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UvoD

V evropskych podminkéach se v poslednich desetiletich fesi problém ubyvani biodiverzity na
polopiirozenych loukach a pastvinach, které je zpusobeno dvéma protichidnymi vlivy —

vysokou mirou intenzity vyuzivani v kontrastu s rostoucim po¢tem opusténych ploch.

Poslednimi ostriivky vysoké biodiverzity zustavaji druhové bohaté travni porosty, nad
kterymi drzi ochrannou ruku stat. Priorita ochrany druhové diverzity je pouze v nejpiisnéjsich
zonach chranénych krajinnych oblasti ¢i narodnich parkd, v ostatnich, méné piisné stiezenych
zonach, je nutné hledat kompromis mezi ochranou pfirody a ekonomickou motivaci
zemé&d¢€lce. Hlavnim cilem jiZ neni maximalizace biodiverzity, ale zejména udrZeni bezlesi
flory. Dodnes se hleda optimalni zpisob managementu, ktery by nejlépe pokryl potieby
zemédélct — produktivitu a kvalitu — a soucasné uspokojil potieby ochrany ptirody

Vv s

zachovanim co nejvyssi biodiverzity.

Cilem této experimentélni studie je analyzovat vlivy jednotlivych managementl (pastvy,
seCeni a ponechani ladem) na cykly zéakladnich zivin (N, P, K, Ca, Mg), na zmény
v druhovém sloZeni, na produktivitu spolecenstva i stravitelnost biomasy v¢etné¢ zachyceni
sezénni dynamiky. Zmény spolecenstva jsou posuzovany jak pifimo posunem druhového
slozeni, tak nepfimo pomoci funkéniho piistupu. Stejné tak pii analyze cykla Zivin a hledani
limitujiciho prvku jsou pouzity 3 mozné piistupy: piimé analyza koncentraci prvka v ptidé a
vV biomase, dale metoda zalozena na vzajemnych pomérech prvki v biomase a za tieti VyuZiti
nutri¢nich indext. Spojeni téchto pristupti umoznuje komplexni pochopeni od¢erpavani zivin
jednotlivymi managementy. V zavérecné Casti prace jsou navrzeny modely pro stanoveni

stravitelnosti pice a optimalni doby sklizné, pro vyuZziti nejvy$Siho mnozstvi stravitelné

hmoty.

Vysledky piedloZené studie provedené po sedmi letech trvani experimentu na dvou lokalitach
v CHKO Bilé Karpaty mohou pomoci jak pracovnikiim ochrany pfirody pfi vytvareni plant
péfe na zemédé€lsky obhospodafovanych trvalych travnich porostech, tak samotnym

zemédéletim pii ndsledné realizaci oboustranné vyhodnych opatieni.
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1. DOSAVADNI POZNATKY

1.1. Vliv aplikovaného managementu na cyklus prvki N-P-K-
Ca-Mg v pudé a v biomase

Aplikace managementu zpiisobuje zmény dostupnosti Zivin

(i) primo, a to odnosem zivin sklizni ¢i spasenim (@ien & Moen 2001; Venterink et al.
2009), nebo naopak obohacenim pidy fekaliemi bylozraveu (Hobbs 1996; Le Roux et al.
2003; Badia et al. 2008);

(ii) nepFimo, a to zménou druhového slozeni vedouciho napiiklad ke zméné proporce
legumindz fixujicich dusik (Parfitt et al. 2005) ¢i rostlin se zasobnimi organy (Kohler et al.
2005) a dale narusenim pidniho povrchu seslapem herbivort ¢i pojezdy technikou, které maji
za nasledek zmény v hutnosti pidy a vliv na vsak vody (Abdel-Magid et al. 1987; Ludvikova
et al. 2014).

Pisobeni managementu je obvykle zavislé na uZivnosti stanovisté, klimatickych podminkéach,
nadmotské vysce ¢i mnozstvi dodanych zivin hnojenim nebo atmosférickym spadem, ale také

na historii obhospodafovani pied za¢atkem experimentu.

1.1.1. Pastva

V produktivnich travnich porostech pastva podporuje rostliny nizké a plazivé, jednoleté,
Casné kvetouci, s vysokou specifickou listovou plochou a nizkym obsahem susSiny v listech
(Diaz et al. 2007; Mclintyre 2008). Tyto druhy orientované na ,,rychly zisk* (resource
acquisition strategy) jsou pastvou zvyhodnény v Zivinami bohatych ekosystémech (Mikola et
al. 2009), maji vysokou koncentraci Zivin v biomase a urychluji cyklus Zivin (Augustine et al.
2003; Semmartin et al. 2008), spole¢né s ptsobenim pidni vlhkosti (Risch et al. 2007; Ewing
et al. 2010).

Oproti tomu v suchych nizkoproduktivnich pastevnich ekosystémech, kde rostliny investuji
do efektivni obrany proti spaseni, dobytek preferuje chutnéjsi druhy, a tim nepfimo podporuje
Sifeni pomalu rostoucich, hufe stravitelnych druhti s vysokym obsahem suSiny V listech.

Odumielé casti takovych ,konzervativnich® rostlin (resource conservation strategy) se



pomalu a $patné rozkladaji a ddle zpomaluji cyklus Zivin (Hobbie 1992; Quétier et al. 2007).
Nicméné jini autofi (Badia et al. 2008) poukazuji na to, Ze i v nizkoproduktivnich
ckosystémech muze pastva zvysit dostupnost Zivin, a tim podpofit rychle rostouci, vice
produktivni druhy. Dochazi k tomu zejména na mistech, kde se dobytek napaji a odpociva
(camping areas). Pokud se nejednd o rotacni pastvu nebo nelze meénit zdroj napédjeni,
akumulace Zivin na jednom misté postupné vede k celkovym ztratam Zivin na pastvin¢ (Badia
et al. 2008).

Redistribuce Zivin na pastvinach neni zplsobena pouze vznikem odpocinkovych zon, ale i
svazitosti terénu (Jewell et al. 2007; Schnyder et al. 2010). Na néhornich ploSinach vznikaji
Zivinami bohaté zony, podminéné vy$§i mirou vyméSovani a mensi mirou spasani. Oproti
tomu piikiej$i svahy se diky opaénym trendim (méné vymeéSovani a vice spaseni) stavaji
zivinami chudymi zonami. Uvedeny transfer zivin ma vliv zejména na horni vrstvu piady do

hloubky 30 cm (Schnyder et al. 2010).

Vliv pastvy na cyklus dusiku

Velci herbivofi obohacuji pltidu exkrementy a moci, a tim pifimo ovliviiuji mnozstvi
dostupného N v pud¢ (Badia et al. 2008; Whitehead 2008). Nepiimo pak pusobi vlivem
defoliace na urychleni mineralizacnich procest v rhizosféfe, ¢imz rostlindm usnadnuji odbér

N z pady (Hamilton & Frank 2001).

Dlouhodoby experiment v Yellowstonském narodnim parku (Frank 2008) ukazal, Ze po
zhruba 40 letech se na nepasenych ohrazenych plochach snizila koncentrace N v biomase
oproti plocham pasenym, ohrazeni ovSem nemélo zadny vliv na mnozstvi dostupného N
vpadé. Oproti tomu sedmiletd experimentélni studie provedend v norskych Alpéch
(Martinsen et al. 2012) dolozila efekt pastvy s nizkou hustotou (25 ovci/ha) na sniZzeni obsahu
dostupného dusiku v pidé a paradoxné nezjistila zadny efekt vysoké hustoty pastvy (75 ovci /
ha) oproti plocham nepasenym. Rovnéz zde nebyl prokazan vliv pastvy na koncentraci N

v biomase.

Pii pfechodu z intenzivné do extenzivné vyuzivané pastvy (Loiseau et al. 2005) ptisobi na
mnozstvi dostupného dusiku dvé protichlidné tendence. V méné vyuzivanych pastvinich
dochézi ke zvySeni mnozstvi N v pud¢ diky zménam v druhovém slozeni. Ptimy vliv

mirnéjSiho pastevniho tlaku ale podporuje rozsifeni méné chutnych konzervativnich druhi,



které zpomaluji cyklus dusiku. Po 13 letech experimentu proto nebyl nalezen rozdil

V dostupnosti dusiku mezi intenzivné a extenzivné vyuzivanymi pastvinami.

Pokud pastva neni plynuld béhem hlavni vegetacni sezény, ale probihd pouze v urcitych
periodickych cyklech, kdy je béhem kratké doby intenzivné vypasena, muze dochdzet
k velkym ztratam dusiku, nebot’ potieby rostlin a navrat zivin ve formé exkrementi a moci
nejsou zcela synchronizovany (McNaughton et al. 1988). Pastva také podporuje rozvoj

leguminéz, a tim nepfimo pusobi na dostupnost dusiku (Pavlu et al. 2003).

Vliv pastvy na cyklus fosforu

Velka ¢ast Zivin (70-90 %), kterd je zkonzumovana dobytkem, se vraci zpét na pastvinu ve
form¢ exkrementti a moci. Vice nez 95 % vylouceného fosforu je obsazeno v exkrementech,
zatimco moc¢i vylu€uje dobytek zbylych méné nez 5 % ptebytecného fosforu. Exkrementy
obsahuji 1,2 % P, mo¢ pouze 0,19 % P. Na druhou stranu mo¢ obsahuje vice nez trojnasobné
mnozstvi N oproti exkrementum (Whitehead 2008). Tim dochazi k separaci Zivin (Haynes &

Williams 1993), kdy na pastvindch vznikaji plochy s odlisnym pomérem N:P v pudé.

Dobytek nevraci fosfor na pastvinu rovnomérnym zptsobem (Jewell et al. 2007), ale diky
odpoc¢inku ¢i napajeni vznikaji mista, kde dochazi kjeho vétsi akumulaci. Studie ze
Spané¢lskych Pyreneji (Badia et al. 2008) dolozila, Ze koncentrace P v pud¢ v centru
odpocinkové zony, kterou vyuzival dobytek po staleti, byla sedmindsobné vysSi nez na

mistech vzdalenych 100 m od centra odpocinkové zony.

Vyzkumy na dlouhodobé& pasené mongolské stepi ukazaly, ze v ohrazenych plochéch, kde
bylo zamezeno piistupu dobytka, se po 7 letech experimentu mirné zvySilo mnoZstvi
dostupného P v pudé¢ oproti pasenym oblastem, zatimco u ostatnich makroprvka (N, K, Ca,
Mg) se neprojevil zadny rozdil (Wesche et al. 2010). VysSi koncentrace P v nadzemni
biomase u 7 let ohrazenych ploch (oproti pasenym) doloZila studie provedena na vlhké
argentinské pampé (Chaneton et al. 1996). Nebyly zde ovSem zjistény Zadné zmény
v koncentraci P v pudé. Studie z Yellowstonského néarodniho parku ovSem pokles
koncentrace P v pudé ani v nadzemni biomase na pasenych plochach béhem 40letého

experimentu nepotvrdila (Frank 2008).

Vliv redukce intenzity pastvy na cyklus zivin feSila studie na tfech riznych lokalitach ve

Skotsku po 5letém experimentu (Marriott et al. 2005). Zmény v managementu nemély zadny



vliv na mnozstvi dostupnych zivin v pudé (N, P, K), ale koncentrace Zivin v biomase
odpovidaly mife intenzity pastvy (intenzivni > extenzivni > lad). Obdobna studie po 16
letech experimentu (Marriott et al. 2010) zaznamenala pokles koncentrace P v pudé u

extenzivné pasenych ploch oproti intenzivné pasenym i opusténym plocham.

Vliv pastvy na cyklus drasliku

Pro vyzivu rostlin je stejné jako dusik a fosfor velmi dulezité i mnozstvi dostupného drasliku.
Pii vysokych koncentracich K v ptidé dochazi k pasivnimu (tzv. luxusnimu) pfijmu tohoto
prvku rostlinami, ktery vede k omezeni pfijmu Mg a Ca (Kayser & Isselstein 2005).
Optimalni obsah drasliku v rostlinach je asi 2 % obsahu suSiny (Vanék 2007). Travy jsou
schopny vyuZivat draslik i z mén¢ dostupnych forem oproti jetelovinam, ¢imz jsou
zvyhodnény pifi nedostatku drasliku, a mohou tak jeteloviny zcela potlacit. Draslik se do
pastevniho ekosystému vraci zejména v podobé moci dobytka, ktera obsahuje ptiblizné 7,5 %
K (Whitehead 2008). Vzhledem k tomu, Ze se jedna o pohyblivy prvek, mtize dochazet k jeho

ztratdm vyplavovanim nebo prasakem do spodnich vod.

Experiment s aplikaci mo¢i na pastvinu na Novém Z¢landu (Williams et al. 1989) dolozil
zvySeni mnozstvi dostupného K v ptadnim horizontu do hloubky 15 cm, které ovSem
odpovidalo pouhym 42 % dodaného K v moci. Ke ztratam K doslo jen n€kolik hodin po
aplikaci hnojiva ziejmé prasakem pudnimi pory do spodnich vod. Celkovy odbér rostlinami
zhruba odpovidal poklesu dostupného Kv pudé¢, tudiz k dalsi vyraznym ztratam béhem
sezony jiz nedoslo. Potvrdila to i sklenikova studie, kde pomoci simulace srazek (5-23 mm
po dobu 6 dni) doslo k vyplaveni ptiblizn¢ 2 % dostupného K z piady. Studie byla provedena
na pastvinach s hlinitou ptidou, kde se 86 % kofenové biomasy nachazi v hloubce do 15 cm,
zbylych 11 % pak do hloubky 30 cm.

Po 15 letech sniZeni intenzity pastvy (Marriott et al. 2010) doSlo k nejvysSimu poklesu
mnozstvi dostupného Kv piadé na extenzivné pasenych plochach oproti opusténym a
intenzivn¢ pasenym (intenzivni pastva > lad > extenzivni pastva), ale neprojevil se vliv

managementu na koncentraci drasliku v biomase.

Vliv typu pudy (pisc¢ité, hlinité a jilovité) a managementu (seceni, pastva) na ztraty drasliku
vyplavenim tesil experiment (Alfaro et al. 2004) s aplikaci drasliku v anorganickeé i organické
form¢. Nejvétsi ztraty dodaného K vyplavenim byly v jilovitych ptudach, dale piséitych
pudach a nejmensi v hlinitych pidach. Ztraty ze secenych ploch byly o 61 % vyssi nez
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z pasenych ploch, coZz mohlo byt zpusobeno aplikaci chlévského hnoje na se¢ené plochy na
zacatku experimentu. Na druhou stranu na seCenych plochach lze ocekavat vétsi ztraty
piijatelného K z pidy vzhledem Kk odnosu zivin sefenim a nizké navratnosti formou

recyklace.

Vysledky studii, které se zabyvaly vyplavenim K na pasenych a seCenych plochach, jsou
velmi variabilni (jejich piehled uvadi napi. Kayser & Isselstein 2005) vzhledem K riznym
experimentalnim podminkéam a zejména vlivu aplikovaneho hnojiva. Ro¢ni ztrata drasliku na
extenzivné pasenych nehnojenych pastvinach byva obvykle nulova (Whitehead 2008), nebot’
Cisty odbér K dobytkem (investice do mléka a ristu) plus ztraty drasliku vyplavenim

(prisakem) odpovidaji ro¢nimu atmosférickému spadu (4 kg K /ha za rok).

Vliv pastvy na cyklus vapniku a horciku

Vapnik a hoi¢ik se vyplavuji z pidy méné snadno nez draslik, ale na rozdil od drasliku jsou
tyto prvky vyplavovany vice na pasenych plochach neZ na seenych (Whitehead 2008).
Vapnik je obsaZzen zejména v exkrementech dobytka (1,65 %), v moci pouze 0,27 %, hot¢ik

je obsazen v exkrementech i moci pfiblizné stejnym dilem (0,55 a 0,51 %).

Na dlouhodobé pasenych plochach oproti ohrazenym plocham bez pastvy (Wesche et al.
2010) nebyl zjistén signifikantni rozdil mezi koncentraci Ca a Mg v piadé. Ani jiné studie
porovnavajici zmény v pudé na zdkladé¢ riizné intenzity pastvy nezaznamenaly zmény

v koncentraci Ca a Mg (Marriott et al. 2005, 2010)).

Na extenzivné pasenych plochach ve Velké Britanii dochazi kazdoroéné ke ztraté asi 16 kg
Ca/ha za rok a asi 1 kg Mg/ha za rok zptsobené vyplavenim prvki. Mira vyplaveni mize byt

ale mnohem mensi v zavislosti na klimatickych a pidnich podminkach (Whitehead 2008).

Obsah Ca v biomase na pasenych plochach se pohybuje v priméru od 0,60 do 0,86 % susiny,
obsah Mg pak od 0,13 do 0,24 % su$iny. Az tiikrat vice Ca je obsazeno v legumindzach nez
v trdvdch a koncentrace Mg je Vv legumindzach Casto az o 20 % vétsi oproti trdvadm
(Whitehead 2008). Vzhledem k tomu, Ze pastva podporuje legumindzy (Pavli et al. 2003,

Tallowin et al. 2005) 1ze ocekavat i narist koncentrace Ca a Mg v biomase pasenych ploch.

11



1.1.2. Seceni

Odbér Zivin secenim je jednorazovy, nedochazi k prubéznym disturbancim, ani navratu zivin
do systemu. Na rozdil od pasenych ploch, kde se navracené ziviny kumuluji na nékolika malo

mistech (vySe zminéné ,,camping areas*), je vliv zasahu rovnomérny.

Piimy efekt seCeni spojeny s odstrafiovanim sena ma za nasledek redukci zivin v pudé (OIff et
al. 1994; Venterink et al. 2002, 2009; Smits et al. 2008). Na druhou stranu seceni podporuje
rostliny s vysokou relativni rastovou rychlosti, tedy i nizkym obsahem susiny v listech, které
se rychle a snadno rozkladaji a zvysuji ptidni mineralizaci (Robson et al. 2007; Orwin et al.
2010). Seceni podporuje rostliny, které musi v kratké dob¢ stihnout dokoncit sviij vegetacni

cyklus a vyuzit ekologické niky na zac¢atku sezony (Louault et al. 2005).

Vliv seCeni na druhovou diverzitu je ambivalentni. V produktivnich spole¢enstvich seceni
snizuje mezidruhovou kompetici o svétlo a prostor a druhova bohatost roste. Na druhou
stranu ve spolecenstvech s velmi nizkou produktivitou je kompetice o svétlo a prostor méné

vyznamna a naopak ochuzeni o ziviny snizuje druhovou bohatost (dien & Moen 2001).

Vliv seceni na cyklus dusiku

Kazdoro¢ni odbér zivin odstranovanim sena muze zpusobit na seCenych plochach pokles
dostupného N v ptadé¢ oproti plocham opusténym. Na nizkoproduktivnich se¢enych loukach
zapadni Evropy je ovSem celkova bilance dusiku vyrovnana, nebot’ odnos dusiku senem
(zhruba 50 kg N/ ha za rok) pokryje pomémé vysoké mnozstvi N v atmosférickém spadu
spolu s pfeménénym (turnover) N v padé (Venterink et al. 2002). Napi. v Holandsku je
pramérny roéni atmosféricky spad 43 kg N/ha, v Ceské republice pouze 10-15 kg N/ha
(http://portal.chmi.cz).

Na secenych plochach ve Svycarsku (Kohler et al. 2001) byl zaznamenan jen mirny pokles
dostupného N oproti plocham 22 let opusténym. S timto koresponduji i zavéry nizozemské
studie (OIff et al. 1994), kde se signifikantni snizeni mineralizace N v pudé¢ projevilo na
secenych plochach, které byly 45 let nehnojeny, na ostatnich seéenych plochach, které byly
nehnojeny 2, 6 a 19 let se mineralizace N v pid¢ nelisila. Piestoze se kazdoro¢né sklizni
odnédSelo 72-106 kg N/ha, mira atmosférického spadu na studovanych lokalitdch byla
pomérné vysoka (60 kg/ha za rok), a tak stacila vyrovnavat bilanci dusiku a zpomalit

vycerpavani puady.
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V chladnych oblastech severniho Svédska se mineralizace N v piidé signifikantné sniZila na
se¢enych plochach oproti neudrZzovanym plocham jiz po ttiletém experimentu (Sgrensen et al.
2008). Oproti tomu studie z Francouzkych Alp (Robson et al. 2010) nenaSla vliv

managementu (se¢eno/nese¢eno) na mnozstvi dostupného N v ptadé ani v biomase.

Vliv seceni na cyklus fosforu

Pro nizkoproduktivni travni porosty je odbér P secenim 3,2 kg P/ha za rok, zatimco
atmosféricky spad ¢ini pouze 0,15 kg P/ha za rok. Je ovSem obtizné stanovit mnozstvi
pfeménéného P v plidé a tedy i celkovou ro¢ni bilanci na méné uZivnych stanovistich

(Venterink et al. 2002).

Ocekavany pokles dostupného P v ptdé nepotvrdila norska studie (dien & Moen 2001), kde
pii srovnani 20 let seCenych ploch a 40 let neseCenych ploch nedoSlo ke zménam
v koncentraci P v nadzemni ani podzemni biomase. Na n¢kterych lokalitach doslo dokonce
k mirnému zvy3eni koncentrace P v biomase secenych ploch. Autofi tento jev vysvétluji tim,
ze secené plochy promrzaji vice do hloubky a pii rozmrzéni pak dochazi k uvolnovani P
z hlubsich vrstev pidy. Ani vy$e zminéna studie provedena ve Svycarsku (Kéhler et al. 2001)
nena$la v ramci dlouhodobeho experimentu rozdil v dostupnosti P na seCenych a nesecenych

plochéach.

Situace je ale odlisné pro produktivni travni porosty, kde se kaZdoro¢né se¢i odnasi podstatné
vétsi mnozstvi P (19 kg/ha za rok) a tyto ztraty uZz neni snadné kompenzovat atmosférickym
spadem ¢i uvoliiovanim fosforu z pidy, a muze tak dochazet k postupné ztraté¢ P (Venterink
et al. 2002).

Vliv seceni na cyklus drasliku

4

Vliv se€eni na bilanci drasliku je podle dosavadnich studii mnohem jednozna¢néjsi nez vliv
seCeni na N a P. V pomérné kratkém casovém horizontu mize dojit k vyCerpani zasob K a
celkové limitaci draslikem (Venterink et al. 2002, 2009; Kayser & Isselstein 2005). Je to
zpusobeno vysokym odnosem K v sené: piiblizné 30 kg/ha za rok na nizkoproduktivnich a 73
kg/ha za rok na vysoce produktivnich travnich porostech, nizkym atmosférickym spadem (2,2

kg K/ha za rok) a ur¢itou ztratou vyplavovanim (Venterink et al. 2002).
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Ztratu drasliku ze secenych ploch potvrdila i norska studie (dien & Moen 2001), kde po
dvaceti letech seCeni doslo k signifikantnimu sniZeni koncentrace K v nadzemni biomase

oproti plocham nesecenym.

Vysledky pétileté experimentélni studie z Nizozemi (Oomes et al. 1996) p#i porovnani
seCenych ploch (s odstranénim sena) a seCenych ploch s mulCovanim ukazuji sniZeni
koncentrace K v biomase na secenych plochach s odstranénym senem oproti mul¢ovanym
plochdm. Oproti tomu koncentrace P a N v biomase byly vy$$i na se¢enych plochach nez na

mul¢ovanych. K obdobnym zavérim dosly i jiné studie (Parr & Way 1988).

Vliv seCeni na cyklus vapniku a horc¢iku

Vapnik s hoi¢ikem zistavaji bohuzel na okraji zajmu (ve stinu N-P-K) a jen mélo studii se
zabyva cykly téchto prvka v souvislosti s managementem travnich porosti. V1iv odstranéni
posefené biomasy vyhrabanim oproti zanechani posecené biomasy na ploSe na obsah Mg a
Ca v biomase na travnich porostech podél cest fesi napt. Parr & Way (1988). U obou prvku
doSlo k mirnému poklesu béhem 17 let seéeni, pficemZ u vyhrabavanych ploch byla mirné

-

niZsi koncentrace Mg v biomase nez u ploch, kde zistala poseCena biomasa lezet na mist¢.

1.1.3. Opusténé travni porosty

Opusténé travni porosty, kde chybi disturbance pastvou a secenim, jsou charakteristické
pomalym cyklem Zivin a tvorbou podptrnych pletiv a stonkt s obvykle nizkym obsahem
uhliku. Ziviny se akumuluji v podzemnich organech a suché (mrtvé) nadzemni biomase
(McNaughton et al. 1988). Puda na opusténych travnich porostech ma vyssi pH nez na
secenych (Robson et al. 2007) ¢i pasenych (Marriott et al. 2010) plochéch, pti¢emz pH se

ukazalo napti¢ managementy vyssi za¢atkem sezony (Marriott et al. 2010).

Na opusténych travnich porostech, kde nedochazi k odnosu biomasy, a naopak se zde
hromadi stafina, je omezeny piisun svétla, coz vede k redukci druhove diverzity. Vzhledem k
absenci disturbanci nedochazi k pravidelnému odnosu Zivin a navic, V opusténych
nizkoproduktivnich travnich porostech, které byly v minulosti dlouhodobé¢ seceny (paseny),
se urychluje sukcese, ktera podporuje mineralizaci N (Koéhler et al. 2001). DoloZil to i
dlouhodoby experiment srovnavajici secené, pasené a opusténé travni porosty (Rizand et al.

1989), kde nejvétsi mnozstvi dostupného N bylo na plochach bez managementu.
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Zanedbani managementu ovSem na druhou stranu podporuje rostliny se z&sobnimi organy
(valecka prapoftita, Brachypodium pinnatum) a mize postupné vést ke snizeni dostupnosti
zivin v pudé (Pechackova & Krahulec 1995; Kohler et al. 2005). S tim souhlasi i zavéry
francouzské studie (Robson et al. 2007), kde na opusténych travnich porostech doslo
k redukci N mineralizace a posunu druhového sloZeni k druhtim s konzervativni strategii
s dominanci trav. U opusténych travnich porosti bylo zaznamenano po 17 letech zvySeni
pomeéru C:N, vyssi obsah Mg a niz§i mnozstvi K v piid¢€ oproti rizné intenzivné pasenym

plocham (Marriott et al. 2010).

1.1.4. Koncentrace Zivin v biomase versus dostupnost Zivin v padé

Dusik

Na koncentraci N v biomase m& vliv zejména (i) mnozZstvi dostupného N v puadé, (ii)
zastoupeni trav a legumindz a (iii) stupen zralosti travniho porostu (Whitehead 2008). Pro
hnojené travni porosty je koncentrace N v biomase (s ohledem na obsah suSiny v biomase)
adekvatnim ukazatelem pro stanoveni optimalnich davek hnojiva (Duru & Ducrocq 1997,
Gastal & Lemaire 2002). Hnojeni dusikem méa ovSem jen maly efekt na koncentraci N
v leguminézach (Whitehead 2008). Legumindzy maji obvykle vyssi koncentraci N (2,5-
5,5%) nez trdvy (1 % u nehnojenych porosti), pokud je srovndvdme ve stejném stavu

zralosti.

Dusik se do piidy kromé statkovych hnojiv a rostlinnych zbytki dostava také pomoci fixace
mikroorganismy a atmosférického spadu (15 kg N/ha pro CR). Dostatek piijatelného dusiku
podporuje i piijem dalsich prvka (P, K, Ca, Mg) a mohutny rist vysokych trav (Duru &
Ducrocq 1997; Van¢k 2007).

Vzhledem k problematickému méfeni dostupného N v pid¢é poukazuji nékteré studie
(Springob 2003; Loiseau et al. 2005; Parfitt et al. 2005) na silnou negativni korelaci mezi
mnozstvim dostupného dusiku a pomérem uhliku k celkovému dusiku (Corg:Nior), jenz potom

slouzi jako alternativni (inverzni) ukazatel dostupného dusiku v pudé.

U nehnojenych travnich porostd muize ovSem mit mnozstvi dostupného N v pudé (plus
atmosféricky spad) jen maly vliv na koncentraci N v biomase a mnohem dilezitéjsi jsou

potom jiné faktory jako druhové sloZeni, zralost porostu, teplota, vlhkost a intenzita svétla.
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Typicky pomér koncentrace N v biomase ke koncentraci N v ptidé pro travni porosty mirného
pasma je 10:1 (Whitehead 2008).

K podobnym zavérim dosla i holandska studie (Schaffers 2002) porovnavajici vztah Zivin
v pud¢ a biomase pii ruznych typech seCeni. Na koncentraci N v rostlinné tkani me¢la
pozitivni signifikantni vliv frekvence seceni (dvakrat ro¢né vs. jednou ro¢né) a intenzita
zastinéni. Ob¢ tyto proménné se ukdzaly jako vyznamnéjsi oproti mineralizaci dusiku v pudé¢.
Pfi opa¢ném postupu, pro odvozeni mineralizace N z charakteristik biomasy a prostfedi se
ukazaly na zéklad¢ postupné mnohonasobné regrese (Stepwise regression) jako nejlépe
vysvétlujici proménné produkce nadzemni biomasy a puadni vlhkost, které spolecné
vysvétlovaly 72 % variability rostlindm dostupného dusiku (Schaffers 2002). Produkce
biomasy byla lepSim prediktorem dostupnosti dusiku nez celkovy ro¢ni odbér dusiku.

Korelace mezi koncentraci dusiku v biomase a N mineralizaci byla jen slaba (r=0,34).

Jina holandské studie (Venterink et al. 2002) nasla silnou pozitivni korelaci mezi mnozstvim
dostupného N v pudé a celkovym odbérem dusiku (kg N/ha) na dlouhodobé secenych
nehnojenych vlhkych loukdch na vrcholu vegetatni sezény (v Cervenci) na gradientu
produktivity stanovist, kde hlavnim zdrojem N byl pomérné velky atmosféricky spad (43 kg
N/ha za rok). K obdobnym zavéram dosla i studie na pastvinach Nového Zélandu (Parfitt et
al. 2005), kterd naSla silnou pozitivni korelaci (r=0,95) mezi mineralizaci N a celkovym

odbérem dusiku, stejn¢ jako mineralizaci N a velikosti vynosu (r=0,87).

Na dlouhodobé hnojeném experimentu v némeckém Rengenu se rovnéZ jako lepSi ukazatel
uzivnosti stanovisté projevil celkovy ro¢ni odbér dusiku (kg/ha) nez koncentrace dusiku
V biomase, kterd byla naopak diky silnému efektu fedéni na dusikem hnojenych plochéach

-

niZsi ve srovnani s nehnojenymi plochami (Hejcman et al. 2010).

Fosfor

Jen mala ¢ast fosforu obsazeného v pidée je piijatelnd pro rostliny. Primarnim zdrojem fosforu
jsou fosfatové mineraly (fosfore¢nany vapenaté, apatity), které mohou za urcitych podminek
uvolnovat fosfor do piidniho roztoku. V kyselém prostfedi ovSem vznikaji slouceniny hliniku
(variscit) a Zeleza (vivianit, strengit), které jsou pro vétsinu rostlin nepiijatelné; optimalni pH
pro ptijem fosforu je 5,0-7,5 (Van¢k 2007).
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Vzhledem k tomu, Ze fosfor je oproti dusiku malo pohyblivy, ma na jeho pfijem vliv také
mnozstvi a hustota kofenovych vldken, rychlost rustu kotfenového systému a mykorhiza.
Protoze travy maji pomérn¢ husty kotfenovy systém, ziskavaji fosfor snadnéji nez
legumindzy. Pii nedostatku fosforu jsou proto travy konkurenéné zvyhodnény oproti
leguminézam (Whitehead 2008), a naopak dostatek fosforu podporuje spiSe legumindzy,
vzhledem Kk jejich schopnosti fixovat atmosféricky dusik (Sinclair et al. 1996). Koncentrace
fosforu v travach a leguminozach je podobna, pouze jetel plazivy (Trifolium repens) vykazuje

o néco vetsi koncentraci P neZ jiné legumindzy (Whitehead 2008).

Na koncentraci P v biomase ma krom¢ mnozstvi dodaného P formou hnojiva vliv i struktura
pudy a disturbance (pastva, se¢eni). Zavislost koncentrace fosforu v biomase na dodaném
fosforu je markantnéjsi na seCenych plochach nez pasenych. Piijem P je ovlivnén i dodanym
mnoZzstvim dusiku a siry. Pomér koncentrace fosforu v biomase ke koncentraci fosforu v pudé

je v podminkach mirného pasma zhruba 2:1 (Whitehead 2008).

Ptestoze je fosfor v pidé mélo pohyblivy, pfi hnojeni pronika u trvalych travnich porosti do
hloubky az 40 cm, zatimco u orné pudy zdstava jen v povrchové vrstvé do 20 cm (Cooke &

Williams 1970), coz je zfejmé zpusobeno ¢innosti kotentl.

Koncentrace P v biomase se ukézala (Schaffers 2002) byt pozitivné ovlivnéna nejen
mnozstvim dostupného P v piadé, hodnotou pH s optimem 5,5 (pH-CacCly), ale i frekvenci
seceni (dvakrat ro¢né), negativné pak padni vlhkosti. Na druhou stranu ve stejné studii nebyl
nalezen uspokojivy model (s R>>50 %), ktery by pomoci charakteristik biomasy (produkce
nadzemni biomasy, koncentrace N, P, K v biomase), a prostiedi (vlhkost, zastinéni, pidni pH)

odvodil mnoZstvi dostupného P v pudé.

Ve studii provedené na nehnojenych vihkych louk&ch (Venterink et al. 2002) také celkovy
odbér P pozitivné koreloval s mnozstvim dostupného P v pud¢, ale zavislost se neukazala na
moktadnich stanovistich (bazinach). Experiment z Rengenu (Hejcman et al. 2010) potvrdil
pozitivni vazbu mezi koncentraci P v biomase, celkovym odbérem P a mnozstvim dostupného

P v ptde¢.

Draslik

Pfijem drasliku zavisi na jeho koncentraci v piidnim roztoku, ale je i vyrazné ovliviiovan

vlhkosti, teplotou a intenzitou slunecniho zatreni. Draslik je rostlinami pfijiméan jak aktivné,
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tak pasivné. Pii nadmérném mnoZstvi dostupného K v padé pievazuje pasivni piijem a muze
dojit K tzv. luxusnimu konzumu, kdy se draslik hromadi v pletivech rostlin a brani ptijmu

jinych kationti, zejm. Mg** a Ca?".

Draslik je velmi pohyblivy prvek, a to nejen v pudé, ale i v rostlinach. Nékteré rostliny
koncem vegetacniho obdobi vydévaji draslik kofeny zpét do pidy. Draslik maze byt také
snadno vymyvan ze starSich nadzemnich organii, nebot’ neni v rostlinich pevné vazan.
Jeteloviny maji oproti travam mensi schopnost piijimat draslik, zatimco travy dovedou vyuzit

1 mén¢ dostupné formy K (Vanek 2007).

Primérna koncentrace K v biomase se pohybuje v rozmezi 1-3 % a pomér koncentrace K v
biomase ke koncentraci K v padé je 1,7:1. Draslik je jedinym z prvkd, ktery se pii hnojeni
muze aplikovat rutinn€, nebot’ mnozstvi dodaného K se piimo projevi na koncentraci
K v biomase, markantngji pak u jetelovin, pficemz koncentrace K v obou skupinéch je na
nehnojenych travnich porostech podobna. Aplikace draselnych hnojiv (stejné jako

fosfore¢nych) zvyhodnuje legumindzy oproti travam (Whitehead 2008).

dostupného K v ptdé a mira zastinéni (pozitivné) s optimalnim pH=6,0 (pH-CaCl,). Pro
odhad mnoZzstvi dostupného K v pidé byla nejlepsim ukazatelem koncentrace K v biomase,
spolu s produkci nadzemni biomasy (pozitivn¢), koncentraci P v biomase (negativn¢) a pidni
vihkosti (negativné). Model vysvétloval 69 % variability, pficemz pudni vlhkost k vysvétleni

variability pfispéla jen 4 % (Schaffers 2002).

Experiment z Rengenu stejné jako u fosforu dolozil pozitivni vazbu mezi koncentraci
K v biomase, dostupnym Kv ptd¢ a také celkovym ro¢nim odbérem K (Hejcman et al.
2010), zatimco jina studie (Venterink et al. 2002) signifikantni vztah mezi dostupnym

K v ptdé a celkovym odbérem K na vihkych loukéach nepotvrdila.
Vapnik a horcik

Obsah vapniku v pudach je pomérné variabilni, od 0,15 % na kyselych pisc¢itych pudach az po
10 % na vapenitych pludach. Dostatené mnozstvi vapniku pisobi pozitivn€ na piijem
ostatnich iontl. Na pfijem vapniku ma vliv pidni vlhkost, pfi¢emz pii nizsi vlhkosti je

pfijimano vice Ca a jak uz bylo vyse feeno, negativné na piijem vapniku plisobi zvySeny
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prijem K a tedy i vlihko a teplo. Koncentrace Ca v biomase se zvysuje s rostoucim pH pidy a
tedy i s vy3Si koncentraci dostupného Ca v pudé (Vanék 2007).

RovnéZ obsah Mg v pudach se pohybuje na pomérné Siroké skale od 0,4 % na lehkych
vapniku, a naopak vymyvani z pady je snaz$i. Jarni silné de$t€¢ mohou zpusobit na lehéich
pudach splaveni Mg mimo kofenovou zénu, coz mize mit za nasledek docasny nedostatek
Mg. Pfijem Mg je znacné omezen na kyselych ptidach, kde 1ze jeho pfijem zvysit vapnénim.

Optimalni pH pro ptijem hoiciku je 5,5 az 6,5.

Transport Mg V rostlin€ je pomérné dobry a rostlina ho mize snadno pfesunout ze starsich
Casti do novych organti a na konci vegetace ho uklada do semen, zatimco vapnik ma nizkou
mobilitu a neni mozné ho zpétn¢ vyuzit ze starSich ¢asti rostliny. Pfijem Mg je rovnhomérny

bé&hem vegetace a vrcholi v dobé tésné pred zranim semen (Vanck 2007).

Obsah vapniku v rostlindch se pohybuje v rozmezi 0,1-2,6 %, obsah hoi¢iku je obvykle mezi
0,1-0,3 %. Vétsi koncentraci vapniku i hof¢iku maji dvoudélozné byliny, zejména pak

leguminozy (Whitehead 2008).

Aplikace hotecnatych hnojiv je u¢innd pouze na kyselych pudach; na vapnitych pidach ma
jen maly efekt na koncentraci Mg v biomase. Na obsah Mg a Ca v biomase ma vliv hnojeni
dusikem, ktery zvysuje piijem hoic¢iku a naopak muze snizit koncentraci vapniku v biomase,
ale vliv byva pomérné variabilni v zavislosti na form¢ aplikovaného hnojiva. Nékteré studie
doloZily vliv aplikovaného fosforu na zvy3eni koncentrace Ca a Mg a obdobné aplikace Mg
zvysila piijem fosforu (Van¢k 2007; Whitehead 2008).

1.2. Stanoveni limitujici Ziviny - rizné pristupy

Mnoh¢é studie se zabyvaly otdzkou, zda lze limitaci produkce biomasy v raznych typech
travnich porostti odvodit z koncentraci Zivin v nadzemni biomase (Schaffers & Sykora 2002;
Venterink et al. 2003; Jewell et al. 2005; Rozbrojova & Hajek 2008; Loeb et al. 2009). Piimé
porovnani koncentraci N, P, K komplikuje jejich fedéni béhem sezony, a proto byl vyvinut
koncept nutriénich indext (Duru & Ducrocq 1997; Duru & Thélier-Huché 1997). Problém
limitace nejméné dostupnou zivinou (Liebigliv zdkon minima) oSetfuje koncept zalozeny na

vzajemnych pomérech prvku N, P, K (Venterink et al. 2003).
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1.2.1. Efekt Fedéni béhem sezdény

Pfi porovnavani pfimych koncentraci prvka v biomase je potieba zohlediiovat datum sklizné,
resp. mnozstvi celkového vynosu, nebot’ pfi narGstu biomasy dochdzi k fedéni koncentraci
dusiku, fosforu a drasliku. Dosavadni studie prokazaly fedici efekt pro N, P, K jak u
hnojenych travnich porostt (Pritchard et al. 1964; Duru & Ducrocq 1997; Gastal & Lemaire
2002; Jouany et al. 2004; Hejcman et al. 2010), tak u polopfirozenych travnich porostl
(Chaneton et al. 1996; Frank 2008; Whitehead 2008). Pii poklesu koncentrace N béhem
starnuti travniho porostu v nadzemni biomase dochazi na druhou stranu k akumulaci N
v podzemnich organech jak u trav, tak u bylin (Chaneton et al. 1996). Koncentrace P klesa

béhem vegetacni sezony typicky mirnéji nez koncentrace N (Whitehead 2008).

Zmeény v koncentraci jinych makroprvkll (Mg, Ca) béhem vegetacni sezony ovsem nejsou tak
jednoznacné, jak je tomu u dusiku, fosforu a drasliku. Naptiklad koncentrace Mg a Ca ve
stoncich svefepu a bojinku béhem sezony poklesla, Vv listech obou trav koncentrace Ca
vzrostla a koncentrace Mg zustala konstantni (Pritchard et al. 1964). Pokles vSech
makroprvkll vyjma Ca u jilku mnohokvétého (Lolium multiflorum) béhem zrani vegetace

vvvvvv

konzistentni trend ve zméné koncentrace pro Ca a Mg béhem zrani vegetace (Whitehead

2008).

1.2.2. Koncept nutri¢nich indexi

Vyzkum hnojeni polnich plodin (Lemaire & Gastal 1997) a kulturnich travnich porostt (Duru
& Ducrocq 1997; Jouany et al. 2004) ukézal, Ze koncentrace Zivin v biomase trav (Poaceae) z
velké Casti odpovida dostupnosti prvkl v pade. Byly vyvinuty nutri¢ni indexy NNI, PNI a
KNI, které ukazuji, jakou mérou je produkce biomasy limitovana dostupnosti dusiku, fosforu
a drasliku. Vyhodou tohoto pfistupu je, Ze bere v tivahu fedici efekt v biomase béhem
vegetacni sezony (Greenwood et al. 1991; Schnyder et al. 2010). Nutri¢ni indexy se
Vv zeméd¢€lstvi vyuzivaji pro ur€eni uzivnosti stanovisté a stanoveni davek hnojiva (Farruggia

et al. 2000).
Béhem naristu biomasy dochazi k poklesu koncentrace dusiku podle vztahu:

N%=a DMP
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kde koncentrace dusiku je vyjadiena v g N na 100 g biomasy (susiny), DM (Dry matter) je
suSina nadzemni biomasy v t/ha, a je koncentrace dusiku pro DM rovno 1 t/h, p je koeficient
fedéni N (Magda et al. 2003).

Pro optimalni vyzivu dusikem byly nalezeny parametry a=4,8 a =-0,32 (Duru & Thélier-
Huché 1997), které urcuji rovnici optimalni (kritické) kiivky pro koncentraci N v zavislosti

na mnozstvi susiny v nadzemni biomase (DM):
No= 4.8 DM %%

Optimalni (kriticka) koncentrace dusiku je definovana jako ,,minimalni koncentrace N, ktera
umozfiuje maximalni tempo rustu” (Gastal & Lemaire 2002). Zrovnice, kterd& ma
hyperbolicky charakter, je ziejmé, Ze s rostoucim DM klesd optimalni koncentrace N, diky

efektu fedéni.

Nutriéni index pro dusik je pak pomér naméfené koncentrace dusiku k optimalni koncentraci,

nasobeno 100 (Duru & Ducrocq 1997):
NNI=100 N/ N

Nutri¢ni index NNI je kratkodoby a zavisly na podminkach prostiedi, reprezentuje rozsah
limitace souvisejici s rostlinou a ma za cil zachytit potencialni rast, ktery dovoluji lokalni
podminky (Duru et al. 2010a).

Vztah mezi koncentraci N a koncentraci P v nadzemni biomase ma linearni charakter a lze jej

vyjadtit vztahem:
P,=0.15+0.065 N,

kde P, je optimalni koncentrace fosforu v biomase vzhledem k naméfené koncentraci dusiku
Np (Duru & Thélier-Huché 1997).

Nutri¢ni index pro fosfor Ize pak vyjadrfit jako pomér mezi namétenou koncentraci fosforu a

optimalni koncentraci fosforu, ndsobeno 100 (Duru & Ducrocq 1997):
PNI=100 P.,/P,

Optimélni koncentraci drasliku (K,) v biomase vzhledem k naméfenému dusiku (Np) lze

vyjadtit rovnéz linedrnim vztahem:
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Ko=1,6+0.525 N,

Nutriéni index pro draslik je pak pomér mezi naméfenou koncentraci drasliku (Ky) a

optimalni koncentraci drasliku (K,), nasobeno 100 (Duru & Thélier-Huché 1997):
KNI=100 K/K,

Z definic indext vyplyva, ze hodnota rovna 100 znaci optimalni Gizivnost stanovisté danym
prvkem (N, P, K). Hodnoty indexu v¢étsi nez 100 pak znamenaji luxusni uZivnost stanovisté
neboli nadbytek Ziviny, hodnoty od 80 do 100 znaci vyhovujici uzivnost, hodnoty od 60 do
80 nevyhovujici Uzivnost, od 40 do 60 velmi nevyhovujici a je-li index mensi nez 40, jedna se

o kriticky nedostatek daného prvku (Farruggia et al. 2000; Jouany et al. 2011).

Na nehnojenych druhové bohatych travnich porostech, kde neni priorita dosazeni maximalni
produkce, jsou hodnoty indexit mnohem mensi neZz vySe definované optimalni hodnoty
(Farruggia et al. 2000).

Nutri¢ni indexy pro travni porosty s obsahem leguminoéz

Metoda stanoveni uzivnosti pudy na zaklad¢ nutricnich indexti se ukazala jako velice
vhodnou pro porosty ¢isté s travami (lipnicovité, Poaceae), a naopak nevhodnéa, pokud jsou
v porostu zastoupeny legumindzy (Duru & Thélier-Huché 1997). Vzhledem ktomu, Ze
legumindzy diky schopnosti fixovat atmosféricky dusik, obsahuji vice dusiku neZ jiné
dvoudélozné a travy, je NNI v porostu s obsahem leguminoéz precefiovan (nadhodnocen)
a neodpovida dostupnosti N v pidé. Cruz et al. (2006) navrhuje modifikaci nutri¢niho indexu
pro dusik (NNI), a to:

NNIieg=NNI - 0,7 LEG

kde NNl je modifikovany nutri¢ni index za piitomnosti leguminéz a LEG je mnozstvi

leguminodz v porostu vyjadieno v %.

Jouany et al. (2004) testovala vhodnost pouZiti PNI indexu za pfitomnosti jetele plazivého
(Trifolium repens) ve smiSeném travnim porostu. Bylo zjisténo, Ze jetel ve smiSeném porostu
vykazoval mensi schopnost osvojovat si fosfor nez travy, zejména pii nizké dostupnosti
fosforu. Pritomnost jetele pak vykazala niZsi (podhodnocené) hodnoty PNI, které zcela

neodpovidaly Gzivnosti stanovisté a potvrdila tak nevhodnost pouZiti stavajiciho nutri¢niho
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indexu za ptitomnosti leguminoz. Jouany et al. (2005) navrhuje modifikaci indexu pro fosfor

pfi uZiti ve smiSeném travnim porostu s obsahem legumindz nasledujicim zpisobem:

PNIieg=PNI+0.5 LEG

kde PNl¢q je modifikovany nutri¢éni index pro fosfor a LEG je mnozstvi legumin6z v porostu

vyjadieno v %.

Ukézalo se, Ze za pritomnosti leguminoz je rovnéZ podhodnocen nutri¢ni index pro

draslik (KNI), ktery si vyZaduje stejnou modifikaci jako PNI (Jouany et al. 2005):
KNI,ee=KNI+0.5 LEG

kde KNljgg je modifikovany nutri¢ni index pro draslik za pfitomnosti leguminéz a LEG je

mnoZzstvi leguminéz v porostu vyjadieno v %.

1.2.3. Pomér koncentraci N:P:K v biomase

Podle Liebigova zdkona minima nezavisi produkce biomasy na celkovém mnoZstvi
dostupnych zivin, ale na dostupnosti nejvzacnéjsiho zdroje, ktery je pro vynos limitujicim
faktorem. Vzajemny vztah Zivin N-P-K, zasadnich pro produkci biomasy (viz Park Grass
experiment, Rengen Grassland experiment), vystihuji jejich dil¢i poméry N:P, N:K a K:P
(Pegtel et al. 1996) nebo trojuhelnikovy vztah N:P:K (Schaffers & Sykora 2002; Venterink et
al. 2003).

Na zakladé metaanalyzy publikovanych studii suchozemskych rostlin stanovil Pegtel et al.
(1996) primérné poméry makroprvka v nadzemni biomase: N:P~10, N:K~1,2 a K:P~8,6
jako normu pro uréeni limitujici Ziviny napii¢ vSemi typy porostu. Limitaci Zivinami na
vlhkych stanovistich fesi studie zaloZzena na 44 evropskych experimentech s hnojenim
(Venterink et al. 2003), ktera z trojuhelnikového vztahu koncentraci Zivin N-P-K a konkrétni

produkce danych stanovist’ vyvozuje kritické poméry: N:P~14,5; N:K~2,1; K:P~3,4.

Koncepce relativnich koncentraci N-P-K (kde N + 10xP + K = 100 %) vyuZiva ke stanoveni
limitujici ziviny optimalni rozmezi poméra N:P~10-14; N:K~1-1,5 (Schaffers & Sykora
2002), kde piekrocéeni dolni hranice znaéi limitaci N, ptekro¢eni horni hranice pak limitaci P,

resp. K.
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Obecné je obtizné stanovit jasné hranice pro limitaci jednotlivym prvkem, nebot’ pomér N:P
zavisi na druhovém slozeni porostu, stafi porostu, analyzované casti rostlin nebo rychlosti
rustu. Pomér N:P je vice ovlivnén fosforem nez dusikem a z jeho vysokych hodnot Ize spise

vycist deficit fosforu nez piebytek dusiku (Koerselman & Meuleman 1996).

Rostliny s vysokym N:P alokuji mén¢ biomasy do kotfent nez rostliny s nizkym N:P a stejnou
rastovou rychlosti. Pfi relativnim nedostatku P (¢ili vysokém N:P) dochazi k rychlejSimu
usychani listd nez pii relativnim nedostatku N (Cili nizkém N:P). Rast neni tedy ihned
redukovan nedostatkem P, ale rostliny nejprve mobilizuji fosfor ze starych listi do mladych
pletiv. Semena maji obecné vyssi koncentrace N a P nez nadzemni ¢ast rostliny, ale nizs§i N:P,
¢ili vyssi potiebu P. Z toho plyne, ze nedostatek P (vhledem k N) muze zpusobit spise
omezeni reprodukce rostlin nez jejich rast. Travy maji vétSinou vyssi N:P nez byliny a jsou

schopny 1épe zachovat rychlost ristu i pfi nizsi koncentraci P (Gusewell 2004).

Druhy, které maji speciélni schopnosti ziskavat ziviny N a P oproti jinym druhtim, dominuji
na stanovistich, kde je zrovna ta kterd Zivina limitujici (Glsewell 2004). Napftiklad rostliny
schopné fixovat vzdudny N, maji vyhodu na stanovistich chudych na dusik. Projevi se to pak
vétSinou ve vys§Sim pomeéru N:P pro fixatory dusiku, ¢i niz§im poméru N:P u rostlin
schopnych 1épe ziskavat fosfor nez ostatni, napf. pomoci dlouhych tenkych kofent nebo
mykorhizy (Frank 2008).

Posuzujeme-li limitaci celého druhové bohatého spolecenstva, je nutné brat v Uvahu délku
experimentu, ktera ma zasadni vliv na zménu druhového sloZeni, zejmena pak dominantnich
druhti. Rostliny adaptované na zivinami chuda stanovisté nemusi v kratkodobych pokusech
reagovat na hnojeni zvySenym rustem, ale spiSe akumuluji dodanou zivinu do svych tkani
(Verhoeven et al. 1996). Oproti tomu rostliny adaptované na dostatek Zivin maji mnohem

vys$i potencial nartistu biomasy.

Pro posuzovani vlivu dodanych davek zivin na rist rostlin se ukdzal jako mnohem
vyznamng&j$i indikator pomér dodaného N:P nez konkrétni mnozstvi N a P, nebot’ riznym
druhtim vyhovuji rizné poméry N:P (Fujita et al. 2010). Pii vysokém poméru N:P jsou tak
zvyhodnovany druhy, které 1épe piezivaji na stanoviStich limitovanych fosforem. Naopak
druhy zvyklé na niz§i N:P zacinaji pfi zvySovani poméru N:P odumirat. Pfi¢inou tak neni

nedostatek P, ale pouze vzajemna nevyvazenost prvki N a P.
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Analyza vztahu makroprvku N, P, K, Ca, Mg v listech vysSich rostlin posbiranych od dubna
do listopadu na ruznych lokalitach USA ukazala na signifikantni korelaci mezi dusikem a
fosforem, vapnikem a hofc¢ikem a hoi¢ikem a draslikem (Garten 1976). Regresni koeficient
(B) vztahu P~N byl 0.108 (s.e.=0,01), coz odpovida N:P~9,3 (resp. 8,5-10,2) , regresni
koeficient vztahu Mg~Ca byl 0.143 (s.e.=0,051), tzn. Ca:Mg~7 (resp. 5,2-10,9), regresni
koeficient vztahu Mg~K nebyl ve studii uveden. Z vySe uvedeného plyne, Ze rostlinna
spoleCenstva Si béhem sezony a na ruznych lokalitach udrzuji pomérné konstantni pomér N:P
a Ca:Mg.

1.3. Funkc¢ni znaky rostlin v zavislosti na aplikovaném
managementu

Funk¢ni znaky jsou definovany jako morfologické, fyziologické a fenologické
charakteristiky, které¢ neptimo ovliviiuji prosperitu (fitness), a to vlivem na rust, reprodukci a
preziti organismu (Violle et al. 2007). Funkéni znaky se méfi na trovni jednotlivé rostliny
(druhu), a to bud’ pfimo, nebo na zaklad¢ tdaju z databaze pro jednotlivé druhy. Pro
charakteristiku konkrétni studované plosky obvykle uzivame funk¢éni znaky vazené
pokryvnosti danych druhi (community-weighted traits). Funk¢ni znaky tak umoznuji ptejit od

popisu jednotlivych druhii k charakteristice celého spolecenstva.

Hlavni pfi¢inou pfemény druhového slozeni travnich porosti jsou zmény v jejich
obhospodatovani, véetné uplného ponechani ladem. Tyto posuny v druhovém slozZeni lze
popsat bud’ piimo pomoci zmény dominance jednotlivych druhti, nebo obecnéji pomoci
funk¢nich znakt, coz jsou napi. LDMC - obsah susiny v listech, SLA — specificka listova
plocha, seed mass — hmotnost semen, canopy height — vyska rostliny, flowering — doba
kveteni. Funk¢ni znaky rostlin (vazené proporci druhti) jsou ovlivnény dostupnosti Zivin
Vv pud¢ a mohou tak piispét k porozumeéni cyklu zivin v ekosystému. LDMC odhaduje hustotu
listového pletiva a je povazovano za dobry indikator stravitelnosti; rychle rostouci rostliny
maji nizkou hustotu pletiv (nizké LDMC) a naopak vétsi specifickou listovou plochu (SLA),
pro lepsi ziskdvani svétla. Vyska rostliny je vétSinou korelovana s rychlosti ristu a nejlépe
indikuje konkurenceschopnost druhu a doba kveteni ukazuje na akumulaci biomasy a také

stravitelnost (Ansquer et al. 2009a).
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1.3.1. Funk¢ni znaky a uzivnost stanovisté

Pii zvySeni dostupnosti zivin hnojenim se Iépe prosadily rostliny s vy3§im SLA, nebot’ tyto
druhy rychle rostou a lépe se vyporadaji s omezenym zdrojem svétla zpisobenym nartstem
biomasy (Quétier et al. 2007). Dale byly podpoteny rostliny s vyssi koncentraci N v listech a
niZsi hustotou listového pletiva (tzn. nizké LDMC). Napiiklad stres tolerantni travy — tieslice
prostiedni (Briza media) a péchava vapnomilna (Sesleria caerulea) — byly nahrazeny vy3Simi
rychle rostoucimi dvoudéloznymi — chrpou horskou (Centaurea montana), krabilici chlupatou

(Chaerophyllum hirsutum) a kakostem lesnim (Geranium sylvaticum).

Piestoze vySka rostliny (canopy height) je povazovana za nejlepsi funk¢ni parametr, ktery
indikuje schopnost rostliny konkurovat ostatnim (Duru et al. 2010a), pfi posuzovani
agronomickych vystupti se jako lepsi indikator v ramci travnich druht ukdzalo LDMC
(Ansquer et al. 2009b). LDMC lépe vystihuje rozdil mezi rostlinami orientovanymi na zisk a

rostlinami s konzervativni strategii.

LDMC vazené proporci druhli zavisi na urodnosti stanovisté, managementu a primérné
teploté na lokalité (Duru et al. 2010a; Michaud et al. 2011). Databazové a polni (méfené)
LDMC pak mize ukazovat odlisné vysledky, vzhledem k velké vnitrodruhové plasticité
rostlin. Neni ale znamo, které LDMC lépe vyjadiuje odpoveéd’ spoleCenstva na management.
Pokud srovnavame lokality s riznou teplotou, je pro posouzeni spolecenstva lepsi databazové

LDMC nez méfené, nebot’ vyssi teplota snizovala méfené LDMC (Duru et al. 2010a).

1.3.2. 0dlisné LDMC pro travy a byliny

LDMC se ukazalo jako relevantni indikator zhodnoceni uZivnosti stanovisté¢ ¢i miry
defoliace, pokud bylo méfeno na travach (Al Haj Khaled et al. 2005, 2006; Duru et al.
2010a). Existuje negativni vztah mezi mé&fenym LDMC a vyskou trav a stejné tak i mezi
LDMC a nutricnim indexem NNI v ramci secenych i pasenych ploch (Duru et al. 2010a).

S rostouci konkurenci o svétlo klesa LDMC a prosazuji se travy s nejniz§im pomérem

biomasa:vyska.

K posuzovéani vazeného priméru LDMC napti¢ rostlinnym spoleCenstvem, kde jsou
zastoupeny jak travy, tak byliny, je nutno pfistupovat velmi opatrné (Duru et al. 2005).

Pfestoze travy a byliny s pfizemni razici koexistuji pii stejnych podminkach tzivnosti a
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disturbance a maji podobny rustovy pattern, LDMC trav je podstatné vyssi nez LDMC bylin
S ptizemni razici 1 obecné dvoudéloznych (Al Haj Khaled et al. 2005; Duru et al. 2010a).
Niz8i LDMC (vazené proporci vSech druhil) potom vypovida zejména o vyS$im zastoupeni
bylin na studované ploSe. Pti posuzovani LDMC v ramci rostlinného spole¢enstva se proto
doporucuje fesit oddélené 4 skupiny: 1. travy plus ostfice a biky, 2. byliny s ptizemni ruzici,

3. legumindzy a 4. ostatni byliny (Al Haj Khaled et al. 2005; Ansquer et al. 2009a).

1.3.3. Vliv pastvy, seCeni a ponechani ladem na funkc¢ni znaky

Zména disturbance méni druhové slozeni, a to méni vazené hodnoty funk¢nich znakd, ¢ili z
funk¢nich znakd mtzeme odvodit, jaké disturbance na travnich porostech probéhly (Duru et

al. 2010a).

Pastva obecné podporuje pomalu rostouci druhy sniz§im vzristem a ochrannymi
mechanismy proti bylozravctim, tj. mén¢ chutné druhy s tuhymi hutnymi listy, ¢ili s vysokym
LDMC (Quétier et al. 2007). Druhy na se¢enych plochach oproti tomu musi rust rychleji, aby
piezily a stihly se reprodukovat pted pose¢enim. Jsou to tedy druhy s vétsi vySkou, vysokym
SLA a nizkym LDMC, ¢imZ ovSem ztraci vyhodu p#i konzumaci herbivory (Duru et al.
2010a). Pti prechodu od intenzivné vyuzivanych hnojenych luk, pfes seCeni a extenzivni
pastvu aZz po lad, dochazi k posunu spolecenstva ke konzervativni strategii, spojené s vétsi
vyskou rostlin, vétSimi a téz§imi semeny, ale také vy$si dostupnosti dusiku (podle indexu
NNI), pomalej$im rozkladem a vyssi akumulaci opadu a statiny (Moog & Poschlod 2002;
Queétier et al. 2007).

Pfi rozhodovani, ktery management je vhodné aplikovat, je potieba brat v potaz i historicky
kontext obhospodafovani. Zavedeni pastvy nebo seceni na diive oranych plochach podpoftilo
rostliny s mendimi, leh¢imi semeny, které byly ziejm¢ pfitomny na pavodnich polich (Quétier
et al. 2007). Po zavedeni pastvy na dlouhodobé secené louky v prostiedi Francouzskych Alp
doSlo k postupnému rozsifovani kostfavy latnaté (Festuca panniculata), ktera neni pro zvifata
chutna a jeji dalsi dominance je tak pastvou nepiimo podporovana. SniZila se mira rozkladu,

ubylo mnozstvi malych druhti i vysokych dvoudéloznych.

Pfi zkoumani vlivu managementu na 11 lokalitach napti¢ Evropou (Garnier et al. 2007) se
LDMC ukazalo jako klicovy znak pro popis sniZeni/zvySeni intenzity obhospodatovani v

travnich porostech. Omezeni hnojeni nebo Uplné zanechani porostu ladem vedlo v rdmci
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spolecenstva k dominanci rostlin s vétsi vyskou, prosadily se rostliny s konzervativngjsi
strategii, kleslo SLA, klesla koncentrace N a P, zvysilo se LDMC a opozdila se fenologie
(Garnier & Navas 2011b). Porosty s vyssim LDMC zaznamenaly vét$i akumulaci stafiny,
pomalym rozkladem rostlin s vysokym obsahem suSiny v listech. Typickymi dominantami
zde byly v Ceské republice trsnaté travy bezkolenec modry (Molinia caerulea) a ve Francii

valecka (Brachypodium phoenicoides).

1.3.4. Management a doba kveteni porostu

rozklad lista (Duru et al. 2008). Dvoud¢lozné byliny kvetou obvykle diive nez travy, a to
zejména v pocatecni fazi kveteni. Pfi srovnani pasenych a nepasenych ploch se ukazalo, Ze
pastva neovlivituje Cas kveteni, ale spiSe pocCet kvetoucich rostlin. Aplikace fosforu urychlila
kveteni a aplikace dusiku urychlila kveteni pouze u jednoletych rostlin, ale méla opaény vliv
na vytrvalé byliny (Ansquer et al. 2009c). Pii zavedeni managementu, ktery podporuje
zpusobeno zvySenim dostupnosti zivin, tak 1 vyss$i intenzitou sklizn€. Tyto managementy
podporuji rychle rostouci druhy. Rozsah vrcholu kveteni zavisi na 0Zivnosti stanovisté,

zvySeni Gzivnosti redukuje rozlozeni ¢asu kveteni v ramci spolecenstva.

1.4. Vliv managementu na druhové bohatstvi

Polopfirozené travni porosty vznikly odlesiiovanim a naslednym udrZovanim porostu pomoci
tradi¢nich zeméd¢lskych metod jako je pastva a seCeni. Polopiirozené travni porosty, kde
nejsou aplikovany hnojiva a herbicidy, si obvykle udrzuji vysokou biodiverzitu a jsou i
utoCistém mnoha rostlinnych i zivociSnych druht, které se staly na tomto typu stanovisté
existenéné zavislymi. Management na trvalych travnich porostech je nezbytny z dtvodu
zachovani bezlesi a odnos Zivin pastvou ¢i seCenim zaroven podporuje druhovou rozmanitost

a pfitomnost vzacnych a ohrozenych druhi.

Obecné nelze fici, ktery z managementtli vice podporuje biodiverzitu, zda pastva nebo seceni,
nebot’ vliv obou managementll je zavisly na geografické poloze, vlhkosti stanoviste,

nadmotské vySce i historii obhospodarovani. Na zakladé metaanalyzy srovnavacich studii
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z Evropy, Ameriky a Asie, podporuje biodiverzitu pastva lépe nez seCeni ve stiedni a severni
Evropé, naopak seCeni podporuje biodiverzitu 1épe v jizni Evropé a zdpadni Asii. SeCeni ma
vetsi pozitivni efekt na biodiverzitu na prériich, suchych travnicich, viesovistich a slatinach,

pastva pak na polosuchych i mokrych travnich porostech a stepich (Talle et al. 2016).

1.4.1. Zmény druhové diverzity v zavislosti na zménach managementu

Piimy efekt seceni na biodiverzitu je spojen s odstrailovanim nadzemnich organl rostlin,
které vede k potlaceni rostlin s niz8i schopnosti regenerace a Casto k Uplnému zamezeni
produkce semen. Na druhou stranu seCeni spojené s odnosem sena otevira prostor pro
vykliceni dalSich druhi a soucasné snizuje mnozstvi zivin v pudé. Odstranéni biomasy
seCenim uvolni konkuren¢ni tlak a pusobi tak pozitivné na udrZzovani druhové diverzity.
Seceni obvykle podporuje druhy s pfizemni rtzici a ruderalni druhy (Moog et al. 2005).
Brzky termin prvni seée, spojeny s ¢astou frekvenci seCe podporuje zastoupeni trav a snizuje

druhovou rozmanitost (Socher et al. 2012).

Pastva ma méné homogenni vliv nez seceni v Case i prostoru. Jeji vliv zavisi na intenzité a
délce pastvy i druhu bylozravce. Pastva mize podpofit méné chutné ¢i jedovaté druhy nebo
druhy s mechanickou obranou proti spaseni jako jsou ostny, trny, nebo trichomy (Vassilev et
al. 2011; Talle et al. 2016). Mezi druhy s obrannou strategii patii napt. medynék vlnaty
(Holcus lanatus), metlice trsnatd (Deschampsia cespitosa) nebo pryskyinik plazivy
(Ranunculus repens), dale pak jedovaté a nejedlé druhy jako pteslicka bahenni (Equisetum

palustre), pchac bahenni (Cirsium palustre) ¢i sitina rozkladita (Juncus effusus).

Cim déle je porost pies sez6nu pasen, tim vice jsou zvyhodnény dvoudélozné byliny s
vylou¢enim leguminéz (= herbs) a znevyhodnény mechy. Nejvice pak podporuje bylinné
druhy (herbs) a druhovou rozmanitost pastva ovci oproti pastvé krav nebo koni, nejvetsi
produktivitu maji ale naopak porosty pasené kravami nebo konmi (Socher et al. 2012, 2013).
Mirny stupen disturbance, at’ uz se jedna o pastvu ¢i seceni vede ke zvySeni druhové diverzity
(Socher et al. 2013), zatimco Zadny management nebo vysoce intenzivni management maji za
nasledek vyznamneé sniZzeni druhoveho bohatstvi (Vassilev et al. 2011; Wrage et al. 2011;
Socher et al. 2012). Extenzivni pastva ovci podle vétsiny studii zvySuje druhovou diverzitu,
zatimco vysSi pastevni zatiZzeni dobytkem naruSuje pidni povrch a na suchych pastvindch

vede ke snizeni druhové diverzity (Bornkamm 2006; Socher et al. 2013). SeSlap porostu,
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spojeny s vysokym pastevnim tlakem, snasi dobie lipnice ro¢ni (Poa annua), rdesno ptaci
(Polygonum aviculare), jitrocel vétsi (Plantago major), jilek vytrvaly (Lolium perenne);
zatimco proporce medynku vinatého (Holcus lanatus) pii vyssim seslapu klesa (Wrage et al.
2011). Nizky pastevni tlak mtze ale na druhou stranu podpofit expanzi méné chutnych druhd
(napt. metlice trsnaté, Deschampsia cespitosa), coz lze ¢aste¢né oSetiit vzajemnou kombinaci
pastvy a se¢eni (Krahulec et al. 2001; MIl&dkova et al. 2015).

Na plochach ponechanych ladem dochazi velmi rychle ke snizovani biodiverzity (Pavlu et al.
2012), a to zejména z divodu minimalniho priniku svétla na pudu (téméf 0 %) oproti
pasenym plocham, kde k ptidnimu povrchu pronika az 30 % svétla, nebot’ porost opusténych
ploch je vy3Si neZ porost secenych a ten je vyssi nez porost pasenych ploch (Jacquemyn et al.
2003). SniZen& dostupnost svétla zpisobuje odumirani nizkych rostlin a semenacka, zvyseni
konkurence o svétlo a rozSifeni rychle rostoucich vysokych druhd. Oproti tomu mezery

V porostu na pastvinach zplisobené kopyty bylozravct davaji prostor novym druhtm.

Na opusténych plochach dochézi ke ztraté nadzemni druhové rozmanitosti 1 semenné banky
v pud¢ (Krahulec et al. 2001; Jacquemyn et al. 2011; Pavlu et al. 2012). Po 10 letech od
ponechani pasenych ploch ladem poklesl pocet druhit o 60 % a pfi pfechodu od pastvy
k seeni poklesl za tuto dobu pocet druht o 20 %, zatimco pastva si udrZela konstantni
druhovou bohatost (Jacquemyn et al. 2011). Nejvice pak poklesl pocet dvoudéloznych bylin,

a to jak bylin s pfizemni razici (rosettes), tak bylin bez pfizemni razice.

Podobny klesajici trend pastva>seCeni>lad zaznamenala i hustota semen v semenné bance.
Pocet druhti se u pasenych a seCenych ploch v semenné bance nelisil, u opusténych ploch
poklesl. V semenné bance pasenych ploch (na véapnomilnych porostech v Belgii) mély
nejvetsi hustotu semen: kopretina bila (Leucanthemum vulgare), pryskyinik plazivy
(Ranunculus repens), sedmikraska chudobka (Bellis perennis), mrkev obecnd (Daucus
carota), tolice dételova (Medicago lupulina) a medynék vinaty (Holcus lanatus); na se¢enych
plochach: ovsik vyvySeny (Arrhenatherum elatius), jitrocel kopinaty (Plantago lanceolata),
psineCek obecny (Agrostis capillaris), star¢ek piimétnik (Senecio jacobaea). Shoda mezi
semennou bankou a nadzemni vegetaci byla nejlepsi na pasenych plochach (Jacquemyn et al.
2011).

Ne vzdy ale ponechani ladem vede k zasadnimu Ubytku druhove biodiverzity. Na zaklad¢

srovnavaci studie 20 let opusténych pastvin v Bulharsku stémi stavajicimi, doSlo u
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opusténych pastvin jen k mirnému poklesu druhové diverzity, minimalnimu rozsiteni dievin a

naopak ke zvyseni zastoupeni ohrozenych druhti rostlin (Vassilev et al. 2011).

1.4.2. Druhova diverzita, uZivnost stanovisté a produkce biomasy

Hnojeni podporuje vyssi nartst biomasy a s nim spojenou konkurenci o svétlo, coz ma za
nasledek zanik druht s niz$im vzristem a rozsifeni vysokych trav (Socher et al. 2012, 2013).
Dlouhodoby Park Grass Experiment v Anglii ukazal na pokles druhového bohatstvi
spojeneho s nartstem biomasy (pii pH pudy > 5.8) a s hnojenim NPK (Crawley et al. 2005).
Na zakladé studie z nékolika némeckych regiont (tzv. Biodiversity Exploratories) byl rovnéz
stanoven pramérny efekt hnojeni dusikem na Ubytek druhové diverzity -19 % pii hnojeni 35
kg N/ha za rok pfi porovnani stejné¢ obhospodafovanych nehnojenych ploch. Nicméné na
humusovych ptadach doslo i pfi hnojeni dusikem k mirnému zvySeni biodiverzity (Socher et
al. 2012). Pii vyssich davkach dusiku se jevi pastva jako nejvhodnéjsi management, ktery je
schopen nejlépe odolavat sniZzovani druhové rozmanitosti (Jacquemyn et al. 2011), oproti
tomu hnojeni spojené s intenzivnim seCenim vede k prudkému snizeni druhové diverzity
(Socher et al. 2013).

Samotna vysoka produkce biomasy ovSem neni hlavnim méfitkem druhové diverzity, ale
pouze jeden s indikatort, Ktery v riznych klimatickych a disturban¢nich podminkach ptisobi
na druhovou rozmanitost riznym zpusobem (Adler et al. 2011). ,,Hump back* model k¥ivky
ve tvaru hrbolu (Grime 2002) ptedpovida vrchol rozmanitosti za optimalnich Gzivnych
podminek stanovisté, kde pfi velmi nizké nebo vysoké tzivnosti dochazi k poklesu druhoveé
diverzity. Hnojeni dusikem vede Kk potla¢eni leguminoz (Kirkham et al. 1996), zatimco
hnojeni fosforem a draslikem (pfi souCasném deficitu N v pudé) legumindzy zvyhodiuje
(Pavlu et al. 2012). Deficit jedné ze zakladnich Zivin N, P, K omezuje produkci, vytvaii
kompetici a muze vést ke zvySeni floristické diverzity (dien & Moen 2001). S vysSi
druhovou diverzitou je podle nékterych studii asociovana optimalni dostupnost drasliku
v rozmezi 200-300 mg/kg, spolu s omezenou dostupnosti fosforu a dusiku (Janssens et al.
1998; Badia et al. 2008).
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1.4.3. Miry druhové diverzity

R. H. Whittaker (1920 — 1980) zavedl termin alfa, beta a gama diverzita na zakladé rizného
piistupu k chdpani rozmanitosti rostlinného spolecenstva. Alfa diverzita popisuje druhovou
rozmanitost na arovni vzorku, beta diverzita zachycuje rozdil mezi vzorky a gama diverzita

ukazuje na druhovou rozmanitost na regionalni Skéle.

Na druhovou diverzitu se Ize divat ze dvou stran — prvni pfistup vyjadiuje pocet druhi ve
vzorku (richness), druhy pfistup vyrovnanost zastoupeni jednotlivych druhi ve vzorku
(evenness). Pro spojeni obou piistupti byly vyvinuty indexy a-diverzity, liSici se pravé
v dirazu na tu kterou slozku diverzity. Mezi nejpouzivanéjsi patii Shannontiv a Simpsontv

index (Keylock 2005):

Shanoniv index H'= - X p; x In (p;), kde p; je proporce pokryvnosti i-tého druhu, vyjadiuje
nejistotu, s jakou jsme schopni predpoveédét identitu (druh) nahodné vybraného jedince. Maly
pocet druhl a narGst dominant (tzn. nevyrovnanost spoleenstva) snizuje miru nejistoty €ili
hodnotu indexu. Informaci o struktufe dominant v ramci komunity pak udava Shannonova

vyrovnanost J=H"/In S, kde S je pocet druhi na plosce.

Simpsoniiv index D= X pi?, kde p; je proporce pokryvnosti i-tého druhu, ukazuje na
pravdépodobnost, s jakou dva nahodné vybrani jedinci budou stejného druhu. Hodnota indexu
roste se snizovanim diverzity, proto se ¢asto pouziva dopliikova hodnota indexu: 1-D, ktera
vyjadifuje pravdépodobnost, Ze dva vybrani jednici budou odlisného druhu. Simpsonova

vyrovnanost ma tvar E=(1/D)/S, kde S je pocet druhti na plosce.

Whittakerova definice beta diverzity je vyjadiena jako pomér gama diversity k alfa diverzité,
B=(y/a), kde y znac¢i celkovou druhovou bohatost stanovisté (tj. celkovy pocet druhti v
regionu) a a pak primérnou druhovou bohatost ploch (vzorkt). Pro stanoveni beta diverzity
se Casto pouziva Jaccarduv ¢i Serensentv index porovnavajici podobnost druhového sloZeni
dvou spolecenstev. Jaccardiv index 1;= (C/ (A+B-C) ) x 100 vyjadiuje pomér po¢tu druhi
spole¢nych 2 stanovistim (C) k celkovému pocet druhti na obou stanovistich A a B celé
nasobeno 100 (Jaccard 1912). Z Jaccardova indexu je odvozeny Serenseniv index, ktery ma
tvar Is= (2 C/ (A+B) ) x100 (Serensen 1948).
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1.5. Stravitelnost biomasy

Pro rist, reprodukci a produkei mléka potiebuji velci bylozravci ziviny (proteiny, energii,
vitaminy a mineraly), které ziskavaji z pice. Jeji nutri¢ni kvalita je nejvice ovlivnéna stafim
porostu (fenofazi), dale pak druhovym sloZenim, pidnimi a Klimatickymi podminkami,
frekvenci a intenzitou pastvy, typem paseného dobytka a v neposledni fadé sekundarnimi

metabolity slouzicimi jako mechanicka ¢i chemicka ochrana proti spaseni.

1.5.1. PoKles stravitelnosti béhem zrani porostu

Rostlinné buriky jsou tvofeny lehce stravitelnym bunéénym obsahem — cytoplasmou a huire
stravitelnou bunéénou sténou. Cytoplasma obsahuje pievazné dusikaté latky, cukry, Skroby,
tuky; sténa bunky se skladd zejména z vlakniny — hemicelulozy, celulézy, nestravitelneho
ligninu a dobfe stravitelné slozky — pektinu. Vzhledem k tomu, ze zvifata postradaji enzymy
potiebné k rozkladu celulézy a hemiceluldzy, jsou odk&zana na pomoc mikrobu, ktefi tyto

latky v procesu fermentace pfeméni do 1épe stravitelné podoby.

Obecné jsou listy, kvéty a plody I1épe stravitelné nez stonky, protoze obsahuji méné ligninu a
naopak vétsi mnozstvi dusikatych latek (Minson 1990; Lyons et al. 1999). Rostlinné bunky
jsou nejlépe stravitelné ve fazi rastu, nebot’ tehdy bunécna sténa tvorfi jen malou ¢ast jejich
objemu. S postupnym zranim se buné¢na sténa zvétSuje na ukor cytoplasmy, roste mnozstvi

hife stravitelné vlakniny, ziviny se stahuji z listd do kofenti nebo jsou vymyvany destém.

Vétsina rostlin ma vysokou nutriéni hodnotu na zac¢atku sezony, nejrychlejsi pokles obsahu
nutri¢nich latek nastava od faze olisténi do faze kveteni, s vyjimkou legumindz, u kterych
klesa nutri¢cni hodnota pomaleji a plynuleji béhem sezony (Oelberg 1956). Vysoky obsah
proteint v legumindzéch i v dobé zrani je zptsoben jejich vysokym zastoupenim v semenech.
Pokles nutri¢nich latek, obvykle Gzce korelovany s poklesem koncentrace dusiku je patrny
béhem rastu i u fosforu a drasliku, mirngjsi potom u hoi¢iku. Oproti tomu koncentrace
vapniku béhem vegetatni sezony mirné roste nebo zistava beze zmény (Oelberg 1956;

Johnston & Bezeau 1962; Minson 1990; Turk & Albayrak 2014).
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1.5.2. Botanické sloZeni porostu

Zatimco mnozstvi dusikatych latek je zavislé diky efektu fedéni predevsim na vynosu resp.
zralosti porostu a zvoleném managementu, obsah nestravitelné vlakniny je krom¢ terminu
sklizn¢ ovlivnén zejména druhovym sloZenim porostu (Bumb et al. 2016). Dostavame se tak

k botanickému slozeni, které ma kli¢ovy vliv na stravitelnost.

Byliny maji mensi objem bunéénych stén a vétsi objem cytoplasmy neZ travy a jsou tedy Iépe
stravitelné (Lyons et al. 1999). Pi#i pokusu na péti druhové bohatych pastvinach byla
stravitelnost bylinné Casti spoleCenstva ve vSech piipadech a béhem celé¢ sezony vyssi nez
stravitelnost travni ¢asti spolecenstva (Duru 1997). Pti porovnani jednotlivych ¢asti rostlin se
ukazalo, Ze stravitelnost listd je vyrazné vyssi nez stravitelnost stonkd u trav i bylin. Zatimco
stravitelnost listi bylin se béhem sezéony neméni, nebo v neékterych piipadech i mirné roste,

na druhou stranu stravitelnost listi trav signifikantné klesa (Duru 1997).

Nejhute stravitelné jsou vytrvalé trsnaté travy, a naopak nejlepsSi stravitelnost maji
dvoudélozné byliny s pfizemni rtzici (Bumb et al. 2016): krvavec menSi (Sanguisorba
minor), jitrocel kopinaty (Plantago lanceolata), kokoSka pastusi tobolka (Capsella bursa-
pastoris) a stonkaté byliny: mochna jarni (Potentilla neumanniana), rozrazil rolni (Veronica
arvensis), kakost meékky (Geranium molle). V ramci trav existuje rozdil mezi teplomilnymi a
chladnomilnymi druhy, nebot’ teplomilné rostliny si vyvinuly siln€j$i ochranné bunécné stény
tvofené vlakninou, které je chrani pied horkem a vysychdnim a naopak zredukovaly bunécny
obsah, coZ vede k jejich niZsi stravitelnosti oproti rostlindm chladnomilnym (Lyons et al.
1999).

Byliny maji oproti travam vyssi koncentrace fosforu, drasliku a dusikatych latek (o desitky
procent), ale zejmeéna hoi¢iku a vapniku, jejichZz koncentrace jsou u listti bylin 3-5 nasobné
vy$$i nez u listd trav (Cornelissen & Thompson 1997). Vapnik a hoi¢ik je vazan na pektiny,
jejichz obsah v bunéénych sténach trav je niz§i nez u ostatnich jednodéloznych a
dvoudéloznych rostlin.  Vétsi koncentraci vapniku maji rostliny v listech oproti stonkiim,
zatimco koncentrace fosforu se vlistech a stoncich vyrazné nelisi. Béhem zrani se
koncentrace vapniku v listech zvySuje, zatimco ve stoncich klesa a v dobé zralosti porostu je
u dvoudéloznych bylin az 10krat vyssi v listech nez ve stoncich (Minson 1990). Koncentrace
vapniku a hofé¢iku ma inverzni vztah ke koncentraci ligninu, a naopak pozitivni vztah

k nasycenosti vodou (Makkonen et al. 2012). Koncentrace téchto minerald v listech
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dvoudéloznych i jednodéloznych pozitivné koreluje s dekompozici (Cornelissen & Thompson
1997). Nejvyssi koncentrace vapniku a hot¢iku maji z dvoudéloznych obvykle leguminozy

(Minson 1990).

1.5.3. Obsah suSiny v listech jako indikator stravitelnosti

Pfi snaze najit co nejlepsi indikator stravitelnosti se mnohé studie zabyvaly inverznim
vztahem mezi hodnotami vaZzeného LDMC (obsah susiny v listech) a kvalitou pice. LDMC se
ukazalo jako spolehlivy prediktor stravitelnosti, pokud je pouZivdno samostatné pro cisté
travni spolecenstvo (Al Haj Khaled et al. 2006; Duru et al. 2008, 2010b).

Travni druhy s nizkou relativni ristovou rychlosti, pro které je typické vysoké LDMC a nizké
SLA (specificka listova plocha), obsahuji mnohem vice materidlu tvoficiho bunécné stény
jako je lignin, hemicelul6za a celuldza nez druhy s vysokou relativni ristovou rychlosti. Listy
s dlouhou Zivotnosti maji vysoky pomér vlakniny k dusikatym latkam, vysokou koncentraci

ligninu a nizkou koncentraci N a P a jsou tedy hife stravitelné (Duru et al. 2005).

Samostatnou skupinou dvoudé€loznych a vztahu jejich LDMC ke stravitelnosti se studie
nezabyvaly, ¢ili na tomto poli nelze jednoznacné tvrdit, jak kvalitnim prediktorem obsah
susiny V listech pro stravitelnost bylin mize byt. Travy maji niZsi stravitelnost nez byliny a
soucasnd vy§si LDMC (vaZené proporci druhi se pohybuje v rozmezi 200-300 g/m?), co? je
praméré o 100 g/m? vice neZ pro byliny, kde se vaZené LDMC pohybuje v rozmezi 100-200
g/m? (Ansquer et al. 2009a).

V posledni dobé mnohé studie pouzivaly obsah suSiny v listech jako indikator pro stanoveni
stravitelnosti ve smiSenych porostech trav a bylin (Gardarin et al. 2014), kde nizka hodnota
LDMC ukazuje na Vé&tSi procentualni zastoupeni bylin ve vzorku (a tedy i na lepsi
stravitelnost), ale samotna informace o pfimém vlivu LDMC na stravitelnost nam pii tomto

piistupu zastava skryta (Duru et al. 2010b).

1.5.4. Pudni a klimatické podminky

Ptdni podminky modifikuji druhové sloZeni trvalych travnich porosti a také piimo ovliviiuji
pfijem Zivin a samotnou kvalitu pice, jak ukdzaly mnohé pokusy s hnojenim (Pontes et al.
2007; Tark et al. 2007; Bumb et al. 2016). Urcité druhy si ovSem drzi své specifické

35



koncentrace zivin i pii pfemisténi na zivinami bohatSi/chudsi stanovisté (Oelberg 1956).
Srazky zvysSuji ptijem dusiku a fosforu, ale mohou negativné ovliviiovat piijem véapniku
(Whitehead 2008). Pii vyssim mnozstvi srazek ale dochazi k vymyvani Zivin a tedy ke snizeni
stravitelnosti porostu. Teplota ovliviiuje hlavné fenologii, ale ptsobi spolu se slune¢nim
svitem i na fotosyntézu a zvySuje pfijem hoiciku, ktery je v rostlinich mimo jiné soucasti
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listového Mg je vazano v chlorofylu — az 36 % (Marschner 2012).

1.5.5. Vliv managementu na stravitelnost

Botanické sloZeni porostu a tedy i jeho stravitelnost na pasenych plochach je ovlivnéno
druhem dobytka, frekvenci a intenzitou pastvy. Ovce a kozy jsou vice vybiravé a casto
konzumuiji jen 1épe stravitelné ¢asti rostlin na rozdil od krav. Koné upiednostiiuji travy pred
bylinami, nebot’ jim jejich travici systém umoziuje konzumovat vice vlakniny. Ovce preferuji
byliny pfed travami, zatimco kozy maji nejrad€ji dfevnaté druhy. Prezvykavci konzumuji
rostliny i bez ohledu na stravitelnost nebo nutri¢ni hodnotu a mohou se fidit ¢isté chutnosti.
Hovézi dobytek je schopen snadnéji zkonzumovat i starSi a tuzsi biomasu na rozdil od ovci
(Oelberg 1956; Lyons et al. 1999). Rizné preference velkych bylozravet modifikuji travni
porost zejména podporou nejméné chutnych a Spatné stravitelnych druht, tzv. nedopaski.
Vliv na pastevni porost ma také obdobi a intenzita ptepaseni, nebot’ na jafe jsou
zkonzumovany i druhy, které jsou v pozdéjsi fenofazi uz pro zvifata nepoZivatelné, a pii

mirném pastevnim tlaku vznika vétsi mnozstvi htie stravitelnych nedopaski (Oelberg 1956).

Stravitelnost porostu je piimo umérna velikosti disturbance (odnosem biomasy), a to jak
pastvou, tak seCenim (Gardarin et al. 2014). Porost se¢eny 4krat ro¢n¢ mél vyssi koncentrace
dusikatych latek a nizsi koncentrace hrubé vlakniny, nez porost se¢eny 3krat, respektive 2krat
ro¢né (Cop et al. 2009). P¥i srovnani riznych managementi klesala koncentrace dusiku od
dubna do cervna nejmirn€ji u intenzivné pasenych porostii oproti extenzivné pasenym a
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bunéénych stén, proti seCenym a mirn¢ pasenym porostim (Bakker 1989).
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1.5.6. Druhova diverzita a kvalita pice

Intenzifikace zemédé€lstvi spojend s tlakem na zvySovani produkce travnich porostii méla za
nasledek snizeni jejich environmentéalni hodnoty. V soucasné dobé se feSi otizka tzv.
ekologické intenzifikace, kdy je kladen daraz na udrzeni vysoké produkce porostu pfi
zachovéni co nejvétsi druhové a funkéni diverzity (Doré et al. 2011). Rada studii (Crawley et
al. 2005; Hautier et al. 2009; Wrage et al. 2011; Socher et al. 2013) ukazuje na trade-off mezi
produktivitou a diverzitou, nebot’ tyto dvé funkce Casto jdou protikladnym smérem, zejména
kvuli zasadnimu rozdilu v druhové diverzité mezi vysoce produktivnimi vysetymi porosty (s
nizkym poc¢tem druht) a druhové bohatymi poloptirozenymi porosty. V rdmci jednotlivych
typt porosti ma ovsem diverzita spiSe pozitivni nebo neutralni efekt na produktivitu (Wrage
et al. 2011).

Ptrestoze vztah produktivity a diverzity neni zcela jednoznacny, zvySeni druhové diverzity mé
mnoho vyhod pro chov hospodarskych zvitat. Pies vétsi stabilitu udrZzeni produkce porostu i
v letech s nepiiznivym pocasim, lepsi zdravotni stav piezvykavci, kvalitu finalné ziskanych
produktd, jako je mléko, vina a maso az po finalni pozitivni vliv na lidské zdravi (Wrage et

al. 2011).

1.5.7. Stravitelnost a vynos - hledani optimalniho data sklizné

Nehnojené, druhové bohaté polopiirozené travni porosty maji obvykle o 20-80 % mensi
produkci neZ intenzivné obhospodatované hnojené travnich porosty. Vyplyva to z pomalejsi
rastové rychlosti zptisobené nizsi dostupnosti Zivin. Polopiirozené travni porosty dosahuji
diky tomu maxima mnozstvi vyprodukované biomasy pozdé&ji nez porosty hnojené a jsou
mnohem citlivéjsi na vykyvy pocasi (srazek), coz se projevuje ve vysoké mezirocni
variabilit¢ vyprodukované susiny. V rdmci stejné lokality se stravitelnost polopiirozenych
travnich porostti ukézala nizsi nez stravitelnost intenzivné zemédélsky obhospodatovanych, a
to 0 5-10 % (Tallowin & Jefferson 1999).

Pouhé piihnojovani dusikem — mozna piekvapivé — nema na stravitelnost jednoznaény
pozitivni vliv, u nékterych druhti dokonce stravitelnost po zvySeni dostupnosti N mirné klesa
a obecné dochazi k redukci proporce listové casti porostu. Nicméné¢ je prokazan jednoznaény

vliv hnojeni N na zvySeni vynosu (Minson 1990).
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Management podporujici vysokou produktivitu spolecenstva nevede nutné k vyssi kvalité
pice, jak doklada studie na velkém gradientu prostfedi (Loucougaray et al. 2015).
Stravitelnost pice se ukazala jako zcela nezavisla na inverznim vztahu produktivita —
diverzita. Pfi posuzovani kvality pice mezi setymi, trvalymi, intenzivnimi, extenzivnimi,
seCenymi €i pasenymi porosty nebyl prokazan signifikantni rozdil ve stravitelnosti, pfi¢emz
na polopfirozenych porostech se pro stravitelnost ukdzalo jako zasadni zvoleni optimalniho

data sklizn¢ (Loucougaray et al. 2015).

Vzhledem k tomu, Ze béhem sezony stravitelnost klesa a vynos roste, je na misté najit
optimalni dobu sklizné&, kdy je celkové mnoZstvi stravitelné hmoty (¢ili procento stravitelnosti
nasobeno vynosem susiny) na jednotku plochy maximalni. Obdobny pfistup je pouzivan ve
studiich zabyvajicich se pastevnim chovanim bylozravci (ovci, jelenll), ktefi béhem sezony
fesi kompromis mezi kvantitou a kvalitou pice, aby jejich denni piijem potravy, pokryl
potiebnou davku energie, tedy i stravitelné hmoty (Garcia et al. 2003; Hebblewhite et al.
2008).
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2. CIL PRACE A HYPOTEZY

2. 1. Cil prace

Hlavni cil studie je porovnani vlivu tfi riznych managementii — pastvy, seCeni a ponechani

ladem v druhov¢ bohatych travnich porostech na:

1) cyklus prvka N, P, K, Ca, Mg v piid¢ a v biomase
2) zmény druhového sloZeni a druhové diverzity

3) mnozZstvi sklizené biomasy

4) stravitelnost biomasy

2. 2. Hypotézy

1) Sec¢eni ochuzuje pudu o draslik, pastva ochuzuje pudu zejména o fosfor a na kratkodobé

opusténych porostech se zvySuje mineralizace dusiku v pude¢.

2) Seceni podporuje rychle rostouci druhy snizkym LDMC; pastva a opusténé plochy

podporuji naopak konzervativnéjsi druhy s vyssim LDMC.

3) Pastva zvysSuje druhovou rozmanitost vice nez sefeni; na opusténych plochach druhova

diverzita klesa.
4) Na pasenych a seCenych plochach dochazi ke snizeni vynosu oproti plocham opusténym.

5) Nejlepe stravitelnd biomasa je na secenych plochach, dale pasenych a nejhorsi stravitelnost

maji plochy ponechané ladem.
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3. METODY A MATERIALY

3. 1. Charakteristika studovanych lokalit

Pro posouzeni vlivu managementu (pastvy, seCeni, ponechani ladem) byly vybrany 2 lokality
v CHKO Bilé Karpaty (Brumov, Lopenik) s odliSnou vegetaci, kde od roku 2004 probiha
experiment. Na obou lokalitach je podobné druhové bohatstvi (primémé 30 druhéi na m?) a

ro¢ni atmosféricky spad ¢ini piiblizn¢ 10-15 kg N/ha (Ostatnickd & Matouskova 2012).

Lokalita Brumov s dominanci valecky prapoftité (Brachypodium pinnatum) leZi v nadmotské
vysce 370 m (49°05'58" N, 18°01'59" E). V minulosti byla pastvinou a 13 let pied zacatkem
experimentu lezela ladem. Roc¢ni Gthrn srazek zde ¢ini 760 mm, primérna teplota 7,9 °C.
Obsah jilovitych ¢asti na lokalité je 28 %, prachovych 66 % a piséitych 6 %. Pida patii mezi
stiedné t€zké pudy s nizkym obsahem fosforu, dobrym aZz vysokym obsahem drasliku a
vysokym obsahem hoi¢iku a vapniku (podle Sanka & Materna 2004). V odbornych

publikacich (viz ptiloha) je lokalita Brumov oznacovana jako ,,Brachypodium site*.

Lokalita Lopenik s dominanci kostfavy ¢ervené (Festuca rubra) lezi v nadmoiské vysce 720
m (48°56'20" N, 17°48'00” E). Po dobu vice nez 25 let pfed zacatkem experimentu zde
probihala rota¢ni pastva od brzkého jara. Ro¢ni tthrn srazek je zde 850 mm, pramérna teplota
6 °C. Jilovité ¢asti tvoti 10 % obsahu pidy, prachové 69 % a piscité 23 %. Pida se fadi mezi
lehké pudy s vyhovujicim obsahem fosforu, vyhovujicim obsahem drasliku, dobrym obsahem
hoi¢iku a nizkym obsahem vapniku (podle Sanka & Materna 2004). V odbornych publikacich

(viz priloha) je lokalita Lopenik oznaCovana jako ,,Festuca site*.

3. 2. Design experimentu a sbér vzorku

Experiment zahrnuje 3 oSetfeni: (1) seCeni v poloviné Cervence, (2) extenzivni pastva od
zacatku cervna, (3) ponechani ladem pouze s odstraniovanim vysokych ketii a stromu. Pfi
seCeni je odstranéna biomasa ve vySce 5 cm nad povrchem a ihned vyhrabana a odnesena.
Pastva probiha ve dvou cyklech, prvni za¢atkem ¢ervna a druhy v srpnu. Lokalita Brumov je
pfepasana plemenem ovce Romney, lokalita Lopenik dobytkem plemene Hereford. Secené

plochy a plochy ponechané ladem jsou ohrazeny, aby bylo zamezeno spaseni.
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Na obou lokalitach bylo v roce 2004 zaloZzeno 15 trvalych experimentalnich ploch, kazda o
vyméie 5 X 5 m uspofaddanych do 5 bloki, kazdy blok zahrnuje po jednom vSechny tfi
oSetfeni: pastvu, seCeni a lad (schéma viz ptiloha 9.1.). Béhem let 2011 a 2012 bylo odebrano
180 vzorkti biomasy a pfislusné pady. Vzorky byly odebrany z obou lokalit 3krat béhem roku
(19.-21. kvétna, 13.~18. Eervna, 11.-15. Servence). V kazdé plosce byl nahodn& vybran 1 m?,
pro odbér pidy a biomasy b&hem 3 termint. Slo vZdy o odbér prvniho naristu biomasy
béhem sezony, vybrané metrové podplochy byly ohrazeny proti spaseni a nebyly seCeny pred

datem odbeéru.

Proporce druhti v biomase byly stanoveny kalibrovanym odhadem (Tadmor et al. 1975). Po
ur¢eni proporce druht doslo k odebrani zivé biomasy 5 cm nad zemi a vzorku pudy. V kazdé
1 m? podplose jsme odebrali 3 vzorky pudy Kopeckého valetkem o priméru 5 cm z hloubky
0-20 cm. Tyto tii vzorky byly vZdy smichany do jednoho a pfipraveny k laboratorni analyze.
Kromé¢ toho pro kazdou vyzkumnou plochu 5 X 5 m byl navic stejnym zplisobem odebran

vzorek pudy v listopadu 2012.

K méfeni vysky jsme pouzivali talifové métidlo (Correll et al. 2003), s talitem o priméru 30
cm a hmotnosti 200 g, ktery se spousti do vegetace. Vyslednou vySku vegetace dostaneme

zmétenim vzdalenosti talife od povrchu zemé poté, co je zadrzen vegetaci.

Na kazdé plosce jsme urcili fenofazi vsech druhii. RozliSovali jsme 5 fenologickych stadii
(podle Martinkovéa, Smilauer & Mihulka 2002): sterilni rostliny (1), rostliny s poupaty (2),
kvetouci rostliny (3), rostliny s nezralymi plody (4) a rostliny v pIné zralosti (5). Fenofaze
druhu byla stanovena podle nejvysSi fenofaze, kterou zaujima alespont 30 % jedinct

pfislusného druhu.

K dispozici mame odhady pokryvnosti vSech druhti v biomase z obou studovanych lokalit

z roku 2004, pted zahajenim managementovych oSetfeni.

3. 3. Chemické rozbory pady

Z kazdého pudniho vzorku byly odstranény koteny a zbytky rostlin, vzorky byly protiepany,
homogenizovany, vysuseny a prosety do velikosti 2 mm. Vsechny analyzy byly délany
v akreditované laboratofi VURV v Chomutové: pH bylo stanoveno ve vyluhu 0,01 M CaCly,
dostupné P, K, Mg, Ca pro rostliny bylo ur¢eno pomoci metody Mehlich 3 (Mehlich 1984),
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koncentrace organického uhliku Coq byla uréena oxidaci v dichromanu draselném (Black
1965) a koncentrace celkového dusiku Ny Kjeldahlovou metodou (AOAC 1984).

3. 4. Chemické rozbory biomasy

Biomasa byla vysuSena pii teploté¢ 55° C pro urCeni obsahu suSiny v kazdé podploSe.
Koncentrace N byla ur¢ena Kjeldahlovou metodou (AOAC 1984). K urceni koncentrace P
byly vzorky mineralizovany mokrou cestou pomoci molybdenato-vanadového c¢inidla a
analyzovany ve spektrometru pii vIinové délce 430 nm (71/393/EHS). Pro uréeni koncentrace
K byl vzorek zpopelnén, rozpustén v kyselin¢ chlorovodikové a analyzovdn plamennou
fotometrii za pfitomnosti chloridu cesného a dusi¢nanu hlinitého (71/250/EHS). Pro stanoveni
koncentrace Ca a Mg byl vzorek zpopelnén, rozpustén ve ziedéné kyseliné chlorovodikové a
analyzovan pomoci atomové absorbcni spektrofotometrie pii vinové délce 422,7 (I1SO
6869:2000) a 285,72 nm (73/46/EHS). Stravitelnost byla ur¢ena in-vitro za pouZiti dvou
technik: fermentaci bachorovou stavou (Tilley & Terry 1963) a travenim pepsin-celulazovou
enzymatickou procedurou (Aufrere et al. 2007). Prvni zminénd metoda je vhodné&jsi pro
biomasu obsahujici vysoké procento dvoudéloznych, vzhledem k wvyssi citlivosti na

sekundarni metabolity.

3. 5. Statistické zpracovani dat

Data byla zpracovana pomoci klasickych linearnich modelt i modela se smiSenymi efekty za
pouZziti metody REML (Restricted maximum-likelihood method). Modely byly porovnavany
pomoci Akaikeho informagniho kritéria (AIC) a koeficientu determinace R?. Ve smiSenych
modelech bylo AIC pocitano z modelt vytvorenych metodou ML (Maximum-likelihood). Pro
jednoduché regresni modely byl determinaéni koeficient R? poéitan podle vztahu R*=1- S¢/S;,
kde S¢je rezidualni soucet ¢tvercti modelu a Sije celkovy soucet ¢tverci. Pro smiSené modely
uzivdme stejny vzorec, kde S; je rezidualni soucet ¢tverca findlniho modelu se smiSenymi
efekty a S; je rezidudlni soucet ¢tvercii nulového modelu, ktery neobsahuje ani fixni ani
nahodné efekty (Edwards et al. 2008). R? potom udava celkové procento variability

vysvétlené modelem, véetné ndhodnych efektt.
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Jednotlivé hladiny faktorii, tzn. typy managementt (lad, pastva, seceni), pfipadné¢ datum
sbéru (kvéten, Cerven, ¢ervenec) byly mezi sebou porovnavany pomoci treatment kontrastt

(Pekar & Brabec 2009).

Pii analyzach byla vzdy posuzovana normalita a homoskedasticita rezidui pomoci
diagnostickych grafii a Shapiro-Wilkova tesu. V piipadé potieby byla provedena logaritmicka
¢1 odmocninova transformace. Pro nalezeni parametrt fedicich kiivek pro prvky N, P, K ve
tvaru y = ax? byla pouzita log-log transformace: In(y) = a + b(In(x)) .  Mnozstvi
straviteIné hmoty (Digestible dry matter, DDM) na jednotku plochy bylo vypocteno jako
souéin stravitelnosti (Digestibility) a vynosu v susing na m*(DM): DDM = Digestibility X
DM . Ktivky tvaru ,hrbolu® popisujici mnozstvi stravitelné hmoty b&hem sezony byly
modelovany pomoci polynomické regrese 2. a 3. stupné, maxima kiivek byla vypoétena z 1.

derivace ptislusné funkce.

Funkéni znaky jako obsah suSiny v listech (LDMC), specificka listova plocha (SLA), velikost
semen (Seed-mass), vySka (Canopy height), C-strategie, R-strategie, S-strategie, proporce
druhti s pfizemni ruzici (Rosettes) a s prezimujicimi listy (Leaf-persistance) byly vypocteny
vazenym pramérem proporci druhti v biomase a jejich hodnoty pro jednotlivé druhy
extrahovany z databaze BioFlor (Klotz et al. 2002) nebo LEDA (Kleyer et al. 2008).

Analyzy byly vytvofeny ve statistickém softwaru R verze 2.15.0 (www.r-projekt.org),
s pouzitim baliku ,,nlme* (Pinheiro et al. 2012), ,,akima*“(Akima 2015), ,,MASS* (Venables
& Ripley 2002) a pomoci programu CANOCO for Windows 4.56 (Ter Braak & Smilauer
2002).
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4. VYSLEDKY

4. 1. Rozdil v dostupnosti Zivin v ptidé mezi pasenymi,
seCcenymi a opusténymi plochami

Pomoci modelti se smisenymi efekty byly analyzovany rozdily v dostupnosti pidniho P, K,
Ca a Mg mezi jednotlivymi managementy. Pro vypocet dostupného dusiku jsme pouZzili
pomér organického uhliku k celkovému dusiku (viz kap. 1.1.4.). Management ovlivnil pouze
mnozstvi dostupného fosforu (P=0,0017; F=6,6; DF=201) a drasliku (P<0,0001; F=10,5;
DF=204). Ob¢ vysvétlované proménneé byly logaritmicky transformovany, lokalita a rok byly
V obou piipadech povazovany za faktory s ndhodnym efektem, zatimco datum a management
za faktory s pevnym efektem. V piipad¢ fosforu doslo k signifikantnimu poklesu dostupnosti
béhem sezony (P<0,0001), u drasliku nemélo datum signifikantni vliv (P=0,28) a z modelu
jsme ho vyloucili. Na zaklad¢€ porovnani managementi pomoci treatment kontrastii se mezi
sebou Vv koncentraci dostupného pudniho fosforu signifikantné 1iSily pastva a seCeni
(P=0,005) a pastva a lad (P=0,0001), pficemz pasené plochy mély nejméné dostupného
fosforu v pude.
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Obr. 1: Obsah pudniho fosforu byl nejnizsi u pasenych ploch. Graf znazoriuje sezonni
dynamiku dostupného P zvIast’ pro obé lokality.
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V ptipad¢ drasliku byla situace opacna. Nejmensi mnozstvi dostupného puidniho K bylo na
seCenych plochach, které se signifikantné lisily od pasenych (P=0,0004) a ponechanych
ladem (P<0,0001).
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Obr. 2: Obsah pudniho drasliku byl nejnizsi u secenych ploch. Graf znazorfiuje sezénni
dynamiku dostupného K zvlast’ pro ob¢ lokality.

Mnozstvi dostupného N, P, K v ptidé 1ze rovnéz odvodit z nutri¢nich indextt NNI, PNI, KNI,
které byly korigovany proporci legumindz (podrobnosti kap. 1.2.2). K analyze jsme pouZili
modely se smiSenymi efekty, které zahrnuji faktory s ndhodnymi efekty: lokalitu a rok a

faktory s pevnymi efekty: datum a management.

Management i datum ovlivnily velikost indexu NNl (pro oba faktory P<0,0001), pficemz
na plochach ponechanych ladem bylo signifikantné nejvys$i mnozstvi dostupného N

(P<0,0001). Pasené a secené plochy se v dostupnosti N nelisily (P=0,17).
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Obr. 3: Nejvyssi Gzivnost dusikem podle indexu NNIg mély plochy ponechané ladem.
V grafu jsou zobrazeny priméry pro jednotlivé managementy a stfedni chyby priméra.
Odlisna pismena znamenaji signifikantni rozdil mezi managementy.

Vysledky analyzy indext PNIjeq korespondovaly s vysledky puidnich analyz, ale ukazal se jen
slabé signifikantni rozdil mezi managementy (P=0,08) v prvnich dvou datech. Na pasenych
plochach se potvrdila nizs$i dostupnost fosforu oproti seCenym (P=0,07), pasené a opusténé

plochy se neliSily (P=0,79).

Na hodnoty KNligg mél management vliv opét pouze v prvnich dvou datech (P=0,014),

v v

liSily od pasenych (P=0,006) i se¢enych (P=0,023) ploch. Index KNleg se pro pasené a se¢ené
plochy nelisil (P=0,64).

4. 2. Porovnani koncentraci N-P-K v biomase mezi
managementy béhem sezony: krivky redéni

Béhem sezony dochézi ke znacnému fedéni prvka N-P-K v biomase, a proto je nutné, pokud
chceme pifimo srovnavat koncentrace z riznych terminti sbérti ¢i lokalit, znat i pfisluSné
mnozstvi suché biomasy (Dry matter, DM), piipadné jinou charakteristiku staii porostu
(fenofazi, datum sbéru), ktera nam umoziuje tyto koncentrace vzajemné porovnavat bez

rizika mylné interpretace. Vysledky srovnani kiivek fedéni pro jednotlivé managementy
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v zavislosti na mnozstvi suché biomasy odpovidaji srovnani pomoci nutri¢nich indexi, ale

V tomto piipadé nezohleditujeme mnozstvi legumindz.

V modelu se smiSenymi efekty byla pouZita log-log transformace, na koncentraci N mél
signifikantni vliv. _management i mnoZstvi biomasy (DM) s  P<0,0001; interakce
management : DM signifikantni nebyla, kiivky se lisily pouze v interceptu. Nejvyssi
koncentrace dusiku méla biomasa ploch ponechanych ladem oproti pasenym a seenym
(P<0,0001 v obou ptipadech).

40}

N —&— Fallow
L —o— Grazing
- —£—  Mowing

e
a
|

’
/

Biomass N (%)
N N w
o (@) o
T T T

=
(@]
T

e
o
T

Dry matter biomass (t ha ' )

Obr. 4: Rovnice Fedici kiivky pro plochy ponechané ladem: Nyap = 3,27 DM ®, pro pasené
plochy: Npas = 2,78 DM a pro setené plochy Nsge = 2,7 DM, kritick4 kiivka dusiku
ma pro srovnani rovnici N = 4,8 DM ™3 a znagi optimalni uZivnost stanovité dusikem.

V modelu fedicich kiivek pro P, byla signifikantni — kromé& obsahu suSiny (P<0,0001) a
managementu (P=0,036) — i interakce management : DM (P=0,028). Pasen¢ plochy mély
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nejnizsi intercept, ktery se lisil od ladu (P=0,0183) i se¢eni (P=0,0154) a soucasné nejmirné;si
sklon vzhledem k seeni (P=0,0099) i k ladu (P=0,086). Z toho vyplyva, Ze na pasenych

plochach dochazelo k nejmirnéjsimu poklesu koncentrace P S nartistem biomasy.
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Obr. 5: Rovnice ktivky fedéni fosforu pro plochy ponechané ladem: Piap = 0,27 DM,
pro pasené plochy: Ppas = 0,21 DM™®% a pro setené plochy Psge = 0,27 DM™% Na

cvwr

biomasa zachovala jeho relativné vysoké koncentrace jeSt¢ v Cervenci oproti ostatnim
managementim.

Kiivky popisujici koncentraci drasliku v zavislosti na mnoZstvi biomasy se mezi
managementy neliily v interceptu (P=0,2), ale mély odlisny sklon (P=0,039). U pasenych
ploch dochazelo béhem sezdny, stejné jako u fosforu, k nejmirnéjsimu fedéni koncentrace

drasliku oproti se¢enym plocham (P=0,022) a plochdm ponechanych ladem (P=0,046).

48



3.0¢ O —&— Fallow
—e— Grazing
g 25| —£—  Mowing
< (o)
w 2.0F
(1)
£
2 15¢ 0
1.0

Dry matter biomass (t ha™' )

Obr. 6: Rovnice kiivek fed&ni drasliku pro opusténé plochy: Kiap= 2,7 DM™* pro pasené
plochy: Kpas = 2,3 DM™* a pro seené plochy Ksge = 2,7 DM,

Dal$im moznym pfistupem pro piimé porovnani koncentraci N, P, K mezi managementy je
chépani data (spolu s lokalitou a rokem) jako faktoru s nahodnym efektem. Signifikantni
rozdil mezi managementy byl vtomto piipadé pouze u dusiku (P<0,0001) a fosforu
(P=0,0021). Nejvyssi koncentraci N méla biomasa ploch lezicich ladem oproti pasenym a
seCenym (P<0,0001 pro oba managementy). U opusSténych ploch byla také nejvyssi
koncentrace P v biomase (P=0,0005 oproti pasenym a P=0,05 oproti seCenym plocham).

Koncentrace P a K byla v modelech logaritmicky transformovéna.
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Obr. 7: Biomasa na opusténych plochach méla nejvyssi koncentrace dusiku a fosforu oproti
biomase ploch pasenych a seenych. Graf zndzorfiuje modelové priméry koncentraci
prevedené na normalni Skalu a stfedni chyby rozdili mezi oSetfenimi. Pokud se usecky
nepiekryvaji, znaci to 0dliSnost mezi managementy na hladiné a=0,05.

4.3. Porovnani koncentraci Ca a Mg mezi managementy

Pro porovnéni koncentraci Ca a Mg v biomase mezi managementy jsme opét pouzili modely
se smiSenymi efekty, kde lokalita a rok byly pokladany za faktory s ndhodnym efektem a
management a datum za faktory s pevnym efektem. V piipadé koncentrace Ca byl silné
signifikantni (P<0,0001) vliv managementu i data. NejvysSi koncentrace vapniku méla
biomasa seCenych ploch, ktera se lisila (P<0,0001) od pasenych a opusténych. Opusténé a
pasené plochy se v koncentraci Ca mezi sebou neliSily (P=0,44). Béhem sezony dochazelo

k narastu koncentrace Ca v biomase, ktery byl nejvice patrny u seCenych ploch.

Pro hoi¢ik jsme pouzili obdobny model. Signifikantni vliv mél pouze management

(P<0,0001), béhem data se koncentrace hot¢iku neménily (P=0,12). Nejvyssi koncentraci Mg
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méla biomasa se¢enych porostu, ktera se lisila (P<0,0001) od pasenych i ponechanych ladem.

Pasené a opusténé porosty se od sebe v koncentraci Mg nelisily (P=0,11).
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Obr. 8: Na se¢enych plochach byly signifikantné nejvyssi koncentrace Ca a Mg v biomase,
oproti plochdm pasenym a opusténym. Koncentrace vapniku v biomase béhem sezony od
kvétna do cervence rostla. V grafu jsou vyneseny priméry pro jednotlivd data a
managementy.

4.4. Poméry N:P:K v ramci managementii

Na vSechny tii poméry N:P, N:K 1 K:P m¢l vliv management (P<0,0001), poméry N:K a K:P
se lisili i v ramci data (P<0,0001). Podle o¢ekavani mély nejvyssi pomér N:P i N:K v biomase
plochy lezici ladem oproti pasenym i1 seCenym (vSe P<0,0001), pasené a secené se v téchto
pomérech nelisily (P=0,35, P=0,13). Pomér N:K se ménil béhem sezony, béhem 2. a 3. data
vyrazné poklesl oproti 1. datu (P<0,0001). Nejvyssi pomér K:P byl na pasenych plochach,
oproti seCenym (P=0,017) a opusténym (P<0,0001). Secené a opusténé plochy se mezi sebou
v poméru K:P nelisily (P=0,13), ve 2. a 3. datu byl pomér K:P vyssi (P<0,0001) oproti 1.
datu.
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Obr. 9: Nejvyssi pomér N:P a N:K byl v biomase opusténych ploch, nejvyssi pomér K:P byl
na pasenych plochach, pomér N:K béhem sezony klesal, K:P naopak rostl.

4.5. Stanoveni limitujici Ziviny v ramci jednotlivych
managementi

Vyse uvedené poméry ukazuji (podle Schaffers & Sykora 2002) na limitaci dusikem (N:K<1)
u pasenych a seCenych ploch a na limitaci fosforem (K:P>8.6) u vSech tfi managementt
(podle Pegtel et al. 1996). Nejoptimalnéjsi pomér N:P:K vykazovaly plochy lezici ladem,

kde nedochdzi k pravidelnému odnosu Zivin jako na pasenych a secenych plochéach.

K primému nalezeni limitujici Ziviny jsme pouZili model zévislosti vynosu plosky (1 m?) na
mnozstvi dostupnych Zivin v ptd¢. Pomoci faktord s ndhodnym efektem byl odstranén vliv
lokality, roku a data. Kazdy management jsme analyzovali samostatné. NejlepSi prediktor
jsme vybirali v oboustranné postupné regresi  (step-wise regression) z faktord
charakterizujicich uzivnost stanovi§té: pomér pudniho Corg:Niot @ mnozstvi dostupneho P, K,
podle AIC kritéria byly modely s ndhodnymi efekty vytvofeny metodou maximum likelihood
ML

Na pasenych plochach vynos (DM) nejlépe vysvétloval mnozstvi dostupného fosforu v pade
(P=0,016). Na secenych plochach vynos negativné koreloval s piidnim Corg:Nior (P=0,036),
¢ili pozitivné s mnozstvim dostupného dusiku (Mladkova et al. 2015, viz piiloha 9.1.).
Mg (P=0,089). U vsech tifi managementi m¢l nejniz$i AIC vzdy model jen s jednim vyse

uvedenym prediktorem.
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Obr. 10

Regresni piimky
vygenerované modely se
smiSenymi efekty
reprezentuji zavislost
vynosu plosky na ptislusné
limitujici ziviné v pudé.
Kazda primka je specificka
pro jednotlivou lokalitu, rok
a datum sbéru. Pidni Corg :
Nt Ma inverzni vztah

k dostupnému dusiku

v pudé (Mladkova et al.
2015). Opusteéné plochy
ukézaly na limitaci
hotc¢ikem, pasené plochy na
limitaci fosforem a secené
plochy na limitaci dusikem.
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4. 6. Vyhodnoceni vlivu managementii na travni porost
pomoci funkénich znaku

Pomoci parovych t-testi jsme zjistili, Ze existuji silné signifikantni rozdily (pro vSechny
dvojice P<0,0001) v obsahu suSiny v listech (LDMC) mezi zakladnimi skupinami
vyvojovych vétvi rostlin, oznacovanych jako Monocots, Asterids, Rosids (podle APG IV
2016). Ve skupiné monocoti jsou na naSich experimentalnich plochach travy (Poaceae),
ostfice (Carex) a biky (Luzula), dale ocun jesenni (Colchicum autumnale) a ¢esnek plany
(Allium oleraceum). Mezi asteridy maji hlavni zastoupeni rostliny z ¢eledi hvézdnicovitych
(Asteraceae), mitikovitych (Apiaceae), zvonkovitych (Campanulaceae), jitrocelovitych
(Plantaginaceae), moienovitych (Rubiaceae), rdesnovitych (Polygonaceae), stétkovitych
(Dipsacaceaea), hvozdikovitych (Caryophyllaceae). Skupina rosidi je tvofena zejm. rostlina
z ¢eledi bobovitych (Fabaceae), ruzovitych (Rosaceae), pryScovitych (Euphorbiaceae),
tiezalkovitych (Hypericaceae), violkovitych (Violaceae), kakostovitych (Geraniaceae) a

vitodovitych (Polygalaceae).

LDMC jsme pocitali samostatn¢ pro vyse uvedené skupiny a vazili proporci druhti na plose.
Management signifikantné¢ ovlivnil LDMC monocott i asterid (P<0,0001), pficemz nejvyssi
LDMC bylo pro vSechny skupiny na opusténych plochach. LDMC monocott i asteridii se na
opusténych plochach signifikantné lisilo od ploch pasenych (P=0,0021; P=0,0003) a seéenych
(P=0,0003; P=0,0054). Na LDMC rosidi mél management jen slabé signifikantni vliv
(P=0,1).
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Obr. 11: Management siln¢ ovlivnii LDMC monocotii a asteridi, opusténé plochy
podporovaly druhy s vysokym LDMC, ¢ili méné ,,Stavnaté” druhy s konzervativni riistovou
strategii. Mald pismena zna¢i signifikantni odliSnost mezi managementy v ramci dané
fenologické skupiny. Velka pismena znaci signifikantni odliSnost v LDMC mezi skupinou

monocotd, asteridd a rosidu.

Z vySe uvedeného je ziejmé ze proporcni zastoupeni jednotlivych skupin musi mit vliv na
hodnotu LDMC, vazeného proporci vSech druhd napii¢ skupinami (Community weighted,
CW). K testu nulove hypotézy jsme pouZili linedrni model zavislosti CW LDMC na proporci
asteridii a jako kovaridtu jsme zvolili lokalitu, nebot’ druhové slozeni obou zkoumanych

lokalit je velmi odlisné (viz Mladkova et al. 2015, piiloha 9.1.).

Model (F=166,2; DF=3/176, P<0.0001) potvrdil signifikantni vliv proporce asteridi
(P<0,0001), lokality (P<0,0001) i vzajemné interakce (P=0,0003) na velikost LDMC

vazeného proporci vSech druhti na ploSce a vysvétloval 74 % variability CW LDMC.
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Obr. 12: LDMC vazené proporci vSech druhti se ukazalo jako linearni funkci proporce
asteridl, nebot’ asteridi maji nizké LDMC oproti rosidim a monocCotim.
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Obr. 13: Proporce asteridii, rosidi a monocCoti na opusténych, pasenych a seCenych
plochéch.
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Pii porovnani vlivu managementl na funkéni znaky porostli se nejvyraznéji projevila
odlisnost opusténych ploch od ploch pasenych a secenych. Pasené a se¢né plochy se mezi
sebou liSily z naméfenych znakd pouze v podpoie druht, jejichz listy jsou schopny
prezimovat (Leaf persistence) a mnozstvi druhui s R-strategii. Pasené plochy mély oproti
seCenym (P=0,0028) i opusténym plocham (P<0,0001) nejvice druhi s pfezimujicimi listy.
Nejmén¢ druhti s pfezimujicimi listy bylo na opusténych plochach (oproti secenym
P<0,0001). Na pasenych plochach rostlo nejvice R-stratégti oproti se¢enym (P=0,0137) a
opusténym plocham (P<0,0001), nejméné R-stratégti bylo na opusténych plochach (P=0,0003

oproti pasenym).

Management ovlivnil tabulkovou (Canopy height) i ru¢né méfenou vysku (Mesured height)
porostu (P<0,0001), nejvyssi porost byl v obou ptipadech na opusténych plochach oproti
pastvé (P=0,0002; P=0,0002) a seceni (P=0,0061; P=0,0038). Opusténé plochy m¢ly nejméné
pasenych a seCenych plochach mél rychlejsi fenologicky vyvoj (P<0,0001) oproti plocham
ponechanych ladem. Na specifickou listovou plochu (SLA), C-strategii a S-strategii nem¢l

management signifikantni vliv.

Seceni na obou lokalitach podpotilo dvoud€lozné byliny: v Brumové, bylo na secenych
plochach 64 % bylin, na pasenych 59 % bylin a na opusténych 46 % bylin. Na Lopeniku bylo
na se€enych plochach 65 % bylin, na opusténych 63 % bylin a na pasenych nejméné, a to
51 % bylin. Pfi analyze obou lokalit dohromady (lokalita, rok a datum polozeny jako faktory
s nahodnym efektem) bylo procento bylin na secenych plochach signifikantné vyssi oproti
pasenym a opusténym plocham (P=0,0005; P=0,0001). Pti analyze jednotlivych skupin
zvlast, jsme zjistili, Zze seCeni podpofilo pouze byliny ze skupiny Asteridi
(se¢eni>pastva>lad), naopak Rosidi bylo nejvice na opusténych plochach oproti seCeni a
pastvé. Na samotnou proporci legumindz (bobovité, Fabaceae) nemél management zadny

vliv.
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Obr. 14: V modelech se smiSenymi efekty, kde lokalita, rok a datum byly pokladany za
faktory s nahodnymi efekty, jsme analyzovali vliv managementu na funkéni znaky vazené
proporci druhti. Odli$na pismena oznacuji signifikantni rozdil mezi managementy.

4.7. Vliv managementu na druhovou diverzitu a druhové
sloZeni

Na obou lokalitch jsme v letech 2011-2012 zaznamenali celkem 128 druhu, z toho 99 (A) na
lokalit¢ Brumov a 77 (B) druhi na lokalit¢ Lopenik. Ob¢ lokality maji 48 (C) spole¢nych
druht. Jaccardtv index pro porovnani druhove odliSnosti v Brumové a na Lopeniku ma
potom hodnotu I;= 100 C/ (A+B-C) = 100 x 48/ (99+77-48) = 37,8 a Sgrensenuv index, ktery
maé tvar Is= (2 C/ (A+B)) x 100 m4 hodnotu 54,5. Pti¢emz pro oba indexy hodnoty blizké 100

znamenaji druhoveé totozna stanovisté a hodnoty blizké 0 druhové naprosto odli$na stanoviste.
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Tabulka 1: Tabulka ukazuje poéty druhti v ramci jednotlivych managementti a pocet druhti
spole¢nych vzdy dvéma managementim.

lad N lad N pastvan celkem

I t ¢eni

ad pastva  seCenl pastva  sefeni seceni druhi
Brumov 56 81 72 46 45 64 99
Lopenik 56 63 61 47 47 52 77

Tabulka 2: Pomoci Jaccardova a Sgrensenova indexu jsme porovnali druhovou odliSnost
dvojic managementi v ramci kazdé lokality. Niz§i hodnoty indexu znamenaji vétsi druhovou
odliSnost managementovych ploch.

Brumov Lopenik
index Jaccard Sgrensen Jaccard Sgrensen
lad-pastva 50.5 67.1 65.2 79.0
lad-seceni 54.2 70.3 67.1 80.3
pastva-seceni 71.9 83.7 72.2 83.9

nejpodobnéjsi druhoveé sloZeni v obou piipadech mély pasené a seCené plochy.
Druhova bohatost se liSila mezi managementy (P<0,0001), pfi pouziti lokality, roku a data
jako nahodného efektu. Nejvyssi druhovou bohatost mély pasené plochy (26,35 druhﬁ/mz),

dale sedené plochy (23,28 druhi/m?) a nejmensi pak plochy ponechané ladem (17,1

druhii/m?).
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Obr. 15: Rozdil v druhové bohatosti mezi managementy béhem let 2011-2012, odbéry byly
provadény v kvétnu, Cervnu a Cervenci.

Vzhledem k vysoké druhové bohatosti vSech vzorka jsme pro dal$i porovnani o-diverzity
zvolili Simpsonuv index, ktery dava vétsi diraz na dominanci druh oproti Shannonovu
indexu a je lépe interpretovatelny. Analyzy byly délany zvlast pro kazdou lokalitu, jako
faktory s ndhodnymi efekty jsme ponechali rok a datum. Pro analyzu i grafické zobrazeni
jsme pouzili komplementarni formu indexu ve tvaru D’'=1-D, ktera vyjadiuje

pravdépodobnost, Ze dva vybrani jednici budou odlisného druhu.

Na lokalit¢ Brumov mély nejvySsi hodnoty pasené plochy (D"=0,9), dale se¢ené plochy
(D"=0,86) a nejmensi hodnoty doplitkového indexu mély opusténé plochy (D"=0,74). Pasené
a secené plochy se liSily jen slabé s P=0,063, zatimco pasené i se€ené od ploch opusténych se
lisily vyrazné s P<0,0001. Management mél vliv rovnéz na Simpsonovu vyrovnanost
E=(1/D)/S (kde S je pocet druhti na ploSce). Nejrovnomérnéji zastoupené druhy v Brumové
byly na pasenych plochéach, dale seCenych plochach a nejmensi vyrovnanost mély opusténé
plochy. Pasené a secené se mezi sebou lisily s P=0,04; opusténé se od pasenych i secenych

lisily s P<0,0001 a P=0,006.

Na lokalité¢ Lopenik mély nejvyssi hodnotu Simpsonova doplitkového indexu secené plochy
(D"=0,89), které se ovsem signifikantné nelisily od pasenych (D"=0,88). Plochy ponechané
ladem mély nejnizsi index (D"=0,86), odlisSny od pastvy (P=0,008) i seceni (P<0,0001). Na
lokalité Lopenik mél management jen mirny vliv na vyrovnanost druht (P=0,044). Nejvyssi
vyrovnanost mé¢ly secené plochy, dale opusténé a nejmensi vyrovnanost byla na pasenych

plochach. Signifikantné se mezi sebou liSily pouze secené a pasené plochy (P=0,014).
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Vliv managementu na proporci druhli v biomase jsme srovnavali pomoci modeld se

smiSenymi efekty pro kazdou lokalitu zvlast’ (management byl polozen jako faktor s pevhym

efektem, rok a datum jako faktory s ndhodnymi efekty). Jednotliva oSetieni byla mezi sebou

porovndna pomoci treatment kontrasti. Vysledky analyzy jsou detailné popsany v préaci

Mladkova et al. (2015), viz ptiloha 9.1.

Pro grafickou prezentaci jsme pouzili i hodnoty proporci druhii na lokalitach z roku 2004,

které byly stanoveny pred zaCatkem experimentu.
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Obr. 17: Lokalita Brumov: vliv managementu na proporci vybranych druhti v biomase
v letech 2011-2012, odhad z r. 2004 je zaloZen na pokryvnosti druhti na ploSe. Opusténé
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18: Lokalita Lopenik: vliv managementu na proporci vybranych druhi v biomase
v letech 2011-2012, odhad z r. 2004 je zaloZen na pokryvnosti druhti na ploSe. Opusténé
plochy (—), pastva (- - -), seceni (- ).

VIiv managementu na druhove sloZeni jsme dale analyzovali mnohorozmérnymi metodami za

pouziti ptimé linearni ordina¢ni metody (RDA), kde jednotliva oSetfeni (lad, pastva, seceni)

byla vysvétlujicimi proménnymi. Druhova data byla logaritmicky transformovéana a

vycentrovana. Zobrazeny jsou pouze druhy fitujici model (Species Fit Range) v rozsahu 8

(10) — 100 % pro Lopenik, resp. Brumov.
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Obr. 19: RDA analyza vlivu managementu na druhové sloZeni na lokalit¢ Brumov, Monte
Carlo test viech kanonickych os: 999 permutaci, F=7,281; P=0,001.

V Brumové opusténé plochy podporuji zejm. valecku prapoftitou (Brachypodium pinnatum) a
sthu lalo¢natou (Dactylis glomerata). Se€eni je nejvhodnéjsim managementem pro svizel
sytistovy (Galium verum), ovsik vyvyseny (Arrhenatherum elatius), pastindk sety (Pastinaca
sativa), tfezalku teCkovanou (Hypericum perforatum), kontryhel (Alchemilla), Skardu
dvouletou (Crepis biennis). Pro pasené plochy jsou typické prySec chvojka (Euphorbia
cyparissias), rozec obecny (Cerastium holosteoides), jetel lu¢ni (Trifolium pratense), kozi
brada vychodni (Tragoporon orientalis), ¢iCorka pestra (Securigera varia), svlacec rolni
(Convolvulus arvensis), psine¢ek luéni (Agrostis capilaris), vrbina penizkova (Lysimachia
nummularia), stirovnik rizkaty (Lotus corniculatus), kostfava lu¢ni (Festuca pratensis),
jahodnik travnice (Fragaria viridis), mrkev obecnd (Daucus carota), jitrocel kopinaty

(Plantago lanceolata) a bika ladni (Luzula campestris).
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Obr. 20: RDA analyza vlivu managementu na druhové slozeni na lokalit¢ Lopenik, Monte
Carlo test viech kanonickych os: 999 permutaci, F=6,027; P = 0,001.

Na Lopeniku ponechani ladem je vhodneé zejm. pro ovsik vyvySeny (Arrhenantherum
elatius), trezalku skvrnitou (Hypericum maculatum), rozrazil rezekvitek (Veronica
chamaedrys), stovik obecny (Rumex acetosa), svizelku lysou (Cruciata glabra). Seéeni
podporuje zvonek rozkladity (Campanula patula), tomku vonnou (Anthoxanthum odoratum),
biku bélavou (Luzula luzuloides), jitrocel kopinaty (Plantago lanceolata), machelku srstnatou
(Leontodon hispidus), jetel luc¢ni (Trifolium pratense). Pastva podporuje pryskytnik plazivy
(Ranunculus repens), bojinek lu¢ni (Phleum pratense), kostravu lu¢ni (Festuca pratensis),

lipnici luéni (Poa pratensis), jetel plazivy (Trifolium repens), srhu lalo¢natou (Dactylis
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glomerata), trojstét Zlutavy (Trisetum flavescens), bedrnik obecny (Pimpinella saxifraga),
pampelisku (Taraxacum sect. Ruderalia).

4. 8. Vliv managementu na mnozstvi sklizené biomasy

Pfi porovnani vlivu managementu na mnozstvi biomasy v susiné (Dry matter biomass, DM)
jsme analyzovali zvlast ob¢ lokality pomoci modelti se smiSenymi efekty, kde rok a datum
byly zvoleny jako faktory s nahodnymi efekty a management jako faktor s pevnymi efekty.
Proménna DM byla logaritmicky transformovéana. Na lokalit¢ Brumov nemél management na
vynos signifikantni vliv (F=2,34; DF=2/82; P=0,102), na lokalit¢ Lopenik mé&l management
signifikantni vliv (F=8,97; DF=2/82; P<0,0001). Na Lopeniku m¢ly nejvyssi vynos pasené
plochy, dale opusténé a seCené plochy, které se mezi sebou signifikantné nelisily. Pastva se

naopak lisila jak od opusténych ploch (P=0,0006), tak od se¢enych ploch (P=0,0003).
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Obr. 21: Sloupcovy graf znazoriiuje pramérny vynos v susiné pro jednotlivé managementy
z let 2011 a 2012. Managementy se signifikantné 1iSily pouze na lokalit¢ Lopenik, kde m¢ly
nejvyssi vynos pasené plochy.
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4. 9. Vliv managementu, chemického sloZeni biomasy a
funkc¢nich znakii na stravitelnost

Management mél vliv na stravitelnost biomasy, a to jak stravitelnost stanovenou pomoci
pepsin-celulazové metody (Enzymatic method, EM), tak na stravitelnost stanovenou pomoci
bachorové $tavy (Rumen licquor method, RLM). Pii porovnani obou lokalit samostatné
(DF=2/82) se v Brumové ukazaly jako nejhiie stravitelné opusténé plochy, které se
signifikantn¢ li$ily od pasenych i seCenych ploch (P<0,001) pro oba managementy i pro obé
stravitelnosti). Pasené a seCené plochy se signifikantné neliSily. Na Lopeniku byla nejhorsi
stravitelnost EM na pasenych plochach, seCené a opusténé se mezi sebou nelisily. Pasené
plochy se liSily pouze od secenych (P=0,003) ploch. Stravitelnost RLM na Lopeniku byla
rovnéz nejhor$i u pasenych ploch, které se liSily od opusténych i secenych (P<0,0001),

nejlepsi pak u opusténych ploch (P=0,041 vzhledem k secenym).

Vzhledem ktomu, ze plochy ponechané ladem jsou na obou lokalitich zna¢né odlisné,
porovnali jsme v dalSim modelu rozdil ve stravitelnosti pouze mezi pastvou a seenim pro
ob¢ lokality dohromady. Lokalitu jsme uvazovali jako ndhodny efekt. Management mél
signifikantni vliv v modelu se stravitelnosti EM (DF=1/107; F=6,9702; P=0,0095) i se
stravitelnosti RLM (DF=1/107; F=21,393; P<0,0001). Pticemz Vv obou piipadech byly Iépe
stravitelné secené plochy nez pasené plochy (P=0,0095; P<0,0001).
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Obr. 22: Porovnani stravitelnosti RLM (bachorova §t'ava) a EM (pepsin-celulazova metoda)
vV Brumové a na Lopeniku ve tfech terminech sbéru. Na obou lokalitach méla lepSi
stravitelnost biomasa sec¢enych ploch oproti pasenym.

Vzhledem Kktomu, ze béhem sezoény hodnota stravitelnosti klesd, hledali jsme nejlepsi
prediktory stravitelnosti EM i RLM po odecteni efektu data a lokality. K analyze jsme misto
piislusnych stravitelnosti pouzili rezidualy modelt se smiSenymi efekty, kde za faktory
s nahodnym efektem byla poloZena lokalita a datum. Lokalita vysvétlovala méné nez 0,001 %
variability, zatimco datum 41 % variability (stravitelnost RLM) a dokonce 64 % variability u
stravitelnosti EM.

Jako nejlepsi prediktor pro obé& stravitelnosti i vSechny managementy se ukazal soucet
koncentraci vapniku a hoi¢iku (Ca + Mg). Suma koncentraci Ca + Mg korelovala také
s proporci dvoud€loznych bylin, ukazovala na vé€tsi listnatost porostu a nizké LDMC

jednod¢€loznych rostlin (detaily viz pfiloha 9.2.).
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Soucet Ca + Mg spolu s managementem vysvétlil 55 % variability rezidui modelu se

stravitelnosti RLM a 42 % variability rezidui modelu se stravitelnosti EM. V druhém modelu

byla provedena logaritmicka transformace souctu Ca + Mg.
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Obr. 23: Vysvétleni stravitelnosti RLM (bachorova §t'ava) a EM (pepsin-celuldzova metoda)
po odecteni efektu data pomoci souctu koncentraci véapniku a hoiciku pro jednotlivé

managementy.
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Obr. 24: PCA analyza chemického slozeni biomasy, funkCnich znakii a stravitelnosti.
Lokalita a rok byly pouzity jako kovariaty, management a sezna jako dodate¢né proménné
prostiedi. Data byla standardizovana a vycentrovana, 1. osa vysvétluje 30,6 % variability,
druhd osa 22,7 % variability. Kovariaty vysvétluji 15,8 % variability.

Pii pouziti nepfimé ordinace PCA (obr. 24) byla prvni osa variability pozitivné spojena se
stravitelnosti a koncentraci N, P, K v biomase; negativné pak s vySkou porostu, vynosem a
fenologickym stadiem. P#i promitnuti dodateénych proménnych prostiedi se ukazalo, ze 1.
osa nejlépe negativné koreluje se sezonnim vyvojem (r=-0,8). Druha a tieti (zde nezobrazena)

osa pak ukazuje rozdil mezi jednotlivymi irovnémi managementu.

Vzhledem k tomu, Ze koncentrace N, P, K se béhem sezony fedi a stravitelnost klesa, provedli
jsme nasledn¢ PCA analyzu s pouzitim sezony jako dalsi kovariaty, abychom vliv data sbéru

odfiltrovali.
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Obr. 25: PCA analyza chemického slozeni biomasy, funkénich znakd a stravitelnosti.
Lokalita, rok a datum byly pouZity jako kovariaty, management jako dodate¢na proménna
prostfedi. Data byla standardizovana a vycentrovana, 1. osa vysvétluje 32,2 % variability,
druh& osa 16,2 % variability. Kovariaty vysvétluji 35,9 % variability.

Pii odstranéni vlivu sezony byl hlavni gradient spojen se stravitelnosti EM a RLM, spole¢né
s koncentraci vapniku a hoi¢iku, negativné pak s proporci jednodéloznych v biomase
(Monocots). Druhy gradient rozdilu chemickych a funk¢nich vlastnosti biomasy byl formovan
zejména typem managementu. Hlavni rozdil se ukézal mezi opuSténymi a pasenymi
plochami, které koreluji s druhou osou variability (lad pozitivné (r=0.71) a pastva negativné
(r=-0.52).

Posledni PCA ukazuje vztahy mezi jednotlivymi vlastnostmi biomasy a stravitelnosti, po
odecteni dalsi kovaridty, kterou je proporce jednodéloznych (Monocots). I v tomto ptipadé
jsou obg¢ stravitelnosti spojeny s koncentraci vapniku (Ca) a hot¢iku (Mg) v biomase, dale pak

s koncentraci drasliku (K), specifickou listovou plochou (SLA) a koncentraci fosforu (P).
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Obr. 26: PCA analyza chemického slozeni biomasy, funkénich znaki a stravitelnosti.
Lokalita, rok, datum a proporce jednodéloznych (Monocots) byly pouzity jako kovariaty,
management jako dodatecna proménna prostiedi. Data byla standardizovana a vycentrovana,
1. osa vysvétluje 27 % variability, druha osa 15,8 % variability. Kovariaty vysvétluji 50 %
variability.

4. 10. Optimalni doba sklizné: maximum stravitelné hmoty

Mnozstvi stravitelné hmoty (Digestible dry matter, DDM) jsme po¢itali jako sou¢in vynosu
Vv susin€¢ a procenta stravitelné hmoty meéfené pomoci bachorové s§tavy (viz kap. 3.5).
S vyuzitim AIC kritéria jsme hledali takovy model, ktery pro kazdy management nejlépe
popiSe zavislost mnoZstvi stravitelné hmoty (DDM) na fenologické fazi porostu. Lokality
jsme analyzovali zvlast a vliv roku odfiltrovali jako faktor s nahodnym efektem. Jako
nejvhodnéjsi se (na piisluSném fenologickém intervalu od 1 do 5) ukéazala polynomidlni
regrese 2. stupné pro Brumov a 3. stupné pro Lopenik. Interakce mezi managementem a
fenologii porostu (ani jeji druhé ¢i téeti mocniny) nebyly prikazné, a tak byly z modelu

odstranény.

Na lokalit¢ Brumov bylo mnozstvi stravitelné hmoty dosazeno u vSech managementii ve
stejné fenofazi (3,4), nejvyssi mnozstvi stravitelné hmoty vyprodukovaly opusténé plochy,
které se signifikantné lisily od se¢enych (P=0,0316) a pasenych (P=0,0025).
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Na lokalit¢ Lopenik dosdhly rovnéz managementy maxima stravitelné hmoty ve stejné
fenofazi (3,7), nejvyssi mnozstvi stravitelné hmoty bylo na pasenych plochéch, nejmensi na
seCenych plochach, signifikantné se liSily pasené plochy od opusténych (P=0,046) a od
secenych (P=0,0039).

Na obou lokalitach se ukézala jako nejvhodnéjsi doba sklizn¢ pro dosazeni maximalni
stravitelné hmoty na 1 m? v obdobi, kdy vétsina druhi odkvéta a tvoii se prvni plody, Gemuz

odpovida hodnota fenofaze porostu uprostied mezi ¢isly 3 a 4.
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Obr. 27: Modely zavislosti stravitelné hmoty (DDM) na fenofazi porostu. V grafech jsou
vyneseny predikované hodnoty pro jednotlivd fenologicka méfeni a modelové kiivky pro
managementy ve dvou letech (2011, 2012).

Tabulka 3: ANOVA tabulka pro Brumov

DF F test P
Intercept 1/84 71.759 <0.0001
fenologie 1/84 55.142 <0.0001
(fenologie)? 1/84  5.3637 0.023

management 2/84 5.0754 0.0083
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Tabulka 4: ANOVA tabulka pro Lopenik:

DF F test P
Intercept 1/83 38.311 <0.0001
fenologie 1/83 103.68 <0.0001
(fenologie)? 1/83 1.0836 0.3009
(fenologie)® 1/83 6.6261 0.0118
management 2/83 4.6208 0.0125
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5. DISKUSE

Vliv managementu na cyklus Zivin

NaSe studie nenaSla po 7 letech experimentu signifikantni rozdil v mnoZstvi dostupného
dusiku (podle poméru Corg:Nior) v ptidé mezi pasenymi, seCenymi a opusténymi plochami,
prestoze primérny ro¢ni 0odnos N ze seCenych ploch v ¢ervenci je 44 kg N/ha a z pasenych
Ize odhadnout na 5-10 kg N/ha (Pavlu et al. 2006). Deficit dusiku se ale projevil v biomase
secenych a pasenych ploch, ktera vykazovala nizsi koncentrace N oproti plochdm opusténym.

Opusténé plochy mély rovnéz nejvyssi nutricni index NNlgq.

V souladu s literaturou (Kohler et al. 2001; Robson et al. 2007) dochazi u opusténych ploch
prvni roky béhem sukcese ke zvySovani mineralizace N, ktera ale postupné klesa s pfeménou
druhového slozeni smérem ke konzervativni strategii. Ukadzalo se to na rozdilu mezi
opusténymi plochami v Brumové, které lezi ladem jiz 20 let (13 let pfed zacatkem
experimentu a 7 let po dobu experimentu) a 7 let opusténymi plochami na Lopeniku. Sedm let
opusténé plochy mély vyssi koncentrace N (P=0.005) i vyssi NNIeq (P<0.0001) oproti 20 let
opusténym, zatimco koncentrace dusiku ani hodnota nutricniho indexu se neliSila mezi

lokalitami u pasenych ani secenych ploch.

Dusik se ukazal jako hlavni limitujici prvek pro seCené plochy pii pfimé analyze vztahu

vynosu a piidniho Corg:Nior. Limitaci dusikem u se€enych ploch potvrdily i poméry N:P, N:K.

Piestoze i u pasenych ploch dochazi k ur¢itému odnosu dusiku (5-10 kg N/ha) a drasliku
(0.3-0.5 kg K/ha), pastva méla vliv predevsim na cyklus fosforu, jehoz odnos pastvou je
relativné vysoky (1.5-2 kg P/ha). Cast zkonzumovaného fosforu zabuduji zvifata do svych
tél, piebyte¢ny fosfor pak vylucuji v exkrementech. Extenzivni pastva zpusobuje akumulaci
fosforu na né¢kolika malo mistech a celkové ochuzeni puady o fosfor (Jewell et al. 2007; Badia
et al. 2008), coz potvrdila i nase studie. Piida na pasenych plochach na obou lokalitich méla
niZsi mnozstvi dostupného fosforu oproti opusténym i seenym plocham, u pasenych ploch
fosforu pro pasené plochy. Analyza pfimého vztahu mezi produktivitou a dostupnosti

pudniho P potvrdila limitaci fosforem pro vynos na pasenych plochéch.

Pii seCeni doSlo na experimentélnich plochach kazdoro¢né k odnosu asi 50 kg K/ha za rok,
coz se po 7 letech projevilo v souladu s literaturou (Kayser & Isselstein 2005; Venterink et al.
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v v

oproti plochdm pasenym a opusténym. Ptesto na rozdil od jinych studii (dien & Moen 2001)
u secenych ploch nedoSlo ke sniZzeni koncentrace drasliku v biomase a jejich vynos nebyl
limitovan mnozstvim dostupného drasliku v pad¢. Limitace draslikem se u se¢enych ploch
neprojevila ani v indexu KNleg ani na ni neukazovaly poméry N:K ¢i K:P v biomase. Ztejmé
po 7 letech seceni nedoslo jesté k tak vyraznym ztrdtdm v pudé, aby je rostliny nebyly

schopny kompenzovat napt. ziskavanim drasliku z hlubsich vrstev pudy.

Pastva diky vysoké navratnosti drasliku v mo¢i umoznuje zpiistupnéni tohoto prvku
rostlindm, zejm. travam, které maji kofeny na povrchu plidy, a mize timto zplsobem
podporovat trdvy na Ukor bylin. MnoZstvi dostupného drasliku na pasenych plochach se
neliSilo od mnozstvi drasliku na plochach ponechanych ladem, ¢ili pastevni management je
schopen kompenzovat ztraty drasliku zptisobené odnosem zivin. Roz$ifeni trav na pasenych
plochach doklada napi. Krahulec et al. (2001).

U vSech managementii dochdzelo ke snizeni (fedéni) koncentraci prvkid N, P, K béhem
sezOny, piicemz koncentrace vSech tii prvku poklesly praimérné o polovinu. Nejprudsi pokles
probihal mezi kvétnovym a Cervnovym datem sbéru biomasy, pokles mezi ¢ervnovym a
Cervencovym datem byl uz jen mirny. Charakter fedéni N, P, K v zavislosti na mnozstvi
vynosu nejlépe vystihovaly kiivky ve tvaru hyperboly, které mély podobny sklon jako
optimalni kfivka fedéni N (Gastal & Lemaire 2002). Na pasenych plochach dochézelo
k nejmirnéjs$imu fedéni P a K, a i pfi vysokém mnozstvi suché biomasy (5-7 t/ha) zistavaly

koncentrace P a K oproti ostatnim managementim pomérn¢ vysoké (viz obr. 5 a obr. 6).

Pomér N:P se napii¢ managementy neménil béhem sezdny, pouze na seenych plochach na
konci sezony vzrostl. Oproti tomu N:K systematicky klesal pro vSechny managementy a K:P
V sezoné pro vSechny tfi managementy rostl, z ¢ehoz plyne, ze draslik se oproti dusiku a
fosforu fedi mirnéji, naopak dusik a fosfor zachovavaji pomérné konstantni pomér, diky uzké
vzéjemné korelaci. Na signifikantni korelaci mezi N a P a jejich stabilni pomér béhem sezony

upozornil jiz Garten (1976).

Vapnik se na rozdil od N, P, K v biomase v zavislosti na vynosu netedi a jeho koncentrace je
mnohem vice ovlivnéna druhovym slozenim a také kvalitou (zejm. listnatosti) porostu.
Rostliny nejsou schopny vapnik ve svém téle transportovat, a tak zlstava i ve starSich listech
(Van¢k 2007). Pro nové pfirustajici listy musi rostlina ziskat z pady novy vapnik.

Koncentrace Ca je potom vy3Si u porosti S vysokym pomérem listt ke stonkiim (leaf:stem
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ratio), nebot’ stonky obsahuji jen minimalni mnozstvi vapniku a jejich bunécéné stény jsou
tvofeny prevazné ligninem. Nevétsi koncentrace vapniku mély proto secené plochy, které
jsou nejvice bohaté¢ na dvoud€lozné byliny s vysokym pomérem listi ke stonkiim. Na
seCenych plochach také doslo k nejprudSimu nartstu koncentrace vépniku béhem sezony

oproti plocham pasenym a opusténym.

Na souvislost mnozstvi listi dvoudéloznych bylin a kvality porostu upozornila jiz studie Duru
(1997), ktera poukazuje na to, ze stravitelnost listd bylin se béhem sezény neméni, zatimco
stravitelnost stonku a list trav prudce klesa. Vzhledem k tomu, ze listy dvoudéloznych bylin
obsahuji mnohonasobné¢ vice vapniku nez stonky bylin ¢i obecné travy, je Ca jeden
z moznych indikatort listnatosti porostu, a tedy i jeho stravitelnosti. Vzhledem ke starnuti
porostu béhem sezony je ovSem nutné vzdy pouZivat tento indikator pouze v rdmci stejné

fenofaze (data sbéru) a ne napfic sezonou.

Koncentrace hoté¢iku v rostlinach je Gzce korelovana s koncentraci vapniku (Garten 1976),
coz potvrdily i naSe data (viz pfiloha 9.2.). Pomér Ca:Mg v biomase nehnojenych travnich
porosti ovSsem neni tak jednozna¢ny jako N:P a mezi lokalitami se zna¢né odliSoval (Vv
Brumové 7,6:1; na Lopeniku 5:1). Datum nemé¢lo signifikantni vliv na koncentraci Mg, pouze
na pasenych plochach jsme zaznamenali mirny nartst koncentrace Mg. NejvysSi koncentrace
Mg méla biomasa se¢enych ploch, vzhledem k nejvyssimu zastoupeni dvoudéloznych bylin,
ktere maji oproti travdm vysSi koncentrace Mg (Whitehead 2008). Hoic¢ik je soucasti
cytoplasmy a jeho vyssi koncentrace mize byt spojena s vy$s§im pomérem cytoplasmy vici
bunéénym sténam, Cili se Stavnatosti rostlin. Tento piedpoklad jsme potvrdili doloZenim
negativniho linedrniho vztahu mezi koncentraci Mg jednotlivych druhii jednodéloznych
rostlin (Monocots) a piislusného obsahu susiny v listech (LDMC) pro kazdy druh (viz ptiloha
9.2.). Negativni korela¢ni vztah koncentrace Mg a LDMC se ukdzal jako signifikantni i pro
vazené pruméry (Community weighted means) Mg a LDMC v ramci celého spolecenstva

jednod¢€loznych rostlin. Vy3Si koncentrace hoi¢iku ve smiSeném spoleenstvu ukazuje na

vEtsi zastoupeni bylin, v ramci jednodé€loznych navic indikuje i stavnatost porostu.

Na plochach ponechanych ladem byly poméry N:P:K nejblize optimu (podle Pegtel et al.
1996; Schaffers & Sykora 2002) a analyzy zavislosti vynosu na opusSténych plochach
neukazaly souvislost s dostupnosti N, P, K v pidé (ptdni N byl odhadnut pomoci Corg:Nior).
Ukézala se ale mirna zavislost (P=0.089) vynosu opusténych ploch (ve smiSeném modelu

spolecném pro ob¢ lokality) na mnozstvi dostupného Mg v pudé. Na opusténych plochach je
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velky vynos svazan s piitomnosti vysokych bylin, v Brumové je to svizel bily (Galium
album), fepik lékaisky (Agrimonia eupatoria) a febticek obecny (Achillea millefolium). Na
Lopeniku pak tiezalka skvrnita (Hypericum maculatum), chrpa parukarka (Centhaurea
phrygia) a chrpa lu¢ni (Centaurea jacea). Dvoudélozné byliny maji vys$$i koncentrace Mg a
jejich potenciadlni rust na opusténych plochach mutze byt limitovany dostupnosti hot¢iku
v ptudé. V Brumové pritomnost vysokych bylin silné korelovala s dostupnosti hoi¢iku v pidé
(P=0.019).

Na Lopeniku na plochach svys$sim obsahem hoi¢iku rostla pouze chrpa parukarka
(Centhaurea phrygia), jejiz vyskyt slabé koreloval (P=0.09) s mnozstvim Mg v pudé. Hlavni
dominanta tfezalka skvrnita (Hypericum maculatum) naopak zaujimala plochy s niz8im
obsahem Mg v pudé a jeji propor¢ni zastoupeni na opusténych plochach mélo signifikantné
negativni vztah k mnozstvi dostupného Mg (P=0.04). Tento jev miZe byt zpusobeny

vysokym odbérem Mg z ptidy a jeho do¢asnym vyc€erpanim.

Funk¢ni a druhové zmény porostu

Seceni, stejné¢ jako pastva, podpofilo mensi rostliny s leh¢imi semeny, rostliny s pfizemni
Hejcman et al. 2005; Vassilev et al. 2011). Hlavni rozdil v seceni oproti pastvé byl nartst
dvoudéloznych bylin, coz se projevilo na vyssi koncentraci vapniku a hot¢iku v biomase,
ktera je u bylin vy3si nez u trav (Whitehead 2008). Se¢ené plochy se oproti pasenym lisily
podporou svizele syfistového (Galium verum), tiezalky teCkované (Hypericum perforatum) a
machelky srstnaté (Leontodon hispidus), z trav potom mély na secenych plochach oproti
pasenym v¢tsi zastoupeni ovsik vyvyseny (Arrhenantherum elatius), medynék vinaty (Holcus

lanatus) a tomka vonna (Anthoxanthum odoratum).

Pasené plochy m¢ly vice R stratégii a vice rostlin s pfezimujicimi listy nez secené plochy.
Oproti seceni pastva nejvice podpoftila prySec chvojku (Euphorbia cyparissias), mrkev
obecnou (Daucus carota), z trav potom zejména kostfavu luéni (Festuca pratensis) a srhu
lalo¢natou (Dactylis glomerata). Na rozdil od jinych studii (Mclntyre et al. 1995; Tallowin et
al. 2005) se nepotvrdilo obecné rozsifeni leguminéz na pasenych plochach. Pastva sice
podpotila jetel plazivy (Trifolium repens), aviak na pasenych i seCenych plochach se rozsifil

jetel luéni (Trifolium pratense); jetel prostieni (Trifolium medium) mél nejvétsi zastoupeni na
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plochach ponechanych ladem. Celkové se procentualni zastoupeni legumindz v biomase mezi

managementy nelisilo.

Posun ke konzervativni riistové strategii se projevil pouze na opusténych plochach, které
zaznamenaly nevysSi hodnoty obsahu susiny v listech (LDMC) u jednodéloznych rostlin
(Monocots) a u skupiny Asteridi. Na opusténych plochach bylo také nejmens$i procento
rostlin s R strategii, nejpomalejSi fenologicky vyvoj a klesla zde druhova bohatost, coz
koresponduje s dosavadnimi poznatky (Kohler et al. 2005; Garnier & Navas 2011b).
V Brumové doSlo krozsifeni pavodni dominanty valeCky prapofité (Brachypodium
pinnatum), na Lopeniku Kk podpoife nové dominanty tiezalky skvrnité (Hypericum
maculatum), které se na opusténych pastvinach mtize pomérné rychle rozsifit (Hejcman et al.
2005).

Oproti predpokladiim se po 7 letech paseni neukdzal jednozna¢ny posun ke konzervativnéjsi
strategii vzhledem ksecenym plocham. Pastva stejn¢ jako seCeni podpofila rostliny
S ptizemni ruzici, men$i druhy a diive kvetouci druhy a trdvy s nizSim LDMC. Na obou
lokalitach pastva podpofila druhovou bohatost. Muize to souviset jak s heterogennim vlivem
extenzivni pastvy, tak s odéerpavanim fosforu z pudy, jehoz nizka dostupnost je rovnéz

spojovana s druhovou diverzitou (Klaus et al. 2011).

Vétsi druhovou bohatost i Simpsonovu a-diverzitu mély pasené plochy na lokalit¢ Brumov,
kde pastva byla zavedena na diive opusténych plochach. Oproti tomu na Lopeniku, kde se
paslo jiz 25 let pted zaCatkem experimentu, nebyl rozdil v diverzit€¢ mezi pasenymi a
seCenymi plochami vyrazny. Zpusobilo to pravdépodobné zavedeni seceni jako nového
managementu na diive pasené plochy a podpora novych druhti béhem sukcese (Socher et al.

2012).

LDMC - fylogeneticka odliSnost

Na zéklad¢ ptredchoziho vyzkumu (viz pfiloha 9.4.) jsme hledali pfi¢inu, pro¢ obsah susiny
v listech (LDMC) vazeny proporci druhii je siln€ ovlivnén managementem, aniz by ukazoval
na produkci biomasy a vysoké koncentrace N, P, K, jak uvadi nékteré studie (Garnier et al.
2004; Gaucherand & Lavorel 2007). Vzhledem k tomu, ze managementy zna¢né ovlivnily
druhove slozeni, hledali jsme pii¢inu odlisného LDMC mezi managementy na Urovni
fylogenetickych skupin a nasli signifikantni rozdily mezi vétvemi Asteridi, Rosidi a

Monocotl, kde vazené LDMC pro Asteridy bylo az o 100 mg/g nizsi nez vazené LDMC pro
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Monocoty. Proporce Asterida se pak stava ptimou linearni funkci velikosti LDMC (Obr. 12),

Cv v

plose.

Na rozdily v LDMC mezi funk¢énimi skupinami rostlin upozornily jiz studie (Ansquer et al.
2009a; Duru et al. 2010a; Garnier & Navas 2011a), které naSly rozdil zejména mezi tradvami a
bylinami s ptizemni rizici a nedoporucovaly pocitat vazené LDMC napfic spolecenstvem, ale
pouze pro travy, coz ma smysl pouze ve vzorcich svysokym zastoupenim trav, pfip.

jednodéloznych rostlin.

Biomasa a stravitelnost

I ptesto, Ze z naSich vysledkl plyne vyrazny vliv managementu na dostupnost Zivin v pide¢,
na limitaci Zivinami a na funk¢ni a druhovou diverzitu porostu, po 7 letech se neprojevilo
signifikantni snizeni produkce biomasy na pasenych a seCenych plochach vzhledem
k plocham opusténym, kde nedochazi k zadnému odnosu zivin. Na lokalit¢ Lopenik dokonce
nejvyssi produkci biomasy zaznamenaly pasené plochy. Schopnost druhové bohatého porostu
vyrovnat se s ochuzovanim Zivinami managementovymi zasahy, fesi detailné Mladkova et al.

(2015), viz piiloha 9.1,

Ptfi porovnani stravitelnosti se v Brumové projevilo mnoholet¢ ponechani ladem pied
zacatkem experimentu. Opusténé plochy v Brumové (20 let) oproti Lopeniku (7 let) mély
velmi nizkou stravitelnost jiz od zacatku sezony, coz pti¢itame rozvoji konzervativnich trav
(valecka prapotita — Brachypodium pinnatum, srha lalo¢nata — Dactylis glomerata) a nizké
sukcesi. Na obou lokalitach se jako 1épe stravitelna ukazala biomasa secenych ploch oproti
pasenym, nebot’ seeni preferuje byliny, které maji obecné lepsi stravitelnost oproti travam
(Minson 1990; Lyons et al. 1999).

Napfi¢ vSemi managementy dochdzi k prudkému poklesu stravitelnosti béhem sezoény, a to
zejména v obdobi od kvétna do ¢ervna. Pramérné stravitelnost klesla o 5-10 %, na Lopeniku
pak stravitelnost béhem sezony klesla az 0 15 %. Pokles stravitelnosti je spojen s nartustem
biomasy, ¢ili 1 fenologickou zralosti a primérnou vySkou porostu. Tyto faktory zaroven
(negativn¢) koreluji s koncentraci prvkit N, P, KV biomase, které se béhem sezony fedi
(Pritchard et al. 1964; Duru & Ducrocq 1997). Na polopiirozenych nehnojenych porostech
pak vyssSi koncentrace N, P, K souvisi s lepsi stravitelnosti, ale zejména z toho duvodu, ze

ukazuji na mladsi pletiva, resp. biomasu odebranou na zac¢atku sezony (obr. 24).
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Pti odfiltrovani efektu sezony, se jako mnohem vyznamnégjsi prediktory stravitelnosti ukazaly
vapnik s hoifé¢ikem, potazmo jejich soucet Ca+Mg (podrobnosti viz piiloha 9.2.). VysSi
koncentrace Ca a Mg je spojena s vyssim zastoupenim dvoud€loznych bylin, které nejlépe
podporuje management seceni. I pfi stanoveni proporce jednodéloznych jako kovariaty, byl
vapnik a hoi¢ik (i jejich soucet) korelovan s enzymatickou i bachorovou stravitelnosti (obr.
26). Vapnik je spojen zejména s listnatosti bylin, nebot’ listy dvoud€loznych si drzi vysoké
koncentrace Ca béhem celé sezény (Minson 1990), hoi¢ik je soucasti cytoplasmy a jeho vyssi

proporce v biomase muze znamenat lepsi Stavnatost rostlin.

Dalsi potencialni prediktory stravitelnosti jako dusik, LDMC nebo SLA se ukazaly jako
slabSimi oproti souc¢tu Cat+Mg. Draslik signifikantné vysvétloval pouze enzymatickou
stravitelnost. Dosavadni védecké prace zatim neteSili souvislost dvojmocnych kationtll se
stravitelnosti, ale predik¢ni schopnosti Ca a Mg pro rozlozitelnost biologického odpadu uvadi

nékolik studii (Cornelissen & Thompson 1997; Reich et al. 2005; Makkonen et al. 2012).

Stravitelnost méfena pomoci enzymatické metody ukazovala primérné o 10 % vyssi hodnoty
nez stravitelnost méfena bachorovou $tavou. PloSky s vysSim zastoupenim dominantnich
trav, jako je valecka prapofita (Brachypodium pinnatum), srha lalo¢nata (Dactylis glomerata),
svefep vzptimeny (Bromus erectus), trojstét zlutavy (Trisetum flavescens) a medynék vinaty
(Holcus lanatus) vyhodnotila bachorova stravitelnost jako horSi nez plosky s malym az
nulovym zastoupenim téchto trav. Soucet proporci vySe zminénych trav vysvétlil 16.5 %
variability bachorové stravitelnosti (RLM), ale pouze 2 % variability stravitelnosti méfené
pomoci enzymatické metody (EM). Souvislost stravitelnosti méfené enzymatickou metodou
s koncentraci drasliku, mtizeme vysvétlit vétsi toleranci této metody k jedovatym bylindm
relativné bohatych na draslik (Ranunculaceae, Polygonaceae, Colchicaceae), které je ovsem

bachorova stavitelnost schopna vyhodnotit jako toxické a Spatné stravitelné.

Maximum stravitelné hmoty

Pfi hledani maxima stravitelné hmoty béhem sezony se ukazalo, Ze vliv managementu je
mnohem mén¢ vyznamny oproti jinym faktorim. V Brumov¢, kde jsou plochy ponechané
ladem jiZ 20 let, nedoSlo k zavazné degradaci porostu. NiZzsi stravitelnost byla kompenzovana
vy$$im nariistem biomasy a celkové mnozstvi stravitelné hmoty bylo na plochach
ponechanych ladem dokonce vyssi nez na plochach seenych a pasenych. Vzhledem k tomu,

Ze Cervencové odbéry biomasy v Brumové probihaly jesté v dobé pied zranim porostu, model
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pro Brumov nebyl schopen zachytit prudky pokles stravitelnosti pii pozdéjsim datu sklizné.
Nicméné kiivka jiz postihla maximum stravitelné hmoty pii fenofazi 3.4, ¢ili v dobé kveteni a

¢astecném odkvétu porostu.

Studie zabyvajici se pastevni preferenci bylozravct ukazuji, ze zvifata se fidi maximalizaci
zisku stravitelné hmoty (Garcia et al. 2003; Hebblewhite et al. 2008). Obdobné vybérové
chovani ukazala i naSe predchozi studie (MIadek et al. 2013, viz ptiloha 9.3.), kdy se na
sussich lokalitach ovce fidily vyskou porostu, ¢ili objem hmoty upiednostiiovaly pied jeji
kvalitou. Tato observac¢ni studie selektivity ovci probihala mimo jiné i na lokalit¢ Brumov, na
15 let opusténych plochach. Ovce preferovaly vysoké travy, které maji brzky fenologicky
vyvoj, ale nizkou krmnou hodnotu a nizkou specifickou listovou plochu (vice Mladek et al.
2013, viz ptiloha 9.3.). Z toho vyplyvd, Ze v brzké fenofazi jsou ovce schopny spast i méné
kvalitni porost, ktery byl difive mnoho let ponechan ladem a upiednostiiuji tak kvantitu na

ukor kvality.

Na lokalité¢ Lopenik mély nejvétsi mnozstvi stravitelné hmoty pasené plochy. Modelové
kiivky dosdhly pro vSechny managementy maxima pii fenofazi 3.7, Cili v dobé¢, kdy vétSina
porostu odkvéta. Pro lokalitu Lopenik na$ model jiz pékné zachytil prudky pokles celkového
mnozstvi stravitelné hmoty pifi vstupu do fenofaze 4, ¢ili pfi tvorbé nezralych plodu.
Z modelu je vidét, ze spravné naCasovani data sklizné podle fenofaze porostu ma na kvalitu
sena zasadni vliv. Rovnéz je patrny vliv roku, nebot’ na obou lokalitich pokleslo celkové
mnoZstvi stravitelné hmoty v roce 2012, v Brumové o 35 g/m?, na Lopeniku o 52 g/m?. Tento
meziro¢ni pokles v mnozstvi stravitelné hmoty byl vyraznéj$i nez samotné rozdily mezi

jednotlivymi managementy a je zptisoben pravdépodobné srazkovymi vlivy.

Rok 2011 byl podle tudaji CHMU ve Zlinském kraji (stanice HoleSov,

http://portal.chmi.cz/historicka-data) od bfezna do Cervna mirné nad teplotnimi priméry a

soucasné v tomtéz obdobi vysoce nad primérnym mnozstvim srazek vzhledem k poslednim
50 letim méteni. Oproti tomu rok 2012 byl béhem jarnich mésicti (unor az kvéten) vice
teplotné nadprimérny, ale zejména siln¢ srdzkové podprimérny. Velmi suché jaro v roce

2012 zpuisobilo primérmné sniZeni vynosu na obou lokalitach o 100 g/m? (tj. 1 t/ha).

Rok ovlivnil i stravitelnost, ale na kazdé lokalit¢ jinym smérem. V Brumové byla v roce 2012
prumérna sezonni stravitelnost (resp. oba typy) o jednotky procent vyssi nez v roce 2011 a na
Lopeniku naopak. Tento jev zfejmé zpusobilo odlisSné mnozstvi srazek v letech 2011 a 2012

nepiimo, a to podporou jinych rostlinnych druhii. V Brumové velmi suché jaro v roce 2012
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snizilo proporci mén¢ chutnych druht jako je valecka prapotita (Brachypodium pinnatum),
svizel syfistovy (Galium verum), prySec chvojka (Euphorbia cyparissias) a medynék vinaty
(Holcus lanatus) oproti roku 2011. Na Lopeniku naopak rozvoj nékterych méné chutnych
travnich druhti (Agrostis capillaris — psinecek obecny) v roce 2012 mohl piispét k mirnému

snizeni stravitelnosti.
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6. VYHODNOCENI TESTOVANYCH HYPOTEZ

Podarilo se nam splnit vSechny Ctyfi hlavni cile prace a vyhodnotit vliv managementt pastvy,

seceni a ponechani ladem na cyklus prvka N, P, K, Ca a Mg v pud¢ a biomase. V nasi studii

jsme posoudili vliv managementi na zmény druhového slozeni a druhové diverzity porostu,

na mnoZstvi sklizené biomasy i stravitelnost.

1)

2)

3)

4)

5)

Seceni ochuzuje piidu o draslik, pastva ochuzuje pidu o fosfor, na opusténych
porostech dochazi k akumulaci dusiku v biomase.

Secené i1 pasené plochy podporuji rychle rostouci druhy rostlin, opusténé plochy
konzervativnéjsi druhy rostlin. Obsah suSiny v listech (LDMC) jako métitko rychlosti
rstu Ize pouzivat pouze zvlast’ pro skupinu monocoti, asteridi a rosidii, jinak LDMC
vazené proporci vSech druhii ukazuje pouze na fylogenetické odliSnosti porostu.
Ukazalo se, Ze monocoti a asteridi na opusténych plochach maji vétsi LDMC nez
monocoti a asteridi na pasenych a secenych plochach.

Pastva zvySuje druhovou rozmanitost vice nez seceni, na opusténych plochach
druhova diverzita klesa.

Na pasenych a secenych plochdch nedoSlo ke snizeni vynosu oproti plocham
opusténym.

Stravitelnost seCenych ploch je lepSi nez stravitelnost pasenych ploch, stravitelnost

opusténych ploch je spiSe svazana s lokalitou a historii obhospodatovani.

Nase studie nevyvratila hypotézu 1) a 3), na druhou stranu vyvratila hypotézu 2), 4) a 5).

Prehled hypotéz uvadi kap. 2.2.
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7.ZAVERY A DOPORUCENI

Z vysledku naSi prace vyplynulo, Ze kazdy z managementi piinasi z pohledu hospodaie i
ochranate sva pozitiva 1 negativa. Jiz ve sttedovéku nasi piredkové zavedli dvojpolni (pozdéji
trojpolni) systém hospodateni, aby nevycerpali pidu, a nechavali ¢ast pozemku lezet ladem
nebo sem vypustili dobytek na piepaseni. Zfejm¢ intuitivné chapali, Ze stejny péstebni
systém, ktery se opakuje po léta na jednom misté, postupné degraduje ptiidu a snizuje vynos,
zatimco stfidani managementt udrzuje cyklus Zivin a zemé&délsky ekosystém v rovnovaze.

Obdobny princip ziejmé plati i pro management travnich porostd.

Nas§ experiment probihal na druhové bohatych loukach v Bilych Karpatech, které diky této
bohatosti prokazuji obrovskou pruznost v reakci na zmény v managementu a schopnost
vyrovnavat se relativné dlouhou dobu s od¢erpanim nékteré ze zakladnich Zzivin, jakym jsou

dusik, fosfor a draslik.

Pastva se ukazala jako nejvhodnéjsi management pro podporu biodiverzity. Po zavedeni
pastvy na dlouhodobé opusténou lokalitu ptibylo béhem sedmi let 35 novych druhti (Brumov)
a také dlouholeta pastva na Lopeniku (32 let) si drzela nejvyssi druhovou bohatost oproti
ostatnim managementiim. Pastva muze pfispét k urychleni cyklu drasliku a jeho zptistupnéni
Z hlubsich vrstev pady diky ,recyklaci® prostfednictvim moc¢i dobytka. Pastva ale na druhou
stranu pomérné rychle od¢erpava z pudy fosfor. Na susSich a fosforem chudSich stanovistich

pak muze dojit ke sniZzeni produkce biomasy a rozsifeni méné chutnych druhti bylin i trav.

Seceni podporuje nartst dvoudéloznych bylin a na dfive opusténych plochach také druhovou
diverzitu. Pfi zavedeni seceni na dlouhodob¢ opusténé plochy v Brumové vzrostla po sedmi
letech druhova bohatost o 27 novych druhi. Biomasa na seCenych plochach byla nejlépe
stravitelna. Na seCenych plochach ale dochazi k odCerpavani drasliku, s ¢imZ se ovsem
druhové bohaté spoleenstvo je schopno po urtitou dobu vyrovnavat pomoci posunu
dominance fylogenetickych skupin. Jako vétsi problém se ukazala limitace seéenych ploch

dusikem, kterd mize postupné vést snizeni produkce.

Na opusténych plochach dochazi ke snizeni druhové rozmanitosti: sedm let opusténa byvala
pastvina méla o 7 druhtt méné neZ stavajici pasené plochy na Lopeniku. Jak ale ukézala
situace z Brumova, po opétovném zavedeni pastvy se druhova bohatost velice rychle

obnovila. Ponechani ladem také vede kurychleni mineralizace dusiku, jak diky rychlé
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sukcesi, tak diky lepsimu zachyceni atmosférického spadu N ve stafiné. Biomasa opusténych

ploch mé¢la také nejvyssi koncentrace fosforu.

Z vySe uvedeného plyne, Ze stiidani pastvy a seeni je schopno udrZzet vysokou druhovou
bohatost a vzajemné kompenzovat odCerpavani fosforu a drasliku, které se v pudé projevilo
Jiz po 7 letech od zavedeni managementu. Aby nedochazelo ke sniZeni produktivity, které se
managementy (pastvu, seCeni) v intervalech kratSich nez 7 let, v zavislosti na charakteru
lokality a moznostech zemédélce. Pro zvyseni mineralizace dusiku a zabranéni snizovani
produktivity v dasledku limitace dusikem, zejm. na se¢enych plochach, mize byt vhodné po
nékolikaletém seceni nechat porost jednu sezonu lezet ladem. Pro efektivni vyuZiti sklizené
biomasy je potom nutné nacasovat dobu sklizné na obdobi tésn¢ po odkvétu vétsiny porostu,

jinak dochazi k prudkému poklesu celkoveho mnozstvi stravitelné hmoty.

Pro dal$i vyzkum doporucujeme dlouhodoby experiment, kde se bude po 2-3 letech stiidat
pastva a seceni, s tim, Ze na zavér cyklu (po 4-6 letech) bude porost lezet ladem. Experiment
by tak mohl ovéfit hypotézu o udrzitelném cyklu zivin N-P-K pii stfiddni managementl na

nékolika druhové a klimaticky odliSnych stanovistich.

Déle se nabizi mnoho otdzek spojenych svlivem koncentrace vapniku a hoi¢iku na
stravitelnost biomasy trvalych travnich porosti. Nasledujici vyzkum mize ovéfit spojeni
koncentrace vépniku s listnatosti bylin (leaf:stem ratio) a koncentraci hoic¢iku s lépe
stravitelnymi tradvami. Pro lepsSi pochopeni roli Ca a Mg bude poticba analyzovat stravitelnost

zv1ast’ pro skupinu trav (pfip. jednodéloznych rostlin) a bylin (pfip. dvoudéloznych rostlin).

NasSe studie upozornila na silnou korela¢ni vazbu koncentraci Ca a Mg v biomase, ovsem
odlisny pomér (Ca:Mg) pro obé¢ lokality. Vzajemny vztah téchto prvkid a jejich pfipadné
nahrazeni jeden druhym, dale vliv Ca a Mg na druhové sloZeni a funkce travniho porostu
bude uzite¢né dale zkoumat na vétsim mnozstvi lokalit a tedy i vétS§im gradientu pidniho Ca a

Mag.
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Summary

1. Management of high-nature-value (HNV) grasslands follows agri-environmental schemes
across large areas of Europe. Long-term agreements and restrictions of fertilizers cause soil
nutrient impoverishment, but remarkably this quite often does not reduce biomass produc-
tion. Therefore, we tested how species-rich vegetation copes with nutrient impoverishment
under the most frequently used treatments, that is summer mowing and livestock grazing.

2. During 2011-2012 we studied, simultaneously, plant species composition, soil and biomass
chemical properties in two equally designed experiments where mowing, grazing or leaving
fallow have been applied since 2004. We asked whether soil-based (Coyg : Nior, plant-available
P and K) and plant-based measures (N : P, N : K, K : P ratios and N-, P-, K-nutrition indi-
ces) indicate the same pattern of nutrient limitation as the observed productivity gradient.

3. Seven years of management application resulted in the lowest plant-available P under
grazing and the lowest plant-available K under mowing, but neither grazed nor mown plots
produced less biomass than fallow ones. Grazing supported dominance of grasses while mow-
ing that of non-leguminous forbs.

4. Projection of nutrition indices to a common framework with nutrient ratios suggests that
critical thresholds for diagnosis of nutrient limitation are a function of N deficiency. At bio-
mass production of 2 t ha~' a N-nutrition index of 50 yielded threshold N : P = 14.0; hence,
all our treatments with N : P of 9-9-12.5 should be N limited.

5. Inspecting the productivity gradient separately for each management, we found only soil
Corg : Nior negatively related to biomass production in mown plots indicating N limitation.
However in grazed plots, positive association of biomass production with plant-available P
and negative with biomass N : P and N : K suggested PK co-limitation.

6. Synthesis and applications. Mowing and grazing induced different patterns of soil nutrient
impoverishment and nutrient limitation, but they did not reduce biomass production of high-
nature-value grasslands. Non-leguminous forbs prevailing under mowing precluded shortage
of P, while grasses dominating under grazing efficiently captured N. We recommend designing
agri-environmental measures that will encourage alternating mowing and grazing. This should
promote coexistence of multiple forbs and grasses, balance nutrient limitation and ensure sta-
ble biomass production under future low-input scenarios.

Key-words: biomass production, critical thresholds, fallow, grasses, management experi-
ments, nitrogen deficiency, non-leguminous forbs, nutrient limitation, productivity gradient
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Introduction

Plant species richness and functional diversity have been
acknowledged as important drivers of vegetation produc-
tivity (Weigelt et al. 2009; Tilman, Reich & Isbell 2012).
The positive effect of diversity has been reported to be as
important for grassland productivity as the availability of
nutrients in synthetic plant communities (Tilman, Reich &
Isbell 2012). But, this has rarely been confirmed in semi-
natural grasslands (Rose & Leuschner 2012), and the
benefit of diversity for productivity has been questioned.
However, in unfertilized seminatural grasslands, some
studies documented no decrease in biomass production
after long-lasting nutrient removal with mowing
(12-37 years). Oelmann et al. (2009) and Bernhardt-
Romermann et al. (2011) did not record reduction in
biomass production of mown plots over many years (com-
parison in time), and Neuenkamp et a/. (2013) found simi-
lar biomass production in mown plots and plots left fallow
(comparison in space). Such compensation of soil nutrient
impoverishment is attributed mainly to changes in plant
functional composition, the presence of specific functional
groups with lower nutrient demands or with more efficient
nutrient acquisition strategies. In this respect, compensa-
tion seems to be connected with large species pools, which
are typical for high-nature-value (HNV) grasslands (Jonge-
pierova 2008; Keenleyside & Opperman 2009).

However, it remains poorly understood which soil-
derived macronutrients are more easily depleted/mobilized
in unfertilized HNV grasslands (Pavlu ez al. 2013; Li et al.
2014), and whether nutrient limiting biomass production
is specific for different types of grassland management
(Jewell et al. 2005; Venterink et al. 2009). Solving these
issues is currently of particular importance in Europe,
because large arecas of HNV grasslands are maintained on
the basis of long-term management agreements (Kleijjn &
Sutherland 2003). To increase farmers’ motivation to
adopt low-input scenarios for their fields (Keenleyside &
Opperman 2009), we need more knowledge about nutrient
mobilization capacities of species-rich communities (Ka-
ranika ez al. 2007; Weigelt et al. 2009; Li et al. 2014).

Nature conservation authorities most frequently recom-
mend two management types for the maintenance of
HNYV grasslands, either late summer mowing or livestock
grazing (Keenleyside & Opperman 2009). Nevertheless,
long-lasting application of these regimes can lead to dif-
ferential depletion of essential nutrients. Mowing with hay
removal takes away both living and dead above-ground
biomass uniformly from the whole site. It quickly
decreases K availability (@ien & Moen 2001; Venterink
et al. 2009; Pavlu er al. 2013), substantially reduces
organic matter mineralization and N availability (Venter-
ink et al. 2009), but does not lower P availability or only
very slowly (Smits, Willems & Bobbink 2008). In contrast,
spatial heterogeneity of livestock grazing and excretion
creates zones of nutrient depletion and accumulation
(Schnyder, Locher & Auerswald 2010), and most

apparently leads to exhaustion of P in depletion zones
(Jewell et al. 2005). This fundamental difference in man-
agement effect on soil nutrient pools could be connected
to the export of plant tissues with mowing and animal tis-
sues with grazing. Typical animal : plant concentration
ratios (x : 1) for livestock grazing pastures in temperate
regions are N ~ 3.2, P~ 67 and K ~ 0-27 (Whitehead
2000). Thus, P is the most preferentially retained in ani-
mal tissues, while K rather eliminated. In summary, dis-
tinct stoichiometry of plant and animal tissues (hereafter
‘plant/animal tissue removal hypothesis’) and uniform vs.
selective grassland disturbance can induce different types
of nutrient limitation. For its diagnosis, several methods
based on analyses of soil (Parfitt er al. 2005; Gilbert,
Gowing & Wallace 2009, hereafter ‘soil-based measures’)
or biomass (hereafter ‘plant-based measures’) were devel-
oped.

The main advantage of plant-based measures consists
in the fact that they integrate fluxes of nutrients to plants
over a period of time from the soil pool as well as from
plant storage organs, and thus, they more accurately
reflect the overall nutrient status of perennial plant com-
munities (Glisewell 2004). However, different plant-based
measures of nutrient limitation have been established in
the fields of agronomy and plant ecology. Agronomists
(Duru & Thélier-Huché 1997) derived the N-, P- and K-
nutrition indices (NNI, PNI and KNI) from the concept
of nutrient dilution during the accumulation of above-
ground biomass. The lower the respective nutrition index
(<100), the more deficient the nutrient is, and the nutrient
with the lowest index value can be denoted as the primary
limiting nutrient. However, the critical dilution curves
were originally constructed for grass species and studies
addressing the nutrient limitation of multispecies mixtures
corrected the calculations of the indices for the abundance
of legumes (Garnier et al. 2007) or simply recommended
the evaluation of community nutrient limitation only from
the grass fraction (Liebisch et al. 2013).

In contrast, ecologists set up the detection of the pri-
mary limiting nutrient on the ratios of N, P and K con-
centrations in total above-ground biomass, that is without
respect to accumulated biomass and to the proportional
contribution of grasses, legumes or non-leguminous forbs.
The most debated were thresholds of nutrient ratios in
wetlands (Venterink ez al. 2003), where the boundaries
between N-, P- and K-limited communities were estab-
lished using a literature review of short-term fertilization
experiments. However, studies based on fertilization in
dry and mesic habitats (Mamolos, Vasilikos & Veresoglou
2005; Niinemets & Kull 2005) as well as average biomass
nutrient ratios over many habitats (Pegtel ez al. 1996;
Schaffers & Sykora 2002) have identified different critical
thresholds.

To shed light on the effects of grassland management
on nutrient limitation of biomass production, we took
advantage of two identically designed management experi-
ments and asked: how do HNV grasslands in the White
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Carpathian Mountains (one of the most species-rich in
Europe, Jongepierovd 2008) cope with the export of plant
tissues (summer mowing) or the export of animal tissues
(rotational livestock grazing) and maintain biomass pro-
duction at the level of fallow treatment?

Materials and methods

STUDY SITES

The study was carried out in the White Carpathian Mountains
situated in the borderland between the Czech Republic and Slo-
vakia where the ecosystems are only little affected by atmospheric
nutrient deposition (10-15 kg N ha™! year™!, Ostatnickd &
Matouskova 2012). Two unfertilized grasslands with comparable
species richness (on average 30 species per 1 m?) were studied: (i)
lowland Brachypodium pinnatum grassland situated at 370 m a.s.l.
(49°05'58"N, 18°01'59"E) and (ii) upland Festuca rubra grassland
located at 720 m a.s.l. (48°56’20"N, 17°48'00"E). The soils at
both sites are haplic cambisols, developed on tertiary flysch sedi-
ments which consist of alternating sandstone and rock clay layers
of variable thickness (Jongepierovd 2008). Description of climatic
conditions, management history and soil properties of both sites
prior to establishment of management experiments are given in
Mlddek er al. (2011). At each site, identically designed long-term
management experiments were established in 2004. The experi-
mental design (Fig. S1 in Supporting Information) included three
treatments: (i) mowing in mid-July (mowing), (ii) extensive live-
stock grazing starting in June (grazing) and (iii) leaving aban-
doned without any management (fallow). Mowing consisted of
harvesting of the above-ground biomass at 5 cm height above the
soil surface followed by immediate raking and biomass removal.
Grazing treatments included two grazing cycles per year, the first
in June and the second in August; during both cycles, Romney
sheep (Brachypodium site) and Hereford beef cattle (Festuca site)
were moved to a separate paddock within each site when ¢. 70%
of the standing biomass had been grazed. There were five blocks
at each site, and each included one replication of all three man-
agement treatments. One replication comprised of a 5 x 5Sm
experimental plot (photo documentation in Fig. S2). Multivariate
analyses of species cover data from permanent plots (Fig. S1)
detected no baseline differences in 2004 and showed clear differ-
entiation of species composition after management application at
both sites (Fig. S3a,b).

SAMPLING DESIGN

During 2011 and 2012, we took 180 coupled samples of plant
biomass and underlying soil. Sampling was carried out three
times a year at c¢. 3 week intervals: for the first date 19-21 May,
for the second 13-18 June and for the third 11-15 July. Three
sampling dates corresponded roughly with three key phenological
stages of the grass Dactylis glomerata L., a species which was rel-
atively abundant in all plots at both investigated sites (Table S5).
For the first date, D. glomerata was at the start of stem elonga-
tion, for the second in full flower and for the third date D. glom-
erata seeds had ripened. Each time biomass and soil were
sampled from one randomly allocated subplot (1 m?) within each
5 x 5 m experimental plot (Fig. S1). These subplots had been
protected from grazing and had not been cut since the start of
the vegetation season, and thus, they always provided first
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growth biomass in all sampling dates. ‘First growth biomass’ is
defined as biomass grown from the beginning of vegetation sea-
son without any interruption (e.g. grazing), and only its samples
enable comparison of vegetation productivity between different
long-term management treatments in various sampling dates.

Species biomass in a sample was estimated using the calibrated
weight-estimate method (Tadmor ez al. 1975). After estimations
of species proportions, only living plant biomass from each sub-
plot was harvested 5 cm above ground. The final step in the field
sampling at each 1 m? subplot consisted of taking three separate
soil samples collected by a 5-cm-diameter probe from the 0-
20 cm layer, these separate samples were further mixed into one
which was prepared for laboratory analyses. Additionally, one
mixed soil sample from three randomly selected points in each
5 x 5 m experimental plot was acquired in November 2012.

SOIL CHEMICAL PROPERTIES

After removing plant residues, soil samples were air-dried,
ground in a mortar and sieved to 2 mm. All analyses were per-
formed in an accredited national laboratory — soil reaction (pH
in 001 M CaCl,), plant-available P, Ca, K and Mg were
extracted by the Mehlich 3 reagent (Mehlich 1984). Concentra-
tion of organic carbon (C,,) was determined by oxidation with
potassium dichromate (Black 1965) and concentration of total
nitrogen (Nyo) by Kjeldahl method (AOAC 1984).

BIOMASS CHEMICAL PROPERTIES

Dry matter (DM) content of harvested biomass was determined
by drying at 55 °C to constant weight to calculate DM standing
biomass at each subplot. The Kjeldahl method was used to deter-
mine N concentration (AOAC 1984). To determine P concentra-
tion, a biomass sample was mineralized by acid digestion, treated
with molybdovanadate reagent and analysed in a spectrophotom-
eter (ICP OES analyzer, GBC, Australia) at 430 nm (71/393/
EEC). To determine K concentration, biomass samples were
ashed, dissolved in hydrochloric acid and analysed by flame pho-
tometry in a spectrophotometer in the presence of caesium chlo-
ride and aluminium nitrate (71/250/EEC). To determine Ca and
Mg concentrations, biomass samples were ashed, dissolved in
dilute hydrochloric acid and analysed by atomic absorption spec-
trophotometry at 422.7 (ISO 6869:2000) and 285-72 nm (73/46/
EEC), respectively.

DM standing biomass and laboratory-analysed nutrient con-
centrations were used to calculate the total amounts of N, P and
K in a sample (i.e. on an area basis g m~2) as well as to calculate
nutrition indices (for methodological details and equations to
compute NNI,, PNIj., and KNI, with correction for the pro-
portion of legumes in a biomass sample, see Appendix S1). A
value of NNIj,, PNI., and KNI, of 100 indicates optimal N, P
or K nutrition, respectively, whereas values below 60 indicate
severe N, P and K deficiency that limit biomass production.

DATA ANALYSIS

The design of the experiments encompassed factors with fixed
and random effects. Therefore, most analyses were performed
with linear mixed effect models using restricted maximum-likeli-
hood methods (REML), in which soil and biomass properties (or
management) were treated as fixed effects while site, year and
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date as random effects. Normality and homoscedasticity of resid-
uals were always checked, and when necessary, square-root or
logarithmic transformations were applied. The final models
(Table S2-S4) were selected according to the lowest value of the
Akaike information criterion (AIC). The coefficient of determina-
tion in mixed effect models (i.e. R’ in Figures) was calculated as
follows: variability explained by the model with both fixed and
random effects was subtracted from variability explained by the
null model, and this difference was divided by variability
explained by the null model (Edwards et al. 2008). All analyses
were carried out with R 2.15.0 software (www.r-project.org) using
the ‘nlme’ package (Pinheiro, Bates & DebRoy 2012).

Further, we performed simple linear regression using the means
of five individual measurements for each management at each
date, to demonstrate the relationship between soil- and plant-
based measures over the large fertility gradient (i.e. across sites,
years and sampling dates). Only May and June values of NN,
PNI,.; and KNI, were used, because nutrition indices sensu
Duru & Thélier-Huché (1997) provide a diagnostic method of
grassland nutritional status only before leaf senescence.

Results

EFFECT OF GRASSLAND MANAGEMENT ON SOIL AND
BIOMASS PROPERTIES

Analyses of soil properties (Table S1) showed that man-
agement affected only the plant-available P (d.f. = 201,
management P = 0-002, date P < 0-001) and plant-avail-
able K (d.f. = 204, management P < 0-001). Consistently
at both the Brachypodium and Festuca sites, plant-avail-
able P decreased from May to July (Fig. 1a), which was
largely a result of increasing seasonal uptake of P by veg-
etation (analyses not shown). Treatment contrasts (Table
S1) showed significantly lower plant-available P under
grazing than under mowing (P = 0-005) and fallow
(P < 0-001). On the other hand, the lowest levels of plant-
available K at both sites (Fig. 1b) were found for mowing
management; it was significantly lower than for both graz-
ing (P < 0-001) and fallow (P < 0-001).

Analyses of biomass properties after 7 years of manage-
ment (Table S1) revealed that DM biomass production
was not influenced by grassland management. Regarding
nutrients, analyses detected the highest N concentration
for the fallow treatment, higher P for fallow than for
grazing and the highest Ca and Mg for mowing. Nutrient
ratios N : P and N : K were much higher for fallow than

for other treatments, while K : P was the highest for graz-
ing. The highest amount of N was harvested in fallow
plots, while the highest of Ca in mown plots. More K was
harvested in the samples of grazed plots than mown plots.

Nutrition indices were analysed only in the first two
sampling dates (see restrictions in Methods). Management
effect was significant in May (Fig. 2a) for NNI,
(d.f. = 54, P =0-001), marginally for PNI,, (P = 0-063)
and for KNI, (P = 0-005) while in June (Fig. 2b) only
for NNI,e, (P < 0:001). Taking into account both dates,
fallow plots were according to NNI,, the best supplied
with N (although values below 60 indicate severe defi-
ciency), whereas plots under grazing and especially mow-
ing were much more N depleted. Furthermore, a lower
deficiency of P and K in accumulated biomass was found
in mown than in fallow plots.

EFFECT OF GRASSLAND MANAGEMENT ON PLANT
GUILDS AND N : P : K STOICHIOMETRY

Analysing biomass proportions of the most abundant
plants species, we found substantial differences between
management treatments (Table S5 with accompanying
summary of the significant differences). A triaxial diagram
(Fig. 3a) displaying proportions of plant guilds (i.e.
grasses, legumes and non-leguminous forbs) showed that
all management treatments at the Brachypodium site had
approx. a two times higher contribution of legumes (c.
10%) than treatments at the Festuca site (c. 5%). How-
ever, grassland management did not substantially differen-
tiate the contribution of legumes at any site (d.f. = 166,
P = 0-53). On the other hand, proportions of grasses and
non-leguminous forbs were strongly modified by manage-
ment consistently at both sites (both d.f. = 166,
P < 0-001). Grazing management supported the higher
contribution of grasses and a lower one of non-leguminous
forbs than mowing. The fallow treatment affected plant
guilds differently at each site; that is, grasses contributed
the major biomass component at the Brachypodium site,
while non-leguminous forbs did at the Festuca site.

With regard to N : P : K stoichiometry (Fig. 3b), rela-
tive N in biomass was highest in the fallow plots
(d.f. =166, P <0-001), but these plots had the lowest
relative K consistently at both sites (d.f. = 166,
P < 0-001). Noteworthy, mowing supported the highest
relative P from all management treatments consistently at
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both sites, but this did not substantially differ either from
grazing at Festuca site or from fallow at Brachypodium
site.

RELATIONSHIP BETWEEN SOIL- AND PLANT-BASED
NUTRIENT MEASURES

Taking soil and biomass samples simultaneously from
each 1 m? subplot enabled us to analyse relationships
between soil- and plant-based measures. Soil Coyp @ Nyo
was proved to be negatively related to NNI,., (Fig. S4a,
P =0-004) and also negatively, but marginally, to N : K
(Fig. S5b, P = 0-051), whereas no relationship was found
with N : P (Fig. SSa, P = 0-38). High plant-available P
was associated with high PNI, (Fig. S4b, P = 0-007),
also with low N : P (Fig. S5c, P = 0-012) and low K : P
(Fig. S5d, P < 0-001). For plant-available K, we found a
positive relationship with KNI, (Fig. S4c, P < 0-001),
negative with N : K (Fig. S5e, P = 0-023) and positive
with K : P (Fig. S5f, P < 0-001).

When relationships between the two groups of plant-
based measures (i.e. nutrition indices and nutrient ratios)

(a) Forbs (%)
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N £ 1\ ‘ ‘
O Fallow k3
1511 @ Grazing
M Mowing

w0 1T

Legumes (%)
)

(6]
1

0 T T T T
20 30 40 50 60

Grasses (%)

were analysed (Fig. S6), high NNI,, was associated with
high N : P (although marginally, Fig. S6a, P = 0-072) and
significantly with high N : K (Fig. S6b, P < 0-001). Fur-
ther, PNI,, was negatively related to both N : P (Fig.
S6c, P =0-018) and K : P (Fig. S6d, P < 0-001), whereas
high KNI, was almost significantly connected with low
N : K (Fig. S6e, P =0-085) and firmly with high K : P
(Fig. Séf, P = 0-000).

EXPLAINING BIOMASS PRODUCTION UNDER
MANAGEMENT TREATMENTS

Inspecting biomass production separately for each man-
agement (d.f. = 47), we found just soil C,, : Nio nega-
tively related to biomass production in mown plots
(Fig. 4a, P = 0-018). In grazed plots, biomass production
was positively associated with plant-available P (Fig. 4b,
P =0-0073) whereas negatively with biomass N : P
(Fig. 4c, P =0-012) and also biomass N : K (Fig. 4d,
P =0-007). The pattern of biomass production in fallow
plots was not explained by any plant- or soil-based

measure.
(b) Relative K in biomass (%)
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Fig. 3. Triaxial diagrams showing average relative contributions of (a) plant guilds and (b) nitrogen, phosphorus and potassium in
above-ground biomass (sum of contributions of all groups is 100% at each site). Means come from three sampling dates (May—June—
July) in both years of measurement (2011-2012). Circles denote the means from plots under different management treatments at the
Brachypodium site, while squares the management means at the Festuca site. Error lines represent standard errors of the mean. REML
analyses performed with data from both sites together detected significantly higher contribution of grasses and a lower one of non-legu-
minous forbs under grazing than under mowing. Mowing supported the highest relative P from all management treatments.
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Our data demonstrated that grassland management (live-
stock grazing or mowing) did not reduce vegetation pro-
ductivity in comparison with fallow even after 7 years
without input of fertilizers. Although mowing and grazing
induced different patterns of nutrient limitation of bio-
mass production, probably the size of species pool at each
locality enabled the quick adaptation of plant species
composition (see Figures S3a,b) that was able to cope
with impoverishment of soil nutrient pools under both
management treatments. There were 99 vascular plant
species from 27 plant families recorded at the Brachypodi-
um site and 77 species from 21 families at the Festuca
site, both counted within the experimental area of
500 m> In our view, species richness does not guarantee
high vegetation productivity (see also Rose & Leuschner
2012), but can rather sustain productivity of grasslands
managed with low or nil inputs of fertilizers (Weigelt
et al. 2009).

Coupled sampling of soil and biomass as well as utiliza-
tion of different methodological approaches provided us
the chance to discuss thoroughly the type of nutrient
limitation of biomass production and identify the most
meaningful management effects.

Using a large soil fertility gradient, we found sound
relationships between most plant- and soil-based measures
(Fig. S4-56). A low N deficiency (NN, ~ 70% of opti-
mum) was associated with high biomass N : P (c. 14),
high N : K (c. 1-2) and low soil C,,, : Nyo that suggests
consistency in predictions of plant- and soil-based mea-

good indicator of soil mineralization and N availability
(Parfitt ez al. 2005), and the higher N : P and N: K
ratios indicate no N limitation of biomass production
(Tessier & Raynal 2003; Venterink et al. 2003). Consider-
ing phosphorus, high PNI,,, was related to low biomass
N : P, K: P and high plant-available P, which is in line
with other studies (Hejeman et al. 2010; Liebisch et al.
2013). Thus, P extracted with the Mehlich 3 method
(Mehlich 1984) correlated well with P availability for
plants as was earlier shown in seminatural grasslands for
Olsen and Bray extractions (Gilbert, Gowing & Wallace
2009). Similarly, high KNI, was well matched to low
biomass N : K, high biomass K : P and high plant-avail-
able K.

After 7 years of regular mid-July mowing and nutrient
removal with biomass (¢. 41 N, 4 P and 55 K kg ha™!
annually), we would expect mown plots to show lower
biomass production as well as lower amounts of harvested
nutrients than under other treatments. We did not mea-
sure export of nutrients with animals. However, we esti-
mate on the basis of live-weight gains in similar grazing
experiments in Festuca rubra-dominated grasslands (Pavlu
et al. 2006) and average nutrient concentrations in rumi-
nants (Whitehead 2000) that annual nutrient export with
grazing at both our sites could be 5-10 N, 1-5-2-0 P and
0-3-0-5 K kg ha™!, hence being much lower especially for
K and N than export with mowing. As our grassland sites
were not fertilized, the only significant nutrient input was
atmospheric N deposition (10-15 kg N ha~! year™ '),
which could cover the annual export of N with grazing
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but not with mowing. Thus, probably the adaptation of
plant species composition (Bernhardt-Romermann et al.
2011) could be responsible for maintenance of productiv-
ity under both mowing and grazing in similar level to veg-
etation left fallow.

Grazed plots displayed significantly lower plant-avail-
able P in the soil than mown plots (Fig. 1a). On the other
hand, summer mowing led to the lowest levels of plant-
available K (Fig. 1b). Such findings accord with the
results of separate studies of mowing (Venterink et al.
2009) and grazing (Jewell et al. 2005) and corroborate our
newly proposed ‘plant/animal tissue removal hypothesis’.
Grazing connected with removal of animal tissues reduces
substantially P pools, whereas mowing associated with
removal of plant tissues impoverishes especially K pools.
Although grazing and mowing had distinct impact on soil
properties, they did not affect differently nutrient ratios in
biomass (with the exception of K : P being higher for
grazing than mowing, Table S1) and nutrition indices
(Fig. 2). Hence, it is difficult to judge management’s effect
on nutrient limitation from these quickly measurable tools
within the context of this study.

Grasslands host a specific species pool of plants that are
adapted not only to environmental conditions but also to
a given management. Composition of the species pool also
depends upon the ability of species to survive the distur-
bance regime and competition from neighbours (Bern-
hardt-Romermann et al. 2011). Therefore, in the quest for
nutrient limiting biomass production, we cannot rely only
on threshold nutrient ratios (Pegtel ez al. 1996; Venterink
et al. 2003) or short-term factorial fertilization experi-
ments. Instead, analyses of productivity gradients under
specific management could unravel the nutrient limiting
biomass production (Oelmann ez al. 2009). We found that
the gradient of biomass production in mown plots could
be explained only with soil Cg, : Nio Which indicates N
limitation (Fig. 4a). By contrast, high biomass production
in grazed plots was connected to high plant-available P,
low biomass N : P and low N : K suggesting PK co-limi-
tation (Fig. 4b—d). Greater shortage of N under mowing
while of P under grazing would be expected from the dif-
ferent nutrient acquisition strategies of vegetation. Non-
leguminous forbs that dominated mown plots (Fig. 3a)
have in general deep root systems and good ability to
mobilize P (Fig. 1a and Fig. 3b this study; Karanika et al.
2007; Li et al. 2014). On the other hand, grasses prevailing
in grazed plots are typified by shallow adventitious roots
that are well adapted for N acquisition from mineraliza-
tion of organic matter on the soil surface (Gibson 2009).

CRITICAL THRESHOLDS IN NUTRIENT RATIOS:
DEVELOPMENT OF THE THEORY

Several studies reviewing the topic of nutrient limitation
(Tessier & Raynal 2003; Gtusewell 2004) concluded that
there are no single thresholds in nutrient ratios for all
vegetation types (habitats) to distinguish N limitation and
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P limitation. In general, higher critical N : P ratios were
reported from wetlands (Venterink ez al. 2003) than from
dry habitats (Mamolos, Vasilikos & Veresoglou 2005; Ni-
inemets & Kull 2005). Nevertheless, up to now, mechanis-
tic biological understanding of variability in critical
nutrient ratios has not been found.

Noteworthy, the puzzle of suitable thresholds in nutri-
ent ratios could be resolved using the knowledge of
agronomists (Duru & Thélier-Huché 1997). We con-
structed ratios (N : P, N:K and K :P) from critical
nutrient concentrations (see equations for their calculation
in Appendix S1). Projecting these ‘new’ threshold values
to one picture with those suggested by ecologists (Fig. 5)
showed that the thresholds for N limitation and P limita-
tion should change not only with biomass accumulation
but could be a function of N deficiency in habitats. All
nutrients are equally limiting biomass production when the
nutrition indices (NNI, PNI and KNI) reach the same
value. For example, optimal N- and P-nutrition
(NNI =100, PNI =100) at biomass production level
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Fig. 5. Critical (a) N: P, (b) N: K and (c) K : P ratios sug-
gested for indication of nutrient limitation by Pegtel ez al. (1996)
in all habitats (dashed line) and by Venterink ez al. (2003) in wet-
lands (dotted line). Solid curves (the thin one for 50% nutrient
deficiency) were constructed on the basis of critical nutrient con-
centrations by Duru & Thélier-Huché (1997), and only their
approach assumes different dilution of N, P and K during bio-
mass accumulation. Grey belt represents 95% confidence interval
of the mean values measured in this study.
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2t ha™! gives threshold N : P = 9.6, while equally severe
deficiency of both N and P (NNI = 50, PNI = 50) at the
same production level produces threshold N : P = 14.0.
Hence, the higher deficiency of N to support maximum
growth, the higher the critical N : P ratio. Such a concep-
tual development in our view fully accords with literature
evidence: (i) the vegetation N : P ratio has been shown to
negatively correlate with Ellenberg indicator values for
nutrients in several data sets (Glisewell 2004); (ii) N defi-
ciency inhibits production of phosphatases because N is
essential for this enzyme synthesis (Olander & Vitousek
2000); thus, plants dominant in N-poor environments (e.g.
calcareous grasslands, heathlands) are adapted to very low
P and characteristically have high biomass N : P (Schaffers
& Sykora 2002); (iii) biomass production in N-poor habi-
tats is primarily limited by N even at relatively high vegeta-
tion N : P (15-20) because slow-growing plants (stress
tolerators sensu Grime 2001) prevailing in these habitats
are typified by low photosynthetic N-use efficiency (Poor-
ter, Remkes & Lambers 1990), whereas they have high P
retranslocation (Gtusewell 2004); and (iv) slow-growing
plants in N-poor habitats with lower metabolic rates are
disproportionately more P poor than fast-growing plants
as they need less P-rich rRNA than is required for rapid
metabolism and growth (Reich ef al. 2010). However, the
term ‘N-poor habitat’ in our sense denotes a site where N
is deficient in plant tissues to support maximum growth.
Nitrogen availability in the soil or biomass N concentra-
tion itself without knowledge of biomass production level
does not bring information about N deficiency. Hence, our
data set with NNI around 50 (Fig. 2) comprised of N-lim-
ited habitats because the grey belt showing 95% confidence
interval of the mean nutrient ratios (Fig. 5) is below criti-
cal N : Pand N : K for NNI = 50 (Fig. 5).

CONCLUSIONS AND APPLICATIONS

This study shows the capacity of HNV grasslands to com-
pensate for long-lasting nutrient removal of plant tissues
by mowing and animal tissues by grazing. We found dis-
tinct patterns of nutrient limitation under mowing and
grazing by analyses of productivity gradients, which were
in concordance with different stoichiometry of plant and
animal tissues (except for K). However, this dissimilarity
between management treatments was neither captured by
nutrient ratios nor by nutrition indices thus highlighting
the need for cautious utilization of these quickly measur-
able tools (Oelmann ez al. 2009).

We found evidence that non-leguminous forbs mobiliz-
ing P and grasses effectively capturing N represent
valuable components of HNV grasslands for the mainte-
nance of productivity. Thus, grassland management sup-
porting coexistence of both groups should be
encouraged. As mowing favour forbs while grazing
grasses, we recommend designing agri-environmental
measures that will promote alternating these management
treatments. Combined management of grasslands has

been traditionally applied in the study region (Kunz
2005) as well as in other parts of the Carpathians (Babai,
Molnar & Molnar 2014). It has been believed that mead-
ows were grazed to increase grass tillering and achieve
more dense sward, while pastures were mown to eradi-
cate unpalatable plants. However, these activities could
also help to balance grassland nutritional status and keep
site productivity.
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Figure S1. Experimental design of long-term management experiments at both Brachypodium

and Festuca sites (see http://grasslandecology.euweb.cz/ — section Experimental fields where

Brachypodium site corresponds to Brumov and Festuca site to Lopenik, i.e. villages situated
nearby). There was a 2 ha paddock grazed by animals at each site in which an exclosure was
built in 2004. The plots left fallow and mown plots were located within the exclosure while
the grazed plots were situated outside. Such experimental design allowed animals to manifest
natural grazing behaviour. Five blocks were situated at the contour lines in order management
plots would have no initial difference in soil depth, fertility, inclination etc. Open squares (1,
2, 3) show the sampling design during one year of our study and closed squares represent
permanent plots used for regular vegetation monitoring that started since 2004 (i.e. prior the

beginning of the experimental manipulation).
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Table S1. Characteristics of sites: soil and plant biomass parameters averaged over three

sampling dates (May—June—July) in both years (2011-2012). Different lower-case letters (‘a’

point to the lower values) show the significant differences at P < 0.05 between Fallow (F),

Grazing (G) and Mowing (M) treatments obtained from REML analyses (n.s. — non-

significant).
Brachypodium site Festuca site REML

units Fallow Grazing Mowing [Fallow Grazing Mowing| F G M
Soil
pH (CaCly) 5.4 5.3 5.3 4.3 4.2 4.3 n.s.
Corg gkg! 426 452 41.4 31.0 306 32.0 n.s.
Niot gkg' 35 3.8 3.5 2.8 2.7 2.8 n.s.
Corg:Niot 120 120 11.9 111 112 11.3 n.s.
available P mgkg® 165 147 17.6 35.3 29.3 32.3 b a b
available K~ mgkg' 274 257 222 116 125 102 b b a
available Ca mgkg® 3484 3601 3254 934 759 1059 n.s
available Mg mgkg? 212 211 204 139 120 139 n.s
Plant biomass
N gkg' 174 157 15.9 20.3  16.2 16.4 b a a
P gkg! 14 1.3 15 1.8 1.6 1.6 b a ab
K gkg! 171 182 18.9 189  18.0 16.5 n.s
Ca gkgt 7.0 7.9 8.8 6.6 5.1 7.4 a a b
Mg gkgt 11 1.2 1.4 2.0 1.7 2.1 a a b
N:P 125 121 11.2 115 99 10.2 b a a
N:K 1.0 0.9 0.9 1.1 0.9 1.0 b a a
K:P 12.2 14.0 13.3 10.7 11.1 104 a b a
Harvested N gm? 4.9 4.2 4.1 5.2 4.9 4.1 b a a
Harvested P g m™ 041 035 0.38 0.46 0.49 0.41 n.s.
Harvested K g m™ 4.9 4.9 4.9 4.9 5.6 4.3 ab b a
HarvestedCa gm? 2.0 2.1 2.4 1.8 1.7 2.1 a a b
Harvested Mg g m™ 033 0.33 0.36 0.53 0.54 0.59 n.s.
DM biomass g m™ 292 274 268 271 322 273 n.s.




Table S5. Percentage contributions of the most abundant plant species in the samples of
aboveground biomass. Values represent means from all three sampling dates (May—June—
July) in both years of observation (2011-2012). Different upper-case letters within each site
indicate significant differences in contribution of species to community biomass (mixed effect
models with management as fixed effect while date and year as random effects, DF = 82).

Brachvpodium site

Festuca site

fallow grazing mowing | fallow grazing mowing

Grasses 53.9 38.7 35.0 344 44.6 32.9
Agrostis capillaris 0.2° 3.0° 1.0° 10.0*  13.4° 7.5°
Anthoxanthum odoratum 0.6% 1.72 45
Arrhenatherum elatius 0.9 1.9% 3.0° 4.1° 2.3 0.9°
Brachypodium pinnatum 40.9°  17.0° 14.3

Briza media 0.2% 1.6° 1.3

Dactylis alomerata 4.1° 1.2° 1.7° 1.3 3.4° 1.3
Festuca pratensis 3.0° 4.2° 1.6 1.3 3.7° 0.7%
Festuca rubra 2.42 3.1° 2.12 14.52 12.72 14.22
Holcus lanatus 0.6 2.0 5.5

Phleum pratense 0.3 1.6° 0.2%
Poa pratensis 0.5 1.0° 0.5°

Trisetum flavescens 1.1 3.7 4.0° 2.3% 5.8 3.6°
Legumes 11.0 5.7 7.8 2.9 0.9 2.3
Lathyrus pratensis 2.9° 0.9 2.3
Securigera varia 0.0 1.1° 0.1°

Trifolium medium 11.0° 4.6° 7.7%

Non-lequme forbs 25.7 37.6 43.3 53.0 40.3 53.4
Agrimonia eupatoria 2.8 2.1% 1.3

Achillea millefolium 2.0° 3.0° 3.1° 1.7° 1.7° 0.6°
Alchemilla spp. 10.9° 3.8° 9.0°
Anthriscus sylvestris 2.9% 0.7% 2.1° 2.0 1.28 0.4°
Centaurea jacea 4.2% 2.0° 4.8°

Centaurea stenolepis 9.4% 12.52 12.6%
Convolvulus arvensis 0.42 1.0° 0.3

Crepis biennis 0.0 1.7° 2.0°

Cruciata glabra 2.1° 0.7% 1.2%
Daucus carota 0.3 5.4° 2.6°

Euphorbia cyparissias 0.7% 7.1° 0.8

Fragaria viridis 0.2% 1.0° 0.5°

Galium verum 6.1° 6.2 15.0°

Heracleum sphondylium 1.0° 1.32 2.0
Hypericum maculatum 14.7° 4.4° 7.4°
Hypericum perforatum 0.42 0.9% 1.9°

Knautia arvensis 2.5 0.4° 2.7°
Leontodon hispidus 0.1% 3.2° 6.3°
Luzula luzuloides 0.8% 0.2° 2.3
Pastinaca sativa 3.7° 1.1 4.1°

Plantago lanceolata 0.0 1.2° 0.8° 0.2 0.9° 1.7°
Ranunculus acris 1.2 1.8° 1.9°
Ranunculus polyanthemos 0.9 2.7° 2.7°

Rumex acetosa 3.5 3.0° 1.7
Taraxacum sect. Ruderalia 0.3 3.1° 2.1°
Veronica chamaedrys 1.1° 1.5° 1.3° 2.6° 2.1% 1.5°
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Abstract

Plant variation in nutrient concentrations encompasses two major axes. The first is connected
to nitrogen (N) and phosphorus (P), reflects growth rate and has been designated as the leaf
economics spectrum (LES) while the second follows the gradient in calcium (Ca) and
magnesium (Mg), captures structural differences and mirrors phylogeny. Here, we tested
whether the sum Ca+Mg concentrations is a better indicator of digestibility than
recommended LES constituents. The two original LES constituents N and P explained 5.3 and
6.5% of the digestibility variation within date, respectively, while community leaf dry matter
content three times more. However, all recommended LES constituents were greatly
outperformed by Ca+Mg, which explained 43.3%. Thus, plant variation in partially
substitutable divalent cations seems to play a significant role in biomass digestion by
ruminants. This finding contests, together with recent litter decomposition studies, the

prominent role of the LES for understanding both fundamental ecological processes.

Keywords
Asterids, biomass, dicots, leaf dry matter content, leaf economics spectrum, monocots,

nitrogen, phosphorus, rosids, rumen liquor.

INTRODUCTION

The variation of plants in both structural and chemical attributes (Grime ef al. 1997; Agren &
Weih 2012) and the links from these attributes to ecological processes such as litter
decomposition and biomass digestion make up an enduring topic in functional ecology.
Partitioning plant chemical variation into principal components has revealed the importance
of two major axes. The first major axis reflects growth rate and is connected with nitrogen (N)

and phosphorus (P) concentrations, i.e. elements that are needed in the metabolism of nucleic
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acids and proteins. This axis characterizing differences between resource acquisitive and
conservative plants has been designated as the ‘leaf economics spectrum’ (LES) in a seminal
paper by Wright ef al. (2004) and has been further sometimes called the ‘slow — fast
continuum’ (e.g. Garnier et al. 2016). The second major axis was several times independently
identified to be related to phylogeny (the deep evolutionary distinction between
monocotyledons vs. dicotyledons) and the best described by a gradient in Ca and Mg
concentrations (Garten 1978; Grime et al. 1997; Agren & Weih 2012; Zhang et al. 2012). The
significance of the second axis for ecosystem functioning remains largely unrevealed,
probably due to the long emphasized need to filter out phylogeny when studying ecological
gradients (see de Bello et al. 2015).

However, several studies have identified Ca (Reich et al. 2005), Mg (Makkonen et al.
2012) or total base content (i.e. Ca+Mg+K; Cornelissen & Thompson 1997) as the best
predictors of litter decomposability. Similarly, biomass digestibility by ruminants has been
proved to be strongly correlated with foliar pH (Cornelissen et al. 2006), for which Ca and
Mg concentrations are important determinants (Pérez-Harguindeguy et al. 2016). Thus, for
both decomposability and digestibility, which have been shown to be related ecological
phenomena (Cornelissen et al. 2004), the second major axis of plant variation seems to be
very influential. However, extensive meta-analysis of litter decomposability (Cornwell et al.
2008), as well as studies of digestibility (Gardarin et al. 2014; Gos et al. 2016), have omitted
the importance of Ca and Mg (but see Garcia-Palacios et al. 2016). Current ecological theory
(Garnier et al. 2016) still focusses on the significance of the LES for both decomposition and
digestion and recommends its structural (leaf dry matter content, LDMC) and chemical
constituents (N and P concentration) as the best predictors of these ecological processes (e.g.

Lavorel & Grigulis 2012). In other words, plant biomass with high N, P and low LDMC
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should be the most decomposable and digestible. Is there a support for this paradigm in the
case of digestibility?

Plant tissue digestibility largely mirrors the proportion of cytoplasm and cell walls in
the material; thus the proportion of metabolic (leaves) to structural plant parts (stems) is
usually a good digestibility predictor at the plant level (Duru 1997; Bump et al. 2016). At the
community level (biomass sample is a mixture of different plant species), digestibility has
been shown to be connected with another measure of plant metabolic activity — community
weighted LDMC (Gardarin ef al. 2014). Samples with high community LDMC contain
mainly biomass of species possessing a high proportion of cell walls (low proportion of
cytoplasm). Such species are typified by low water content (small vacuoles), low
concentration of metabolic elements (N, P and K) and thus slow relative growth rate. In
summary, low community LDMC and high biomass N, P and K concentrations are useful
indicators of the most easily digestible part of plant tissue (cytoplasm). The proportion of
cytoplasm captures just one dimension of plant digestibility; the second dimension concerns
the composition of cell walls. There are numerous polymeric cell-wall compounds that
substantially decrease digestibility — especially lignin (Cornelissen et al. 2004), but this is not
easy to measure.

In this paper, we test whether digestibility can be predicted better using simple
biomass concentrations of Ca and Mg. Calcium concentration could indicate a potential for
cell-wall disintegration, because a large proportion of Ca (up to 50%, Hawkesford et al. 2012)
is present as a part of pectin. In cell walls of dicotyledonous plants, this polymer replaces the
structural role of lignin, but contrary to lignin it is easily water soluble and digestible (Ben-
Ghedalia ef al. 1989; Van Soest 1994). Magnesium in plant cells is especially required in
chlorophyll units (Conn & Gilliham 2010); its concentration has been shown to be connected

with larger epidermal cells and low leaf tensile strength (Grime et al. 1997). Thus, high Mg
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could coincide with high metabolic activity and suggest easily digestible plant material. We
hypothesised that the sum of Ca and Mg concentrations would provide a robust predictor of
digestibility. There exists abundant evidence from distinct scientific disciplines (Fig. 1),
which justifies considering Ca+Mg to assess plant digestibility. Among these evidence for
partial mutual Ca and Mg substitutability in structuring plant tissues of the same species (e.g.

Alonso & Herrera 2001; Brady et al. 2005) is the most compelling.

METHODS

Study sites and experimental design

The study was carried out in the White Carpathian Mountains situated in the borderland
between the Czech Republic and Slovakia using the experimental design described in detail in
Mladkova et al. (2015). Briefly, altogether 180 biomass and soil samples as well as
simultaneous vegetation records were collected from two long-term management experiments
during three sampling dates (May, June and July) in two years (2011 —2012). At both sites
sampling of first growth biomass at all three sampling dates was undertaken from
experimental plots managed since 2004 (i.e. 7 years) either by mowing, grazing or left
abandoned. Three sampling dates corresponded roughly with three key phenological stages of
the grass Dactylis glomerata L. For the first date, D. glomerata was at the start of stem

elongation, for the second in full flower and for the third date D. glomerata seeds had ripened.

Biomass chemical properties

Dry matter (DM) content of harvested biomass was determined by drying at 55 °C to constant
weight in order to calculate DM standing biomass at each subplot. The Kjeldahl method was
used to determine N concentration in DM biomass (AOAC 1984). To determine P

concentration, a biomass sample was mineralized by acid digestion, treated with
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molybdovanadate reagent and analyzed in a spectrophotometer (ICP OES analyzer, GBC,
Australia) at 430 nm (71/393/EEC). To determine K concentration, biomass samples were
ashed, dissolved in hydrochloric acid and analyzed by flame photometry in a
spectrophotometer in the presence of caesium chloride and aluminium nitrate (71/250/EEC).
To determine Ca and Mg concentrations, biomass samples were ashed, dissolved in dilute
hydrochloric acid and analyzed by atomic absorption spectrophotometry at 422.7 (ISO
6869:2000) and 285.72 nm (73/46/EEC), respectively. Digestibility was determined in vitro
using two techniques: rumen liquor fermentation (Tilley & Terry 1963) and the pepsin-
cellulase enzymatic procedure (Aufrére et al. 2007). The former is better suited for forages
containing a high proportion of dicotyledonous species due to its more realistic sensitivity to

plant secondary metabolites.

Community weighted plant traits
Prior to cutting of each forage sample, the proportion of biomass of all plant species present
was determined (see methodological details in Mladkova et al. 2015). Hence, from species
sample proportions and species specific values of LDMC stored in the LEDA database
(Kleyer et al. 2008) we calculated community weighted LDMC. Out of 128 plant species
recorded we extracted LDMC values for 112. The sum of species biomass proportions with
known LDMC always exceeded 80% of dry matter biomass (Pérez-Harguindeguy et al.
2016). In addition, species were assigned into four major informal phylogenetic groups (basal
eudicots, asterids, rosids and monocots) according to the most recent classification (APG IV
2016), in order to calculate group-specific weighted means of LDMC and compare them at
the plot level (alpha trait diversity sensu Ackerly & Cornwell 2007).

Further, we made a literature survey to find measurements of Ca and Mg

concentrations (shoot or foliar) for all our 128 recorded plant species (see Appendix S1 in
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Supporting information) excluding data from serpentine (ultramafic) bedrock, where plants
contain unusually high Mg at the expense of Ca (Brady et al. 2005). Concentrations were
found for 79 species. Due to high phylogenetic conservatism of both Ca and Mg (Thompson
et al. 1997) we used literature data of their closest relatives for the other 49 species. Both Ca
and Mg concentrations were used to calculate their community weighted means, in order to
find out whether actual Ca and Mg biomass concentrations could be predicted from species

specific literature measurements.

Data analysis

Digestibility strongly depends on season (phenology), thus in most cases we modelled
digestibility as residuals after filtering out the effect of sampling date but keeping the large
gradient between sites, years and management treatments. Further, we produced a conceptual
scheme that compares digestibility modelling in two distinct situations ‘within date’ (filtering
out sampling date) and ‘during the growing season’ (mixing all samples together). Normality
and homoscedasticity of residuals were always checked, and when necessary square-root or
logarithmic transformations were applied. Final models were selected according to the lowest
value of the Akaike Information Criterion (AIC). A summary of all models is presented in
supplementary information (Appendix S2). Finally, we produced a model using two variables
(one from ‘during season’ situation and one from ‘within date’ situation) with the help of a
contour plot, for which data were prepared in package akima (Akima 2015). Additionally, we
analyzed digestibility with mixed effect models (REML method) using package nime
(Pinheiro ef al. 2012), in which site, year and date were treated as random effects (Appendix
S3). This analysis was undertaken to demonstrate that sum Ca+Mg is a superior indicator of

digestibility also for the shortest ecological gradient, i.e. variation in biomass samples taken
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from one site in one particular date. All analyses were carried out with R 2.15.0 software

(Www.r-project.org).

RESULTS

Measurements of digestibility by both techniques (rumen liquor vs. enzymatic) were strongly
correlated (Appendix S4), thus when speaking about digestibility we further report the results
of the former technique as it is better suited for forage including dicots. Digestibility
measurements were in the range 48.7-67.4% and its values declined during the season (May
average: 60.8; June: 56.6 and July: 56.0%) as a function of biomass accumulation (Appendix
S4). Therefore, we demonstrated the power of constituents of the first major axis (biomass N

and P concentration, community LDMC) for explanation of digestibility in two distinct model

situations: ‘within date’ and ‘during season’ and compared it with the power of constituents of

the second major axis (biomass Ca and Mg, Ca+Mg).

In the case of ‘within date’ analysis, biomass N concentration explained some
variation in digestibility (Table 1), but its importance according to model AIC was rather
weak. Subsequent analyses revealed that N is a reliable indicator of digestibility only in early
spring — for May samples (Fig. 2a). A similar picture also appeared for P and K (Table 1,
Appendix S2 — Table S2); that is for all three metabolic nutrients undergoing severe dilution
during seasonal biomass accumulation (Appendix S5). When assessing digestibility ‘within
date’ biomass N, P and K concentrations captured only 5, 7 and 7% of variation, but ‘during
season’ they explained 39, 37 and 31%, respectively (Fig. 3). Nevertheless, the best
digestibility indicator ‘during season’ was dry matter biomass with R = 40% (Fig. 3), which
overshadowed the effects of N, P and K.

In parallel, ‘within date’ community LDMC described 18% of the digestibility

variation, more than N, P and K concentrations, but biomass proportion of dicotyledonous
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plant species largely exceeded its importance with R’ = 38% (Fig. 3; Appendix S2 — Table
S2). Further, community LDMC was shown to be a dependent upon the proportion of asterids
in the sample (Fig. 4a), because proportion weighted LDMC of monocots, rosids and asterids
coexisting in sampled plots clearly differentiated (Fig. 4b). Thus, it was not unexpected to
find that overall proportion of dicots (asterids + rosids + basal eudicots) explained 39% of the
variation in community LDMC (Fig. 3). Both these results helped to elucidate the low
potential of community LDMC in digestibility analyses. For LDMC, plant trait proved to be
useful for characterising acquisitive vs conservative life strategies in grasses, we newly
demonstrated its correlation with biomass Mg concentration extracted from the literature at
the species level (R° = 46%, Fig. 4c) as well as at the community level (R’ = 71%, Appendix
S6). However, this relationship was valid only for monocots (here represented by 19 grass
species and three other monocots).

Evaluating digestibility ‘within date’, the constituents of the first major axis (leaf
economics spectrum) were significantly outperformed by constituents of the second major
axis (Table 1). Moreover, the sum Ca+Mg greatly surpassed the effect of the single Ca as well
as Mg biomass concentrations (Table 1) and explained 43% of digestibility variation ‘within
date’, even more than biomass proportion of dicots (39%) (Fig. 3). Multiple stepwise
regression (Appendix S7) nicely documented that positive effect of dicots on digestibility was
largely covered by the sum Ca+Mg, because dicots as the second most suitable indicator were
not included in the final most parsimonious model. Moreover, Ca+Mg concentration
performed better than N as a suitable digestibility indicator in the separate analyses of three
sampling dates (Fig. 2b). Further, extraction of Ca and Mg species specific values from
literature enabled a calculation of community weighted mean of their sum (abbrev.

Cat+Mg com.w. in Table 1). Although this literature-based variable was closely correlated with

measured biomass Ca+Mg concentrations (Appendix S6), it was a much poorer digestibility
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indicator with R* = 17.9% (Table 1). Thus, explanation power of community Ca+Mg was
comparable with community LDMC (R = 17.5%), which was also not measured in situ but
taken from the LEDA traitbase.

In summary, analyses of both digestibility components (‘within date’ and ‘during
season’) detected that sum of Ca and Mg biomass concentrations and accumulated dry matter
biomass are the most important indicators (Fig. 3). Hence, the final model incorporating these

two parameters (Fig. 5; Appendix S2 — Table S6) was produced using following equation:

Digestibility = By + Pilog (dry matter biomass) + B, (biomass Ca+Mg concentration) + ¢

where Bo=91.2, By = -7.1 and B, = 0.74. This model (F = 135.3; P <0.001; R = 60%)
explained the digestibility of forages from species-rich grasslands without the need to know

the sample’s origin (site, grassland management, sampling year and seasonal period).

DISCUSSION

This study convincingly shows that the second major axis of plant variation created by a
gradient in divalent cations appeared superior to the first axis in its explanation of
digestibility. Specifically, biomass Ca and Mg concentrations (and especially their sum) were
much better indicators of digestibility (Table 1, Fig. 2) than N and P concentrations, i.e.
constituents of the first axis that form the leaf economics spectrum (LES) (Wright ef al.
2004). Such results oppose current ecological theory (Garnier et al. 2016), but they are not
surprising and unexpected. For instance, a synthetic paper by Cornwell et al. (2008) looking
at the association of different plant groups with decomposability (correlate of digestibility)
clearly demonstrated faster decomposition in forbs than in graminoids (the former having

much higher Ca and Mg concentration, e.g. Han ef al. 2011). According to hypothesized

10
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prominent role of the first axis, one might anticipate N fixers (with high N concentrations)
would have faster decomposition than non-fixers, but this was not the case (Cornwell ez al.
2008).

For both digestibility and decomposability many recent studies identified community
LDMC as the single best indicator (Pakeman et al. 2011; Freschet et al. 2012; Gardarin et al.
2014; Bump et al. 2016). Community LDMC explained digestibility (better than N
concentration) also in our study. Some authors consider LDMC having a key role in the slow-
fast continuum (Laughlin ef al. 2010; Hodgson et al. 2011, Lavorel & Grigulis 2012), thus it
could seem that LES controls rates of decomposition and digestion. However, our analyses
comparing LDMC of distant phylogenetic lineages co-occurring within plots (Fig. 4b) and
previous evidence by Ansquer et al. (2009) suggest that in species-rich systems gradients in
community LDMC mainly capture the phylogenetic differences. Asterids had on average
about 63 mg g lower LDMC than co-occurring rosids and about 100 mg g lower than
neighbouring monocots. Therefore, community LDMC was dependent upon the proportion of
asterids (Fig. 4a), which explained 74% of community LDMC variation. To our knowledge
LDMC was verified to be a good predictor of acquisitive vs conservative strategy only within
grasses (Pontes et al. 2007; Duru et al. 2010), but no study showed a LDMC connection with
the slow-fast continuum in dicotyledonous forbs. Given this evidence, it is questionable
whether community LDMC can be used as a constituent of LES (first major axis of plant
variation). Instead, we propose LDMC being a structural trait coupled with phylogeny and
with the second major axis of plant variation (i.e. variation in Ca and Mg). Indeed, even the
study by Laughlin et al. (2010), which wanted to justify LDMC as the constituent of LES,
unconsciously showed that only the major axis connected with LDMC significantly
discriminated between scores of monocots (graminoids) and dicots (forbs). Thus, it evidenced

that LDMC is not independent of phylogeny and therefore probably was not included in the

11
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standard set of traits originally defining LES (Wright et al. 2004) despite the strong literature
support of this trait preceding LES definition (e.g. Wilson ef al. 1999).

The significance of Ca and Mg concentrations have already been shown for litter
decomposability (Garcia-Palacios ef al. 2016), but this may be because biomass samples
always come from the same plant phenological stage (senesced leaves). For the assessment of
forage digestibility, it is crucial to know sampling date (phenological stage; see Gardarin et al.
2014). In this study, we adjusted sampling dates on sites according to phenology of Dactylis
glomerata (see Methods) and analyzed digestibility for two situations ‘during season’ and
‘within date’. The conceptual scheme (Fig. 3) reveals that N and P explained digestibility
reasonably only ‘during season’, i.e. when samples from May, June and July were mixed and
phenological differences were not taken into account. However, this effect can be ascribed to
nutrient dilution during biomass accumulation (Duru & Ducrocq 1997; Appendix S5 in this
study), and therefore it is no surprise that accumulated dry matter biomass was an even better
indicator of digestibility than N.

When looking for the indicators of digestibility ‘within date’ (filtering out effect of
phenology, i.e. sampling date) we verified some explanatory power of community LDMC, but
it was greatly outperformed by sample proportion of dicotyledonous species (Fig. 3). This
accords with the literature, because dicot digestibility has been shown to be systematically
higher than co-occurring grasses (Hebblewhite ez al. 2008; Duru et al. 2010). Nevertheless, a
leaf trait of some kind must underlie the better digestibility of dicots.

Our samples from studied species-rich grasslands contained on average 50% dicot’s
biomass (Mladkova et al. 2015). Sample proportion of dicots explained 52% of variation of
the sum Ca+Mg concentrations — the best digestibility indicator (Fig. 3) which indirectly
suggests that higher Ca and Mg concentrations in dicots (Broadley et al. 2004; Han et al.

2011) are at least partly responsible for higher sum of divalent cations and better digestibility.

12



Page 13 of 28

©CoO~NOUTA,WNPE

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

Ecology Letters

Concentrations of divalent cations are deeply phylogenetically conserved (see Thompson et
al. 1997; Zhao et al. 2016) so that the measured Ca+Mg in biomass samples was well
predicted by published Ca and Mg concentrations of individual plant species, i.e. by
community weighted Ca+Mg (Appendix S6). The high percentage of explained variability (R’
= 48%) in our dataset and small variation of both Ca and Mg in response to fertilizers (White
et al. 2012) give a potential to include leaf Ca and leaf Mg in the standard set of plant
functional traits and describe its utility in the new edition of the trait handbook (Pérez-
Harguindeguy et al. 2016).

Summarizing current evidence, we know that dicot’s pectin-rich cell walls are, in
contrast to lignin-rich walls of grasses, easily digested (Van Soest 1994). The proportion of
pectin in a dicot’s cell walls is correlated to biomass Ca concentration, since Ca ensures the
rigidity of pectin matrix (Maathuis 2009). Magnesium contribution to better digestibility is
apparent from greater explanatory power of the sum Ca+Mg than of single Ca concentration
(Table 1). Despite frequently reported correlation of Ca and Mg in plant biomass (e.g. White
et al. 2015), Mg importance for biomass digestibility is probably partly independent from Ca.
The extraordinary broad plant trait study by Grime ez al. (1997) showed Mg connection with
larger cells and low leaf tensile strength and here we newly uncovered (using literature data)
that high Mg concentration is connected with resource acquisitive species in monocots
(having low LDMC). This relationship emerged at both species and community level (Fig. 4c,
Appendix S6). Association of Mg with high metabolic rates (i.e. a high proportion of
cytoplasm) is corroborated by its need for photosynthesis as well as for energy transfer and
release from adenosine triphosphate (Maathuis 2009). Moreover, many plant species uptake
more Mg from soil solution when it is available in higher quantities at the expense of Ca
(Ericsson & Kahr 1995; Alonso & Herrera 2001, 2003), in order to ensure high growth rates

(Agren & Weih 2012). Indeed, in our experiments Mg was preferred by plants over Ca where

13
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its soil bio-availability was relatively higher (Table S1 in Mladkova ef al. 2015). At the
Brachypodium site Ca availability in soil was on average 16-times higher than Mg which
projected into plant biomass Ca:Mg ~ 7.6 whereas at the Festuca site Ca availability being
only 6-times higher than Mg resulted in biomass Ca:Mg ~ 5.0 (Appendix S8, this study).
General plant preference for Mg is firmly anchored in root cell physiology; there exist active
Mg transporters but only non-selective cation channels for uptake of Ca (Maathuis 2009).

Calcium and magnesium are coupled with high digestibility, not only due to their link
with easily dis-integrated cell walls (Ca) and high cytoplasm proportion (Mg), but also on
account of the ability of these divalent base cations to keep a neutral pH during digestion and
prevent rumen acidosis (Crawford et al. 2008). A pectin (and hence Ca) rich diet or feeding
ground dolomite (calcium magnesium carbonate) has been shown to create favourable
conditions for enzymatic digestion of cellulose, the main component of plant biomass (Ben-
Ghedalia et al. 1989; Crawford et al. 2008).

In conclusion, fundamental ecological processes such as biomass digestion by
ruminants and litter decomposition appear to be associated mainly with plant variation in Ca
and Mg concentrations (second major axis). Although community LDMC seems to be good
indicator of digestibility (Gardarin et al. 2014) as well as the related large herbivore
productivity (Pakeman 2014) and litter decomposability (Freschet ef al. 2012), this should not
be considered as a support for the importance of the LES (first major axis), because gradient
in community LDMC in species-rich systems appears bound with phylogeny and hence with
the second major axis. In a view of this new evidence we advocate to change the ecological
paradigm and re-evaluate the prominent role of LES for control of these processes in future

studies.
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Appendix S1. Average Ca and Mg biomass concentrations from published measurements for
all 128 recorded plant species
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Appendix S3. Summary of mixed effect models (Table S7)

Appendix S4. Analyses: Fig. Sla — relationship between digestibility measurements by two
techniques; Fig. S1b — decline of digestibility as a function of biomass accumulation

Appendix S5. Decline in concentrations of metabolic nutrients during season as a function of
biomass accumulation: Fig. S2a — N dilution; Fig. S2b — P dilution; Fig. S2¢ — K dilution.

Appendix S6. Analyses: Fig. S3a — relationship between monocot-weighted Mg
concentration and monocot-weighted LDMC; Fig. S3b — relationship between measured

biomass Ca+Mg concentration and community weighted Ca+Mg concentration
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Appendix S7. Multiple stepwise regression of digestibility ‘within date’.

Appendix S8. Analyses: Fig. S4 — relationship between measured Ca and Mg biomass

concentrations at the experimental sites.
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Table 1. Analyses of digestibility ‘within date’ (after filtering out the effect of sampling

period) using the set of plant traits connected with the first (N%, P% sensu Wright et al. 2004;

and LDMC sensu Hodgson et al. 2011) or second major axis of plant variation (Ca%, Mg%

and Ca+Mg%). The most parsimonious model is presented in bold; degrees of freedom =

1/178; giomass (%) = measured biomass concentrations; com. w. = community weighted mean.

Variable Interc. (SE)  Slope (SE) P R® F AIC
Constituents of the first major axis (leaf economics spectrum)

N Biomass (%) -3.05 (0.99) 1.79 (0.57) 0.002 53 10.0 933.6
P Biomass (%) -3.19(0.93) 20.7 (5.85) <0.001 6.5 12.5 9313
LDMC com. w. (gkg™) 12.6 (2.07)  -0.05(0.01) <0.001 17.5  37.8 908.8
Constituents of the second major axis

Ca siomass (%) -6.07 (0.66) 8.5(0.88) <0.001 354 933 867.6
Mg siomass (%) -6.80 (0.74) 43.1 (4.50) <0.001 34.0 91.8 868.6
Ca+Mg piomass (%) -7.81 (0.69) 8.96 (0.77) <0.001 43.3 136.1 841.3
Cat+Mg com. w. (%) -8.48 (1.41) 7.61(1.25) <0.001 17.9 3731 909.2
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Why consider the sum of Ca + Mg ?

Resource exploitative
monocots (low LDMC) ~
high Mg level®

leaves ~

[chots and monocots

high Ca concentratlon

in chlorophyl structure?

[ Mg ~ central element ]\A\

Ca + Mg

Plants with bigger cell size ~
high Mg concentration”

Ca and Mg ~
strong correlation?

Dicots plants ~
much higher Ca and Mg Ca and Mg ~
concentration than monocotsé the ability to replace
each other in plant cell?

Cell walls rich in pectin
(poor in lignin) ~
high concentration of Cas

Ca and Mg ~ the best pred|ctors
of litter decomposition®

1Grime et al. 1997;2 Garten 1978; 2 White et al. 2015; 3 Alonso & Herrera 2001; 3 Brady et al. 2005; 35 Hawkesword et al. 2012;
4 Makkonen et al. 2012; 4 Garcia-Palacios et al. 2016; ¢ Broadley et al. 2004; 7 Conn & Gilliham 2010; & Minson 1990; ° This study (Fig. 4 b)

Fig. 1. Overview of scientific evidence which supports the idea to consider sum of biomass

Ca and Mg concentrations for the explanation of digestibility.

24



Page 25 of 28

©CoO~NOUTA,WNPE

27 548

29 549
31 550
33 551
552
38 553
40 554
42 555
556
47 557
49 558

51 559

—_
Q
~

70 r

Digestibility (%)

50 r

(b)

~
[«)

Digestibility (%)

50 r
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three sampling dates (summary of models in Appendix S2 — Table S1).
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Fig. 3. Conceptual scheme showing the relationships between digestibility and its indicators
in two distinct situations: ‘during season’ and ‘within date’ (list of models in Appendix S2 —
Tables S2 — S3). The most important relations ‘during season’ and ‘within date’ are displayed
in yellow and blue, respectively; com. w. = community weighted mean; yion, w. = monocot

weighted mean.
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Abstract

Background: Current plant — herbivore interaction models and experiments with mammalian herbivores grazing plant
monocultures show the superiority of a maximizing forage quality strategy (MFQ) over a maximizing intake strategy (Ml).
However, there is a lack of evidence whether grazers comply with the model predictions under field conditions.

Methodology/Findings: We assessed diet selection of sheep (Ovis aries) using plant functional traits in productive mesic vs.
low-productivity dry species-rich grasslands dominated by resource-exploitative vs. resource-conservative species
respectively. Each grassland type was studied in two replicates for two years. We investigated the first grazing cycle in a
set of 288 plots with a diameter of 30 cm, i.e. the size of sheep feeding station. In mesic grasslands, high plot defoliation was
associated with community weighted means of leaf traits referring to high forage quality, i.e. low leaf dry matter content
(LDMC) and high specific leaf area (SLA), with a high proportion of legumes and the most with high community weighted
mean of forage indicator value. In contrast in dry grasslands, high community weighted mean of canopy height, an estimate
of forage quantity, was the best predictor of plot defoliation. Similar differences in selection on forage quality vs. quantity
were detected within plots. Sheep selected plants with higher forage indicator values than the plot specific community
weighted mean of forage indicator value in mesic grasslands whereas taller plants were selected in dry grasslands. However,
at this scale sheep avoided legumes and plants with higher SLA, preferred plants with higher LDMC while grazing plants
with higher forage indicator values in mesic grasslands.

Conclusions: Our findings indicate that MFQ appears superior over Ml only in habitats with a predominance of resource-
exploitative species. Furthermore, plant functional traits (LDMC, SLA, nitrogen fixer) seem to be helpful correlates of forage
quality only at the community level.
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strategies, maximizing intake (MI) or maximizing forage quality
(MFQ), may be adopted by herbivores under different environ-
mental conditions [8-10]. The effectiveness of these strategies has
been tested in models of plant — herbivore interactions [11,12] that

Introduction

The processes influencing patterns of diet selection have been
brought together in optimal foraging theory which states that diet

selection of a herbivore is influenced by the trade-off between the
benefit of consuming a preferred diet, and the cost of handling and
searching for it [1]. The diet composition selected by herbivores,
therefore, usually substantially differs from the theoretically
preferred diet, i.e. forage that the animals select when given a
minimum of physical constraints. In heterogeneous grasslands, a
herbivore’s selection of the best quality components is impeded by
their low abundance [2] and/or complex spatial distribution [3,4].
Especially in species-rich grasslands herbivores must solve two
opposing problems: obtaining maximum quality and sufficient
quantity (see review by Hejemanova & Mladek [5]). This implies a
trade-off in decision making which operates hierarchically at
several spatial and temporal scales [6,7]. Two contrasting foraging

PLOS ONE | www.plosone.org

each predicted the superiority of a MFQ over a MI strategy.
Experiments with mammalian herbivores grazing plant monocul-
tures [7,13,14] have also shown the superiority of a MF(Q) strategy.

Within a diverse grassland productive plant species or
vegetation patches (favoring higher intake of biomass by herbi-
vores) typically have high concentrations of fiber and low
concentrations of nutrients, thus cause slower passage and
digestion rates. Conversely, highly digestible plants/patches are
often less productive (due to their short-living tissues) and allow
only low intake rates [15]. It has been suggested that diet selection
can be explained by the energy gain maximization hypothesis at
all spatial scales [16]. However, the finer the scale the smaller the
associated costs and benefits of selection, and the harder it is to
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assess them by the animal [17]. Therefore, differential defoliation
of feeding stations (defined as the area available to a herbivore
without moving its front feet [6]) within a paddock might be ruled
by the marginal forage value which needs to be determined first by
sampling [10]. On the other hand, selection of plants within a
feeding station seems to be ruled by the momentary maximization
hypothesis [6], which assumes that herbivores instantaneously
select relatively better forage from an array of plants that it can
reach without moving. When the best remaining item at the
feeding station is below a certain threshold, or when the rate of
forage acquisition at that station falls below that threshold, the
animal moves forward, establishing a new feeding station at which
diet selection proceeds again [1]. As resources are gradually
depleted, herbivores must return to sampling and generate a new
threshold value [18]. Therefore a herbivore’s short-term selection
pattern may substantially differ from the long-term pattern and,
for instance, general recommendations for pasture management
based on outcomes of diet selection studies performed over only a
few days may be misleading.

In species-rich grasslands, the MFQ — MI dilemma has been
addressed only in a few controlled experimental [9,19] or
observational [8] studies assessing diet selection in single vegeta-
tion units. Diet selection strategies have rarely been compared
between communities (but see [20]), probably as a result of
difficulties in assessing both quantity and quality in fine-grained,
heterogeneous environments. Standing biomass and compressed
sward height [2]] are mainly used as indicators of forage
availability (quantity). Organic matter digestibility has been highly
recommended as an indication of forage quality [15,22], but this is
not easily measurable and also does not usually exactly reflect the
plant’s palatability for herbivores [14]. Under field conditions
palatability is affected by many plant mechanical structures (e.g.
thorns, hairiness, rosette leaves) which are not assessed by
laboratory measurements of forage quality. An alternative method
for direct comparison of diet selection across distinct vegetation
units has become available recently due to the development of
plant functional classifications [23] and freely accessible databases
of functional trait values for common European species [24,25]. At
the species level forage quantity has been recognized as correlated
with canopy height [26]. Organic matter digestibility, at least for
grass species, negatively correlates with leaf dry matter content
(LDMC) and positively with specific leaf area (SLA) [27]. A
herbivore’s selectivity for these leaf traits, which are considered the
best indicators of resource exploitative vs. conservative strategies,
remains largely untested (but see [12,28,29]). Forage quality is also
modified by the maturity of species [14], and hence the diet
selection pattern of certain herbivores is principally ruled by
flowering period [15,30]. Another informative measure of forage
quality would be the forage indicator value [31], which is freely
accessible for most Central-European grassland species in BiolFlor
database [24] and is currently widely used in field studies [32,33]
and models of plant — animal interactions [34]. This expert-based
ordinal classification of grassland species originally developed by
Klapp [35] is based on information of protein and mineral
biomass concentrations, leaf/stem ratio, palatability, accessibility
and seasonal duration of the plant’s forage value for livestock.

The principal aim of our research was to compare patterns of
diet selection in two different grassland types, mesic Arrhenatherion
and dry broad-leaved Bromion grasslands, using plant functional
traits. The selected grassland types provide distinct levels of both
forage quantity (annual biomass production 4-6 t/ha in
Arrhenatherion and 1-3 t/ha in Bromion grasslands [36]) and forage
quality (during May and June ~70% organic matter digestibility
in Arrhenatherion and ~60% in Bromion [37,38]). This distinction is
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connected with dominance by resource exploitative (e.g. Dactylis
glomerata, Poa pratensis) vs. resource conservative (e.g. Brachypodium
pinnatum, Bromus erectus) species [39]. Both types are widespread in
Central and Western Europe and very often serve as extensive
sheep pastures [38]. As sheep (Ouis aries) are able to select better
quality components at several spatio-temporal scales [7,13], we
suppose that sheep adopt different foraging strategies in order to
exploit differently allocated energy resources most efficiently. We
addressed the following hypothesis: as mesic grasslands provide a
sufficient amount of available biomass of high quality, sheep here
selectively feed on high quality plots/plant species (adopting the
MFQ strategy), in contrast, sheep grazing dry grasslands with
generally low forage quantity and low quality select plots/plant
species of greater biomass in order to fill their intestinal capacity
and fulfill their basic metabolic requirements (adopting the MI
strategy).

Materials and Methods

Study sites

Two distinct grassland types, mesic and dry grasslands, were
selected to study grazing seclectivity by sheep in the White
Carpathians Mountains which are situated in the borderland
between the Czech Republic and Slovakia. Within each grassland
type, two independent sites were selected (Table 1). Mesic
grasslands of the Awhenatherion elatioris Luquet 1926 alliance
included grassland ‘Mesicl’ (Brumov — Nad tunelem,
49°05'28"N, 18°01'40"E) and grassland ‘Mesic2’ (Petruvka,
49°06'00"N, 17°49'00"E) with lower mean annual temperatures
and higher mean annual precipitation than selected dry grasslands
[40]. Dry grasslands of the Bromion erecti Koch 1926 alliance were
represented by grassland ‘Dryl’ (Brumov — Klobucka,
49°05'57"N, 18°01'55"E) and grassland ‘Dry2’ (Suchovské Mlyny,
48°53'19"N, 17°33'50"E). All four sites had been unmanaged for
~15 years prior to the start of the study, therefore tall vegetation
has established in all grasslands. Extensive rotational grazing with
two grazing cycles per year was applied at all study sites.
Approximately 80 cross-breed sheep of Walachenschaf, Merino-
landschaf, Romney and Suffolk breeds grazed a 2-ha paddock for
one month at each study site. All grasslands possess haplic
cambisol soils developed on tertiary flysch sediments, consisting of

Table 1. Characteristics of sites within both grassland types,
biotic parameters averaged over both years of observation.

Mesic1 Mesic2 Dry1 Dry2
Altitude (m a.s.l.) 370 450 370 390
Aspect NW E SW SSwW
Inclination (°) 19.0 15.3 17.9 18.8
MAT (°C) 6.9 6.8 79 7.7
MAP (mm) 800 780 760 730
Herb layer cover (%) 85.1 86.6 78.8 83.5
Moss layer cover (%) 57 13.1 34.1 30.9
Species richness (per site/0.07 m?)  66/10 62/12 66/9 65/11
CSH before grazing (cm) 87*29 6.6*t22 104*27 89*20

CSH after grazing (cm) 103+42 63*27 11.6+39 81*23

Note: MAT - mean annual temperature, MAP — mean annual precipitation [40],
CSH - compressed sward height measured with rising-plate meter [21]: figure
behind ‘*’ standard deviation.

doi:10.1371/journal.pone.0069800.t001
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alternating sandstone and rock clay layers of variable thickness

[38].

Ethics statement

In all four sites our experiments were approved by private
landowners, farmers and by the Administration of the White
Carpathian Landscape Protected Area. All experiments were
conducted in cooperation with farmers, who owned the grazing
animals and supplied them regularly drinking water and mineral
supplements. Sheep grazing was carried out in strict accordance
with animal welfare and the recommendations stated in “The
principles of good agricultural practice’ (Government Regulation
No. 241/2004). The approval of the Animal Care and Use
Committee of the Czech Ministry of the Environment was not
necessary, because according to Czech law No. 246/1992 (815:
Protection of experimental animals, point 3f) permission is not
needed when the acts do not cause the animal pain, suffering,
distress or lasting harm.

Experimental design and species data collection

Four 34-meter parallel transects were marked out in each
grassland. Transects followed the slope upwards and were placed
two meters from one another. 18 permanent circle plots situated
two meters apart were established on each transect and marked
with an iron nail in the soil. The circle plots were 30 cm in
diameter in order to approximate the plot to the sheep’s feeding
station. In this rectangular grid of 72 monitoring plots we recorded
the cover of the herb layer and moss layer. Further, species
biomass proportions in each plot were estimated using a calibrated
weight-estimate method [41]. At first, visual estimates of the
absolute biomass of a species were calibrated by clipping and
weighing in several training plots. When consistent estimates were
attained, direct estimations of species proportions in the biomass of
the studied plots were undertaken. Data collection prior to grazing
was undertaken from 7 to 11 May at all sites in both years. We
studied the effect of the first grazing cycle for two years (2005 and
2006) in one paddock at each site. Therefore, the rate of species
defoliation was estimated using a grazed-class method [42] after
one month of extensive sheep grazing for each species within each
plot from 8 to 15 June. In order to avoid incorrect judgments we
decided to select three broad classes of species defoliation: intact
~0% (0-1%; because of possible insect or snail defoliation),
touched ~20% (1-40%), and eaten ~75% (40-100%; percentage
mean moved to 75% due to slightly higher frequency of severely
defoliated plants) of aboveground plant biomass grazed. The scale
of species defoliation was determined visually by comparison with
undefoliated plants in the neighboring paddocks grazed immedi-
ately after the experimental ones. The 21 most abundant species
which were common in both sites of mesic type and 21 most
abundant species common in both sites of dry type are given in
Appendix S1 (see Supporting Information).

Furthermore, the compressed sward height (CSH) was mea-
sured with a rising-plate meter (plate diameter 30 cm, weight
0.2 kg [21]) in each plot before and after the first grazing cycle.
Comparison of CSH measured before and after grazing allowed
for an estimation of the overall grazing intensity.

Functional classification of species

The following traits (Table 2 contains their abbreviations used
further in the Figures) were extracted from BiolFlor database [24]
for all 139 herbaceous plant species occurring in all grasslands and
years: guild (its detailed classification was converted to three
broader classes — grasses: Poaceae family, legumes: Fabaceae family,
forbs: all other herbaceous species), forage indicator value (ordinal
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Table 2. Plot defoliation, biomass proportions of plant
taxonomic groups and plot community weighted means of
traits (including their abbreviations) averaged over both sites
and years within grassland type, standard deviation in
parentheses.

Grassland type

Unit/

range Mesic Dry
Plot defoliation % 54 (18) 47 (19)
Grasses % 45 (21) 52 (21)
Legumes % 9 (10) 10 (11)
Forbs % 46 (20) 38 (19)
Canopy height (Canopy) m 0.42 (0.08) 041 (0.08)
Forage indicator value 1-9 53 (1.1) 4.4 (0.8)
(Forage)
Onset of flowering (Flower) 1-12 5.5 (0.3) 55 (0.3)
Leaf dry matter content mg gﬂ 258 (28) 293 (28)
(LDMQO)
Specific leaf area (SLA)
mm? mg™~’ 217 (2.1) 204 (1.8)

doi:10.1371/journal.pone.0069800.t002

scale from 1 indicating the lowest forage value to 9 indicating the
highest value), onset of flowering (ordinal scale, in months); from
the LEDA traitbase [25]: specific leaf area, leaf dry matter content
and canopy height (distance between the highest photosynthetic
tissue and the base of the plant).

Assessment of selection of plots within grassland type
In order to analyze sheep diet selection at the scale of a paddock
(between plots), plot defoliation PD; was calculated as follows:

PD;=3 " (pixg) )

where p; was the proportion of species 7 in plot j and g; was the rate
of defoliation of species 7 in plot j (three classes converted into
percentages— 0, 20, 75), n was the number of species in plot ;.
Thus, plot defoliation could range between 0 and 75%. Further,
we investigated the importance of plant functional traits for plot
defoliation. Many studies have made evident that functional trait
values of species may be scaled up to community weighted
functional properties by weighting according to relative species
abundances [23]. Therefore, community weighted means 4; of the
above traits were calculated for each plot j as follows:

Aj= 3 pixn) @

where p; was the proportion of species ¢ in plot j, {; was the trait
value of species 7, n corresponded to the number of species in plot ;.

Assessment of selection of taxonomic/functional groups
of species within plots

Sheep selectivity within plots was evaluated using two different
approaches: analyzing the selection of taxonomic group of species
(grasses, legumes, forbs) and analyzing the selection of sum of
species possessing higher trait values than the plot specific
community weighted trait mean. Adopting the first approach,
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we looked at exclusive selection of taxonomic groups of species.
This was done accordingly: biomass proportions of species in the
plot as well as the proportions of species in the diet were
aggregated into the following pairs: grass : non-grass, legume :
non-legume, forb : non-forb. Selectivity was assessed using Jacobs’

selectivity index D: [43] which ranges from —1 (absolute
avoidance) to +1 (absolute preference).
Di=(ri—pi)/(ri+pi—2xri x p;) A3)

where p; was the biomass proportion of grasses (or legumes or
forbs) in the plot and 7, was the proportion of the same group in the
sheep diet in the respective plot. Before Di computation the 7; was
calculated separately for each plant species : using individual
estimates of species defoliation rate g; as follows:

ri=ixg)/ Y (pixg) (4)

where 7 was the number of species in the plot.

The second approach was based upon the concept of
momentary maximization at a feeding station [6]. This concept
stimulated us to analyze which plant traits correlate to the sheep’s
perception of their feeding station (circle plot 30 cm in diameter)
and hence are likely to drive its selection. According to the
momentary maximization hypothesis a herbivore instantaneously
selects relatively better forage from an array of plants that it can
reach without moving, thus we computed community weighted
trait mean at each plot (plot specific) and compared the trait values
of all plant species present in the plot with this plot specific
community weighted trait mean. For example, all plant species
taller than the community weighted mean of canopy height in plot
number 1 were put into one group and Jacob’s selectivity for this
group was calculated (this procedure was applied also in plot
number 2, 3 ... 288). In general, selectivity was calculated for the
group of species possessing higher trait values ¢ than the plot
specific community weighted mean 4;. First, proportions p; of &
species in plot j with higher trait values than plot specific
community weighted mean A4; were summed:

k
=Y pilti>4; )

Further, diet proportions 7; of k£ species in plot j were summed as
follows:

k
Rj= Zi:lri‘li>Aj (6)

Jacobs’ selectivity from proportions P and R in plot j was calculated
using equation 3.

Statistical analysis

As our dataset involved random effects, statistical analyzes were
done with linear mixed effects models [44] where normality and
homoscedasticity of residuals were always checked. First, we
analyzed plot defoliation across both grassland types and
subsequently performed the same analysis of plot defoliation for
mesic and dry grassland types separately. Plot defoliation was the
dependent variable, community weighted means of quantitative
traits and the biomass proportions of taxonomic groups were
considered as separate fixed effects while site code in a given year
of observation as the only one random effect, because there was no
spatial or temporal autocorrelation of plot defoliation at any site.
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Analyzing diet selection within plots, sheep selectivity for plant
traits was compared for mesic and dry grasslands using linear
mixed effect models where Jacobs’ D was the dependent variable,
grassland type (mesic and dry) was treated as a fixed effect, while
site code in a given year of observation was used as a random
effect. Jacobs’ selectivity for a particular trait was considered
significantly positive/negative if the confidence interval did not
involve a zero value [20]. Quantitative comparison of Jacobs’ D
values from different samples was appropriate as only two food
types (e.g. grass vs. non-grass; group of species with higher LDMC
than plot specific community weighted mean vs. group of species
with lower LDMC than plot specific community weighted mean)
were considered [45]. Linear mixed effects models were performed
with R 2.10.1 software (www.r-project.org) using the ‘nlme
package’ [46].

Results

Functional characteristics of grassland types and
comparison of grazing intensity

The investigated grasslands showed similar abiotic characteris-
tics (Table 1), but both dry grassland sites had higher mean annual
temperatures, lower precipitation rates and a south-western aspect.
Moreover, in the dry grasslands we recorded a lower cover for the
herb layer, a higher cover of moss, lower community weighted
means of forage indicator value and SLA, and a higher community
weighted mean of LDMC (Table 2).

Comparison of compressed sward height before and after
grazing (Table 1) showed that within each grassland type there was
one site with greater grazing intensity (decreased average CSH
after grazing in Mesic2 and Dry2) and one site with more
extensive grazing (increased CSH in Mesicl and Dryl). Therefore,
patterns of diet selection in grassland types cannot be a product of
grazing intensity.

Diet selection between plots

At first, plot defoliation was compared across both grassland
types using a mixed effect model where grassland type, community
weighted means of quantitative traits, biomass proportions of
grasses and legumes and their first order interactions with
grassland type were used as fixed effects (AIC =4890.03).
Simplification of the model using the Maximum Likelihood
method [44] led to the final model (AIC=4852.90) where
grassland type, canopy height, forage indicator value, onset of
flowering, LDMC, the proportion of grasses and only two
interactions with grassland type remained (type : canopy height,
P<0.001; type : forage indicator value, P=0.003). Significant
interactions of both canopy height and forage indicator value with
the grassland type were evidence that sheep employed different
quantity/quality strategies when grazing mesic and dry grasslands.
The considerable effect of grassland type on diet selection is clear
from the different slopes of the regression lines (Fig. 1). Canopy
height was not important for plot defoliation in mesic but
increased plot defoliation in the dry grassland type. Forage
indicator value enhanced plot defoliation in mesic, but was not
important in dry grasslands.

Inspecting plot defoliation with separate mixed effect models
(Table 3) we revealed that different community weighted means of
traits affected the pattern of sheep diet selection in mesic and dry
grasslands. In the mesic type, the most pronounced was the
positive effect of forage indicator value, followed by the negative
effect of LDMC and positive effects of SLA and the proportion of
legumes. In the dry type, plot defoliation was promoted the most
by greater canopy height, then by the proportion of grasses and
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later onset of flowering whereas a high proportion of forbs reduced
sheep grazing on a plot.

Diet selection within plots
Evaluating the selection of the taxonomic groups of species
(Fig. 2A) we detected positive selection of grasses while avoidance

Table 3. Linear mixed effect models where plot defoliation
was dependent variable and every biomass proportion of
taxonomic group or community weighted mean of
quantitative trait was treated in the separate model and
considered as fixed effect, while site code in a given year as
random effect (degrees of freedom 1, 283).

Mesic grasslands Dry grasslands

Effect F P-value  Effect F P-value
Biomass proportions of taxonomic groups
Grasses 0.01 0.94 =+ 7.07 0.0083
Legumes + 10.44 0.0014 0.30 0.59
Forbs 244 012 - 8.25 0.0044
Community weighted means of quantitative traits
Canopy 115 0.28 + 9.69 0.002
Forage + 75.77 <0.001 130 025
Flower 119  0.28 + 434 0.038
LDMC - 16.49 <0.001 0.01 0.94
SLA + 1543 <0.001 0.02 0.90

doi:10.1371/journal.pone.0069800.t003
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of legumes (more pronounced in mesic grasslands) and forbs (more
pronounced in dry grasslands).

Furthermore, consistently with diet selection between plots the
within plot analyzes of functional traits showed a clear trade-off in
selection on quantity in dry vs. quality in mesic grasslands (Fig. 2B).
In the dry grasslands, with regard to the plot specific community
weighted mean, sheep selected plant species with greater canopy
height but not with higher forage indicator value (confidence
interval involved zero). In the mesic grasslands, sheep exhibited a
stronger positive selection of species with higher forage indicator
value compared to dry grasslands (marginally significant
P=0.069), and also selected species with greater canopy height
but substantially less strongly than in the dry grasslands. Further,
correspondingly to the pattern between plots, sheep selected plant
species with a later onset of flowering only in the dry grasslands.
Contrary to the selection between plots we found unexpectedly
positive selection of species with higher LDMC and rather
negative selection of species with higher SLA within plots in both
mesic and dry grasslands.

Discussion

Our results indicate how foraging strategies of herbivores
change according to the plant trait assembly, iec. community
weighted means of plant traits which are known to correlate with
the quantity and quality of available resources. As we had
assumed, the selected mesic grasslands were differentiated by
higher community weighted means of forage indicator value and
SLA, and a lower community weighted mean of LDMC (Table 2)
— le. indicators of higher forage quality [27,47]. The supposed
higher forage quantity (availability) in mesic grasslands was not
due to vegetation height, as the community weighted mean of
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canopy height was in a similar range in both grassland types,
probably because all sites had been unmanaged for a long time
and tall species were favored. The higher quantity of forage in
mesic grasslands was therefore due to higher vegetation density.
We had assumed that different biomass would be well reflected by
measurements of compressed sward height [21], but this was not
the case because more rigid stems in dry grasslands probably
magnified the measurements. Hence, the higher availability of
forage for sheep in mesic grasslands was indicated by a higher
cover of the herb layer. Moreover in dry grasslands, we recorded
an average cover of the moss layer of almost three times higher
than that in the mesic grasslands (Table 1), and high bryophyte
biomass has been shown to be a good indicator of low herb layer
density [48]. Our assumptions were met; sheep appeared to use
the MIFQ) strategy in the mesic grasslands whilst they used the MI
strategy in dry grasslands consistently across different spatial scales.
This finding corresponds to the conclusion that smaller-bodied
‘large herbivores’ such as sheep are able to perceive and exhibit
selectivity at multiple scales simultaneously [7]. Sheep exhibited a
consistent pattern of selection at the community level (selection
between plots) and at the plant level (selection within plots, i.e.
feeding stations). Our findings might seem contradictory to the
study by Thomas et al. [14], who reported higher sheep preference
for highly nutritious plants when the vegetation was of low quality.
However, their conclusions are based on an experiment in which
sheep had free access to plant monocultures of equal size, so that
the sheep grazing pattern was not constrained by low quantity
and/or dispersed distribution of preferred plant species. Therefore
these different conclusions are the consequence of preference and
selection concepts, and direct comparison of their outputs deserves
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further attention (up to now done only for invertebrate herbivores

[12]).

Diet selection between plots - community level

As mesic grasslands provided forage of relatively high quantity
sheep should benefit from a larger selection on quality. Indeed,
sheep selected plots with higher forage indicator value, higher
SLA, lower LDMC and lower canopy height (Table 3) which is in
line with results of a study from fertile Argentinean steppe [28]
that related community weighted means of traits and sheep
selectivity. This foraging strategy corresponds to predictions from
the dynamic model by Hutchings and Gordon [11] and empirical
results by Garcia et al. [13], who both concluded that the MFQ
strategy is the most efficient strategy for grazing throughout the
secason whatever the stocking rate. In dry grasslands, however, it
seems that the cost paid by sheep for searching and/or handling of
higher quality plots was not compensated by respective energy
gain. This was probably because of the low forage quality (as
shown by the low forage indicator value). In addition, low levels of
plant biomass made it rather more efficient for sheep to maximize
energy gain by selecting plots of higher quantity — i.e. plots with
greater canopy height (cf. [2,9,49]). Sheep diet selection was
associated with high proportion of grasses but also with later onset
of flowering in dry grasslands (Table 3) which may indicate that
beside a prime focus on forage quantity, sheep tended to maintain
the quality of their diet as the later flowering species often exhibit
better nutritional value in spring than early flowering species [50].

Diet selection within plots — plant level

Selection in a heterogeneous environment, where each species
occurs with different abundance, should be evaluated with a
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suitable selectivity index. We chose Jacobs’ selectivity index rather
than other indices for its low sensitivity to variations in relative
species abundances [10,45]. Grasses were selected within plots
mstead of dicotyledons (both legumes and forbs) in both grassland
types (Fig. 2A), which might be attributed to the period of grazing
as several studies of sheep diet selection recorded that the initial
spring preference for grasses shifted to dicotyledons in summer
[8,51]. Probably, during our first grazing cycle (7-11 May until 8
15 June), the grass biomass had sufficient digestibility and sheep
were not yet forced to choose dicotyledons, which maintain their
nutritive value longer in the season [52], but may cause digestive
problems due to secondary metabolites [22].

Many studies have shown a preference of sheep for legumes
when grown with grasses [2]. Although sheep preferred plots with
a high proportion of legumes (in mesic type), this group of plants
was avoided within plots. Such a discrepancy can be explained by
legume’s ability to enrich soil with nitrogen and thus support
growth and leaf nitrogen concentration of neighboring species
[53]. Thus, sheep selectivity of plots with a high proportion of
legumes might be rather caused by this indirect effect than by
forage quality of diverse legumes in semi-natural grasslands which
is on average much lower than that of Trfolium repens, commonly
used as the legume in diet selection studies.

Assessment of product of maximizations within plot -
significance of functional traits

The momentary maximization hypothesis [6] assumes that a
grazing animal selects a diet from a sensorially defined array of
plants that it can reach without moving (i.e. within the feeding
station). Although we did not observe the instantaneous decisions
of animals within the feeding station, we were interested in the
final effect of several momentary decisions made by different
animals during the first grazing cycle in our permanent plots
(30 cm in diameter). We supposed that sheep are able to perceive
an ‘average forage value’ and select relatively within a plot. In
order to assess a product of all within-plot momentary maximi-
zations, we performed an analysis of selection for the sum of
species possessing a higher trait value than the plot specific
community weighted mean (see Methods). The results revealed the
importance of plant traits for relative within-plot selection over a
one month period. Even in this aspect of selection, sheep applied
the MFQ strategy (indicated by forage indicator value) in mesic
grasslands and the MI strategy (canopy height) in dry grasslands
(Fig. 2B). Moreover, within plots sheep also favored later flowering
species in dry grasslands, and thus confirmed that early
phenological stages of plants are preferably grazed by herbivores
as these should have higher nutritional quality in terms of available
energy and protein [30].

As for grasses digestibility negatively correlates with LDMC and
positively with SLA [27], positive selection of plant species with
higher SLA or lower LDMC might be expected [29]. However,
reverse patterns of selection were found within plots (Fig. 2B).
Such a result could be attributed to the high proportion of the
grassland biomass created by dicotyledons (55 and 47% of the total
in mesic and dry grasslands, respectively). Moreover, by analyzing
species pools at each site we found no relationships between
species forage indicator value and SLA or LDMC. Consistent with
our results, Cingolani et al. [28] reported that SLA is not a good
predictor of forage quality at the plant level as sheep surprisingly
selected plants with tougher leaves. This is in line with positive
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selection of plants with higher LDMC within plots in both our
grassland types, and corresponded to positive selection of grasses
instead of dicotyledons (Fig. 2A) as grasses occurring within the
grassland patch generally possess higher LDMC than their
surrounding dicotyledonous neighbors [54].

Conclusions

We have shown here, for the first time to our knowledge, that
foraging strategies of selective mammalian grazers such as sheep
might be modulated by plant trait assembly. Although studied
species-rich grasslands (on average 65 species per site) shared
many plant species (Appendix S1), the predominance of resource-
exploitative or resource-conservative plants led sheep to adopt
different foraging strategies. When forage is abundant and offers a
choice of highly nutritious species, the MFQ) strategy appears to be
the most favorable. On the other hand, if the sward consists mainly
of species of low forage indicator value the MI strategy seems to be
more efficient in maximizing energy gain. Such contrast in
herbivore exploitation of abiotically divergent habitats may be
likened to differences between the MFQ strategy adopted in spring
and the MI strategy being valid in autumn and winter [8,10].
These temporal alterations of foraging strategies are related to
high food availability and high quality in spring in contrast to low
availability and low quality late in the season. Such temporal
differences are analogical to the differences in forage character-
istics between mesic us. dry grasslands which are induced by
divergent environmental conditions. The point where the shift
between MFQ and MI strategies occurs will likely vary depending
on the size of the herbivore: smaller herbivores will be capable of
continuing longer with the MFQ) strategy as overall forage quality
declines (cf. [7]). We advocate performing more studies of diet
selection in semi-natural grasslands differing in plant trait
assembly, this could provide better understanding of various
grazer effects under different environmental conditions, which has
puzzled ecologists for a long time [28,50,55,56] and remains to be
fully resolved.

Supporting Information

Appendix S1 Frequency and biomass proportion of the
most abundant plant species. Note: Original dataset is not
deposited in publicly available resources as this is not required in
the field of ecology, but we are willing to provide it to any scientist
who will be interested in.
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GRASSLAND RESPONSE TO LONG-TERM MANAGEMENT AND LEVELS OF NUTRIENTS IN
STANDING BIOMASS

Jan Miladek’, Pavla Mladkova?, Michal Hejcman?3, Stanislav Hejduk*, Vilém Pavl(?3, Martin Duchoslav’

" Palacky University, Department of Botany, Olomouc, Czech Republic; 2 Czech University of Life Sciences, Department of Ecology, Prague, Czech
Republic; ® Crop Research Institute, Prague, Czech Republic; 4 Mendel University, Department of Animal Nutrition and Forage Production, Czech Republic
(corresponding author: jan.mladek@upol.cz)

Keywords: Grazing, Fallow, Leaf dry matter content, Mowing, Standing biomass.

On a large scale, it is recognized that community-weighted leaf dry matter content (community LDMC) is negatively related
to grassland productivity and N, P and K concentrations in biomass. Hence, higher total levels of nutrients in above-ground
standing biomass should be linked to lower community LDMC. However, current research has provided evidence that
community LDMC is substantially modified by a defoliation regime. We asked whether management supporting vegetation
with the lowest community LDMC also provides the highest amount of standing biomass and highest total levels of N, P and
K. We used three long-term management experiments (sites) with four management treatments (grazing with spring burning,
grazing, mowing in mid-July and fallow), which were set up in Bromion erecti, Cynosurion cristati and Violion caninae in the
grasslands of the White Carpathian Mountains (Czech Republic) in 2004. At each site, twenty management plots (each five
m x five m in size) were arranged in five blocks. During 2010, the first growth biomass was sampled at the end of May, in
mid-June and in mid-July, each time from one randomly allocated one m? subplot within each plot. The total levels of N, P
and K in a sample were calculated from dry matter standing biomass and laboratory analyses of nutrient concentrations.
Community LDMC was calculated from the sample proportions of species biomass and LEDA database values. All analyses
were performed with linear mixed models (REML method), where management was treated as a fixed effect, while site and
date were treated as random effects. Variation in community LDMC was in 80% explained by the site; by contrast, variations
in standing biomass and the total levels of N, P and K were explained by the site only up to twenty five %. Filtering out the
random effects, all characteristics were significantly affected by management. We found, consistent with current studies,
that community LDMC was significantly the lowest under mowing, but, unexpectedly, the total levels of N, P and K were also
significantly the lowest under mowing. In summary, higher total levels of N, P and K in standing biomass may not be expected
for vegetation with lower LDMC when analyzing grasslands under different management regimes.
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EFFECTS OF ELEVATION ON THE NUTRIENT LIMITATIONS OF SOME TREE SPECIES TO
PLANT GROWTH ON MT. FUJI

Yuki Goto', Takashi Nakano 2, Taisuke Yasuda?, Yasuo Yamamura

" Ibaraki University, Mito, Ibaraki, Japan; ? Yamanashi Institute of Environmental Sciences, Fuji-Yoshida, Yamanashi, (Takashi Nakano:
nakano@yies.pref.yamanashi.jp)

Keywords: Nitrogen, Phosphorous, Volcanic soil, Nutrient resorption efficiency, M:P ratio

Nitrogen (N) and phosphorus (P) frequently limit plant growth in early-succession soils. The vegetation on Mt. Fuiji, a young
volcano in central Japan, may be affected by deficiencies of N and/or P. The limitation of soil nutrients may be more severe
at higher altitudes. The aim of this study was to clarify the role of N-P limitation on the growth of tree species along an
altitude gradient on the north-facing slope of Mt. Fuiji. At the three sites that are characterized by different altitudes, the soil
nutrient conditions were examined, and the N and P concentrations in living and dead leaves of several dominant tree
species (three broadleaf trees and three conifers) were measured. The nutrient resorption efficiency (NRE, %) during leaf
senescence and the N:P ratio in foliage were used as indices of nutrient limitation.

The concentration of available soil N and P tended to decrease with elevation. The NRE in deciduous trees indicated that
nutrient limitation changed from N-limitation to P-limitation with elevation. On the other hand, the NRE of conifers did not
indicate any change in nutrient limitation. The N:P ratio exhibited no trend along the elevation gradient regardless of the
species or based on the criteria proposed by Koerseleman and Meukelman (1996) for wetland vegetation. Further studies
are needed for applying the N:P ratio to forest ecosystems.
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K cemu jsou v loukdach dobré

&3

Louka s vysokiym podilem bylin (Foto Jan Mlddek)

Volné rostouci byliny, v predsta-
vach bézného clovéka kytky davajici
potravu véelam a hrstce nadsSenci su-
rovinu na ¢aj proti riznym neduhim,
se dostaly na okraj zajmu soucasné
ekonomicky smyslejici spoleénosti.
Pro vétSinu dnesnich zemédélcl jsou
to plevele, které berou na loukach
prostor travam i jetelovinam a znehod-
nocuji kvalitu sena. Ale jaky je jejich
opravdovy vyznam na loukach, v sené
pro dobytek?

Zemédélci, agrono-
mové i firmy produkujici
osevni smési se tvari, ze
moc dobre védi, jak ma
vypadat spravné druhové
slozeni luk a pastvin pro
dobytek. To, Ze je néco
s produkénimi  porosty
Spatné, c¢lovék pochopi
az prfi pohledu na pytle
jemné mletého vapnitého
dolomitu s popisem , krm-
na surovina“. Ano, je to
tak! Kravam chybi mineraly
a vyznamnou slozkou krm-
nych smési je namleta hor-
nina s vysokym obsahem
vapniku (Ca?") a hofciku
(Mg*).

Vapnik a hoféik

Z jaké potravy hospo-
darska zvirata dvoumocné
minerdly dfive ziskavala,
kdyz nedostavala mineralni
doplnky? Pravdépodobné

nebyly potreba, protoze louky a pastviny
s pestrou paletou bylin tyto mineraly skotu
poskytovaly.

Vapnik s hor¢ikem musi byt v krmné
davce v urcéitém mnozstvi nejen proto, ze
je kravy potrebuiji pro stavbu kostry (vap-
nik) a spravné fungovani sval( i nerv( (hor-
¢ik). Tyto dva prvky také zajistuji v bacho-
ru (prvnim Zaludku) prezvykavcl neutralni
pH (6,5-7,0), pfi kterém dobre funguje
rozklad celulézy - hlavni slozky rostlin-
né hmoty. Naopak pfi jejich nedostatku
brzy vznika v bachoru kyselé prostredi

Bilé - Biele Karpaty 1/2017

(pH < 5,5) - tzv. acidoza, kterou napriklad
v Holandsku trpi zvirata na 30% farem se
stajovym vykrmem skotu.

Jinymi slovy, fada indicii nasvédcuje
tomu, Ze vapnik s hof¢ikem jsou velmi dd-
lezité pro traveni u vSech prezvykavcu (tj.
u nas skotu, ovci, koz nebo jelent). Zna-
mena to pak, ze biomasa v lucnich po-
rostech bohatych na byliny, tedy i vapnik
a horcik, ma vysokou stravitelnost? Na bé-
lokarpatskych loukach i pastvinach byliny
bézné tvori 50 % biomasy.

Vyzkum

S wyuzitim nasich dlouhodobych po-
kust v Bilych Karpatech jsme se proto
rozhodli otestovat, zda jsou vapnik a hor-
¢ik lepsimi ukazateli stravitelnosti rostlin-
né hmoty nez jiné vice ocernované ziviny.
Napriklad dusikem a fosforem se bézné
hnoji a jejich vysoké koncentrace v pici
byly spolu s nizkym obsahem susiny v lis-
tech vzdy prijimany jako nejlepsi ukazatele
dobre stravitelné hmoty.

V letech 2011-2012 jsme na dvou
lokalitach ~ (Brumov-Bylnice, Lopenik)
ve tfech typech porostl (kosena louka,
pastvina, ladem ponechany porost - viz
obrazek dole) a ve tfech terminech (kvé-
ten, Cerven, Cervenec) odebirali vzorky.
Vzdy na nové plose velikosti 1 m? (s prv-
nim jarnim narGistem biomasy) jsme nejdfi-
ve zaznamenali vSechny pfitomné rostliny
a pak ostrihali nadzemni rostlinnou hmotu
ve vwysce 5cm jako pfi seci. V laboratori
byly u vSech 180 sebranych a vysusenych
vzorkd stanoveny koncentrace dusiku,
fosforu, drasliku, vapniku i hoféiku a také

T

-ponechani ladem

L.
- secent

.

Schéma dlouhodobého pokusu v Brumové-Bylnici (Foto Jan Mlddek)
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zmérena stravitelnost ve zkumavkach: jed-
na pomoci bachorové stavy a druha enzy-
my (pepsinem a celulazou).

Vysledky

Ze statistického hodnoceni vyply-
nulo, Ze vysoka koncentrace dusiku je
ukazatelem dobré stravitelnosti pouze
brzy na jare (kvétnové odbéry), ale jiz ne
v dalsich terminech béhem sezoény. Lépe
nez dusik nebo stavnatost poukazoval
na dobrou stravitelnost vysoky podil bylin.
Avsak jako vyrazné nejlepsi ukazatel stra-
vitelnosti se osvédcil soucet koncentraci
vapniku a hoteiku. Cim byl soudet vyssi,
tim lepsi byla stravitelnost vzorku v ramci
daného terminu odbéru. Vysoké koncen-

V Bilych Karpatech a jejich pod-
hifi se vyskytuje pfiblizné 200 druht
ptak(. Z tohoto poétu zhruba polovi-
na zde i hnizdi a vyvadi sva mladata.
Uzemi je véak do znaéné miry ornitolo-
gicky neprobadané. K potvrzeni vysky-
tu novych ptacich druht tak dochazi
i vsoucasné dobé.

| kdyz Bilé Karpaty nejsou top-orni-
tologickou lokalitou nasi republiky, stavaji
se Casto mistem zajmu ornitologd, ktefi se
snazi nalézt druhy, které by se zde teore-
ticky mohly vyskytovat, ale dosud je nikdo
nepotvrdil.

Bélokarpatské louky se wyvijely

po staleti a s nimi se vyvijelo nejen rost-
linné, ale i Zivo¢isné spolecenstvo, véetné
ptakd. Nékteri vymizeli, jini se objevili. Za-
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trace vapniku a horéiku maji dvoudélozné
byliny (v pfipadé vapniku pfiblizné trojna-
sobné a u horciku asi dvojnasobné kon-
centrace oproti travam), protoZe jejich bu-
nécné stény tvori dobre stravitelné pektiny
bohaté na vapnik.

Shrnuti

Byliny potfebujeme v luénich nebo
pastevnich porostech nejen pro potéchu
oka, pastvu véel i jiného hmyzu, ale také
pro zajisténi dobré stravitelnosti pice. By-
liny pravdépodobné zvysuji i stravitelnost
biomasy trav ve smiSenych krmnych dav-
kach udrzenim neutralniho pH v bachoru.
Mély by proto mit v produkénich loukach
a pastvinach vétsi zastoupeni. V ekono-

micky vyspélejsich zemich na to jiz pred
par lety prisli a do produkénich osevnich
smési na zemédélské pozemky zacinaji
pridavat kromé jetelovin, které vazou du-
sik, také treba ¢ekanku nebo jitrocel.

Jan Mladek a Pavla Mladkova
Navojna

Mgr. Jan Mladek, Ph.D. (*1978) je
rostlinny ekolog na katedfe ekologie
a Zivotniho prostredi Univerzity Palac-
kého v Olomouci. Mgr. Pavla Mladkova
(*1977) se vénuje statistické analyze
dat a je studentkou doktorského progra-
mu na katedre ekologie Ceské zemédél-
Ské univerzity v Praze.

Ptaci nasich luk

pricinil to jednak ¢lovék, jednak klimatické
zmény.

Ostatné nejsou louky jenom poros-
ty travin a bylin, ale vyskytuji se na nich
i kfovinné lemy, solitérni stromy apod.,
které maiji pro spole¢enstvo ptakl velky
vyznam.

Ptaci hnizdici na zemi

Mezi ptaky, ktefi hnizdi v luénim po-
rostu na zemi, mizeme radit zejména ev-
ropsky vyznamny druh, kterym je chiastal
polni (chrapkac¢ polny). Je ukazatelem
kvalitnich, bohatych a dobre obhospoda-
fovanych luk, a proto kazdy zemédélsky
hospodar je rad, kdyz se jeho charakte-
ristické vrzavé nocni volani ozyva pravé
z jeho pozemka.

VSeobecné znamym druhem, ktery
vyuziva krytu luénich porost(, je kiepelka
polni (prepelica pol'na), jejiz typické vola-
ni, které se da pripodobnit vyrazu ,,pét pe-
néz"“, se uci i déti ve skole. Bohuzel kdysi
zcela bézna krepelka je dnes u nas velmi
vzacnym druhem. Je to kvili sou¢asnému
zemédélskému hospodareni i nadmérné-
mu lovu na jejich tahovych cestach.

Luéni pévci

Typickymi predstaviteli lu¢nich ptak
jsou bramborni¢ci. Rozsahlé komplexy
travnich porostd na jihu jsou typictejsi pro
bramborni¢ka ¢ernohlavého (prhlaviar
Ciernohlavy), kdeZto louky ve vysSich
polohach obyva spiSe bramborniéek
hnédy (prhlaviar ¢ervenkasty). Oba dru-
hy se na mnohych mistech prekryvaji. Po-

zorovatele zaujmou svym pestrobarevnym
vzhledem, kdyz vysedavaji na osamoce-
nych bodlacich &i sloupcich ohrad.
Fenoménem a top-druhem bélokar-
patskych luk je strnad luéni (strnadka
lacna). Typicky je jeho vyskyt v jihoza-
padni ¢asti pohofi, pravé na rozlehlych
loukach prirodnich rezervaci (Certoryje,
Zahrady pod Hajem, Machova, Jazevci
Porazky). Bilé Karpaty jsou jednou z nej-
vyznamnéjsich lokalit jeho vyskytu v Ces-
ké republice. Je mozné ho pozorovat pfi
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High-nature-value grasslands can be
maintained by alternating between mowing
and grazing

Scientists recommend policies that alternate between mowing and grazing

to manage Europe’s high-nature-value grasslands. This comes after a new seven-
year study found that a high plant-species diversity helps grasslands to maintain

productivity and to resist depletion of phosphorus caused by livestock grazing and
depletion of potassium caused by mowing.

Grasslands with high levels of biodiversity are important for Europe as they support
healthy soils and large amounts of wildlife. Extremely valuable and diverse areas are termed
high-nature-value grasslands and become part of EU agricultural policy, often being
maintained under long-term management agreements. To prevent degradation of high-
nature-value grasslands, common practices include mowing the land or grazing with
livestock. Land managers are also usually restricted from applying fertilisers.

However, there is scarce evidence on how these different practices affect the nutrient levels
of the plants and soils, and therefore the grassland productivity. To address this knowledge
gap, in 2004 researchers established long-term experiments at two sites in the White
Carpathian Mountains, between the Czech Republic and Slovakia. At each site they divided
the grassland into plots, and applied different management treatments: mowing in mid-July,
livestock grazing in June and August, or being left fallow (untouched). Seven years later, the
scientists assessed the amount of biomass, amount of plant diversity, and the nutrient levels
in both the plants and the soils.

The scientists found that plots grazed by livestock showed the lowest amount of phosphorus
available for plants in the soil, and plots that were mown had the lowest available
potassium. Yet there was no difference in levels of above-ground biomass between grazed,
mown and fallow plots.

However, the management treatments did change the biodiversity, as different plants were
better adapted to growing in different nutrient conditions. Over time, species composition
between the management plots diversified. Grazing was found to facilitate more grasses
(plants with shallow but dense root system), while mowing allowed more forbs (plants
rooting usually very deep in the soil) to grow.

The scientists suggest that a high level of plant biodiversity in grasslands can help to sustain
their productivity over time when little or no fertilisers are used. For example, grasses and
forbs provide grasslands with different yet equally important benefits. Forbs can help to
prevent shortage of phosphorus by mobilising its reserves from deep soil layers and grasses
aid in efficient capture of nitrogen from mineralisation of plant litter on the soil surface or
from atmospheric deposition. These nutrients are both important for maintaining the
productivity of the grasslands.

Consequently, the scientists concluded that grassland management practices should attempt
to facilitate the growth of both grasses and forbs, since they are valuable components of
grassland productivity. They recommend a mix of grazing and mowing could be used to
encourage co-existence of both forbs and grasses, and to maintain optimal nutrient levels in
grassland soil.

As world reserves of superphosphates are quickly decreasing and mineral fertilisers
negatively impact ecosystems, the researchers say that agri-environmental measures that
encourage higher plant biodiversity could help to sustain stable grassland biomass under low
or nil inputs of fertiliser.
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