UNIVERSITY OF SOUTH BOHEMIA IN CESKE BUDEJOVICE

FACULTY OF BIOLOGICAL SCIENCES

FACTORS CAUSING DECLINE AND EXTINCTION
OF THE ENDANGERED SPECIES
GENTIANA PNEUMONANTHE AND

MACULINEA ALCON

PHD. THESIS

ZDENKA KRENOVA

CESKE BUDEJOVICE 2001



=

Dizertafni price / PhD. Thesis

Kienova Z. 2001: Factors causing decline and extinction of the endangered species Gentiana
preumonanthe and Maculinea alcon. PhD. Thesis, 99 pp., University of South Bohemia in Ceské

Budgjovice, Faculty of Biological Sciences.

Skolitel / Supervisor
Prof. RNDr. Jan . Lep§, CSc.

Anotace / Annotation:
Both field observations and manipulative experiments were carried out to evaluate critical phases of
life cycles and define factors that effect the viability of populations of the rare plant species Gentiana

pneumonanthe and its specialized herbivor Maculinea aicon.

Préce vznikla za podpory téchto grantfi: ~ GA AV CR 6141901
GA CR 206/93/1179
GA CR 206/96/0522
GA CR 206/99/0889
Mattoni Awards 1998/1999
Mattoni Awards 2000/2001

ProhlaSuji, Ze jsem dizertacni praci vypracovala samostatng, na zakladé viastnich zji§ténf a s pouZitim

uvedené literatury.

Yt Mnr

Zdenka Krenova

V Ceskych Budgjovicich, 30. kvétna 2001



Obsah / Index

Kapitola 1 / Chapter 1
Uvod / Introduction (in Czech)

Fragmentace stanovi$t’ jako pri€ina vymiranidruhl ................................... ..

Uroveii prozkoumanosti populaéni biologie taxont rodu Gentiana, Gentianella a

Gentianopsis (Gentianaceae) v Evropé..............

Zakladni idaje z biologie druhu Genfiana preumonanthe ..............................
.12

Ceské abstrakty kapitol 2 -6 .......................

1115 [ G201 1 P

Citovana IEEIatUTA ... ... .o e e e e o e e e

Kapitola 2 / Chapter 2

Biological flora of Central Europe: Gentiana pneumonanthe L. ...............................

Kapitola 3 / Chapter 3

Regeneration of a Gentiana pneumonanthe population a an oligotrophic wet meadow ....

Kapitola 4 / Chapter 4

Survival and viability of Gentiana pneumonanthe in differently managed plots

OVEE FOUR YEATS ....oo i oo i e e e e e e

Kapitola 5/ Chapter 5

Relationships between population and habitat characteristics and reproduction

of the rare Gentiana pneumonanthe L. ...........................cc.cciiiiiiiiiiie e

Kapitola 6 / Chapter 6
Factors causing decline and extinction of the Blue Alcon butterfly
in the SW of the Czech Républic, Central Europe .............coocooonn

Fotograficka piiloha / Color plates

15
16

21

4]

47

68

. 18



Chapter 1

Uvod / Introduction (in Czech)



Uvod / Introduction

Fragmentace stanovist’ jako pfi¢ina vymirani druhi

V poslednich desetiletich byl v Ceské republice, obdobné jako i v ostatnich evropskych
statech, zaznamendn vyrazny ibytek druhi. Naprosta vétSina téchto druhéi vyhynula v disledku
ztraty vhodnych stanovi§t. A v disledku niGeni vhodnych stanovist’ do§lo u fady dalSich druhd
k radikalnimu sniZeni poctu populaci a k vyraznému zmengeni velikosti existujicich populaci.

U rostlinnych druhii je moZné za hlavni pfi¢iny niGeni stanovist’ oznaéit odvodiiovani,
intenzifikaci zem&délstvi a lesnictvi (pfihnojovani, p&stovani monokultur, zavadéni kulturnich
genotypu), znecisténi prostiedi, stavebni aktivity (Pegtel 1998) a v pfipads luénich druhd, dale jests
ukonceni hospodafeni, s nim spojeny nastup sukcese a zalesfiovéani, Pravé druhy luénich spolecenstev,
ktera jsou v ramci Evropy hodnocena jako druhové nejbohatsi spoledenstva (Klime§ 1991, Kull &
Zobel 1991, Lep§ 1999), patii mezi nejsilngji ohroZené a nejvice ubyvajici. Ve stiedni Evropé, véetné
Cech, je existence luénich spoleCenstev, s vyjimkou alpinskych travnikii, maloplo&nych xerotermnich
porostt a travnich spolecenstev v fiénich nivach, podminéna éinnosti &lovéka. Mizeni vhodnych
stanovist), které s lidskymi aktivitami pfimo souvisi, probihalo a stale jesté probiha v niznych
evropskych zemich rizné intenzivné.

V Cechach byla vyraznym meznikem ve zpiisobech obhospodafovéni krajiny polovina 20. stoleti.
V obdobi tésné po 2. svétové valce bylo, v souvislosti s odsunem némeckého obyvatelstva, ukonéeno
extenzivni hospodateni v pohrani¢nich oblastech, ve vnitrozemi se tento proces protahl az do prvni
poloviny 50. let. Na vétSin€ uzemi postupné dochazelo k intenzifikaci zemédglstvi, které v pipads
vlhkych luk znamenalo odvodnéni a nasledny pfevod na orou pidu nebo doseti kultumni travni smési.
Vétsina ploch byla pfehnojovana organickymi i anorganickymi hnojivy. K odvodiiovani mokrych luk
dochazelo pfedeviim na pielomu 50. — 60. let a dale v letech 70. Do tdchto obdobi Je datovan nejvétsi
ubytek lokalit fady luénich druhii. Zbyvajici mokré louky v podhorskych oblastech byly odvodnény
v 1. polovin€ 80. letech v ramei tzv. nahradnich rekultivaci. Na v&tsiné neodvodnénych luk se
postupné v 50. a 60. letech 20. stoleti pfestalo hospodafit, protoZe ruéni koseni nebo extenzivni pastva
byly shledany jako malo produktivni. Louky byly ponechany sukcesnimu vyvoji, nékteré byly
zalesnény, Casto stanovi§tné nevhodnymi monokulturami. Zalesfiovani pokragovalo i v 90. letech 20.
stoleti, kdy byla fada maloplo3nych luénich lokalit v restituénim fizeni navracena puvodnim
majiteldm, kiefi neméli zajem na nich hospodafit, a proto je, Gasto nezédkonné, zalesnili. Mezi
jednotlivymi regiony existuji rozdily v intenzité i Sasovém obdobi, kdy k vy$e popsanym zménam
doslo. Obecné plati, Ze podhorské oblasti a oblasti na rozhrani okrest a kraj jsou zachovalejsi.
Zbytky druhové bohatych luénich porosti zistaly na zadatku 21. stoleti zachovany predevsim
v maloplo3nych chranénych tizemich a v nékterych vétsich tizemich, které byly uSetfeny intenzifikace

zemédélstvi. V pfipad€ maloplo$nych chrangnych tizemi (pfirodni rezervace, pfirodni pamatky) je
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tfcba konstatovat, Ze teprve v poslednich deseti az dvaceti letech doglo ke zméné& nahledu a

v chranénych tzemich jsou provadény asanacni zasahy, které alespoii simuluji pivodni zpéisob
hospodafeni (Petticek 1999). V minulosti pfevladajici pfistup, doporudujici ponechat chranéna tizemi
bez zasahu ¢loveka, uchranil nékteré lokality napiiklad pfed odvodnénim &i zalesnénim, ale fakticky
pouze oddalil jejich zénik. Navzdory provadénym zasahim je viak Zivotaschopnost populaci fady
druhii v chranénych uzemich silné ohroZena. Ditvodem je pfedevsim skuteénost, Ze rezervace jsou
malé (vétSina luénich rezervaci v CR ma vyméru pouhych n&kolik ha) a populace v nich pfezivajici
Jsou izolované od dalSich populaci stejného druhu. Odlign4 je situace ve vojenskych vycvikovych
prostorech, kde doposud existuji Zivotaschopné populace nékterych druhi z okolni krajiny tém&E
vymizelych. Ve v&tSin€ ptipadii se jedna o ptivodné stfedné husté osidlené oblasti (napt. VVP Boletice
cca 8500 obyvatel/219 km® v roce 1938 vs. 50 obyvatel v roce 2000; Pavlicko 1997), které byly po 2.
svétove valce vysidleny. Kromé okrajovych ¢asti se v izemich zemédélsky nehospodafilo. Melioraéni
zasahy nebyly provddény téméf viibec a vegetace na vétsing bezlesi byla ponechana samovolné
sukcesi. Vojenska ¢innost byla omezena na malé &asti vyméry (VVP Boletice — 82,2 km® z celkovych
219 km®) a nékteré vojenské aktivity (napf. pojezdy t&zkych vozidel, tankd, dopady stiel nebo
nasledné poZary) lokalné navracely vyvoj vegetace do inicialnich stadii sukcese. Opomineme-li
negativni aspekty plisobeni vojska (napf. kontaminace prostfedi ropnymi a chemickymi latkami), jsou
vojenskeé vycvikové prostory, byvalé i doposud pouzivané, vyznamnymi tzemimi z hlediska ochrany
pfirody nejen v Ceské republice, ale i v ostatnich evropskych zemich (Valachovi¢ 2000). Pro fadu
druhi piedstavuji VVP posledni v&tsi izemni celky s vyskytem vhodnych stanovist, ktera z okolni
hust€ obydlené stfedoevropské krajiny jiZ vymizela.

Niceni vhodnych stanovist’ pfedstavuje fakticky nékolik procesti, které spolu souvisi. Jedna se
samoziejmé o vlastni mizeni lokalit, dale pak o fragmentaci zbyvajicich stanoviit’ a o sniZeni kvality
zbyvajicich stanovist’ (Hanski 1999). Fragmentaci stanovist’ je my3lena situace, kdy v ptvodni oblasti
vyskytu se dop‘osud zachovala stanovisté nachdzeji v mensich a vice & méné izolovanych skupinach
('patches’ neboli fragmentech). Mizeni lokalit a fragmentace se obvykle objevuji souasng, ale je ticba
tyto dva procesy od sebe odliSit. V sou¢asné dobg, kdy postupné doslo k odklonu (Harrison & Bruna
1999; Hanski 1999 ~ obr. 10.1) od teorie ostrovni biogeografic (MacArthur & Wilson 1967) smérem
k teorii metapopulaci (Hanski 1996), a na krajinu je nahlizeno jako na sit, jejiz jednotlivé buriky bud’
Jsou nebo nejsou vyplnény vhodnym stanovi§tém (Hanski 1999, sect. 5.1), je mozné v po&atenim
obdobi destrukce stanovisté, kdy jsou zbyvajici vhodna stanovists stale jests ve vzajemném kontaktu,
povaZovat samotné primé nifeni stanovist' za vyznamngj3i. V tomto obdobi je pfedpokladana velikost
populace sniZena na pomér, ktery odpovida zbyvajici vyméie stanovistd. Pfi pokragujici destrukci
stanovist’, kdyZ zacne dochdzet k omezeni kontaktu mezi fragmenty, je pfimé nideni stanovist
posilovano i dal§imi procesy spojenymi s fragmentaci. Mimo jiné se jedna o procesy sniZovani kvality
stanovi§té souvisejici s tzv. okrajovym efektem (“edge effect’; napt. Primack 2000), tj. skutegnosti, ze

pii fragmentaci stanovi§té dochazi k nariistu okrajii vzhledem k vyméfe stanovi§ts (Yahner 1988).
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S rostouci fragmentaci stanovist' se velikost populaci sniZuje vice, nez by odpovidalo vyméfe
zbytkovych stanovist'. Fragmentace stanovist’ ovliviiuje pfezivani druhti celou fadou faktord, k nimz
patfi i vliv velikosti populace na produkei semen, jejich kligivost a prezivani semenacki (Morgan
1999, Kéry et al. 2000). Na mal¢ izolované populace ptisobi mnohem vice okolni, pro druh nevhodné
prostiedi. Nékolik studii, v&tSina na hmyzu, dokumentovalo vliv fragmentace stanovist’ na druhovou
bohatost, skladbu druhii a jejich abundanci (Didham et al. 1996, Hanski 1998, Steffan-Dewenter &
Tscharntke 2000). Také u dennich motyli je ztrata a fragmentace stanovi§t’ povaZovéna za hlavni
diivod mizeni mnohych druhii (Thomas et al. 1998, van Swaay& Warren 1999).

U rostlin je vice pozomosti vénovano genetickym aspektiim fragmentace populaci a zAvériim,
které z toho vyplyvaji pro ochranu druhii. Zakladni teorie predpokladaji, Ze zmenSeni velikosti
populaci a zvySeni izolovanosti povede prostfednictvim zvy$eného plisobeni genetického driftu,
inbreedingu, sniZeného genového toku mezi populacemi a zvysené pravdépodobnosti extinkce
subpopulaci v metapopulaci k omezeni genetické variability uvnitf populaci a zvétSeni mezipopulaéni
geneticke variability (van Treuren et al. 1991, Raijmann et al. 1994). Tyto skute&nosti pfimo ovliviiuji
pravdSpodobnost pfeZiti druhu. Z kratkodobého hlediska miiZe sniZeni heterozygozity sniZit fittness
jedinci a celkovou Zivotaschopnost piezivajici populace. Z dlouhodobého hlediska pak limituje
schopnost druhu reagovat na selekéni tlak (Frankel et al. 1995). U rostlin je vliv fragmentace ovlivnén
sedentarnim zpiisobem Zivota, riiznou délkou Zivota, pfekryvanim generaci, kombinaci sexulniho a
asexualniho rozmnoZovani, pfenosem genii ve formé pylu i semen a vztahem k opylovaéim a
vektorim roz§ifovani.

Geneticka variabilita populace, ktera je definované jako geneticka variabilita viech jedinci v populaci
a vyjadiuje se bud’ jako polymorfismus alel (‘allelic richness’; A) nebo piedpokladana heterozygozita
(‘gene diversity’; He), miize byt v disledku fragmentace stanovist’ sniZena dvéma zpiisoby. Za prvé
pfimo v dobé fragmentace dochazi k efektu ziiZeného hrdla lahve (‘genetic bottleneck’), protaZe
preZivii individua nesou pouze omezeny vzorek piivodnich genotypii. Nasledng pak v malé izolované
populaci pokraguje ztrata alel pisobenim genetického driftu (Barret & Kohn 1991). Empiricka data,
mj. 1 na Gentiana pneumonanthe (Raijmann et al. 1994), potvrdila souvislost mezi fragmentaci
stanoviSt€ a sniZenim genetické variability u populaci se sniZenou populaéni velikosti. Vliv piisobeni
genetického driftu je zavisly na dobé, resp. podtu generaci, po kterou je velikost populace mala.

Z tohoto ditvodu je mozné piedpokladat, Ze druhy kratkovéké budou mit vlivem genetického driftu
sniZzenou genetickou variabilitu vice nez druhy dlouhovéké (napt. druhy r. Gentianella vs. Gentianay).
Je take nutné zohlednit pfipadné pfekryvani generaci (Nunney 1993). Kromé genetické variability

v ramei jednoho lokusu piisobi fragmentace stanovist’ také na kvantitativni genetickou variabilitu, tedy
fenotypovou variabilitu, ktera je pod kontrolou n&kolika gené. Napf. Ouberg et al. (1991) zaznamenali
pozitivni korelaci mezi velikosti zbytkové populace Scabiosa columbaria a Salvia pratensis a jejich
ristem. Takeé Fischer et al. (2000) zjistili u klonalniho druhu Ranunculus reptans vztah mezi velikosti

malych populaci a jejich fittness (“Allee effect’). Naopak u Gentiana pneumonanthe zaznamenali
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Oostermeijer et al. (1994a) mizivy vztah mezi velikosti populace a nékolika ristovymi
charakteristikami. Vysledky studii tykajici se kvantitativni variability jsou mnohem méné Jjednoznaéné
a hitfe interpretovatelné nez vysledky studii allozymové variability (Young et al. 1996),

Genetickd variabilita na trovni jedince je popisovana mirou heterozygozity ( = podilem
heterozygotnich alel v genotypu jedince; H), ktera je ovlivnéna frekvenci alel na lokusu,
inbreedingem, typem a intenzitou selekce. Fragmentace stanovist’ snizuje heterozygozitu dvéma
zpusoby. Pokles heterozygozity je pfimym disledkem sniZené diverzity geni ve zbytkové populaci,
ale vyznamngjsi je sniZeni v disledku inbreedingu v ramci zbytkové populace. K inbreedingu dochézi
pi1 samooplozeni nebo pfi oplozeni mezi geneticky tizce pfibuznymi jedinci. Nezanedbatelnou roli
hraje také vliv fragmentace stanovit& na chovani opylova&t (Keams et al. 1998). Inbreeding se zatne
projevovat okamzité po fragmentaci stanovisté, a proto se ve zbytkové populaci nejdfive projevi
sniZeni heterozygozity, za nimZ nasleduje sniZeni alelického polymorﬁsmu a genové diverzity. Vliv
velikosti populace na podil heterozygotti v populaci byl potvrzen i pro Gentiana pneumonanthe
(Raijmann et al. 1994). Ztrata variability v populacich byla vy3§i nez by odpovidalo pouze vlivu
»uzkého hrdla 1ahve®, tedy bottlenecku, a genetického driftu, a proto byla interpretovana jako
plisobeni inbreedingu. Naopa.kjgfi studiu malych populaci Salvia pratensis a Scabiosa columbaria
(Ouberg et al. 1991) nebyl vliv inbreedingu potvrzen.

S ubyvanim heterozygotii v populaci byva spojovano sniZeni fittness, které vede ke sniZeni
Zivotaschopnosti populace. Tento d&j, nazyvany ’inbreeding depression’, je vygvétlovén na zakladé
dvou riznych modelii (Charlesworth & Charlesworth 1987). Tzv. ‘partial’ nebo-li ‘complete model”
predpoklada sniZeni fittness z ditvodu zvy3eni podilu homozygoti nesoucich skodlivé alely.
‘Overdominant model’ pfedpoklada, Ze heterozygotni jedinci maji vy3si fittness, a v diisledku ubyvani
heterozygotii v populaci se sniZuje celkova vitalita populace. V soucasnosti Je upfednostiiovan “partial
model’. Konktrétnich ptikladii, které by dokumentovaly piimou souvislost mezi fragmentaci
stanovisté a sniZenim heterozygozity a fittness populace neni pfili§ mnoho, ale Jednim z nich je
vysledek studie na Gentiana pneumonanthe (Qostermeijer et al. 1994a), ve které byl potvrzen
pozitivni vztah mezi mirou heterozygozity malych populaci a jejich fittness. S ‘inbreeding depression’
souvisi také uvahy o cilené genetické zat&zi (‘purging genetic load’), v disledku které by inbreeding
v malych populacich spole¢né se selekei proti homozygotiim s nizkou fittness, vedl k eliminaci
Skodlivych alel z populace a naslednému zvyseni fittness populace (Barrett & Charlesworth 1991).
Vysledky n€kolika studii tuto teorii u rostlin nepotvrdily (van Treuren et al. 1993, Widen 1993).

Jak jiZ bylo uvedeno, jednim z pfedpokladanych diisledki fragmentace stanovist je sniZeni
mezipopulacni vymény genti. Tato skutegnost plati pfedev§im pro druhy, jejichz pyl a semena jsou
roz§ifovana vétrem, protoZe vzdalenost mezi populacemi pfimo ovliviiuje tok genti. U druhil, pro néz
je vektorem néktery druh Zivogichd, je vliv fragmentace nepfilnﬁ Jak jiZ bylo uvedeno, u malych
izolovanych populaci stoupa mezipopulaéni variabilita vlivem genetického driftu, ale JiZ minimalni

migrace mezi populacemi (odhaduje se jeden migrant za generaci) dokaZe zamezit ztrats alel vlivem
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genetickeho driftu (Wright 1931). Také v pfipadé metapopulaci miize fragmentace stanovist

v disledku ovlivnéni frekvenci kolonizaci a extinkci nebo zmé&nou poétu kolonisti zvysit genetickou
variabilitu mezi zbytkovymi populacemi (Wade & McCauley 1988). Teorie pfedpoklada, Ze pokud
extinkce a kolonizace pfevysi podet migranti dvakrat, pak dojde k vyraznému sniZeni geneticke
variability mezi subpopulacemi v rdmei metapopulace (Lande 1992, Harrison & Hastings 1996,
Hanski 1999).Také €asové a prostorové rozriiznéni migraci ovliviiuje variabilitu mezi subpopulacemi
(Whitlock 1992), vliv &asu je vyznamng;jsi.

Posledni zde zminénou teorii souvisejici s fragmentaci stanovists je ‘outbreeding depression’ (Barret
& Kohn 1991). Je to proces, v ramci kterého miiZe dojit pfi promichani dvou skupin genotypt ke
sniZeni fittness populace. Tato situace miiZe nastat pfedevéim v piipadech, kdy se jednd o naruSeni
geneticke struktury populace adaptované na specifické lokalni podminky. Fischer & Matthies (1997)
zaznamenali piisobeni ‘outbreeding depression’ u Gentianella germanica. Nékteré dalsi studie
existenci ‘outbreeding depression’ potvrzuji, jiné ji popiraji, ale piesto je tfeba provadét umélé kiiZeni
jedinct z malych navzajem izolovanych populaci velmi obezietnd (Schierup & Christiansen 1996,
Frankham 1999, Fenster & Galloway 2000).

Vliv fragmentace stanovist' na piezivani druhii je mozné shrnout jako proces, v ramci kterého je | '
vyrazng ovlivnéna populaéni genetika malych zbytkovych populaci. Obvykle dochazi ke sniZzeni
geneticke variability, vyjadfené bud’ poétem polymorfnich alel, nebo heterozi%zitou Jjedinct. SniZeni
genetické variability je zplisobeno efektem ziZeného hrdal lahve (‘bottleneck’) a naslednym

inbreedingem v malych populacich. Tieti v fad& je vliv genetického driftu.

Neni nahodou, Ze fada populaéné genetickych aspekti fragmentace stanovist byla ] ;
dokumentovana na studiich provadénych na druhu Gentiana pneumonanthe. Tento druh, spoleéné
s celou fadou dalSich druhii Eeledi Gentianaceae, patti mezi druhy v souasnosti vzacné a silng
ohroZeng, které viak byly ptivodng alespoii lokalng Gasté. Pro tyto tzv. nové vzicné druhy (‘recently
rare’), které se lidi od vZdy vzacnych druhii (‘naturally rare’), pfedstavuje fragmentace stanovist’ a
izolace lokalit vaZné ohroZeni Zivotaschopnosti populaci (Huenneke 1991). U druhi vidy vzécnych
(endemitd, druhd s malym nebo ostritvkovitym arealem) se vyvinuly adaptace zachovavajici
Zivotaschopnost populaci i za téchto podminek (Karron 1987, 1991), které viak nové vzacnym
druhiim chybi,
S ohledem na tyto skutecnosti je u nové vzacnych druhii nezbytné rozliit kritické faze vyvojovych
cyklt, ur€it podminky umoZfiujici zachovani Zivotaschopnosti stavajicich populaci a rozpoznat faktory
podmifiujici usp&Snou reprodukei druhii. Diivodem je nejenom ochranafska snaha o zachovani
zivotaschopnosti populaci, ale pfedevim moZnost poznat a pochopit celou fadu evoluénich a

ckologickych procesi.



Uvod / Introduction

Uroven prozkoumanosti popula&ni biologie taxonii rodu Gentiana,

e

Gentianella a Gentianopsis (Gentianaceae) v Evropé

Mezi taxony, jejichz pocetnost i velikost populaci se v poslednich desetiletich rapidné sniZila témér ve
viech evropskych zemich, patfi kromé &asto zmifiovanych vstavagovitych (Orchideaceae), také
druhy &eledi Gentianaceae. Vitsina téchto druhi je v tizemich svého vyskytu zafazena mezi druhy
chranéné a je uvedena v Cervenych seznamech pfisludnych statd. S chledem na nutnost rozliit \
kritické faze vyvojového cyklu druhi, uréit podminky umoztiujici zachovéni Zivotaschopnosti
stavajicich populaci a najit faktory podmifiujici usp&§nou reprodukei druhu, byly v fadé zemi Evropy
zpracovany studie zaméfené na jednotlivé aspekty populaéni biologie druhd. Vyzkum stile jesté
pokraduje a v souasné dobé se pripravuje koordinaéni projekt (European Research Network on
Gentianaceae), jehoz cilem je diskutovat a nasledné shmout poznatky z jednotlivych zemich.
Zachovani Zivotaschopnych populaci hofcovitych je diileZité také proto, ze na jejich existenci je
vazana fada hmyzich druhii. V n&kterych pfipadech se jedna i o monofagy, jejichz dspésny vyvoj je
podminén existenci dostateén& velké populace hostitelské rostliny. Pfikladem mohou byt vzacni
modrasci z rodu Maculinea, jejichz housenky se v po&atenich fazich vyvojového cyklu Zivi na
Gentiana cruciata a Gentiana pneumonanthe (Maculinea rebeli, M alcon), prilezitostné i na jinych
druzich rodi Gentiana a Gentianella.

Biologie druhu Maculinea alcon je podrobng popsana v kapitole 6.

Reprodukcni biologie .

V 90. letech 20. stoleti bylo v riiznych &stech Evropy uskutegngno nékolik studi hledajicich
odpovédi na otazky tykajici se regenerace druhti rodtt Gentiana a Gentianella. U hotedki byla
studovéna reprodukéni biologie Gentianella campestris (Milberg 1994), G. germanica (Fischer &
Matthies 1998b, Luijten et al. 1998, 1999), G. bohemica na populacich v Bavorsku (Rosler 1996) a G.
campestris (Lennartsson et al. 1997). V Ceskych zemich byla sledovana kligivost u nékolika druhi
hofeckl: Gentianella baltica a G. germanica agg. (Zahradnikové 1995), Gentianella bohemica
(Reitschlager — nepublikovano). Nékolik autorii se vénovalo také otazkdm-tykajicim se; opylovani
hofeékﬁlf Gentianella amarelia, G. campestris (Lennartsson 1997) a G. uliginosa (Petanidou et al.
1998). V soucasnosti se reprodukéni biologii nékolika druhti rodu Gentianella zabyva J. Brabec, PiF
UK Praha.

Z druhi rodu Gentiana byla zkouména reprodukéni biologie u Gentiana pneumonanthe (Kienova &
Leps 1996, viz kapitola 2) a G. lutea (Kéry et al. 2000). Pokusy na druzich Gentiana pannonica, G.
cruciata a Gentianopsis ciliata dosud probihaji. Opylovani bylo zkouméno u Gentiana cruciata
(Petanidou et al. 1995a) a G. pneumonanthe (Petanidou et al. 1995b, 2001).
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Demografie

Nekolik demografickych studii se snaZilo zachytit vyvoj populaci v riiznych typech vegetace.
Byla studovana demografie populaci Gentianella germanica (Fischer & Matthies 1998b) a G.
campestris (Lennartsson — nepublikovano).Také v Ceské republice bylo uskutednéno nékolik mensich
studii. Reitschlager (nepublikovano) studoval vliv okolni vegetace na populaéni strukturu populaci
Gentianella bohemica v jiznich Cechach. Pro nékolik lokalit existuji alespori informace o struktufe
vegetace a piipadné o plidnich podminkach: Gentianella bohemica — 1 lok. (Neuhius! & Neuhiuslova
1989), G. baltica - 1 lok. (Kolbek et al. 1994), G. baltica — 1 lok. a G. bohemica agg. — 2 lok.
(Zahradnikova 1995). Nékolik dalsich demografickych sledovani druhti rodu Gentianeila dosud
pokracuje (koordinuje J. Brabec, PiF UK Praha).
Z druhu rodu Gentiana byla sledovana demografie pouze u G. preumonanthe (Chapman & Rose 1982,
Rose et al. 1998, Oostermeijer et al. 1994b, 1995¢, 1996). Vysledky t&chto studii jsou zminény
v nasledujici podkapitole. V Cechéach nebyly demografické studie druhtt Gentiana pannonica, G.

cruciata a Gentianopsis ciliata jesté ukongeny.

Populacni genetika

DuleZit¢ informace pfinesly studie populaéni genetiky. Populaéni genetika Gentianella
germanica byla zkoumana na populacich ve Svycarsku (Fischer & Matthies 1997, 1998a,c) a
gencticka diverzita byla sledovana v populacich Gentianella austriaca ve vychodnim Rakousku
(Greimler & Dobes 2000). Rada studii se zabyvala popula¢ni genetikou Gentiana pneumonanthe
(Qostermeijer et al. 1994a, 1995a,b,c, 1998, Raijmann et al. 1994). Dosud pouze piedbézné vysledky
pinesly probihajici studie populaéni genetiky Gentiana pannonica, G. pneumonanthe, G. cruciata a

Gentianella bohemica provadéné na &eskych populacich (Cum a Krenova).

Jak jiZ bylo uvedeno, fada pokusi a sledovani jednotlivych druhi uskutecriovanych na tizemi
Ceské republiky dosud pokracuje. PrevaZna ¢ast téchto experimentil je souéasti tfiletého projektu,
financovaného Grantovou agenturou AV CR (32-6141901), ktery je zaméfen na studium populaéné
biologickych a genetickych vlastnosti vybranych druhti z eledi Gentinaceae a ekologickych naroka,
které jsou podminkou pro pfeziti t&chto druhdi, Vysledky pokust a sledovani tykajicich se druhu
Gentiana pneumonanthe, které jsou prezentovany v nasledujicich kapitolach této prace jako jednotlivé

¢lanky, jsou souéasti tohoto projektu.
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Zakladni idaje z biologie druhu Gentiana pneumonanthe

Gentiana pneumonanthe, hofec hofepnik, je vytrvala bylina, patfici do sekce Pneumonanthe.
VétSina druhi sekce se vyskytuje v Severni Amerlce a vychodni Asii, z evropskych druhii patfi do této
sekee Gennana asclepiadea. Dospélé rost]lny vytvarep (15-) 20 — 40 (-60) cm vysoké vétSinou
nevétvene lodyhy, pfizemni listova riZice chybi. Spodni listy jsou malé, ¢asto Supinaté, horni
kopinaté, vzacnéji vejcité, na Spici tupé, Easto podvinuté. Jednotlivé lodyhy nesou 1 - 25, zfidka vice,
modrych nalevkovitych kvéti. Ve vietenovitém semeniku dozrava 300 - 700 (1000) velmi drobnych
semen. Podrobny morfologicky popis druhu uvadgji Kirschner & Kirschnerova (2000). U mladych
rostlin se 2-4 ( 8) pary listi je primami kofen nahrazen kofeny adventivnimi obvykle ji¥ v pribéhu

prvniho (max druheho) roku Zivota. Adventivni kofeny vyristaji vodorovné z nejvyssi &asti

i
"

mesokormu (viz fotografie v pfiloze). Na podzim se na bézi rostliny objevuji tzv. pfezimujici lo_dyhyJ
("overwintering shoots’), coZ jsou pouze nékolik cm vysoké vyhony porostlé Supinatymi listy. Z t&chto
prezimujicich organti vyristaji v nasledujicim roce nové lodyhy. Morfologicka plasticita tohoto druhu
je velmi Siroka (viz fotografie v pfiloze) a vedla k popsani riznych podruhti a variet (Simmonds 1946,
Hegi 1975), jejichz taxonomicka hodnota je diskutabilni.

Gentiana pneumonanthe se vyskytuje v temperatni zoné Evropy a Asie. V Evropé se objevuje
v oblastech s niZi nadmorskou vyskou (do 1200 m n.m., Hegi 1975). Ve stiedni Evropé roste na
nehnojenych vihkych loukach a extenzivnich pastvinich, asto na stanovistich s kolisajici podzemni
vodou. Pidni pH se pohybuje mezi neutralnimi aZ mimné alkalickymi hodnotami. V zépadni Evropé
roste hofepnik na vlhkych kyselych viesovistich, okrajich raseliniit a vlhkych loukach (Simmonds
1946, Chapman et al. 1989, Qostermeijer 1992, 1994b, 1998, Kesel & Urban 1999). V Ceské
republice, resp. v jihozapadnich Cechach, kde byl vyzkum pfevazng provadén, se G. pneumonanthe
vyskytuje v riizné éﬁkcesné vyvinutych spoledenstvech svazu Molinion a Violion-caninae. Nékteré
zbytkové populace preZivaji v okrajich borovych nebo ol§ovych lest.

Z abiotickych faktorli plisobi na biologii Gentiana pneumonanthe ptedeviim zaplaveni a ohefi

(Chapman et al. 1989), ale oba tyto faktory hraji mnohem vétsi roli na zépadoevropskych viesovistich, - o

Hofepnik snasi zaplaveni velmi dobie a kratkodobé zaplavy maji pozitivni vliv na generativni
rozmnozovani druhu (Kesel & Urban 1999). Nékteré deské lokality jsou nepravidelné zaplavované.
V Cechach nebyly hofepnikové lokality, na rozdil od Anglie, nikdy pravidelné vypalovany.
Gentiana pneumonanthe je dlouhoveky hemikryptofyt, dospélé rostliny mohou it i nékolik
dekad (OoFteﬁnexjer et al. 1994b, Rose et al. 1998). Pfesny vék neni mozné u tohoto druhu uréit
nedestrukcmrm postupy. Na zakladé demografickych studii bylo popsano $est ontogenetickych stadii:
semenacky, mladé (juvenilni) rostliny, sterilni dospélé rostliny, plodné dospélé rostliny, dormantni
jedinci (Oostermeijer et al. 1994b). Dostupna data o biologii druhu v bezkolencovych loukach

umozZnila sestaveni diagramu Zivotniho cyklu s odhady pravdépodobnosti pfechodi mezi Jednotlivymi
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stadii (obr. 3, kapitola 2). V&k jedinc je mozné odhadnout na zakladé stavby podzemnich organti.
Kazdym rokem vynistaji horizontalng z nejvyssi éasti mesokormu nové adventivni kofeny, které tak
vytvareji jakasi patra, ktera odpovidaji staii jedincd (viz fotografie v pfiloze). Timto zpisobem riistu je
baze rostliny stale udrzovana na povrchu pidy i na stanovistich, kde kazdoroéné dochazi k velké
akumulaci odumfielé biomasy.

Fenologicky patfi Gentiana pneumonanthe ke druhim pozdnéj§im. Semena kliéi od konce
bfezna do Eervna. Prvni lodyhy se obvykle objevuji pogatkem kvétna. Hofepniky kvetou od &ervence
do konce srpna. Semena dozravaji v zafi aZ Hjnu a od konce srpna se ji za&inaji vytvarfet piezimujici
lodyhy. V jednotlivych letech miize v diisledku klimatickych vykyvii dojit k posunu fenologickych
obdobi. Mezi populacemi existuji znaéné fenologické rozdily, Easto zpiisobené adaptacemi rostlin na
pravidelny termin obhospodafovani lokality.

Gentiana preumonanthe se na rozdil od nékterych jinych hofet rozmnozZuje pouze semeny,
Protoandrické kvéty opyluji pfedevsim émelaci, velmi drobna bezkiidla semena Jsou ze semeniku
roznaSena mechanicky a €asteéné vétrem pouze na malé vzdalenosti. G. preumonanthe patii mezi ty
druhy rostlin, které k isp&§nému vykli€eni semen a uchyceni semenackt potfebuji tzv. bezpetna mista
("safe sites”). Pro hofepniky jsou takovymi misty plosky s obnaZenym plidnim povrchem (‘gaps’;
podrobnosti viz kapitoly 3 a 4). Zatimco pro klideni semena&ki je nezbytné naruseni zapojeného
drnu, dospélé rostliny mohou fadu let pfeZivat na neobhospodafovanych lokalitach s hustou vegetaci a
velkou vrstvu opadu. Predevsim z dlouhodobého hlediska je vitalita téchto populaci omezena, &asto
dochazi k omezeni cizospraSeni, protoZe jedinci jsou izolovani okolni vegetaci a opylovaci
upfednostiiuji opylovani kvéti v ramei jedince pfed naronym hledanim dalSich rostlin, Pokud jsou
hofepniky zastinény okolni vegetaci pfili§ intenzivné a dlouho, jsou lodyhy polehlé, kvéti je jen
nékolik, fada z nich neni viibec opylena a v&tsina semeniki je znidena plisni nebo herbivory. Podle
zastoupeni jednotlivych ontogenickych fazi v populacich hofepniku byly vylideny tfi zikladni typy
populaci (Oostermeijer et al. 1994b). Je-li pfevazujici zastoupeni semenackd a juvenilnich rostlin,
oznacuje se populace jako ‘invazni’. Ve ‘stabilni’ populaci jsou viechna ontogenicka stadia
zastoupena rovnomérné a u ‘senilnich’ populaci chybi semenacky a juvenilni rostliny, v populaci
prezivaji pouze dospélci. Piehled stavu studovanych populaci G. preumonanthe v oblasti
jihozapadnich Cech je uveden v obr. 6, kapitola 2.

Na fadg lokalit je ¢ast plodnych rostlin Gentiana pneumonanthe kazdoroén ponicena okusem
sparkatou zvéfi. Také dobytek hofepniky vyhledava pro jejich E‘Ltypickou hotkou chut’, a pokud se na
pastvinach vyskytuje pouze par kvetoucich jedincd, byvaji dasto okousany zcela. Okus v jamich
mésicich stimuluje vytvafeni novych vyhoni z adventivnich pupent, a vede ke zvyseni poctu kvéti na
rostling, pozdéji v 1été rostliny jiZ neregeneruji. Produkce semen z nahradnich kvétd se blizi nule.
Predevsim semenacky a mladé rostliny byvaji silng poznamenany okusem slimaki a drobnych
hlodaveii. Také mezi hmyzem je fada herbivorii G. pneumonanthe, z nichz nejzajimavéjsi je kriticky

ohroZeny, monofagni modrasek Maculinea alcon (viz kapitola 6).
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Populaéné geneticke studie provadéné na Gentiana pneumonanthe v zapadni Evropé
(Raijmann et al. 1994, Oostermeijer et al. 1995a, b, ¢) mimo jiné v souladu s teoretickymi predpoklady
potvrdily, Ze v malych populacich tohoto druhu dochazi ke sniZeni genetické variability a zastoupeni
heterozygotl v populacich. Populaéné genetické studie na &eskych populacich dosud pokraéuji, ale
predbézné vysledky naznaduji, Ze sniZeni heterozygozity a polymorfismu v eskych populacich neni
tak vyrazné jako v zapadni Evropé (tabulka 3, kapitola 2).

Zavérem je mozné shrnout, Ze Gentiana pneumonanthe je typickym piedstavitelem vzacnych
druht, které byly jesté v 60. letech 20. stoleti dosti hojné. Napfiklad ze 16 lokalit uvadénych
Vanéckem (1969) na Horazd'ovicku existuji v soucasnosti 2, ze 4 lokalit na Plzefisku (Hadag et al.
1968) vymira posledni. V ramci celych jiznich Cech je druh hodnocen jako dfive dosti hojny, dnes u%
je vzacny a jen nékde jesté roztrouseny (Chan 1999). V regionu JZ (konkrétné okresech CH, KV, SO,
TC, PM, PS, PJ, DO, KT, RO, RA, BE, ST, PC, TA - jih, CB, CK) bylo v letech 1994 — 2000
zaznamenano 52 recentnich populaci Gentiana pneumonanthe. Jejich populaéni velikost kolisala od
Jednoho do nékolika set jedincii a Zivotaschopnost populaci byla riizna, v priibéhu studie nékolik

populaci vyhynulo (podrobnéjsi udaje viz appendix 1 v kapitole 2).

11
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Ceské abstrakty kapitol 2 - 6

IL. Biological flora of Central Europe: Gentiana pneumonanthe L.

Biologicka fléra Stfedni Evropy: Gentiana pneumonanthe L.

Gentiana pneumonanthe je dlouhovéka trvalka vyskytujici se na Zivinami chudych vlhkych loukach a
kyselych viesovistich. Tento pivodni druh stfedoevropské kvéteny patfi v sou€asnosti mezi druhy
ohrozené. Clanek piinasi pfehled o morfologii, rozsifeni, ekologii, populagni biologii a genetice tohoto

druhu. Pozn.: Nejdiilezitéjsi fakta jsou uvedena v predchdazejict kapitole.

II.  Regeneration of a Gentiana pneumonanthe population in an oligotrophic wet meadow

Obnova populace Gentiana pneumonanthe ve vihké oligotrofni louce

V ramci terénniho experimentu byl testovan vliv riznych podminek na kli¢eni a uchyceni semenacki
a dale byl zkouman kompetiéni vliv okolni vegetace na dospélé jedince Gentiana prneumonanthe.
Semena hofepniku byla vyseta do rizné obhospodafovanych ploch (pokosena, vypalena louka, louka
s naruSenym zapojenim drnu a nepokosena louka jako kontrola) uspofadanych jako iplné znahodnéné
bloky. Statisticky fn[ejvy§§i klicivost byla zaznamenéna na plochach s narusenym drmem, nejmén
semen vyk]ic':iib na plochach kontrolnich. Také v pfezivani vykligenych semenadkii byly zaznamenany
rozdily mezi jednotlivymi typy zasahil. Po dvou letech piezivaly semenacky pouze v plochach

s naruSenym drnem. Vliv okolni vegetace na dospélé rostliny byl testovan v pokusu, kde vegetace

v okoli poloviny oznacenych rostlin byla v priibéhu vegetaéni sezény pravidelns ostfihavana, zatimco
druhé polovina rostlin byla ponechana v zapojeném porostu, Zadné statisticky prakazné rozdily ve
vitalité hofci z riiznych skupin nebyly zjitény. Na zakladé téchto pokusi bylo konstatovano, Ze fize

vykli€eni a uchyceni mladych rostlin se jefin‘ Jako kriticka pro zachovani populace.

Iv. Survival and viability of Gentiana pneurmonanthe in differently managed

plots over four years

PreZivini a vitalita mladych jedincl Gentiana pneumonanthe v rizné

obhospodarovanych plochach, Etyflety experiment
V pribéhu &tyfletého experimentu bylo zkoumano uchyceni semenaéki a piezivéani a vitalita mladych

jedincti Gentiana pneumonanthe. Ve skleniku pfedpé&stované semenacky byly vysazeny do gapti o

priiméru 5, 10, 20 cm a do ploch bez gapi. Gapy byla umistény v kosenych a nekosenych plochach

12
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vlhkeé oligotrofni louky, na které bylo hospodafeni ukonéeno 14 let pfed zahajenim pokusu. Vitalita
mladych hofci byla charakterizovana nékolika parametry (IGVs): poétem listi, lodyhd, kvetu a
vyskou rostlin. Mortalita rostlin byla dosti vysoka. V pritbéhu prvni zimy uhynulo vice _]ak 50%
jedinci, ale ze viech pfezivsich rostlin jich 25% ve &tvrtém roce vykvetlo. Mnozstvi uhynulych
jedinci v rizné velkych gapech a riizné obhospodafovanych plochéch se ménilo v jednotlivych letech.
Koseni a velikost gapii ovlivnilo pouze nékteré IGVs. Vysledky RDA ukazuji rozdily ve vegetadni
skladbé ploch ve kterych hofce pfezily a uhynuly. V plochach s nejvy3si mortalitou hofct byl
zaznamenan zvySeny vyskyt Sirokolistych druhd trav a druhli Prunelia vulgaris a Pedicularis
sylvatica, které Casto zcela pokryly uméle vytvofené gapy. Studie potvrdila nezbytnost gapti pro
regeneraci G. preumonanthe. PiestoZe byla ve velkych gapech zaznamenéna na zaatku experimentu
vEtsi mortalita zpiisobena extrémnéjsimi vykyvy mikroklimatickych podminek, jsou vétsi gapy
nezbytné v dlouhodobé neobhospodafovanych loukach. V pravidelné obhospodafovanych loukach

postaci existence pfirozené vznikajicich malych gapi.

V. Relationships between population and habitat characteristics and reproduction of the

rare Gentiana pneumonanthe L.

Vztahy mezi reprodukénim dspéchem vzicného druhu Gentiana pneumonanthe L. a

fadou jeho populaénich a stanovistich charakteristik.

Na 17 nizozemskych populacich druhu Gentiana pneumonanthe bylj; tcstovéngl'zévislostfi' mezi
charakteristikami prostfedi i populaci a produkci vajidek, semen a seed-set. Cilem této studie bylo )
odhalit vyznam vlivu velikosti populace a genetické variability populace na produkci semen, pokud |
jsou zohlednény i dalsi potencmnalne vyznamné faktory prostiedi. Bylo zjiténo, Ze na lokalltac—h

s niZ8i pidni vlhkosti a vy33i koncentraci Zivin je vy3§i pokryvnost trav a méné viesovistnich druhi.
Na takovych stanovistich jsou populace G. preumonanthe malé a heteryzygozna potomki je nizka,
Poget vajicek v semenicich byl negativng korelovén s heterozygozitou, fosforem v pudé a pH.
Pozitivni korelace byla mezi podtem vajitek a obsahem vépniku, drasliku, SO, NH, a konduktivitou,
Seed-set a podet Zivotaschopnych semen byl pozitivné korelovan s velikosti populace a pritomnosti
rostlin kvetoucich ve stejnou dobu jako hofce. Vaha semen byla nezavisla na viech méfenych
faktorech. Semeniky rostlin z malych a velkych populaci se nelifily v po&tu vajidek, ale lisily se

v reprodukéni UspéSnosti. Geneticka variabilita populaci se neukézala byt pfilis vyznamnou. Kromé
velikosti populace se jako velmi vyznamna ukéazala pfitomnost druhi kvetoucich veustejnou dobu a

obsah nékterych Zivin v pidé.
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VI. Factors causing decline and extinction of the Blue Alcon butterfly in the SW of the Czech
Republic, Central Europe

Faktory zplisobujici ibytek a vyhynuti modraska hofcového (Maculinea alcon)

v jihozapadni &asti Ceské republiky

Vice neZ 50 lokalit Genfiana pneumonanthe, hostitelské rostliny monofaga Maculinea alcon, bylo
detailng zkoumsno v letech 1996-2000 v JZ &asti Cech. Celkem 18 populaci M. alcon bylo objeveno
v oblasti, kde pfed rokem 1995 byla zndma pouze jedna lokalita. Na sledovanych lokalitach byla
zaznamenana fada ekologickych charakteristik s cilem odhalit kli¢ové faktory limitujici vyskyt
modraska. Nebyly zjistény statisticky vyznamné rozdily ve vegetaéni skladbé lokalit s a bez vyskytu
modraska. Jako nejlepsi prediktor vyskytu motyla se ukazala byt velikost populace hostitelské rostliny
(p<0,001). Na zkoumanych lokalitach byla zji5téna pfitomnost viech tii potencic}n'?a'.lnich mravencich
hostiteli z rodu Myrmica (Myrmica rubra, M. ruginodis, and M. scabrinodis), housenky modraska
byly nalezeny v hnizd€ nejbéznéjsiho z nich ~ M. scabrinodis. Z klimatickych dat se jako dobré
prediktory pfitomnosti modréaski na lokalité ukazaly byt primérny roéni tthrn sraZzek a poéet destivych
dnit v Iét&. V roce 1996 bylo v jizni Easti zkoumané oblasti objeveno nékolik novych populaci M.
alcon. V roce 1997 tyto populace vyhynuly. Pfi porovnani fady biotickych a abiotickych charakteristik
lokalit z doby pfed a po vyhynuti nebyly zjistény Zadné vyznamné rozdily. Dlouhodoba klimaticka
data ukdzala, Ze primémé roni srazky a pocet dnd se snéhovou pokryvkou je vyssi a prim&mé roéni
teploty niZsi v této oblasti v porovnani s ostatnimi oblastmi vyskytu M. alcon v JZ Cechach. Podrobna
data z let 1994 ~ 99 zachytila vyrazné klimatické vykyvy v letech 1996 a 1997. Na zékladé zji¥t&nych
skutetnosti bylo konstatovano, Ze atypicky vyvoj poasi v letech 1996 a 1997 zptisobil vyhynuti druhu

na okraji jeho klimatického arealu. /
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Podékovani

Predeviim bych chtéla podékovat svému Skoliteli a kamaradovi Janu 8. Lepsovi, bez jehoz odborného
vedeni a nekoneéné trpélivosti, by tato prace nikdy nevznikla, a ja bych s velkou pravddpodobnosti

délala néco uplné jiného.

Dékuji své rodin€ i mnohym prateliim, ktefi m& podporovali ve chvilich slabosti. Zvlastni pod&kovani
patfi m¢ mamince a Sojkovi, ktefi se trpélivé a bez naroku na honoraf, stavali mymi technickymi

pomocniky, asto i pfi ¢innostech, které jim pfipadaly jen malo smysluplné.

Velmi dékuji Milanu Stechovi, Slavce Nesvadbové, Jaromiru Sofronovi, Miroslavé Sandové, Ivong
Matgjkove, Lence Pivoiikové, Vaclavu Chanovi, Frantis$ku Prochazkovi, Oldfichu Buskovi, Petru
Mudrovi, Jirkovi Hadincovi, Aleng Vydrové, Lad'ovi Melicharovi a mnohym dalgim, bez jejichz

znalosti lokalni flory, by tato prace nemohla nikdy vzniknout.

Lojzovi Pavlickovi dékuji za mnohem vic, neZ jen za to, Ze mi ukézal krasy Boleticka.

Za odborn¢ konzultace a mnohé podnétné diskuse dékuji Gerardu Oostermeijerovi, Hans den Nijsovi,
Janu Stépankovi, Ludmile a Janu Kirschnerovym, FrantiSkovi Krahulci, Ladislavu Curnovi, Jirkovi
Brabcovi, Marii a Petrovi Smilauerovym, Martinu Konvigkovi, Rudi Mattonimu, Karlu ’Spiti"'rovi,
Josefu JaroSovi a mnohym dalgim.

Johnovi a Priscille Tithus d€kuji za nekonegnou trpdlivost s jakou opravovali stale stejné chyby

v mych anglickych textech.

Mg pod&kovani patfi také kolegiim z Agentury ochrany pfirody a krajiny CR, ktefi mi pomahali ve

snahach o zachranu nékterych hofcovych a modraskovych lokalit.

V neposledni fad€ dékuji vSem, ktefi mohou za to, Ze Biologicka fakulta byla takova, jaké byla.
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Biological flora of Central Europe: Gentiana pneumonanthe L.
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Summary

Gentiana pneumonanthe is a long-aged perennial herb of nutrient poor wet meadows and acid
heathlands. It is native to Europe, where it has become an endangered species. This article reviews
morphology and taxonomic status, and distribution, ecology, population biology and genetics of this

taxon with stress on situation in Central Europe.

Key words: Gentiana pneumonanthe, ecology, species biology, Central Europe, endangered species.

1. Taxonomy and morphology

1.1. Taxonomy

Gentiana pneumonanthe L. (Gentianaceae) - marsh gentian, Lungen-Enzian
Section: Preumonanthe

Synonyms:

Pneumonanthe vulgaris F. W. SCHMIDT Fl. Boém. Inch. 2: 14,1794
Ciminalis pneumonanthe (L.) BORKH. Arch. Bot. 1:26, 1796

Gentianusa pneumonanthe (L.) POHL Tent. F1. Bohem. 1:167, 248,1809
Dasystephana pneumonanthe (L.) SOJAK Cas. Nar. Muz. 148:200, 1980
Tretorhiza pneumonanthe (L.) A. et D. LOVE Taxon 35: 899, 1986

1.2. Morphology

Gentiana pneumonanthe is a long-lived, polycarpic perennial herb. Reproductive plants without basal
leaf rosettes have 1-10 (-15) glabrous stems occasionally with a ligneous base. Flowering stems are
usually erect and unbranched, (15-) 20-40 (-60) cm high. Branches may appear in later flowering stages
(SZUIKO-LACZA & SEN 1977). Tiny branches grow from adventitious buds located in nodes after the
top of the plant has been cut. In comparison to several other Gentiana specics (G. asclepiadea, G.
cruciata), which have a normal distribution of internode lengths, G. pneumonanthe shows an irregular

pattern in internode length (SZUIKO-LACZA & SEN 1977). Shaded plants have flattened stems. Lower
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leaves are small and often scaly. Upper leaves are slightly revolute with blunt tops. They are linear or
occasionally lanceolate (2.5-) 3.0-4.5 (-5.0) cm long and 0.2-0.5 (-1.2) cm wide, often longer than
internodes. Leaves of adult plants in full sun are bright or dark green, while leaves of shaded plants are
thin, light green or yellow-green.

Stems usually bear 1 - 25 protandrous flowers. Flowers are terminal, or terminal and axillary,
or subsessile. The calyx has 5 linear-lanceolate teeth. The corolla is 25-50 mm long and deep blue
(rarely rose or white) with 5 greenish stripes. There are usually 5 corolla lobes but atypical plants with
4 or 6 lobes occur. Flowers have 5 stamens and coherent anthers. From 300 to 700 (1000) seeds ripen
in a capsule. Seeds are very small (0.25-0.35 x 1.50-1.85 mm), unwinged, light (0.32 mg on average)
and contain very little endosperm (SALISBURY 1942, PETANIDOU 1991, PETANIDOU ET AL. 1995).

Juvenile plants produce a rosette with 2-4-(8) leaves. Adventitious roots replace the primary
root very early (KUTSCHERA & LICHTENEGGER 1992), usually during the first (second) year of
individual life. New adventitious roots grow up horizontally from the highest part of a mesocorm
(caudex) that is created from condensed internodes *. KARRER (1996) described a similar structure of
underground organs for Gentiana asclepiadea, the relative species of G. preumonanthe. Usually
several (2-5) over-wintering shoots (2-4~(6) cm) with only scale-like leaves appear in late summer, The
following spring new stems grow from the over-wintering shoot but the number of stems per individual
is usually higher than the number of over-wintering shoots from the previous autumn.

Morphological plasticity of this species is high. Abiotic conditions, land management, and other
factors can influence morphological plasticity. Plants differ in size, leaf size and shape, habit, number
of shoots, and flower number and colour. Many forms and varieties have been described in accordance
with these morpho-types but the taxonomic value of these distinctions are unclear. HEGI (1975)
distinguished the following forms and varieties: f. Jatifolia Schollet (unbranched stems, linear leaves,
only one top flower); f. minor Brot (= var. depressa Boiss., = var, humilior car et St. Lag.; stems with
denser foliage only 4 — 15 cm tall, leaves smaller, flowers only terminal and smaller than usual); var.
diffusa Grisebach (stems decumbent at the base, many flowers, leaves broadly ovate-lanceolate); f.
albiflora Murr. (white corollas); f. roseiflora Zinserling (pink or lightly violet corollas). In addition,
SIMMONDS (1946) described variability in size, shoot number, habit, leaf shape, and flower number and
colour. He also discussed some evidence that these “varieties” are mere forms created under different

abiotic conditions.

" See pictures at the color plates.
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2. Distribution and habitat requirements

2.1. Geographical distribution

Gentiana pneumonanthe occurs mainly in the temperate zone of Europe and Asia (Fig. 1). Its range

includes West, Central, and Eastern Europe through Central Russia to the Urals, Siberia and

Kamchatka, and south to the Caucasus, the mountains of central Asia and the Baikal region. In Europe

T e

the species grows in all countries of Western and Central Europe and the Balkans, excluding Greece.

Southern and western European limits are in Portugal at about 9° W 38° N and northern limits are 59 ©

15" N in Norway to about 61° N by Lake Ladoga in Russia (SIMMONDS 1946).
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Fig. 1. Distribution of Gentiana pneumonanthe (HULTEN & FRIES 1986).

2.2. Habitat

G. preumonanthe is a lowland species rarely growing above 1200 m in Europe (HEGI 1975). In

Central Europe unfertilised oligotrophic or mesotrophic wet meadows and extensive pastures, often with

fluctuating underground water levels, are typical habitats of G. preumonanthe. Soils are we;/podsols

or gley that driéd up in summer. Soil pH varies from neutral to moderately alkaline. Occasionally the
species can be found in young/open pine and alder forests. The habitat is different in the Atlantic part of
Europe, including the British Isles, where G. pneumonanthe occurs in wet acid heathlands (KESEL &

URBAN 1999), on the borders of peat bogs (SIMMONDS 1946, CHAPMAN ET AL. 1989), and in wet

unmanaged grasslands and hay meadows (OOSTERMEUER ET AL. 1992, 19948, 1998),
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2.3. Communities

Gentiana pneumonanthe is a diagnostic species of the phytosociological alliance Molinion

(OBERDORFER 1962). Vegetation relevés from more than fifty recently sampled localities of G.

pneumonanthe in SW Czech Republic were analysed by Twinspan and two main vegetation types were

distinguished. Most populations grow in tall-herb meadows dominated by Molinia coerulea. 1t is

difficult to classify community types exactly because of successional changes in abandoned hay

meadows (Fig. 2). Community structure of the vegetation at other localities corresponds \/’Viﬂl the

Violion-caninae alliance. The main vegetation types, their synecology and management are in Table 1.
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Fig. 2. Diagram of Canonical Con;espondeql/ Analysp/s (TER BRAA 7K & SMILAUER 1998) — correlation
between vegetation structure and a time since abandonment of site§ as only explanatory variable.

Abbreviations: AgroCani - Agrostis canina, AchiMill - Achillea millefolium, AchiPtar - Achillea ptarmica, AngeSyly -
Angelica sylvestris, AnthOdor - Anthoxanthum odoratum, BetoOffi - Betonica officinalis, BrizMedi - Briza media,
CalaCane - Calamagrostis canescens, CalaEpig - Calamagrostis epigeos, CarxHyrt - Carex hirta, CarxNigr - Carex nigra,
CarxPani - Carex panicea, CarxPilu - Carex pilulufera, CarxPuli - Carex pulicaris, CarxUmbr - Carex umbrosa, CentJace
- Centaurea jacea CirsArve - Cirsium arvense, DescCesp - Deschampsia ceaspitasa, ErioAngu - Eriaphorun
angustifolium, FestOvin - Festuca ovina, FestRubr - Festuea rubra, FiliUlma - Filipendula wlmaria, GaliBore - Galium
boreale, GaliVeru - Galium verum, GentPneu - Gentiana pneumonanthe, IrisSibi -fris sibirica, JuncCong - Juncus
conglomeratus, LuzuMult - Luzula multiflora, LychFlos - Lychnis flos-cuculi, LysiVulg - Lysimachia vulgaris, MoliCaer -
Molinia caerulea, NardStri - Nardus stricta, PimpSaxi - Pimpinella saxifraga, PoteErec - Potentilla erecta, SangOffi -
Sangquisorba officinalis, ScorHumi - Scorsonera humilis, SeliCarv - Selinum carvifolia, SerrTinc - Serratula tinctoria,
SuccPrat - Succisa pratensis, VercOfli - Veronica officinalis, ViolCani - Viola canina.
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Table 1: Description of the plant communities as classified by Twinspan, together with their
characteristic species, synecology, and management.

Communities of the Meolinion alliance

Synecology / management

o  Type with Suecisa pratensis and Selinum
carvifolia

o  Type with Beronica officinalis and Galium verum

o  Type with Festuca rubra and Nardus stricta

o  Type with Deschampsia ceaspitosa and Juncus

conglomeratus

e Type with Calamagrostis epigrf;;é:s and Cirsium

arvense

e  Type with Carex dicica and Parnassia palustris

e Type with Serratula tinctoria and Jris sibirica

Regularly mown hay meadows (every 1-5 years).

Unmanaged meadows on neutral to slightly acid soils;

species poor - often surrounded by forest.

Long-term unmanaged meadows on wet or dried up

acid soils.

Long-term unmanaged meadows strongly influenced

from nutrient-rich neighbourhood (often ficlds).

Regularly mown hay meadows (every 1-3 years) on

neutral to basic soils.

Unmanaged meadows on slightly basic loam.

Communities of the Violion-caninae alliance

o  Type with Nardus stricta, Calluna vulgaris and

Thymus pulegioides

*  Type with Deschampsia cec%spitosa,

Calamagrostis epige{zbs and Frangula alnus

Irregularly managed pastures and dry meadows on

rocky soils.

Long-term (several decades) abandoned pastures and

dry meadows on forest edges.
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2.4. Response to abiotic factors

Flooding after strong rains in region with watertight soils and /a/ capillarity of an underground water are
important factors. Well rooted adults as well as seedlings of G. preumonanthe can survive several
days/weeks under water level. Submerged plants continue the growth of buds. Flowers usually open
immediately after a decrease in water levels. Extremely long submersion causes a reduction in growth
and/or putrefaction of flowers and leaves. Indirect flooding effects are mechanical disturbance of the
soil surface and suppression of competitors — gaps are essential for seedling recruitment
(OOSTERMELER ET AL. 1994B, KRENOVA & LEPS 1996). In Central Europe flooding is irregular at
many localities. Flooding is more important in NW Europe, where annual fluctuations in water level
appear to be essential for the creation of suitable open places in heathlands for recruitment (KESEL &
URBAN 1999).

Burning is also more significant in NW Europe, especially in the southern British Isles, where
heathlands are regularly burned (CHAPMAN & ROSE 1982, CHAPMAN ET AL, 1989). In Central Europe
marsh gentian localities were burned intermittently to clear shrubs from extensively used pastures. Wet

hay meadows were not burned.

2.5. Abundance
G. pneumonanthe is a rare species and its abundance in wet oligotrophic meadows is rarely greater than
several percent of the vegetation cover. Meadow vegetation structure, management, and location safe

sites for regeneration influence the abundance.

3. Life cycle and biology
3.1. Life cycle

Gentiana pnewmonanthe is a hemicryptophyte that may live several decades. Individuals more
than thirty years old are known (OOSTERMELER ET AL. 1994B, ROSE ET AL. 1998). There are no
techniques for the non-destructive determination of an individual’s exact age. Based on demographic
studies six different age stages in marsh gentian populations were distinguished: seeds, seedlings,
Juveniles, vegetative adults, generative adults, and dormant (OOSTERMEIER AT AL. 1994B). Seedlings
have a cotyledon, one or two leaf-pairs, and do not have a stem or over-wintering shoot. Juvenile plants
have one or rarely more stems and/or overwintering shoots, often carry cotyledon. Their leaves are
thinner and usually more ovate than in adults. In open vegetation they are very short (0,5-2 ¢m) and in
tall vegetation they are rather elongated (>10 cm). Vegetative adults are individuals without cotyledons,
with one or more stems and have overwintering shoots in late summer. Their leaves are thicker and
mostly revolute. Stems do not bear any flowers. Generative adults have, in addition to vegetative stems,

one or more flowering stalks and overwintering shoots in late summer. Leaves are similar to those of the
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vegetative adults. Dormants are individuals in a dormant state, with no aboveground organs.

A typical development sequence for a marsh gentian individual is from seed to a generative adult (Fig.
3). The period of time of an individual’s persistence in each ontogenetic stage varies and is influenced

by biotic and abiotic conditions. Generally plants remain one year in the seedling stage and one year in

the juvenile stage, but flowering during the second year of life does occur.

seeds |«

! 0.015

seedlings

02 | 0.15
iR
juveniles

0.3 0.3
v | l

0.002

L | vegetative adults |e—— |dormants

0.75 0.1
— O.Sl TO.I
0.001

L » | generative adults

Fig. 3. The life cycle of Gentiana pneumonanthe. Arrows indicate transition probabilities. Bold
numbers are probabilities known from monitoring and field experiments, numbers in italic are
estimations. Time interval is one year.

Many individuals never flower, never reaching the generative adults stage. Retrogression also occurs
and individuals may ;ettim to the vegetative stage after several years of flowering. Some individuals
live in dormant stage through several years and create under-ground organs only. This usually occurs
when environmental conditions are difficult. Many “new” adults may appear in long abandoned
locations after a habitat revitalisation. In addition, sometimes it is impossible to discriminate dormants
from individuals totally browsed by animals or fully covered by litter in unmanaged meadows.

The morphological structure of underground organs brings a better estimation of an individual’s
age. The number of mesocorm nodes is correlated with an individual’s age. New adventitious roots

grow horizontally from the highest part of the mesocorm every year and a new crown of stalks and
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overwintering shoots runs up from the top. This is way how the long-lived G. pneumonanthe individuals

keep on a surface in habitats where several centimetres of organic matter is accumulated every year.

3.2. Spatial distribution of plants within populations

The local spatial distribution of G. pneumonanthe depends on vegetation structure, disturbance intensity
and management regime. Disturbance history is very important. A spatial clustering of individuals
corresponds with a distribution of saft sites over several years. At long abandoned meadows marsh
gentians are clumped only in locations where irregular disturbances (e.g., wild animals, flooding, etc.)

inhibit succession changes and create gaps essential for reproduction.

3.3. Phenology

Seeds of G. pneumonanthe germinate from the end of March to June. Occasionally a small proportion
of the seeds germinate immediately after dispersal in autumn. Stems usually appear during May or the
beginning of June. Flowering commences in July and peaks during the first weeks of September, Seeds
ripen in September and October. The creation of over-wintering shoots starts at the end of August.
Different climatic, soil and hydrological conditions cause small variations in phenology among
populations. Also, seasonal variability in management stimulates phenological advances. Later
flowering can be observed at locations that are regularly mown at the beginning of summer. Faster
ripening of seeds occurs at locations grazed in late September and October. Hot and dry summers
reduce the flowering season to two or three weeks and cold and wet autumns elongate the time required

for the ripening of seeds.

3.4. Reproduction

Gentiana pneumonanthe reproduces only by seeds. Protandrous flowers of Gentiana pneumonanthe
moths) can not be ruled out. Species self-compatibility has been verified in field manipulation
experiment conducted in the species rich meadow, where the large population of Gentiana
pneumonanthe occurred (Table 2, Fig. 4).

Marsh gentian pollination biology in wet heathlands has been studied in the Netherlands (PETANIDOU
1991, PETANIDOU ET AL 1995, 2001),

Seeds (usually about 300 - 700 (1000) per capsule) are very small, ovate, and nearly unwinged. They
are transported mechanically or by wind only small distances immediately after maturation. Some seeds

remain in the opened capsules and come off later.
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Table 2. Effect of mowing surrounding vegetation and type of pollination or reproduction of G.
pneumonanthe. Results of ANOVAs are presented, p < 0.05 are bold. For more details see the legend of
Figure 4.

Number of viable seeds Sced-set Weight of seeds and
ovules
F p-level B p-level F p-level
Mowing of surrounding
vegetation 1.521 0.222 1.001 0.321 0.829 0.365
Type of pollination 3.330 0.042 4.635 0.013 4.498 0.015
Interaction: type of poll. x 0.651 0.525 2.342 0.104 0.850 0.432
mowing
80 3 ‘:: . ——
X i} |
bl
@
5 40 | '
ks _ o
g ¥
of 1 |
1 Min-Max
25%-75%
open poll. cross-poll. spont. self-poll. O Median value

Figure 4. Seed set (a proportion of viable seeds from ovules per a capsule) in capsules under various
pollination treatments. Treatments labeled with the same letter do not differ significantly (P< 0.05).
Self-compatibility of Gentiana pneumonanthe was tested in a large gentian population (about 500
flowering individuals).

Design of experiment: Sixty adult gentians were chosen randomly and marked at the beginning of
flowering period. Three treatments were applied to each individual: one flower was bagged to prevent
insect visitation, the second one was emasculated (but pollination from other flowers of the same
individual wasn’t excluded), and the third flower was only marked and left as a control. The vegetation
was clipped out to 50 cm around 30 individuals to test for an influence of surrounding vegetation.
Significant differences in seed production, seed-set, and weight of seed and ovules (P< 0.05; Table 2)
were found between bagged flowers and control open-pollinated flowers. No significant differences
between plants growing in open sites and in dense vegetation were found (KRENOVA & LEPS 1996).
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3.5. Germination

Seeds germinate instantaneously in temperatures greater than 25° C. Cold and dry stratification (3-5
months) increases a germination rate (THOMPSON 1969). In laboratory conditions seeds of G.
preumonanthe germinate well on moist soil in sheltered locations. In addition, germination on wet filter
paper is possible but budding seedlings are often contaminated by fungal infection. Seeds can also
germinate on a sterile substrate. Seedling vitality without mycorrhizal inoculation is lower but they can
survive in low competition situations. The best germination rate of about 35% was achieved under a 12
hour dark/light regime with temperatures of 8°C/20°C. Older seeds germinate slowly and erratically. In
a laboratory experiment germination of two years old seeds was about 9% and germination of five years
old seeds was only 4,5%. For this experiment seeds were stored in a refrigerator at 5°C. In spite this a
seed bank probably doesn’t play role in a reproduction cycle of G. preumonanthe. (OOSTERMELIER ET
AL. 1994B).

In the field G. preumonanthe is a typical “gap” species. This means that gaps, i.e., places without
vegetation cover and preferably with open bare soil are essential for the initial phases of life. Several
authors have attested that G. pnenmonanthe seeds germinate well and seedlings survive successfully
only in sites with open bare soil (OOSTERMELER ET AL. 1994B, KRENOVA & LEPS 1996, KESEL &
URBAN 1999). Field observation and several manipulation experiments in species rich meadows show
that a germination rate of about 20-25% is followed by high mortality. More than 60% of the seedlings
died in suitable microsites with cut sod and >85 % died in mown plots where small gaps occurred

during first summer (Fig. 5; KRENOVA & LEP§ 1996).
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Figure 5. Average numbers of seedlings of Gentiana pneumonanthe survived in plots under various
treatments (KRENOVA & LEPS 1996). About 15000 seeds were sown in each 0.25 m> plot in early
spring 1993. More than 60% of seedlings died in plots with sod cut where a germination rate was the
highest and 85% of seedlings died in mown plots.
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3.6. Response to competition and management

OOSTERMELER ET AL. (1994B) characterised the marsh gentian in unmanaged hay meadows as a “C-S-
R-strategist” in sensu GRIME (1979). Adult individuals produce a high number of small seeds, which
only colonise open patches in closed vegetation. Size, shape, and mechanisms of creation of favourable
gaps differ in locations with different vegetation structure, cover, time of abandonment, etc. Small gaps
(only several cm®) are common enough in periodically mown hay meadows and pastures. In larger gaps
seedlings overheat and dry out. However, in long abandoned grasslands large gaps are necessary,
because the surrounding vegetation and litter in small gaps stresses seedlings and juveniles (KRENOVA
2001- submitted). It is a different situation in heathlands, which were traditionally managed by large sod
cutting. Depressions with open bare soils are periodically flooded and the seedling benefits from
increased soil moisture.

Vegetative and generative adults can persist many years in closed vegetation. Individuals
growing in long abandoned meadows are tall because of light competition with the tall and dense
surrounding vegetation. Flowers are pollinated and seeds develop well but recruitment is limited. The
gentian population can rejuvenate itself immediately after the vegetation is opened up. Individuals
strongly shaded by surrounding vegetation are flattened and usually have only 1 or 2 stems. Their
flowers are seldom pollinated and seed capsules are often infected by fungi or destroyed by herbivores.
Population size under these conditions rapidly declines.

Based on proportions of ontogenetic stages in populations three different population types can
be distinguished: (a) - invasive or dynamic population, characterised by a high ratio of seedlings and
Juveniles to adult plants; (b) - normal or stable populations with a higher density of adults and fewer
juveniles; ( c) - senile (senescent) or regressive populations where only adult vegetative and generative
plants exist (OOSTERMEIER ET AL. 1994B). This classification was determined in the Netherlands
where most G. pneumonanthe populations occur in heathlands. This classification must be adapted for
Central Europe where the majority of the populations occur in oligotrophic hay meadows. Invasive
populations, although rare, occur in locations with strong mechanical disturbance of the soil surface (for
example in military training areas). Normal populations occur in traditionally managed meadows and
pastures where regular management prevents closure of the vegetation and assures the creation of small-
scale gaps that are essential for species regeneration. Adult gentians predominate and both seedlings and
Juveniles occur in low densities. Quantification of seedlings and juveniles in closed vegetation of species
rich meadows is extremely difficult. Senile populations occur in abandoned meadows, old pastures, and
spontaneously afforested locations. Several hundred or only a few individuals may occur in senile
populations. Also, vitality of individuals varies and some populations are sentenced to extinction.
During 1995-2000 factors affecting the vitality of more than fifty G. pneumonanthe populations were
. studied in SW of the Czech Republic (Fig. 6; Appendix 1).
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Figure 6. Proportion of three types of Gentiana preumonanthe populations — invasive, normal, senile —
at 50 various locations in SW of the Czech Republic, Central Europe.

Four categories of locations were distinguished: NR - nature reservations; LP — areas protected by local
authorities; MTA — military training areas; others — unprotected areas etc. These categories are
characterised by various types of management: m1 ~ pastures, m2 - by hand, m3 - meadows regularly
mown by machinery, m4 — mix m2 and m3, m5 - irregular disturbances, mé — unmanaged.

3.7. Herbivores and pathogens

Wild animals, especially deer, browse gentians at many locations where a high proportion of the
flowering individuals may be destroyed by browsing. In addition, livestock, sheep, goats, and horses
may browse gentians in pastures. In pastures where only few gentians occur most of them can be
destroyed. In pastures with large populations sheep and goats browse only few gentians that stimulate
their digestion. Cows are less dainty and it is better to exclude areas with flowering gentians from
grazing. Early in the season herbivory stimulates the creation of new branches from adventitious buds
and increases the number of flowers per plant. Later, when flower buds are well developed the creation
of new branches and flowers by herbivory is limited. In addition, the ability of these post-herbivory
flowers to produce seeds is very low. Small mammals (mouse, shrew-mouse etc.) also browse gentians.
Slugs destroy a large number of seedlings and juveniles.

Many insect species are herbivores of G. preumonanthe. Larvae of Stenoptilia graphodactyla
(Treitschke 1833) and S. preumonanthe (Biittner 1880) feed on the flowers, young seed capsules, and
leaves of G. preumonanthe. The host plants of S. graphodactyla are several species of the Gentiana
genus. Larvae of S. pneumonanthe were found only on G. pneumonanthe and G. cruciata, Pupae stay

on stems of G. preumonanthe or neighbouring plants for several weeks. Larvae of Dasineura
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gentianae (Kieffer 1909), which probably consume the parenchyma of the gynoecium were found. The
most interesting herbivore of G. preumonanthe is the myrmecophilous blue butterfly Maculinea alcon.
Females of the species oviposit on buds and flowers of G. preumonanthe. Caterpillars live inside
gentian flowers for several weeks. When they reach the fourth instar the drop down and wait for
Myrmica worker ants. The ants adopt them and carry them into an ant nest until the next summer.
Maculinea alcon is a very rare species. Many authors (reviewed in Thomas et al. 1998) have studied
the ecology and behaviour of this species. An occurrence of Maculinea alcon is strongly correlated (p <

0.001) with a population size of its host-plant G. preumonanthe (Fig. 7, KRENOVA & PAVLICKO 2001

—in prep.).
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Figure 7. Logistic regression — the population size (resp. the number of all flowering individuals) of the
host-plant Gentiana pneumonanthe is a good predictor of Maculinea alcon occurrence (p<0.001;
KRENOVA & PAVLICKO 2001 - in prep.).

Seeds, seed capsules and occasionally anthers may suffer from fungal infection, Fungal
infection is more common during rainy summers and in flowers of flattened plants. In extreme wet
conditions a high proportion of seeds can be destroyed by mould. Sometimes individuals with
morphologically untypical stems can be found with twisted stems, foliage condensed to one side, and

undeveloped flowers. These deformations will appear on the same individuals every year,
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3.8. Mycorrhiza
There is no detailed information about the mycorrhizae of G. pneumonanthe but studies show that the
basic knowledge of the mycorrhizae of other gentians may be applied to G. pneumona;;the.

Gentianaceae species show different intensities of mycorrhizal colonisation. In some species no

symbiosis could be observed. Arbuscular mycorrhiza (AM) was found in some species (GAY} ET AL.
1982, JACQUELINET-JEANMOUGIN & GIANINAZZI-PEARSON 1983, MC GEE 1985). Gentians
successfully germinate without mycorrhizae (Jacquelinet-Jeanmougin & Gianinazzi-Pearson 1983 and
several other authors) and subsequent growth appears to be enhanced when the roots are not colonised
by AM fungi (MC GEE 1985). Zygomyceto'ﬁs fungl be]ongmg to the order Glomales infect roots of G.
pneumonanthe. AM fungi in gentians show mtracel]ular growth from cell to cell called “structural
incompatibility™ and more additional infections of hyphae are essential for continuous grr—c‘;“-r#th/c—)\fg’entian‘
roots. These hyphae pr;pagate from the roots of surrounding plants (WEBER 1993). Mycorrhizae of
Gentiana species colonize other plants (e.g., Cirsium vulgare or Plantago lanceolata; DEMUTHET AL.

1989).

3.9. Physiological data

No information available.

3.10. Biochemical data

Evidence for the production of different types of secondary compounds is only circumstantial and based
on findings in other Gentiana species. Some of them (above of all G. lutea) have been used by healers
since the Middle Ages. Secondary metabolism of Gentiana species produces glycosides, xanthones,
flavones, and secoiridoids. A new C -13 glycoside was found in G. preumonanthe (MPONDO ET AL,
1989). Root extracts, which are now components of some drugs, stimulate digestion, irritate mucous

membranes, and in part kill the plasmodium that causes malaria. These drugs are not recommended for

pregnant or breastfeeding women and infants. LS flad o l (T
3.11. Genetic data

Cytology: The basic chromosome number is 26. No polyploids have been found (KIRSCHNER &
KIRSCHNEROVA 2000).

Genetic variation: Genetic variation of G. prneumonanthe has been studied in many populations in
several countries (OOSTERMELER ET AL. 1995A,C). In harmony w1th population genetic theory it was
found that small populations have a reduced level of genetic varlatlon (isoenzyme analyses were done)

and their present isolation has resulted in very limited interpopulation gene flow level (RAIIMANN ET AL.
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1994). Also, the relation between population size and genetic variation, allozyme heterozygosity and
fitness, and inbreeding depression and local adaptations in small and large populations have been
studied (OOSTERMELIER ET AL. 19944, 19954, B, C). Study of genetic variation of G. pneumonanthe
populations in Central Europe is in progress and results only for four populations are ready. All study
populations are in the Hardy-Weinberg equilibrium and comparison of results with results of genetic
studies from various parts of Europe showed that genetic variation of G. prneumonanthe populations in

Central Europe is higher (Table 3).

Table 3. Genetic variation of Gentiana pneumonanthe populations in various parts of Europe.
Populations — number of studied populations (in the Czech Republic the project is in progress and only
preliminary results are available), locus — number of studied polymorphic locus, Ap - average numbers
of effective allelas per locus, Ho-p a He-p - averages of the observed and predicted proportion of
heterozygotes in populations.

*RAUMANET AL. 1994, ** OOSTERMEUER ET AL. 1995C, *** MULDER - unpublished data.

Populations Locus Ap Ho-p He-p
Czech Republic 4 3 1.38 0.452 0.473
Netherlands * 25 16 1.21 0.119 0.133
Norway ** 14 6 1.15 0.042 0.046
Great Britain *** 5 12 1.07 0.011 0.017

3.12, Hybrids

No natural hybrids are known.

3.12. Status of the species k\-j'—

Before the 1960°s, Gentiana pneumonanthe was common and locally widespread. In all/of Central and
Western Europe both the number of populations and the size of populations rapidly declined as a result
of habitat loss and land use changes. Large areas of wet oligotrophic meadows, very species rich
communities, were drained and/or fertilised and thereby changed to species-poor meadows (often
monocultures). Traditional management practices have been considered uneconomical and meadows
abandoned. Landscapes have been fragmented and the species survive only in small and isolated
populations,

Gentiana pneumonanthe is protected and included in the Red Lists of Flora of many European
countries. The species now occurs principally in Nature protected areas, some regions which preserve

traditional management practices, and military training areas (i.e., areas inhabited in the middle of the
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20" century without intensive agriculture management but with occasional disturbance activities that

block succession).
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Appendix 1

Biotic and abiotic characteristics of 52 study Gentiana pneumonanthe sites in SW part of the
Czech Republic.

* - populations of Gentiana pneumonanthe extinct during study period 1994 — 2000 and were not included in
analysis;

GP94-2000 — number of flowering individuals of G. preumonanthe; Poptype — type of G. preumonanthe
population, 1 — invasive, 2 — stabile, 3 — senile; Height — average height of stems [cm]; Stem — avarage number
of stems per one individual; Flower - average number of flowers per one individual; E% - total % cover, Eo%
- % cover of mosses; Area - site area [ha]; Protection - 1- natural reservations; 2 — areas protected by local
authorities; 3 — military training areas; 4- others — unprotected areas; Management: 1 ~ pastures, 2 — mowing
by hand, 3 - meadows regularly mown by machinery, 4 - irregular disturbances, 5— unmanaged.

GP94 GP35 GP96 GP97 GP98 GPY9 GP2000 Poptyp Height Stem Flower E% Eo% Area Protection Management

1 : 10 10 10 10 12 12 3 36 27 1.7 9 10 01 2 5
2 ; . 16 . . 10 10 3 539. 3 35 9 5 04 4 5
3* . ; 0 ; : 0 0 ; : . . . . . 4 :

: ; 1 : ; 1 1 3 48 13 8 85 20 0.1 1 5
5 ; . 1 . . 1 1 3 48 12 9 70 20 0.02 1 5
6* . ; 3 ; : 0 0 ; ‘ . . . . 1 .
7 : : 300 : 5 1500 1300 2 381 25 152 95 5 24 1 2
8 600 600 600 S00 100 300 150 2 465 23 153 95 5 1 1 2
9 4 3 8 5 6 7 15 3 388 37 212 95 15 075 4 4
10 ; 21 25 15 : 10 10 2 449 27 72 9 10 1 1 5
11 20 20 8 7 7 7 . 3 381 24 56 95 2 001 4 5
12 50 50 50 50 65 50 60 3 529 32 24 98 1 1.2 1 5
13* : : 1 ; . 1 A . . . . : ' ; : .
14 ; 80 200 300 700 600 500 2 395 33 I3 98 4 2 1 3
15 . 50 100 100 150 150 90 2 357 35 231 98 5 08 4 5
16* . : 6 6 ; 1 1 . . . ; ; ; ; 1 ;
17 ; : . . 150 150 150 3 366 3.6 284 85 10 0.5 1 2
18 . . 200 250 200 200 200 2 345 25 69 97 15 1 1 3
19 300 300 350 400 3500 450 450 2 359 27 51 75 40 3 1 3
20 : . 400 300 300 300 300 2 453 37 88 85 30 1 1 3
21 ' ’ 200 200 150 150 50 2 394 27 96 98 3 5 3 4
22 4 ; 100 100 150 150 150 2 466 22 119 9 7 15 3 2
23 . . 60 6 25 20 12 3 497 16 61 95 0 1 3 4
24 . . 350 350 500 450 550 2 339 36 165 90 10 1 3 4
25 : ; 6 g i 6 3 54 41 233 95 15 0.5 1 1
26 . . 1 2 1 1 ’ 3 48 2 7 9 5 1 4 5
27 . . 1 1 1 1 1 3 60 1 8 8 1 075 1 2
28 : : 300 500 550 550 @ 250 2 373 18 55 %0 10 7 3 4
29 y . 5 . 4 5 5 3 39 55 155 93 20 05 3 4
30 . . 150 100 100 100 150 2 543 37 959 95 3 1 3 2
31 . : 4 4 3 3 . 3 325 45 5 98 4 0.01 3 5
32 . . 50 43 38 40 25 2 37 4 6 9 35 04 3 4
33 y ’ ; 100 100 100 80 2 131 29 47 85 10 2 4 1
34 ; : : i 45 43 12 1 348 15 41 70 50 005 3 4
35 . . . . 8 8 3 464 28 10 85 10 0.01 4 5
36 : ; ; : 4 4 3 3 468 46 312 95 3 005 4 5
37 ; g ; : 350 450 450 2 325 2 145 B85 05 5 2 2
38 . . . y 300 300 100 2 464 24 236 9 5 3 2 2
39 ; : . . 1 1 1 3 72 9 33 95 7 3 4 5
40 : 5 ; ; 15 15 15 3 491 27 229 97 3 001 1 5
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Appendix 1 — continued.

GP94 GP95 GP9% GP97 GP98 GP99 GP2000 Poptyp Height Stem Flower E% Eo% Area Protection Management

41 : : ; : ; 80 50 3 301 49 21 90 20 005 4 5
42 . . . . . 700 750 2 359 24 B89 98 50 2 2 2
43 . . . . : 500 500 3 444 36 424 98 2 2 4 5
44 : : : 3 : 5 5 3 42 26 02 75 05 0.2 2 5
45 : ) . . . 70 50 3 52 2.1 9 9 5 1 2 5
46 s . . . : 20 20 3 442 54 14 95 5 1 2 3
47 . ] : i ; 70 80 3 331 61 172 97 20 2 2 4
48 : . . . . 60 60 3 56 3 152 98 15 3 4 5
49 . . 5 . ‘ 2 2 ; : : : . . . 3

50 ; : : : ; 6 3 37 2 218 98 2 02 3 :
51 ; : : . . . 3 3 203 47 36 95 3 01 4 5
52 . . . s ; : 50 1 223 31 61 85 2 3 3 4
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Regeneration of a Gentiana pneumonanthe population
in an oligotrophic wet meadow

Krenova, Zderika' & Lep¥, Jan!?*

|\Faculty of Biological Sciences, University of South Bohemia, Branisovskd 31, CZ-370 05 Ceské Budéjovice,
Czech Republic; >and Institute of Entomology, Czech Academy of Sciences, Branifovskd 31,
CZ-370 05 Ceské Budéjovice, Czech Republic; *Fax + 42 38 45983 ; E-mail suspa@entu.cas.c:

Abstract. The aim of this study was to evaluate the critical
phases of the life cycle of Gentiana pnenmonanthe, the marsh
gentian, & threatened species of the Bohemian flora. The effect
of various conditions on germination and seedling establish-
ment and the possible effect of competition on the perform-
ance of the species were tested. Seeds were sown in plots
which were subjected to four treatments in a randomized
complete blocks experiment: unmanaged meadow, mown
meadow, burned meadow, and meadow with cut sod. The
signilicantly highest recruitment was found in plots with cut
sod, the lowest in the unmanaged conirol plots. Seedling
survival also differed among the treatments. In the following
year surviving individuals were only found in plats with cut
sod. The influence of neighbouring vegetation on target gen-
tian individuals was evaluated by removing the surrounding
vegetation and comparing the performance of these individu-
als with controls. The initial height of each individual was
measured and used as a covariable. No significant effect of
neighbouring vegetation on performance was detected. Thus,
the establishment phase appears to be critical for population
persistence and is also more influenced by the management
regime than other stages of the life cycle,

Keywords: Conservation biology; Critical phase; Disturbance;
Gap: Management: Seedling recruitment.

Nomenclature: Rothmaler (1976).

Introduction

Mechanisms for the maintenance of species diver-
sity and the role of disturbance in this process are topical
issues of contemporary community ecology (e.g. Grime
1979; van der Maarel 1993; Palmer 1994). Those issues
are not only of academic interest, but also extremely
important for management plans for plant communities
in nature conservation. Data on the biology of rare
species are crucial for successful management, together
with the recognition of the critical stages of plant devel-
opment necessary for proper management practices.

The species of our concern, Gentiana pneunionanthe,
has been declining throughout Europe (Hvatum 1993;
Oostermeijer et al. 1992). Reduction of populations of
Gentiana pnenmonanthe has seriously influenced de-
pendent insects as well, notably the rare butterfly
Maculinea alcon which has disappeared from many
localities (Elmes & Thomas 1992).

For many perennial species, the successful estab-
lishment of a new genet is the most critical step in their
life history (see the concept of ‘regeneration niche’,
Grubb 1977, and the carousel model of van der Maarel
& Sykes 1993 for the community consequences). Tran-
sient gaps in the turf are instantly colonized and occu-
pied, while new gaps are being created elsewhere (Rusch
1988; Rusch & van der Maarel 1992). Gap dynamics is
an important mechanism for the maintenance of diver-
sity in grasslands (Grubb 1977; Rusch 1988; van der
Maarel & Sykes 1993). Tilman (1993) considered in-
hibited germination and/or survival of seedlings in pro-
ductive grasslands to be a major cause of decrease in
species richness along a productivity gradient.

In central Europe, meadows at lower altitudes are
man-made and depend upon continuing human inter-
vention. Traditional management practices, mainly graz-
ing and cutting (Bakker 1989), have maintained these
meadows for centuries, but recently the management
practices have changed dramatically. Management was
either intensified by fertilization, or the meadows were
abandoned because they were no longer profitable. Both
processes produce changes in species composition which
are usually accompanied by extirpation of some species
and overall loss of species diversity. At present, this
trend can be exemplified with Gentiana preumonanthe
in most of its European localities, Regeneration in aban-
doned meadows is limited, as only aduli plants survive,
where the populations become senile {Qostermeijer et
al. 1994b). However, it has been shown that new plants
establish following disturbance (Chapman & Rose 1982;
Chapman et al. 1989).

The aim of our study was to experimentally test the
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importance of various management and disturbance prac-
tices, including creation of artificial gaps in the turf for
the regeneration of Gentiana pneumonanthe and to evalu-
ate the effects of neighbouring vegetation on the per-
formance of established plants. In this manner, the sen-
sitivity of various stages of the life history of Gentiana
preumonanthe io influences of the neighbouring veg-
etation was compared and the critical phases of the plant
life cycle determined.

Material and Methods

Study species

Gentiana premmonanthe L., the marsh gentian, is a
long-lived perennial species, which passes through the
winter as a rosette of short shoots with very small
leaves. The species occurs in wet heathlands and moist
aligotrophic to mesotrophic hay meadows across tem-
perate Europe and Asia, ranging in Europe from south-
ern Scandinavia to the Balkans and northern Spain
(Simmonds 1946). Reproductive adult plants can reach
50 cm in height. They usually have | - 10 stems, each
stem bearing [ -25 flowers per year. The seeds (usually
300-700 per capsule) ripen during September and Octo-
ber. They are small and light (0.32 mg on average), and
contain very little endosperm (Salisbury 1942: Petanidou
et al. 1991; Petanidou et al. 1995: unpubl. data).

In the Czech Republic, Gentiana pnewmonanthe oc-
curs at the margins of peat bogs and in wet oligotrophic
meadows, mainly in the piedmont. The species was
previously quite common on traditionally managed
meadows, but many populations decreased in size or
became locally extinct during the last decades. At present,
the majority of the populations survive in small isolated
habitat islands, with low and declining population sizes.
This imposes a further threat to their genetic diversity
(Oostermeijer et al. 1994a; Raijmann et al. 1994 Lande
1988). A similar decline has been recorded for marsh
gentian populations in Norway (Hvatum 1993), the
United Kingdom (Chapman & Rose 1982) and the Neth-
erlands (OQostermeijer et al. 1992a,b; Schaminée et al.
1995), with a likely similar pattern through all of central
and western Europe.

Study sire

All observations and field experiments were carried
out at Ohrazent, near Ceské Budéjovice, southern Bohe-
mia, Czech Republic. This site contains one of the
largest remaining populations in Bohemia, with several
hundreds of mature Genriana pnewmonanthe plants.

Here we are dealing with a wet oligotrophic meadow

of ca. I ha in size, situated between a field and a pine-
oak wood that was abandoned five years ago (some of
the wetter parts even earlier). The unfertilized meadow
community belongs to the Molinion alliance according
to the Ziirich-Montpellier phytosociological classifica-
tion. It is characterized by the following relevé on a
representative plot of Smx3 m:

Cover of the herbaceous layer: 95 %. Species (first
graminoids, then broadleaved herbs, both groups in
alphabetical order) with their cover-abundance accord-
ing to the Braun-Blanquet cover-abundance scale:

Anthoxanthum odoranm 2 C. pulicaris +
Avenochloa pubescens I Cynosuris cristatus 1
Briza media 2 Fesuiwca rubra 2
Carex fluva s.l. +  Holcus lanatus 1
C. hartmanii I Juncus effusus 1
C. leporina +  Luzula mudiiflora 1
C. nigra 1 Molinia caerulea 2
C. pallescens 1 Nardus stricta 2
C. pilulifera l

Betonica officinalis I Potentilla erecta l
Cirsim palustre +  Ranunculus acris +
Dacrylorhiza majalis + R auricomus !
Galium boreale 2 R.nemorosus +
Gentiana pnewmonanthe  +  Rhinanthus minor +
Leontodon hispicus I Scorzonera humilis +
Lencanthenunt vulgare s, v Selinum carvifolia 2
Lyehnis flos-cueuli | Serratula tinctoria +
Lysimachia vilgaris +  Succisa pratensis |
Myaosotis palustris s.1. +  Valeriana dioica 1
Plantago lanceolara +  Viola canina 1

Seedling establishment

Seedling recruitment was evaluated under various
conditions. Capsules of Gentiana prnenmonanthe con-
taining ripe seeds were collected in October 1992 and
stored at 5°C for three months. The experiment was
arranged in five randomized complete blocks of 0.5 m x
0.5 m square plots. In January, aliquots of 0.6 g equiva-
lent to 15000 - 20000 seeds, were sown in plots subject
to the following four treatments:

(1) meadow after mowing: above-ground part of the
biomass was cut off and the litier completely removed;

{2) burned meadow: the above-ground vegetation
and the litter were burned, with the ash left in situ:

(3) meadow with cut sod: the sod was cut, about 10
cm deep. with the cut portion turned upside down;

(4) control: meadow was left in the original condi-
tion.

In all the treatments the seeds were sown by hand
with extreme care to evenly cover the entire plot. How-
ever, edge density was slightly lower, but this should not
have influenced the results as any effect was similar in
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all the treatments.

The number of emerging seedlings was counted
only within the inner 0.25m x 0.23m plotsto avoid edge
effect. The first sampling in summer 1993 provided
information about seedling emergence, with the follow-
ing two (autumn 1993 and summer 1994) yielding data
for evaluation of seedling survival. With regard to the
biology of the species we expected that only anegligible
fraction of seeds would germinate between the summer
and autumn censuses, Our personal, non-quantified ob-
servations, showed that the majority of seedlings emerged
in mid-spring. A similar behaviour was quantitatively
described for Gentianella campestris by Milberg (1994),

A univariate repeated measures ANOVA (i.e. split-
plot design applied to the repeated-measures data, von
Ende 1993), reflecting the block structure of the experi-
ment, was used to analyse the data. Generally, we can
say that in the repeated measures analysis, the between-
subject variation corresponds to differences between
observed sampling units (block and treatment) and the
within-subject variation corresponds to changes in time
(see von Ende 1993 or any other appropriate statistical
text for more detailed explanation). The numbers of
seedlings were log-transformed — using log (x+ 1) to
handle zeroes in the data — to achieve normality and
homogeneity of variance. After log-transformation, the
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Fig. 1. Average number of seedlings in %3 200
plots during various censuses. Treat- 35
ments: | = mown: 2 = burned; 3 = cut =
sod: 4 = control. Error bars represent
3 100

stundard deviation values. Letters above
bars indicate the results of the Tukey-
Kramer HSD test for the summer and
autumn of 1993; trentments labeled with 0
the same letter do not differ significantly

(P> 0.05). Identical results were ob-

tained for both years,

between-subject factor corresponds to differences in
seedling establishment, and the interaction term be-
tween treatment and time corresponds to differences in
seedling survival. Provided that the seedling survival is
independent of the treatment, the number of seedlings in
a plot after a time interval is N, =pN_ inall plots, where
N, and N, are numbers of seedlings in a plot in respec-
tive periods and p is the common probability of survival.
Then log N, = log p + log N, i.e. the factors treatment
and time (i.e. survival) are additive, without any interac-
tion. The SYSTAT package (Wilkinson 1988) was used
for statistical tests.

Competitive ability of adult plants

To assess the influence of neighbouring vegetation
on the gentian plants, 30 target individuals were chosen
at random and the surrounding vegetation was removed
by clipping at ground level to a distance of 0.3 m every
two weeks during the growing season. Performance of
these target plants was compared with 30 control indi-
viduals. The initial height of all individuals was meas-
ured and used as a covariable in the analysis of variance.
Two types of influence of the neighbouring vegetation
are considered here: (1) negutive, due to suppression of
growth by competition, and (2) positive, due to protec-

B SPRINGO4
7 AUTUMNO3 A
0 SUMMERQ2 .

TREATMENT
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Table 1. Repeated measures analysis of log-transformed counts of seedlings during the first season; the numbers of seedlings in June

and September 1993 in each plot are the response variables.

Between Subjects

Source Ss Df Ms F P
Block [.532 4 0.383 1.561 0.247
Treatment 22,988 3 7.663 31.233 0.000
Error 2944 12 0.245

Within Subjects
Source Ss Df Ms F P
Time 2.783 1 2.783 108.400 0.000
Time*Block 0.1635 4 0.041 1.604 0.237
Time*Treatment 0.351 3 0.117 4.553 0.024
Error 0.308 12 0.026

tion of individuals from grazing. Plant height and number Results

of flowers were recorded at the end of the growing
period in September 1993 and employed as the measure
of plant performance. On a single day, 21 June, 1993,
the photosynthetic activity of leaves of all the 60 indi-
viduals was measured in situ using a portable LCA?2

Seedling establishment

The highest germination rate was observed in plots
with cut sod and the lowest in the unmown meadow.
The difference between plots with burned vegetation

analyzer,
T T
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Fig. 2. Notched box and whisker plot of plant
heights for control and treated plants (i.e.
where the surrounding vegelation was cut).
The box encloses the middle 50% of obser-
vations {i.e. between the upper and the lower
quartile), with the median in the middle. The
length of the notch represents an approxi-
mate 95% confidence interval for the me-
dian. Whiskers extend to the extreme points
within 1.5 interquartile ranges from the quar-
tile. Data points beyond this range are plot-
ted individually.
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and those with mown vegetation was not significant
(Fig. 1, Table 1). At the end of the first growing period,
the largest number of seedlings was found in plots with
cut sed, whereas no seedlings were found in the control
plots. The highest survival rate was observed in burned
plots, 43 %, vs. 34 % in cut sod and 13 % in mown plots.
Nevertheless, owing to low initial densities, absolute
numbers of seedlings in plots with burned and mown
vegetation were low. During the first month of the
second growing period, seedlings were found only in
plots in which the sod was cut and there they were
surviving mainly in depressions among portions of the
reversed sod.

Because individuals were found only in plots with
cut sod in the second season, we only used data from the
first year to test for differences in seedling germination
and survival. Seedling establishment differed according
to the treatment (significant between subjects Treat-
ment, Table 1) and the same was true for the seedling
survival (significant Time X Treatment interaction). Sepa-
rate analyses of summer and autumn counts showed that
during both periods, counts of seedlings were signifi-
cantly highest in cut sod and significantly lowest in the
controls (Tukey-Kramer HSD).

Competitive ability of adult plants

No differences in plant height, number of flowers
per plant, or photosyntetic activity between treated and
control plants were found (P > 0.05 for all variables
(Fig. 2). Some individuals were damaged by browsing
(probably deer). including both treated and control plants.
Individuals which were browsed at the beginning of the
vegetation period regenerated well and produced more
stems and flowers than undamaged plants. Because of
the low number of browsed plants the differences were
not significant, neither the probability of damage by
browsing nor for differences in stem and flower number
between browsed and untouched plants,

Discussion

The results show that the recruitment of Gentiana
preumonaithe was only successful in plots where the
sod was cut and turned upside down. These gaps are
probably the only safe sites for the regeneration of the
species. Although cutting or ploughing the sod has
never been part of any conventional meadow manage-
ment in Bohemia, the conditions imposed by our experi-
mental treatment correspond approximately to those in
which gaps may occur in the turf under natural distur-
bances, even though such natural gaps are usually smaller.
Qur finding is in agreement with other reports conclud-

ing that regenerating of Genriana pnewmonanthe occurs
mainly in gaps (Oostermeijer et al. 1992a,b, 1994b;
pers. observ.). Gaps were periodically created in tradi-
tionally mown meadows by horseshoe footprints, ma-
chinery tracks, missed strikes of the scythe while mow-
ing by hand, etc. In contrast, gaps are rare or absent on
abandoned meadows and in addition these meadows are
covered with a thick layer or thatch of litter, which is
another factor preventing seed germination. Conse-
quently, the abandonment of meadows leads to the
development of senile populations and eventually to
local extinction. The remaining localities with this spe-
cies should be monitored by counting the numbers of
individuals at different life stages (Qostermeijer et al.
1994b). Thus, Gentiana pneimonanthe is an additional
example of a rare species with disturbance-dependent
persistence (Pavlovic 1994),

Our experiment did not demonstrate the competitive
suppression of adult plants by neighbouring vegetation.
However, these results cannot be generalized for other
meadow types. In our oligotrophic study site, the veg-
etation was neither dense nor tall. In other localities
where the marsh gentian has been declining the sod is
usually more compact and the vegetation taller,

The results of both our experiments clearly show
that the establishment phase is more critical for popula-
tion persistence than later development stages, and in
turn establishment is most influenced by management
practice. This is probably true for many other meadow
species as well, although the regeneration niche differs
markedly among such species (Grubb 1977). This sup-
ports Tilman's (1993) hypertiesis that the inhibition of
seedling recruitment is the major cause of decreases in
species diversity in productive grasslands and even
though the regeneration requirements differ among spe-
cies, the majority are negatively influenced by increased
litter and decreased light penetration (Grime [979;
Carson & Peterson 1990). Any explanation of species
richness of plant communities ignoring the mechanism
of regeneration must necessarily be incomplete. Under-
standing the demography of particular species is of vital
importance for the understanding of mechanisms that
maintain species diversity.
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Abstract. The aim of this study was to identify conditions that are essential for successful seed
regeneration of marsh gentian (Gentiana pneumonanthe L.), a rare European species. Seedling
establishment, survival and viability were studied in a four year field experiment in which greenhouse
germinated seedlings were transplanted into different sized gaps: 5, 10 and 20 cm in diameter and into
meadow without gaps. Gaps were situated in mown and unmown oligotrophic wet meadow, which was
abandoned 14 years ago. Gentian viability was characterised by several parameters (IGVs =
individuals growth values, i.e., number of leaves, stems and flowers, and plant height). Gentian
mortality was high with >50% of the gentians dying in the first winter, but >25% of the surviving plants
produced seeds by the end of the study. Patterns of gentian mortality differed in different sized gaps 401
located in mown and unmown plots across years. Mowing and gap size influenced only a few IGVs. )
Mowing affected the number of leaves and stems only during the first year. Later, gentians differed
more in shape and leaf size than in leaf number. RDAs illustrated differences between plots in which
gentians survived in different sized gapé'. The broad-leaved grasses together with clonal Prunella
vulgaris and hemiparasitic Pedicularis sylvatica occurred in plots with high gentian mortality. This
study confirmed that gaps are essential for the successful regeneration of Gentiana pneumonanthe in
oligotrophic wet meadows. Although larger gaps are characterised by higher initial mortality rates
caused by harsh microclimatic condition, they are necessary in long-time abandoned meadows.
Regularly created small gaps are sufficient for gentian establishment only in traditionally managed

meadows.
Keywords: Gaps; Establishment; Endangered species; Oligotrophic meadow; Management.

Nomenclature: Rothmaler (1976); Vaiia (1997) for bryophytes.
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Introduction

It is well known that the creation of gaps within plant communities is often a key requirement
for establishment of plants from seeds. This is equally true for woodlands (Brown & Archer 1988) and
grasslands (van der Maarel & Sykes 1993; Bullock et al. 1995; Spackova et al. 1998; Kotorova &
Leps, 1999). In natural habitats, the gaps are created by many mechanisms, such as the death of
perennials as result of environmental conditions or diseasc!:, the activities of grazing or burrowing
animals or erosion. Gaps provide regeneration niches for species present in communities as well as for
migrants (Pakeman et al. 1998). In traditionally managed meadows and pastures in Central Europe gaps
were created not only by natural mechanisms but also periodically by horses, cattle, sheep, goats,
machinery tracks, and by missed strikes of the scythe while mowing. Grazing animals also dispersed | |
seeds in hoofs and hair.

Recently, traditional management practices have been considered uneconomical, and meadow
management is either intensified, or the meadows are abandoned. One of the most rapidly vanishing
grassland communities of Central Europe are oligotrophic species-rich meadows. Their species richness
is very high; at the scale of metres tﬁey belong to the world’s most diverse communities (Kull & Zobel |
1991). Large areas of wet oligotrophic mgadow§ were drained and/or fertilised and thereby changed to
species-poor meadows (often monocultures) duﬁ;]g.ﬂ]e second half of the 20" century. Many typical
species of these meadows became rare and a number of them are endangered. Formerly common plant
species, or ,,new rare” (sensu Huenneke 1991), are relegated to small populations as a result of the
fragmentation, destruction and habitat deterioration. These small and fragmented populations can only
survive if certain ecological and genetic conditions are met. A better understanding of life strategies of
the endangered species and of the relationships between the plant populations and the vegetation in
which they are a part are essential tools for suitable management and conservation of species (Synge
1985).

In most European countries these trends can be exemplified with Gentianaceac species. Both the
number of populations and population size of many Gentiana and Gentianella species rapidly decreased
during the second half of the 20" century (details in OOStermeijer et al. 1992, Lennartsson & Svensson
1996, Stécklin & Fischer 1999). Several species died out and otﬁers survive only in few and small
populations. Population biology and genetics of mé.ny Gentiana and Gentianella species have been
studied in several European countries to answer questions about reproductive strategies, competitive
ability, viability and genetic structure of populations. Better knowledge about demography (Fischer &
Matthies 1998 a,b), reproduction (Petanidou et al. 1995 a,b, 1998; Luijten et al. 1998, 1999;
Lennartsson 1997; Milberg 1994), genetics (Fischer & Matthies 1998c) will help to protect the

surviving populations and optimise the management practices in areas where gentians occur, One of the
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most studied Genfiana species is the marsh gentian, Gentiana preumonanthe. Several authors
(Oostermeijer et al. 1994b, Rose et al. 1998, Kesel & Urban 1999) have studied germination of G.
pneufﬁéné.nﬂle. All of them report that gaps and low competition microsites are essential for successful
germination and seedling recruitment of the marsh gentian. Most of these studies were done in Erica
tetralix dominated acid heathlands, which have lower species richness than wet oligotrophic meadows.
The aim of this study was to define which gap size and which type of meadow management are the best

for successful recruitment of marsh gentian seedlings.

Methods
Study site and study species

This study was conducted in a 2.5 ha oligotrophic species-rich meadow located 10 km southeast
of Ceské Budgjovice, Czech Republic, 48°57° N, 14°36'E, 510 m a.s.l. According to records from the
nearest meteorological station (Lhenice, 5 km SE) mean annual precipitation is 665 mm, mean annual
temperature is 7°C, and mean annual number of days with continuos snow cover is 57 (unpublished
data, the Czech Hydrometeorological Institute in Ceské Budsgjovice). The vegetation can be described
as a Molinion é;;déiation with some species indicating a transition to a Fiolion caninae association,
For a detailed descrip‘tion see Spackova et al, (1998).

This previously regularly mown traditionally managed meadow was abandoned 14 years ago.
Vegetation development after meadow abandonment is influenced by several factors, such as the
hydrological regime (timing and duration of hydric conditions), time of abandonment, diaspore
resources (near forest and field), etc. and can be characterised as a sequence of successional stages.
Several endangered or rare species, e.g., Pedicularis sylvatica, Dactylorhiza majalis and G.
pneumonanthe occur here. The G. preumonanthe population is senile (sensu Oostermeijer 1994b; no
seedlings or juvenile plants were found) and the population size is very low (<10 individuals). Two
larger populations (30 and 500 flowering gentians) occur less than 1,5 km from the study site.

Gentiana pneumonanthe, a Euroasian element, is a typical species of wet oligotrophic
meadows dominated by Molinia caerulea (Oberdorfer 1962). In the Atlantic part of Europe, G.
pneumonanthe occurs in wet acidic heathlands and on the borders of peat bogs (Simmonds 1946,
Chapman et all. 1989, Qostermeijer et all. 1994a,b; Qostermeijer et all. 1995). Gentiana pneumonanthe
is a perennial species that lives several decades and reproduces only by seed. Based on demographic
studies six different ontogenetic stages in marsh gentian populations have been distinguished: seeds,
seedlings, juveniles, vegetative adults, generative adults, and dormant (Oostrermeijer at al. 1994b). The
normal developmental sequence of the individual is from seed to generative adult. Seedlings and
Juveniles stages usually each last one year but there is variation in transition times from vegetative to

generative adult. Protandrous flowers produce high numbers of small and light seeds; about 300 ~ 700
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per capsule (Simmonds 1946). Seeds can germinate instantaneously after ripening in autumn as well as

after cold stratification in spring (Thompson 1969).

Experimental design

Seeds of G. pneumonanthe were collected from plants growing in the study site in autumn 1995
and stored under cool dry conditions. The experiment was established in April 1996 wl}en 7 week old
greenhouse grown seedlings were transplanted into 5, 10 and 20 cm diameter gaps and into meadow
without gaps. Gaps were situated in the middle of 1,5 x 1,5 m homogenous plots (n=40). Twenty of the
plots were mown annually in June and twenty were unmanaged. Mown biomass was carefully gathered
and removed from plots. The experiment is a split-plot design, with mowing being the main-plot factor
and gap size the within-plot factor. :

During the first two years of the experiment individual growth values (IGVs) of all surviving
individuals were measured twice a year (in June and September). I used IGVs as a general term for the
number of stems, leaves, flowers and height of plants. Number of leaves and seedling diameterg were
recorded in 1996 and number of leaves and stems per plant and plant height were measured in 1997. In
1998 and 1999 these same IGVs plus the number of flowers per plant were recorded and only in
September. Only one measurement during the vegetative season was sufficient because no differences in
IGV values were found between June and September.

In September 1999, at the end of experiment, vegetation structure, living biomass, and biomass
of litter and moss in each of the 40 plots were determined. Percent cove/rs" of all vascular species, moss
layer and litter \gefe visually estimated in the central 1 x 1 m plot. Vegetation was clipped in the central
0,3 x 0,3 m plot. The clipped biomass together with moss and litter was raked up, saved in plastic bags
and transported to the laboratory. The living biomass, litter, and moss were carefully sorted, oven-dried
(70°C) and weighed. ‘.“ il %)

Data analysis

Data are in the form of repeated measures. IGVs of all surviving individuals were determined
six times. Corresponding survival analyses were used to test the effect of gap size and plot management
type on survival of young G. preumonanthe individuals,

IGVs were log-transformed — using log (x) to achieve homogeneity of variance. Effect of
mowing and gap size on IGVs of young gentians was analysed by nested design ANOVA-models.
Nested design ANOVA models, which are part of the General Linear Models (GLMs) in the
STATISTICA 7.0 package, made it possible to analyse an incomplete data matrix of the split-plot
design, which was caused by the mortality of young gentians. MANOVA-models were used to test the

cffects of gap size and mowing on several IGVs simultaneously in each period of the experiment.
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Logistic regression was used to test the effect of the number of leaves per plant, as a degree of
vitality, on survival of individuals to the next year. Corresponding repeated-measures ANOVA-models
were used only for individuals that survived all four seasons of the experiment.

For species composition, Redundancy Analysis (RDA) in the CANOCO package (ter Braak
1990), was used to test the effect of mowing on species composition and correlation between species
composition and survival of young gentians in different sized gaps. RDA, a method based on a linear
species response, was used because species composition in the plots was rather homogenous and
explanatory variables were categorical. Data were standardised by species because there were only
sgveral species with high percent cover and most species occurred in low abundance. Because only
planted individuals of G. pneumonanthe occurred in plots, the species was made passive in the analysis
so as not to influence ordination results. By using the survival of gentians as an explanatory variable,
the ,,reverse® analysis was performed (i.e., species composition might influence the survival, not vice
vers;é). In this way differences between plots where gentians survived and plots where they did not were
tested.

In all cases, the significance of results was tested by the Monte Carlo permutation test.
Programs CanoDraw and CanoPost (Smilaver 1992, ter Braak & Smilauer 1998) were used for
graphical presentations of ordination results.

Logistic regression models in the STATISTICA package (Anonymus 1999) were used to test
the effect of the cover of all vascular species, cover of moss layer, living biomass, litter biomass and

moss biomass on gentian survival.
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Fig. 1. Total number of surviving individuals of Gentiana pnewmonanthe and proportion of flowering
individuals during four years experiment.
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Results
Survival of individuals ;

Marsh gentian mortality over the four years of the experiment was high. From 160 individuals
planted in spring 1996 only 19 gentians (~12%) survived till September 1999. Two individuals flowered
in the second vegﬁaﬁtiyc season and more than 25% of the surviving individuals flowered in summer
1999 (Fig. l)jkl\—/lortality rates of young gentians in different sized gaps in mown and unmown plots
differed across years (Fig. 2). During the first vegetative season more seedlings died in 20 cm diameter
gaps located in mown plots than in gaps of the same size located in unmown plots (Fig.2a). There were
no differences in number of surviving individuals in smaller gaps between mown and unmown plots
(Fig. Zc). In all of the gap types, >50% of the gentians died during the first winter. In summer 1997,
mortality was very low and there were no significant differences in the number of surviving individuals
between gaps located in mown and unmown plots. Young plants from mown and unmown plots differed
in their IGVs (see below). Mortality rates decreased during the winters of 1997/98 and 1998/99, with
more individuals dying in unmown plots (Fig.2). There were no significant differences between mown
and unmown plots (12,5% and 11,25%). Survival analysis showed no significant influence of gap size “

and plot management on gentian survival during four years.
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Fig. 2. Numbers of individuals of Gentiana pneumonanthe surviving in different size gaps during four
years experiment.
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Individual growth values

Few IGVs were affected by mowing (Tablel). Gap size and gap size-mowing interactions
affected no IGVs. Mowing significantly affected the number of leaves and stems only in 1997.
Individuals surviving in mown plots had more leaves and stems than in unmown plots. Similar trends

were observed in 1998 and 1999.

Table 1. The effect of gap size, mowing, and gap and niowing interaction on the number of leaves and
number of stems per plant, and height of plant during/ for years experiment. The results of split-plot
ANOVA analyses and MANOVA analyses are shown. The significance of F-value are: p< 0.05 are ;
bold. Leaf numbers were also effected by gap-mowing interaction in September 1996 and stem numbers
were effected by gaps in June and August 1997 but differences are out of significant level p<0.05.

September 1996 June 1997 August 1997 August 1998 August 1999

Number of surviving individuals 144 74 58 25 19

F p r P F p F p F p
Number of leaves per plant
plot 2.01  0.003 048 0.976 1.14 0350 3582 0.130
mowing 0.64 0427 7.48  0.009 0.02 0.880 0.03 0.857 141 0270
gap 1.39  0.250 1.15  0.343 120 0.325 3.03 0.394
gap-mowing interaction 228 0.083 0.18 0.909 049 0.694 348 0.371

Number of stems per plant

plot 068 0.857 095 0.553 096 0.675

mowing 425 0.045 037 0548 091 0372 0.80 0.397

gap 230 0.092 239  0.085 0.12 0936

gap-mowing interaction 0.27 0.847 0.09 0.964 0.12 0.936

Height of plant

plot .11 0.379 175 0.057 1340 0.212

mowing 182 0.185 0.27 0.603 1.29 0274 097 0.353
gap .10 0.362 1.02 0396 384 0.355

gap-mowing interaction 027 0.850 141  0.257 468 0.324

MANOVA

plot 1.21  0.221 0.95 0.545 1.17 0323 3582 0.130

mowing 0.04 0843 0.82 0.370 0.09 0.766 0.03 0.857 141  0.270
gap 058 0630 094 0431 1.20 0.325 303 0.39%

gap-mowing interaction 1.38  0.252 1.26  0.301 0.49  0.694 348 0.371

MANOVA models were used to analyse all available IGVs in each period of the experiment.
Neither gap size, mowing, nor gap size-mowing interactions influenced IGVs. Logistic regression
showed that there is no correlation between the number of leaves per plant and the survival of

individuals to the next year.
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Only data for gentians surviving over for seasons (1996 — 1999) were analysed by repeated
measures ANOVA. Data from four years were available for the number of leaves per plant (the
numbers of leaves were recorded six times). Data from three years were available for the number of
stems and plant height because these parameters were recorded since the second year of experiment.
Repeated measures ANOVA found a significant effect of gap size-mowing interaction on the number of
leaves per plant (p<0.025) (Table 2). Number of leaves were also influenced by mowing (p<0.052j a:ﬁd
gap size (p<0.0gi). Mowing-time interaction affected plant height (p<0.028). Differences in plant
height of gentians in different sized gaps located in mown and mown plots are shown in Fig. 3. The

number of stems per plant was affected by the size of gaps (P<0.022).

20
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Fig. 3. Log- transformed heights of plants [Log (x+1)] surviving in gaps of different size located in
mown and unmown plots. The heights were recorded since the second year of the four years experiment.

Species composition and biomass

Vegetation structure of mown and unmown plots significantly differed (Table3; P>0.002). RDA
analysis showed that Molinia caerulea, Carex panicea, Juncus conglomeratus, Equisetum palustre,
Scorsonera humilis, Lysimachia vulgaris, and Ranunculus nemorosus occurred predominantly in
unmown plots (Fig. 4). The clonal Prunella vulgaris and Veronica officinalis together with

Pedicularis sylvatica, Ranunculus acris and Cirsium palustre were more abundant in mown plots.
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Fig. 4. Results of the RDA analysis of végetation structure in mown and unmown plots. The horizontal
and vertical axes are the first and the second RDA axes respectively. The first axis is highly significant
(P<0.002). Abbreviations of the species names are in Appendix 1.
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Table 2. Repeated measures analysis of log-transformed numbers of leaves, numbers of stems and
height of plants; data only for individuals surviving over for seasons (1996 — 1999) were analysed. The
significance of F-value are: p< 0.05 are bold. Leaf numbers were significantly effected by gap-mowing
interaction and also separately by mowing and gap size, differences were closc# to/significant level.

Leaves Stems Height

F p F P F P
mowing 5.20 0.052 2.46 0.156 0.00 0.956
gap 3.73 0.061 5.65 0.022 1.18 0.377
time 15,75 0.000 3.48 0.031 18.41 0.000
gap-mowing interaction 543 0,025 2.88 0.103 2.70 0.116
mowing-time interaction 0.49 0.783 0.68 0.574 3.60 0.028
gap-time interaction 0.85 0.621 1.53 0.194 1.52 0.1%
mowing-gap-time 1.50 0.151 0.18 0.994 1.56 0.186

interaction

Table 3. Characteristics of the RDA analyses of vegetation structure in mown and unmown plots. * —
Variability in species data explained by the first axis (%); ° - F-ratio on the first RDA axis; © -
Significance of the first RDA axis estimated using Monte Carlo permutation test; ¢ - Total variability in
species data explained by the first four axes (%).

1-st axis variability ° F° P*
Mowing 49 1.972 0.002
Without gap 53 2.12 0.022
5 cm gap 4.2 1.646 0.056
10 cm gap 5.3 212 0.022
20 cm gap 3 1.178 0.184
1-st 4 ax. F P°
variab.
All gaps 17.3 1.836 0.002

Also, mosses occurred mostly in mown plots. Surrounding vegetation affected G.
preumonanthe survival in different sized gaps (Tabléf?). RDA analyses show the differences between
plots in which gentians survived in different sized ga;é (Fig. 5). In the plots with high gentian mortality
in large gaps mainly broad-leaved graminoids, Molinia caerulea, Holcus lanatus, Agrostis canina,

Festuca rubra, Prunella vulgaris, and Pedicularis sylvatica occurred. Survival of young gentians in
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small gaps and in plots without gaps was correlated with occurrence of Luzula multiflora, Succisa

pratensis, and Pofentila erecta (Fig.5¢, 5d). In plots with 5 em diameter gaps and without gaps,
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Fig. 5. Results of the RDA analysis of vegetation structure in mown and unmown plots separately for
gentians growing in gaps of different size. GO = gaps with 20 cm in diameter located in unmown plots;
G1 = gaps with 20 cm in diameter located in mown plots; YO = gaps with 10 cm in diameter located in
unmown plots; Y1 = gaps with 10 cm in diameter located in mown plots; BO = gaps with 5 ¢m in
diameter located in unmown plots; Bl= gaps with 5 cm in diameter located in mown plots; RO =
gentians growing in unmown plots without gaps; R1 = gentians growing in mown plots without gaps. .
The horizontal and vertical axes are the first and the second RDA axes respectively. By using the
survival of gentians as explanatory variable, the ,reverse® analysis was performed (in fact the species
composition might influence the survival not vice verse). Abbreviations of the species names are in

Appendix 1.
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in which gentians survived, seedlings of Frangula alnus occurred. Seedlings of Selinum carvifolia,
Myosotis nemorosa, Lysimachia vulgaris, Lychnis flos-cuculi, Ranunculus acris, Ranunculus
auricomus, Galium uliginosum, Galium palustre and several grasses and sedges occurred in gaps of all
sizes. Seedlings of Selinum carvifolia, Lysimachia vulgaris, Ranunculus acris, Achillea ptarmica, and
Agrostis canina did well in gaps and suppressed young gentians. Lower cover of broad—leave£
graminoids and other dominant species facilitated Frangula seedling establishment as well as gentian
survival. Spreading rhizomes from the surrounding vegetation decreased gap area over the four years.
About 20% of the 10 and 20 cm gaps were overgrown by clonal Prunella vulgaris, Veronica
officinalis, and the hemiparasitic Pedicularis sylvatica. Also, Sphagnum flexuosum overgrew gaps of
all sizes but gentians usually survived in these gaps in contrast to gaps overgrown by clonal dicots.
Logistic regression models, independent of gap size, showed that vascular plant and moss cover
and moss, litter and living biomass did not affect gentian survival (Table 4). A negative relationship
between vascular plant cover and gentian survival (p=0.018) was found only for individuals growing in
plots without gaps. Moss cover and biomass were posmvely correlated with gentla.n survival in plots
without gaps (p=0.006, p=0.049 respectively). This correlatlon 15 partlally an artefact because high

moss cover and biomass were typical of plots with lower broad-leaved grass abundance.

Tab. 4. Logistic regression analysis of gentians survived in gaps of different size in dependence on the
% cover of all vascular plants, % cover of mosses, the biomass of mosses, litter and living biomass in
autumn 1999,

CoverE;, CoverE, Biomassof Biomass of Living

mosses litter  biomass

All gaps Chi-square 0.00 1.48 2.03 0.08 0.09
P 0.954 0.224 0.155 0.781 0.761

Without gap Chi-square 5.63 7.51 3.88 1.33 0.50
B 0.018 0.006 0.049 0.066 0.480

5 cm gaps Chi-square 0.15 0.19 0.13 0.73 0.67
P 0.696 0.665 0.721 0.394 0.415

10 cm gaps Chi-square 1.37 0.01 0.16 0.00 0.39
P 0.242 0.926 0.693 0.226 0.988

20 cm gaps Chi-square 1.08 0.08 0.07 0.00 0.00
P 0.298 0.777 0.796 0.946 0.983

Discussion
The results of this experiment show that gaps of different sizes and meadow management can
effect the survival and viability of G. preumonanthe, principally in the initial life stages. This

corresponds to other studies that have found gap size and shape to influence colonisation and
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establishment in gaps (Goldberg & Wemer, 1983; Kotanen 1997). The intensity of this influence differs
across life stages. Gentiana pneumonanthe is a typical example of a rare species with disturbance-
dependent persistence (Pavlovic 1994), but the intensity and scale of these disturbances are still unclear.
Adult individuals of G. preumonanthe, which can live several decades, produce large quantities of
seeds but most of them are lost. Several authors report that seeds germinate successfully only in sites
with open bare soil (Oostermeijer et al. 1994b, Kienova & Leps 1996, Kesel & Urban 1999). In
suitable sites a germination rate of 20-25% is followed by high seedling mortality. High gentian
mortality was observed both in this experiment, with seedlings of G. pneumonanthe planted in gaps of
different sizes, and in our previous experiment in which the germination and survival of G.
preumonanthe seedlings were tested (Kfenova & Lep$ 1996). More than 60% of the seedlings died over
the first summer in plots with cut sod, the treatment with the highest germination, and >85% of them

died in mown plots with small gaps occurred (see Fig. 6).

30 ¢ o spring 93
a8 autumn 93 A Vi
o spring 94 @
=~ 24 | B o spring 95 B
+ o outliers
w
£ £
= 18}
§ O
Qe
=
E 1,2 |
= = .
= a
g
ap 0,6
=)
- il
0’0 S| ! e

mown unmanaged sod cut burned

Fig. 6. Average number of seedlings in plots under various censuses. Geometric figures represent
means, boxes represent standard errors, and whiskers represent standard deviation. Letter above boxes
indicate results of the Tukey-Kramer HSD test for the summer 1993; treatments with the same letters do
not differ significantly (P>0.05).

In comparison to extremely high seedling mortality under natural condition over the first year
the mortality rate of transplanted greenhouse germinated gentians was much lower. Jiffy pots in which
seedlings vs;ﬁére transplanted could protect them in the initial life stages. The pots probably reduced

competition intensity and various stress factors. The protective role of Jiffy pots decrease with time.
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Also, the self-thinning effect was eliminated in this experiment. Several factors may have caused the
higher seedling mortality observed in gaps in mown plots than in unmown plots over the two first years
(Fig. 2). Microclimatic conditions such as high temperatures, drought or flooding in extremely deep
gaps together with herbivores (insects, slugs etc.) may stress gentian seedlings. Over-heating in 20 and
10 cm diameter gaps probably caused the higher seedling mortality in mown plots due to the lack of
shading by surrounding vegetation. Also, many seedlings may dic from drought in gaps located in
mown plots over the first weeks. Because vegetation was closer and the litter layer accumulated faster
the mortality rate increased over time in unmown plots. As could be predicted, over four years a higher
proportion of gentians died in small gaps and in plots without gaps than in the 10 and 20 em diameter
gaps, as a consequence of higher light and less competition for space. Almost all of the individuals
planted in large gaps, which survived the first year, did well and flowered the following seasons. On the
other hand, a higher proportion of gentians died off in small gaps and plots without gaps, where the
mortality rate was less in the initial period. These results show that established individuals develop well
in larger gaps for many years and reproduce. But individuals growing in sites with dense vegetation
cover and high litter accumulation remain stressed and their viability decreases and many die. The high
mortality rate in the initial stages of the life cycle corresponds to long-time demographic monitoring of
G. pneumonanthe populations (Rose et al. 1998), where >20% mortality rate during the first year was
recorded for gentian populations growing in south England heathlands.

In contrast to my gxpecﬁtioné; no differences in leaf number between plants growing in °
different sized gaps were found (Tablel). Only stem number showed a response to gap size, and this
was not significant at P=0.05. From the ANOVA it can be concluded that gap size does not
significantly effect individual growth values, an mdex of young gentlan wablhty The number of leaves
per plant was supposed to be used as a viability mdex but young gentlans chffer n leaf size more than in
leaf number. Individuals grown in unmown plots created thin leaves that were Ionger and wider than
leaves of plants in mown plots. They also differ in colour shaded plants in unmown plots often having
yellow or yellow-green leaves. Although it wasn’t measured photosynthetic activity was probably lower
for gentians in unmown plots than in mown plots. Also, mowing affected the number of stems and
leaves per plant only in initial stages of the life cycle. Later in the experiment gentians died independent
of their individual growth va}!'e:s. Different results were found by repeated measures which was
calculated only for individuals surviving over all four seasons of the study (Table 2). Stem number was
affected by gap size and leaf number was affected by the gap size-mowing interaction. Mowing of plots
could influence survival and viability of young gentians also negatively because some individuals could
be cut off by the mowing process or eaten by deer in mown plots. Some of them regenerated from basal
buds and have more stems. Mowing also influenced microclimatic conditions (light, temperature and

humidity conditions differed between mown and unmown plots; Lep§ 1999).
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The results of this study show that mortality in initial stages was much more influenced by |
abiotic conditions in gaps than in later stages of the gentian life cycle when competition with
surrounding vegetation and other species colonising gaps was much more important. Competition with
surrounding vegetation had a stronger effect on gentians growing in small gaps and in plots without
gaps. More competitors colonised small gaps than large gaps because small gaps are acceptable for
species of variant life strategy (Bullock et al. 1995). Mowing also affected gentian survival indirectly
through its influence on vegetation structure. Molinia caerulea, Carex panicea, Scorsonera humilis,
and Lysimachia vulgaris (Fig. 4), which are typical of abandoned oligotrophic wet meadows, dominate
in unmown plots. Their high cover and broad leaves shade seedlings and create a dense litter layer that
cause very high mortality in young gentians planted in unmown plots with small gaps or without gaps.
In mown plots where successional changes were blocked, several heliophytes, such as Cirsium palustre,

Myosotis nemorosa, Prunella vulgaris and Pedicularis sylvatica occurred, Also mosses profited from

better light condition’in mown plots. High moss cover was correlated with high mortality rates during | - !

the first years of experiment. Both protective (Ryser 1990, During & van Tooren 1999) and inhibitive
(Keizer et al. 1985; Spackovi et al. 1998) roles of mosses for seedling establishment in grassland
communities have been reported. The protective role is probably more important in dry grasslands
where mosses may protect seedlings from over-drying or predation (van Tooren 1988). In wet
meadows, the inhibitive role is probably more important (Malmer et al. 1994; Svensson 1995). Both
Rabotnov (1987) and Spagkova et al. (1998) reported positive effects of moss removal on germination
and early survival of seedlings, however, later survival was better where mosses were not removed.
These results correspond with results of this study where high gentian mortality was correlated with
Sphagrnum species over-growing gaps during the first two years. Larger gentians can survive in gaps
that are overgrown by Sphagnum and benefit from Sphagnum protection.

Many species in perennial grasslands are capable of reproducing by both seeds and clonal
growth. The different ability of different species to colonise gaps by these two modes can be one of the
most important variables affecting how gaps influence species composition (Bullock et al. 1995).
Stronger competitive effects were observed between young gentians and clonal Pruneila vulgaris and
Veronica officinalis and to a lesser extent Pedicularis sylvatica. Prunella vulgaris completely overgrew
several 5 and 10 cm gaps over two years. Likewise, Pedicularis sylvatica seedlings grew to completely
cover several 5 and 10 cm gaps although the nearest individuals of this rare species were several meters
away from plots. It is possible that ants could move seeds of this species. Young gentians survive in
gaps overgrown by Pedicularis longer than in gaps overgrown by Prunella. Seedlings of several
common specics were also found in gaps, the most common were Cirsium palustris, Achillea plarmica,

Rarunculus acris, Lysimachia vulgaris, Agrostis cannina, and Galium uliginosum.

6

F ]



Zderika Krenovd

The relative contributions of seedling establishment and clonal growth to gap colonisation have
been little studied in grassland. Rapp and Rabinowitz (1985) reported that excluding clonal colonisation
of artifical gaps in prairie did not effect seedling colonisation of the gaps. They hypothesised that there
were only weak interactions between these two types of colonists, It seems that interspecific
competition plays a more important role in the later life cycle stages when both seedlings and clonal
ramets create more biomass and they compete with each other for space as well as for resources. Over
the course of the study gap size decreased owing to expansion by surrounding vegetation and the
accumulation of litter. In harmony with basic ecological theory life strategies, growth rate, and the time
and intensity of colonisation of gaps affected competition intensity and the ability of young gentians to
survive in gaps. Young gentians growing in gaps that were not colonised by other species until the
second year or later grew well, Colonists were only small individuals or ramets during the first years of
their life. Well-established individuals of G. preumonanthe can survive in highly competitive
environments for many years. But for the successful establishment of G. pneumonanthe seedlings
strong disturbances that decrease competition appear to be crucial. This corresponds with the
occurrence of invasive populations of marsh gentian (population with high proportion of seedlings and
Juvenile plants) in communities of initial successional seres (Qostermeijer 1994b, Rose et al. 1998). In
Erica tetralix - heathlands of Western Europe, the ,,invasive® populations of G. preumonanthe
occurred mainly in sites where vegetation cover and soil surface had been disturbed (Qostermeijer et all.
1994b). Large sod cutting together with periodic burning was one of the typical management practices
in heathlands areas. Moderate to occasional cattle grazing (Wittig 1996) or burning (Chapman et al.
1989) applied in short intervals (4-8 years) are recommended to managers of G. pneumonanthe
locations. Kesel & Urban (1999) found that small-scale gaps and brief inundation or moist soils in gaps
promoted the germination and establishment of G. preumonanthe. In their interpretation, small-scale
gaps varied from 0.25 to 4 m” in size and large scale cut plots were 1500 m®. This scaling corresponds
with the spatial structure of heathlands where bare soil can reach up to 50%, depending on the plant
community and the successional sere (Oostermeijer et al. 1994b). The spatial structure of Central
European wet meadows differs from heathlands. Only small-scale gaps (several cm®) are created by
missed scythe strokes while hand-mowing in traditionally managed meadows or by hooves of horses,
sheep, cattle or goats in pastures. Only machinery and the gathering of domestic and wild animals could
create larger and more intensive disturbances. Large-scale disturbances (several square metres) can be
very important for the survival of G. pneumonanthe in recent times when many populations occur in
abandoned meadows. This management is typical of military training areas where the vegetation cover
is trampled by sporadic army activities. Populations of G. preumonanthe take advantage of these
locations, seeds germinate in open places, population structure is rejuvenated and the populations can

survive several decades. Large-scale and intensive disturbance management seems to be useful for long-
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time abandoned meadows where a thick litter layer together with a dense canopy can block the
restoration ability of traditional management practices such as mowing or moderate grazing.

The results of this study confirmed that gaps or sites with bare soil are necessary for
germination and survival of seedlings of Gentiana pneumonanthe, an endangered species of the
European flora. Gap creation intensity and scale is dependent on the spatial density and composition of
the surrounding vegetation. Although higher initial mortality rates caused by harsh microclimatic
conditions are typical for large gaps, the large gaps (several dm®) are necessary for successful seedling
establishment in long abandoned meadows. Juvenile gentians growing in small gaps are stressed by
surrounding vegetation and many of them die before they reach reproductive age. Small gaps are
sufficient only for gentian seedlings growing in traditionally managed meadows, heathlands and other

locations where competition is less and smaller gaps are created regularly.
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Appendix 1

List of species in figures of RDA analysis

AgroCani Agrostis canina
AchiPtar Achillea ptarmica
BetoOffi Betonica officinalis
BrizMedi Briza media
CarxDian Carex diandra
CarxHart Carex hartmanii
CarxPale Carex pallescens
CarxPani Carex panicea
CarxPuli Carex pulicaris
CarxUmbr Carex umbrosa
CirsPalu Cirsium palustre
DantDecu Danthonia decumbens
FquiPalu Equisetum palustre
FestRubr Festuca rubra
Frandinu Frangula alnus
GaliPalu Galium palustre
GaliUlig Galium uliginosum
HoleLana Holcus lanatus
JuncCong Juncus conglomeratus
LathPrat Lathyrus pratensis
Luzubdult Luzula multiflora
LysiVulg Lysimachia vulgaris
MoliCaer Molinia caerulea
MyosNemo Myosotis nemorosa
NardStri Nardus stricta
PediSylv Pedicularis sylvatica
PoteErec Potentilla erecta
PrunVulg Prunella vulgaris
Ranudcri Ranunculus acris
Ranuduri Ranunculus auricomus
RanuNemo Ranunculus nemorosus
SanqOffi Sanquisorba officinalis
ScorHumi Scorsonera humilis
SeliCarv Selinum carvifolia
SuccPrat Succisa pratensis
VeroOffi Veronica officinalis
VieiCrac Vicia cracca
Bryophytes

AulaPalu Aulacomnium palustre
PolyComm Polytrichum commune
RhytSqua Rhytidiadelphus squarrosum
SclePuru Seleropodium purum
SphaFlex Sphagnum flexuosum
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Relationships between Population and Habitat
Characteristics and Reproduction of the Rare
Gentiana pneumonantbe L.

J. GERARD B. OOSTERMEIJER,* SHEILA H. LUJJTEN, ZDENKA V. KRENOVA, t
AND HANS C. M. DEN NIJS

Institute for Systematics and Population Biology, University of Amsterdam, Kruislaan 318, 1098 SM, Amsterdam,
The Netherlands

Abstract: We investigated the relationships among a number of population and site characteristics and the
ovile and seed production and seed set in 17 populations of the rare, self-compatible, bumblebee-pollinated
Perennial Gentiana pneumonanthe L. in the Netberiands. Population size and offspring beterozygosity were
used as population properties; grass and beath cover, soil concentrations of various ions, soil acidity (pH),
and soil moistire were used as babitat characteristics. Our aim was to Jind out bow important population
size and genetic variation are for the seed production of a rare plant, when accounting for a number of bab-
itat paramelers that might also be important Jor successful reproduction. Correlation coefficients between
population and babitat characteristics showed that sites with low soil moisture and bigher concentrations of
most nutrients bave a higher cover of grasses and a low cover of beath species. At such sites the population
size of G. pneumonanthe was small and offspring beterozygosity was low. The number of oviles per fruit (a
component of reproductive effort) was negatively associated with beterozygosity, phosphorus, and pH and
positively associated with calciim, potassitm, SO, NH, and electric conductivity, Total vegelation cover cor-
related positively with the variation in ovule production among individuals. Seed set and number of viabie
seeds per fruit, indicators of the success of fertilization and seed inaturation, corvelated positively with popu-
lation size, the cover of coflowering beath species, and the same group of nutrients that (independently) bad
a positive effect on ovule prodiction. A bigh NO, concentration niight be toxic because it bad a negative effect
on the number of viable seeds. Seed weight seemed to be independent of any population or babitat parame-
ter. Besides lower mean values, we also found more variation in reproduuctive success among individuals in
smnaller populations. We conclude that plants in small Dpopulations of G. pneumonanthe bave a similar repro-
ductive potential per flower but have lower seed production and a higher uncertainty of successfil reproduc-
tion than plants in large populations. Genetic variation was apparently not very important. In addition to
population size, babitat characteristics also seemed to be important for seed production and seed set The
most important factors were the facilitating effect of the presence of other insect-pollinated species and the
concentrations of specific nutrients in the soil. To restore small populations, we advise small-scale sod cutting
around the remaining reproductive individuals, This simultaneously allows germination and seedling estab-
lishiment of G. pneumonanthe, removes soil nutrients, and restores the cover of pollinator-attracting beath spe-
cies at the cost of grasses.

Relaciones entre Caracteristicas Poblacionales y del Habitat y Ia Reproduccién de la Especie Rara Gentiana
puennmonanthe 1.

Resumen: fnvestigamos las relaciones entre un niimero determinado de caracteristicas poblacionales y de
sitio v la produccion de vidos y semillas en 17 poblaciones de la especie de bierba rara, autocompatible, po-
linizada por abejas y perenne Gentiana pneumonanthe L. en los Paises Bajos. Utilizamos el tamaiio poblacio-
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nal y la beterocigosidad de la progenie como propiedades poblacionales, la cobertura de gramineas y ericd-
ceas en fa vegetacién y la concentracién de algunas sustancias nutritivas en el suelo fueron usadas conto
caracteristicas bidticas y abidticas del bdabitat. Nuestra meta Jute la de encontrar que tanta importancia
tienen el tamario poblacional y la variacion genética en la produccién de semillas de una planta rara, to-
mando en consideracién un niimero de pardmetros del habitat qiee pueden ser importantes para una repro-
duccion exitosa. Los coeficientes de correlacion entre las caracteristicas Doblacionales y del bédbitat mostraron
que los sitios con grado de bumedad bajo y concentraciones de nutrientes altas tienen una cobertura de
grarmineas elevada y de ericdceas reducida. En tales sitios, el tamaiio boblacional de G. pneumonanthe es
mds pedquerio y la beterocigosidad de las Dprogenies es mds baja. La produccicn potencial de semillas (medida
en forma de niimero de éuvidos por fruto) tenia una relacion negativa con la beterocigosidad, la concen-
tracion de Py el pH del suelo y una relacion positiva con las concentraciones de Ca, K, 5O,y NH,; y la conduc-
tividad eléctrica. Se encontrG una correlacion positiva entre la variacién del niimero de ovtilos ¥ Ia cobertura
total de la vegetacicn. El éxito de la fecundacién y la maduracién de semillas estuvo correlacionado positiva-
mente con el tamario poblacioncal, la cobertura de las ericiiceas (que flovecen simultdneamente) en la vege-
tacion y el mismo grupo de nuirientes que (independientemente) surtian efecto positive en el niimero de év-
los. La concentracion de NO, en el suelo mostré una correlacion negativa con el niimero de semillas viables.
También la variacion en el éxito reproductivo Jute mds alta en las poblaciones pequerias. No se encontré rel-
acion significativa entre el peso de las semillas ¥ alguna de las caracteristicas de la poblacion o del bdbitat,
En base a relaciones observadas, conclitimos gue las pobiaciones pequedias de Gentiana pneumonanthe tienen
el niismo potencial reproductivo por flor, pero tienen una menor Produccion de semillas y una mayor incerti-
dumbre reproductiva en comparacion con las poblaciones grandes. Los factores importantes Dpara el éxito re-
productivo son el tamaiio poblacional, el efecto Jacilitador de la presencia de otras especies de bierbas polin-
izadas por insectos y la disponibilidad de sustancias nutritivas especificas en el suelo. Recomendanios la
eliminacion en pequeiia escala del césped en los alrededores de los adultos reproductivos remanentes para
restaurar pequerias poblaciones. Este método bace posible al mismo tiempo la germinacion y el estable-
cimiento de individuos nuevos, remueve nutrientes del suelo J restablece la covertura de especies atrayentes

Reproduction of Gentiana pneumonanthe

de polinizadores.

Introduction

During the last decades, the possible negative conse-
quences of population isolation and reduction for the vi-
ability of species have been researched by many conser-
vation biologists throughout the world. It has been
demonstrated that small populations experience loss of
genetic variation through genetic drift and inbreeding,
reduced offspring fitness, increased sensitivity to envi-
ronmental and demographic stochasticity, and a reduc-
tion in seed production and seed set (for reviews see Ell-
strand & Elam 1993; Oostermeijer et al. 19964; Young et
al. 1996). Many wild plant species depend on interac-
tions with insects, birds, or mammals for the successful
pollination of their flowers (Faegri & van der Pijl 1979).
Such often delicate interactions can easily be disrupted
by the drastic changes in population and habitat charac-
teristics brought about by human activities (Vogel &
Westerkamp 1991).

First, reduced reproductive success in small popula-
tions may be caused by pollen limitation as a result of re-
duced visitation by pollinators (Jennersten 1988; Camp-
bell & Halama 1993). Pollinators may lack the ability to
locate a small number of flowers at a low density at all,
or they may not regard it as a major food source. At
many sites, moreover, the total diversity of insect-polli-

nated plant species has decreased so much that they at-
tract very few pollinators anyway (Rathcke 1983).

Second, increased selfing in small populations may
lead to higher rates of seed abortion (i.e., there is in-
breeding depression of seed set). Increased selfing may
be caused by higher rates of geitonoganiy, the transfer
of pollen between. flowers of the same individual (De
Jong et al. 1992) or by autogamy, spontaneous self pol-
lination within flowers without visitation by pollinators.
For selfincompatible species, the absence of suitable
mating types in small populations may reduce the pro-
duction of viable seeds (Reinartz & Les 1994; Luijten et
al. 1996).

Third, changes in nutrient or water availability may
have occurred in the deteriorated habitats, affecting the
number of ovules produced and the patterns of fruit and
seed abortion (Casper 1984; Lee & Bazzaz 1986; Camp-
bell & Halama 1993; Martin & Lee 1993; Menges 1995).

In an extensive population viability analysis of the rare
Gentiana pnewmonantbe, we have found that not only
population size and genetic variation but also habitat
characteristics are very important. Population size was
positively correlated with genetic variation, weakly in
the maternal plants (Raijmann et al. 1994) but more pro-
nounced in their offspring, probably as a result of in-
creased selfing rates (Oostermeijer et al. 1992, 1994a:
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Raijmann et al. 1994). Offspring fitness of small popula-
tions was also comparatively low (Oostermeijer et al.
1994).

For the pollination of G. Preumonanthbe, the biotic
environment may be very important. Petanidou et al.
(1995a) found reduced seed set in vegetation patches
dominated by purple maoor-grass (Molinia caerulea (L.)
Moench.) compared to patches where other bumbiebee-
pollinated plant species, such as Erica tetralix L. and
Calluna vulgaris (L) Hull, were also present. We hy-
pothesized that the presence of other bee-pollinated
species in the neighborhood may facilitate the pollina-
tion of G. pneumonanthe by attracting pollinators.

Moiinia caerulea replaces heath species when nutri-
ent availability in the soil increases (by atmospheric dep-
osition) or when the water table is lowered for agricul-
tural purposes (Berendse & Aerts 1984; Heil & Bruggink
1987). On the other hand, individual plants of G. pren-
monanthe in Molinig-dominated patches tend to be
larger and have a higher mean number of ovules per
ovary. This effect may compensate for any small reduc-
tions in seed set (Petanidou et al, 1995a; J.G.B.O,, S.
Borst, and J. Fehse, unpublished data),

The dominance of Molinia caerulea at many sites also
has major consequences for the demography of G. pneu-
monanthe. The presence of bare soil in the vegetation
was positively associated with seedling densities. In veg-
etation types with a closed structure, populations are
‘regressive” because they consist only of adult individu-
als (Oostermeijer et al. 1994p, 1996hH).

Our aim was to investigate the relative importance of
population characteristics, such as the number of indi-
viduals and the amount of genetic variation, and habitat
conditions, such as the cover of grasses and of other in-
sect-pollinated species, the ground water table, and soil
chemistry, for the reproductive success of G, pneunio-
nantbe. We studied 17 populations of virying size from
sites with visually different degrees of environmental
degradation. As a result these sites varied considerably
in their population and habitat characteristics, enabling
an analysis of relationships with components of repro-
ductive success.

Methods

Sampling Procedures and Determination of
Reproductive Success

In each of 17 populations of Gerntiana Pueunonanthe,
which ranged in size from 5 to over 50,000 flowering in-
dividuals (Table 1), we sampled ripe but still closed
fruits in September 1994. We took fruits from the top of
the inflorescence, if possible, to reduce the probability
of sampling late flowers, which tend to have very low
fruit set (Petanidou et al. 1995a). The sample size de-
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pended on the number of fruiting individuals present in
the populations at the time of sampling. In the smallest
populations we sampled one fruit from each of the flow-
ering individuals. In the large populations we took one
fruit from each of 20 different, randomly chosen mother
plants. To reduce differences in sample size, we eventu-
ally used 16 fruits from each of the large populations
and 5-10 fruits from each of the smallest populations.

For 15 populations we used data on allozyme het-
erozygosity, measured during earlier studies on seed
samples raised in the greenhouse (Oostermeijer et al.
1994a; Rajjmann et al. 1994). Heterozygosity was deter-
mined by assaying 40 offspring per population for the
following seven enzyme loci: Aai-1 and Aar-3 (EC-
2.6.1.1), Mdb (EC-1.1.1.37), Nadb.dh (EC-1.6.99.3),
Ugpp-2 (EC-2.7.7.9), Pgmm-1 (EC-5.4.2.2), and 6Pgcdh-2
(EC-1.1.1.44). These loci appeared to be variable after
more than 40 enzyme systems were screened in 25
Dutch populations (Raijmann et al, 1994). For the exact
electrophoresis procedures, we refer to Raijmann et al.
(1994). Although we did not directly analyze the actual
seed samples of this project, our earlier data provided an
estimate of the amount of genetic variation present in
the populations studied.

On each fruit we determined the following parame-
ters: (1) number of viable (filled and well-developed)
seeds, (2) number of empty, shriveled seeds (unfertil-
ized or aborted before or after fertilization), (3) number
of ovules (sum of the viable and aborted seeds that were
recovered in the fruit), (4) ratio between viable seeds
and number of ovules (seed set), and (3) weight of a
batch of 100 viable seeds randomly selected from each
fruit. Seeds were counted under a dissection micro-
scope and weighed on a microbalance.

Yegetation Description and Soil Analysis

On each site a description of the vegetation in the cen-
ter of the gentian population was made in a plotof4 X 4
m?. Each plant species in the plot was scored for relative
abundance using a modified Tansley-scale (Tansley
1946): 1, rare (1-2 stems [genets or ramets] occurring in
the plot); 2, occasional (3-5 stems); 3, frequent (5-25
stems); 6, abundant (>25 stems); 7, co-dominant (with
another species); and 8, dominant. In each plot we also
estimated the percent cover of all grasses and of the
heath species Erica tetralix and Calluna viigearis. Esti-
mation of cover percentages was made with 5% intervals
for covers over 10% and with 1% intervals for covers un-
der 10%.

With a small soil corer, we took 35 core samples (di-
ameter 1 cm and depth 2 em) at random from each loca-
tion and put them together in a plastic bag. The cores of
each location were dried in an oven at 70° C, sieved, and
thoroughly mixed. Subsequently, we mixed 20 g of dry
soil from each sample with 100 mL of demineralized wa-
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ter. We left these mixtures for 2 days, shaking them oc-
casionally. We measured electric conductivity (EC, in
pS/cm) and pH(H,0) on the resulting suspension with a
Consort P407 Solution Analyzer. Concentrations of ni-
trate (N-NO;), nitrite (N-NO,), ammonium (N ‘NH,),
phosphate (P-PO,), sulphate (SO 4), calcium (Ca), and
potassium (K) were determined colorimetrically with a
Technicon-II Autoanalyzer, according to standard proce-
dures (Allen 1974).

Data Analysis

Because of occasional rainfall between days of sampling,
large variances would have resulted if we had measured
soil moisture directly from the cores. Therefore, we
compared the soil moisture levels of the study sites indi-
rectly, using a database with moisture indicator values of
the plant species present at each site (Ellenberg-values,
modified for The Netherlands by Runhaar et al. [1987]
from a large database of Dutch vegetation samples). This
approach is frequently used in ecological studies in Eu-
rope. We calculated an estimate of the average soil mois-
ture conditions at each site by averaging the indicator
values of the species occurring in the plot, weighted by
their numerical Tansley score. The weighting by abun-
dance reduces the contribution of incidental species,
which may be less characteristic for the moisture condi-
tions at a site. The soil moisture values were assigned
the following codes: 1, aquatic; 2, waterlogged soils; 3,
wet soils; 4, moist soils; 5, moderately dry soils; and 6,
dry soils. According to this scale, when a species has a
higher indicator value for soil moisture it shows a prefer-
ence for drier soils (Runhaar et al. 1987).

Because the various soil parameters were partly inter-
correlated, we performed a principal components analy-
sis to reduce the number of parameters to a set of uncor-
related principal components, each representing either
a linear combination of a correlated group of parameters
or a single variable. To obtain a simpler, more clearly de-
fined structure of component loadings over compo-
nents, we further rotated the data by the Varimax
method (Harman 1976). The sample scores for each of
the rotated principal components were used in the sta-
tistical analyses.

We studied the relative importance of the population
and habitat parameters for the ovule and seed produc-
tion of G. pneumonantbe by means of multiple regres-
sion analyses (Sokal & Rohlf 1981). As the independent
variables in these analyses, we used the population char-
acteristics of population size and heterozygosity and the
habitat characteristics of percent cover of grasses, per-
cent cover of heather, and the rotated scores for the five
soil principal components. As dependent variables, we
used the number of ovules, number of viable seeds, seed
set, and seed weight.

Multiple regression models examine the relationship
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between a dependent and an independent variable
when all other independent variables in the model are
(statistically) held constant (Sokal & Rohlf 1981). In a
way similar to that described above, we also examined
the effects of population size and vegetation composi-
tion on the population coefficients of variation (CV) of
the number of ovules, the number of viable seeds, and
the seed set, This may vield an estimate of the (un)cer-
tainty of reproduction in relation to the mentioned pa-
rameters. To improve normality, population size was
natural log (In) transformed, and seed set was angularly
(arcsinyX) transformed prior to all statistical analyses.

Results

Population and Habitat Characteristics

We found considerable variation among the populations
in offspring heterozygosity (0.200-0.476) and in the
habijtat characteristics measured in the field (Table 1). In
some sites the cover of heath species was much less
than the grass cover, whereas in other sites the situation
was reversed (Table 1). Although the values of electric
conductivity were all under 200 uS/cm, indicating nutri-
ent-poor soils, variation among sites ranged between 30
and 178 pS/cm. Similar patterns were found for the
other soil parameters. Moisture values varied the least
(2.9-3.7). All sites could be considered wet to moist, al-
though the highest values were mainly found in the
small populations (Table 1).

The reproductive parameters of G. preunonantbe

Table 2. Rotated loadings (Varimax rotation) of a principal
components analysis on a correlation matrix of nine parameters
determined en soil samples from 17 populations of 6.
fnenmonantbe.

Rotated principal component”

Soil parameter 1 2 3 4 5
N-NH; 0.967 —0.031 0.106 —-0.005 -0.074
Ca 0959 -0.076 —0.109 -0.126 —0.056
K 0.938 0.094 0.125 -0.031 -0.222
50, 0.921 0.054 0.011 -0.078 -—-0.311
EC 0.876  0.140 —0.003 —0.115 —0.334
N:NO; 0.067 0.985 —0.016 0.015 0.155
P-PO; 0.035 —-0.018 0.994 —0.077 —0.062
N-NO, —0.109 0.014 -0.078 0991 —0.004
pH —0.452 0.287 —-0.101 -0.019 0.838
Variance

explained® 4574 1.092 1044 1.025 1.010

(in% of toral)  (50.8) (11.6)

“Underlined loadings indicate which parameters are significantly
correlated with a given principal component.

“Only principal components with an eigenvalue of 1 or above are
presented, The percentage of the total variance explained by each
component is given in parentbeses. Together, the five principal com-
ponents explain 97.2% of the total variance.

(12.1) (114 (112
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Table 3.
variation in the reproductive success of 6. pneumonantie.

Reproduction of Gentiana pneumonanthe 1047

Matrix of Pearson’s product-moment correlation coefficients between the population and habitat characteristies used to explain

Characteristic®

FPopulation size

Moisture nunber

Cover of grasses (%) Cover of beath (%)

Heterozygosity 0.633** —_ — —
Moisture number —0.099 ns — — —
Cover grasses (%) —-0.229* 0.204*** — S
Cover heath (%) 0.093 ns —0.446*** —0.869** —
PC 1 (EC, Ca, K, SO, NH,)" —0.041 ns 0.193 ns 0.477 —0.584*
PC2 (NOy —0,239* —0.128 ns —0.003 ns 0.057 ns
PC3 (PO —0.417** 0.232* 0.351* —0.295*
PC 4 (NG, 0.211 ns 0.026 ns —0.404*** 0.468*
PC 5 (pH) —0.200 ns 0.047 ns —0.252%* 0.309**

T p =005 p = 0.025: % p = 0.01; ns, not significant. Significance levels were determined by Bonferroni criteria.
bSee Table 2 for a Jurther explanation of the soil principal components (PC 1-5).

were highly variable among populations as well (Table
1). Variation was smallest for the mean number of
ovules, which ranged from 316 to 723 per fruit. The via-
ble seed production, however, varied between 13 and 616,
resulting in a similarly wide range of seed sets (2-86%).
The soil parameters were subjected to a principal
components analysis with Varimax rotation to reduce
the number of variables (Table 2). The nine original vari-
ables were reduced to five rotated principal compo-
nents, which together explained most (97.2%) of the to-
tal variance. The first component, with an eigenvalue of
4.574, was composed of five of the original variables
(N'NH;, Ca, K, SO,, and electric conductivity) and
hence explained most of the total variance (530.8%). The
other four components mainly represented single vari-

ables, which apparently were not strongly correlated
with any of the other soil parameters (Table 2).

As known from our earlier studies, population size
and offspring heterozygosity were positively correlated
(Table 3). Population size correlated negatively with the
cover of grasses in the vegetation and with PC 2 and PC
3, which represent the concentrations in the soil of
“N-NO; and P-PO,, respectively (Tables 2 & 3). Increas-
ing grass cover was associated with decreasing cover of
the heath species Erica tetralix and Calluna vulgaris.
The moisture value correlated negatively with heath,
and positively with grass cover, Heath and grass cover
were also complementarily correlated with all soil prin-
cipal components except for PC 2 (N-NO;). From the
above relationships, we inferred that higher nutrient lev-

Table 4. Multiple regression analysis of population (size and heterozygosity) and habitat (vegetation structure and soil factors) variables on

three parameters of reproductive success of G. presmonanthe.*

HANOVA
Variable B t P Source df MS F ratio P
Number of ovules per fruit (7 = 185, rr = 0.557, R? = 031D
Heterozygosity —=0.215 =317 0.002 regression 4 370083.9 20.293 =0.001
PC1 0.459 7.394 =0.001 residual 180 18237.3
PC3 —-0.277 —4.198 =0.001
PC5 —-0.230 —-3.610 =0.001
Number of viable seeds per fruit (7 = 216, r = 0.725, B* = (.526)
No. ovules/fruit 0.575 10.720 =0.001 regression 5 638599.8 46.518 =0.001
Population size 0.134 2.720 0.007 residual 210 13728.0
Cover of heath (%) 0.281 3.912 =0.001
PC1 0.344 5.022 =0.001
PC4d —0.144 —2.394 0.018
Seed set per fruit (n = 216, r = 0.308, R? = 0.095)
Population size 0.143 2.180 0.030 regression 3 0.896 7.396 =0.001
Cover heath (%) 0.277 3.425 0.001 residual 212 0.121
PC1 0.303 3.767 =0.001

“Parameters are number of ovules per fruit, number of viable seeds per fruit, and seed set (ratio of viable seeds to ovides), Only the significant
regression models with their constituent parameters are sbown. Abbreviations: B. standardized partial regression coefficient; r, wltiple corvela-
tion coefficient; R2, squared multiple 1 ( = proportion variance explained by the model); n, number of samnples used in analysis; df, degrees of

Sreedom; MS, mean square.
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Figure 1. Univariable relationships between popitla-
tion size and the mean nuinber of oviles and seeds
per fruit. A regression line was fitted through each set
of data. Ovule no. = 407 + 5 X log(size), R? = 0, 031,
P = 0.511 seed no. = 162 + 24 X log(size), R =
0.444, p = 0.005. Population size is given as nunber

of flowering plants (Ng).

els and a drier soil were associated with a lower cover of
heath and an increasing dominance of grasses in the veg-
ctation. In relatively dry, nutrientrich situations in
which grasses were dominant, population size of G.
preumonanthe was often small, and offspring heterozy-
gosity tended to be reduced.

Population and Habitat Characteristics and
Reproductive Success

We found significant multiple regression models for the
relationships between the population and habitat char-
acteristics and the number of ovules, the number of via-
ble seeds, and seed set (Table 4), No significant model
was found for seed weight. Seed production was corre-
lated with population size, but ovule number per fruit
was not (Fig. 1). Especially populations with less than
approximately 100 flowering plants had reduced seed
production compared to larger populations.

The number of ovules (Table 4) significantly corre-
lated with three of the five soil principal componentis
(PC1[+],3([~],5[—]; Table 2). This indicates that the
number of ovules increases with electric conductivity
and the concentrations of ammonium, calcium, potas-
sium, and sulphate in the soil (PC 1). The number de-
clines, however, when the concentration of phosphate
(PC 3) and the soil pH (PC 3) increase. Heterozygosity
was negatively associated with ovule production per
fruit. This suggests that, when all other variables are
kept constant, individuals in genetically more variable
populations tend to produce fewer ovules per fruit.

The number of viable seeds is a combination of the re-
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productive potential and successful fertilization and mat-
uration of seeds. Because the number of viable seeds
partly depends on the initial number of ovules per
flower, we included the latter parameter as an indepen-
dent variable in the multiple regression (Table 4), As ex-
pected, the initial number of ovules explained much of
the variance in the number of viable seeds. Seed produc-
tion, however, was also positively correlated with popu-
lation size (Fig. 1) and with the cover of heath species in
the vegetation. Judging from the standard partial regres-
sion coefficients (B), heath cover is even more strongly
associated with seed production than population size
(Table 4). Also, the soil parameters PC 1 (EC, Ca, K, SO,
and NH,) and PC 4 (NO,) are correlated with seed pro-
duction. PC 1 has a positive and PC 4 a negative effect,
however.

Seed set—the proportion of ovules that developed
into viable seeds—is a measure of successful fertilization
and maturation of seeds and is independent of the initial
number of ovules. As with the number of viable seeds,
this parameter also appeared to be positively related to
population size and even more strongly to the percent
cover of the co-flowering heath species, E. refralix and
C. vulgaris (Table 4). Also, the concentration of various
nutrients in the soil (PC 1) contributed significantly to
the model. The proportion of the total variation in seed
set that was explained by the regression was clearly
lower than for the previous two models (9.5%, com-
pared to 31.1% for the number of ovules and 52.6% for
the number of viable seeds).

The variation between individuals within populations
in the number of ovules was not related to population
size but was positively related to the combination of
grass and heath cover (single regressions with these pa-
rameters separately were not significant). This implies
that when either grass or heath cover is held constant,
an increase in the cover of the other parameter results in
4 higher variation of ovule number in a population. This
suggests that the total vegetation cover is more impor-
tant than which species make up the vegetation.

Smaller population size associated significantly with
higher CV for both the number of viable seeds and seed
set (Table 5). For these parameters vegetation cover ap-
parently did not play an important role.

Discussion

Population Size and Habitat Characteristics

The dominance of grasses or heath species in the vegeta-
tion seemed to be largely associated with the concentra-
tion of nutrients in the soil and the soil moisture level. At
high nutrient levels and low soil moisture, grasses were
dominant in the vegetation and the cover of heath spe-
cies was low. These observations agree with the experi-
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Table 5. Multiple regression analysis of population size and grass and heather cover on the population coefficients of variation (CV) of three

parameters of reproductive success of G, pnenmonanthe.*

ANOVA
Variable B t p Source df MS F ratio P
CV ovule number per fruit (7 = 17, r = 0.557, B* = 0.333)
Cover grasses 1.029 2.581 0.022 regression 2 0.016 3.498 0.059
Cover heather 0.987 2.476 0.027 residual 14 0.005
CV number of viable seeds per fruit (7 = 17, r = —0.579, R* = 0.336)
Population size —0.579 2.753 0.015 regression 1 0.251 7.578 0.015
residual 15 0.033
CV seed set per fruit (n = 17, r = —0.494, R? = 0.244)
Population size —0.494 2.202 0.044 regression 1 0.169 4.851 0.044
residual 15 0.035

*Parameters are nimber of ovides per fruit, nember of viable sceds per fruit, aind seed set (ratio of viable seeds to ovules). Only the significant
regression models with their constituent parameters are shown. Abbreviations: B, standardized partial regression coefficient; &, nultiple) corre-
lation coefficient; 2, squared (multiple) ¢ ¢ = Droportion variaice explained by the madel); n, number of samples used in analysis; df, degrees

of freedom; MS, mean Squiare,

ments of Berendse and Aerts (1984) and Heil and Brug-
gink (1987), who found that the grass Molinia caerulea
replaces Erica tetralix and Calluna vitlgaris when con-
centrations of nutrients increase and the water table is
lowered (often in relation to agricultural  land-use
nearby). A small population size of ¢ DPretinonanthe
was significantly associated with dominance of grasses in
the vegetation. This is consistent with our demographic
studies, which showed that population density was lower
in very closed vegetation and that the population stage
structure was mostly regressive—seedling recruitment
did not occur (Oostermeijer et al, 19940, 1996a).

Besides demographic effects of vegetation structure
on population size, some physiological effects of soil
chemistry on plant performance might exist. We found
negative correlations between population size and con-
centrations of PO, and NOj (Table 3) that did not disap-
pear when a multiple regression was performed with
grass cover included (statistics not shown). This sug-
gests that even when the cover of 8rasses reniains con-
stant, an increasing concentration of NO; and/or PO;
may lower the survival rates of . Prneumonantbe. In an-
other heathland species, Aruica montana L., increased
concentrations of nitrogen in the soil lowered shoot bio-
mass, leaf area, flower and seed production, and seed
weight in experiments that included competition of
grasses (Fennema 1990). Without competition, however,
a4 moderate increase in nitrogen stimulated the perfor-
mance of A. montana, although very high nitrogen con-
centrations seemed to have toxic effects (Fennema 1990).

Population and Habitat Characteristics and Reproduction

REPRODUCTIVE POTENTIAL

The average number of ovules that an individual pro-
duces per ovary is one component of investment in re-

production. No relationship was found between this
measure and population size, indicating that the remain-
ing individuals in small populations could Ppotentially
produce as many seeds per flower as plants in large pop-
ulations. The variation in ovule number per population
was positively related to total vegetation cover, how-
ever, which 'suggests that increased competition may af-
fect investment in reproduction more strongly in some
plants than in others. Another factor affecting an individ-
ual's potential fecundity is the total number of flowers,
which was not measured in this study. Frequently,
plants in small, regressive populations are slightly larger
and preduce more flowers than plants in large, stable, or
growing populations. This difference arises because
turnover of individuals is higher in the latter popula-
tions, so the average plant does not reach the size that
corresponds with an older population (Qostermeijer et
al. 199656). A larger number of flowers can to some de-
Bree compensare for the reduced number of seeds per
flower in terms of totul seed output per plant. Neverthe-
less compensation for a 50% reduction in seed set calls
for twice as many flowers per plant, something that is
rarely found. Moreover, flower number only compen-
sates for seed number, not for the reduced seed quality
of increased selfing.

Ovule production was negatively related to offspring
heterozygosity, positively related to electric conductiv-
ity and the concentrations of NH;, Ca, K, and SO in the
soil (PC 1), and negatively related to phosphate concen-
tration (PC 3) and pPH (PC 5). The first result was unex-
pected. In an earlier study we observed an increase in
adult size, number of flowers per plant, and flowering
percentage with both population and individual het-
erozygosity (Oostermeijer et al. 1994a, 1993a), so we
expected a similar trend for the number of ovules per
flower. One explanation for this unexpected relation-
ship is that in the present study there is no direct con-
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nection between the plants on which ovules were
counted and those on which heterozygosity was deter-
mined. We decided to use the data on heterozygosity as
a population measure of genetic variation. Therefore, it
is difficult to draw conclusions about any direct relation-
ships between heterozygosity and ovule production,
which act on the individual level. The observed nega-
tive correlation may have been caused by various kinds
of interactions on the population level, although we can
rule out the factors measured that did not significantly
contribute to the regression model. One of the variables
we did not measure was plant size. Possibly, larger
plants produce more ovules per flower. As mentioned,
plants in the generally regressive small populations tend
to be larger than plants in stable or growing populations
(Oostermeijer et al. 1994b). Mean size of reproductive
individuals tended to increase from 13.2 to 17.5 cm
when populations became regressive in the course of
vegetation succession (Oostermeijer 1996H). At the
same time, both population size and outcrossing rate de-
creased (Raijmann et al. 1994). So, in small, regressive
populations, we find large motherplants with more in-
bred (less heterozygous) offspring. If larger plants have
larger flowers with more ovules, this would explain the
unexpected negative correlation between offspring het-
erozygosity and ovule number. The positive correlation
between flower size and ovule number was highly sig-
nificant in an earlier study (R* = 0.123, p = 0.005, n =
64;J.G.B.O., S. Borst, and J. Fehse, unpublished data).

Easier to explain is the positive correlation between
the number of ovules and the concentration of nutrients
in the soil. Plants that grow on richer soils may have
more resources available to invest in reproduction and
thus produce more ovules (Martin & Lee 1993). On the
other hand, we have observed that individuals of G
prewmonanthe growing in vegetation patches on richer
soils dominated by Molinia caerulea produce as many
ovules as plants in nutrient-poor Erica-dominated patches,
but they are probably not reallocating the nutrients in-
vested in the ovules by means of resorption of the unfer-
tilized or aborted ones during seed maturation. The ab-
sence of resorption leads to a higher recovery of “empty”
ovules during counting and thus, seemingly, in a higher
number of ovules produced (Petanidou et al. 1995a).
The same phenomenon may have occurred during our
study, leading to a higher recovery of ovules in popula-
tions from sites richer in nutrients.

FERTILIZATION AND MATURATION OF SEEDS

Our data support the initial hypothesis that both a rela-
tively large population size and the presence of co-flow-
ering (bumble)bee-pollinated species independently have
a positive effect on the reproductive success of G. pneu-
monantbe. The relative contribution of the cover of
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heath species to the regression model was even larger
than that of population size.

Reduced seed set in relation to small population size
or low population density has been demonstrated in a
number of other rare plant species (Karron 1987; Jen-
nersten 1988; Kwak 1988; Kwak et al. 1991; Lamont et
al. 1993; Van Treuren et al. 1994; Boerrigter 1995). As
our present data suggest, however, the negative effects
of small populations can be less severe if the surround-
ing vegetation contains a sufficient number of other in-
sect-pollinated species to attract pollinators to the site.
This facilitation effect (Rathcke 1983), which we ob-
served in a comparison between different vegetation
patches within a large population (Petanidou et al.
1995a), thus also seems to occur on a wider scale. Of
course, we have no direct proof that more pollinators
were present on sites with more heath species. Never-
theless, seed set can be considered a good indicator of
the frequency of pollinator visitation in the fully self-
compatible G. pneunionantbe (Petanidou et al. 19954).
Other explanations for reduced seed set could be in-
creased competition by grasses for nutrients and the
availability of water or nutrients, These variables, how-
ever, were all included in the regression models. Grass
cover and moisture values were not significantly related
to seed production and seed set, and higher nutrient
concentrations had a positive effect. Hence, these fac-
tors cannot explain why higher seed set was observed in
sites with higher heath cover, especially because these
tended to be poorer in nutrients.

The effects of co-flowering species are not always pos-
itive, especially when they are much more abundant.
Competition for pollinators may then occur as well
(Mosquin 1971; Rathcke 1983; Kwak & Jennersten
1991). In the perennial herb Gentiana cruciata L. we
attributed low seed set in a small population to the fact
that bumblebees visited the common co-flowering Ru-
bus caesius more frequently than Gentiana, so pollen
loads were composed of more Rubus than Gentiana
pollen (Petanidou et al. 1995b). Judging from a positive
relationship between heath cover and seed production
and seed set observed in the current study on G. preu-
monantlre, this kind of competition for pollination—for
instance with Erica tetralix or Calluna vulgaris—did
not occur (see also Petanidou et al. 1995a).

Population size and the percent cover of co-flowering
heath species were not the only parameters that showed
a significant positive association with seed production.
The concentration of a specific intercorrelated group of
nutrients (NH;, Ca, K, 50, and electric conductivity)
also contributed significantly to the regression. This sug-
gests that both the investment in reproduction—the ini-
tial number of ovules—and the successful fertilization
and maturation of seeds may be affected by the re-
sources available in a habitat or microsite. Several exper-
imental studies have provided evidence for this hypothe-

76



Oostermeijer et al.

sis (Janzen 1976; Casper 1984; Lee & Bazzaz 1986,
Martin & Lee 1993). The observed negative correlation
berween seed number and nitrite concentration sug-
gests a toxic effect, which may be similar to the impact
of high nitrogen concentrations on Arnica montana
(Fennema 1990).

Besides being affected by resource availability or toxic
compounds, abortion of fertilized ovules can also result
from lethal gene combinations in some embryos (Wiens
et al. 1987; Lee 1988) or from competition for maternal
resources between genetically inferior and superior
seeds (Wiens et al. 1987; Marshall & Ellstrand 1988).
This genetic explanation of reduced seed set apparently
does not apply to G. pneumonantbe because the level
of offspring heterozygosity—a measure of the amount of
inbreeding in the population—was not significantly as-
sociated with seed set or the number of viable seeds pro-
duced. This is consistent with the observation that seed
set in this species is not reduced by the full inbreeding
caused by manual self-pollination (Petanidou et al.
1995a). On the other hand, we found a significant posi-
tive relationship between seed set and the distance of
the pollen donor (Oostermeijer et al. 19955). This indi-
cates that a genetic component affecting ovule abortion
cannot fully be excluded.

Seed weight was not related to any of the population
or habitat parameters in this study. This is in contrast
with the positive correlation with population size we
found earlier (Oostermeijer et al. 1994q). Within one
large population we also found that seed weight tends
to be lower when seed set is high. This may be ex-
plained by allocation of similar amounts of energy to
more seeds (Qostermeijer et al. 19955). This relation-
ship was also not observed in the present study, either
calculated over all samples (p = 0.710) or in any of the
populations separately ( > 0.25 in all cases).

Smaller population size was also associated with more
variation in seed set and, consequently, with variation in
seed production. Apparently, individual plants in small
populations are less certain of producing a large amount
of viable seeds than plants in large populations. This in-
crease in stochasticity may negatively affect the proba-
bility of extinction (Menges 1993).

Conclusions

Our data show that although the number of ovules pro-
duced per flower is the same, the actual seed produc-
tion of small populations of G. pnerinonantbe is re-
duced, as is the reliability of successful seed production.
Although we present only correlative evidence, which
should not be interpreted as indicating cause-effect rela-
tionships, we can identify various likely causes for the
reduced seed production of plants in small populations.
First of all, the population size itself may be too small to
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attract sufficient numbers of bumblebees to the flowers.
Second, many small populations are found in habitats
where the vegetation is dominated by grasses that have
replaced a number of other plant species adapted to in-
sect pollination. This dominance of grasses is clearly as-
sociated with increased levels of nutrients and a low wa-
ter table. It may be expected that vegetation types with
few entomophilous species are not attractive to pollinat-
ing insects, so many small populations of G. pnewumo-
nanthe cannot benefit from pollination facilitation.

Besides having negative effects on the composition of
the vegetation, the increased levels of some nutrients
may also have positive effects on reproductive success:
ovule and seed production seemed enhanced in nutri-
entrich environments. Negative relationships were also
observed, for example, with nitrite concentration. Ex-
perimental studies are necessary to unravel the physio-
logical causes of these specific effects.

Genetic variation and outcrossing rates are apparently
less important for reproduction than the environmental
deterioration described above. The reduced genetic vari-
ation and increased selfing rates observed in small popu-
lations of G. preumonantbe (Raijmann et al. 1994; Qos-
termeijer et al. 19944, 19954) do not seem to have any
significant effect on reproductive success in terms of the
number of offspring produced. Hence, it is mainly the
quality and not the quantity of the produced offspring
that is negatively affected by inbreeding (Oostermeijer
et al. 1994a; Oostermeijer 1996a,19965).

For successful regeneration in small populations of G,
Prneumonantbe, optimal reproductive success is impor-
tant. Fortunately, the management strategy of small-scale
sod cutting (in the past a commonly used agricultural
practice in heathlands) around the remaining adult
plants not only creates suitable microsites for germina-
tion and seedling recruitment of Gentiana (Ooster-
meijer et al, 19945) but removes excessive amounts of
nutrients from the soil and restores dominance of the
heath species Erica tetralix and Calluna vulgaris in the
vegetation. Restoration of the latter especially may facili-
tate pollinator visitation and increase seed set. Of course
this effect is mainly quantitative; the low number of indi-
viduals and the low density in the remnant population
may still cause high selfing rates (through biparental in-
breeding or geitonogamy), so that inbreeding depres-
sion is not alleviated by this management strategy.

The apparent facilitating effect of the presence of
other insect-pollinated plant species in the surroundings
of G. pnewmonantbe raises this study from the popula-
tion to the community level. Most studies of small popu-
lations have focused mainly on population size to ex-
plain reduced seed production. We have shown that
other factors may also play an important role. Further-
more, our results demonstrate that a detailed under-
standing of the population ecology of single species can
lead o conservation and management measures that af-

Conservation Biology
Volume 12, No. 5, October 1998

77



1052 Reproduction of Gentiana preumonanthe

fect its whole habitat positively. This effect will of
course be greater if the species under study is a good in-
dicator of the overall quality of its habitat.
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Abstract: We investigated more than fifty sites in the SW part of the Czech Republic where Gentiana
preumonanthe, the host-plant of the rare butterfly, Maculinea alcon, grew and found eighteen
populations of M. alcon where only one locality was known before 1995, The G. pneumonanthe sites
were characterised by a number of ecological characteristics in an attempt to determine key factors in
the occurrence of MQ/czzlinecf alcon. M. alcon populations survive at several isolated sites, with
variable plant species composition, We found no significant differences in plant species composition
between sites of G. pneumonanthe with and without M. alcon populations. The number of flowering
individuals of G. pneumonanthe was the best predictor of the occurrence of M. alcon (p<0.001). We
recorded three potential host Myrmica species (Myrmica rubra, M. ruginodis, and M. scabrinodis) at
the sites and found the larvae of M. alcon in nests of the most common, M. scabrinodis. The average
annual precipitation (p < 0.001) and numbers of rainy days in summer (p < 0.005) are very good
predictors of the occurrence of M. alcon. In 1996 we found several new populations of M. alcon and
G. pneumonanthe in the southern part of the study area. Since 1997, several of these populations
became extinct in this part of the study area. Although we investigated various biotic and abiotic
characteristics of these sites, we did not find any significant differences between localities where the
butterfly survived and became extinct.

Long-term climatic data showed that the annual precipitation and number of days with
snow cover was higher and annual average temperature lower in this region in compared with
other parts of the study area. Detailed climatic data for 1994 — 1999 illustrate atypical
Muctuations in 1996 and 1997. It is likely that climatic conditions caused the extinction of M.

alcon populations at the edge of the species climatic range.
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Introduction

The dramatic changes in land use that occurred during the twentieth century caused big changes in the
European environment, which led to the widespread decline of many wildlife groups, including
butterflies. The decline and local extinction of many butterfly populations, including Maculinea,
related to changes in the availability and quality of their habitat (Hanski 1999). All five European
Maculinea butterflies species are endangered (Wynhoff 1998). The new IUCN list gives four of them
‘vulnerable’ and M. arion ‘endangered’ status. Maculinea rebeli is a species of a global conservation
concern because it is restricted to Europe (van Swaay & Warren 1999).

The Maculinea species have evolved a phytopredacious life-habit (Fiedler 1994). Similarly as
more than 50% of species of the family Lycaenidea, the larvae of Maculinea butterflies also have a
mutualistic association with ants. Their polytrophic interactions have been intensively studied not only
from an evolutionary point of view, but as here with the objective of better understanding them so that
they can be for conserved or reintroducted into regions where they have become extinct. ‘
There have been done many studies on the ecology, evolution, genetics, behaviour etc. of Maculinea
over the last decade (review in Thomas et al 1998a). Most of these studies were done on the edge of
the species’ ranges, in West European countries. Population modelling of the spatial interactions
between M. rebeli, their food-plant and host Myrmica ants within a site, showed that the spatial pattern
of ‘suitable’ habitat of variable quality within a sit¢ can influence the local butterfly population size
and perhaps also its persistence (Clarke et al. 1998).

The aim of our study was to define the factors that govern the occurrence of Maculinea alcon
on a countryside scale (several hundred square kilometres). We also collected information on the
ecology of M. alcon in Central European habitats, which we supposed is similar to that at the centre of
its distribution. Since the species disappeared from several of the localities during the study we also

analysed the factors causing the extinction of M. alcon.

Material and methods

Study species

The Blue alcon, Maculinea alcon (Denis & Schiffermiiller 1775), together with Maculinea rebeli
(Hirschke 1904), were formerly regarded as subspecies of M. alcon s.1. and many authors did not
distinguish them until the 1980s, although their habitats are clearly different. Maculinea alcon and its
unique host-plant Gentiana pneumonanthe occur in damp, wet oligotrophic grasslands, wet heathlands
and bogs in the western part of its distribution where Erica retralix and Calluna vulgaris are dominant
(Wynhoff et al. 1996) while M. rebeli prefers very dry to moist, mostly calcareous grasslands where
its host-plant, Gentiana cruciata, grows (van Swaay & Warren 1999). Larvae of both species mimic
the behaviour of ants larvae and are preferentially fed by the nurse ants. Their cuckoo-feeding strategy
distinguishes them from predacious Maculinea (M. arion, M. telius, M. nausithous), which feed on the

offspring of Myrmica ants.
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Imagoes of M. alcon fly for several weeks in July. Their flight period can shift to the end of June or
beginning of August as a consequence of climatic or management change. They can fly distances up to
500 m across unsuitable habitats. Females oviposit on the buds and flowers of their host-plant
Gentiana pneumonanthe. They prefer gentians close to ant nests at the beginning of oviposition but
later in the season will oviposit on gentians some distance from ants’ nests (van Dyck et al. 2000). The
young caterpillars feed inside the marsh gentian capsules. After reaching the fourth and final instar
they drop to the ground and wait discovery by Myrmica workers. They can move only several
centimetres from a host-plant and usually die if they are not close to a Myrmica ant nest (Elmes et al.
1991). The probability of their being adopted by ants decreases in time. Workers of all Myrmica
species find and adopt Maculinea caterpillars with equal probability, but the caterpillars only survive
in nest of particular Myrmica species. Successful survival of Maculinea alcon caterpillars was
observed in nests of Myrmica rubra, M. ruginodis, and M. scabrinodis (Elmes et al. 1994).
Caterpillars spend nearly eleven months in Myrmica nests. Imagoes leave the nests after pupation in
July the following year. Originally all Maculinea species were considered to be annual. But Thomas et
al. (1998a) and Schénrogge et al. (2000) recently demonstrated that Maculinea rebeli and M. alcon
have both annual and biennial life cycles. Some individuals, are faster developers, increase in weight
rapidly and pupate within thirty weeks. Others grow slowly and spend more than one year in an ant’s

nest.

Study area

In Central Europe, meadows at lower altitudes are man-made and maintained. Traditional management
practices, mainly hay-making and grazing (Bakker 1989), have maintained these meadows for
centuries, but management practices have changed dramatically recently. One of the most rapidly
vanishing grassland communities in Central Europe are wet oligotrophic meadows. Their species
richness is very high; at the scale of metres they belong to the world’s most diverse plant communities
(Leps 1999). Large areas of wet oligotrophic meadows were drained and/or fertilised and became
species poor meadows. Many species disappeared and several originally common species now survive
only as small isolated populations. Changes in agriculture management (land drainage as well as
abandonment) are the main factors that threaten the extinction of Maculinea alcon in grassland
habitats (van Swaay & Warren 1999).

This study was carried out in the south-west part of the Czech Republic. The area of interest
is about 20 000 km®. The landscape consists of a mosaic of forests, fields, settlements and semi-
natural habitats, Military training areas (MTAs; both recent and former) and the former frontier zone;
i.e. a corridor several kilometres wide along the west border (“the iron curtain™), which was closed to
people before 1990, are important for the protection of habitats and species. The originally densely
inhabited areas were depopulated after War Il and were not subject to intensive agriculture

management during the second half of the 20" century. Most of the wet species rich meadows were
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not drained and natural succession occurred in many square kilometres of the MTAs. The military
activities kept the vegetation open and occasional disturbances (by, e.g. tanks and shell impacts)
helped to reverse the vegetational succession. Patches of various habitats create favourable conditions
for viable populations of many species, which disappeared from the surrounding countryside.
Although the MTAs have not the status of the Nature protection areas, they represent some of the most
important conservation areas in Central Europe. The species rich habitats in the Boletice MTA

(219.49 km®) are the most valuable part of our study area. Many rare and endangered butterflies and

plant species occur in this area (Pavlicko 1997).
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Figure 1. Standard net map of the Czech Republic with grid 10.5 x 11.2 km. The borders of the counties are
displayed and the frame shows the area of interest. The quadrates with sites of Gentiana pneumonanthe where
Maculinea alcon was present are displayed as black points and sites without M. alcon are displayed as gray

points.

Defining the habitats of Maculinea alcon
From 1996 - 2000 we investigated the occurrence of Maculinea alcon at recently colonised by sites
Gentiana pneumonanthe in the South-west part of the Czech Republic.

From the information in the literature, herbaria, and from local managers, conservation
authorities, amateur botanists and lepidopterists we prepared a list of known and potential sites for of
G. pneumonanthe. We visited these sites twice a year — in July and again in August or September. We
treated both observations of imagoes and eggs on host-plants as occurrence of M. alcon at the site. We
recorded all recent sites on a standard net map with grid 10.5 x 11.2 km (Fig. 1) and annually visited
them to record biotic and abiotic conditions, which we thought might influence the occurrence of M,

alcon (Appendix 1),
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For all localities we recorded the altitude, distance to the nearest Maculinea alcon sites and
types of management. We distinguished five management types: grazing, hand mowing, machine
mowing, irregular mechanical disturbances (e.g. heavy vehicles tracks, tanks and shell impacts) and
unmanaged sites. Climatic conditions at sites we characterised using the following parameters: the
average annual temperature, annual precipitation, number of days with temperature < -10°C, number
of days with snow cover, number of rainy days in summer (June — August). For this we used the long-
term data-set of the Czech Hydrometeorological Institute.

At all sites we described the vegetation structure in 3x3 m relevés (Zurich-Montpellier system)
and total % cover and % bryophyte cover. We characterised the populations of the host-plant,
Gentiana pneumonanthe, by its population size, height, number of stems and number"}}ﬁowers of
fifteen randomly selected flowering gentians, and population type. The effective population size was
the total number of all flowering gentians regardless of their spatial pattern, height and number of
flowers. We recorded the height, number of stéms and number of flowers of 15 randomly selected
individuals. We used the classification of Genfiana populations sensu Oostermeijer et al. (1995), who
distinguished three population types. A high proportion of seedling and juvenile individuals in
populations is typical for the "invasive’ population type, individuals of all ontogenetic stages are
present in populations of the stable (or normal)” population type, while only adults individuals occur
in populations of the ‘senile’ type. At several sites we recorded the occurrence of Myrmica ant nests,

their spatial distribution and time dynamics, but we used only the preliminary results of this in this

paper.

Factors causing Maculinea alcon extinction

In 1996 we found several previously unrecorded populations of Gentiana pneumonanthe in the MTA
Boletice. Maculinea alcon populations were present at some of them. In 1997 we recorded no imagoes
or eggs at these sites although we checked them every 10 days and searched most of the gentians for
egps. This‘; was continued in 1998 and 1999.

In 1999 and 2000 we again studied all the biotic and abiotic conditions thought to affect
Maculinea alcon extinction. Additionally we studied the species diversity, local density and
distribution of Myrmica ant species in 75 m” plots at all sites. We also contacted the managers of the
MTAs to get information any change in management of the sites. Finally we used climatic data from
the two nearest meteorological stations (12 km north-east and 14 km south of the study area) to
determine departures from standard climatic conditions in the region. We used daily records of

temperature, precipitation and snow cover in this region in 1994 — 1999,
Data analysis '}

We used the Canonical Corresponde‘,c{ Analysis (CCA) in the CANOCO package (ter Braak &

Smilauer 1998) to test the differences in species composition, differences among sites and correlation
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between species composition and occurrence of Maculinea alcon. We used the occurrence of M.
alcon as an explanatory variable and performed the . reverse analysis (i.e., species composition might
influence the occurrence, not vice versfé). In all cases, we tested the significance of the results by the
Monte Carlo permutation test. We used the programs CanoDraw and CanoPost (Smilauer 1992, ter
Braak & Smilauer 1998) for graphical presentation of the ordination results.

We used the logistic regression models in the STATISTICA package (Anonymus 1999) to test
the effect of the host-plant population size on M. alcon occurrence. We tested the effect on M. alcon
occurrence separately for each year in the period 1996 — 2000 and also for all M. alcon sites found
during the study period. We also used the logistic regression models to test the effect of the average
annual temperature, annual precipitation, number of days with a temperature < -10°C, number of days

with snow cover, and number of rainy days in summer on M. aleon occurrence.

Results

Defining the habitats of Maculinea alcon in Central Europe

In total we investigated fifty-two sites with Gentiana pneumonanthe from 1996-2000 as potential

sites for Maculinea alcon. We included all the recently recorded sites of the unique host plant in the
SW part of the Czech Republic (Fig. 1). We found and studied eighteen populations of Maculinea
alcon (Fig. 2),
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Figure 2. Maculinea alcon and Gentiana pneumonanthe sites studied in the SW part of the Czech Republic in
years 1994 - 2000. Detail screening of all known G. pneumonanthe sites started in 1996. Data from years 1994,
1995 are uncomp[eteéf; In 1994 only one recent site of M. alcon was known in the region.

‘without MA" - the sites of G. pneumonanthe without M. alcon; ‘old MA " - the sites of G. pneumonanthe,
where occurrence of M. alcon was known from the previous year; ‘new MA - the sites of G. pneumonanthe,

where occurrence of M. alcon was jound newly.
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M. alcon populations survived in protected areas, abandoned pastures or rock meadows, and
MTAs. Many populations were isolated, with the distance to the nearest population are’'more than
fifteen kilometres. Six populations were concentrated in sparsely inhabited borders between two
counties (Fig. 1). Distances between them were only several kilometres. Distances between the five M.
alcon populations on the MTA Boletice were only several hundred metres. These populations died-out
in 1997. In 1996 the distance to the nearest M. alcon population appeared to be a good predictor of

occurrence (p < 0.01).
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Figure 3. CCA diagram - correlation between vegetation structure and occurrence of Maculinea alcon

populations. There are no significant differences between the vegetation structure at sites with present and
5 L
absent M. alcon. Absence of M. alcon populations is gently correlated with occurrence of Deschampsia

ceaspitosa, Filipenduiffﬁ ulmaria, Angelica sylvatica, Lysimachia vulgaris and several other species of later

succession series. Abbreviations of species names are in Appendix 2.

Results of statistical analysis show no significant differences in vegetation _struct_mg?‘%t sites
where Maculinea alcon occurred or was absent (Fig. 3). The population sizes of the host-plant
Gentiana pneumonanthe, in particular the numbers of all flowering individuals at site appearred to be
a very good predictor of the occurrence of Maculinea alcon (Table 1, Fig. 4). Most M. alcon

populations occur at sites with several hundred gentians and seldom at sites with less than 100
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gentians. We found no correlation between the gentian population types and the occurrence of
Maculinea alcon. Two-thirds of the M. alcon populations occurred at sites with stable (normal)
populations of G. pneumonanthe and the rest at sites with senile G. pneumonanthe populations. We
found only two populations of G. pneumonanthe at the invasive population stage but no M. alcon

butterflies were present there.

Table 1. Logistic regression - the population sizes (number of all flowering individuals) of the host-plant
Gentiana pneumonanthe appear to be a very good predictor of Maculinea alcon occurrence. p <0.05 are
bold.

Number of M alcon Number of G. pneumonanthe logit (x)
populations sites
1996 13 31 p <0.001
1997 7 31 p <0.010
1998 9 43 p <0.005
1999 10 50 p <0.001
2000 10 52 p <0.001
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population size of Gentiana pneumonanthe in 2000

Figure 4. Logistic regression — the population size (resp. the number of all flowering individuals) of the host-

plant Gentiana pneumonanthe is a good predictor of the occurrence of Maculinea alcon (p<0.001).

Results of logistic regressions (Table 2) showed that the probability of occurrence of M. alcon
decreases with increasing average annual precipitation (p < 0.001) and number of rainy days in
summer (p < 0.005; Appendix 1). Data for the years 1996 and 2000 show significant correlation

between high average annual precipitation and M. alcon absence (p < 0.01, Fig. 5). The number of
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rainy days is significantly correlated with the absence of M. alcon in 2000 (p< 0.001). In 1996 the

correlation was close to significance level (p = 0.0546).

Table 2. Logistic regression — climatic conditions. Long-time averages of annual precipitation and
numbers of rainy days in summer, (June — July) are very guod predictors of Maculinea alcon occurrence.
Logistic regressions were count both for M. alcon populations known in 1996 and 2000. The third column
contains results for all M. alcon populations known in years 1996 — 2000, p < 0.05 are bold.

1996 2000 1996 - 2000
p p Y

lemperature 0.145 0.164 0.119
precipitation 0.0096 0.006 0.0004
days with temperature < -10°C 0.056 0.776 0.108
days with snow cover 0.042 0.096 0.007
rainy days in summer 0.0546 0.0006 0.002
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population size of Gentiana pneumonanthe in 1996
Figure 5. Logistic regression — the average annual precipitation is a good predictor of the occurrence of

Maculinea alcon (p<0.0]).

We recorded all potential host ant species - Myrmica rubra, M. scabrinodis, and M. ruginodis
together with several other Myrmica species (usually M. vandeli and M. speciodes) at many sites

including those without M. alcon.
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Factors causing Maculinea alcon extinction

We found twelve Gentiana pneumonanthe sites in the MTA Boletice in 1996 — 2000 (Table 3). Ten of
them we found in 1996 and two more in 1999 and 2000. Their areas varied between 0.01 — 5 ha and
altitude 580 — 760 m a.s.1. Distances between sites were from several hundreds meters to several
kilometres. More than five hundred flowering individuals occurred in the largest population and only
several individuals in the smallest population. Vegetation was in various successional sta;gés (DCA,
Fig. 6).-

In 1996 we recorded the occurrence of Maculinea alcon at five sites. We noted the flying
imagoes and many eggs on buds and flowers. In 1997 no imagoes or eggs were recorded although we
checked the sites every 10 days and searched most of the gentians for eggs. We observed no change in
biotic and abiotic conditions. The detailed monitoring of all thesc sites brought the same negative
result in 1998 and 1999. We compared the biotic and abiotic characteristics from 1996 and 2000 found
no important differences. There were small differences in the number of flowering gentians. Potential
Myrmica ant-host species (Myrmica rubra, M. scabrinodis, and M. ruginodis) occurred at all the
original Maculinea alcon sites. The most common was M. scabrinodis (average 56% of all Myrmica
nests), usually between 25 - 35 nests per 75 m”. M. rubra nests represented about 24% and M.

ruginodis 13% of all Myrmica species nests.

tn i
1
= :
LysiVulgi
SanqOffi @ LychFlo fei iMill
e .: sl PotEsect Vl.chra.c .Ar:h!M
Cn::;Umbr : .  ® GentPneu  CirsPalu
Canlon °  Contigr ~ CeliUlg ° ° ScorHumi
8 SuccPral HeliPube o o AgwTenu
FililUlms ® ° SeliCarv a " FestRubz »
]
CanHil & ! * 1 o
' B i m  HypePerd
I e ¢ BetoOffi
| e
CurxPeni | 1
al
! 12"
] 10 .2 .
SenTine n (il | 5
' | | =
e : ™ CentJace
Hoi Rty : Desc(:esp 3 MoliCaer
__________________ ‘._____..-..-_____.e_.____ o ol s e i i
R :
JucCong ! e MeardStri
¢+ InsSi
' PimpSed
: o
i LuzuCamp
1
1
H
1 i
o i
1
-1.5 +4.0

Figure 6. DCA diagram — vegetation structure at sites with occurrence Gentiana pneumonanthe and Maculinea
alcon populations in the Military training area Boletice.

Numbers of sites correspond with numbers in Appendix 1. Abbreviations of species names are in A ppendix 2.
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Long-term climatic data shows that the MTA Boletice is wetter and colder than other parts of
the study area. The average annual precipitation is about 40 mm higher, snow lays longer and the

average temperature is lower there (Table 3).

Table 3. Long-term climatic data. GP — the average climatic characteristics for the all studied sites of
Gentiana pneumonanthe in the region of study interest; MA — the average climatic characteristics for the
all sites, where Maculinea alcon occurred; BO - the average climatic characteristics for the study sites in
the MTA Boletice.

GP MA BO
temperature [°C] 73 73 6.6
precipitation [mm] 605.1 5974 634.7
days with temperature <-10°C 8.8 6.7 6.9
days with snow cover 58.5 56.3 71
rainy days in summer 40.3 394 43.7

Detailed climatic data from 1994 — 1999 (Fig. 7) indicate that a drier and colder summer in
1997 followed the very cold winter 1995/96 with deep snow cover and a wet May. Winter 1996/97
was again cold but snow cover was less than 5 cm deep. June, July and the beginning of August 1997
were extremely wet. Torrential rain occurred during the second decades of July 1997. At that time the

daily precipitation reached over 40 mm and average temperature was below 15°C.
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Discussion

Defining the habitats of Maculinea alcon in Central Europe

During the five year project we found Maculinea alcon populations only at few of the site where G.
preumonanthe populations occurred (Appendix 1). M. alcon populations occur in small protected
areas (Natural Reservation; usually < 5 ha), Military training areas, and regions where traditional
management practices are still applied. This corresponds with information from other West European
countries where most of the M. alcon populations became extinct during the 20" century or persisted
only in isolated populations. Also in our area most populations were isolated. The data for 1996

indicated that the distance to the nearest occupied sites the distance to the nearest occupied sites is a

good predictor of M. alcon occurrence (p < 0.01). This was not the case in subsequent years when
butterflies disappeared from the sites on the MTA Boletice. Therefore this predictor is an artefact and
illustrates only that M. alcon populations are usually aggregated in regions of high conservation
status. In fact the majority of M. alcon populations are isolated because distances between populations
are usually more than fifteen kilometres. Imagoes ‘f‘}y far less than 1 km so there is little dispersion
between populations is very little. This means thatis a probability of genes exchange (gene flow)
among populations. Gene flow is one way of a sustaining the genetic diversity within a population.
Populations loose genetic diversity, which means a reduction in their adaptability to environmental
change in the absence of gene flow (Slatkin 1994). A genetical study of M. alcon populations in
Denmark (Gadeberg & Boomsma 1997) showed that in several populations there were more
homozygotes than would be predicted if random mating occurred. Also the population genetics study
on M. nausithous and M. teleius confirmed that genetic variability is significantly lower in isolated
populations (Figurny-Puchalska et al. 2000).

Effect of habitat fragmentation on M. alcon was studied in the Netherlands (Wynhoff et al.
1996), where all populations in moist hay-meadows have became extinct and heathlands populations
are isolated and in a habitat of poor quality. Rapid extinction of populations occurred in the provinct‘a-bﬁf
Drenthe, where nine populations where recorded in 1981-85, two of which became extinct in 1986-90
and three more in 1991-95. A similar result was recorded also in the other West European countries.
Unfortunately there are no long term data on the occurrence and extinction of M. alcon in the Czech
Republic and other Central European countries, but similar trends are likely to have occurred. We
recorded several extinctions during our five year project (Appendix 1).

Gentiana pneumonathe is the unique host-plant for larvae of M. alcon and the population size
of the food-plant appeared to be a very good predictor of M. alcon occurrence (p<0.001). Climatic
conditions and management practices caused slight yearly chnange in numbers of flowering individuals
at many sites. The ability of gentians to remain in dormaﬁt;\f:or one or more years (Qostermeijer et al.
1994) also caused fluctuations. We found few butterflies at sites with low numbers (< 100) of
flowering gentians. Usually these sites were close to larger populations or in areas where originally

large populations were fragmented into several smaller ones. No significant correlation was found
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between G. preumonanthe population types and the occurrence of butterflies. M. alcon populations
occurred both at sites with stable and senile populations of its host-plant. Senile populations, with only
adult gentians, are suitable for M. alcon butterflies because juvenile plants are not suitable host-plants
and their absence doesn ’f influence the suitability of the sites. Although marsh gentians are long-aged,
the vitality and demographic structure of G. preumonanthe populations are important for the long
term survival of M. alcon population. Time and intensity of disturbances of sites affect the
demographic structure of G. pnewmonanthe populations, because the marsh gentian only reproduce by
seed and several authors (Oostermeijer et al. 1994, Kfenova & Leps 1996, Kesel & Urban 1999) have
confirmed that places with bare soil (gaps) are essential for the successful regeneration of G.
preumonanthe. Small-scale gaps are more common in traditionally managed oligotrophic wet
meadows and short grass pastures but stronger disturbances and larger gaps are needed in meadows
abandoned for a long%time (Kfenova 2001). Time from abandonment and management practices affect

the demographic structure of the host-plant population and the species composition and vegetation

structure at these sites. Although the statistical analysis showed no significant differences in vegetation }

structure at sites with and without M. alcon, the absence of M. alcon was weakly correlated with
species that are typical of late succession in wet oligotrophic meadows. In long abandoned meadows
the tall grasses (Molinia coerulea, Deschampsia ceaspitosa) and wide-leaves plants (Filipendulla
ulmaria, Angelica sylvatica, Lysimachia vulgaris etc.) are dominant, and vegetation is dense and the
litter layer thick. The gentians are usually tall and have many stems and flowers but the effective
population size (here defined as the number of gentians oviposited on) rapidly decreases.

G. pneumonanthe and M. alcon occur in various habitats in addition to very wet meadows with a high
cover of mosses, periodically dry meadows with clay soil or rocky pastures with a variable under-
ground water level.

Local biotic and abiotic conditions affect species composition and abundance of Myrmica ants
in various habitats (Clarke et al. 1998). Our results correspond with those from other pars of Europe
where vegetation structure and soil humidity limit occurrence of Myrmica colonies. In our study area
we found all the three potential host Myrmica ant species (M. rubra, M. scabrinodis, and M.
ruginodis) at many sites. At five sites we found larvae of M. alcon in nests of M. scabrinodis, which
indicate that M. scabrinodis is the primary host species in our study area. This observation adds
information about the different host ants in different parts of Europe (Elmes et al. 1998).

The analyses of climatic data indicate that both average annual precipitation and number of
rainy days in summer are very good predictors for M, alcon occurrence. In addition the number of
days with snow cover also appeared to be a good predictor. All these factors were negatively
correlated with the occurrence of M. alcon. M. alcon butterflies are absent from the colder parts of the

region.
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Factors causing Maculinea alcon extinction

The appearance of several new large G. preumonanthe and M. alcon populations in the MTA Boletice
in 1996 followed by the extinction of the butterflies focused our interest on the factors causing
extinction. In 1997 and 1998 we speculated that caterpillars’ may stay in ants’ nests for longer than a
year, as was known for M. rebeli (Minguira - personal communication). Later the occurrences of both
annual and biennial life cycles was recorded in M. alcon populations (Schénrogge et al. 2000). They
recorded that larvae of M. alcon excavated from ants” nests at the pre-pupation time, at six sites,
showed two distinct weight: cases and the body weight distribution was bimodial. The elongation of
development beyond two years is unlikely. The probability that M. alcon at the MTA Boletice area is
extinct is very high because no M. alcon imagoes or eggs were observed for four years. We tried to
find the factors that caused the extinction. No significant differences were found in vegetation
structure, total percentage cover or in the percentage cover of bryophytes in years before and after
extinction. Small annual fluctuations were recorded in the numbers of flowering gentians but the
numbers were sufficient at origin Maculinea alcon sites. Because we did not know which Myrmica
species hosted M. alcon we investigated the occurrence of Myrmica rubra, M. scabrinodis, and M.
ruginodis. All three species occurred at the origin M. alcon sites and their abundance and distribution
of colonies were similar to the to situation at other M. alcon sites of similar habitat quality. Dominance
of M. scabrinodis, which is more termophilic than M. rubra and M. ruginodis and tolerant of high
soil humidity (Seifert 1988), corresponds with the wet meadow habitats of G. preumonanthe in the
MTA Boletice. The density of 25-35 nest/75m” is slightly higher than is recorded from south of
England (Elmes & Wardlaw 1982 a, b; 25 nests/100m?) and the south of the former East Germany
(Seifert 1988; 19.1 nests/100m?).

Long-term climatic data showed that the MTA Boletice is colder and has a high annual
precipitation and long snow cover (Table 4). Detailed climatic data from 1994 — 1999 (Fig. 8) showed
that 1996 and 1997 were colder with extremely wet summers. These conditions caused not only high a
mortality of ant brood but also affected the vitality and survival of Maculinea larvae (Thomas et al.
1993). In the summer of 1997 M. alcon populations were probably stressed by extremely bad weather
during the flight period. It is likely these factors could cause the extinction in sites on the edge the
butterfly’s climatic range. High probability of extinction at the edge of a species range is recorded for
Maculinea arion (Thomas et al. 1998b).

Originally immigrants from populations in the centre of the distribution probably maintained
M. alcon populations on the edge of their range. Recently because of habitat is fragmentation most
sites have been isolated from each other, and the probability of natural reintroduction is now close to
zero. All the historical sites for G. preumonanthe close to the MTA were drained and disappeared
several decades ago. Migration from the south is unlikely because the Lipno dam was built in the
1950s and destroyed the natural migration corridor for many species. Migration from the north is also

unlikely because the nearest M. alcon population is more than 30 km away. The residual populations
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with only a few flowering individuals are at distances of more than 20 km. We conclude that there is
no chance of natural reintroduction of the Blue alcon butterfly to sites in the region where the

conditions are suitable for the species because of habitat fragmentation.

Implication for Conservation

Maculinea alcon is one of the most endangered species in the European entomofauna. The life cycle
of Maculinea butterflies is fascinating and extremely vulnerable. It is unlikely that caterpillars stay in
ant nests for more than two years. Therefore, most recent populations are doomed to extinction. In
landscapes, with fragmented habitats species that can only fly for short distances can not recolonise
empty sites. The species can survive only in regions where functional metapopulations still survive.
For the successful development of these butterflics various disturbances to the vegetational structure
are essential. Natural disturbances - several days of flooding, short time burning and impact of big
animals (deer, boars) are important in changing the balance of the demographic structure of the host-
plant populations. Also the spatial dynamics of ant nests is positively affected by these factors.
Human activities, the hand mowing for 3 — 5 (7) years and grazing by cows, sheep or horses are
important for the survival of M. alcon populations. Mowing by machinery is insufficient because ants’
nests are ofien destroyed by this process and hay meadows are often mown in July when Maculinea
females oviposit on gentian buds. Results from the MTAs and other sites showed that strong
disturbances of parts of a site can disrupt successional changes in long abandoned meadows,

rejuvenate the host plant populations and ensure suitable habitats for several next decades.
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Appendix 2. List of species in figures of CCA and DCA analysis.

Nomenclature: Rothmaler (1976).

AgroTenu Agrostis tenuis
AchiMil Achillea millefolium
AchiPtar Achillea ptarmica
AngeSylv Angelica sylvestris
AnthOdor Anthoxanthum odoratum
BetoOffi Betonica officinalis
BrizMedi Briza media
CalaCane Calamagrostis canescens
CarxElon Carex elongata
CarxHirt Carex hirta

CarxNigr Carex nigm

CarxPani Carex panicea
CarxUmbr Carex umbrosa
CentJace Centatirea jacea
Cirsdrve Cirsium arvense
CirsPalu Cirsium palustre
DescCesp Deschampsia ceaspitosa
FesrOvin Festuca avina
FestRubr Festuca rubra
FiliUlma Filipendula ulmaria
GaliBore Galium boreale
Galilllig Galivm uliginosum
GaliVeru Galium verum
GentPneu Gentiana pneumonanthe
HolcLana Holeus lanatus
HypePerf Hypericum perforatum
IrisSibi Iris sibivica

JuncCong Juncus conglomeratus
LuzuCamp Luzula campestris
LychFlos Lychnis flos-cuculi
LysiVulg Lysimachia vulgaris
MoliCaer Molinia caerulea
NardStri Nardus stricta
PimpSaxi Fimpinella saxifiaga
PoteErec Potentilla erecta
SanqOffi Sanguisorba officinalis
ScorHumi Scorsonera humilis
SeliCarv Selinum carvifolia
SerrTinc Serratula tinctoria
SteePrat Succisa pratensis
ViciCrac Vicia cracca
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