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Abstrakt

Zpétna vazba mezi rostlinami a pudou (plant-soil feedback, PSF) je povazovana
za dulezity faktor utvarejici rostlinna spoleCenstva, hrajici roli v kompetici, sukcesi,
¢i rostlinnych invazich. Tato prace se zabyvd vlivem PSF na vnitrodruhovou
a mezidruhovou kompetici u dvou rostlin stiedoevropskych suchych travnikd,
Bromus erectus Huds. (Poaceae) a Inula salicina L. (Asteraceae), a déle zjist'uje, zda

jsou PSF rtzn¢ ovlivnény semenacky a dospélé rostliny, a zda ma na PSF vliv stres.

Provedeny experiment m¢l dv¢ ¢asti. V prvni ¢asti byla ziskana puda ovlivnéna
ristem studovanych druhti. V druhé ¢asti byl nejprve testovan vliv PSF a kompetice

na uchyceni semenacku, poté vliv PSF, kompetice a stresu (sucha) na dospélé rostliny.

Zadné ptimé vlivy PSF na kli¢eni a uchyceni semenackii nebyly zjistény, coz
ale mohlo byt ovlivnéno designem experimentu — v pfedchozim vyzkumu byl vliv
nalezen. Vysledky nicméné naznaCuji moznou interakci PSF s mechanismy
ovliviiyjicimi klieni.

Dospélé rostliny byly PSF signifikantné ovlivnény. Biomasa I. salicina byla
Snizena v obou ovlivnénych ptdach, u B. erectus byl vliv minimalni. Oba druhy ale
mély sniZzenou kompetiéni schopnost Vv pid€ ovlivnéné vlastnim druhem, coz
odpovidd predpokladim, Zze PSF miZze umozZiovat koexistenci na tUrovni
spolecenstev. VIivy stresu se u obou druht lisily a dale ovliviiovaly vysledky

kompetice, pfimé ovlivnéni PSF stresem nalezeno nebylo.

Vysledky ukazuji, ze PSF mize ovliviiovat vnitrodruhovou i mezidruhovou
kompetici, pfi¢emz ovliviluje kompeti¢ni schopnosti jednotlivych druhli zpisobem,

ktery nelze jednoduse piedvidat.

Klicova slova: kompetice, ptidni prostiedi, zpétna vazba, Ziviny



Abstract

Plant-soil feedback (PSF) is considered to be an important factor shaping plant
communities, it has been shown to influence processes such as competition,
coexistence, succession, or plant invasions. This study investigated the role of PSF in
intra- and interspecific competition, using two Central European dry grassland
species, Bromus erectus Huds. (Poaceae) and Inula salicina L. (Asteraceae), and
examined whether effects of PSF differ between seedlings and adult plants, and

whether they are affected by stress.

Two-phase PSF experiment was used. In first phase, soil conditioning was
performed. Second phase was divided into two parts, first assessing PSF and
competition effects on seedling establishment, second assessing PSF, competition and

drought stress effects on grown-up plants in a target-neighbor design.

No direct PSF effects on seeds/seedlings were found, which might have been
influenced by experimental setup, as it contradicts previous research. Nevertheless,
results showed possible interactions of PSF and biochemical recognition mechanisms

in seeds. We suggest this to be tested.

In grown-up plants, PSF effects were significant. I. salicina showed negative
PSF effect on biomass, while B. erectus biomass was not affected. However, both
species were disadvantaged when competing in self-conditioned soil, which, to some
extent, supports the notion of PSF mediating plant coexistence. Drought stress effects
were species-specific, further influencing competition outcomes. PSF was not

affected by stress.

The results indicate that PSF can shape outcomes of both intraspecific and
interspecific plant competition, while interacting with species’ competitive abilities in

ways which are not easily predicted.

Key words: competition, soil conditions, feedback, nutrients
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1. Uvod

Zpétna vazba mezi rostlinami a pudou (anglicky plant-soil feedback, dale také
zkratka PSF) je koncept, ktery zahrnuje ovlivnéni biotické i abiotické slozky pudy
pritomnosti rostliny, a zpétné ptisobeni takto ovlivnéné ptady na rostliny v ni rostouci.
Pudni zpétnovazebni interakce byly v poslednich letech zjistény jako vyznamna
soucast raznych ekologickych procest, jako sukcese (Van Der Putten et al., 2013)
a utvaieni spolecCenstev (Casper & Castelli, 2007; Hemrova et al., 2016), nebo
rostlinné invaze (Reinhart & Callaway, 2006; Dostalek et al., 2016).
V ramci rostlinnych spoleCenstev mize PSF spoluurCovat prostorovou i ¢asovou
dynamiku vyskytu jednotlivych druhd (Kulmatiski et al., 2008; Petermann et al.,
2008; Hemrova et al., 2016).

Rostliny svou ptfitomnosti ovlivituji abiotické vlastnosti pudy i jeji biotickou
slozku. Fyzikalni vlastnosti pudy, jako jeji struktura, budou ovlivnény piitomnosti
a charakterem kotenového systému. Chemické slozeni pudy ovlivni rostliny
odCerpavanim ¢i vypousténim riznych latek kotfeny. Zdrojem PSF muze byt
nékterého druhu (Ehrenfeld et al., 2005). Zvlastnim ptipadem toho, jak mohou
rostliny ovliviiovat plidni prostfedi, je vyluovani toxickych kofenovych exsudatt —
alelopatie. Ta je nepfili§ prostudovanym mechanismem, co se tyce jejiho vlivu na
procesy probihajici v pfirozenych spoleéenstvech, také vzhledem K obtiZnosti
prokazani pivodu nalezenych latek — toxiny mohou kromé rostlin vytvaret i pidni

organismy, napf. pii rozkladnych procesech (Lau et al., 2008; Inderjit et al., 2011).

Dalsi ¢ast PSF spoc¢iva v ovlivnéni druhové skladby a abundanci jednotlivych
druhti ptdni bioty (Bever et al., 1997). Pidni spoleCenstva jsou tvofena extrémné
Sirokym spektrem organismu, jako jsou napi. houby, bakterie, archea, prvoci,
krouzkoveci, ¢lenovci, nebo hlistice, pficemz rostliny (pfedevs§im jejich kofeny) tvoii
zéklad jejich potravnich fetézcl. Pidni spolecenstva se vétSinou tézko studuji,
zarovenn jsou Casto pomérné¢ malo prozkoumana (Bever, 2003). Vliv pidnich
organismu na rust rostlin se mtize lisit od siln€ pozitivniho u mutualisti, jako jsou
mykorrhizni houby nebo dusik vazajici kotfenové bakterie, az po silné negativni
U mnozstvi organismi, které jsou rostlinnymi patogeny ¢i parazity; piicemz se ale

velmi pravdépodobn¢ v dané padé vyskytuji vSechny najednou (Bever et al., 1997).



Dalsi skupiny, jako rozkladaci, budou pfitomnosti riznych rostlinnych druht take
ovlivnéni, vzhledem k rozdilim ve slozeni mrtvych ¢asti tél riznych druht rostlin.
Rozklada¢i svou aktivitou piimo ovliviiuji chemické slozeni pudy, a tim jeji

néslednou vhodnost pro rizné druhy rostlin (Bever, 2003).

Kwvili komplexnosti a naro¢nosti zkoumani ptadnich vztaht je koncept PSF
zalozen na hodnoceni zmén pudy na zakladé vyhodnoceni v nasledného rustu rostlin
vV ovlivnéné pidé. Ty jsou jednoduse mefitelné. V ptipadé lepSiho rastu rostlin
v ovlivnéné pudé oproti pudé kontrolni hovotfime o pozitivnim PSF, v opa¢ném
ptipadé¢ jde o PSF negativni. Pfedpokladem je, ze redukce veskerych zmén v pidé na
jednu proménnou podle nasledné vyhodnosti ¢i nevyhodnosti pro rostlinu je
dostate¢né piesna pro zkoumani rostlinnych interakci. Konkrétni pfic¢iny zjisténych

jevi mohou byt dodate¢né zkoumany jinymi metodami (Bever et al., 1997).

1.1 PSF avnitrodruhova kompetice

Z&kladni projevy zpétné vazby mezi rostlinami a pidou pozorovali lidé jiz
v davnych dobach p¥i zemé&dglstvi. Uspésnost uchyceni semenackt ovocnych stromi
se snizovala, pokud byly piesazeny na misto, kde predtim rostly stromy stejného
druhu ¢i rodu. SniZujici se vynosy pii péstovani monokultury opakované na stejném
misté vedly k vyvoji stfedovékych systémil rotace plodin. Ze jsou tyto jevy do znagné
miry disledkem ptisobeni pidnich organismu bylo zjisténo v 19. stoleti pti pokusech
se sterilizaci pidy (Van Der Putten et al., 2013).

Vnitrodruhovy PSF je u vétsiny dosud zkoumanych druhti negativni, tzn.
rostlina v pidé ovlivnéné ptredchozim ristem jedincu jejiho vlastniho druhu roste
hiife, nez v pudé neovlivnéné, ¢i ovlivnéné jinym druhem (Klironomos, 2002).
Hlavnim divodem je akumulace pudnich patogent. Ty byvaji vétSinou druhoveé
specifické a spiSe méné pohyblivé. Dochazi k jejich hromadéni v rhizosféte rostlin,
odkud se $ifi na dalsi jedince stejného druhu v bezprostiednim okoli (Van Der Heijden
et al., 2008).

Pozitivni zpétné vazby mezi rostlinami a piidou jSou obecné mén¢ ¢asté, mohou
se vyskytovat u druhi, které vyzaduji specifické druhy bakterii pro vazani vzdusného
dusiku (Larson & Siemann, 1998), nebo u druht zavislych na specifickych druzich
mykorrhiznich hub (Rejmanek & Richardson, 1996). Také invazni druhy rostlin



mohou vykazovat pozitivni PSF, protoze v sekundarnim arealu ¢asto nemaji zadné
specializované padni patogeny (Keane & Crawley, 2002; Dostalek et al., 2016).
Existuji idruhy schopné, v uréitych piipadech, ovlivnit rozkladné procesy na
stanovi$ti ve sviyj prospéch: chemickym slozenim ¢i rychlosti dekompozice svého
opadu (piip. mrtvych t€l) mohou ménit obsah dostupnych Zivin v padé (Van Der
Putten et al., 2013).

1.2 PSF a mezidruhova kompetice

V pud¢ probiha kompetice mezi rostlinami o vodu a ziviny. Piidni kompetice
miva vyznamny vliv piedev§sim V prostiedich, kde je téchto zdroju nedostatek.
V piipad¢ vyssi koncentrace zivin a dostatku vody se hlavni ¢ast kompetice piesouva
nad zem, protoze pristup ke svétlu mize byt mnohem jednoduseji zablokovan nez
ptistup k zivinam (Rebele, 2000). Kompeti¢ni vylou¢eni na zakladé podzemni
kompetice kofent je mozné (Wedin & Tilman, 1993), ale ve vétSing ptirodnich

spoleCenstev k nému pravdépodobné dochazi vzacné (Rebele, 2000).

V ptipadé vlivu vnitrodruhového PSF na kompetici vice druhti na stanovisti
nema vliv jeji absolutni smér a velikost u daného jedince, ale jeji relativni smér
a velikost v porovnéni s PSF, ktery piisobi na jeho kompetitory. Tedy i negativni
zpétna vazba pro druh muze byt stile vyhodou, pokud jsou ostatni druhy svymi

vlastnimi PSF potlacovany vice (Bever et al., 1997).

Zaroven, pii vyskytu vice druhti rostlin na stanovisti, bude hréat roli pidni zpétna
vazba mezidruhova, kdy jeden druh bude rast v ptidé ovlivnéné piedchozim rtstem
jedinct jiného druhu - coz bude mit vliv na jeho rist Vsouétu
s piipadnym vnitrodruhovym PSF a zaroven s kompetici (obr. 1) (Bever, 2003). Pro
vlivy PSF na vztahy a procesy v ramci spoleCenstev mizeme piedpovédét nékolik

riznych scénait.



Obr. 1: Schéma potenciélnich interakci mezi dvéma druhy (A, B) a jejich ptidnim prostifedim
(Sa, Sg). Piitomnost druhu A povede Kk vy$s§imu zastoupeni pudy Sa, které muze nasledné
ovlivnit jeho vlastni rust (parametr aa) i rust druhu B (parametr ag). Obdobné druh B muze
skrz zmény ptdniho prostiedi ovliviiovat vlastni rust (parametr fg) i rist druhu A (parametr
Br). Na oba druhy maze mit vliv také jejich vzajemna kompetice a efekt hustotni zavislosti
v ramci kazdého druhu (Bever, 2003).

Vnitrodruhové zpétné vazby budou obecné ovlivitovat miru zastoupeni druhti
ve spoleCenstvu. Negativni vnitrodruhovy PSF miiZze zabraiiovat dominanci
kompeti¢né silného druhu, ¢imz bude umoziovat koexistenci druhii na lokélni urovni,
nebo udrzovat vzacnost u druhu, ktery mé siln€js$i negativni zpétnou vazbu oproti
ostatnim druhtim ve spolecenstvu (Klironomos, 2002; Van Der Putten et al., 2013).
Pozitivni vnitrodruhové PSF budou naopak u druhii zvySovat zastoupeni, piipadné

podporovat dominanci v ramci stanovisté (Klironomos, 2002).

K sukcesi bude dochézet v ptipad¢, kdy rostlina kolonizujici volné plochy
vykazuje pozitivni mezidruhovy PSF, tedy svou pfitomnosti zlepSuje pidni podminky
pro vyskyt jinych, ¢asto kompeti¢né silngjSich, druht. Zaroven bude k sukcesi
dochazet v piipadé rostlin, které vykazuji silny negativni vnitrodruhovy PSF, tedy
rychle akumuluji piidni patogeny a nasledné¢ na daném stanovisti nejsou schopny
uspésné kompetice s dalsimi druhy (Padilla et al., 2012; Van Der Putten et al., 2013).
Mechanismy vlivu ptdni zpétné vazby na kompetici u rané sukcesniho druhu
srychlou akumulaci specifickych ptdnich patogent byly popsany na kamysi
pisecném (Ammophila arenaria L.) (Vanderputten et al., 1988; Vanderputten et al.,
1993). Zaroven muze vyskyt (¢i absence) ur€itého druhu v rané sukcesi, pravé diky
vlivu na sloZeni pidniho spoleCenstva, ménit skladbu naslednych rostlinnych

spolecenstev v horizontu n€kolika let (Kardol et al., 2007).
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Pii kompetici mezi druhy pfispivaji negativni PSF kvyskytu Janzen-
Connellova efektu, ktery obecné znamena snizeni piezivani semen a semenacku
jednoho druhu pii jejich vyskytu blizko matetfské rostliny ¢i rostlin stejného druhu
(Janzen, 1970; Connell, 1971 ex Petermann et al., 2008). Ptivodni hypotéza se zabyva
stromy v tropickych lesich a oznaCuje za puvodce predatory semen, ale Janzen-
Connelliv efekt zptisobeny PSF byl zjistén mj. i v travnich spolecenstvech mirného
pasu. Ve studii (Petermann et al., 2008) z 24 studovanych evropskych druha ze ti
funk¢nich skupin (trvy, bobovité, ostatni dvoudélozné) naprosta vétsina vykézala
negativni vnitrodruhovy PSF (konkrétné zpisobeny akumulaci pudnich patogentt),
spojeny se sniZzenim kompeti¢ni schopnosti v pidé ovlivnéné predchozim rustem
jedincu vlastniho druhu. Na Grovni lokality bude Janzen-Connelluv efekt podporovat
stfidani druht na jednotlivych ploskach tim, Ze jeden druh se, dusledkem PSF, nebude
schopen na konkrétnim mist¢ dlouhodobé udrzet. To mize fungovat jako

mechanismus udrzujici biodiverzitu na Urovni spoleéenstev (Petermann et al., 2008).

Ve smisenych spoleenstvech vice druhtt mohou byt diky nizsi relativni
abundanci jednotlivych druht negativni vnitrodruhové zpétné vazby potlaceny. Diky
tomu muze dochazet k vyssi celkové akumulaci biomasy nez v monokulturach
(De Kroon et al., 2012; Van Der Putten et al., 2013).

V mechanismech rostlinnych invazi hraje ¢asto roli nepfitomnost
specializovanych pfirozenych nepfatel invazniho druhu v jeho sekundarnim areélu —
véetné pudnich patogent (Keane & Crawley, 2002). Jejich absence v pidnich
spolecenstvech muize vést u invaznich druhi ke zméné v pudni zpétné vazbé
v sekundarnim aredlu: jejich vnitrodruhovy PSF mize byt pozitivni, neutralni,
piipadné méné negativni ve srovnani s mistnimi druhy, coz jim bude usnadnovat ¢i
umoznovat dominanci (Klironomos, 2002; Reinhart & Callaway, 2006). Invazni
chovani druhu mize byt umoznéno ¢i urychleno i navazanim nového pudniho

mutualismu v sekundarnim arealu (Reinhart & Callaway, 2006).

1.3 Vliv stresu na mezidruhovou kompetici

Stresem u rostliny chapeme obecné jakoukoliv dlouhodobé& neptiznivou situaci
ve vn&jSim prostiedi. Stres mize byt zpisoben jak biotickymi, tak abiotickymi vlivy.
Tato prace se zabyva stresem abiotickym, ktery miiZe byt zplisoben napt. vodou (jejim

nedostatkem, ale i anoxii pii zatopeni), teplotou (vysokou i nizkou), nebo chemickym
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slozenim prostfedi (napf. nedostatkem nékteré ziviny nebo zvySenou koncentraci
néjaké latky, kterou rostlina Spatné toleruje). Stres ovliviiuje rust jedince, jeho fitness
a zaroven I kompeti¢ni schopnosti. Tolerance vici riznym formam stresu, a zaroven
i reakce na néj, se budou lisit mezi jednotlivymi druhy (Chen et al., 2013). Za riznych
abiotickych podminek tak muze s ruznymi vysledky probihat i kompetice v ramci
spolecenstva (Rebele, 2000; Chen et al., 2013; Knappova et al., 2013). Zaroven se
reakce na vn¢jSi podminky mulze ménit i mezi zivotnimi fazemi v ramci druhd,
napiiklad na semenacky muize zastinéni plsobit pozitivné, ale to samé vétSinou
nebude platit o dospélych rostlinach travnich spoleenstev (Brooker et al., 2008;

Knappova et al., 2013).

Pro vérohodné popsani dynamiky v ramci spolecenstva je tedy potieba zkoumat

vysledky kompetice za riznych abiotickych podminek, véetné stresu.

1.4 Vliv Zivetnich fazi na mezidruhovou kompetici

Kompeti¢ni schopnosti se 1isi mezi rostlinnymi druhy v ramci spolecenstev,
zaroveni se mohou vyznamné li$it i mezi jednotlivymi zivotnimi fazemi v ramci
jednoho druhu (Lamb & Cahill, 2006). Zivotni faze, v nichZ se konkrétni jedinci
pti mezidruhové kompetici nachazi, tedy mutize ovlivnit jeji vysledky. To oveérili Lamb
& Cabhill (2006) u kompetice mezi febtickem obecnym (Achillea millefolium L.)
a zlatobylem Solidago missouriensis (Nutt.): u A. millefolium jsou semenacky
kompeti¢n¢ slabé a s dospivanim rostlin jejich kompeti¢ni schopnost prudce roste,
zatimco S. missouriensis ma konstantni kompeti¢ni schopnost béhem zivotnich fazi.
Dtlezitost kompeticni schopnosti ve stadiu semenackd by obecné méla rist
s celkovou urovni kompetice ve spoleCenstvu (Lamb & Cahill, 2006; Craine &
Dybzinski, 2013). Zaroven ale spolecenstva vhodna pro uspé$né uchyceni semenacku
nutné¢ nezaru€uji, ze se vnich tyz jedinec pozd€ji dokaze udrzet aUispésné
reprodukovat (Knappova et al., 2013).

Semena mohou reagovat na kontakt se specifickymi chemickymi latkami
vylouhovanymi z jinych rostlin ¢i semen V jejich okoli. Miaze dojit k urychleni
kliceni, aby dfive vykli¢eny semenacek ziskal vyhodu v nésledné kompetici, nebo

k jeho inhibici, ¢imz se jedinec mize vyhnout kompetici tim, Ze kli¢eni odlozi na
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potencialné vhodné&jsi dobu (Dyer et al., 2000; Tielborger & Prasse, 2009; Renne et
al., 2014). Ob¢ strategie obsahuji trade-off: diive kli¢ici semenacek ziska vyhodu
v kompetici, ale mtize vykli¢it do nepiiznivého prostfedi, v némz neptezije; semeno
odkladajici kli¢eni riskuje, Ze nepiezije v ptdni bance (Orrock & Christopher, 2010).
Dyer et al. (2000) zkoumali 7 druhi severoamerickych trav, u nékterych nalezli
urychleni kli¢eni pfi pfitomnosti semen jinych druht, U vétSiny pak pomalejsi kliceni
v blizkosti semen vlastniho druhu. Studie na 4 druzich izraelské pousté ukazuje,
ze interakce semen mohou mit vliv i v rdmci sukcese, protoze rané sukcesni druhy

kli¢ily hife v pfitomnosti sukcesné pozdnéjsich (Tielborger & Prasse, 2009).

Pro ziskani realistického obrazu o kompetici mezi druhy je tedy dulezité
zahrnout interakce vice zivotnich stadii, vzhledem k riznorodym mechanismiim,

které na prubéh a vysledky kompetice mohou mit vliv.

1.5 Studované druhy

Jako modelové druhy pro tuto studii byly pouzity oman vrbolisty (Inula salicina
L.) a svefep vzpiimeny (Bromus erectus Huds.). B. erectus je vytrvala trava z ¢eledi
lipnicovité (Poaceae), dorusta vysky 40-120 cm, pii klonalnim S$ifeni tvoii husté
kompaktni trsy (Dostal, 1989). 1. salicina je vytrvala rostlina z ¢eledi hvézdnicovité
(Asteraceae), dorista vysky 25-80 cm, klonalné se muze $ifit dlouhymi podzemnimi
vyb&zky (Slavik & Stépankova, 2004). Druhy se lisi mirou zavislosti na mykorrhize:
zatimco 1. salicina je obligatné mykorrhizni rostlinou (Knappova et al., 2016), B.
erectus se bez mykorrhizy obejde, pfi jejim potlaéeni se jeho zastoupeni ve

spole¢enstvu zvySuje (Dostalek et al., 2013).

Oba studované druhy se vyskytuji jako dominantni ve spolecenstvech
sirokolistych suchych travnik (Chytry in Chytry et al. [eds] 2001). Se zménami ve
vyuzivani krajiny bchem poslednich desetileti se plosné zastoupeni t&chto
spolecenstev u nas snizuje (Knappova & Munzbergova, 2015). Poznani mechanismi
ovliviiujicich dominanci, kompetici a koexistenci druhti v téchto spolecenstvech mize
byt prakticky vyuZito pii jejich managementu, zaroven muze pomoci i ochrané

vzacnych druht, které se v nich vyskytuji (Knappova & Munzbergova, 2015).

13



Obr. 3: Bromus erectus (foto David Prisa, zdroj: http://botany.cz/cs/bromus-erectus/)
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1.6 Cile prace
Tato prace si klade nasledujici otazky:
1. Je kompetice mezi studovanymi druhy ovlivnéna PSF?
2. Lisi se vliv PSF pfi vnitrodruhové a mezidruhové kompetici?
3. Lisi se vlivy PSF na rlizna Zivotni stadia studovanych druhii?
4. Je vyznam PSF ve vySe zminénych situacich ovlivnén stresem?

Pro zjiSténi odpovédi byl proveden zahradni a sklenikovy experiment ve
spolupréci s Botanickym ustavem Akademie véd CR v Prihonicich. Hlavni &asti
prace je manuskript odborného ¢lanku (kapitola 2), jeho shrnuti v ¢estiné je obsahem

kapitoly 3.
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2. Manuskript

Role of plant-soil feedback in intraspecific and interspecific
competition differs between life stages and with varying moisture:

experiment with two grassland perrenials

Sklenikovy experiment, kvéten 2016 (foto Adam Stasta)
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Abstract

Plant-soil feedback (PSF) is considered to be an important factor shaping plant
communities, it has been shown to influence processes such as competition,
coexistence, succession, or plant invasions. This study investigated the role of PSF in
intra- and interspecific competition, using two Central European dry grassland

species, Bromus erectus Huds. (Poaceae) and Inula salicina L. (Asteraceae), and
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examined whether effects of PSF differ between seedlings and adult plants, and

whether they are affected by stress.

Two-phase PSF experiment was used. In first phase, soil conditioning was
performed. Second phase was divided into two parts, first assessing PSF, density and
competition effects on seedling establishment, second assessing PSF, competition and

drought stress effects on grown-up plants in a target-neighbor design.

No direct PSF effects on seeds/seedlings were found, which might have been
influenced by experimental setup, as it contradicts both theory and previous research.
Nevertheless, results showed possible interactions of PSF and biochemical

recognition mechanisms controlling seed germination. We suggest this to be tested.

In grown-up plants, PSF effects were significant. Inula showed negative PSF
effect on biomass, while Bromus biomass was not affected. However, both species
were disadvantaged when competing in self-conditioned soil, which, to some extent,
supports the notion of PSF mediating plant coexistence. Drought stress effects were

species-specific and interacted with other effects influencing competition outcomes.

Our results indicate that PSF can shape outcomes of both intraspecific and
interspecific plant competition, while interacting species’ competitive ability in ways

which are not easily predicted.

Key words: Bromus erectus, Inula salicina, coexistence, germination, Janzen-

Connell hypothesis
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Plant-soil feedback (PSF) is a concept, which includes plants’ influences on
both biotic and abiotic conditions of the soil in which they grow, and subsequent
effects of the soil on plants growing in it. In the last years, PSF’s have been shown to
be an important factor in succession (Kulmatiski et al., 2008), community
organization (Casper & Castelli, 2007; Hemrova et al., 2016), or plant invasions
(Reinhart & Callaway, 2006; Mangla et al., 2008; Dostalek et al., 2016). Plant-soil
feedback might be an important factor shaping plant communities, particularly, it can
influence spatial and temporal patterns of species occurrence (Bever, 2003;
Kulmatiski et al., 2008; VVan Der Putten et al., 2013; Hemrova et al., 2016), and it can
be one of the mechanisms behind Janzen-Connel effects even in temperate grasslands

(Petermann et al., 2008).

Plant-soil feedback can have several origins. Plant species can alter physical
and chemical soil characteristics (Hemrova et al., 2016), e.g. their rates of
consumption of various nutrients can differ (Ehrenfeld et al., 2005) or they can release
allelopathic compounds into soil (Callaway et al., 2005; Holzapfel et al., 2010). Soil
biota is another cause of PSF, as it includes plant mutualists (such as arbuscular
mycorrhizal fungi [AMF] or nitrogen-fixing bacteria) and pathogens (Smith et al.,
1999; Van Der Putten et al., 2013). Many plant-soil biota interactions are species-
specific, therefore presence of a plant species changes soil community abundance and
composition (Bezemer et al., 2006; Hendriks et al., 2015; Teste et al., 2017), which,
in turn, affects further plant performance (Reynolds et al., 2003). AMF, as main soil
mutualists, are not strictly host-specific, yet their communities still vary in presence
of different plant species (Davison et al., 2011), while some plant species’ occurrence
depends on AMF community composition (Van Der Heijden et al., 1998; Pankova et

al., 2008; Dostalek et al., 2013). Soil pathogens, such as bacteria or fungi, are usually
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much more species-specific, and closely bound to plant root zone, which determines
larger-scale effects of their presence (Petermann et al., 2008; VVan Der Heijden et al.,

2008).

In intraspecific competition, negative plant-soil feedback usually occurs,
mostly due to accumulation of species-specific pathogens with growing density of
plant species individuals (Kulmatiski et al., 2008; VVan Der Heijden et al., 2008). This
can lead to degeneration of a plant or part of a clone, and higher mortality of seedlings
growing close to their parents (Van Der Putten et al., 2013). Nutrient consumption
can also cause lowered performance of a species at a locality in time in case of specific
requirements (Ehrenfeld et al., 2005). Positive feedbacks can also occur: typically in
species that require specific soil-borne mutualists (Bever et al., 1997; Bever, 2003) or
species which can influence decomposition processes at a habitat to their advantage

(Van Der Putten et al., 2013).

In interspecific competition, direction and strength of total PSF relative to
other competing species is decisive, incorporating both intraspecific (direct) and
interspecific (indirect) feedbacks (Bever, 2003; Van Der Putten et al., 2013).
Interspecific competition can be influenced by PSF in several ways: strong negative
intraspecific PSF may, on a community level, either prevent competitive exclusion,
and thus facilitate species coexistence (Bever, 2003), or, conversely, promote
successional species replacement (Kulmatiski et al., 2008; Padilla et al., 2012; Van
Der Putten et al., 2013). Positive intraspecific feedbacks may lead to dominance
(Klironomos, 2002), e.g. in invasive species released from specialized pathogens
found in their native range (Keane & Crawley, 2002; Mangla et al., 2008; Dostalek et
al., 2016). High diversity of a community can lead to higher yields than in
monocultures due to moderation of negative intraspecific PSFs (Hendriks et al., 2013;
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Van Der Putten et al., 2013). Feedbacks between species (interspecific, or indirect)
are also important. Early successional plants may enhance soil nutrient content
through nitrogen-fixing mutualisms and/or quickly accumulate species-specific
pathogens to which they are sensitive, in both cases making their sites more suitable
for later successional species, which then outcompete them (Vanderputten et al., 1988;
Vanderputten et al., 1993). Dominant species can suppress or remove soil mutualist
communities, which may lead to disappearance of subordinate species due to absence
of their favored AM symbionts (Van Der Heijden et al., 1998; Meadow & Zabinski,

2012).

Competition between species can also be affected by abiotic conditions, e.g.
nutrient availability (Rebele, 2000) or drought stress (Chen et al., 2013). Reactions to
stress caused by various environmental factors may differ significantly between
species of one community, thus affecting results of their competition under varying
conditions (Chen et al., 2013; Knappova et al., 2013). Different environmental
tolerances and stress reactions can also be observed between life stages of a species,
e.g. shading often can be beneficial to seedlings but usually not to adult plants of

grassland ecosystems (Brooker et al., 2008; Knappova et al., 2013).

Competitive abilities in plant individuals might shift significantly with age.
Growth rate can vary between species, but also between life stages of one species
(Lamb & Cahill, 2006). Competitive ability of seedlings might be an especially
important factor in communities with high overall level of competition (Lamb &
Cahill, 2006; Craine & Dybzinski, 2013). Seed behavior can be affected by contact
with phytochemicals coming from plants or other seeds in their vicinity, which can

either induce or suppress germination (i.e. to gain an advantage in competition or to
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avoid it by postponing germination) (Dyer et al., 2000; Tielborger & Prasse, 2009;

Renne et al., 2014).

Determining PSFs’ influence on competition and community organization has
become a subject of experiments in recent years (e.g. Casper & Castelli, 2007;
Hendriks et al., 2013; Hol et al., 2013; Maron et al., 2016; Stanescu & Maherali,
2017). Yet studies assessing this through more life stages and including stress factors

are still, to our knowledge, missing.

In our study, we aimed to answer following questions:

(1) Does plant soil feedback significantly affect competition between our two model

species?

(2) Is PSF affecting intra- and interspecific competition in different ways?

(3) Are any of above effects influenced by stress?

(4) Do any PSF effects differ between life stages in our model species?

To answer these questions, we performed a two-phase PSF experiment on both
seeds/seedlings and grown-up plants. Adult plants were grown under two moisture

regimes to incorporate drought stress.

MATERIALS AND METHODS

Study species

Bromus erectus Huds. (Poaceae) and Inula salicina L. (Asteraceae) (further

reffered to as by genus names), two dry grassland dominants from Czech Republic,
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Europe, were used as model species in this study. Both are long-lived, clonally
growing perennials. Bromus forms dense, compact clumps, Inula can spread by long
underground rhizomes. A previous study has shown significant negative intraspecific

PSF in both species (Hemrova et al., 2016).

Experimental set-up

A two-phase plant-soil feedback (PSF) experimental design was used (Bever
et al., 1997; Casper & Castelli, 2007; Kulmatiski et al., 2008), with a separate
assessment of germination and growth in feedback phase. The experiments were
performed at the Institute of Botany, Czech Academy of Sciences, Prithonice, Czech
Republic (49°59'42" N, 14°33'57" E, 350 m asl, average annual temperature 8.8°C,

mean annual precipitation 560 mm).

Conditioning phase

The conditioning phase was started in 2015. The soil for the whole experiment
was taken from a field road edge in the region with natural occurrence of study
species, approximately 60 km apart from the Institute of Botany (50°29'41" N,
14°18'04" E). At this site the steep soil surface was almost bare, so little or no
influence from vegetation was expected (Hemrova et al., 2016). Six hundred circular
pots with a diameter of 18 cm were filled with collected soil, placed at common garden
and sown with study species. The seeds were collected in 2014 at three localities per
species, then stored in paper bags at room temperature. Seeds from all localities of
each species were mixed, and then sown at the beginning of July 2015. Two hundred
pots were sown with Inula seeds, 200 with Bromus seeds, and the remaining 200 pots
were used as controls. All pots were watered regularly and plants of non-target species

were regularly removed. The plants grew for the rest of the season and then
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overwintered. During the first half of April 2016, conditioning plants were removed
from their pots. Roots were extracted, carefully washed, dried and weighed, to assess
conditioning strength for each pot. Soil from each pot (including controls) was sieved
through a 0.8 cm sieve and the amounts of both fine and stony fractions of the soil
were standardized to compensate for any changes in soil volume during conditioning.
One mixed soil sample per soil type (Bromus, Inula and control) was taken for

analyses of soil nutrients performed at Analytical laboratory of Institute of Botany.

Feedback germination phase

The germination experiment took place at a glasshouse. Pots sized 10x10 cm
were filled with sterilized sand approx. 1.5 cm below the edge. Then small amounts
of conditioned soil were taken from conditioning phase pots, sieved through a 2-mm
sieve, and placed on top of the sand, creating a layer approx. 1 cm thick. Soil was
taken in a way that each germination pot received soil from one pot from conditioning
phase. Seeds used in germination phase were acquired from a local seed supplier,
Planta Naturalis (www.plantanaturalis.com). Because of seed size and germination
rate disparity in studied species, we chose to use equivalent weight of Inula seeds
based on an average obtained by weighing 600 Bromus seeds (Hemrova et al., 2016).
Healthy looking Inula seeds were then counted in five lowest density doses to get an
average number to be used in data analyses. The seeds were sown in four intraspecific
densities: 8, 16, 32, and 64 Bromus seeds (and weight equivalents of Inula); and in
two interspecific densities: 8+8 and 32+32 (again, the numbers refer to Bromus seed
count with a weight equivalent of Inula). There were 10 seed combinations in total, 3
soil types (Bromus-conditioned, Inula-conditioned, control), and 10 replicates
resulting in 300 pots in total. Seeds were sown on top of the soil, we tried to spread
them evenly across the surface. Pots were watered with a fine spraying multiple times
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a day, with additional watering applied when the soil was dry. The experiment ran for
10 weeks, from beginning of April to second half of June. At the end, live seedlings

were counted in each pot.

Feedback growth phase

Seedlings from the germination experiment were then transplanted into the
18cm pots with conditioned soil in the garden. Seedlings were transplanted into the
same soil type in which they germinated. A target-neighbor design was used (Gibson
et al., 1999), with following variants: sole target plant, three neighbors around target,
six neighbors around target; in both intraspecific and interspecific target-neighbor
combinations (10 configurations in total). The seedlings were watered intensively for
two weeks after transplantation to maximize their survival; during these two weeks,
any dead seedlings were replaced. Afterwards, dead plants were not replaced. After
the first two weeks, half of the pots was watered daily, while the other half was left to
be watered only in case of prolonged drought (of more than a week) or signs of
excessive drought stress (wilting) in test plants — so that effects of soil conditioning
and water shortage on competition results could be assessed. Therefore, 3 soil types,
2 different watering regimes, 10 target- neighbor combinations with 10 replicates
resulted in a total of 600 pots. During the third week of the experiment, leaves were
counted and the longest leaf was measured in all target plants to evaluate size variation
at the start. Temperature and moisture were recorded throughout the experiment in
four selected pots (two watered, two dry) by TOMST TMS3 climatic stations
(TOMST Co., www.tomst.com) (Hemrova et al., 2016). The experiment was left to
run for 12 weeks, then all plants were cut approx. 1 cm above soil surface. Resulting
biomass was dried and weighed separately for each target plant and each group of
neighbor plants.
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Data analysis

Feedback germination phase

Data from germination phase were first analyzed separately for both studied
species. GLM with quasibinomial distribution of the dependent variable was used.
Soil type, number of species’ seeds sown in pot, and their interaction were used as
explanatory variables, and proportion of successfully established seedlings was used

as response.

To assess feedback together for both species, we calculated relative feedback
intensity (RFI) as (Si — Sc1)/Sct, where Sj is the proportion of successfully established
seedlings of a species in a pot, and Sc is the mean proportion of successfully
established seedlings in pots with the same species and seed density sown on control
(non-conditioned) soil. In pots sown with both species, RFI was calculated and used
separately for each species in further analysis. Then GLM was used, with RFI as
response, and target species, soil type, and their interactions as predictors. The
analysis was performed on a subset of pots with conditioned soils and lowest seed

density (to avoid effects of competition).

To assess competition together for both species, we calculated relative
competition intensity (RCI) as (Si — Sc2)/Sc2, Where Siis the proportion of successfully
established seedlings of a species in a pot, and Sc¢1 is the mean proportion of
successfully established seedlings in pots with same soil type and half the seed density
(e.g. 8-seed Bromus pots were used as “no-competition” controls for 16- seed Bromus
pots, and 8 Bromus + 8 Inula equivalent interspecific competition pots). In pots sown
with both species, RCI was calculated separately for each of them. GLM was used,

with RCI as dependent variable, and target species, soil type, competition type, seed
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density, and all possible interactions as predictors. The analysis was performed on a
subset of pots with interspecific competition and their intraspecific seed density

equivalents.

Feedback growth phase

Data from growth phase were first analyzed using GLM to test for the effect
of initial plant size on biomass of target plants. For this purpose, studied species were
analyzed separately. As value representing initial size, we chose between largest leaf
size, leaf number, or their product (logarithmically transformed to achieve normality).
The latter was found to be the best predictor of target biomass in both Inula and
Bromus. Therefore, residuals from these models were used in further analyses instead
of biomass to compensate for effects of initial size variability. To avoid negative
values in further calculations, we added absolute value of the lowest residual to all

values, resulting variable is further referred to as biomass residuals.

To compare effects of species, soil type and moisture treatment on overall
plant growth, ANOVA with F test was used, with biomass residuals as the dependent
variable and target species, soil type, moisture treatment, and all possible interactions
as predictors. This test was performed only using control plants (i.e. targets growing

without competition from neighbors).

To compare intensity of feedback among species, soil types and moisture
treatments, we calculated relative feedback intensity (RFI) as (Ri — Rc1)/Rc1, where R;
is the biomass residual of target, and Rc1 is the mean biomass residual of all control
(i.e. non-competing) targets from the same moisture treatment in control (i.e. non-
conditioned) soil. Afterwards, ANOVA was used, with relative feedback intensity as

response, and target species, soil type, moisture treatment, and all their interactions as
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predictors. The model was applied to a subset of control targets growing in

conditioned soils only.

To compare intensity of competition among species, soil types, and moisture
treatments, we calculated relative competition intensity index (RCI) (Weigelt &
Jolliffe, 2003) from above mentioned biomass residuals as (Ri — Rc2)/Rc2, where Riis
the biomass residual of target, and Rc2 is the mean biomass residual of all control (i.e.
non-competing) targets from the same soil type and moisture treatment. Then GLM
was used with RCI as the dependent variable. The predictors were target species, soil
type, moisture treatment, competition type, neighbor density and all possible
interactions. Due to significant interaction of target species with most other variables,
two GLMs were subsequently applied separately to each target species, with same
parameters, only excluding target species from predictors. The last three models were
also performed using log+1 transformed final neighbor biomass instead of neighbor

density.

RESULTS

Feedback germination phase

In the germination phase, across all treatments, 53.7% of Inula seeds sown
managed to establish as seedlings, in Bromus, the rate was 72,4%. In the model
comparing effects soil type and seed number on proportion of germinated seedlings,
no significant effects were found in both Inula (soil type: F2114 =0.02, P = 0.914; seed
no.: Fy1114 = 0.039, P = 0.533) and Bromus (soil type: F2,114 = 0.96, P = 0.386; seed

no.: F1,114 = 2.06, P = 0.132).

28



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

Relative feedback intensity (RFI) was not significantly affected by target
species (F1,36=0.01, P = 0.917), soil type (F1,36=0.01, P = 0.942) or their interaction

(F1,36=0.95, P = 0.335).

Relative competition intensity (RCI) was significantly affected by seed density
and interaction between soil and competition type. Marginally significant effects of
soil type and interaction of soil type and seed density were found (Table 1, Fig. 1a,

b).

Feedback growth phase

In the growth phase, final weight was significantly affected by initial plant size

in both Inula (F1,208 = 57.58, P < 0.001) and Bromus (F1,208 = 71.36, P < 0.001).

Biomass residuals were significantly affected by soil type and moisture, and a
significant interaction between target species and soil type was found. The model was
applied to subset of control plants to exclude competition (for full results, see Table
2). Inula biomass residuals were reduced to a similar extent in both conditioned soils

compared to control soil. Bromus was overall much less affected (Fig. 2).

Relative feedback intensity expressed as RFI was significantly affected by
target species and soil type, and a marginally significant interaction between target
species and soil type was found (Table 3). Again, Inula showed a negative reaction to

conditioned soils, while Bromus was barely affected (Fig. 3).

RCI (relative competition intensity) was significantly affected by target
species, moisture treatment, competition type, and neighbor density, significant
interactions were found between target species and soil type, soil type and moisture

treatment, target species and competition type, and the quadruple interaction between
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target species, moisture treatment, competition type and neighbor density (Table 4).
In Inula, significant effects of soil type, moisture treatment, competition type,
neighbor density, and the interaction between soil type and moisture treatment were
found; in Bromus, soil type, competition type, neighbor density, and the interaction
between moisture, competition type and neighbor density, were significant predictors
(Table 5, Fig. 4a, b). When final neighbor biomass was used in the last three models
instead of neighbor density, results were largely similar. Therefore, only results of

models using neighbor density are presented here.

DISCUSSION

Our aim was to assess whether the effects of plant-soil feedback can affect
competition within and between our model species, and whether competition
outcomes and feedback effects change depending on species identity, life stage of
plants, and drought stress. We found no significant effects of conditioned soil on
seedling establishment, but there was an indirect effect on competition in the
germination phase. In the growth phase, we have found effects of conditioned soil on
plant size in Inula, and it also influenced competition responses — differently in each

of our model species.

Reduction of germination success in self-conditioned soil would be expected
according to both theory (Janzen-Connel hypothesis) (Petermann et al., 2008) and
previous experiments (Hemrova et al., 2016). However, there were no direct effects
of conditioned soil on seedling emergence or competition in our study. We suspect
that experimental setup may have influenced these results (see below). In contrast,
direct PSF effects on plant size were found during growth phase and their strength
was species-specific. While Inula size was strongly reduced in soils conditioned by

both species compared to control soil, Bromus showed no significant reaction to soil
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type (Fig. 2). This could be explained by trait differences between experimental
species. Inula is obligately AMF-dependent (Knappova et al., 2016), therefore it ought
to be more susceptible to nutrient depletion — at least in soils with a poor soil fungal
community, like we can expect in our experiment. Grasses, including Bromus,
generally have a more robust root system and utilize AMF much less, and are therefore

more likely to be indifferent to this type of changes in the soil (Dostalek et al., 2013).

PSF effects on competition (as expressed by RCI), again, varied between
species. In this experiment, growing in self-conditioned soil seemed to disadvantage
both species in competition. Interestingly, PSF effects on biomass did not directly
translate into changes of competition ability in conditioned soils, which supports the
suggestion that, in order to reliably evaluate their role on a community level,

feedbacks and competition cannot be tested separately (Casper & Castelli, 2007).

Each species has specific requirements on soil environment and its particular
components. As a result, PSF can have different effects on intra- and interspecific
competition. Indeed, in seedlings, RCI varied between intra- and interspecific
competition. In high seed densities, effect of Bromus presence on number of Inula
seedlings in self-conditioned soil was actually positive, and effects of intraspecific
competition were more negative than in other soils (Fig. 1a, b). We think that in high
densities, phytochemical-induced reduction of seedling emergence took place, to
avoid excessive intraspecific competition (Renne et al., 2014; Houseman & Mahoney,
2015). The fact that this only happened in self-conditioned soils suggests that soil
played a role in these mechanisms in the experiment. Our results point to the
possibility of other species’ seeds and/or seedlings presence promoting germination

in a high-density interspecific mixture (Dyer et al., 2000). We suggest that soil
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conditioning by adult plants should be tested as a source of phytochemicals which

affect density-dependent germination.

In the growth phase, both species reacted negatively to competition when
grown in self-conditioned soil. That led to differences in how intra- and interspecific
competition were affected, e.g. when Inula, overall the weaker competitor, performed
better against Bromus in Bromus-conditioned soil than in any other soil. This, to some
extent, supports the idea that negative intraspecific PSF effects might, on a community
level, sometimes work as a factor acting against dominance and/or competitive
exclusion (Bever, 2003; Van Der Putten et al., 2013). RCI in Inula was high in control
soil, and similarly to feedback effects, we attribute this result to nutrient depletion by

neighbor plants.

A change in abiotic conditions may affect species’ growth rates depending on
their tolerances and stress reactions and thus influence competition outcomes along
environmental gradients (Rebele, 2000; Chen et al., 2013). In our study, drought stress
did not significantly affect feedback strength (as expressed by RFI). In competition,
effect of stress was species-specific, likely due to differing tolerances of individual
species: Inula grew significantly worse in dry treatment, while Bromus was not
affected. That further shaped competition between species, as Bromus gained
advantages of not being negatively affected by stress, and of facing lower intensity of
competition from Inula, which was negatively affected. Stress reactions in
competition also interacted with neighbor density effects: difference between relative
competition intensity resulting from the two neighbor densities was species-specific
(both target and neighbor) and influenced by stress. The difference increased with
stress in Inula neighbors, as in dry treatment specifically, 3 individuals were not
enough to competitively influence Bromus performance. The difference decreased
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with stress in Bromus neighbors, possibly because of water limitation in 6 neighbor

plants growing in dry treatment.

Our results showed PSF effects on size in grown-up plants as opposed to no
direct effects on numbers of established seedlings. The absence of direct feedback
effects in the germination phase was unexpected, and contrasts with previous results
from both field and garden experiments using the same species (Hemrova et al., 2016).
Some part of experimental setup perhaps influenced our results: 1 cm layer of
conditioned soil might have been insufficient to directly affect seedling establishment
(as soil-driven results were clear in the growth phase). Although, at least regarding
colonization by AMF and soil pathogens, even smaller amounts of soil inoculum are
regularly used in experiments with soil sterilization (e.g. Pankova et al., 2014).
Alternatively, the glasshouse conditions were too favorable for seedlings (i.e. full
lighting, frequent watering, high temperature), which could have overpowered more
subtle negative effects (Renne et al., 2014), e.g. of soil pathogen accumulation in our
case. These effects could also have remained undetected due to relatively short
duration of the germination experiment. Additionally, our data collection was limited
by the fact that we needed the seedlings alive later for the growth phase of the
experiment — there might have been some results, such as effects on biomass, which
we were not able to obtain. Size variation of seedlings was visible, and significant in
growth phase results, but not feasible to measure in more than 14 000 individuals that
germinated. Number and density of seedlings also made it unfeasible to precisely
measure seedling survival rates, even though mortality was overall very low. A design
using larger amounts of conditioned soil (Hemrova et al., 2016) or sowing into more
natural (i.e. less favorable) conditions could capture more effects of soil conditioning

on germination.
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In conclusion, we have found that PSF can shape outcomes of both
intraspecific and interspecific plant competition in complex ways, while interacting
with other decisive factors, such as mechanisms influencing germination, species’
competitive ability or stress tolerance. All these factors seem to influence competition
outcomes together, with unique results in varying conditions, which do not seem to
be easily predictable. Further research is necessary to understand how plant
competition can be affected by PSF and to incorporate plant-soil feedbacks into

ecological theory on a community level.
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556  Tables

557 Table1l

558  Effects of target species, soil type, competition type, seed density and their

559 interactions on relative competition intensity (RCI) in germination phase.

Df F P
Species 1 0.40 0.527
Soil 2 2.44 0.090
Competition type 1 0.01 0.915
Seed density 1 9.09 0.003
SpeciesxSoil 2 0.55 0.580
SpeciesxCompetition type 1 0.03 0.860
SoilxCompetition type 2 3.62 0.029
SpeciesxSeed density 1 0.08 0.778
SoilxSeed density 2 2.40 0.093
Competition typexSeed density 1 0.64 0.426
SpeciesxSoilxCompetition type 2 0.71 0.491
SpeciesxSoilxSeed density 2 1.46 0.234
SpeciesxCompetition typexSeed density 1 0.39 0.532
SoilxCompetition typexSeed density 2 0.76 0.470
SpeciesxSoilxCompetition typexSeed density 2 0.79 0.456
Residuals 216
560
561
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562 Table?2

563  Effects of target species, soil type, moisture treatment and their interactions on

564  biomass residuals of target plants in growth phase.

Df F P
Species 1 1.74 0.190
Soil 2 4,78 0.010
Moisture 1 31.79 <0.001
SpeciesxSoil 2 3.24 0.043
SpeciesxMoisture 1 0.50 0.480
SoilxMoisture 2 0.14 0.866
SpeciesxSoilxMoisture 2 0.26 0.769
Residuals 108
565
566
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567 Table 3

568  Effects of target species, soil type and moisture treatment on relative feedback

569 intensity (RFI) in growth phase.

Df F P
Species 1 11.31 0.001
Soil 2 4.13 0.019
Moisture 1 0.10 0.755
SpeciesxSoil 2 2.84 0.063
SpeciesxMoisture 1 0.86 0.355
SoilxMoisture 2 0.03 0.974
SpeciesxSoilxMoisture 2 0.46 0.634
Residuals 108
570
571
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572 Table4

573  Effects of target species, soil type, moisture treatment, competition type,
574  neighbor density and their interactions on relative competition intensity (RCI)

575 in growth phase. Non-significant triple and quadruple interactions not shown.

Df F P
Species 1 2443 <0.001
Soil 2 1.12 0.326
Moisture 1 6.79 0.009
Competition type 1 3.88 0.049
Neighbor density 1 30.42 <0.001
SpeciesxSoil 2 15.37 <0.001
SpeciesxMoisture 1 0.85 0.356
SoilxMoisture 2 7.67 <0.001
SpeciesxCompetition type 1 8.77 0.003
SoilxCompetition type 2 0.31 0.732
MoisturexCompetition type 1 0.55 0.458
SpeciesxNeighbor density 1 0.56 0.454
SoilxNeighbor density 2 0.34 0.710
MoisturexNeighbor density 1 0.00 0.946
Competition typexNeighbor density 1 0.00 0.981
SpeciesxMoisturexCompetition typexNeighbor density 1 8.56 0.004
Residuals 432

576
577
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578

579

580

581

582

583

Table 5

Effects of soil type, moisture treatment, competition type, neighbor density and

their interactions on relative competition intensity (RCI) in growth phase,

separately for each species.

Bromus erectus Inula salicina
Df F P F P
Soil 2 6.71 0.001 577  0.004
Moisture 1 113 0.288 439 0.037
Competition type 2 2480 <0.001 35.25 <0.001
Neighbor density 1 11.83 <0.001 16.63 <0.001
SoilxMoisture 2 179 0.168 471  0.010
SoilxCompetition type 4 128 0.278 0.75  0.558
MoisturexCompetition type 2 018 0.833 0.80  0.450
SoilxNeighbor density 2 061 0544 0.25 0.780
MoisturexNeighbor density 1 026 0613 0.30 0.583
Competition typexNeighbor density 1 031 0.580 0.27  0.604
SoilxMoisturexCompetition type 4 0.64 0.638 0.90 0.467
SoilxMoisturexNeighbor density 2 146 0234 1.17  0.310
SoilxCompetition typexNeighbor density 2 193 0.147 0.95 0.387
MoisturexCompetition typexNeighbor density 1 526 0.023 3.10 0.080
SoilxMoisturexComp. typexNeighbor density 2 103 0.359 0.03 0.972
Residuals 270
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584  Figures
585 Figurela, b

586  Effects of soil type and seed density on relative competition intensity (RCI, see
587  Materials and methods) in germination phase. Dotted line (zero) represents RCI
588 average of pots with half the seed density of target species only (used as no-
589  competition control) from the same soil. Grey bars indicate self-conditioned soil. Full
590 bars indicate intraspecific competition. Empty bars indicate interspecific competition.

591 Mean *+ 1.96 SE shown.
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594

595

596

597

598

599

600

Figure 2

Effects of soil type and moisture treatment on final biomass in growth phase.
Biomass is expressed as residuals from regression of final biomass against initial size
(see Materials and methods). Grey bars indicate self-conditioned soil. Mean + 1.96

SE shown.
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601 Figure 3

602  Effects of soil type and moisture treatment on relative feedback intensity (RFlI,
603 see Materials and methods) in growth phase. Dotted line (zero) represents RFI
604  average of pots with control soil and the same moisture treatment (used as no-

605 feedback controls). Grey bars indicate self-conditioned soil. Mean = 1.96 SE shown.
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608 Figureda, b

609  Species-specific effects of soil type and moisture treatment on relative
610 competition intensity (RCI, see Materials and methods) in growth phase. Dotted
611  line (zero) represents RCI average of pots with one individual of target species only
612  (used as no-competition control) from the same soil. Grey bars indicate self-
613  conditioned soil. Full bars indicate intraspecific competition. Empty bars indicate

614 interspecific competition. Mean + 1.96 SE shown.
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3. Shrnuti

Cilem této prace bylo zjistit, jestli, a ptipadné jakym zpusobem, ovliviiuje
zpétna vazba mezi rostlinami a pudou kompetici mezi dvéma modelovymi druhy
(Bromus erectus a Inula salicina). Dalsimi otazkami bylo, zda PSF ovliviiuje ruzné
vnitrodruhovou a mezidruhovou kompetici, zda kompetice v ovlivnéné pudé probiha
jinak ve stresovych podminkach a jestli se vlivy PSF projevuji rizné na rostlinach
V raznych Zivotnich fazich. Pro zjisténi odpovédi na tyto otazky byl na zahradé a ve
skleniku Botanického tistavu Akademie véd CR v Prithonicich proveden kompetiéni
experiment v PSF ovlivnénych pudach zahrnujici semenacky a dospé€lé rostliny.
Dospélé rostliny byly péstovany ve dvou vlhkostnich rezimech, aby byl zahrnut vodni

stres.

Ptda pouzitd pro experiment byla ziskdna z obnazeného okraje polni cesty
pobliZz lokality studovanych druhd, bylo u ni tedy mozné piedpokladat minimalni
ovlivnéni pfedchozim ristem rostlin. V ¢ervenci 2015 bylo touto ptidou na zahradé
Botanického uUstavu naplnéno 600 kvétinact o pruméru 18 cm. Nasledné bylo 200
z nich husté oseto semeny B. erectus, 200 bylo husté oseto semeny . salicina, 200
bylo ponechéano bez rostlin jako kontrola. V dubnu 2016 byly rostliny z kvétinacu

odstranény. Tim byla ziskana ptida ovlivnéna rastem jednotlivych druhu.

Nasledujici ¢ast experimentu se skladala ze dvou fazi: kli¢eni a rist. Faze
kliceni probihala ve skleniku. Bylo pouZzito 300 kvétinact o rozmérech 1010 cm. Ty
byly naplnény sterilnim piskem asi 1,5 cm pod okraj. Na pisek byla nanesena 1 cm
vrstva ovlivnéné pady z kvétinact v zahradé. Vysledkem bylo 100 kvétina¢t s pudou
ovlivnénou B. erectus, 100 s pudou ovlivnénou I. salicina a 100 s ptdou kontrolni —
neovlivnénou. Vzhledem Kk rozdilim v hmotnosti a kli¢ivosti semen studovanych
druhit (viz také Hemrova et al., 2016) byla pouZita nasledujici metoda: semena
B. erectus byla pocitana, u semen I. salicina byla vzdy pouzita odpovidajici hmotnost.
Semena studovanych druhti byla vyseta na povrch piady v nasledujicich hustotach:
8, 16, 32, 64 semen B. erectus (a odpovidajici hmotnosti I. salicina) s vnitrodruhovou
kompetici, a 8+8 a 32+32 s mezidruhovou kompetici (Cisla opét znac¢i pocet semen
B. erectus s odpovidajici hmotnosti I. salicina). Semena byla rovnomérné rozptylena
na povrch puady v kvétinac¢ich. KvétinaCe byly zalévany nékolikrat denné tak,

aby nedochézelo k vysychani. Experiment trval 10 tydnu, od zacatku dubna do
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poloviny ¢ervna. Na konci experimentu byly spocitany Zivé semenacky ve vSech
kvétinacich.

Pro fazi rustu byly semenacky piesazeny do kvétinact v zahradé. Byl pouzit
experimentalni design scilovou rostlinou uprostted a sousedicimi rostlinami
rozmisténymi okolo ni (target-neighbor design, Gibson et al., 1999), s cilovou
rostlinou bud samotnou, se 3 sousedicimi rostlinami, nebo se 6 sousedicimi
rostlinami. Variant kombinace druhti a hustot cilovych a sousedicich rostlin bylo
celkem 10. Dale byly pouzity 3 druhy pidy, 2 vlhkostni rezimy (normalni a suchy)
a 10 opakovani, takze celkem bylo vyuzito 600 kvétinaci. Po uchyceni semenacku
byla polovina kvétinaci denné zalévana, druha polovina byla zalévana pouze
Vv piipad¢ vice nez 7 dni bez desté nebo v piipad¢ viditelného usychani rostlin.
U cilovych rostlin byly na po¢atku experimentu spocitany listy a zméfen nejdelsi list
pro zachyceni pocatecni velikostni variability. Experiment bézel 12 tydnt, poté byly
vSechny rostliny ostfihdny pfiblizné 1 cm nad zemi, vysledna biomasa byla ususena
a zvazena zvlast’ vzdy pro kazdou cilovou rostlinu a pro kazdou skupinu sousedicich

rostlin pochazejicich z jednoho kvétinace.

Data byla zpracovana zvlast’ pro obé faze. Ve fazi kli¢eni byl pro porovnani
arovni PSF v ovlivnénych pudach byl vypocitan index relativni intenzity PSF (RFI)
pomoci poméru uspé$né vykli¢enych semenack a primérného poméru tspésné
vykli¢enych semenacki stejného druhu na kontrolni pid€. Byly pouzity pouze
malé kompetice. Pro porovnani urovni kompetice byl vypocitan index relativni
intenzity kompetice (RCI) pomoci poméru uspésné vykli¢enych semenacku
a prumeérného poméru uspesné vyklicenych semenacki stejného druhu na stejné padé

Vv kvétinaci s polovicni celkovou hustotou semen.

Ve fazi rastu byla nejprve data o vysledné biomase zbavena vlivu pocatecni
velikostni variability rostlin. Rezidudly biomasy z tohoto modelu byly pouzity
v naslednych analyzach. Pro porovnani drovni PSF v ovlivnénych pidach byl
vypoéitan index relativni intenzity PSF (RFI) pomoci rezidudlu biomasy a pruméru
rezidualt rostlin stejnéeho druhu v kontrolni padé. Byly pouzity kvétinace
s ovlivnénou piadou a se samotnou cilovou rostlinou, tedy bez kompetice. Pro
porovnani Urovni kompetice byl vypo¢itan index relativni intenzity kompetice (RCI)

pomoci rezidudlu biomasy a priaméru rezidual biomasy rostlin stejneho druhu
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rostoucich bez kompetice ve stejné pidé a vlhkostnim rezimu. Byly pouzity kvétinace

s kompetici — tj. s pfitomnosti sousedicich rostlin.

Ve fazi kliceni dokazalo uspésné vyklicit 53,7 % semen I. salicina, u B. erectus
to bylo 72,4 %. Uspé&snost kli¢eni nebyla ani u jednoho druhu signifikantné ovlivnéna
pudou, po¢tem semen, ani jejich interakci. RFI nebyl signifikantn¢ ovlivnén druhem,
pudou, ani jejich interakci. RCI byl signifikantné ovlivnén hustotou semen a interakci
pudaxtyp kompetice, marginalni vliv byl nalezen u pudy a interakce pudaxhustota

semen.

V rastové fazi byly rezidudly biomasy signifikantné¢ ovlivnény piidou,
vlhkostnim rezimem a interakci druhxptda. Biomasa I. salicina byla vyrazné snizena
V obou ovlivnénych ptadach, u B. erectus piida na biomasu neméla téméf zadny vliv.
RFI byl signifikantné¢ ovlivnén druhem a ptidou, margindln¢ interakci druhxpida.
Podobné¢ jako u biomasy byl zjistén negativni vliv u I. salicina, zatimco u B. erectus
se témef zadné vlivy PSF neprojevily. Relativni intenzita kompetice byla ovlivnéna
druhem, vlhkostnim rezimem, typem kompetice, po¢tem sousedicich rostlin
ainterakcemi  druhxptda, puadaxvlhkostni rezim, druhxtyp kompetice
a druhxvlhkostni rezimxtyp kompeticexpocet sousedicich rostlin. Vzhledem
k vyraznému vlivu druhu byla analyza provedena jesté pro oba druhy zvlast.
U I. salicina byl RCI ovlivnén ptidou, vhkostnim rezimem, typem kompetice, po¢tem
sousedicich rostlin a interakci pidaxvlhkostni rezim. U B. erectus byla RCI ovlivnéna
pudou, typem kompetice, poctem sousedicich rostlin a interakci vlhkostni rezimxtyp

kompeticexpocet sousedicich rostlin.

V této studii nebyly zjiStény Zadné piimé vlivy PSF na uchyceni semenackd,
byly nalezeny nepiimé vlivy na jejich kompetici. U dospélych rostlin byly nalezeny
vlivy PSF na rast u |. salicina a rizné vlivy PSF na kompetici u obou studovanych

druhu.

SniZzenou uspéSnost uchyceni semenacklt v pudé ovlivnéné ristem jedinct
vlastniho druhu ptedpoklada teorie (Janzen-Connellova hypotéza sensu Petermann et
al., 2008), zaroven byla nalezena v pfedchozim experimentu se studovanymi druhy
(Hemrova et al., 2016). Jeji nepiitomnost v tomto experimentu mohla byt zptisobena
nekterym z aspektd pouzitého designu (podrobnéji nize). Oproti tomu riist dospélych

rostlin byl signifikantné ovlivnén PSF, pficemz vliv se lisil u obou studovanych druhd.
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Biomasa |I.salicina byla vyrazné niz8i v obou ovlivnénych pudach, zatimco
u B. erectus se téméf nezménila. Moznym vysvétlenim je rozdilnost vlastnosti
studovanych druhu: I. salicina je zavisla na mykorrhizni symbi6ze (Knappova et al.,
2016), takze mohla byt v tomto experimentu vice ovlivnéna vyCerpanim zivin —
vzhledem ktomu, ze byla pouzita pida, vniz lze ofekavat tidké osidleni
mykorrhiznimi houbami. B. erectus se svym robustnéj$im kofenovym systémem
naopak mykorrhizu spiSe nevyuziva, bylo zjisténo, Ze pfi jejim potlaceni se jeho

zastoupeni ve spolecenstvu zvysuje (Dostalek et al., 2013).

Vlivy PSF na intenzitu kompetice (vyjadienou RCI) byly opét rozdilné u obou
studovanych druhd, pficemz oba byly v kompetici znevyhodnény pii ristu v pude
ovlivnéné vlastnim druhem. Zajimavym vysledkem je, ze vliv PSF na kompetici se
1isil od vlivu na biomasu, coz podporuje nazor, ze PSF a kompetici nelze zkoumat
oddélené (Casper & Castelli, 2007).

Vzhledem Kk mezidruhovym rozdilim ve vztazich K pidnimu prostiedi lze
o¢ekavat rozdilné vlivy PSF pfi srovnani vnitrodruhové a mezidruhové kompetice.
U semenacku se RCI v n¢kolika piipadech 1isil mezi vnitrodruhovou a mezidruhovou
kompetici. Ve vysoké hustoté méla ptitomnost semenackt B. erectus pozitivni vliv na
pocet uchycenych semenacku I. salicina v pidé ovlivnéné vlastnim druhem, zatimco
vliv vnitrodruhové kompetice byl naopak nejvice negativni ze vSech druhd pudy.
Mohlo dojit k projevu mechanismti omezujicich kli¢eni v piipadé vysoké koncentrace
semen jednoho druhu (Renne et al., 2014; Houseman & Mahoney, 2015). Fakt, Ze
k tomuto doslo pouze v pidé ovlivnéné vlastnim druhem naznauje, Ze by
fytochemikalie pochazejici z dospélych rostlin mohly ovliviiovat kli¢eni. Vysledky
tohoto experimentu také naznacuji, ze pfitomnost semen jiného druhu muze klic¢eni
indukovat (Dyer et al., 2000). Bylo by vhodné dale ovéfit, zda PSF ovlivnéna ptida

hraje roli v mechanismech tidicich kli¢eni semen.

Ve fazi rastu byly oba druhy v kompetici znevyhodnény pfi rastu v padé
ovlivnéné vlastnim druhem, coz vedlo k rozdilim ve vlivech na vnitrodruhovou
a mezidruhovou kompetici — napf. kdyz celkové slabsi kompetitor v tomto
experimentu, |. salicina, dokazal nejlépe soupefit s B. erectus v jeho vlastni pude¢.
Tyto vysledky tedy do urcité miry podporuji domnénku, Ze negativni vnitrodruhové
PSF mohou pusobit proti dominanci kompeti¢né silnych druhii ve spole¢enstvech
(Bever, 2003; Van Der Putten et al., 2013).
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Zmény abiotickych podminek ovliviiuji u rostlin rychlost ristu a schopnost
kompetice, takze mezidruhove interakce v rozdilnych prostiedich probihaji s riznymi
vysledky (Rebele, 2000; Chen et al., 2013). V této studii vodni stres nem¢l vliv na silu
PSF. Kompetice byla stresem ovlivnéna odlisn¢ u kazdého druhu, pravdépodobné
kvuli rozdilnosti jejich toleranci. Rust I. salicina byl v suchém prostiedi signifikantné
zhorSen, zatimco rast B. erectus nebyl ovlivnén. To dale ovlivnilo mezidruhovou
kompetici, B. erectus tim ziskal proti I. salicina vyhodu v suchém prostfedi. Reakce
na stres se zaroven navzajem ovliviiovala s druhem a hustotou sousedicich rostlin pfi
kompetici. U 1. salicina se v suchém prostiedim rozdil mezi u¢inkem kompetice dvou

hustot sousedicich rostlin zvySoval, u B. erectus se naopak snizoval.

Vysledky této studie ukazaly vliv PSF na biomasu dospélych rostlin, zatimco
pfimy vliv na uspéSnost uchyceni semenackl zjistén nebyl. Absence ovlivnéni
semenackl byla neoéekavana, je v rozporu s vysledky piedchozich experimentli na
zahradé i v terénu (Hemrova et al., 2016). Vysledky této studie mohly byt ovlivnény
designem experimentu. Vrstva 1 cm ovlivnéné pudy mohla byt nedostatecna pro
ovlivnéni semenackd — vzhledem k tomu, Ze vliv PSF byl ve fazi ristu vyznamny. Je
ale nutno podotknout, ze, alespoii co se tyce kolonizace mykorrhiznimi houbami
apudnimi patogeny, v experimentech se sterilizaci pudy Se Kk inokulaci uspés$né
pouzivaji jesté mensi davky pudy (napi. Pankova et al., 2014). Také je mozné, Ze
podminky ve skleniku byly pro semenacky natolik ptiznivé (plné svétlo, dostatek
vody, vysoka teplota), ze mohly omezit projevy negativnich vlivi (Renne et al., 2014),
v tomto piipadé napt. akumulace piidnich patogenti. Uginky PSF také mohly ziistat
neodhaleny kvili pomérné kratkému trvani experimentalni faze kliceni. Sbér dat byl
omezen nutnosti pouzit zivé semenacky v nasledujici fazi, takze nemohly byt
hodnoceny napf. pfipadné G¢inky na biomasu. Velikostni variabilita mezi semenacky
byla viditelna (a signifikantni ve fazi ristu), ale méfeni nebylo proveditelné vzhledem
k poctu vice nez 14 000 vykli¢enych jedinci. Pocet a hustota semenacku také
neumoznovaly piesné méfeni jejich imrtnosti, ta ale byla obecné velmi nizka. Design
experimentu s pouzitim vétsiho mnozstvi ovlivnéné pudy (jako Hemrova et al., 2016),
pfipadné vyseti semen do méné ptiznivych (pfirodé blizsich) podminek by mohly 1épe

zachytit vlivy PSF na klic¢eni.

Tato studie zjistila, Ze zp€tna vazba mezi rostlinami a pidou miize ovliviiovat

vysledky vnitrodruhové i mezidruhové kompetice, pti¢emz pusobi komplexné spolu
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s dalsimi faktory, jako jsou mechanismy ovliviujici kli¢eni nebo kompeti¢ni
schopnost danych druhii. VSechny tyto faktory mohou ptisobit najednou, relativni sily
jejich vliva se v riznych podminkach 1isi, a vysledky jejich interakce se zdaji byt
slozité predvidatelné. Pro porozuméni vlivam PSF na kompetici mezi rostlinami a pro
zapojeni PSF do ekologické teorie na Girovni spolecenstev je tedy nutny dalsi vyzkum.
Nasledny vyzkum modelového spole¢enstva této studie by se mohl zaméfit napt. na
zjisténi, zda (a ptipadné jakym zpiisobem) mohou byt interakce mezi dominantnimi

a podtizenymi druhy ovlivnény PSF.
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