velikosti se s ulitami dobfe manipuluje a navic se jedna o
zivocicha bézné se vyskytujiciho v pocetnych koloniich, coZ umoZiiuje ziskat dostatecné
mnozstvi schranek pochézejicich z jediné lokality (v tomto ptipadé¢ Botanickd zahrada UK
v Praze, Na Slupi 16, Praha 2).

Pro kultivacni experiment byla pouzita modifikovand hair-bait metoda, které se bé&zné
vyuziva pro kultivaci plidnich keratinofagnich hub (Orr 1969) — misto vlasi byly houbdm
piedlozeny ulity. Coby spory poskytujici substrat poslouzila na situ s oky o velikosti 1 cm
proseta hrabanka ze Ctyf typl lesa (dubohabfina, olSina, raSelinny bor a sutovy les; viz
Tabulka 2), kterd byla umisténa do sklenénych Petriho misek o priméru 16 cm. Do kazdé
misky bylo odvézeno 70 g smési hrabanky a svrchni vrstvy pidy. Na substrat byly vrcholovou
stranou dolti lehce polozeny schranky paskovek a vnitiek misky byl navlhéen ostfikovacem.
Pro kazdou lokalitu bylo zalozeno osm misek s péti schrankami; celkem bylo pouzito 40
schranek na lokalitu a 160 schranek celkem. Schranky byly nasledné kultivovany
v neosvétleném klimaboxu pfi teploté 15 “C. Misky byly pravidelné kontrolovany a v ptipadé
vyschnuti substratu pokropeny vodou. Kazdé tii mesice navic probéhla kontrola vyskytu hub.
Schranky byly sledovany opakované po dobu jednoho roku (tedy 4x).

Houby a houbam podobné organismy byly ur€ovany piimym mikroskopickym pozorovanim
dle morfologickych charakteristik anebo molekularné-biologicky po prevedeni do cisté
laboratorni kultury (bliZe viz Rihova et al. 2014).

Po skonceni experimentu byl navic zhodnocen stav schranek z jednotlivych misek (stejnou
metodikou jako v ptipad¢ pilotniho experimentu, schranky vsak byly fotografovany pouze

11



z apikalni strany, nebot’ umbilikéalni strana nebyla v kontaktu se substratem) a byl analyzovan
vliv hrabanky oprostény od sezénnich klimatickych a lokalnich srazkovych rozdila.

Analyza houbovych spolecenstev i stavu schranek byla provedena ve statistickém programu
Canoco for Windows 4.56. Pro analyzu stavu schranek v zavislosti na biotopu byla stejné jako
v pilotnim pokusu pouzita analyza redundance (RDA) a signifikance vSech kanonickych os
byla testovana Monte Carlo permuta¢nim testem (4999 permutaci pro kazdy test).

Vlastnosti schranky ovliviiujici zpusob rozkladu

Posledni ¢ast studie vznikla diky vysledku pilotniho pokusu, poukazujicimu na fakt, ze
zpusob rozkladu schranek neovlivituji pouze vnéjsi podminky — vliv maji 1 vlastnosti
schranky samé.

Tvar schranky ovliviiuje zptasob a rychlost rozkladu. Schranky se Stithlymi vrcholy maji vyssi
pravdépodobnost, ze vrchol bude ulomen (Barrientos 2000, Menez 2002), nejen diky
vy¢nivani vrcholu z obrysu schranky, ale také diky uzsi stén€ ve starSich €astech schranky.
Kombinace ,,¢néjici a kiehka™ déla z vrcholu idedlni misto odlomeni, odhaleni vapenatych
vrstev a branu pro start rozpousténi schranky. Obdobné plati pro obusti vycénivajici
z celkového obrysu schranky.

Dalsi ,,zjevnou* vlastnosti je velikost schranky (viz téZ Hotopp 2002). Velké druhy se vSak
rozkladaji pomaleji nejen diky vétsi mase hmoty: i pribéh rozkladu je odligny (Rihova et al.
2018; Rihova a Jufickova, submitted).

Jednim z ptekvapivych zptisobt rozkladu schranek byl vznik okének (obr. 3R). Vznikaji tak
nejen plosné€ drobna poskozeni: byly zaznamenany piipady, pfi kterych doslo ke kompletnimu
rozpusténi vapenatych ¢asti schranky a vytrvalo pouze periostrakum (obr. 3L, M a N). Tento
typ poSkozeni byl jen zfidka pozorovan u velkych druhii. Okénka byla popsana jiz Millarovou
a Waitem (2004); o obdobném poskozeni se zminuje rovnéz Pearce (2008). Ten navic udava,
Ze by mohlo jit o pozistatky rozpousténi ostraka zevnitf; Millarovd a Waite o ptivodu vzniku
poskozeni neuvazuji viibec.

Diky reSer$i sepsané Rihovou (2007), ktera byla vénovana mikrostrukturdlnim
charakteristikdm schranek mékkysi, bylo vzato v uvahu, Ze v ptipadé€ rozkladu by mohly mit
ustiedni vliv pravé tyto ,,nezjevné* charakteristiky.

Periostraku je obvykle pfipisovana role pfedevsim ochrannd, dulezitou je vSak i jeho
schrankotvornéd ¢innost (Checa et al. 2005, Allgaier 2011) Je znamo, Ze kolisani vzdusné
vlhkosti zpisobuje na sbirkovych exemplafich praskani a odlupovani periostraka (Morton
2006); u dlouhovekych druhii suchozemskych plzi ostatné k opryskavani periostraka dochazi
jiz za zivota. U jinych (drobnych, kratkov€kych) druhd naopak periostrakum vytrvava a
vznikaji okénka (Rihov4 et al. 2018).

Odpoveéd’ na otdzku, pro¢ se u riiznych druhii plzi periostrakum chova odlisn€, mize byt
ukryta vjeho chemickém (Saleuddin 1971) ¢i mikrostrukturnim slozeni. Zéavére¢na cast
disertacni prace proto byla zaméfena na mikrostrukturni stabvu periostraka a pfiléhajicich
ostrakalnich vrstev, nebot’ jsou to i ony, které¢ se svym rozpousténim podili na vzniku okének.

Mikrostruktury schranek byly zkoumany za pomoci skenové elektronové mikroskopie (SEM)
na lomech ulitami. Stejné jako v ptipad¢ dil¢i studie vlivu vlhkosti na stav schranek, ani
v tomto piipadé vysledky dosud nebyly publikovany, protoZe ¢ast vybranych druhii dosud
nebyla zpracovéna.

Pro ucely této prace je lom pii€né mechanické naruSeni schranky, umoziujici nahled do
mikrostruktury stény schranky. Po konzultaci s prof. J. Frydou (CGS) byla pouZita metoda
ruéniho lamani za sucha (viz rovnéz Allgaier 2007 a Allgaier 2011), protoze je rychla, levna
(neni k ni zapottebi specialnich pomuicek ani chemikalii) a poskytuje dostatecné kvalitni
vysledky. V nékterych studiich je namisto ldmani pouzita metoda vybrusii. Povrch lomt je
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v tomto piipad¢ mechanicky a chemicky dokonale zarovnan a vylestén, takze neni patrna jeho
trojrozmérna struktura ani jednotlivé lamely rGznych fada. Vybrus umoziuje piesnéjsi
zméteni Sife lamel prvniho faddu (viz obr.1 a 2), lom umoznuje nahlédnout do
mikroarchitektury celé struktury.

Cerstvé dospélé schranky byly upraveny tak, aby byly k méfeni vyuZity pouze ulomky
schranky z posledniho zévitu za obustim, pficemz bylo dbano na to, aby lom nebyl veden
pfimo za obustim. Ulomky pochézely nejvyse z poslednich tii &tvrtin tlesného zavitu. Ke
zpracovani byly vyuzity schranky z konchologické sbirky doc. Lucie Jufickové a schranky
k tomuto ucelu piimo nasbirané. Schranky vrkoce Vertigo lilljeborgi byly zapijceny
Narodnim muzeem v Praze a po vyfotografovani vraceny do sbirek. Ostatni preparaty jsou
ulozeny v zdzemi servisniho pracovist¢ Laboratofe elektronové mikroskopie (PiF UK,
Vini¢na 7, Praha 2).

Lamani bylo provadéno ru¢né sadou entomologickych pinzet rGzné tvrdosti, pevnou
entomologickou pinzetou a entomologickymi Spendliky Sife 0-3. Ziskané ulomky byly pod
binokularni lupou upevitovany za pomoci oboustranné lepici uhlikové pasky na kulaté kovové
podlozky a pfed pozlacenim ponechidny 24 hodin v exsikatoru pro dokonalé vyschnuti.
Zlaceni bylo provedeno piistrojem Bal-Tec SCD 050. Pozorovéani probéhlo v Laboratofi
elektronové mikroskopie PfF UK na pftistroji SEM JEOL 6380VL.

Ziskané fotografie lomt byly méteny v programu Image Tool 3.00. Bylo dbano na to, aby
métené schranky pochazely z rliznych lokalit a aby bylo k dispozici nejméné pét schranek od
kazdého druhu. Krom deviti modelovych druht z pilotniho pokusu byly prométeny schranky
dal§ich 27 druht ztychz i dalSich celedi. Celkové bylo vyfotografovano a prométeno
36 druhit plzti z deviti celedi. Prvotni data ziskand na zakladé¢ ptvodnich druhii totiz
poukézala na nckteré zajimavé fenomény a proto byly dodany druhy blizce ptibuzné (z téhoz
rodu ¢i Celedi), avSak s odliSnymi ekologickymi néaroky, aby bylo moZné postihnout
variabilitu morfologie mikrostrukturni stavby schranky v zavislosti na zplsobu Zzivota.
Seznam vsech zkoumanych druhti se systematickou pfislusnosti, velikosti a ekologickymi
narody je uveden v Tabulce 7. Vizualizace vybranych vysledkli byla provedena ve
statistickém programu R 2.10.1.
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Obrazek 3: zaznamenané posmrtné promény schranek. A, B — blednuti; C — svétlé obarveni; D — tmavé obarveni; E — bodové zakaleni; F —
skvrnové zakaleni; G — celkové zakaleni; H — praskani periostraka; I — olupovani periostraka; J — pitting; K — doliky; L, M, N — prazdné
periostrakum (zleva C. aspera; C. lubrica a N. hammonis); O — otvory vytvofené rozpousténim; P — celkova fragmentace; Q — prorazeny
vrchol; R — okénko; S, T, U — rtizné projevy dotyku kofent rostlin; V — kolonie aktinomycety r. Streptomyces; W — mikroskopicky snimek
pseudomycelia r. Streptomyces; X — tenké ¢erné mycelium; Y — tenké ¢erné mycelium v mikroskopickém preparatu (smés viecko- a
stopkovytrusé houby (s pfezkami)). Autorem fotografii ze svételného mikroskopu je Ondiej Koukol.
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Co se stane s ulitou v prostiedi stiedoevropského lesa?

Na schrankach se v pribéhu pilotniho experimentu za tii roky sledovani objevila poskozeni,
ktera lze shrnout do sedmi zakladnich kategorii (viz souhrnny obr. 3; Rihova et al. 2018 a
Rihova a Jutickova, submitted):

- zmény barvy: ztrata pavodniho zbarveni, obarveni

- zakalovani stény schranky (pouze u malych, zprvu prithlednych/prisvitnych druhi)
- praskani a olupovani periostraka

- rozpousténi ostrakalnich vrstev

- fragmentace

- otisky kofenii rostlin

- porosteni myceliem a houbam podobnymi organismy

Tabulky 3 a 4 souhrnné uvadi vyskyt téchto typt poskozeni pro jednotlivé lokality.

Tabulka 3: Poskozeni velkych modelovych schranek v pribéhu cas (6, 12, 24 a 36 mésict). Zkratky oznacujici lokality: D —
dubohabitina, S — sutovy les, B — bucina, O — ols§ina, KS — kulturni smr¢ina, R — raselinny bor. — konkrétni typ poskozeni
nebyl pfitomen;  vzacna pfitomnost poskozeni; x bézné se vyskytujici typ poskozeni. Barevné zmény zahrnuji blednuti,
svétlé a tmavé obarveni; rozpousténi ostraka se projevuje Ctyfmi zpusoby: pitting, doliky, otvory a okénka; fragmentace
muze byt kompletni (fragmentace) ¢i zasahovat pouze vrchol (olomeni vrcholu) nebo Usti (olomeni vrcholu). Posledni dva
fadky jsou vénovany vyskytu hub (houbové hyfy) a houbam podobnych organismii (aktinomycety) na povrchu schranky.
Sloupce D a KS posledniho odbéru (po 36 mésicich) jsou prazdné, protoze schranky byly zcela zni¢eny divokymi prasaty.
6 mésici 12 mésicu 24 mésicu 36 mésicu

DS B OKSRDS SBOIKSRDS SBOIKSRDSB O KSR
blednuti e e e X X X e e & X X X X e X X X x X X X x
sv. obarveni - - e e X - e e o e X . . e e x x D X
tm. obarveni L - - - o e o L L e L e oo e e o x T X x x
ztrata periost_ e o o o . . e o o o . e o o o . « o e .
pitting - - - e e -+ - - e+ e+ e e - e e . . -
doliky - e e e X X e e o X e e o X X X X e X X X
otvory . . - . . . . . . X . . - ° . X X X . . X
okénka - - - . - - - - - . - . - - - . . . - - . -
fragmentace e e TR - o . o o x
olomenivrcholu ¢ - e - - - - - - - - & . . e e e e e . %
olomeni usti ¢ - - . . . e o o . . . e o o . . . o o . X
otisk kofene e - - e - 4 - - e e e e e e D .
houbové hyfy - - - - . e ) . e o o o o . . ¢« o X .
aktinomycety e - - - o o o e e ool e 4 o oo . . - .

Tabulka 4: Poskozeni malych modelovych schranek v pribéhu ¢as (6, 12, 24 a 36 mésicti). Zakaleni se vyskytuje ve tfech
podtypech (bodové, plosné a celoulitové); barevné zmény zahrnuji blednuti, svétlé a tmavé obarveni; rozpousténi ostraka
se projevuje Ctyfmi zpUsoby: pitting, doliky, otvory a okénka. Posledni dva fadky jsou vénovany vyskytu hub (houbové
hyfy) a houbam podobnych organismu (aktinomycety) na povrchu schranky. Sloupce D a KS posledniho odbéru (po
36 mésicich) jsou prazdné, protoze schranky byly zcela zniceny divokymi prasaty.

6 mésici 12 mésict 24 mésicu 36 mésicu

DS B OKSRDSDBOIKSRDSDBOIKSRDSB O KSR
bod.zakaleni o - e - - - ¢ ¢ ¢ o _ - e e e - . . .- - _
ploS. zakaleni o - ¢ - - - - e e o - e e o - - . - - - _
cel.zakaleni o X e Xx o X o X X X X e X X X X X e X X e .
blednuti o« - e - . . o« o o . . - e e e . . - - e - -
sv. obarveni - - - e o o .. e e e oL L L e . - - - _
tm.obarveni - - - e - e - - _ e e e . . - - e e e o .
ztritaperiost. ® e e e - - e e e . . e - . e - - o . - _
pitting - e e - o o e - e e . e e o o - - .- - R
doliky - - e - e - - e e - - - e e e - e - - - _
otvory - e o o . e - e e o X e o o o o X . e X e .
okénka - e e e e e - o e X e X e e X X e X o e X
otisk kofene T - - - _
houbové hyfy e o o o . - - X e e . e X o o o . . ¢« X e -
aktinomycety - - ¢ - - - - - e - e - . e e - - - . - - R
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Z4dné z pozorovanych poskozeni & zmén nebylo druhové specifické, prevalence nékterych
vSak byla béznéjsi pro jednu ¢i druhou velikostni skupinu (Tabulka 3 a Tabulka 4).
Vyjimkou je zakalovani stény schranky, ke kterému miize dochazet vyhradné u druha
puvodné pruhlednych/prisvitnych a vyskytovalo se tedy pouze u malych modelovych druhd.
Fragmentace neni u malych druhli v Tabulce 4 zaznamenana, nebot’ je nesnadné odlisit ji
v malém méfitku od rozpousténi vapenatych vrstev.

Nebylo zaznamenano ani zadné biotopové unikatni poskozeni. Celkovy obraz zmény stavu
schranek se vSak mezi lokalitami 1i$i (obr. 4, Tabulka 5) a je vysledovatelny tafonomicky
podpis konkrétnich biotopti. Vyjimecné jsou ve svém plsobeni na schranky predev§im suché
a/nebo bazické lokality (dubohabfina a sutovy les), ve kterych schranky ztstavaji pomérné
dlouho nezménéné a udrzuji si relativné Cerstvy vzhled i po jednom roce od zakopani. Na
opacném konci spektra stoji lokality vyrazné vlhké a kyselé (raSelinny bor, olSina), v nichz
schranky rychle a dikladné koroduji a po tiech letech z nich zbyvaji silné poskozené, témer
nedeterminovatelné fragmenty.

Q i A
A i smréina
buéina
mycelium | A svétlé obarvent
cerné flicky

ich iittin ; ;
N Nzakalovam ; leske,g g tmavé obarvent
bilé ﬂ:cky‘ razpouStént, & ul. st
| S e s L e N —

A olupovani a | 4 aotvory
dubohabfina Bledmui | A& ul-vrehol by
| fragmentace A
A . A raselinny bor
sutovy les ; deformace
prazdné periostrakum
A
olSina

=
N

08 0

Obrazek 4: Rozklad schranek v riznych typech lesa je mistné specificky — schranky nesou tzv. tafonomicky podpis
konkrétni lokality. RDA analyza; vysvétlujici proménnou je typ biotopu, jako kovariaty byly pouzity druh plze a délka
uloZeni na lokalité. Prvni kanonické osa vysvétluje 4,9 % pozorované variability, druha 0,8 % (p = 0,0002). Pozice centroidi
vuci sobé naznacuje podobnost tafonomickych podpisti konkrétnich lokalit.

Lokalitné-specificky zplsob rozkladu byl zaznamenan rovnéz pii analyze stavu schranek
paskovky C. hortensis, vyuzitych coby substrat pro vyzkum diverzity houbovych organismi,
osidlujicich povrchy schranek (vice viz Rihova et al. 2014). A& byly schranky paskovek po
cely rok vteplotné i vlhkostné vyrovnaném prostfedi, byl na jejich stavu odlisny vliv
substratu z riznych lokalit dobfe patrny (obr. 5 a graf na obr. 6).
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Tabulka 5. Spearmantiv neparametricky korela¢ni koeficient (p) mezi biotopem a typem poskozeni schranky; uvedeny jsou
pouze nenulové hodnoty. Kviili opakovanému testovani byla pouzita sekvenéni Bonferroniho korekce.
Typ pos§kozeni  dubohabfina sutovyles bucina ol§ina smrcina raselinny bor

Deformace n.s. n.s. n.s. n.s. n.s. 0.20
Fragmentace n.s. n.s. n.s. n.s. n.s. 0.15
UdrZeni lesku n.s. n.s. n.s. n.s. n.s. n.s.

Mycelium n.s. n.s. 0.23  ns. n.s. -0.14
Blednuti n.s. n.s. n.s. 0.14 n.s. n.s.

Neposkozené P 0.19 n.s. n.s. n.s. n.s. -0.15
Prazdné P n.s. n.s. n.s. n.s. n.s. 0.15
Okénka -0.25 n.s. n.s. n.s. n.s. 0.19
Otvory -0.29 n.s. -0.14 0.21 n.s. 0.22
Doliky -0.14 n.s. n.s. n.s. n.s. n.s.

Ztrata P n.s. n.s. n.s. n.s. n.s. n.s.

Olomené usti -0.17 -0.24 -0.13  0.21 0.17 0.23
Olomeny vrchol -0.16 n.s. -0.14  0.20 n.s. 0.22
Svétlé obarveni -0.21 -0.20 n.s. n.s. 0.32 0.32
Tmavé obarveni -0.20 -0.23 n.s. n.s. n.s. 0.25
Zakalovani n.s. n.s. n.s. n.s. n.s. -0.13

Obrazek 5: srovnani stavu schranek pruhované morfy paskovky C. hortensis ulozenych po dobu jednoho roku ve stabilnich
podminkach v hrabance z dubohabfiny, sutového lesa, olsiny a raselinného boru (zleva doprava).

<
Al olsina
myeelium
v A
dubohabifina
adchlipnuié P i .
A intenzivni blednuti homogenni blednuti lehké blednuti
blednuti A olupovdini A ¢ f'A et
A Streptomyces
A ] T 4 s
orvory 5 N rrfxu, a £ plosné zakaleni
, piting otisk koFene
nehomog. blednuti
v - A -
svétlé obarveni sedé zabarveni
A A N .
tmavé obarveni A sutovy les
naruseni vrcholu
okénka
=] raselinny bor
<

06 1.0

Obrazek 6: RDA analyza poSkozeni schranek C. hortensis vzniklych v pribéhu sledovani slozeni spekter houbovych organismt v hrabance
ze Ctyf lesnich biotopt. Prvni a druhé kanonicka osa vysvétluji 32,7 % a 5,5 % variability (p-hodnota = 0,0002). Z grafu je patrné, Ze i
v standardizovanych laboratornich podminkach ma hrabanka riiznych typt lesa na schranky odlisny vliv.
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Velikost schranek ma zasadni vliv na pribéh (graf na obr. 9) i rychlost rozkladu. Zatimco
koroze velkych schranek obvykle zafind zvenku, naruSenim periostraka a néslednym
rozpousténim ostrakalnich vrstev (obr. 7), periostrakum malych schranek ¢asto vytrvava i po
rozpusténi vapenatych ¢asti schranky (obr. 8).

Obrazek 7: pribé¢h rozkladu na prikladu suchomilky Xerolenta obvia. Rozklad velkych schranek za¢ina narusenim povrchu,
blednutim a olupovanim periostraka (B). Rozpousténi ostraka poc¢ina jako mélké dolikovité prohlubné (C), které se dale
prohlubuji v otvory (D) a tyto se nasledné rozsituji (E).

B c

Obrazek 8: pribé¢h rozkladu na ptikladu blystivky Nesovitrea hammonis. Rozklad malych schranek za¢ina zakalenim stény
schranky (B). Nasledné dochazi k rozpousténi ostrakalnich vrstev (C, D). Prazdné periostrakum zcela zbavené vapenatych
vrstev (E) je ziidka se vyskytujicim prvkem této rozkladové fady.

o
alupavdni
Fa¥
{ rozhity vrohol
mycelium f | lesk
trave obarveni - A arbustorum
bile flicky C.lubrica A}l isognomostomos
AP 0n b Gammons 4 M oosens,
V. pulchella AL
zakalovani C. aspera VA b\pllca_ta sydts obarbent
A ! X obvia
ragmentace A
, Jrag v wlomend st
| okénka :
A ofvory
deformace A
Ditting
Fas
prdzidnd periostraka
@

Obrazek 9: RDA analyza zptisobu rozkladu schranek (vysvétlujici proménna — druh plze; kovariaty — lokalita a délka

ulozeni na lokalit¢). Prvni a druhd kanonicka osa vysvétluji 11,6 % a 1,7 % pozorované variability (p=0,0002). Velké druhy
jsou seskupeny na pravé strané grafu, malé druhy obsadily levou polovinu.
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Malé schranky rovnéz mizi mnohem rychleji nez schranky velké (obr.10). Zatimco
navratnost velkych schranek v pilotnim experimentu byla 89 %, malych schranek v pribéhu
tii let zmizela tfetina. Stiedné velkych schranek (N. hammonis a C. lubrica) bylo zpétné
nalezeno 78 %; zbylych tfi nejmensich druht pouze 51 %.

A 2 B2-
@ | + o
o o
=
£ Q| © _
Lo (=]
c
(1]
g M~ <
S o 1 =
© _
N I —_—
X e C. lubrica
g - ® A arbustorum g - A P. hammonis
4 |. isognomostomos ® C. aspera
e X. obvia 4 V. pulchella
v | 4 A biplicata S | @ C. minimum
e T T T T T e T T T T T
0 6 12 24 36 0 6 12 24 36
délka zakopani (mésice) délka zakopani (mésice)

Obrazek 10: Procentudlni ,,navratnost™ schranek v zavislosti na ¢ase a velikosti schranky. A — ¢tyfi velké druhy, B — pét
malych druht; z nichz nejvétsi (C. lubrica a N. hammonis) jsou vyzna¢ené modie a zpisobem mizeni jsou spiSe nez ostatnim
malym druhtim podobny druhiim velikym. Cervené je vyzna¢en nejmensi sledovany plz, C. minimum, jehoz ulity ubyvaly
nejintenzivnéji.

Stavba periostraka a ostraka zkoumanych druhi

Elektronmikroskopické studie stavby schranky poukézala na jeji znané rozdily mezi deviti
modelovymi druhy. Tloustka schranky se pohybovala mezi 14 a 171 um. Nékteré modelové
druhy mély periostrakum obvykle jednovrstvé (X. obvia, V. pulchella, 1. isognomostomos),
vétSina ho méla dvojvrstvé. Vyjimku piedstavuji druhy C. aspera a N. hammonis: nékteti
jedinci meli periostrakum dokonce tfivrstvé (Tabulka 7).

Rozdily byly rovnéz pozorovany v relativni tlouStce periostraka, ktera se pohybovala od
necelych dvou az po 22 % celkové Sife stény schranky. Druhy, u kterych byl pozorovan
vyskyt okének (C. lubrica, N. hammonis, C. aspera a okrajové A. arbustorum) patiily
k druhtim s relativné nejsilnéjSim periostrakem a rovné€Zz se u nich castéji vyskytovalo
periostrakum vicevrstvé.

Tabulka 6: Sife schranky, periostraka a ostraka deviti modelovych druhii z pilotniho pokusu. Vy$ka a §iFka (mm) udavaji
velikost schranky; tloust’ka (um) znaci absolutni tloustku stény schranky. Pabs — absolutni tloustka periostraka v pm, Prel —
relativni tloustka periostraka, Pvrs — pocet vrstev periostraka. Posledni ¢tyfi sloupce tabulky uvadi totéz pro estrakum
(vépenaté vrstvy). Ekologické skupiny uvadény dle Lisického (1991) a Jufickové et al. (2014).

Druh plze Ekosk. Ekologické naroky vySka Siika tlouStka Pabs Prel Pvrs Oabs Orel O vrs
Arianta arbustorum ~ 2; SII(AG) lesni, vlhkomilna 16 21 171,3 123 73 2,0 1589 92,7 3.6
1. isognomostomos 1; SI lesni, sut'ova 5,5 9 75,4 2,6 3.4 1,8 72,8 96,6 43
Xerolenta obvia 4; ST suchomilna, oteviena st. 8,5 17 76,3 1,0 14 1,0 753 986 28
Alinda biplicata 2; SI(AG) lesni, n€kdy na skalach 17 3,9 82,6 1,6 1,9 2,0 81,0 98,1 48
Cochlicopa lubrica 7; AG vlhkomilna 6,25 2,65 309 1,5 49 20 294 951 3,1
Nesovitrea hammonis 7, AG mirné€ vlhkomilna, ubikvistni 2 3,75 264 0,9 39 23 254 96,1 24
Columella aspera 7; Ap ne-vapenata stanovisté 2,25 1,35 133 2,7 21,9 2,2 10,6 78,1 1,3
Vallonia pulchella 5; PT oteviena stanovisté 1,25 225 283 0,5 1,9 14 27,7 98,1 28
Carychium minimum  9; RP siln€ vlhkomilna 1,9 1 16,7 0,7 4,5 2,0 16,0 955 20
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Z porovnani morfologie periostraka v rozSifeném datasetu (Tabulka 7) je patrné, ze vétSina
zkoumanych druht mé periostrakum obvykle dvouvrstvé (21 druhli) a pouze u nékterych
vyjimek je periostrakum vicevrstevné ¢i naopak jednovrstvé (tfi, resp. dvanact druhii). Druhy
s jednovrstvym periostrakem obyvaji suchd vyslunnd nebo ¢i silné vapenata stanovisté. Zda
se, ze relativni §ife periostraka koreluje s potfebou chranit schranku pted vnéj§imi vlivy, které
by mohly poskodit ostrakalni vrstvy. Pisobivé jeho plasticitu doklddd porovnani blizce
ptibuznych druhi plzi, kteti obyvaji vyrazné odlisné biotopy a jsou vystaveni Siroké Skale
podminek prostfedi. Tak je tomu napf. u zastupct Celedi Valloniidae (kde se tloustka
periostraka pohybuje mezi 2-30 % celkové Sife schranky) nebo tii sttedoevropskych zastupct
rodu ostroretka (Columella; tloustka periostraka mezi 8-22 %). Jejich srovnani je zndzornéno
na obr. 11.

U vsech zkoumanych druhii byl zaznamenan jediny typ vapenaté mikrostruktury — pfi¢né-
lamelarni mikrostruktura. U riznych druhii byl nalezen riizny pocet vrstev (resp. lamel
1. fadu; viz obr. 1 a 2) této struktury, ktery variroval mezi jednou (nckteti zdstupci rodi
Columella a Vertigo) a sedmi (zavornatky).

Tabulka 7: morfometrické a mikrostrukturalni charakteristiky vybranych suchozemskych plzi.. V — vyska schranky v mm, S
— prumér schranky v mm, TS — tloustka schranky v um; Pab — absolutni tloustka periostraka v um; Prl — relativni tloustka
periostraka v um; vrP — pocet vrstev periostraka; Qab — absolutni tloustka ostraka v um; Orl — relativni tloustka ostraka
vum; vrO — pocet ostrakalnich vrstev (lamel 1. tadu). Zkratka OS ve sloupci ekologické naroky znaci ,,oteviena
stanovi$té*. Pokud se v kolonkach vrP a vrO vyskytuji desetinna ¢isla, znamena to, ze néktefi jedinci daného druhu méli o
jednu vrstvu periostraka ¢i ostraka méné/vice nez vétSina (rozptyl 1-3 vrstvy se u zadného zkoumaného druhu nevyskytl).

Tuéné druhy pouzité v pilotni studii rozkladu schranek.

Druh plze Celed EkoS Ekologické naroky \ S TS Pab Prl vrP Oab Orl viO
C. minimum Carychiidae 9 (RP) silné vlhkomilny 1,9 1 16,7 0,7 45 2,0 16,0 955 2,0
C. tridentatum Carychiidae 8 (HG) vlhkomilny 2,05 085 16,7 05 35 18 162 96,5 2,0
C. lubrica Cochlicopidae 7 (AG) vlhkomilny 6,25 2,65 309 15 49 2,0 294 951 3.1
C. lubricella Cochlicopidae 6 (XC) oteviena az stepni 565 235 260 1,0 44 20 250 956 3,1
V. costata Valloniidae 5 (PT(SI)) oteviena, suchomilna 13 245 30,7 06 2,1 1,0 30,1 979 29
V. pulchella Valloniidae 5 (PT) otevi‘ena 1,25 225 283 05 19 14 27,7 981 28
A. aculeata Valloniidae 1 (SI) lesni, Zije v opadu 2 2 235 1,5 70 2,0 220 93,0 3,0
Z. harpa Valloniidae 2(-) lesni, ne-vapenata mista 35 27 150 40 272 20 11,0 728 1,3
C. aspera Vertiginidae 7 (Ap) ne-vapenata 2,25 135 133 2,7 219 22 10,6 781 13
C. columella Vertiginidae 5 (PT) horsky druh 3 14 189 21 11,6 20 168 884 19
C. edentula Vertiginidae 8 (HG) lesni, vlhkomilna 275 14 229 1,8 75 20 21,1 925 2,7
T. callicratis Vertiginidae 4(-) suchd, vapnomilna 1,9 09 95 04 45 1,0 9,1 955 20
T. cylindrica Vertiginidae 5 (PT) sucha, stepni 1,9 09 152 04 28 10 148 972 3,0
V. alpestris Vertiginidae 7 (Sip) vapencové suté 19 1,1 136 06 45 20 130 955 27
V. pusilla Vertiginidae 1 (SD lesni, Zije v opadu 2 1,1 151 05 33 2,0 146 96,7 29
V. angustior Vertiginidae 8 (HG) vapnité oteviené moktady 1,8 09 201 05 24 10 19,6 976 3,0
V. substriata Vertiginidae 8 (HG) vlhké lesy, olsiny 1,75 1,1 158 0,8 56 1,7 150 944 30
V. antivertigo Vertiginidae 9 (RP) oteviené mokiady 2,1 12 91 03 3,7 1,0 8,7 96,3 2.8
V. lilljeborgi Vertiginidae 9 (RP) kyseld mokiad. stanovist¢ 2,05 1,3 145 10 72 20 135 928 3,0
V. arctica Vertiginidae 7 (AG) horsky, kameny a opad 245 14 134 1,1 88 20 123 912 3,0
V. pygmaea Vertiginidae 5 (PT) OS, ubikvista 195 1,1 198 06 29 14 193 971 24
C. laminata Clausiliidae 1 (SI) lesni, na dievé 16 4 90,6 21 23 20 885 97,7 48
A. biplicata Clausiliidae 2 (SI(AG)) lesni 17 39 8.6 16 19 2,0 81,0 981 48
P. pygmaeum Punctidae 7 (AG) ubikvistni 0,7 1,35 10,0 0,7 8,0 1,6 93 920 24
P. servilis Punctidae 7() vlhké a stinné, v hrabance 1 1,9 155 0,7 48 20 148 952 1,5
V. contracta Zonitidae 7 (AG) sussi kamenita stanovisté 1,5 25 185 05 30 1,2 18,0 97,0 27
V. crystalina Zonitidae 2 (SI(HG)) siln& vlhkomilny 1,75 35 2277 09 41 1,6 21,8 959 3.0
V. diaphana Zonitidae 1 (SD) vlhkomilny 1,95 395 259 08 28 14 251 972 3.1
A. minor Zonitidae 2 (Sith) suchomilna, OS 33 75 752 19 27 1,1 733 973 3,1
A. pura Zonitidae 1 (SD) opad lest, nepfili§ vlhky 2,35 425 232 12 55 20 22,1 945 24
N. hammonis Zonitidae 7 (AG) mirné vlhkom, ubikvistni 2 375 264 09 39 23 254 96,1 24
0. glaber Zonitidae 2 (SI(AG))  sutg, spise sussi 725 125 558 14 28 23 543 972 25
X. obvia Hygromiidae 4 (ST) suchomilna, OS 85 17 763 1,0 14 1,0 753 986 28
M. incarnatus Hygromiidae 1 (SIIMS))  lesni ubikvistni 10 145 822 26 33 1,8 796 96,7 373
A. arbustorum Helicidae 2 (SI(AG)) lesni, vlhkomilna 16 21 1713 123 73 2,0 1589 92,7 3,6
L isognomostomos Helicidae 1(SD lesni, sutova 5,5 9 754 26 34 18 728 96,6 4,3
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Obriazek 11: Porovnani relativni $ife periostraka v rdmci rodu ostroretka (tfi druhy r. Columella; vlevo) a Celedi
udolnickoviti (Valloniidae — ¢tyfi druhy; vpravo).

Vlhkost a intenzita provlhnuti se ukdzaly byt jednim z klicovych faktori zmény Cerstvého
vzhledu piivodné prasvitnych schranek. Zatimco kontrolni ulity uloZené v suchu v pribéhu
tiicetidenniho pozorovani nezménily své vzezfeni vibec, schranky vystavené rtizné mife
vlhkosti (vlhéeni a maceni) se zakalily a okrajové doSlo 1 k poruseni periostraka (pouze u
macenych schranek S. putris). Pribéh zakalovani byl velikostné specificky (obr. 12). Malé
schranky dosahly uplného zakaleni diive neZz schranky rozmérnéjsi; nejmensi pouzity druh
(C. minimum) jiz po Sesti (deseti v pfipad€¢ vlhceni) dnech. A zatimco se velké schrany
(S. putris) ve vlhkém prostiedi teprve zacaly zakalovat, pfi kompletnim namoceni do vody
byly po tficeti dnech téméf zcela neprisvitné.
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Obrazek 12: priub¢h zakalovani stény schranky pro ¢tyfi modelové druhy. Vlevo schranky vlhéené, vpravo schranky
macené. Osa Y udava relativni plochu schranky, ktera pfestala byt prithledna.

Dal$im dilezitym rozkladnym Cdinitelem se ukdzaly byt Zivé organismy. Pfiblizné 3 %
schranek z pilotniho pokusu bylo zcela znieno ¢innosti velkych obratlovei (viz Tabulky 3 a
4). Na n¢kterych lokalitach (raselinny bor a olSina v pilotnim pokusu; sutovy les a
dubohabfina pfi sledovani vyskytu hub na povrchu ulit) byl navic pozorovan kontakt kofenti
rostlin a schranek. V mistech s nedostatkem nékterych prvki jsou rostliny schopné usmérnit
rust svych kotend ve sméru zdroje limitujiciho faktoru a v mistech s nizsi koncentraci vapniku
pro n¢ ulity mohou byt vhodnym zdrojem jinak limitujiciho prvku.
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Rovnéz bohatost spektra hub a houbam podobnych organismti, osidlujicich povrch schranek,
byla ptekvapiva. Zatimco pii hodnoceni stavu schranek v pilotnim experimentu pouhym
okem bylo rozliSeno pét morfologickych kategorii (bilé uzlikovité, ¢erné kyjovité, Cerné
nitkovité, hnédé nitkovité a tenké Sedé; v Tabulkach 3 a 4 slouceny do vlaknitého mycelia a
uzlikovitého pseudomycelia), kultivacni studie jich odhalila 35. Houbova spolecenstva nadto
byla mistn¢ specificka (graf na obr. 13).
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Obrazek 13: RDA analyza houbovych spolecenstev ¢ty lesnich typti. Prvni a druhd osa vysvétluji 5,3 % a 3,2 % pozorované
variability (p=0,0002). Zatimco spolecenstva dubohabfiny a olSiny jsou velmi specificka, spolecenstva sutového lesa a
raselinného boru jsou si relativné podobna.

V pribéhu kultivacniho experimentu byl objeven a popsan novy rod a druh vieckovytrusé
houby. Dle unikatni morfologie a specifického mista vyskytu byl pojmenovéan Pentaster
cepaeophilus Koukol, 2013 (viz obr. 14). Vyskytoval se pouze na povrchu schranek paskovek
uloZenych v hrabance z olSiny.
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Obriazek 14: vieckovytrusa houba Pentaster cepaeophilus, nové popsana z ulit paskovek (Koukol & Rihova 2013). Vlevo
charakteristicky tvarované konidie na schrance pruhované morfy paskovky C. hortensis; vpravo osamocend konidie na
fotografii ze svételného mikroskopu. Autorem fotografii je Ondiej Koukol.

Schranky méni sviij vzhled v prabéhu ¢asu. Dochéazi k narusovani vnéjsich vrstev, praskani a
odlupovani periostraka a posléze rozpousténi ostrakalnich vrstev. Schranky kratce prazdné si
zachovavaji ptivodni lesk i zbarveni; malé schranky jsou prasvitné. S postupem ¢asu se malé
schranky zakaluji, velké blednou (avSak nedochézi k vyrazngj§imu chemickému naruSovani
vapenatych vrstev) a ztraci periostrakum. Dochézi rovnéz k jejich svétlému obarveni (obr.
3C). Schranky v pokrocilejSim stadiu koroze nesou znadmky rozpous$téni anorganickych
vrstev, doliky a posléze otvory skrz sténu schranky (obr. 3J, 3K a 30). Pro pokrocila stadia
koroze je typicky znaény vyskyt otvorl, tmavé obarveni zbylych struktur (obr.3D) a pro
odolné malé druhy vyskyt prazdnych periostrak s kompletné rozpusténymi vapenatymi
vrstvami (obr. 3L, M a N; obr. 8).

Celkova fragmentace (obr. 3P) a olamani Usti nejsou korelovany s dobou uplynulou od smrti
jedince, protoZe jsou zpusobovany ndhodné ptlisobicim faktorem, zivocichy. Pokud je
zachovana jesté néjaka cast ptivodniho povrchu, mize k blednuti (obr.3A, B) dochézet
kdykoliv v pribéhu koroze a proto se i tato charakteristika v grafu na obr. 15 jevi jako na Case
nezavisla.

Porosteni povrchu myceliem (obr. 3X) a aktinomycetami (obr. 3V) je vazdno na aktudlni
podminky pocasi a vymizeni antimykotického efektu slizu. V idedlnich podminkach
k porosteni schranek paskovky C. hortensis dochdzi do tif mésicti od vyprazdnéni schranky a 1
kdyZ je mycelium relativné kiehka struktura, kterd podléha snadné destrukci za suchého
pocasi, delsi dobu prazdné ulity jsou myceliem pokryté vice nez schranky Cerstvéjsi.
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Obrazek 15: RDA analyza korelace typl poskozeni s ¢asem uplynuv§im od opusténi ulity. Prvni kanonicka osa vysvétluje
5 % variability, druha nekanonicka osa vysvétluje 10 % variability (p = 0,0002; vysvétlujici proménna ¢as uplynuly od
zakopani; kovariaty druh plZe a typy poskozeni schranky).

Procé se vzhled a stav prazdnych schranek promériuje?

Prazdné schranky v prostiedi stfedoevropského lesa prodélavaji Sirokou Skalu zmeén,
vedoucich k postupné degradaci a zmizeni. Nékteré ze zmén nemaji na prvni pohled
destruktivni charakter. Velké schranky, piivodné pigmentované a vzorované, tento svilj vzor
ztraci a blednou. Pivodné prithledna sténa malych schranek mlééni a stava se nepruhlednou —
dochazi k zakaleni. Periostrakum i védpenaté vrstvy se obarvuji v Siroké Skale odstinti, od
zativeé oranzové po témer cernou. Piivodné lesklé schranky se stdvaji matnymi.

A¢ z mediteranniho prostfedi, blednuti bylo v malakozoologické literatufe dokumentovano
Okrajové jej zminuje Barrientosova (2000) a Rundellovd s Cowiem (2003). Podrobnéji jej
popsal Menez (2002), ktery vystavil schranky osmi druhi sttedozemskych plzii povetrnostnim
vlivim suchého gibraltarského 1éta. Ztrata barvy a puvodniho vzoru se projevovala
homogenné po celé exponované plose pozorovanych ulit. Mimo blednuti Menez pozoroval
ztratu lesku a mizeni periostraka. Pozorovand poskozeni ptisoudil piisobeni osvitu, protoze
v prubéhu tfimé&si¢niho sledovani téméf neprselo.

Schranky v pilotnim experimentu (viz Rihova & Jufickova, submitted) viak bledly i piesto, Ze
nebyly vystaveny slune¢nimu svétlu. Pfi¢ina blednuti ve stfedoevropskych lesich je jina.
Protoze ,,mediteranni* blednuti se projevuje jinak nez ,lesni“, domnivam se, Ze za ztratou
barvy vlesnim prostiedi mitizou chemické zmény, nastavajici v ostraku a periostraku
v mistech doteku schranky s vlhkymi ¢asteCkami hrabanky.
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Zakalovani stény malych schrianek bylo poprvé zminéno v praci Rihové a Juiickové
(submitted). Tyka se nejen malych schranek — postihuje rovnéz velké ulity, které byly
puvodné prihledné (¢i alesponi velmi prisvitné; z ceské fauny se jedna napiiklad o zastupce
celedi Succineidae). Jev je diky zmén€ barvy na mlécné bilou velmi napadny 1 u drobnych
ulitek. Dochazelo k nému velmi brzy na vSech sledovanych lokalitach, objevovalo se do Sesti
meésict. Na vlhkych lokalitdch bylo rovnou pozorovano zakaleni celé schranky, na lokalitach
suchych (a bazictejsich) spise pocatecni stadia (Tabulka 4). Graf na obr. 4 zobrazuje blednuti
v levé Casti, kterd patii poskozenim typickym pro dubohabiinu, sutovy a bukovy les. Je to
proto, ze zatimco na zbylych tfech lokalitach doslo k rychlému rozpusténi malych schranek;
zde se schranky naopak uchovaly a byla na nich patrna i poskozeni typicka pro pocatek
rozkladu schranek. At uz je mechanismus vzniku zakaleni jakykoliv (viz niZe), jedna se o
jeden z prvnich typti naruSeni schranky, ktery umoznuje vnik dalSich poskozeni.

K zakaleni dochazi pti provlhnuti ¢i namoceni ulity. Prvni stopy zakaleni byly v experimentu
na n¢j zaméfeném patrné jiz po tfech dnech a ¢im vyssi vlhkost byla, tim rychleji k zakalovani
dochazelo (obr. 12). Drobné schranky siménky C. minimum se po navlheni zcela zakalily jiz
po deseti dnech. Byly-li ve vod¢ ponofeny zcela, zneprithlednély do Sesti dni. Velké schranky
(S. putris) naopak zakalovani odoldavaly nejdéle a dochdzelo k nému pouze na mistech
ptimého kontaktu s vodou. Pozménéné plochy se postupem cCasu rozsifovaly. Stredné velké
schranky (N. hammonis a C. lubrica) se pti niz$i hladiné vlhkosti zakalovaly stfednim
tempem; pii kompletnim ponofeni do vody nebyla rychlost jejich zakalovani odliSna od
rychlosti zakalovani nejvétSich pouzitych schranek (obr. 12 vpravo). Vzhled kontrolnich
schranek umisténych v tychz teplotnich podminkéch v suchu se po celou dobu sledovani nijak
nezmenil.

Bezprosttedni mechanismus vzniku zakalovani neni znam. Je mozné, ze pii ném dochazi ke
zménam na mikrostrukturdlni urovni schranek. Domnivam se, ze zakaleni schranky souvisi
s naruSenim organické vrstvy pokryvajici lamely vSech tadii (obr. 1). Pravdépodobné dochazi
k jejimu odchlipnuti od krystalkli a priniku vody (nebo vzduchu) mezi organickou pochvu a
aragonit, coz vede k tvorb& neprthlednych mist. Pfesmyk aragonitu na kalcit s jinymi
fyzikalnimi vlastnostmi neni pravdépodobny, protoZze k nému dochazi obvykle za zvySené
teploty; za béZného tlaku a teploty takova zména trva miliony let.

Obarveni schranky je dalSim z typd posmrtnych zmén, které se zdaji byt nedestruktivni,
avSak pribéh rozkladu nediln¢ provazi. Jedinym zndmym vyskytem piedchoziho popisu
tmavého obarveni je zminka Barrientosové (2000) o obarveni prvniho zavitu schranek
v kostarickém tropickém lese. Obarveni bylo v pilotnim experimentu zaznamenano jiZz po
Sesti mésicich a v rizné mite k nému postupné doslo na vsech sledovanych lokalitach u vSech
modelovych druht (Tab.3 a 4). Jeho vyskyt na schrance obvykle doprovazi dalsi typy
naruSeni, predevSim rozpousténi vapenatych vrstev. Na svétlych castech schranky je obarveni
dobfte patrné (obr. 3C, D), zasahuje vSak 1 periostrakum, coz je vidét predev§im na mistech s
okénky. Cim déle jsou schranky prazdné a ponechané na lokalité ptisobeni vnéjsich vlivi, tim
vice jsou obarveny (obr. 15).

Nejintenzivnéji se schranky zabarvovaly v raSelinném boru a kulturni smrcing, zfidka
dochézelo k obarveni v dubohabfing a sutovém lese (Tabulka 5; obr. 4). Jev byl pozorovan i
pii studiu houbovych spolecenstev v laboratornich podminkach (obr. 6).

Protoze je znamo, Ze obdobné obarveni organickych materiali plisobi huminové kyseliny
(Hall & Packham 1965, van der Sanden 1992), domnivam se, Ze i obarveni schranek je jimi
zpusobeno.

Ztrata lesku, zminovana Menezem (2002), je diskutabilni typ poSkozeni, piestoze je velmi
dobie patrnd (viz obr.9 a Tabulka 5, ve kterych je zminéno naopak zachovani lesku).
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Domnivam se, ze je zpusobena nékolika spolupiisobicimi nebo zastupujicimi se faktory.
Schranky lezici voln€ v substratu jsou Casto pokryty jemnymi prachovymi cCasteCckami ¢i
blatem, coz zpusobuje, ze lesk (i kdyby byl zachovan), neni patrny a ulita ptisobi matnym
dojmem. Obdobné zmatnujicim zplisobem plisobi rovnéz blednuti a obarveni schranek.
Zajimavy fenomén byl objeven diky elektronmikroskopické &asti studie (rovnéz viz Rihova &
Jutickova, submitted). Zatimco pii vizualnim hodnoceni fotografii bylo Casto zaznamenano
odloupnuti celého periostraka a odhaleni povrchu ostraka, pfi studiu lomd pod velkym
zvetSenim jsem se nékolikrat setkala s castecnym odloupnutim periostraka. Schrance chybéla
jeho svrchni vrstva, vnitini byla dosud ptichycena k ostraku. Odchlipovani vnéjsi
periostrakalni vrstvy bylo zaznamenano pfi fotografovani lomu ulit r. Pupilla a suchomilky
X. obvia. Pti zpracovani pusobily matnym dojmem, avSak pochézely z zivych jedincd. Pro
vétsSinu zkoumanych jedinci rodu Pupilla bylo castetné odlupovani periostraka natolik
typické, ze to znemoznilo jejich pouziti v dil¢i studii stavby periostraka a ostraka.

V literatufe jsem se nckolikrat setkala s konstatovanim, ze ovétralé (worn, weathered)
schranky ¢i schranky pozbyvajici Cerstvého vzhledu jsou staré (Cameron & Morgan-Huws
1975; Rundell & Cowie 2003). Je mozné, ze za timto konstatovani stalo prfedev§im blednuti
schranek a ztrata lesku, at’ uz byla zptisobena ¢imkoliv — napiiklad ,,umazanim* schranek ¢i
¢asteCnym nebo plnym odlupovanim periostraka.

Olupovani periostraka je jev natolik vyznamny, Ze jej mimo malakologl (Barrientos 2000,
Menez 2002, Rundell & Cowie 2003, Pearce 2008) zaregistrovali rovnéz kuratofi muzejnich
sbirek. Dochézi k nému totiZ i na exemplafich uloZenych v relativné stdlém prostiedi sbirek.
Mortonova (2006) zjistila, Ze tento jev je pusoben kolisdnim vzdusné vlhkosti.

V pilotnim experimentu olupovani periostraka postihlo vSechny modelové druhy na vSech
lokalitach (Tabulky 3 a 4) a doSlo k nému 1 na schrankach paskovek pouzitych coby navnada
pro pidni houby (obr.5 a 6). Casto se vyskytovalo pfedevsim na ulitich deponovanych
v dubohabting a sutovém lese (obr. 4), coz je dano tim, Ze se jedna o jeden z Casnych typi
poskozeni (obr. 15) a proto jej lze na téchto mirnych lokalitdch ve vét§i mife nez na ostatnich
zastihnout 1 v pozdéjSich stadiich rozpadu. Jinde je vté dobé piekryto nasledujicim
rozpousténim odhalenych povrchii.

Olupovani se projevuje Castéji na schrankach velkych modelovych druht (ebr. 9). Vzhledem
k odliSnému pribehu rozkladu malych a velkych schranek je pravdépodobné, ze velké druhy
jsou chranény pied predCasnym rozpousténim hlavné robustnosti a tloust’kou stény schranky.
Periostrakum zde plni pfedevsim stavebni funkci, protoZe je to prvni soucést stény schranky,
ktera se tvori a ostrakalni vrstvy krystalizuji na ném (Checa 2000, Checa et al. 2005). Ulity
malych druht, které maji sténu schranky celkové vyrazné ten¢i (Tabulka 6), jsou
rozpous$ténim ohroZeny mnohem vice a jejich periostrakum plni vyrazné ochrannou funkei,
coz se odrazi i v odlisném zplsobu rozkladu (obr. 8). Je pravdépodobné, ze tendence
k vicevrstevnému ¢i relativné tlustému periostraku je jednim ze zplsobi, jak ochranu
vapenatych vrstev posilit. Jsou to praveé acidotolerantni plzi, ktefi takovym periostrakem
disponuji (z druht pilotniho pokusu C. aspera a N. hammonis; z dalSich méfenych plzi
Oxychilus glaber ¢i Zoogenetes harpa — viz Tabulka 7). Okénka se mohou objevit i pfi
rozkladu velkych schranek, avSak minoritné. V laboratornim experimentu zkoumajicim
houbova spole¢enstva povrchil schranek (Rihova et al. 2014; obr. 6) se objevovala predev§im
proto, ze schranky nebyly mezi jednotlivymi odecty ovliviiovany externimi mechanicky
plsobicimi Ciniteli a pokud doslo k vytvoreni okénka, nebylo toto poniceno, jako je tomu
s velkou pravdépodobnosti pii rozkladu ve volné ptirode.

Domnivam se, Zze naruSeni periostraka je jednim z Gvodnich krokti rozkladu schranek a
umoziuje rozpousSténi vapenatych vrstev. Zajimavé je v tomto sméru konstatovani Pearce
(2008), vjehoz experimentu ztrata periostraka vys§i rychlost rozkladu schranky
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nepodporovala. Neni pravdépodobné, ze by to bylo zplisobeno nepiesnosti v méteni; mozna
se vSak pouzité robustni silnosténné druhy rozkladaji velmi pomalu bez ohledu na pfitomnost
periostraka.

Diivody ztraty periostraka je tézké podchytit. Ze studie Mortonové (2006) vyplyva, Ze je za
néj zodpovédné kolisani vlhkosti v prostfedi, kde se ulity nachézeji. I v pilotnim experimentu
schranky ve vlhkych prostfedich ztracely periostrakum intenzivné a také schranky jantarky
S. putris ponoiené ve vode se zacCaly na konci experimentu olupovat. Jenze vSechny lokality
s vyraznou ztratou periostraka jsou nejen podmacené, ale rovnéz znaéné kyselé a je
pravdépodobné, Ze i nizké pH ma na stav periostraka negativni vliv. Vyrazn¢ je to patrné na
hodnoceni stavu schranek z mykologického pokusu (obr. 5 a 6).

DalSim potencialnim faktorem by mohlo byt kolisani teploty v prub¢hu dne, nebot’ ztratu
periostraka zaznamenal 1 Menez (2002), ktery vsak ulity sledoval v mediterannim 1¢été bez
srazek. Je mozné, ze periostrakum reaguje na teplotni zmény zménami objemovymi a dochézi
k jeho trhani a praskani.

Nejvyraznéjsi vliv na stav schranek a rychlost jejich ibytku i celkové mizeni ma rozpousténi
vapenatych vrstev. Poskozeni samo jiz bylo dokumentovano a spojeno s nizkym pH
hrabanky a pidy mnoha pfedchozimi autory (Barrientos 2000, Miiller et al. 2005, Pearce
2008, Strom et al. 2009, Cernohorsky et al. 2010). Teprve Rihova & Jufitkové (submitted)
detailné popsaly priibéh rozpousténi schranek.

Rozpousténi ostraka velkych schranek (obr. 7) nejCastéji zalind v mistech s naruSenym
periostrakem. NaruSeni muze byt vyrazné¢ bodové (obr. 3J; pitting). Drobné, teckovité
dolicky se postupné rozsifuji v Siroké pozvolné dulky (obr.3K) a nasledné prohlubuji
v otvory skrz schranku (obr. 30). Pokud doslo nejprve k plosnému odloupnuti periostraka,
vznikaji Siroké mélké doliky rovnou. Jakmile jsou vytvofeny otvory skrz schranku,
rozpousténi se zrychluje. NaruSenim vépenatych vrstev se navic otevira prostor pro
obarvovani schranky.

Malé schranky s vytrvalym periostrakem se rozpousti zevnit#. Zatimco periostrakum zlstava
neporusené, ostrakum pod nim se rozpousti a vznikaji prihledna okénka (obr. 3R a obr. 8).
V krajnich pfipadech v extrémnich biotopech dochazi ke kompletnimu rozpusSténi ostraka a
prazdné periostrakum (pfipominajici svlecku hada) je vlivem okolniho substratu pomackano a
zdeformovéno. Tento zplsob rozkladu byl popsan v praci Millarové a Waita (2004), kteti
vSak nevyslovili zddnou domnénku o jeho piivodu. Povsiml si jej rovnéz Pearce (2008), ktery
stejné jako Rihova et al. (2018) a Rihovd & Jufi¢kova (submitted) usoudil, Ze doslo k
chemické korozi zevnitt diky priniku ¢astecky vlhkého substratu do ulity.

Rychlost rozpousténi a mizeni ulity je zavisla na jeji velikosti (Rihova et al. 2018; obr. 10).
Malé schranky mizi rychleji neZ schranky velké, které mohou na lokalité vytrvavat necekané
dlouho. Pearce (2008) odhaduje délku rozpadu na necelych osm let, k obdobné vysokému
odhadu dosli Hunt a Oates (1978; str. 419) — pies jedenact let. Protoze 1 v pilotnim
experimentu prvni velké schranky diky rozpousténi zacaly mizet po tech letech, souhlasim
s relativné vysokymi odhady vytrvavani schranek vSech zminénych autort.

V pfirozenych podminkach jsou vSak schranky poSkozovany mnoZstvim dalSich faktord.
divokych prasat. Ta zplsobuji mnohdy fatilni fragmentaci (obr. 3P), mechanické rozbiti
schranek. Mohou tak ¢init jak nevédomé (poslapem), tak védomé. Jsou totiz velmi zvédava a
fragmentace zjiSténa v pilotnim experimentu byla zplisobena jejich tendenci zkoumat
neznamé objekty v domovskych okrscich (Meynhardt 1983). Diky ¢innosti divokych prasat
zmizela 3 % schranek (viz Rihova et al. 2018: tabulka 3 na str. 56).
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Ve volné ptirodé je procento schranek ponicenych zivymi organismy vyssi. Krabicky,
ve kterych byly schranky uloZeny, stejné jako opadové sacky ve studii Timothyho Pearce
(2008), znemoznily piistup dal§im organismim, které schranky vyuzivaji coby zdroj vapniku
a rozklad urychluji. Jejich prehled podéava vynikajici studie Cadéeho (2016), stejné jako jeho
experimentalni prace s zivymi mekkySi zpisobujicimi bioerozi (Cadée 1999). Maji-li ke
schrankam napf. plzi piistup, mohou jejich rozklad urychlit mnohonasobné. Schranky jimi
dokonce mohou byt poskozovany jiz za zivota (Ozgo a Bogucki 2006). Mnozstvi organismil
osidluje vnitini prostory prazdnych schranek (pavouci — Hula et al. 2009, Niedobova et al.
2013; mravenci — Bezdécka 2000; samotaiské véely — Macek et al. 2012, napft. str. 416).
Casto se vak jedna pouze o podnajemniky, ktefi schranku obyvaji a nijak neposkozuji.
Ptehledova studie Millarové a Waita (2004) klasifikovala rizné typy poskozeni nalezené na
schrankach ve vymladkovém lese. Velka ¢ast pozorovanych typl poSkozeni byla zpiisobena
predaci riznymi organismy a stala se rovnéz pri¢inou smrti. Na rozdil od Cerstvych schranek
vyuzitych pro studie Rihové a kolegli (2018; submitted) tyto schranky jiz na poéatku koroze
m¢ély narusené periostrakum i ostrakalni vrstvy a nebyly kompletni. Je velmi pravdépodobné,
7e budou mizet vyssi rychlosti nez celistvé schranky jedinc zemfelych stafim. Jakykoliv
odhad délky vytrvani schranky na lokalité¢ pti vylouceni biodegradacnich Cinitelii poskytne
delsi (dle odhadi Cadéeho (2016) vyrazné del$i) Casové useky nez po jaké schranka na
lokalité skute¢né vytrva. Naptiklad ptaci vyuzivaji prazdné schranky jako jednoduse dostupny
zdroj véapniku pro své vlastni potieby a ,,posmrtny predacni tlak® mize byt pfedevSim na
kalcium chudych lokalitach vysoky (Graveland et al. 1994, Ménd et al. 2000).

Vyjma fragmentace zplsobené zZivo€ichy byla rovnéZz zaznamenana mechanicka poSkozeni,
pravdépodobné zpiisobena pohyby okolniho substratu. Jedna se ptedevSim o ulamovani
casti schranky pte¢nivajicich obrys — vrcholii a obusti. Vrchol, nejstarsi ¢ast schranky, je
tvofen embryonalni ulitkou a ma nesmirné fragilni sténu, diky ¢emuz je znacné nachylny
k odlomeni. Provlhlé schranky jsou navic velmi kiehké a nachylné k poniceni i jemnym
tlakem. Proto byla fragmentace typickd pfedev§Sim pro raselinny bor a olSinu (obr.4 a
Tabulka 5), lokality vlhké a v pfipadé periodicky zaplavované olSiny rovnéZ s vyraznym
posunem substratu.

Ackoliv je jev znam z marinniho fosilniho zaznamu, ptekvapivym se stalo zjiSténi, ze
k terestrickému rozkladu schranek pfispivaji rovnéz rostliny. V priibéhu celé pilotni studie
byly na povrSich schranek objevovany zvlastni povrchové otisky, pfipominajici stopu po
plazeni Cervovitého organismu (obr. 3S, T a U). ,Kolejnicka® tvofend jemnym blatem se
vsak casto vétvila a bylo jasné, Ze neni zpisobena napiiklad plazenim ptdnich hlistic ¢i
malostétinatcli. Teprve v poslednim béhu experimentu (po 36 mésicich) bylo odhaleno, ze se
jedna o stopu doteku korenii rostlin. Tam, kde rostlindm chybi néjaka zivina, jsou schopné
cilené prodluzovat své kotfeny ristem ve sméru bodového zdroje deficientni latky (Hodge
2004, De Kroon et al. 2005, Morris et al. 2017). Protoze se stopa Casto objevovala
v raSelinném boru, je s velkou pravdépodobnosti onou Zivinou vépnik, kterého je zde
nedostatek.

Stopa po doteku kofenii byla zaznamendna rovnéz v experimentu zkoumajicim slozeni
houbovych spoleenstev na povrsich ulit (Rihova et al. 2014). Pirekvapivé se tak dalo
v miskach s hrabankou z dubohabfiny a sutového lesa. Zatimco hrabanka z dubohabfiny
obsahuje vysoké mnozstvi vapniku (210 mg/kg), v hrabance ze sutového lesa je ho sotva
ctvrtina; méné nez v substratu z olSiny (viz Tabulka 2). Pro rostliny jsou nejspi§ schranky
natolik vyhodnym zdrojem vapniku, Ze jej vyuzivaji nehledé¢ na vysoky obsah véapniku
v okolnim substratu.

Obdobny typ poskozeni — vétvené linie naleptavajici povrch schranky — je zndm z moiského
prostfedi (Cutler 1995 a Parsons-Hubbard 2005). Pusobi jej dotek kofend moiské travy
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r. Thalassia a pokud se na schrankdch vyskytne, je jasnou zndmkou alespon docasné¢ho
pobytu schranky v porostu moiské travy.

Porosteni houbami a houbam podobnymi organismy patii mezi jednu z nejnapadnéjsich
posmrtnych zmén, ke kterym na povrchu schranek dochazi. Zda se vSak, Ze neni destruktivni
a nepftispiva k jejich rozkladu: houby neberou schranky jako zdroj zivin a prvki, pouze jako
inertni substrat. Nenaru§uji ani periostrakum, ani ostrakum (Rihova et al. 2014).

K infestaci houbami dochézi casné. Byla pozorovana jiz po Sesti mésicich i ve vSech
nasledujicich kontrolach pilotniho experimentu, na vSech sledovanych biotopech i
velikostnich kategoriich ulit (Tabulky 3 a 4). V laboratornim kultivacnim experimentu byly
houbové struktury, byt v relativné¢ malé mife, zaznamenany jiz po tiech mésicich. Intenzita
vyskytu hub v pilotnim pokusu se v ¢ase zvySovala (obr. 15), coz vsak bylo mozna dano
vlhkym pocasim pii vét§iné odbérti: mycelium je pomérné kiehké a Ize jej ze schranky snadno
mechanicky odstranit, v ptihodnych vlhkych podminkdch vSak wvyrlstd opakované.
Ve venkovnim prostfedi dochazi ke kolob&hu vzristani a (Castecné) degradace mycelia, jeho
zbytky se na schrance hromadi.

Sliz plzii ma antimykotické a antibakteridlni vlastnosti (Czeczuga 2000; Zhong et al. 2013,
Pitt et al. 2015), coz je malakologlim empiricky zndmo. Zatimco schranky zZivych plzl jsou
hub zcela prosté, prazdné ulity jsou jimi pokryty ¢asto. Porosteni myceliem je diky tomu
jednim z nejlepSich ukazatelii Cerstvosti prazdné schranky: nejpozdéji do tfi mésicii je mozné
schranky kolonizovat (Rihova et al. 2018).

Jsou-li hodnoceny vizualné, schranky poriista nékolik typti mycelia obvykle pfipominajiciho
tenké, tmavé zbarvené nitky (obr. 3X; Rihova & Jufickova, submitted). V pilotnim pokusu
byly zaznamenéany ¢tyfi morfotypy, které jsou v Tabulkach 3 a 4 spojeny do vldknitého
(houbové hyfy) a uzlikovitého typu (aktinomycety; obr.3V). Molekularné-biologickymi
metodami (viz Rihova et al. 2014) byla na schrankach plamatky 4. arbustorum zjisténa
vieckovytrusd houba Arthroderma insingulare a blize neurCeny zastupce rodu Geomyces
(rovnéz Ascomycota). Splet’ na prvni pohled uniformé vypadajicich vldken se pfi pozorovani
ve svételném mikroskopu ukézala byt smésici hyf hub viecko- 1 stopkovytrusych.

Laboratorni studie cilena na houbové spoleéenstva étyi lokalit (Rihové et al. 2014) odhalila
mykoasociace mnohem bohatsi. Celkem bylo zaznamenano vice nez 30 morfotaxonti hub a
navic bylo odhaleno, Ze jeden z vyrazné odlisSnych morfotypli — bilé uzlikovité mycelium
(obr. 3V) — je projevem rastu aktinomycety rodu Streptomyces. Bakterie pattici do tohoto
rodu jsou nesmirn€ hojné v pidé a jsou znamy ptredevSim pro schopnost tvorby Sirokého
spektra latek vcetn€ antibiotik. Zajimavé jsou rovnéz schopnosti tvorby tzv. pseudomycelia
(Anderson & Wellington 2001, Chater et al. 2010). Pfi pohledu pouhym okem pfipomina hyfy
hub, avSak jiz pfi malém zvétSeni ve svételném mikroskopu je patrné, Ze je sloZeno
z drobnych kulovitych bunék (obr. 3W), coz umoziuje okamzité rozpoznani.

Houbova spolecenstva Ctyf lokalit (dubohabtina, olSina, sutovy les a raSelinny bor) byla
navzajem vyrazn¢ odlisnad (obr. 13); nejbohatsi spolecenstva byla zaznamendna v hrabance
z olSiny a raSelinného boru (21 druhii). Po tfech mésicich od zacatku experimentu se na
schrankach vyskytovalo osm morfotypti hub; nejbohatsi spolecenstva byla zaznamenana po
deviti mésicich (25 morfotypti). Schranky (barevné polymortni paskovka C. hortensis) byly
kolonizovany bez ohledu na svou pigmentaci (Rihova et al. 2014).

Kwvili absenci charakteristickych rozmnoZovacich struktur a netispé$nosti kultivace nemohla
byt mnohé sterilni mycelia ur¢ena; v prib&hu experimentu vSak byl popsan zcela novy rod a
druh vieckovytrusé houby: Pentaster cepaeophilus (Koukol & Rihova 2013; viz obr. 14).
Jeho nezaménitelna pentaradidlni konidia se objevila v hrabance z olSiny a dala mu, stejné
jako nezvykly substrat, jméno.
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Tafonomicky podpis lokality

AC to na prvni pohled neni zjevné, protoze vSechny typy poskozeni byly zaznamendny ve
vsSech typech lest, Sestice lokalit z pilotniho pokusu na schranky plsobi specificky — vytvari
tzv. tafonomicky podpis lokality (obr. 4). Nejvétsi rozdil je mezi skupinou lokalit vyrazné
vlhkych a kyselych (olSina, raselinny bor a smr¢ina) na strané jedné a lokalitami mnohem
sus§imi (piipadné vlhkymi sezonn€) a se spiSe alkalickou ptidni reakci na strané druhé
(dubohabtina, sutovy les a bucina). Rovnéz v ramci skupiny kyselych a vlhkych lokalit jsou
nejvyraznéjsi interlokalitni rozdily. Nejmirnéji a zaroven nejpodobnéji na schranky pulsobi
dvojice dubohabtina-sut'ovy les.

Pouze ziidka jsou nekteré typy poskozeni charakteristictéjsi pro urcité biotopy (Tabulka 5;
vylu¢né nebyly pro zkoumané lesy zaznamenany vibec). Je tomu tak napt. v piipadé vyskytu
mycelia (pfedevsim pseudomycelia rodu Streptomyces) na schrankach zbuciny nebo
prazdného periostraka malych modelovych druhlt v raselinném boru. Schranky z olSiny
vyrazng ztraci ptivodni zabarveni a blednou.

Nejnicivéji na schranky ptisobi raselinny bor; nejméné korozivni prostiedi je v dubohabfting.
Vliv lokality na rozklad schranek je niz$i nez vliv druhu. Zda se, ze vlhkost lokality je

vvvvvv

Co s prazdnou ulitou?

Vse vySe zminéné sméiuje predevSim k zodpovézeni otazky: jak zachdzet s prazdnymi
ulitami? Pro schopnost odhadu stafi prazdné schranky je nezbytné vzit v potaz vliv jak
vngjSich faktori, tak vlastnosti schranky samé; a rovnéz pficinu smrti.

Cerstvé schranky nejsou nikdy porostlé hyfami & hyfam podobnymi strukturami. Maji
(téméf) dokonale zachované periostrakum a pfedevSim pivodni barevny vzor. Vyjimkou jsou
dlouhovéké druhy (ve stfedoevropském kontextu napf. hlemyZzd’ zahradni i menSi zastupci
celedi Helicidae, zavornatky (Clausiliidae) nebo rod zrnovka (Pupilla)), u nichz dochazi
k opryskavani periostraka na vrcholu schranky v mistech embryonalni ulitky. Druhy
s periostrakalnimi vyrastky tyto vlasky Casto ztraci; vzdy vSak po nich v periostraku zlstavaji
viditelné jizvicky. Cerstvé prazdné malé schranky maji prithlednou sténu, piipadné zakaleni
se omezuje na n€kolik tecek. I schranky sttedné velkych druhti (v ¢eském kontextu vSe vyjma
rodu Helix) jsou castecné prusvitné. Pokud se uchovavaji v relativné suchém prostiedi,
priisvitnost vytrvava i pil roku (D. Rihova, pers. obs.).

Pokud doslo k destruktivnimu usmrceni predatorem, jsou na Cerstvé rozbitych schrankach
napadné ostré hrany v mist€ rozmacknuti stény ulity. Ohlazeni téchto hran je vysledkem
chemické koroze, rozpousténi, a poukazuje na rozbiti pred dels$i dobou. Nektera poskozeni
vzniklad predaci (pfedevSim prostrouhani stény schranky radulou v pifipad¢ napadeni dravou
sitovkou rodu Aegopinella (viz Millar & Waite 2004)) je tézké odliSit od poskozeni
zpusobeného bodovym naruSenim periostraka a naslednym rozpousténim ostraka.
Napomocny je v tomto ptipad¢ celkovy stav schranky. Pokud ma schranka — stejné jako
v ptipadé€ zcela Cerstvych ulit — v bezprostfednim okoli poskozeni zachovalé periostrakum a je
prasvitna ¢i dokonce prithlednd, doslo k usmrceni nedavno. Pravidlo plati pro malé schranky,
protoze ty se nejcastéji stavaji kofisti rovnéz relativné drobnych sitovek.

Prazdné schranky postupné ztraci Cerstvy vzhled, malé schranky se zakaluji a velké blednou.
Pokud maji pigmentované periostrakum (napt. C. aspera), 1ze blednuti pozorovat i u malych
druht, je vSak méné Casté nez u druhti velkych. Dochazi k rozpousténi ostrakalnich vrstev,
zabarvovani a kolonizaci povrchu houbami. Na kyselych a vlhkych lokalitdch je rozklad
rychly, zatimco suché bazické lokality umoznuji i malym schrankam dlouhodobé uchovavani.
Proto je velmi slozité stanovit vSeobecné platna pravidla zachazeni s prazdnymi schrankami.
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Prazdné drobné schranky (mens$i nez 8 mm) na velmi vlhkych a kyselych lokalitach obvykle
nevytrvavaji déle nez rok a pokud po nich neni specificky patrano, prazdna periostraka
neupoutavaji pozornost. Prazdné schranky na takovych mistech mizeme bez obav pouzit
témér v jakychkoliv analyzach. Schranky téze velikosti vSak mohou na bazickych a predevsim
suchych lokalitach (napf. v dubohabfing) vytrvavat i n¢kolik let (nejméné tfi roky) témér
nedotéené rozpousténim. Je velmi vyhodné je vyuzit pii inventarizacnich prizkumech,
protoze pomadhaji zachytit vzacné druhy s nizkou populaéni hustotou (viz Thurman et al. 2008
¢i Cernohorsky et al. 2010), jejich vyuziti v populacné-biologickych studiich je vSak
diskutabilni.

Velké schranky ve vlhkém kyselém prostiedi ztraci pivodni pigmentaci i periostrakum a
dochézi k masivnimu rozpousténi. Po tfech letech i1 z velkych ulit (4. arbustorum) zistavaji
pouze siln¢ ponicené, t€zko determinovatelné fragmenty. Schranky vyrazné zachovalejsi,
avSak na suchych lokalitach, mohou byt i nékolikrat starsi.

Je patrné, ze vyuziti prazdnych ulit ma pomérné slozitd pravidla. V nékterych situacich vsak
prazdné schranky mohou vyrazné€ pomoci €i je jejich vyuziti nezbytné.

Schranky z hrabankovych vzorkd (tradicni malakozoologickda metoda kvantitativniho
vyzkumu; viz Lozek 1956) ze suchych lesnich lokalit mohou byt az z poloviny tvofeny
,mrtvymi jedinci® — tedy prazdnymi schrankami rizného stafi. Cameron s Pokryszkovou
(2005) doporucuji pii zpracovavani hrabankovych vzorkli zachovat tzv. pravidlo
desetinasobku. Aby mohl byt vzorek povazovan za relevantni odraz skute¢né malakofauny
lokality, musi obsahovat 10x vice jedincl neZ je pocet zjiSténych druhli (nebo alespoit 200
schranek). Dosadhnout takto vysokych ¢isel je na nékterych lokalitdch pii pouziti pouze zivych
jedinc nemozné. Vyuziti prazdnych schranek je v takovych pfipadech jedinym vychodiskem.
Populace nékterych druhii plzii v pribéhu roku fluktuuji. U plz Celedi sklenénkovitych
(Vitrinidae) jsou populacni cykly dobfe znamé. Ve velkych maséach se vyskytuji na podzim a
po zbytek roku jejich pfitomnost dosvédcuji pouze prazdné schranky (Uminsky 1983, Kralka
1986, Horsak et al. 2013). AvSak i dalSi druhy maji proménlivou populaéni hustotu. Jeji
piesna dynamika vSak neni dostatecné probadana a v takovych ptipadech prazdné schranky
dobfe dokumentuji ptfitomnost téchto druhl. Totéz plati pro druhy obyvajici drobné
mikrohabitaty (Schilthuizen 2011) a nedobytné §térbiny (Thurman et al. 2008).

Pravdépodobné nejobecnéjSim pravidlem, které¢ lze pouzit pro stanoveni vyuzitelnosti
prazdnych schranek, je tzv. pravidlo cerstvé schranky (ptipadné pravidlo nenaruseného
periostraka), nékterymi autory jiz intuitivné vyuZzivané ¢i dokonce vyslovené (Labaune &
Magnin 2001, Horsdk & Héjek 2003, Cameron & Pokryszko 2005 (str. 541) ¢i Jufickova et al.
2008). Schranky se zachovalym leskem, bez naruSeného periostraka (s piihlédnutim
k moznému mirnému olupovéani v oblasti vrcholu u viceletych druhli) a s neposkozenym
barevnym vzorem (je-li pfitomen); v piipadé¢ malych druht schranky s dokonale prihlednou
schrankou ¢i pfitomnosti bodového zakaleni, 1ze bez obavy z naruseni objektivity analyz
pouzit témef pro jakykoliv typ vyzkumu. Z vysledkii mykologicko-malakologické studie
Rihové a spolupracovniki (2014) lze kpravidlu cerstvé schrinky dodat pravidlo
nepritomnosti houbovych hyf: jsou-li schranky prost¢ houbové infestace, jsou velmi
pravdépodobné prazdné méné nez tfi mesice.
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Budoucnost vyzkumu rozkladu schranek

Budouci vyzkum rozkladu schranek je vhodné smeétfovat dvéma smeéry: experimentdlnim
oveéfovanim vlivu riiznych faktort prostfedi na stav schranek a studiem schranky samotné. A¢
je to spodivem, mikrostrukturni analyze schranek suchozemskych plzi dosud nebyla
vénovana (na rozdil od schranek mnohych motskych mekkysi) témét zaddna pozornost.
Ptitom pravé zde se nejspiSe skryvd odpovéd’ na otazku, pro¢ se nékteré malé druhy
rozkladaji zpGsobem natolik nezvyklym, jako je tomu napfiiklad u ostroustky Columella
aspera.
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Podékovani

Za kazdym projektem stoji tym realizatordi; idea pifi jeho vzniku vSak obvykle pochazi
z jediné mysli. Vyzkum rozkladu schranek je vtomto sméru jedine¢ny diky plvodné
nezavislym a nasledné propojenym napadim Lucie JuFickové a Michala Horsiaka. Nebyt
Luccina vsestranného vedeni, materidlniho zajisténi experimentli, zadvoznicko-pievoznickych
a poradenskych sluzeb a pochopeni pro veskeré mé poklesky, nikdy bych praci nedokoncila.
Michal toto konani doplnil stfizlivym statistickym nadhledem a efektivné korigoval mé pftilis
vzletné ¢i naopak kritické predstavy.

Bez statistické, logické a emocni opory Zderika Janovského by mé vysledky predstavovaly
pouze neusporadanou zmét’ empirickych faktl nezptsobilych k publikaci.

Role parataxonoma jsem se zhostila a do prace v mykologické laboratofi pronikla diky
spolupraci s Ondrejem Koukolem. Spolecné Usili bylo korunovano objevem a popisem
puvabné pidni mikromycety Pentaster cepaeophilus. Za pomoc s uréenim hub dékuji rovnéz
Lukasi Faltejskovi.

Petr J. Juracka mne uvedl do svéta elektronové mikroskopie. Zasluhou jeho nedostizného
vzoru a pevného odhodldni Mirka HyliSe a Ani¢ky Holubové jsem se naucila pracovat se
SEM a objevila fascinujici svét mikrostruktur mékkysi schranky.

Veliky dik patii servisnimu a realiza¢nimu tymu — rodiné Rihové a Stépance Podrouzkové —
bez jejichz materialni a logistické podpory by vyzkum rozkladii mekkysich schranek jen tézko
probihal. Jan H. Ponert a Stanislav Vosolsobé poskytli materidlni oporu ¢asti experimentt a
jejich postiehy ze zeleného svéta posunuly mé chapani pribéhu rozkladu mékkysSich
schranek. Paleontologické zrcadlo neontologickym postiehiim dodal Jakub Prokop, jemuz
budiz vysloveny diky i za patronaci elektronmikroskopické ¢asti studie. Kousavé poznamky
Petra Kmenta se ukdzaly byt bolestivym, o to vSak uU€inngjSim zdrojem inspirace.
Malakologické trio Jitka Horackova-Jana Skodova-Ondiej Korabek se postaralo o staly
pfisun nadgje, blaznivych napadi a sarkastickych poznamek stejn€ jako schranek pouzitych
v dil¢ich experimentech.

Korespondence s Gerhardem Cadée a Timothy Pearcem a vysledky jejich badani mi byly v
zaverecné fazi sepisovani teze velikou oporou.
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With 2 figures

Abstract: Pentaster cepaeophilusgen. et sp. nov. (Pezizomycotina inc. sed.) is proposed for a fungus
colonizing surface of empty shells of the land snail Cepaea hortensis. The genus is characterised by
melanised, multiseptate staurosporous conidia with five arms seceding rhexolytically. The conidia are
unique in that two arms form a central axis and three arms stretch from its centre. The morphological
similarity to Tripospermum and Tetraposporium is discussed.

Key words: anamorphic ascomycete, Gastropoda, pentaradiate conidia, alder alluvial forest.

Introduction

Staurosporous hyphomycetes are typical colonizers of decaying leaf litter from plants
growing along streams with running water (Mueller et al. 2004). Their conidia are
mostly formed by four stretched arms (tetraradiate conidia) that ensure attachment to
a substrate by at least three points. The conidium in this position is quickly and firmly
attached to the substrate before germination (Kendrick 2003).

Rarely, these fungi were also recovered from rainfall collected beneath canopies of
mature forests or from rain-washed tree trunks at localities far from streams (Mueller
et al. 2004). In our study, a distinct staurosporous hyphomycete was found on empty
shells of Cepaea hortensis (O.F.Muller, 1774) (nomenclature according to Horsak et
al. 2010) cultivated on litter from alder alluvial forest during an experimental study
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of microfungi associated with empty gastropod shells (Rihova & Koukol, unpubl.
results). The litter was not cultivated underwater nor was a well-aerated stream in
close vicinity to the sampling locality.

Conidia of this fungus differ in a number of features from conidia of known genera
and therefore a new genus is proposed to accommodate the studied fungus.

Material and methods

Litter from alder alluvial forest was collected in BeneSuv Luh forest (48°46'39.3"N, 13°51'59.5"E,
430 m a.s.l.) between Bratronice and Chynava (Czech Republic). The litter was periodically
flooded from a nearby mesotrophic brook before sampling for the experiment. For the purpose of
this experiment, shells of Cepaea hortensis were collected in The Botanical Garden of the Charles
University in Prague (Czech Republic), but this gastropod species occurs naturally in BeneSuv Luh
forest (D.Rihova, personal observation).

Litter with empty shells was placed into glass Petri dishes (16 cm in diam.) and kept at 15/16°C
day/night regime in dark. The fungus was observed after 4 months of cultivation on the surface of
several shells. Attempts to isolate the fungus into pure culture were not successful. Conidia picked
by a sterile needle under a dissecting microscope and placed on various natural agar media were
overgrown by contaminating microfungi.

For light microscopy, fungal structures were mounted in Melzer’s reagent and examined with
differential interference contrast (Olympus BX-51 with digital camera). Pictures were further
enhanced using the Helicon Focus and Adobe Photoshop programs. Microscopic measurements are
reported as the mean + standard deviation (values of 20 measurements). The holotype specimen is
deposited in PRM (Herbarium of the Prague National Museum, Czech Republic).

Taxonomy

Pentaster Koukol gen. nov.
Mycobank Accession Number: MB 564336

ErymoLoGy: Pentaster = referring to the overall appearance of conidia resembling a star with five arms.

Anamorphic fungus, hyphomycete, saprotrophic. On the natural substrate mycelium
superficial, conidiophores micronematous. Conidiogenous cells terminal. Conidia
solitary, pentaradiate, multiseptate, composed of main axis and three arms, arms
stretching from the centre of the main axis, straight, tapering. Conidia secede
rhexolytically.

SPECIES TYPICA: Pentaster cepaeophilus Koukol sp. nov., see below.

Pentaster cepaeophilus Koukol, sp. nov. Figs 1-2
Teleomorph — anamorph connection: unknown.
Mycobank Accession Number: MB 564337

Vegetative hyphae brown, septate, 4.5-9 um wide, forming a loose network on the
surface of the substrate. Conidiogenous cells determinate, monoblastic, terminal,
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Fig. 1. Pentaster cepaeophilus. a. Mycelium with conidia on the shell of Cepaea hortensis. b. Conidia
(some of them germinating from apical cells) and vegetative hyphae. Note the conidium without side
arms (see arrow). c—d. Two mature detached conidia (Bars = 50 pm).

5-7 um wide. Conidia pentaradiate, dark brown in the middle, paler towards the
base and the tip. Central axis straight, reaching (98.5)107-136(160) um length and
(10)11.5-15.5(17.5) pm width in the middle, 7-10-septate. Three arms stretching in
plane approximately orthogonal to the conidium axis from the middle cell, straight,
(35)47-62(70) um long and (7.5)9.5-12(14) um wide at the base, 3-5-septate. Apical
cells of the central axis and arms hyaline to subhyaline, tapering towards 2.5-5.5 pm.
Conidia germinate from terminal cells of each of the arms with hyaline hyphae 2.5-3.5 pm
wide.

Hororypus: On surface of empty shell of Cepaea hortensis on litter from alder alluvial forest

sampled in Benestiv Luh forest between Bratronice and Chyiiava (Czech Republic), 30 Nov 2011,
leg. O.Koukol & D.Rihova (PRM899945).

ErymoLocy: cepaeophilus = referring to the substrate, gastropod of the genus Cepaea.
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Fig. 2. Mature detached conidium of Pentaster cepaeophilus (Bar = 50 um).

Discussion

Pentaster cepaeophilusis characterized by production of strictly pentaradiate conidia
that consist of a central axis and three arms stretching from its centre. The conidium
is symmetrical along a mirror plane cutting through the centre of the central axis and
one arm. Microfungi forming strictly or predominantly pentaradiate conidia are rather
rare compared to the more common tetraradiate shape. Batista (1957) described the
monotypic genus Pentaposporium that was characterised by pentaradiate conidia
formed on erect conidiophores. According to the protologue, conidia of P. furcoryae
Bat. reached the same dimensions as conidia of P. cepaeophilus, but were produced
on erect conidiophores and were constricted at the septa (Batista 1957). We did
not study the type collection, but we incline to the opinion of Hughes (1976), who
considered the species to belong to Tripospermum based on the dominant presence
of tetraradiate conidia and phialides of the Phialophora-like synanamorph in the
type collection. Pentaradiate conidia present in the collection most probably resulted
from aberrant division of the conidium (Hughes 1976). Dwayaangam quadricauda
(Drechsler) Subram. also produces conidia that at maturity have five arms, but they
are hyaline and have a completely different symmetry (Drechsler 1961). Various other
species forming predominantly tetraradiate conidia may occasionally produce conidia
with five arms, such as Qaudricladium aquaticum Nawawi & Kuthub. (Nawawi &
Kuthubutheen 1989) or Tulipispora ingoldii Révay & Gonczdl (Révay et al. 2009),
but they are all hyaline and their arms are constricted at the base. Among species with
melanised conidia, in Tripospermum four arms typically stretch from two central cells,
but conidia with prolonged stalk cells, such as at T. myrti (Lind) S. Hughes, may be
considered as pentaradiate (Matsushima 1975). Nevertheless, Pentaster differs from
Tripospermum in the symmetry of conidia and presence of the central axis.
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The absence of distinct conidiophores and production of terminal multiradiate brown
conidia shows morphological similarity to Tetrabrunneospora, but conidia in this genus
are strictly tetraradiate. Their shape results from growth of a primordium in one axis,
its septation followed by elongation and septation of the distal cell in three axes (Dyko
1978). It is not known whether the three arms of P. cepaeophilus grow from the central
cell simultaneously with the axis, or the axis is first formed and then the central cell
produces three lateral arms. The latter would be supported by rare presence of conidia
without lateral arms (Fig 1b). On the other hand, these conidia may be aberrant.

Pentaster resembles also Tetraposporium that has integrated conidiogenous cells and
one arm of the conidium is stretched in its axis, but the conidiogenous cell is denticulate
and conidia are only tetraradiate (Ellis 1971).

Setae that occur on the subiculum of some ascomycetes (Crassochaeta, Réblova
1999) and basidiomycetes (Asterostroma, Suhara et al. 2010) may be also similar to
staurospores and brown to dark brown. However, setae in these genera are variable in
number of branches, nonseptate and never germinate as conidia.

Conidia of Pentaster are released rhexolytically, each conidium has a remnant of the
conidiogenous cell on the basal cell of the central axis (Fig. 2). Though conidia did not
germinate on agar plates, we observed germination of conidia on the substrate (Fig.
1b). Apical cells of one or several arms simultaneously produced hyaline mycelium.
This confirms the role of the arms in attachment to the substrate (Kendrick 2003).

Pentaster cepaeophilus seems to have a substrate affinity towards the proteinaceous
material or the calcareous microstructures present in gastropod shells. Mycelial nets
with conidia were found on about 20 shells resting on the litter. Sterile brown mycelium
probably belonging to P. cepaeophilus was observed also on the litter particles, but
no conidia were visible under the dissecting microscope to confirm the connection.
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Soil and litter fungi can colonise and decompose many natural materials, including highly
resilient proteinaceous compounds of animal origin. The shells of terrestrial gastropods are
formed from such a compound (conchiolin) combined with inorganic calcium carbonate. In
this study, we investigated fungal communities colonising empty shells of the common
terrestrial gastropod Cepaea hortensis. Shells were exposed on the surface of litter from four
different forest types (alder alluvial, oak-hornbeam, peat-bog pine and scree forest) and the
fungi were surveyed and identified in four 3-month periods. We found 27 fungal species,
one fungus forming mycelial cords, seven types of sterile mycelium and streptomycetes
colonising the shells. The most frequent fungal species identified were common soil fungi.
Multivariate analysis revealed a significant effect of the litter type on the fungal com-
munity. Humidity and pH at the locality are likely to be more important for fungal com-
munities than the proteinaceous material of the shell.

© 2014 Elsevier Ltd and The British Mycological Society. All rights reserved.

Introduction

shells contribute very little to the organic matter in the soil,
they represent a specific substratum in animal matter that

Saprotrophic fungi, together with bacteria, act as decom-
posers of various natural compounds of animal origin in ter-
restrial ecosystems. Their pivotal role in the decomposition of
epidermal derivatives containing the highly resilient protein
keratin is widely accepted (Onifade et al., 1998; Scott and
Untereiner, 2004; Currah et al., 1996). Gastropod shell repre-
sents a less common animal-derived substratum with multi-
layered structure composed of inorganic calcium carbonate
covered by organic periostracum. This thin organic layer is
composed of conchiolin, a protein related to keratin (Hunt and
Oates, 1978; Watabe, 1988; Goffer, 2007). Although empty

* Corresponding author. Tel.: +420 221 951 650; fax: +420 221 951 645.

E-mail address: ondrej.koukol@natur.cuni.cz (O. Koukol).

combines inorganic and organic materials.

Compared with the intensively studied fungi associated
with feathers, hair and bone, fungi growing on the shells of
terrestrial gastropods have received little attention. Among
molluscs, most attention has been paid to economically
important marine bivalves and their roles as hosts or trans-
mitters of pathogenic fungi (Kohlmeyer, 1969; Friedman et al.,
1997; Pirkova and Demenko, 2008) and fungus-like thraus-
tochytrids (Porter and Lingle, 1992). Prior to this study, only
one study investigated the fungi and oomycetes that colon-
ised the shells of freshwater molluscs (Czeczuga, 2000).

1754-5048/$ — see front matter © 2014 Elsevier Ltd and The British Mycological Society. All rights reserved.
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Fungi isolated from the shells of aquatic molluscs utilise
different substrates. Freshwater fungi, oomycetes and
thraustochytrids typically utilise conchiolin (Porter and
Lingle, 1992; Czeczuga, 2000; Golubic et al., 2005), whereas
marine fungi exploit the calcareous parts of the shell (Porter
and Zebrowski, 1937; Kohlmeyer, 1969). Traces left by endo-
lithic fungi have been observed from fossilised shells (Porter
and Zebrowski, 1937; Cavaliere and Alberte, 1970; Golubic
et al.,, 2005) and also from recent shell fragments in calca-
reous sands (Friedman et al., 1997; Golubic et al., 2005).

Little, if anything, has been published on the fungal colo-
nisation and decomposition of the shells of terrestrial gas-
tropods. Living gastropods are likely to be protected by
fungicide in their slime (Czeczuga, 2000), but empty shells
would not be protected from fungal colonisation. Indeed,
lichenised fungi have been found growing on empty shells
(Peake and James, 1967). Unpublished records contain reports
of unknown fungi colonising the empty shells of various
gastropod species found in an alluvial environment
(Horackova J., pers. comm.). Additionally, the fungus Tricho-
phyton sp. has been observed on Arianta arbustorum shells
(Faltejsek L., pers. comm.), and an unknown member of Tri-
chocomaceae has been found on the shells of Powelliphanta and
Paryphanta species in New Zealand (Anonymous, 2012).

The primary aim of our study was to characterize the
fungal communities associated with empty shells of a com-
mon forest land snail Cepaea hortensis exposed on litter from
four different forest types. We hypothesised that the fungal
community would differ over time and among forest types.
Secondly, we wanted to find out whether fungal colonisation
would affect the decomposition of these shells.

Material and methods
Site description

Four temperate forest localities in the Czech Republic differing
in vegetation cover, soil type, pH and humidity (Table 1) were
chosen: alder (Alnus glutinosa) alluvial forest, oak-hornbeam
(Quercus sp., Carpinus betulus) forest, peat-bog pine (Pinus spp.)
forestand scree forest. The alder alluvial forest differed from the
other localities in relatively high ground water level throughout
the whole year in the sampling location.

Leaf litter and the partially underlying organic horizon
were collected from all of the localities on Nov. 26th 2010 in
sterile plastic bags. In the laboratory, the collected soil was
sieved through a 1 cm mesh and immediately distributed into
sterile glass Petri dishes (16 cm in diam., 70 g per dish).

C. hortensis (Gastropoda: Pulmonata: Helicidae) was chosen
because this open forest species is common across Western and
Central Europe and Northern America (Kerney et al.,, 1983;
Pearce et al., 2010). Additionally, this species was repeatedly
observed in the studied localities. Its shells reach sizes of up to
20 mm in diameter and can easily be obtained in large numbers.
For the purpose of this experiment, shells were collected in the
Botanical Garden of the Charles University in Prague (Czech
Republic). This species occurs in three basic colour forms (yel-
low, pink and banded), and all forms were used in this study
(yellow — 63 shells, pink — 33 shells, banded — 64 shells).
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Soil type

Dominant undergrowth

Dominant tree

Average
monthly

precipitation

Soil Ca® (mg)

Location Altitude

Coordinates

Forest type

species

pH®

(m a.s.l)

(mm)

Anemone nemorosa, Carex spp., Haplic gleysols

Alnus glutinosa,

39.5

4.30 73.58

430

Between Bratronice

50° 02" 39" N,
and Chynava

Alder alluvial

Chrysosplenium alternifolium, Rubus spp.
Lathyrus vernus, Galium odoratum

Fraxinus excelsior

14° 02’ 00" E

forest
Oak-hornbeam

Rendzic leptosols

Carpinus betulus,

42.3

7.22 209.80

420

Doutné¢ hill near

Bubovice

49° 57" 25" N,

Quercus sp., Tilia cordata

14° 09’ 06" E

forest
Peat-bog pine

Haplic histosols

Vaccinium myrtillus, V. vitis-idaea

Picea abies, Pinus spp.

71.5

27.39

3.52

600

Near Radostin

49° 39’ 28" N,

15° 53 12" E

forest
Scree forest

Hyperskeletic
leptosols

Dryopteris filix-mas, Galeobdolon luteum,

Acer platanoides,

41.2

5.61 50.92

450

Near Toc¢nik

49° 55’ 15" N,

Galium odoratum, Impatiens noli-tangere,

Mercurialis perennis, Urtica dioica

Fagus silvatica, T. cordata

13° 50' 59" E

a Measured in solution according to Pansu and Gautheyrou (2006).

b Given as mg per 1 g of dried sample.
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Experimental design

A modified method for the isolation of keratinophilic fungi
(Orr, 1969) was used. Shells were sterilised by UV-C germicidal
lamp (G30T8, 254 nm, Sankyo Denki, Japan) for 16 hr. Sterilised
shells were placed on the surface of the litter layer using
sterile tweezers. Five shells were placed in each Petri dish with
the apical side (the upper part of the shell) facing down and in
direct contact with the litter. Eight replicates were set up for
each locality (a total of 40 shells per locality). The dishes were
sealed with Parafilm to prevent desiccation and kept at 15 °C
in the dark. When necessary, the soil was moistened with tap
water to maintain the litter humid. This procedure was car-
ried out after dish examination.

Isolation and identification of fungi

The dishes were examined after four 3-month periods. The
shells were moved from the litter layer, and the apical side
was surveyed with a stereomicroscope (EZ4, Leica Micro-
systems, Wetzlar, Germany) to detect the presence of fungi
and changes in the appearance of the periostracum that
would indicate shell decomposition. Fungal colonies on the
shell surface were mostly limited to tufts of hyphae, single
conidiophores, sporangia, pycnidia or sexual fruit bodies.
Fungal structures were picked with a sterile needle, mounted
in water or Melzer's reagent and examined with a light
microscope (CX31, Olympus, Tokyo, Japan). When possible,
fungi were also isolated into pure culture by picking visible
structures with a sterile needle and culturing them on wort
agar prepared from brewers wort (Staropramen Brewery,
Prague, Czech Republic) with final sucrose content of 2 % w/v
(Fassatiova, 1986). This universal medium does not select for
fungal species with specific requirements.
Unfortunately, fungi producing sterile mycelia, single con-
idiophores or sporangiophores mostly failed to grow on the
agar plates or were overgrown by faster growing con-
taminants. Unexpectedly, filamentous streptomycetes were
frequently present on the shells and their occurrence was,
therefore, recorded together with the presence of fungi.
However, they were not further isolated into pure culture nor
identified.

Fungi were mostly identified based on phenotypic char-
acteristics. The identification of the fungi that were suc-
cessfully isolated into pure cultures was confirmed using
DNA methods. Genomic DNA was isolated from 7- to 14-day
old cultures using the ZR Fungal/Bacterial DNA Kit (Zymo
Research, California, USA). Nuclear rDNA containing internal
transcribed spacers (ITS1 and ITS2) and the 5.8S and D1/D2
domains of the 28S region was amplified with the primer sets
ITS1F/NL4 or ITS1/NL4 (White et al., 1990; O’Donnell, 1993).
The PCR products were purified with a Gel/PCR DNA Frag-
ments Extraction Kit (Geneaid Biotech Ltd., Taipei, Taiwan).
Sequencing with the same primers was conducted at the
service laboratory of the Charles University in Prague, Faculty
of Science. The sequences obtained were then compared
with the GenBank database using the BLASTn algorithm.
Only a 99-100 % match with reliable sources (ex-type
sequences, taxonomic studies) was accepted as proof of
identification.

nutrition

Statistical analyses

The presence of a particular fungal taxon or morphotype on a
shell was recorded during four separate surveys, and the
number of shells colonised by a particular fungus within a
dish was used as the dependent variable (i.e. frequency of
occurrence). Only observations of fungi that appeared on
more than five shells were used for further statistical
analyses.

The statistical analyses were focused on the differences
between the four forest types and the potential turnover of
fungal communities in time. These questions were evaluated
with a Redundancy Discriminate Analysis (RDA), since
occurrences of different fungal species are not mutually
independent. RDA was selected as the most convenient mul-
tivariate analysis, because a preliminary Detrended Corre-
spondence Analysis (DCA) indicated species turnover along
the 1st DCA axis of only 1.8 S.D., which is well within the range
recommended for the use of RDA (Leps and Smilauer, 2003).
The colour form of the shell, tested in the first run, showed
a non-significant effect on the fungal communities (p > 0.1)
and, therefore, the colour form was omitted in further tests.
When testing the effects of locality and time on fungal species
composition, the second predictor was always used as a
covariate, and permutations were appropriately restricted to
reflect the temporal split-plot nature of the data (four repeated
measures from one shell and 4 999 permutations in all tests).
All statistical analyses were run using CANOCO software 4.56
(ter Braak, 1988).

Results

Based on direct observation and cultivation, 27 fungal spe-
cies and eight morphotypes (one fungus forming mycelial
cords and seven types of sterile mycelium) were identified
on the shell surfaces (Table 2). Besides fungi, filamentous
streptomycetes were also observed. Ascomycetes were
dominant (21 species), followed by members of Mucor-
omycotina (five species). At least two morphotypes (mycelial
cord-forming fungus and sterile dark mycelium with clamp
connections) belonged to basidiomycetes. Unidentified
morphotypes dominated in occurrence, appearing on 56 %
of shells. Other fungi observed on more than 5 % of shells
included common soil fungi, such as Mortierella sp., Verti-
cillium sp. and Sordaria fimicola. Shells exposed on litter from
alder alluvial forest were intensively colonised by Pentaster
cepaeophilus, a bizarre anamorphic ascomycete that is cur-
rently known only from shells of C. hortensis (Koukol and
Rihova, 2013). The majority of shells was colonised by
streptomycetes (86 % of shells).

The number of fungal species and morphotypes on the
shells increased from 8 after 3 months to 25 after 9 months
and dropped to 23 in the final observation. The highest num-
ber of fungal species and morphotypes was observed on shells
exposed on litter from alder and peat-bog forests (21 species),
while the lowest number was found in the scree forest (11
species).

Redundancy Discriminate Analysis (RDA) showed that
locality was the dominant factor affecting the fungal
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Table 2 — Fungal taxa and morphotypes recorded on empty shells of Cepaea hortensis exposed on litter of four different

forest types. Species labelled by * were isolated into pure culture and identified based on a combination of phenotypic
characteristics and molecular data.

Fungal taxon

Frequency of occurrence (%)

Peat-bog pine forest  Alder alluvial forest Scree forest Oak-hornbeam forest Total

Mortierella sp. 1 6.3 16.9 8.8 12.5 11.1
Verticillium sp. 1 94 4.4 15.0 25 7.8
Sordaria fimicola* 13.8 11.9 3.1 0.0 7.2
Pentaster cepaeophilus 0.0 238 1.3 0.0 6.3
Cladosporium sp. 6.9 1.3 8.8 0.6 4.4
Geomyces pannorum 8.8 6.3 0.0 0.0 3.8
Mucor plumbeus 11.9 0.0 0.0 0.0 3.0
Onygenales sp.* 2.5 0.0 0.0 0.0 2.5
Scopulariopsis brevicaulis 0.6 0.6 0.0 8.8 2.5
Mortierella bisporalis 0.0 0.0 0.0 6.9 1.7
Auxarthron sp.* 3.8 2.5 0.0 0.6 1.7
Syncephalastrum sp. 0.0 0.0 0.0 5.6 1.4
Mortierella sp. 2 1.3 0.0 0.0 31 1.1
Penicillium sp. 2 4.4 0.0 0.0 0.0 11
Paecilomyces inflatus* 0.0 3.1 0.0 0.0 0.8
Penicillium sp. 3 0.6 0.6 1.9 0.0 0.8
Verticillium sp. 2 3.1 0.0 0.0 0.0 0.8
Absidia glauca 2.5 0.0 0.0 0.0 0.6
Penicillium sp. 1 0.0 0.0 0.6 1.9 0.6
Trichoderma sp. 0.0 2.5 0.0 0.0 0.6
Beauveria bassiana 0.0 1.9 0.0 0.0 0.5
Pseudeurotium bakeri* 0.0 1.9 0.0 0.0 0.5
Pochonia suchlasporia* 0.0 0.0 0.0 1.3 0.3
Clonostachys divergens* 0.0 0.6 0.0 0.0 0.2
Doratomyces microsporus 0.0 0.6 0.0 0.0 0.2
Doratomyces verrucisporus 0.0 0.6 0.0 0.0 0.2
Geotrichum candidum 0.0 0.6 0.0 0.0 0.2
Penicillium atramentosum®* 0.6 0.0 0.0 0.0 0.2
Fungal morphotypes

Sterile dark basidiomycete 50.6 73.8 52.5 49.4 56.6
Basidiomycete with mycelial cords 0.6 2.5 5.0 0.6 2.2
Sterile ascomycete 1 5.0 0.0 2.5 0.0 1.9
Sterile ascomycete 2 5.6 0.0 0.0 0.0 1.4
Zygomycete 1 1.3 3.8 0.0 0.6 14
Zygomycete 2 0.0 0.0 0.0 0.6 0.2
Sterile ascomycete 3 0.0 0.0 0.0 1.9 0.5

community (p = 0.0048). This factor explained 10.5 % of the
total variability in fungal composition. Fungal species and
morphotypes were distributed into two groups, with the
majority of fungi significantly associated with the three
localities with acidic soils (Fig 1). Fungal community compo-
sition also changed significantly over time (p = 0.0002), and
the time of survey explained 3.8 % of the total variability.

The appearance of the C. hortensis shells changed during
the experiment. Colour changes (fading and artificial colour-
ation), periostracal cracks and dissolution of the calcareous
layers of the shell were observed. The first alterations of the
shell appearance (fading) were observed already after 3
months. At the second observation (after 6 months), the shells
were visibly faded, and their periostracum was significantly
loosened. The shells exposed on litter from the oak-hornbeam
forest (with the highest soil pH) showed considerably lower
levels of decomposition (data not shown). However, neither
periostracal cracks nor dissolved pits were obviously caused
by fungal activity. Visible fungal colonies were always local-
ised on apparently intact periostracum.

Discussion

The most important factor affecting the fungal community
colonising the shells of C. hortensis during our experiment was
the type of litter on which the shells were exposed. The
characteristics of the four litter types reflected site differences
(vegetation cover, soil type, pH and average yearly precip-
itation). Highest abundance of fungi was observed on shells
incubated on litter from acidic soil. Only four species had an
affinity for litter from the oak-hornbeam forest (Fig 1). Scopu-
lariopsis brevicaulis known to grow better in alkaline medium
(Domsch et al., 2007), was one of the abundant species in this
alkaline soil.

Considering that the low pH was related also to low Ca
content (Table 1), the shells could serve as a source of calcium
ions for fungi in this environment. Nevertheless, we did not
observe fungal colonies on the bare calcareous layer, so that
we cannot confirm this expectation. The time course of our
experiment was apparently too short to estimate the
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Fig 1 — Ordination plot (RDA) for the fungal species and
morphotypes present on shells exposed for 1 yr on plant
litter from four different forest types. The projection of the
first and second axes is shown, explaining 5.3 % and 3.2 %
of variability, respectively.

utilisation of calcium from the partly decomposed shells. In a
longer time span, mobilisation and transport of calcium ions
may be expected of basidiomycetes (Gadd, 2007). Sterile dark
mycelium with clamp connections was present on more than
half of the shells, and fungus forming mycelial cords was
mostly found on shells from alder alluvial and scree forests
(Table 2).

The dominant fungi observed on the shells were those
mostly known as either chitinolytic (Mortierella sp., Domsch
et al, 2007), or cellulolytic (Verticillium sp., S. fimicola,
Domsch et al., 2007) or their ecology was not known. This was
the case for P. cepaeophilus, which was described based on
material obtained during the present study and is not known
from other substrata (Koukol and Rihova, 2013). Only two
species with known keratinolytic activity were recorded in our
study: Auxarthron sp. (Currah, 1985) and S. brevicaulis (Domsch
et al., 2007).

Keratinolytic species of the genera Trichophyton and
Chrysosporium, which are frequently isolated from soils using
the hair bait method (Ajello et al., 1965; Orr, 1969), were not
recorded on the shells. It is likely that the soil pool of these
fungi is limited in the studied localities due to the absence of
human impact, such as municipal waste or sludge depositions
(Ulfig, 2003). During a previous survey of microscopic soil fungi
in the locality in oak-hornbeam forest, no such species were
recorded either (Fassatiova, 1966).

At the end of our experiment, the overall patterns of shell
alteration differed among all four studied localities and
resembled the changes observed in field experiments (Evans,
1972; Barrientos, 2000; Millar and Waite, 2004; Pearce, 2008;
Cernohorsky et al, 2010; Rihov4, unpublished results).

Alterations appeared more slowly in the oak-hornbeam forest.
Shells exposed on litter from this forest showed only various
types of fading and pitting. Shells from peat-bog pine and
alder alluvial forest were more extensively damaged. These
shells were heavily faded, their colouration was changed and
their shell wall was dissolved. None of these alterations were
apparently caused by either fungal or streptomycete colonies
that were always observed on intact periostracum. This result
is in agreement with the rare occurrence of species known to
target keratin or the products of keratin decomposition, and
we believe that fungi are not the cause of any of the observed
shell alterations.

Conclusion

Our study showed that the composition of the fungal com-
munity colonising empty gastropod shells in litter is above all
affected by characteristics of the leaf litter and include fungi
with diverse substrate preferences. We believe that these
fungi were merely accidental colonisers rather than special-
ists accessing the organic matter in periostracum. This con-
clusion is based on the low occurrence of known keratinolytic
and keratinophilic fungi. Visible periostracal changes on
decomposed shells are more likely to have been caused by
abiotic factors, as suggested by other studies (De Winter and
Gittenberger, 1998; Pearce, 2008). Therefore, the role of fungi
as a cause of shell decomposition was not supported.
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ABSTRACT

Empty mollusc shells provide evidence of the species’ presence over various temporal and spatial scales.
However, the persistence of the shell can differ depending on the levels of soil pH and soil humidity. Although
this is generally known, there are virtually no experimental data on shell decomposition rate and its relation to
shell size and site conditions. Here we study disappearance and degradation rates of shells of nine common
species covering the variation in shell size and ecological requirements of temperate European land snails.
These shells were exposed to decomposition during a 3-year field experiment in six forest types, representing a
gradient of soil pH and humidity. Rates of disappearance and (in larger species) of degradation were estimated
by removing the exposed shells and measuring their condition after 6, 12, 24 and 36 months. The disappear-
ance rate was modelled by generalized linear models in relation to species and forest type. The data showed
an increase in shell disappearance rate from dry alkaline through to wet acidic forests, but the effect of species
size outweighed that of habitat. While shells of large species only started to disappear after 3 years in wet
acidic sites, most shells of small species had already disappeared by that time. In contrast, in dry habitats the
loss of small shells only started after 3 years. The results clearly support the benefits of using empty shells in
mollusc research, especially less damaged shells, which represent the individuals that were alive less than
2 years ago, regardless of shell size and habitat type. However, the marked differences in decomposition rate
related to shell size and habitat also highlight the need to take these into account if a studied parameter is con-
founded with variation in shell size and/or site alkalinity or humidity.

INTRODUCTION of the shell itself, especially its thickness (Millar & Waite, 1999),

Mollusc shells can persist for a long time after the death of the ani-
mal and are thus an outstanding source of information for eco-
logical (Cameron & Pokryszko, 2005) and palaeoecological studies
(e.g. Lozek, 1964; Evans, 1969; Davies, 2008). Recent litter sam-
ples contain a mixture of empty shells and those still containing
body tissue. Empty shells sometimes predominate (e.g. Rundell &
Cowie, 2004; Orstan et al., 2005; Clements et al., 2008), but they
are mostly damaged to various extents, suggesting their potentially
different ages.

Numerous ecological factors have been postulated to affect the
persistence and degradation rate of empty shells: (1) soil pH and
calcium content (de Winter & Gittenberger, 1998; Schilthuizen &
Rutjes, 2001; Schilthuizen, Chai & Kimsin, 2003; Miiller, Stritz
& Hothorn, 2005; Strom, Hylander & Dynesius, 2009); (2)
drought (Cameron & Morgan-Huws, 1975; Cameron et al., 2003)
and humidity (Barrientos, 2000); (3) insolation (Menez, 2002) and
(4) activities of living animals that frequently use shells as a cal-
cium source (for overview see Barker, 2004). Some characteristics

have also been suggested to affect shell persistence. Long-term
persistence and even fossilization are supposed to be linked with
highly calcareous (e.g. Strom et al., 2009) and dry conditions (e.g.
Cameron et al., 2003). In contrast, rapid shell decay is known
empirically from sites with a low soil pH and with high humidity
(de Winter & Gittenberger, 1998; Barrientos, 2000; Miiller e/ al.,
2005; Strom et al., 2009). A tendency for accumulation of large
and usually thicker shells was recorded by Sélymos et al. (2009)
and also mentioned by Schilthuizen (2011). Hotopp (2002)
assumed that minute shells (smaller than 3 mm, e.g. the genera
Punctum and Carychium) could completely disappear within several
months, while Boschi & Baur (2008) stated that in some (unspeci-
fied) habitat types shells could persist for several years before dis-
appearance. Pearce (2008) focused explicitly on among-habitat
differences in shell degradation. He did not find any differences
among forests differing in vegetation cover and of similar pH, but
provided the first experimental evidence of faster degradation of
the shells of small species. On the other hand, the habitat type was
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SHELL DEGRADATION IN TEMPERATE FORESTS

found to play a dominant role in a study of shell degradation in
fens along a gradient of pH and mineral richness (Cernohorsky,
Horsak & Cameron, 2010). Far less evidence exists about the
physical alteration of shells during decomposition than for rates of
shell disappearance.

However, to our knowledge, there has been no experimental
study of the rate of shell degradation in relation to shell size and
habitat conditions. Here, we present the results of a 3-year field
experiment on shell disappearance and degradation rates of nine
common European land-snail species covering almost the full size
range of the European fauna. The experiment was repeated in six
types of forest habitats representing the main types of temperate
forests along the gradients of soil pH and humidity. We aimed to
quantify the relative importance of shell size and habitat type on
rates of shell loss, measured under a standardized protocol. For
large species, which decompose much more slowly than small
shells, we were also able to follow the degradation process in more
detail by measuring the accumulation of small-scale damage on
the shell surface that preceded shell disappearance.

MATERIAL AND METHODS

Studied species and sutes

We selected nine common land-snail species to represent faunal
variation in shell size, shape and habitat requirements (Table 1),
as models for the shell decomposition patterns of European spe-
cies. All these model species occur frequently across the study
region, although Columella aspera is limited to mountainous areas of
Atlantic-like climate. Six forest types (oak-hornbeam forest, scree
forest, spruce plantation, beech forest, alder alluvial forest and
peat-bog pine forest) were selected to represent habitats on the
gradient of soil pH and humidity in Central European forests
(Table 2). Essentially, alder alluvial and peat-bog pine forests can
be considered as wet sites in terms of soil moisture, while oak-
hornbeam forest is dry. The remaining three habitats are inter-
mediate in soil humidity. In terms of soil pH, the oak-hornbeam
forest site is at the alkaline end of the spectrum, the peat-bog pine
forest is strongly acidic; the remaining sites are slightly acidic. At
each site we measured soil pH and calcium content in an accre-
dited laboratory of the Institute of Geology of the Czech Academy
of Sciences (IG CAS) and obtained annul precipitation from the
Czech Hydrometeorological Institute (CHMI).

Experimental design

Shells were placed in the centre of polyethylene plastic boxes filled
with local soil and leaf litter (hereafter referred to only as ‘soil’).
Boxes (16.5 X 16.5 X 8 cm) were perforated by 4 mm holes (dens-

ity 1 hole/cm?). Large shells were placed freely into the soil filling

Table 1. Characteristics of the studied land-snail species.

each box, while small shells were first put into permeable nylon
bags (mesh size 320 pm; bag size 8 X 6 cm) along with the soil.
The boxes were buried with their bottoms parallel with the
boundary of the soil A horizon ¢. 15 cm deep, completely covered
by leaf litter. Five shells of each of nine study species were placed
in each box and four boxes were buried at each site during spring
2006 (i.e. 1080 shells used in total). The first box was excavated 6
months after burial, followed by further boxes after 12, 24 and 36
months. The entire contents of excavated boxes (litter, soil and
shells) were dried for 14d at room temperature. Shells were
removed by hand or using soft forceps, and those recovered were
counted.

Each year chopped human hair was placed on the ground
around the boxes in order to deter wild boars. In spite of this, one
box in the spruce plantation and one in the oak—hornbeam forest
was completely destroyed by wild boars, limiting the dataset from
each of these habitats to the first three time intervals; some other
boxes were partly destroyed (Table 3).

Shell degradation and its measurement

The four large species (Arianta arbustorum, Xerolenta obvia, Alinda bipli-
cata and Isognomostoma isognomostomos) mostly persisted even after 36
months. For these we measured four quantitative characteristics
of degrading shells: (1) total area of pitted surface; (2) total area of
‘windows’ (see Results); (3) total area of holes and (4) total area of
lost periostracum (Fig. 1). For analysis, these four characteristics
were summed into a single variable ‘damage’, representing the
overall state of shell degradation.

The proportion of damaged surface was measured on shell
photographs in Image Tool v. 3.00 (available at http://ddsdx.
uthscsa.edu/dig/itdesc.html). The shells were photographed from
two sides (apical and umbilical for flattened and spherical shells,
anterior and posterior for elongated shells) using an Olympus
C-5060 Wide Zoom camera, or an Olympus U-eye UI-1440-C
camera (only small species) mounted on an Olympus SZX 9
stereomicroscope.

Data analysis

We conducted two separate analyses. First, we analysed the rates
of disappearance along with the time since burial, species size and
habitat type for all nine study species. Second, we analysed the
rate of damage to the shell surface, but only for the four largest
species (Table 1). We used generalized linear models (GLM) with
quasi-binomial error structure (due to detected overdispersion;
Crawley, 2007) and canonical logit link function to analyse the
proportion of shells recovered within each box and time intervals.
For the analysis of shell damage, we first calculated mean damage
of the shells of a given species recovered from each box in order

Species Size (mm) Shape and structure Ecology

Arianta arbustorum (Linné, 1758) 16.00 x 19.36 Spherical, smooth Forest, wet, acid-tolerant
Xerolenta obvia (Menke, 1828) 6.36 x 12.51 Flattened, grooved Open, xeric, basophile

Alinda biplicata (Montagu, 1803) 15.65 x 3.79 Spindle, ribbed Forest, mesic, basophile
Isognomostoma isognomostomos (Schroter, 1784) 5.74 x 8.93 Spherical, hairy Forest, mesic, basophile
Cochlicopa lubrica (O. F. Muller, 1774) 5.57 x 2.46 Spindle, lustrous Open/forest, mesic, basophile
Nesovitrea hammonis (Strém, 1765) 1.56 x 3.35 Flattened, smooth Open/forest, mesic, acidotolerant
Vallonia pulchella (O. F. Miller, 1774) 1.09 x 1.97 Flattened, fine grooved Open, xeric/wet, basophile
Columella aspera Waldén, 1966 1.57 x 1.16 Cylindrical, fine ribbed Forest, mesic, acidophile
Carychium minimum O. F. Miller, 1774 1.71 x 0.95 Spindle, grooved Open/forest, wet, basophile

Nomenclature and ecological characteristics follow Horsak et al. (2013). Mean values of measured shell height x width (n = 20) are given. Shell shape and
surface type follow Kerney et al. (1983). The first four species were considered as ‘large’, the next as ‘intermediate’ and the last three as ‘small’.
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Table 2. Description of studied forest sites giving their geographical location, altitude, soil pH, soil calcium content (Ca) and annual precipitation (Precip.).

Type of forest Location Altitude (m a.s.l.) Soil pH Ca (mg/kg) Precip. (mm)
Oak—hornbeam forest 49°57'25"N; 14°09'06"E 420 7.22 209.8 514
Scree forest 49°55'15”N; 13°50'59"E 450 5.61 50.9 476
Spruce plantation 50°01'02”N; 14°41'59"E 400 5.39 824 570
Beech forest 49°55'15”N; 13°50'58"E 430 4.92 NA 476
Alder alluvial forest 50°02'39”N; 14°02'00"E 430 4.30 73.6 497
Peat-bog pine forest 49°39'28"N; 15°563'12"E 600 3.52 27.4 877

Sites are ordered based on their soil pH.

Table 3. Percentage values of recovered shells for all studied snail species and habitats.

Species Oak-hornbeam Scree forest Beech forest Spruce plantation Alder alluvial forest Peat-bog pine
| Il 1] \VA| Il m v i 1l 11l v 1 Il 1] \VA| Il m v i I m v

Arianta arbustorum 100 100 100 - 100 100 100 100 80* 100 100 100 100 100 100 - 100 100 100 100 100 100 100 100
Xerolenta obvia 100 100 100 - 100 100 100 100 60* 100 100 100 100 100 100 - 100 100 100 100 100 100 100 100
|. isognomostomos 100 100 100 - 100 100 100 100 40* 100 100 100 100 100 100 - 100 100 100 100 100 100 100 100
Alinda biplicata 100 100 100 - 100 100 100 100 60* 100 100 100 100 100 100 - 100 100 100 80 100 100 80 60
Cochlicopa lubrica 100 - 100 - 100 100 100 100 100 100 100 100 100 100 100 - 100 100 100 100 - 100 100 80
Nesovitrea hammonis 100 - 100 - 100 100 100 100 100 100 100 100 0O 8 80 - 100 100 100 80 - 100 60 80
Columella aspera 100 100 100 - 100 100 100 20 100 100 60 100 60 60 80 - 100 80 40 0 80 60 0 20
Vallonia pulchella 100 100 100 - 100 100 100 20 100 100 100 80 0 100 60 - 0 0 20 0 60 0 0 0
Carychium minimum 100 100 100 - 100 100 80 0 60 60 20 60 0 60 20 - 0 0 0 0 0 0 0 0

Roman numerals (I-1V) indicate time intervals since burial: 6, 12, 24 and 36 months. Disturbance by wild boars is indicated by an asterisk or by a dash if the entire

group of conspecific shells was lost.

to avoid pseudoreplication. This average value was then modelled
by linear regression, first being square-root transformed to
improve homogeneity of the distribution. Time since burial was
expressed as the log-transformed number of months and species
size was estimated as: In(W? X H), where W = shell width and
H = shell height. All computations were conducted in the R statis-
tical environment (v. 3.2.5, available at www.r-project.org).

RESULTS

In total, we used 1080 shells of nine species (480 large, 240
medium and 360 small). After 36 months, we recovered 799 shells
(428 large, 188 medium and 183 small); in total 74% of all used
shells. During the study, 11% of large, 22% medium and 49% of
small shells disappeared. After 6 months, 55 shells disappeared
(20%, including 18 destroyed by wild boars); after 12 months
another 40 shells disappeared (15%; including 10 destroyed by
wild boars) and after 24 months another 45 shells disappeared
(17%). In total, 28 shells (2.6%) were destroyed by wild boar activ-
ity. Percentage losses for all studied species and habitats are sum-
marized in Table 3.

Shell degradation patterns

The initial stage of shell dissolution is indicated by pitting
(Fig. 1B). Deeper and more extensive pitting turns into holes, a
sign of advanced dissolution (Fig. 1C). Holes covered by translu-
cent, sometimes coloured, periostracum are referred to as ‘win-
dows’ (Fig. 1D); this type of dissolution is especially common in
small species, in which intact periostracum devoid of all calcareous
material can be found (e.g. frequent in Columella aspera, less fre-
quent in Nesovitrea hammonis and Cochlicopa lubrica). A different type
of shell decomposition is loss of periostracum, which first separates
from the calcareous material and then peels off (Fig. 1A). The shell

beneath a peeled periostracum often retains its original surface
sculpture but, when unprotected, is prone to quicker dissolution.

Each of these four types of shell degradation occur in all three
shell-size categories. Nevertheless, there are two distinctive degrad-
ation patterns. The first is typical of larger species (over 8 mm)
and starts with periostracal rupture followed by dissolution of cal-
careous material by deepening of pits into large holes. Small and
medium-sized species (less than 8 mm) tend to decompose from
within according to the second pattern, in which calcareous mater-
ial dissolves while the periostracum remains intact.

Effect of shell size and habitat type

Small shells started to disappear within the first 6 months in wet and
acidic habitats, but not in dry habitats (Table 3, Fig. 2B). Columella
aspera, the most resistant small species, started to disappear within
the first 6 months in spruce plantation and peat-bog pine forest, but
(except in alder alluvial forest) its shells persisted until the end of the
experiment. Medium-sized species started to disappear within the
first 6 months only in spruce plantation; in other habitats they per-
sisted until 24 months (peat-bog pine forest) or 36 months (alder
alluvial forest). Large shells only started to disappear by the end of
the 36-month period in alder alluvial forest and peat-bog pine forest.
In other habitats large shells persisted until the end of the experi-
ment (with the exception of the shells destroyed by wild boars).

Shell size was the best predictor of the rate of shell disappear-
ance (Table 4), since the three largest species (Aranta arbustorum,
Xerolenta obvia and Alinda biplicata) hardly disappeared during the 3
years of the experiment (Fig. 2A, B). The effect of habitat type was
approximately half as strong as that of shell size, but still import-
ant (Fig. 2C—F). The oak-hornbeam forest and beech forest sites
had the lowest loss rates (Fig. 2D), whereas shells disappeared sig-
nificantly faster in the spruce plantation and peat-bog pine forest
(Fig. 2F). The scree site was similar to the first two types as only
the smallest species disappeared in 3 years (Fig. 2E), while the
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B

Figure 1. Examples of shell degradation characteristics. A. Peeling periostracum; Arianta arbustorum exposed in a spruce plantation for 24 months. B.
Pitting; Isognomostoma tsognomostomos in a beech forest for 24 months. G. Holes; Xerolenta obvia in a peat-bog pine forest for 36 months. D. Windows; A. arbus-

torum in a peat-bog pine forest for 36 months.

alder alluvial forest was similar with the second two types. The
interactions are hard to interpret separately from the main effects
within the binomial GLM framework, as they combine in the
resulting shape of the relationship in a nontrivial way.

The patterns of damage accumulation in large species followed
trends similar to those of shell disappearance, but in this case only the
main effects of time, shell size and habitat were significant (Table 5).
Since the effect of shell characteristics was much smaller then in the
analysis of disappearance rate (¢. 3 units to ¢. 8 units), its contribution
to the explained variation was less than that of habitat (Fig. 3A, B).

DISCUSSION
Smaller shells degrade faster

Shell size was the most important predictor of shell degradation
rate (Fig. 2) with the first specimens of small species disappearing

within just six months. In the habitats that most encouraged
decomposition, i.e. alder alluvial and peat-bog pine forests, small
shells mostly disappeared completely by the end of the third year
since burial. This is in agreement with Hotopp’s (2002) assump-
tions about the decomposition of small shells. However, in drier
and more alkaline sites (i.e. oak-hornbeam and beech forests),
minute shells persisted almost completely even after 3 years, and
in scree forest the disappearance only just started at that time. It is
clear that under favourable conditions even minute shells may per-
sist for a relatively long time, of the order of months or several
years.

Among small species, shells of Columella aspera were the most
resistant (Fig. 2B). Like the shells of the other small species, they
started to disappear within first 6 months, but shell remnants (fre-
quently only empty periostraca) were present even after 36 months
in peat-bog pine forest. The periostracum of this acid-tolerant spe-
cies, living e.g. on Vaccinium vegetation in peat-lands (Welter-
Schultes, 2012), is remarkably thick (unpublished data), giving the
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shell the ability to withstand such harsh condition. The other two
small-shelled species in the study (Carychium minimum and Vallonia
pulchella) have relatively thinner periostracum (unpublished data)
and this is reflected in their more rapid decomposition rate and
lower incidence of periostracal windows.

The medium-sized species (Cochlicopa lubrica and Nesovitrea hammo-
nis) showed the largest among-habitat differences in disappearance
rates. In term of overall disappearance rate, medium-sized shells are
more similar to large shells than to small shells (Fig. 2D). The gener-
ally high persistence of large shells (Fig. 2A cf. 2B) may simply be a
function of their larger mass of calcium carbonate. The thickness of
the calcareous shell wall can also contribute to the durability of such
shells. Observed shell dissolution starts at ruptures in the periostra-
cum and the relative thickness of the periostracum in large-shelled
species is usually lower than in small species (unpublished data).
The durability of large shells is hence a consequence of the resistant
shell wall. This corresponds with the different picture of ongoing
corrosion in large shells and with the findings of other researchers
about persistence of robust shells (e.g. Solymos et al., 2009).

The long persistence of large shells that we observed in all habi-
tats corresponds with empirical evidence already reported (e.g.
Millar & Waite, 1999, 2004; Schilthuizen, 2011) and to some
extent supports Evans’s (1972) conjecture of shell duration for tens
or even hundreds of years in dry and alkaline conditions. In

Table 4. Results of the quasi-binomial GLM of shell disappearance rate
(null deviation: 751.04, null df: 193, residual deviation: 196.46, residual df:
170, dispersion parameter ® = 1.305).

Term df Deviance R (%) P(>F)

Time (log) 1 16.01 21 <0.001
Shell size 1 307.09 40.9 <0.001
Habitat 5 166.40 22.2 <0.001
Time X shell size 1 0.22 0.0 n.s.

Time X habitat 5 22.64 3.0 0.005
Shell size x habitat 5 27.12 3.6 0.001
Time x shell size x habitat 5 15.11 2.0 0.046

df, degrees of freedom; R?_, likelihood ratio R? (a pseudo-R? measure
recommended for binomial GLM; Menard, 2000); P(>F), probability of
observing a given F-value under the null hypothesis.

Table 5. Results of the linear model of damage accumulation (square-
root transformed).

Term df Sum sq. Expl. var. (%) P(>F)
Time (log) 1 0.862 26.8 <0.001
Shell size 1 0.351 10.9 <0.001
Habitat 5 0.611 19.0 <0.001
Time X shell size 1 0.020 0.6 n.s.
Time X habitat 5 0.008 0.2 n.s.
Shell size x habitat 5 0.055 1.7 n.s.
Time x shell size x habitat 5 0.011 0.4 n.s.
Residuals 64 1.297 40.3 -

df, degrees of freedom; Sum sq., sum of squares; Expl. var., percentage of
explained variance; P(>F), probability of observing a given F-value under the
null hypothesis.

general, our measured decomposition rates of all shell size cat-
egories are slower than previously assumed (e.g. Schilthuizen ez al.,
2003; Miiller et al., 2005; Strom et al., 2009), emphasizing that
molluscan shells are long-lasting objects.

How to use empty shells in molluscan studies

There 1s a lack of consensus among malacologists on the use of
empty shells in field studies (see also Coppolino, 2010). Some
researchers have treated empty shells in the same way as live spe-
cimens regardless of their condition (e.g. Coppois, 1984; de
Winter & Gittenberger, 1998; Hotopp, 2002; Tattersfield et al.,
2006), whereas others count empty shells only when they have an
intact periostracum (e.g. Labaune & Magnin, 2001; Horsdk &
Hajek, 2003; Jutickova et al., 2008). A third group of malacologists
work only with live specimens (e.g. Hawkins, Lankester & Nelson,
1998; Martin & Sommer, 2004a, b; Schamp, Horsak & Hajek,
2010). Occasionally, empty shells alone are used for specific pur-
poses (e.g. Clements et al., 2008; Thurman et al., 2008). This vari-
ation in approach makes sense, because empty shells provide
qualitatively different information according to the studied envir-
onment and the purpose of the research. In particular, the large
variation we found in persistence in relation to shell size and habi-
tat conditions can inform decisions about the use of empty shells
and the interpretation of results.

Advantages and limitations of use of empty shells

Biodiversity inventories aim to detect all species currently present at a
site. Some species can typically be detected only from empty shells
and thus inclusion of empty shells is recommended (Cameron &
Cook, 1999; Thurman e al., 2008; Platyla polita or Cecilioides acicula,
personal observations). Furthermore, the use of empty shells is espe-
cially helpful in simple compilations of biodiversity in spatially- and
temporally-structured mollusc communities, since some species live
only in certain microhabitats (Schilthuizen, 2011) or at certain seasons
of the year (e.g. Vitrinidae; Horsak, Jufickova & Picka, 2013). Empty
shells are useful if sampling is carried out only once in the year and
when recording rare species, as the probability of finding rare species
as living individuals is affected by many external and intrinsic factors
(e.g. Cameron & Pokryszko, 2005; Solymos ¢ al., 2009).

In a classic study, Cameron & Pokryszko (2005) proposed 200
specimens as the minimal number of shells in a representative soil
sample or to record at least ten times more shells than the number
of recorded snail species. When counting only living animals, these
thresholds can be problematic, especially when collecting samples
during dry periods or in oligotrophic and dry habitats. Including
empty shells can be essential for recording the majority of species,
but the risk of counting species that are not currently present
increases particularly for robust species with a large and thick
shell. Such empty shells could potentially reflect past ecological
conditions, especially if for example a successional change recently
took place at the site (Schilthuizen, 2011).

Some gastropods possess synchronized life cycles according to
which their abundances fluctuate seasonally (e.g. Uminsky, 1983;
Kralka, 1986). These population fluctuations are buffered by the
use of empty shells that can be found during the whole season.
The use of empty shells can then compensate for the impoverish-
ment of local gastropod check-lists (Cameron & Pokryszko, 2005).
In such cases, we recommend the use of ‘fresh shells” or the ‘peri-
ostracum criterion’, as already adopted by some authors (e.g.

Figure 2. Observed proportions of recovered shells during the experiment (A—=C) and predictions from the model (D-F). A. The four largest snail species
(averaged across all habitats). B. The five smallest species. G. Average recovery proportions in different habitats. D. Model predictions for the least harsh
site, oak-hornbeam forest. E. Model predictions for an intermediate site, scree forest. F. Model predictions for site with the worst conditions for shell preser-
vation, peat-bog pine forest. Error bars in A-=C denote 95% confidence intervals. In D-F, black solid lines correspond to predictions for the largest species
Arianta arbustorum; solid blue lines to predictions for the intermediate species Cochlicopa lubrica and red lines for Carychium minimum, the smallest species studied;
dashed lines of the same colour represent 95% confidence intervals of model relationship.
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Figure 3. Proportion of damaged surface in relation to time since burial for the four large snail species with low disappearance rates. A. Arianta arbustorum,
the largest species. B. Alinda biplicata, the smallest of the large species. Damage proportions were averaged from all shells recovered in a given box. Key: black
solid line and black filled circles, model prediction for harshest habitat, peat-bog pine forest; solid blue line and black filled circles, model prediction for least
harsh habitat, beech forest; open circles, the remaining intermediate habitats. Dashed lines denote 95% confidence interval of model relationship.

Labaune & Magnin, 2001; Horsak & Hajek, 2003; Cameron &
Pokryszko, 2005: 541; Jutickova et al., 2008). This means that only
fresh shells with intact periostracum, original colouration and
without erosion of calcareous material should be counted for stat-
istical analyses. In agreement with others (Evans, 1972; Cameron
& Morgan-Huws, 1975; Davies & Grimes, 1999; Menez, 2002),
we conclude that shells found in topsoil lose their fresh appearance
(e.g. intact periostracum) within 1 year of death. In small snails
and semislugs, the best criterion of freshness of an empty shell is a
transparent shell wall. However, special attention should also be
paid to the presence of opaque empty shells of minute species in
dry and alkaline localities, as our results suggest that they are able
to persist in such sites for a relatively long time.

The use of empty shells of large species is more problematic,
because their durability is greater, so that they could potentially
represent assemblages from former times (Table 3, Fig. 2D;
Cameron & Pokryszko, 2005: 542). Even subfossil shells sometimes
occur commonly in the topsoil of suitable habitats such as dry
grasslands and limestone outcrops, making it difficult to distinguish
between ‘new’ (i.e. still occurring at the site) and ‘old’ (subfossil,
perhaps extinct) shells. In mesic and wet forest habitats, which pre-
vail in central Europe, shells more than 2 years old are often
highly corroded. A marked loss of original colouration and strong
pitting and/or holes, could then be used as an empirical threshold
to indicate age and hence to evaluate shell utilization for research
purposes. On the other hand, the longevity of some species could
jeopardize this criterion, because apical corrosion, periostracum
damage or even its total loss can occur even during the snail’s life-
time (Menez, 2002; Morton, 2006). Nevertheless, in living speci-
mens holes through the entire shell wall are virtually absent.
Another reliable indication of shell age is infestation by fungal
hyphae; empty shells are frequently overgrown by mycelium,
whereas living shells are never infested. Rihova, Janovsky &
Koukol (2014) showed that fungi are able to colonize the surface
of empty shells of Cepaca hortensis within 3 months.

Conclusion

Shell degradation is a complex process driven by various factors,
mainly related to characteristics of the shell and habitat. Based on
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our field experiment, two distinct degradation patterns were
observed, distinguishing smaller species (shell <8 mm) and larger
species, respectively. The former retained their periostracum while
calcareous material was dissolved, while the latter lost their perios-
tracum first. Small shells started to degrade within 6 months of
death, with almost all shells disappearing within 36 months in
humid and acid habitats. Large shells were more durable and
started to disappear after 24 months, with the majority of studied
shells persisting for the entire study period. The habitat type was
found to be of less importance for shell degradation than shell size
and other intrinsic factors. However, in dry and calcareous habi-
tats shells of all sizes may persist for a long time, with the shell size
becoming more important as habitat basicity and dryness increase.

We conclude that shells with a retained periostracum, original col-
ouration and without major erosion of calcareous material (large
holes through shell wall) can be used as data sources with virtually
no risk of including species no longer occurring at the study site.
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Abstract

What happened with the shell after snail’s death? The paper is focused on land snail shell
degradation in temperate forests. During three-year lasting study, seven types of shell
alterations were recorded. Colour changes manifest as loss of original pigmentation, or shell
dyeing caused by humic and fulvic acids from soil and leaf litter. Transparent shells in wet
environment undergo opacification of shell wall. High levels of soil moisture and low pH
probably cause periostracum cracking and peeling off. Exposed ostracal layers start to
dissolve and pits appear. Later, they deepen into holes. Fragmentation is usually caused by
large vertebrates, or, in the case of apex and mouth breakage, probably by substratum
movement. Plant root are able to touch shell surface and uptake calcium from it. They leave
specific traces on the shell surface. Shell surface could be infested by fungi and
actinobacteria.

Combined effect of these alteration characteristics change shell appearance and create
taphonomic signatures typical for specific forest types. Two basic shell degradation patterns
were recognized. The degradation of large shells starts with periostracum deterioration
followed by ostracal dissolution. Periostracum of small shells could persist while ostracal
layers dissolve.



1. Introduction

A shell is vitally important for land snails. Although inorganic, it constitutes indivisible unity
with living animal that takes care of its conch. The mucus has bactericide effects, preventing
the shell degradation by various microorganisms (Czeczuga 2000; Zhong et al. 2013, Pitt et
al. 2015). Even species living in highly humid and acidic environment are able to prevent
their shells against major dissolution of calcareous parts of the shell since they choose optimal
microhabitat (Poulickova et al. 2005). Some damage can occur on shells already during the
life of long-lived species, but shells of short-lived species usually stay almost intact with vivid
colouration and perfect periostracum during its life. After snails' death, the protective effects
stop to act. Shell fall victim to various environmental influences and becomes the object of
degradation. Periostracum starts to fade and peel off, and the gate for carbonate dissolution
opens. Various organisms occur both on surface (Rihova et al. 2014, Johnston et al. 2015) and
inside the shell (Peake & James 1967, Moreno-Rueda et al. 2008), some of them even
consume empty shells to obtain calcium easily (e.g. Graveland et al. 1994, Cadée 1999,
Barrientos 2000).

All those processes lead to more or less gradual disappearance of shell. However, the way
how shell disappears depends both on habitat conditions and shell properties (Menez 2002,
Pearce 2008, Cernohorsky et al. 2010). Shell disappearance rate increase from dry alkaline to
wet acidic forests, but the effect of species size outweighed characteristics of habitat (Rihové
et al. 2018). Thus, there arise possibilities to reconstruct the basic habitat conditions based on
shell alteration types. Although it might be important especially in a reconstruction of past
environment based on (sub)fossil land snail assemblages, it has never been used so far.
Knowledge of shell degradation pattern is essential also in ecological studies. Standard litter
sample (e.g. Kerney et al. 1983, Cameron & Pokryszko 2005) contain both fresh and partly
corroded shells. Sometimes, dead shells even prevail living ones (Mikovcova 2006,
Cernohorsky et al. 2010). However, the occurrence of some rare species, usually minute and
soil- or crevice-dwelling, is documented frequently only thanks to the presence of empty
shells (Cameron & Cook 1999, Thurman et al. 2008). Despite this, the presence of corroded
shells in samples in ecological and population studies is usually resolved by ignoring them.
Especially when conducting population studies, the exclusive use of living or intact specimens
is common (e.g. Hawkins et al. 1998, Martin & Sommer 2004a, Martin & Sommer 2004b,
Schamp et al. 2010).

For all these purposes the survey of shell alteration and degradation characteristics for various
recent habitat types is needed. Unfortunately, there are not many studies describing the
influence of habitat to shell degradation. Unlike marine shell degradation, which is described
relatively well (see Zuschin et al. 2003, Parsons-Hubbard 2005), land snail shell degradation
is badly understudied.

To fill this gap we (i) present the “catalogue” of shell alteration characteristics for common
Central European temperate forest types, (ii) describe the course of shell degradation, and (iii)
provide the overview of possible causes of shell alterations.

2. Methods

The course of shell degradation was studied on nine common European land snail species in
six Central European forest types (for list of snail species and forest sites see Table 1 and
Table 2).

Species were chosen in respect to their commonness, shell size and shape, and ecology to
cover the general variability of central European terrestrial gastropods. They belong to eight
families and cover wide range of sizes (Horsak et al. 2013). We clustered them into two size
categories — small and large species. The average largest dimension of small species was



under 8 mm; large species were greater than 8 mm. All model species are common in Central
Europe.

Table 1: Nine studied land snail species. Shell size, shell shape, type of the surface, and general ecological
characteristics follow Kerney et al. (1983); names and families follow Horsak et al. (2013).

Landsnail species Family Size  Shape, structure Ecology

Arianta arbustorum (Linné, 1758) Helicidae large  spherical, smooth forest/hygrophilous
Xerolenta obvia (Menke, 1828) Hygromiidae  large flattened, grooved open, xerophilous
Alinda biplicata (Montagu, 1803) Clausiliidae large  spindle, ribbed forest

1. isognomostomos (Schroter, 1784) Helicidae large  spherical, hairy forest/dendrophilous
Cochlicopa lubrica (O.F. Miiller, 1774)  Cochlicopidae  small spindle, lustrous forest/open country
Nesovitrea hammonis (Strdm, 1765) Zonitidae small flattened, smooth pioneer, forest/open
Vallonia pulchella (O.F. Miiller, 1774)  Valloniidae small flattened, fine grooved  open country
Cclumella aspera Waldén, 1966 Vertiginidae small cylindrical, fine ribbed forest, acidotolerant
Carychium minimum O.F. Miiller, 1774  Carychiidae small  spindle, grooved hygrophilous

Six chosen sites represent the main types of Central European forests: alder alluvial, beech,
oak-hornbeam, peat-bog pine, scree, and planted spruce forest. All sites are situated in the
Czech Republic at medium altitudes between 400600 m a.s.l. They differ in geology,
vegetation cover, pH of the litter layer (3.52-7.22) and humidity (annual precipitation
between 476—877 mm per year) (Table 2). High groundwater level is typical for alder alluvial
and peat-bog pine forest; scree forest has fluctuating water regime dependent on local rainfall.
All localities were twice per year treated with human hair as a prevention against wild board
digging activity. Despite this, two boxes (one in oak-hornbeam forest and one in spruce
cultivation) were lost.

Table 2. Description of studied forest sites giving their geographical location, altitude, soil pH, soil calcium
content (mg/kg of substratum; measured in IG, AS CR), and annual precipitation (®). The missing Ca value in
beech wood was not measured because of technical problems. Precipitation data were obtained from Czech
Hydrometeorological Institute (CHMI).

Type of forest Location Altitude (m a.s.l.) SoilpH Ca(mg) © (mm)
Alder alluvial forest 50°02'39" N, 14°02' 00" E 430 4.30 73.58 497
Beech wood 49°55'15" N,13°50' 58" E 430 4.92 - 476
Planted spruce forest 50°01'02" N, 14°41' 59" E 400 5.39 82.41 570
Oak-hornbeam forest 49° 57' 25" N, 14° 09' 06" E 420 7.22 209.80 514
Peat-bog pine forest 49°39'28" N, 15°53' 12" E 600 3.52 27.39 877
Scree forest 49° 55' 15" N,13° 50' 59" E 450 5.61 50.92 476

The study was focused on the influence of abiotic condition on shell degradation. Observed
shells were hence deposited into the centre of polyethylene plastic boxes filled with local soil
and leaf litter (hereafter referred as “soil””). Boxes (16.5 x 16.5 x 8 cm) were perforated by
small holes (density 1 hole/cm?). Large shells were placed freely into the substrate filling each
box, while small shells were put into permeable nylon bags (mesh size ca 320 pm; bag size ca
8 x 6 cm) along with the soil. These boxes were then buried with their bottoms parallel with
the boundary of soil A horizon approximately 15 cm deep.

Five fresh shells of each of nine model species were placed in each box and four boxes were
buried at each site. Thus, altogether 120 shells per species and 1080 shells in total were used;
all shells were used only once. Boxes were excavated sequentially after six, twelve, twenty-
four and thirty-six months. The whole contents of excavated boxes were dried at room
temperature, then shells were removed.

The presence of alteration types was evaluated from pictures of the shells. Shells were
photographed from two sides (apical and umbilical for flattened and spherical shells, anterior
and posterior for elongated shells) by an Olympus C-5060 Wide Zoom camera (large species)
or by Olympus U-eye UI-1440-C camera mounted on an Olympus SZX 9 stereomicroscope
(small species). Only one person evaluated all the pictures.
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Mycelium from three specimens of 4. arbustorum (oak-hornbeam, alder alluvial and peat bog
pine forest) was semi-sterile scraped off from the shell surface and obtained material was used
for fungi determination according to the protocol mentioned in Rihova et al. (2014). Some
fungi were identified based on phenotypic characters by an Olympus BX 51 microscope and
photographed by an Olympus E-510 camera.

3. Results

In the six types of Central-European forests, seven basic shell degradation types were
recorded: colour changes, shell wall opacification, periostracum peeling, dissolution of
calcareous parts of the shell, fragmentation, root imprint, and fungal (actinobacterial)
infestation. The presence of distinct subtypes of these basic categories is listed in Table 3 for
large species and Table 4 for small species. Table 5 sums numbers of recovered shells for all
runs (636 months) of the study.

Table 3: Shell alteration characteristics typical for large model species and their presence in four runs of the
study (6, 12, 24 and 36 months). Abbreviation of localities: OH — oak-hornbeam forest, SF — scree forest, BW —
beech wood, AA — alder alluvial forest, PS — planted spruce forest, BP — peat-bog pine forest. — means no
presence of particular degradation subtype; ¢ scarce presence of degradation subtype; x prevalent presence of
degradation subtype. Colour changes include fading, light and dark dyeing; carbonate dissolution includes
initial and advanced pitting, holes and windows; fragmentation complete fragmentation, apex and shell mouth
breakage. The last two items refer to the fungal infestation. Columns OH and PS for 36 months are empty due
to loss of all experimental shells caused by wild boars.

6 months 12 months 24 months 36 months

O S B A PB|/OS B A PB|OS B A P B|/OS B A P B

HF W A S P HFWASPHHU FWASPK HTFWAS P
fading e o & X X X | e e o X X X|XxX e x X X X x  x X x
If ght dyeing - - . . . X - . . . . X - - . . X X . . . X
dark dyeing - - - - e | - - - e o e | . - . e e x - x X x
per. peeling o o . o | o o o e o o | e o o - e o . .
initial pitting - - - o - e | - e - e e | e e . e o . e
advancedpitting | - ¢ ¢ o x X | e o o X e o] e X X X X e X X X
holes . . - . . . . . . X . . - . . X X X . . X
windows - - - . - - - - - . - . - - - . . . - - . -
complete
fragmentation D T e T o e X
apex breakage . - . - - - - - - - - . - - . . ) . - . . X
mouth breakage . - - . . . . . . . . . . . . . ) . . . . X
T00t lmprlnt - - - . - - - - - . . 3 - ° - ° - ° - . . .
fungal hyphae e - - - e o e T e e e e e e e e e o x .
pseudomycelial
tufts ) - - - - - - . . - - - . - - - - . . . - .




Table 4: Shell degradation characteristics typical for small model species and their presence in four runs of the
study (6, 12, 24 and 36 months). Abbreviation of localities: OH — oak-hornbeam forest, SF — scree forest, BW —
beech wood, AA — alder alluvial forest, PS — planted spruce forest, BP — peat-bog pine forest.— means no
presence of degradation type; ¢ scarce presence of degradation type; X prevalent presence of degradation type.
Opacification has three subtypes (dot, spot and complete opacification); colour changes include fading, light
and dark dyeing; carbonate dissolution include initial and advanced pitting, holes and windows. The last two
items refer to the fungal infestation. Columns OH and PS for 36 months are empty due to loss of all
experimental shells caused by wild boars.

6 months 12 months 24 months 36 months

O S B A PB|OS B APIB|OS B APB|OS B A P B

HF W A S P|IHFWAS P HVFWA S P HTFW A S P
dot opacification | ¢ - e - - | e o o o - _| e e e . - - - - - -
spot
opacification e - e - . .| - e e e - | e e e - - . - - - -
complete
opaciﬁcation . X . X e X . X X X X e X X X X X e X X . .
fading ) - ) - . . . . . . . - . . . . . - - . - -
light dyeing - - - e - | - - e L - e . - - - -
dark dyeing - - - . - . - - - . . . - - - - . . . . . .
periostracum
peeling . . . . - - . . . - - . - - . - - - . . - -
initial pitting - e e e ) e - - | e e . - - - - - - -
advanced pitting | - - ¢ - e | - e o - - - | e e e . e . - - - -
holes - . . . . . - . . . X e . . . . X e . X . .
windows - . . . . . - . . X ¢ X - . . X X e X . . X
root imprint - - - N - - - - -
fungal hyphae e o o e e |- X e e e o]lx e e e o e e X _
pseudomycelial
tufts - - . - - - - - . - . - - . . - - - . - - -

Table S: Percents of recovered shells for all model snail species and studied biotopes in all four runs of the
study. Roman numbers (I-IV) indicates the runs of the study (6, 12, 24 and 36 months since beginning,
respectively). Zero means that the whole shell group disappear; dashes (-) and asterisks (*) indicate runs
disturbed by wild boars; dash the total destruction of whole group of conspecific shells; asterisk partly disturbed
shell group.

Oak- Scree Beech Spruce Alder alluvial Peat-bog pin
hornbeam forest wood plantation forest cal-bog pine
I I 1 IV I 1I m 1 |1 1I m 1 |1 11 11 {/ 1 11 m Iv |1 I 1 vi
) 10 10 10 10 10 10 10 " 10 10 10 10 10|10 10 10 10
A. arbustorum o 0 0 - 0 0 0 o0 80* 100 0 o0 100 100 0 - 100 100 o ol o o o0 o
. 10 10 10 10 10 10 10 « 10 10 10 10 10|10 10 10 10
X. obvia o 0 o0 - 0 0o 0 o 60* 100 0 0 100 100 0 - 100 100 0o ol o o o o
L
N 10 10 10 10 10 10 10 « 10 10 10 10 10|10 10 10 10
Zf)gnomostom o 0 0 - 0 0 0 o0 40* 100 0 o0 100 100 0 - 100 100 0o ol o o o o
o 10 10 10 10 10 10 10 « 10 10 10 10 10 10
A. biplicata o 0 o - 0 0 0 o 60* 100 0 0 100 100 0 - 100 100 0 80 0 0 80 60
. 10 10 10 10 10 10 10 10 10 10 10 10 10
C. lubrica 0 - 0 - 0 0o 0 o 100 100 0 0 100 100 0 - 100 100 0 ol - 0 0 80
. 10 10 10 10 10 10 10 10 10 10
N. hammonis 0 - 0 - 0 0 0 o 100 100 0 0 0 80 80 - 100 100 0 80 | - 0 60 80
10 10 10 10 10 10 10
C. aspera 0 o0 o - 0 0 0 20 | 100 100 60 0 60 60 80 - 100 80 40 0|8 60 0 20
10 10 10 10 10 10 10
V. pulchella 0o o0 o0 - 0 0 o0 20 | 100 100 0 80 0 100 60 - 0 0 20 0[60 O 0 O
Comimimu | 1010100 g0 o) 60 60 20 60| 0 60 20 - 0 0o 0 0o/ 0 0 0 o0

Two basic degradation patterns were observed. One of them is typical for small species, the
second one for large shells. Degradation of large shells starts with periostracum disruption
followed by ostracum dissolution: pits deepen into holes and shell is gradually dissolving
(Figs. 1-4). Degradation of small species starts with dissolution of ostracum, while
periostracum is still preserved. “Windows” (see below) are created and periostracum begins to
disrupt later. In extreme cases, only empty periostracum remains (Figs. 5-8).



Fading of original colouration

After death, original shell colouration fades away and the pigment pattern, if present, becomes
faint (Figs. 9-10). This is clearly visible especially in large model species (4. arbustorum,
A. biplicata, 1. isognomostomos, and X. obvia). Small species do not fade. Only in C. aspera
the loss of original colour marks the initial stage of shell degradation. Fading could affect the
whole surface of the shell, but it is not homogeneous and used to be spotty. It occurs only in
shells with naturally pigmented periostracum and ostracum. It was observed in all studied
forest types but in different extent. While fading was barely registered during first six months
in forests with alkaline litter, large shells were highly faded in acidic litter at the same time
(Table 3). This type of shell alteration is one of the most common and time-dependent.

Shell wall opacification

This degradation type occurs only in species with transparent shells (when fresh), and, as well
as fading, it is also time-dependent (Table 4). First, opaque dots (“dot opacification” in Table
4; Fig. 11) emerge followed by broadening of these dots into round spots (“spot opacification”
in Table 4, Fig. 12). In the last stage, shell wall becomes completely opaque (“‘complete
opacification” in Table 4, Fig. 13). All these stages occurred during the first six month and
toward later stages of degradation, the proportion of completely opaque shells increased. The
intensity of opacification varies from almost imperceptible in early stages of degradation to
completely opaque in later stages of degradation.

High incidence of complete opacification during the whole study is caused by the effect of
quick disappearance of smallest species C. minimum and V. pulchella, which become opaque
very early and then completely dissolve and vanish, while larger species N. hammonis and
C. lubrica start to change their transparent nature later.

Loss of periostracum

Thin organic layer covering shell surface — periostracum — sometimes cracks (Fig. 14) and
flakes off from calcareous part of the shell (Fig. 15). The area under a peeled periostracum
retains its original surface sculpture. It exposes calcareous shell parts for subsequent
dissolution. Loss of the periostracum is one of the initial types of shell degradation occurring
already during first six months in all types of forests (Table 3).

It is typical especially for large species (4. arbustorum, A. biplicata, I. isognomostomos), in
lesser extent it was recorded also in small species (mainly C. minimum, C. lubrica and
V. pulchella; see Table 4). Although not visible with naked eye, it is also present in X. obvia
(compare shell fractures with and without periostracum on Figs. 16—-17).

Shell dyeing

Edges of periostracum as well as bare calcareous parts of shell are exposed to another
environmental impact — shell dyeing. Colour changes usually start on patches with peeled
periostracum (Fig. 18; light dyeing). Dark dyeing (Fig. 19) is typical for peat-bog pine forest
and spruce plantation, where it started to occur during the first six month (Table 3). In lesser
extent, it was detected in all studied forest types. Dyeing occurs in all types of shells and after
two years, its dark variant prevails.

Dissolution of calcareous parts of the shell

Dissolution is typical for all studied forest types as well as each model land snail species. It
has several distinct subtypes: pitting, holes and “windows”. The initial stage of dissolution we
call initial pitting since it is marked by presence of shallow point depressions in the shell wall
(Fig. 20). These depressions may extend into wide dissolved areas with smooth inner surface
(advanced pitting; Fig. 21). The following stage — holes — is derived by broadening and



deepening of larger pits (see Table 3; Figs. 22-24). After emergence of holes, the rate of shell
disappearance accelerates thanks to wide bare area exposed to dissolution.

“Windows” are a specific type of holes covered by the transparent, sometimes tinted
periostracum (Figs. 25-26). In extreme cases (specifically in some small species, mainly
C. aspera; rarely in C. lubrica and N. hammonis (Figs. 27-29), all calcareous parts of the shell
are lost and only empty periostracum remains. Such empty periostraca often undergo
deformation. This subtype of shell dissolution is extremely rare in large species and was
recorded only in A. arbustorum (Fig. 26) and 1. isognomostomos on edges of larger holes. In
some cases, bare periostracum changes colour and becomes dark brown when still being
transparent.

Fragmentation

Shell fragmentation is caused by mechanical breakage. It is marked by the presence of sharp
edges of broken parts contrary to above mentioned dissolution (always smooth edges of
dissolved holes).

Three types of shell fragmentation were discriminated. The shell could be broken into several
similarly large pieces (complete fragmentation in Table 3; Fig. 30), or the apex or mouth
could be chipped off to some extent (Figs. 31-32).

Fragmentation occurs in both size categories of shells, but in small species is easily mistaken
for carbonate dissolution and wasn’t recorded there.

Root imprint

On shells of all sizes we detected a specific muddy trace looking like double rail (Figs. 33—
35). It resembled crawling trace of small wormlike creature with the maximum distance
between “rails” around 0.75 mm. In last stage of the experiment, we found several cases of
association of these traces with plant roots. Occurrence of these structures is weakly time-
dependent and root imprints appeared especially in forests with acidic litter (Table 3).

Fungal infestation

The last of observed alteration characteristics is surface infestation by fungi and
actinobacteria. Their colonies usually resemble thin fibres, sometimes branched (in Table 3
and 4 as “fungal hyphae”), and gain number of colours. The most frequent are black (Fig. 36—
37), dark-brown, tan and white. Sometimes, small tufts or knots of various colour (the most
frequently white (Fig. 38); also grey or lichen green) are present on shell surface. They
represent actinobacterial pseudomycelia of genus Streptomyces (Fig. 39).

The continuous presence of fungal infestation during the whole experiment is caused by
fragile nature of hyphae and pseudomycelial tufts. Those structures repeatedly grow up,
degrade and their residues sometimes persist.

By the use of direct PCR amplification and sequencing, two fungi taxa were revealed:
Arthroderma insingulare Padhyeet Carmichael 1972 (Ascomycota: Arthrodermataceae), and
Geomyces sp. Traaen 1914 (Ascomycota: Myxotrichaceae). Microscopic observation revealed
that black mycelium represents the mixture of two hyphae type. Fibres with clamp connection
belong to some basidiomycete fungus, broader fibre with slightly verrucous surface belongs
most likely to ascomycete fungi (Fig. 37).

Timing of shell degradation

Majority of observed degradation types emerge during the first six months and already during
this period differences among habitats become evident. Localities with low soil pH and high
substrate humidity have harmful effect on shells even after such short period (compare
planted spruce forest (PS) and peat-bog pine forest (PB) with other columns in section 6



months in Table 3; and percentage of recovered shells in Table 5). On the opposite side, large
shells in alkaline localities (oak-hornbeam and scree forest) look after six months more or less
similar to the state immediately after death. While opacification of smallest species
(V. pulchella, C. minimum) is almost finished during this period and followed by dissolution
of calcareous parts, opacification of medium-sized species (N. hammonis and C. lubrica)
occurred without dissolution. Large species undergo fading of original colouration and light
dyeing, apex and shell mouth breakage, initial pitting and loss of periostracum. Other types of
shell degradation (e.g. holes or fungal infestation) are recorded in lesser extent.

In initial phase of degradation, large shells disappear solely due to action of large animals.
The persistence of small shells is influenced more by local abiotic factors than by animals,
and smallest species start to disappear already within 6 months (spruce plantation; in lesser
extent also in peat-bog pine and alder alluvial forest).

After 12 months, the most pronounced types of shell alteration are dyeing, mouth breakage
and fungal infestation; for small species also opacification. Smallest species start to disappear
at that time (see Table 5). Since protective periostracal layer is already invaded, the
dissolution of calcareous layers is common in both size groups. In small species and
A. arbustorum, dissolution manifests also as windows. Their periostracum is still stiff enough
to cover the holes in calcareous layers.

The cause of complete shell loss differs among habitat types. While in oak-hornbeam, scree
and beech forests it is caused almost exclusively by wild boars, dissolution is more important
in other sites.

After two years, habitat-related difference among small shell disappearance is clear. While in
oak-hornbeam and scree forests minute shells persist almost completely, they start to
disappear in beech wood and spruce plantation. Only scarce remnants could be found in alder
alluvial and peat-bog pine forest. Since especially shells of durable small species (C. aspera,
N. hammonis and C. lubrica) are present, windows are typical for this degradation stage. In
specific cases only empty periostraca remain (Figs. 27-29). Degradation of the large species
is in its advanced state: shells are heavily faded, stained and carbonate dissolution is
remarkable. Thanks to non-vertebrate decomposition, first specimens of large shells disappear
(4. biplicata in peat-bog pine forest).

In the last stage of shell degradation observed in this experiment (36 months after burial),
almost all small shells disappeared. Some of them were destroyed by wild boars (oak-
hornbeam forest), other just dissolved (alder alluvial and peat-bog pine forest). Only a few
severely damaged shards or empty periostraca remain in peat-bog pine forest. Large shells in
acidic and humid localities (alluvial and peat-bog pine forests) are deeply ruined and
sometimes do not allow species identification. Again, A. biplicata is the only large species
which disappeared completely. None of other large species did disappear during the study
thanks to abiotic degradation.

4. Discussion

During three years of field experiment, we recorded seven main types of shell degradation.
Some of them are time-dependent (fading, opacification, periostracum peeling, dissolution of
calcareous parts, shell dyeing). Other are mostly accidental (fragmentation, fungal
infestation), but longer exposition increases their probability of occurrence as well. Similar
types of shell alterations were already mentioned by Millar and Waite (2004) and Pearce
(2008) and they seem to be common in temperate forests. All observed types of shell
alteration are present in almost all studied snail species as well as in all studied localities.

Soil pH and soil humidity are the most important environmental factors enhancing shell
disappearance (see also work of Cernohorsky et al. (2010: 237)), but taphonomic signature
(unique mixture of alteration types typical for particular locality or group of localities) is



produced by combined effect of other influences. They usually do not speed up degradation or
disappearance rate, but leave characteristic traces.

According to our knowledge, majority of shell alterations were caused by abiotic
environmental factors, but we revealed also the role of other organisms in the process of shell
degradation.

Causes of shell alterations

Fading, one of the earliest degradation types, is already known from Mediterranean shells.
Menez (2002) convincingly showed that in Mediterranean, insolation is the main factor
causing loss of colouration. Since the shells in current field experiment weren’t exposed to
sun light, the cause of fading in temperate forests has to be different. Also the manifestation
of this alteration type is different. Shells exposed to sun-light fade evenly and the whole
exposed surface changes colour homogeneously. On shells buried in substrate, the loss of
colour manifests in small patches and finally, shells were heterogeneously spotted. It looks
like the fading appeared only in places with direct contact of leaf litter and/or soil particles
with the shell surface.

Typical initial stage of small species shell degradation is shell wall opacification.
Opacification is caused by increased humidity or direct immersion in water. In very small
species (e.g. C. minimum) it is only matter of days until the shell becomes entirely opaque
(Rihova & Juiickova, in. prep.). In the field, the process is slower and habitat-dependent.
Even after 24 months more or less translucent shells were found (oak-hornbeam forest).

The mechanism of opacification remains unknown. The shell itself is built from composite
material made from aragonite crystallites covered by thin sheets of organic material (Wilmot
et al. 1992, Dauphin & Denis 2000, Hou et al. 2003) and opacification might be the result of
degradation of these sheets. Other possible cause is the unstuck of organic sheet from
aragonite crystallites, when opacification might be caused by thin layer of water or air
between them.

Shell dyeing appeared in all types of forest environment and affected all model species
regardless of their size or original colouration. This alteration type is usually connected with
already eroded shell parts, free periostracal fringes, ostracal spots barren from periostracum or
surface of pits and edges of holes. Older shells are dyed more and shells with most
pronounced staining originate from peat-bog pine forest and spruce plantation. Soil of both
habitats is rich in humic and fulvic acids. Since it is known that those chemical substances
cause dyeing of organic matters (Hall & Packham 1965, van der Sanden 1992), it is probable
that they are responsible also for observed artificial shell colouration.

In accordance with Morton (2006) we believe that cracking of periostracum is caused by
high substrate humidity and its fluctuation. It is especially common in alder alluvial and peat-
bog pine forests, in lesser extent also in beech and spruce forest. All those habitats are
seasonally for short period highly moist what negatively affects protective organic layer of the
shell. On the other hand, those habitats are also highly acidic and cracking of periostracum
could be caused by chemical changes driven by low pH.

Fragmentation is caused by a mechanical cause. Biotic reasons are more pronounced in
living snails since fragmentation usually emerges during predation of living specimen (for
overview, see work of Barker (2004)). Millar and Waite (2004) described three types of
fragmentation attributed to animals: removing of the shell whorls by beetles or harvestmen,;
gnawing and grazing marks on the shell surface; and holes rasped by Aegopinella nitidula.
The major causes of fragmentation in this study were wild boars and humans. Wild boars
completely destroyed the fourth boxes in oak-hornbeam and planted spruce forests. They
smashed boxes as well as some large shells during investigation of new objects in their
territory. Other shells were thrown out of the boxes and lay freely on substrate. After wild



board action, authors of the study accidentally broke some of them when reaching the locality.
Thus, fragmentation caused by large animals is important cause of shell degradation and
accelerates shall disappearance. Our result support Pearce’s (2008) and Cadée’s (1999, 2016)
conclusions about the importance of bioerosion for shell degradation and its enhancing
properties. Without bioerosion, shells would persist much longer in alkaline environment.

On the other hand, breaking of apex and mouth as the most overhanging parts of shells are
caused probably by small movement of substratum. Several taxa of land snails (e.g. genus
Rumina and some door snails (Welter-Schultes 2012)) break their apices already during snail
life. Shell apex, co called protoconch, is the oldest part of shell and therefore easy to break.
Moreover, water soaked shells are more brittle and prone to breakage. Thickened apertures
overhang the overall shell shape and that causes their easy breakage. In accordance with
Menez (2002) we recorded that shells with spherical shape are more breakage-resistant than
shells of other shapes (Table 5 — see the difference between spherical A. arbustorum and
1. isognomostomos and elongated 4. biplicata).

The first cases of root imprint look like small worm footprint. In later stages of the
experiment, branched traces were found and shortly after that, the association of unidentified
seedling tightly touching shell surface was detected.

In localities with lack of some important element, plant roots are able to “stretch out” in the
direction of source of deficient element in order to increase its uptake (Hodge 2004, De Kroon
et al. 2005, Morris et al. 2017). Observed “footprint” is thus a root imprint, what is supported
by the fact that it is common especially in peat-bog pine forest, where calcium could be a
limiting element for plants. Empty shells hence become important source of it and we believe
that plants could enhance the speed of shell degradation in such localities.

Fungal and actinobacterial infestation was very common in all studied localities during all
four controls. When assessing the age of an empty shell, presence of fungal-like organisms is
useful. We know from laboratory experiment (Rihova et al. 2014) that fungi colonise shell
surface early after snail’s death — within three months. Within this period, shells are probably
protected by antifungal properties of gastropod slime (Czeczuga 2000, Zhong et al. 2013).
Several morphotypes of fungal hyphae and actinobacteria colonies were present on the shell
surface (they are summarized into two categories in Table 3 and Table 4). When assessing
this diversity in detail, around 30 morphotaxa were found (for detailed overview see Rihova et
al. 2014). Fungi and actinobacteria colonise outer surface of shell, but do visibly penetrate
neither periostracum nor ostracum. Is seems more likely that they use empty shells as an inert
surface for reaching other parts of substratum, not the source of calcium or organic
compounds itself. However, fungi using complex organic (keratinous) substrates are known
(Btyskal 2009). Periostracum has different chemical composition (Hunt & Oates 1978) and
since we didn’t measure metabolic activity of observed fungi, their specific role in shell
degradation remains unknown.

Size-specific degradation pattern

The habitat type was found to be of less importance for shell degradation than shell size and
other intrinsic factors (in detail see Rihova et al. 2018). Already, Menez (2002) and Pearce
(2008) noticed species-specific degradation velocity. Small shells disappear prior the large
ones (Hotopp 2002, Millar & Waite 2004).

Size-specific degradation pattern is not necessarily connected with different degradation
velocity. It depicts the typical course of shell alteration for two size categories. Large shells
degrade “from outside” and shell alteration starts with periostracum disruption. Small shells
degrade “from inside” and ostracal dissolution takes place (compare Figs. 14 and Figs. 5-8).
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This observation refers to the fact that shell degradation is influenced also by other, so far
unknown shell characteristics (e.g. the thickness of periostracum or microstructural
architecture), not only shell size.

Taphonomic signatures: site-specific degradation pattern

When evaluating overall shell condition after triennial experiment, low environmental impact
on shells was recorded in oak-hornbeam and scree forests. Shells retain their original lustre
and intact periostracum for relatively long time, fading was common even in later stages of
shell degradation. All types of alteration, which appeared in other habitats very early,
occurred in those two forests later. Even small shells in oak-hornbeam persist for long time
(see Table 5). For large species, conspicuous fungal and actinobacterial infestation was
common. In later stages of large shell degradation, high incidence of fading, loss of
periostracum and initial pitting were typical.

Also shells deposited in beech wood are heavily infested by actinobacterial tufts. When
persisting for longer time, small shells are highly opaque here.

For shells degrading in spruce cultivation, light (brightly orange) dyeing was typical. When
shells persist here more than two years, their surface was highly pitted and mouths chipped
off.

Alluvial and peat-bog pine forests represent the most corrosive environment. After two years
of degradation, local shells were heavily perforated and fragmented. Ostracal layers in small
shells underwent rapid dissolution and windows emerge. Remaining periostraca underwent
deformation. This is typical especially in peat-bog pine forest, in alder alluvial it was
observed in lesser extent.

Surprisingly, Pearce (2008) didn’t mention site-specific degradation pattern and rate of
decomposition when examining shell degradation in three types of North American forests.
Those forests are probably very similar to each other. Contrary, from marine palaeontological
literature (e.g. Kidwell et al. 2001), taphonomic signatures are well-known.

How to recognize old shells?

When assessing the shell age, it is necessary to take into account the influence of specific
biotope as well as intrinsic shell factors.

Fresh shells retain original colouration and almost intact lustrous periostracum. Fresh minute
shells possess completely or largely transparent shell wall. No fungal or actinobacterial
infestation is present.

The influence of habitat type on shell degradation is fundamental. In wet and acid localities
(like e.g. peat-bog pine or alder alluvial forests) the degradation is rapid; dry and alkaline
localities (oak-hornbeam, scree and partly beech forests) enable long shell persistence.

Empty small shells in acidic wet environment are usually not older than several months. We
agree with Cernohorsky et al. (2010) that in wet and acid localities small shells almost
completely disappear within one year. In dry alkaline environment, small shells change their
transparent appearance and become opaque usually during several months, but could stay
preserved for at least three years.

Several months old large shells in acidic environment loss original colouration and their
periostracum started to peel off. Shells older than one year loose periostracum and possess
huge dissolution of calcareous layers (pitting or holes), broken shell parts are susceptible to
dyeing. Thus, shell fragments of large species found in wet localities are probably younger
than relatively well preserved shells in dry localities.

Fungi colonise surface of empty shells of all size and all habitat types within three months
(Rihova et al. 2014), what is probably the best indicator of shell freshness: no fungi = shell
younger than three months.
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Fig. 1-4: degradation pattern typical for large shells (X. obvia). 1 — fresh shell; 2 — advanced pitting combined
with dark dyeing; 3 — progressive dissolution of calcareous layers, advanced pitting combined with holes; 4 —
late stage of dissolution.

5 6 7 8

Fig. 5-8: degradation pattern typical for some small shells (C. aspera). 5 — fresh shell; 6 — windows; 7 —
progressive dissolution of calcareous layers combined with persisting periostracum; 8 — empty periostracum
could undergo deformation.

Fig. 9-10: fading. 9 — fading on X. obvia (oak-hornbeam forest, 12 months); 10 — heavy fading combined with
both types of dyeing, A. arbustorum (peat-bog pine forest, 12 months).
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F-llg 11-13: opacification of C. lubrica. 11 — initial phase of opacification is marked by small opaque dots in the
shell wall (beech forest, 6 months); 12 — intermediate phase of opacification marked by round spots (scree forest,
12 months); 13 — final stage of opacification (alder alluvial forest, 6 months).

i '7 .
ruce

Fig. 16-17: SEM pictures of shell fractures. 16 — fracture with complete periostracum; note conspicuous
periostracal projections on the shell surface in the upper part of the picture. 17 — fracture with impaired
periostracum (only thin layer tightly connected with ostracum remains, in upper part of the fracture). First
number in black bar indicates accelerating voltage of electron beam, second magnification. Picture 17 made by
Petr J. Juracka.

16



18

Fig. 18-19: dyeing. 18 — light dyeing (X. obvia; peat-bog pine forest, 6 months); 19 — dark dyeing (X. obvia;
beech forest, 36 months).

L]

20

Fig. 20-21: initial phase of dissolution of calcareous layers. 20 — initial pitting (4. arbustorum; peat-bog pine
forest, 6 months); 21 — advanced pitting (X. obvia; planted spruce forest, 12 months).

Fg. 22-24: late phase of dissolution. 22 — holes on X. obvia (peat-bog pine forest, 3 month); 23 — holes on
1 isognomostomos (peat-bog pine forest; 36 months); 24 — holes on A. biplicata (scree forest, 12 months).
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Fig. 25-26: specific type of small shell degradation — windov;'s.“ZSu— ypical appearance of windows (C. lubrica,
alder alluvial forest, 12 months); 26 — rare occurrence of windows in large species, combined with heavy fading
and dark dyeing (4. arbustorum; peat-bog pine forest, 12 months).

27 28 29

Fig. 27-29: empty periostracum of C. aspera (peat-bog pine forest, 12 months; fig. 27), C. lubrica (peat-bog
pine forest, 36 months; fig. 28) and N. hammonis (peat-bog pine forest, 36 months; fig. 29).

Fig. 30-32: mechanical fragmentation. 30 — complete fragrhentation caused by trampling of large vertebrate (A.
arbustorum; planted spruce forest, 12 months); 31 — broken apex (4. arbustorum; oak-hornbeam forest, 6
months); 32 — chipped mouth combined with fading (4. biplicata; alder alluvial forest, 6 months).
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Fig. 33-35: plant root trace. 33 — combined with dark dyeing on X. obvia (al(ier alluvial forest, 6 months); 34 —
combined with windows and dark dyeing on A. arbustorum (peat-bog pine forest, 36 months); 35 — combined
with heavy fading and periostracum peeling on 1. isognomostomos (alder alluvial forest, 6 months).

T

Fig. 36-37: fungal infestation. 36 — thin black mycelium on X. obvia (beech forest, 12 months); 37 — LM picture
of thin black mycelium reveals that it is a mixture of ascomycete (broader rugose hyphae) and basidiomycete
(hyphae with clamp connections). Picture 37 made by Ondfej Koukol.
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Fig. 38-39: actinobacterial infestation. 38 — pseuomyceli Js on A. arbustorum (oak-hornbeam forest,
6 months); 39 — LM picture of Streptomyces sp. with typical chain shape. Picture 39 made by Ondfej Koukol.
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Dagmar Rihova, Petr Jan Juracka

Pribéhy z elektronového
mikroskopu. 3. Jakou maji
mekkysi strukturu své schranky

Schranky meékkysi jsou objektem zajmu déti, védcu i profesionalnich sbérate-
Iu. Na jejich povrchu miZeme nalézt rozmanité struktury, casto udivujici kom-
plexnosti a krasy, pro které se spolecné s pestrymi barvami stavaji predmétem
obdivu. Malokdo ale vi, Ze i pohled do nitra stény schranky odhali obdivuhod-
né vapenaté mikrostruktury.
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Ulity i lastury mékkysa tvori uhli¢itan
vépenaty (CaCO,), vieobecné oblibena
stavebni latka u bezobratlych Zivoc¢icht.
K vytvéareni kosternich prvki ¢i alespoi
inkrustaci pevnych ¢asti svého téla ho po-
uzivaji také nékteré houby, ramenonozci,
korysi, mechovky, mofsti mnohostétinatci
nebo koréli. Uhli¢itan vapenaty se vysky-
tuje v nékolika krystalografickych varian-
tach, z nichz nejcastéjsi jsou v Zivocisné
¥i8i kalcit a aragonit. Obé varianty se mir-
né lisf svymi fyzikalnimi vlastnostmi. Kal-
cit ma nizsi hustotu, méné stabilni je vsak
aragonit. Mekkysi své schranky vytvareji
z obou variant, ale u suchozemskych druht
je aragonit coby stavebni materidl mno-

Pod skenovacim elektronovym mikro-
skopem zjistime, Ze se schranka nesklada
z jednolitého platu uhli¢itanu vapenatého.
Naopak, nachézi se v ni mnozstvi drob-
nych, slozité uspofddanych krystalk, kte-
ré obaluje tenka blanka, tvofena sloZitou
smési proteint. Tato vnitini mikrostruk-
tura, v niZ je anorganicka ¢ast schranky na-
vzajem propojena organickym ,,tmelem®,
zajistuje vynikajici mechanické vlastnosti.
Drobné prasklinky, vznikajici riznymi na-
razy ulity (nap¥. p¥i padu), pronikaji sna-
ze mezi krystalky a organickou ¢ésti, ¢imz
,vyplytvaji“ energii a brzy zcela zanikaji.
Integrita schranky jimi neni ohroZena tak,
jak by tomu bylo v pfipadé popraskani
schranky vytvorené z jediného kusu. St¥i-
dani organické a anorganické faze zajistu-
je také urc¢itou miru pruznosti. Na povrchu
schranky se navic nachdazi pigmentovana
organicka vrstva — periostrakum (obr. 2F,
obr. 3), davajic{ ulitdm plza charakteris-
ticky lesk a zbarveni a podporujici jejich
pruznost. Mnohdy nese rtizné jizvy nebo
vystupky a vyrustky (také obr. 2 a 3).

Periostrakum pfi tvorbé schranky vzni-
ka nejdfive a teprve pod nim dochazi ke
krystalizaci uhli¢itanu vapenatého a ukla-
dan{ vnitfnich anorganickych vrstev. Ve
schrankach mékkysua se vyskytuje nékolik
typt mikrostruktur, jejichZ tvarova rtizno-
rodost se odrézi i v jejich ndzvech. U mlzt
zde nalézame dasto vrstvu, kterd se skla-
da z péti- az Sestibokych hranolka kalcitu
(hranolova vrstva), a také listkovitou vrst-
vu z plochych krystalti poloZenych pfes
sebe. Lamel4rn{ vrstva (m4 nékolik rtizné
orientovanych vrstev — obr. 1 a 2) je slo-
zena z mnoZstvi ty¢inkovitych krystalka
uhli¢itanu vapenatého vytvafejicich lame-
ly, které se k sobé prikladaji v riznych
thlech. Vysledny obrazek ponékud pfipo-
mina podlahu sestavenou z rtizné velkych
parket se specifickym povrchovym ryho-
vanim.

1 Lom schranky hlemyzdé zahradniho
(Helix pomatia). Na snimku jsou patrné
¢ty vrstvy lamelarn{ struktury (pismena
A-D), ze kterych je schranka sloZena.
Vnéjsi povrch ulity pfedstavuje spodni
hranu lomu (E).

2 Lom schranky zuboustky trojzubé
(Isognomostoma isognomostomos).

Je vidét pét rizné orientovanych vrstev
lamelarni struktury (A-E), z nichZ je
schréanka vystavéna. Ve spodni ¢ésti
snimku vystupuji vyrazné struktury
pigmentované organické vrstvy — perio-
straka (F).
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Znamou strukturou je perlet, pro své
zbarveni a opalizaci odeddvna vyuzivana
ve §perkatstvi. Tvoi{ ji drobné Sestitithel-
nikové Supinky aragonitu, posklddané na
sobé podobné jako cihly ve zdi. Homo-
genni vrstva se vyskytuje pfedevsim v las-
turdch moiskych mlzt a tvoii ji drobné
krystalky nepravidelného tvaru bez spe-
cifického vzdjemného postaveni.

Mikrostruktury mékkysich schranek se
vyznacuji riznymi mechanickymi vlast-
nostmi. Ty, u nichZ je mezi krystalky vel-
ké mnozstvi organické hmoty (perlet), jsou
nesmirné odolné vici naraztim i vrtani
a takové schranky jsou bezpecné také pied
mnohymi predatory. Struktury s mensim

3 Periostrakum zubotstky trojzubé
(Isognomostoma isognomostomos)

s Supinovitymi vyrtstky neznamé funkce.
Zvétseno 650x. Snimky P. J. Juracky

am Lacina, Michal Horsdk

Endemicka vietenovka opavska
v kritickém ohrozeni -
z ¢cervené knihy nasich mékkysi

Suchozemsti plzi jsou diky své omezené schopnosti aktivniho Sifeni dobrymi
kandidaty na skupinu s vysokou mirou endemismu. To plati nejbliZe pro fau-
nu mediteranni oblasti a samoziejmé pro ocedanské ostrovy, zejména ty staré
a vice vzdalené od pevniny. Naopak ve stiedoevropské fauné mame opravdo-
vych endemit velmi malo. Jesté vyraznéjsi to je v pfipadé nasi malakofauny.
O to vice jsou ojedinélé pfipady endemismu v nasich pomérech vyjimecné
a ochranaisky cenné, jako napt. vietenovka opavska (Cochlodina cerata opa-

viensis).

Jedinym endemitem nasi fauny mékkysa
na urovni druhu je vietenka leskla (Bul-
garica nitidosa), které se hojné vyskytuje
v povodi Berounky v jihozdpadni ¢ésti
stfednich Cech. Oviem i tento mlady druh
néktefi zahrani¢ni autofi zpochybiiuji
a povazuji ho pouze za poddruh jihoev-
ropské vietenky §tihlé (B. vetusta). Jako
poddruhy jsou také hodnoceny i zbyvaji-
ci endemické rasy, jejichZ populace jsou
u nés geograficky izolované a zna¢né vzda-
lené od souvislého aredlu rozsifeni. Vsich-
ni tito plzi — nddolka moravska (Vestia
ranojevici moravica), vietenovka krkonos-
ska (Cochlodina dubiosa corcontica) a vie-
tenovka opavska (C. cerata opaviensis) pa-
tfi shodné jako vietenky do celedi
zavornatkovit{ (Clausiliidae). Je zajimavé,
ze vsichni se k ndm rozsitili p¥iblizné
v obdobi atlantiku — v dobé lesntho opti-
ma holocénu. Neni proto divu, Ze jsou
vazani pfedevsim na pfirozené lesni az
pralesni biotopy. Pfedpokladame, Ze se
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vétsina k ndm vétsina z nich dostala dal-
kovym prenosem za pomoci jinych Zivo-
¢icht, v téchto ptipadech zfejmé ptaku.
Dlouhodoba izolovanost a genetické
disledky skute¢nosti, Ze na pocatku celé
populace stalo velmi mélo jedincd, v li-
mitnim p¥ipadé pouze jeden, mohly vést
ke vzniku morfologickych i ekologickych
rozdild. Jeden z téchto druht — vietenov-
ka opavska (obr. 1) — se od ostatnich uve-
denych endemitti navic odlisuje svou alar-
mujici ohroZenosti, podle aktudlnich
znalosti jiz hrani¢i s vyhynutim.
Vietenovka opavska se fadi k nejvétsim
zastupctim, v nasi fauné podetné, vyse
zminéné celedi. Ulita je valcovité viete-
novité, narudle hnéd4, leskla a téméf hlad-
ka. Jako vétsina predstavitelti ¢eledi mé
i tato vietenovka levotoc¢ivou ulitu, velmi
vysokou a §tihlou. Jeji vyska se pohybuje
okolo 18 mm a 3itka kolem 4 mm. Od
nominotypického poddruhu — vietenovky
voskové (C. cerata cerata) — se moravska
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podilem organické hmoty (hranolova nebo
lameléarni struktura) dobie odoléavaji po-
praskéni schranky. Pfedevsim lamelarni
struktura svou sloZitosti efektivné zasta-
vuje postup prasklin. Listovita a homo-
genni struktura ulity obsahuji jen mini-
malni podil organické slozky, pfesto své
moftské majitele dobfe chrani pfed abra-
zivni silou vin.

Skenovaci mikroskop tedy opét umoz-
nil poodhalit fantastické mikrostruktury,
a to schranek mekkysu a jejich na prvni
pohled obycejnych lomu; schranky vsak
predstavuji jeden z nejkvalitnéjsich kom-
pozitnich materidlt mezi nebem a edafo-
nem. Pohled na vnitini struktury ulit plzi
nés zéaroven presvédcil o dokonalosti téch-
to krasnych, i kdyz mnohdy skryté Zijicich
a pomérné neznamych zivocicha.

subspecie odlisuje hlavné velikosti (je da-
leko vyssi), stihlosti a tmavsi barvou. Pa-
trovy névalek v obtsti ulity nenf vytvofen,
zato hltanovy mozol je velmi zfetelny a je
proto dileZitym determina¢nim znakem.
Nejztetelnéjsi je u civkové desky (viz ip-
ka v obr. 1), kde kon¢i dosti néhle, jakoby
zde vytvarel pomyslny jarek. Tento znak je
dulezity hlavné p¥i odliseni od vietenov-
ky hladké (C. laminata), kterd je béZnym
lesnim druhem a obyva prakticky vSechny
lokality vietenovky opavské.

Vietenovka voskova se vyskytuje nej-
bliZe naSemu tzemi v pohoti jddrovych
Karpat Slovenska, do flySové ¢ésti proni-
ka pouze v oblasti Kysuce. Na Slovensku
je pfedevsim druhem podhorskych smise-
nych lestd, davé pfednost sutovym stano-
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