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Summary

SUMMARY

This PhD thesis focused on the root systems and the nodulation within the family
Fabaceae (legume family). Legumes are known for their symbiotic relationship
between their root systems and Rhizobium s.|. bacteria. This association
enables these plants to utilize aerial N,, which is inaccessible to many other
species. The most important forage plants belong to this family.

The thesis consists of five parts. In the first part the intra- and interspecific
variability of root systems of 21 legume species were investigated in the field.
Root systems and nodules of individual species as well as environmental
influences on root morphology were described. It became apparent that the root
systems of common European legumes are highly variable. The variability of root
systems was attributed to Raunkiear’s life forms rather than the membership
of species in tribes.

The second and third part of the thesis examined the influence of nutrient
availability (NPK) on haresfoot clover (Trifolium arvense) and zigzag clover
(T. medium) in pot experiments with alkaline soil. First it is shown
that the acidicole behaviour of T. arvense is based on P limitation when growing
on alkaline soil. The relatively large root system of T. arvense in treatments
with P contrasted highly with the poorly developed root systems in other
treatments. Second it is demonstrated that T. medium can be recommended
as a suitable legume species for cultivation on alkaline soils. It required
a relatively high P and K supply as well as additional mineral N supply to achieve
maximum growth potential. The mineral N requirements of T. medium were
substantially higher than of T. arvense planted in the same soil.

The thesis is completed with an investigation of two of the most important forage
legumes, namely alfalfa (Medicago sativa) and red clover (T. pratense). Both
species were compared at sites with organic farming and different soil texture.
The herbage yield from the second and third cut was significantly affected by site.
The biomass of belowground organs was not significantly affected by site
or bytime. Medicago sativa created less nodules and lateral roots
than T. pratense. Root branching of both species was slightly higher at sites
with a higher sand content. More branched roots created more nodules.
The number of nodules per plant decreased during the season.

The thesis provides important insights into root traits of legumes and their ability
of nitrogen fixation. In light of future challenges to agriculture, like e.g. scarcity

of resources and land, climate change and biodiversity loss, the utilization




Summary

of ecosystem services will gain more attention. Results of this work are thus not
only interesting from a scientific perspective but also from a practical agronomic
point of view. Organic as well as conventional farmers can use these findings
in the future to increases benefits from legume crops and improve their overall
herbage yields.

Keywords: Legumes, nodulation, nutrient availability, soil texture, species
variability.




Shrnuti

SHRNUTI

Tato disertaCni prace se zabyva kofenovymi systémy a nodulaci u rostlin z Celedi
Fabaceae (Bobovité). Rostliny této celedi, Casto oznaCované téz jako
legumindzy, jsou schopné diky symbiotickému vztahu mezi svymi kofenovymi
systémy a bakteriemi rodu Rhizobium s.|. poutat vzduSny dusik, ktery je
pro vétSinu druhu rostlin nedostupny.

Prace se sklada z péti Casti. V prvni €asti byla pozorovana vnitrodruhova
a mezidruhova variabilita kofenovych systému 21 druhl celedi Fabaceae
na krajinné urovni. Byly popsany kofenoveé systémy spolu s hlizkami jednotlivych
druhd a také vlivy prostredi ovliviujici jejich morfologii. Kofenové systémy byly
morfologicky velmi variabilni. Jejich variabilita byla dana predevSim Zzivotni
formou dle Raunkiaera, méné pak tribovou pfislusnosti druhu.

Druha a tfeti ¢ast prace byla zamérena na vliv dostupnosti Zivin (NPK) z hlediska
kofenovych systému. Trifolium arvense (jetel rolni) a T. medium (jetel prostfedni)
byly zkoumany v ramci nadobového pokusu se silné alkalickou pidou. Druh
T. arvense utvarel pouze ve variantach s aplikaci fosforu relativné rozsahlé
kofenové systémy. Jeho acidofilni chovani bylo vysvétleno neschopnosti pfijimat
dostatek fosforu v alkalickych pidach. Oproti tomu T. medium se projevil jako
potencialné vhodny druh leguminézy pro péstovani na alkalickych plidach.
Ve srovnani s T. arvense vyzadoval T. medium pro dosazeni maximalniho rustu,
kromé zvySené dostupnosti fosforu a drasliku, také zvySenou dostupnost
mineralniho dusiku.

Prace byla zavrSena studii jednémi z nejvyznamnéjSich picnin - Medicago sativa
(tolice seta) a Trifolium pratense (jetel lu€ni). Teoretické poznatky kofenovych
systéml byly timto zpusobem otestovany v praxi. Na ekologicky
obhospodafovanych zemédélskych plochach s odliSnou zrnitosti pady byly
jmenované druhy hodnoceny v jetelovinotravni smési. Hodnoceny byly nejen
podzemni a nadzemni €asti rostlin, ale hodnocen byl také vynos a podzemni
biomasa smési. Vynos nadzemni biomasy klesal v pribéhu sezény. PFi druhé
a treti seCi se vynos liSil v zavislosti na pldnich podminkach. Oproti tomu
podzemni biomasa nebyla prikazné ovlivnéna pudnimi podminkami ani
sezébnnim vyvojem. Medicago sativa utvafela méné vétvené kofeny
nez T. pratense, coz se pravdépodobné projevilo i menSim mnozstvim hlizek
na nich. Vice vétvené kofeny obou druhl byly sledovany na pladach s vétSim
podilem piscité frakce. Pocet hlizek a jejich aktivita klesala v pribé&hu vegetacni

sezony.




Shrnuti

Prace poskytuje dulezité informace o kofenovych systémech leguminéz a o jejich
schopnosti fixace dusiku. S ohledem na budouci vyzvy zemédélstvi (napf.
nedostatek zdroju a zemédélské pudy, zmény klimatu, snizeni biodiverzity aj.)
nabyvaji pravé tyto poznatky na urovni ekosystému stale vétSiho vyznamu.
Vysledky této prace jsou zajimavé nejen z hlediska védeckého, ale
i z praktického agronomického hlediska. Ekologicti i konvenéni zemédélci mohou
tyto poznatky vyuzivat v budoucnu k celkovému zlepSeni vynosu pice.

Kli€ova slova: Dostupnost Zivin, druhova variabilita, legumindzy, nodulace, pudni

textura.
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1. UVOD A CILE DISERTACNi PRACE

Tato disertani prace se zabyva morfologii kofenovych systému Celedi Fabaceae
Lindl. (Bobovité). Rostliny c¢eledi Fabaceae (Casto oznaCované téz jako
leguminézy) jsou schopné diky svému symbiotickému vztahu s bakteriemi rodu
Rhizobium s. . poutat vzdusSny dusik. Nodulace (tvorba hlizek), jez je timto
vztahem vyvolana, byla zahrnuta do této studie jako soucCast kofenovych

systémda.

Fixace vzdusného dusiku Celedi Fabaceae je dulezitym Elankem kolobéhu dusiku
a klicovym faktorem v zemédélské vyrobé, pfedevSim v ramci ekologického
zemédélstvi. Legumindzy jsou diky svym rozsahlym kofenovym systémim také
vyznamnym zdrojem humusu v plidé. Péstuji se Casto jako meziplodiny, které
poskytuji snadno rozlozitelnou organickou hmotu podporujici biologické procesy
v pudé. Kofeny legumindz také chrani padu pred erozi a maji vyznamny
melioracni vliv. Diky svému rozlozeni v pldnim profilu pusobi jako drobné
drenaze a tim umozniuji pohyb vzduchu, vody a Zivin v pudé. Hluboce kofenujici
druhy tak zpfistupriuji ziviny z vétSich hloubek a zlepSuji ptdni strukturu. Rostliny
Celedi Fabaceae hraji dllezitou roli v Urodnosti pady a podporuji svymi kofeny
vynos naslednych plodin v osevnim postupu. Z vySe uvedenych skuteCnosti
vyplyva dulezitost vyzkumu morfologie kofenovych systému Celedi Fabaceae,

nejen z hlediska novych teoretickych poznatk(, ale i pro jejich praktické vyuziti.

Vlyzkum kofenovych systému je Casove i fyzicky naro¢ny. Z tohoto duvodu je
vétSina kofenovych studii zaméfena prfedevS§im na rGzné druhy trav, jejichz
kofeny nedosahuji takovych hloubek a rozmérd. Velka pozornost je vénovana
také zemeédélskym plodinam. Mezi témito studiemi nalezneme jen malo praci
provedenych na krajinné urovni, které by poukazovali na variabilitu kofenovych

systému b&znych druh(i leguminéz (viz. Cldnek |).

Morfologie kofenovych systému je dana geneticky a zaroven je ovlivnéna faktory
prostifedi. K témto faktordm patfi mimo jiné dostupnost Zivin v pudé (dus ik, fosfor,
draslik — NPK), ptidni reakce (viz. Cldnek Il a Clének Ill) a fyzikalni vlastnosti
pudy (viz. Cldnek IV a Clanek V). Tyto faktory jsou jednémi z nejdllezitgjSich
podminek prostfedi ur€ujici urodnost pldy a vynos plodin v zemédélstvi.
Kofenové systémy, jak jiz bylo zminéno, ovliviuji vynos plodin a jsou v pfimém
vztahu s nadzemnimi ¢astmi rostlin, z tohoto divodu se predlozena prace zabyva
i nadzemnimi ¢astmi rostlin, pfip. jejich biomasou tak, aby vysledky mohly byt

zarazeny do Sir§iho kontextu.
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Prehled cili prace

I. Variabilita kofenovych systémi béznych druhti leguminéz ve stredni
Evropé (Clének I)

Vyzkum na krajinné urovni (Plzensko a Rakovnicko)

Uvodni prace se zamé&fuje na variabilitu kofenovych systém@ 21 druhd (5 tribt)
Celedi Fabaceae na 27 stanovistich. Kofenové systémy spolu s jejich nodulaci
jsou porovnavany na zakladé odliSnych zivotnich forem druht (RAUNKIAER 1934).

Zaroven je poukazano na faktory prostfedi ovliviujici jejich morfologii.

Hlavnimi otazkami této ¢asti prace jsou:
a) Jak se liSi morfologie kofenovych systému spolu s jejich hlizkami
mezi jednotlivymi druhy rostlin?
b) Jaké znaky kofenl a hlizek jsou charakteristické pro jednotlivé druhy
rostlin?

Il. Vliv dostupnosti dusiku, fosforu a drasliku na vzchazivost, nodulaci
a rust acidofilniho druhu Trifolium arvense L. v alkalické padé
(Clanek Il
Vyzkum v ramci nadobového pokusu

(Vyzkumny ustav rostlinné vyroby, Praha)

Dostupnost Zzivin je ovliviovana hodnotami pH pldy. Acidofilni (kalkofobni)
chovani T. arvense je dano neschopnosti pfijimat dostatek fosforu v alkalickych
pudach. Tento fakt vSak nebyl nikdy z pohledu kofenovych systému

experimentalné studovan.

Hlavnimi otazkami této Casti prace jsou:
a) Jak ovliviuje dostupnost Zivin vzchazivost druhu T. arvense v alkalické
pudé?
b) Jaky vliv ma dostupnost Zivin na kofenovy systém druhu T. arvense
v alkalické ptdé?
c) Jak ovliviuje dostupnost Zivin nadzemni ¢asti druhu T. arvense

v alkalické pudé?

10
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lll. Vliv dostupnosti dusiku, fosforu a drasliku na vzchazivost, nodulaci
a riist druhu Trifolium medium L. v alkalické padé (Clanek )
Vyzkum v ramci nadobového pokusu

(Vyzkumny ustav rostlinné vyroby, Praha)

Vliv dostupnosti zivin v alkalickych pudach nebyl dostate¢né prozkouman také
udruhu T. medium. Zvolené druhy T.arvense a T.medium byly vybrany
zamérné tak, aby patfily taxonomicky do stejného rodu a liSily se svymi Zivotnimi
formami a strategiemi. U téchto dvou druht s odliSnymi stanovi§tnimi naroky byly

hodnoceny nejen kofenové systémy, ale i nadzemni Casti rostlin a jejich
vzchazivost.

Hlavnimi otazkami této ¢asti prace jsou:
a) Jak ovliviuje dostupnost zivin vzchazivost, rlist nadzemnich
a podzemnich organl druhu T. medium v alkalické padé?

b) Je mozné péstovat druh T. medium na alkalickych pidach?

IV. Sezénnivyvoj biomasy jetelovinotravni smési a vyvoj nad-
a podzemnich organt druhu Medicago sativa na rozdilnych pudach
(Clanek IV)
Vyzkum na realnych ekologicky obhospodaifovanych zemédélskych
plochach (Technische Universitat Minchen, Bavorsko)

Vliv ptidni zrnitosti na vynos zemédélskych plodin se téSi velké pozornosti. Vynos
plodin je ovlivnén kofenovymi systémy. K vyhodnoceni vlivu zrnitosti pidy na
vynos smeési, kofenovou biomasu smési a kofenové systémy druhu M. sativa

bylo nutné zohlednit i dalSi faktory prostredi.

Hlavnimi otazkami této Casti prace jsou:
a) Jaky je vliv zrnitosti pady a pribéhu vegetacni sezény na nad-
a podzemni biomasu jetelovinotravni smési?
b) Jaky je vliv pudy a prabéhu vegetacni sezény na nad- a podzemni
organy druhu M. sativa?

11
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V. Sezoénnivyvoj nad- a podzemnich organti druhu Trifolium pratense
v jetelovinotravni smési na rozdilnych ptudach (Cldnek V)
Vyzkum na realnych ekologicky obhospodafovanych zemédélskych

plochach (Technische Universitat Minchen, Bavorsko)

Zcela identicky vyzkum jako u druhu M. sativa probéhl také u druhu T. pratense.
Byly hodnoceny nadzemni i podzemni ¢asti rostlin na stejnych stanovistich tak,
aby tyto dva zemédélsky vyznamné druhy mohly byt porovnany.

Hlavnimi otazkami této ¢asti prace jsou:
1. Jaky je vliv zrnitosti pudy a pribéhu vegetacni sezény na nad-
a podzemni organy druhu T. pratense?
2. Jak se lisi vyvoj druhU M. sativa a T. pratense za stejnych

stanoviStnich podminek a ve stejném terminu?

12
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2. LITERARNI RESERSE
Celed’ Fabaceae Lindl.

Syn.. Leguminosae Juss., Papilionaceae Giseke - motylokvété, Viciaceae

Adans. - vikvovité

Celed Fabaceae tvofi spolu s ¢&eledi Mimosaceae  (citlivkovité)
a Caesalpiniaceae (sapanovité) fad Fabales (Leguminosae) - bobotvaré,
luStinaté  (AICHELE ET GOLTE-BECHTLE 2005). Celed Fabaceae je
treti nejpoCetngjsSi Celedi cévnatych rostlin. Je zastoupena vice nez 650 rody
a Cita pres 18 000 druhl rozSifenych po celém svété (DoyLE 2001). V Evropé
se leguminézy  rozdéluji  doosmi tribd  (PoLHIL  1981). V tropech
a subtropech jsou zastoupeny dfevinnymi typy rostlin, v chladnéjSich oblastech
bylinami (SLAvik 1995). Pfiblizné 6,5 procenta rostlin Celedi Fabaceae
vyskytujicich sev Ceské republice jsou nepGvodnimi druhy (MLIKOVSKY
ET STYBLO 2006).

V predlozené praci je pozornost vénovana 21 druhim legumindz pfi porovnavani
druhové a mezidruhové variability. Pro vyzkum vlivu urcitych faktor na kofenové
systémy byly dale zvoleny C&tyfi druhy - T. arvense, T.medium, M. sativa

a T. pratense.

Morfologie

Stromy, kefe a byliny maji typické stfidavé, slozené, zpefené nebo trojCetné
listy, Casto zakonCené uponkou nebo hrotem. Palisty jsou vytrvalé, nékdy
pfeménéné v trny nebo asimilaéni Utvary. Kvéty jsouusporadany v hroznovitych
kvétenstvich, hlavkach nebo v hroznech - €asto jednostrannych, koncovych
nebo Uzlabnich (SLAVIK 1995, VOLF 1988).

Kvét je pétiCetny. Charakteristickymi ¢astmi kvétu jsou pavéza (vexillum) - vétsi
horni korunni listek, nazpét ohnuty nebo orientovany vpfed, nékdy odliSné
zbarveny; kfidla (alae) - dva postranni listky a ¢&lunek (carina) - dva spolu
srustajici dolni listky, ukryvajici tyCinky a pestik. Nékdy korunni platky sristaji
ve spodni ¢asti v trubku, kalich je srostly. Plodem je lusk (AICHELE ET GOLTE-
BECHTLE 2005).

13
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Vyznam

Leguminézy jsou vyznamnym zdrojem pudniho dusiku a humusu s dobrou
sorpéni schopnosti pro vodu i ziviny. Plsobi fytosanitarné. Pomahaji zlepSovat
chemické i fyzikalni vlastnosti pady. Podporuji vynos plodin naslednych
v osevnim postupu a napomahaji zvySovat Urodnost pady (MULLER-SAMANN
ET KOTSCHI 1994, FLORES ET AL. 1997, LAMB ET AL. 2000).

Fixace vzdusného dusiku je dllezitym clankem kolobéhu dusiku a kliCovym
faktorem v zemédélské vyrobé, predevS§im v ramci ekologického zemédélstvi
(CReEws ET PEOPLES 2003). Biologicka fixace dusiku je hlavnim mechanismem,
kterym se ziskava dusik z nedostupné formy pro vétSinu organisma.
Legumindzy tak ovliviuji urodnost pady, podporuji rast rostlin a jejich mineralni
vyzivu. Mineralni dusik se dostava do pldy v ramci rhizosféry leguminéz (TA ET
AL. 1986), dale pfi rozkladu kofenl a hlizek béhem vegetatniho obdobi
(RUSSELLE ET AL. 1994) a diky pfimému propojeni mezi travami a legumin6ézami

pomoci mykorrhiznich hub (HAYSTEAD ET AL. 1988).

Rostliny Celedi Fabaceae maji vyznamny meliorani vliv z ddvodu rozlozeni
kofene, které pUsobi jako drobné drenaze, jez umoznuji pohyb vody i vzduchu
vpudé (HNILICKA ET HNILICKOVA 2002). Legumindzy diky svym rozsahlym
kofenovym systémdm pfijimaji ziviny i z vétSich hloubek pidy a umoznuji tak
jejich zpfistupnéni i ostatnim rostlinam. PuUsobi pfiznivé na provzdusSnéni
a biologické oziveni puadnich horizontd. Napomahaji ozivit padu a zlepsit jeji
strukturu. Na orné pudé jsou legumindézy jednémi z nejlepSich protieroznich
plodin. Viceleté porosty jetelovinotravnich a jetelotravnich smések pfispivaji také
k omezeni plevell.

Jetelovinotravni smési a jetelotravni smési

Jetelovinotravni smési (smés trav a vysoce produkénich jetelovin, napf.
M. sativa) a jetelotravni smési poskytuji vy$Si ekologickou a produkéni stabilitu
spoleCenstev oproti monokulturam (H@GH-JENSEN ET SCHJ@ZRRING 1997). Tento
velmi dobfe zapojeny porost je odolny vic¢i zapleveleni a §ifeni chorob.

Kombinace druhu Celedi Fabaceae s druhy trav vyuziva efektivniho Cerpani viahy
a zivin z celého pudniho profilu, kdy Fabaceae diky svym kofenim odebiraji
viahu i ziviny (pfedev§im P, Ca, Mg) z hlubSich vrstev pud (PEOPLES
ET CRASWELL 1992). Travy Cerpaji naopak vlahu a Ziviny, predevdim N a K,

14
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z povrchovych vrstev pudy (THomMAs 1995). Dusik poskytovany leguminézami je
tedy ihned travami pfijat z povrchovych vrstev plidy (LEDGARD ET STEELE 1992).
Viceleté legumindzy, které jsou soucasti smési, fixuji vice vzdusného dusiku
nez v monokulturach (LOISEAU ET AL. 2001, CARLSSON ET Huss-DANELL 2003,
NYFELER ET AL. 2011). Tyto smési mohou poskytovat vyS$Si vynosy nez nejlepSi
monokultury (HALLING ET AL. 2002, GIERUS ET AL. 2012, FINET AL. 2013).

15



Literarni reSerSe

Koren a kofenové systémy

Korenova terminologie

Theofrastos (370 -285 pf.n.l), zak Aristotela, uzil jako prvni v rostlinné
terminologii pojem  kofen.  Alkoliv za kofen (obr. 1) povazoval
vSechny podzemni &asti rostliny, dobfe si uvédomoval podobnost nékterych
Casti se stonky.

V organografii je kofen popsan jako ne¢lankovany osovy organ (organum axiale)
cévnatych rostlin, vyvijejici se u semenackd nahosemennych a dvoudéloznych
rostlin jako geotropicky protipdl prytu nebo u jednodéloZnych rostlin
a kapradorostu jako produkt adventivnich ristovych zakladu v pletivech prytu
(JENIK 2005). V souCasné dobé se pouziva predevS§im oznaceni ,kofenovy
systém®, kterym jsou nazyvana (bez ohledu na morfogenezi) navazna rozvétveni
jedné kofenové osy, at uz primarni nebo adventivni (TRoOLL 1967, GROFF
ET KAPLAN 1988).

Koreny jsou vétSinou ulozeny pod povrchem plady a nenesou listy, tim se liSi
od stonkd. Postranni kofeny se utvari prorazenim parenchymové kary z hlavniho
kofene. Kofeny se ale mohou utvaret i na prytech, zvlasté pak na podzemnich
stoncich - tzv. adventivni kofeny (CERNOHORSKY 1954). Tyto nahradni kofeny
se mohou tvofit také na listech, stoncich nebo kdekoliv v misté poranéni
(KUBAT ET AL. 1998, CHMELIKOVA 2009).

Podzemni stonky se u nas rozliSuji (dle némecké terminologie) na oddenky
(rhizomy) a vybézky (vymladky). Oddenky jsou charakteristické kratkymi pfirlstky
a jsou zasobnimi organy. Vybézky jsou dlouhé a tenké. Zajistuji vegetativni
rozmnozovani (KLIMESOVA 2006). Rozpoznani kofene od oddenku je mozné
podle anatomické stavby. Kofeny nejsou Clankované a nemaji Supiny, pfesto
nalézame v literatufe mnoho nejasnosti (KLIMESOVA 2001).

Kofenovy systém utvafi obnovovaci pupeny, které podporuji vegetativni
regeneraci. Schopnost tvorby téchto pupent neni u rostlin pFili§ casta. Méné
nez 10 % stfedoevropskych bylinnych druhd vytvari tyto pupeny a odnozuje
z nich (KLIMESOVA ET KLIMES 2005). Nékteré druhy odnozuji bézné, jiné pouze

po poranéni (regenerativni odnozovani).

Kofenové systémy Ize z pohledu vegetativniho rozmnozovani rozdélit na nékolik
typu, které jsou soucasti klonalni databaze rostlin CLO - PLA (KLIMESOVA
ET DE BELLO 2009).
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Abb. 2. I Langsschnitt durch eine junge Wurzel der Gerste. 1 Zellvermehs=
rungszone, von der Wurzelhaube Wh geschiitzt, kg deren Kalyptrogen. 2 Zell=
streckungszone, 3 Zelldifferenzierungszone mit Wurzelhaaren H. Z Zentral=
zylinder, E Endodermis, R Rinde, Ep Epidermis. II Querschnitt durch die Wur=
zelhaarzone. Die Haare sind mit Erdpartikelchen verhaftet. III Verlauf der
Wourzelhaare im Erdboden. Schwarz von Wasserhdutchen (diinne Linien)
umgebene Erdpartikelchen, 1 mit Luft erfiillte Hohlrdume. (I n. Horman
und Rossins, II n. FRaNk, verdndert n. Rausn, III n. SacHs, alle aus RAUH).

Obr. 1: I. Podélny fez kofene, Il. PFicny fez kofenového viasku, Ill. Kofenowy Vasek
v plidé (pfevzato z KUTSCHERA 1960).

Morfologie korenovych systému

Znalosti morfologie kofenl umoznuji odhadnout rostlinné naroky na vodu
a ziviny, soucasné vypovidaji o schopnosti rostliny pfizplsobit se pidnim
podminkam (MARSCHNER 1995, SYNMAN 2005). Morfologie kofenovych systému
byva Casto charakterizovana kofenovym vétvenim, kofenovymi délkami,
kofenovymi vlasky a rustem kofene do hloubky (MENGEL ET AL. 2001). Tato prace
se zabyva vSemi témito parametry s vyjimkou kofenovych vlasku, které jsou zde
vSak nepfimo zastoupeny nodulaci.

Morfologie podzemnich organl je dana geneticky a zaroven je ovlivnéna faktory
prostfedi. Mezi tyto faktory patfi dostupnost svétla (KOUKOURA ET AL. 2009),
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teplota (CANADELL ET AL. 1996), dostupnost vody (MERRILL ET AL. 2002, SKINNER
ET Comas 2010) a jeji podzemni hladina (LUCERO ET AL. 1999), dostupnost Zivin
v plidé (HOWIESON ET AL. 2011, LI ET AL. 2011, CHMELIKOVA ET HEJCMAN 2012B),
pudni reakce (TYLER 2003, MOREIRA ET FAGERIA 2010), hustota vegetace
a vegetacni pokryv (HAKL ET AL. 2011), fyzikalni vlastnosti pldy - pldni textura
(SALAKO ET AL. 2002, NURUzzAMAN 2005, SADRAS ET AL. 2005), kofenova
konkurence (OLDE VENTERINK ET GUSEWELL 2010, HAKL ET AL. 2012A), pudni
makro- a mikrofauna (GORMSEN ET AL. 2004) a dalSi. Dokonce i geograficky
puvod rostliny se projevuje ve stavbé kofenového systému (POLOMSKI
ET KUHN 1998). Morfologie kofenovych systému je také u€ena druhem rostliny,
zivotni formou (RAUNKIAER 1934) a Zivotni strategii (GRIME 2001).

Mezi kofenovymi systémy a pldou dochazi ke vzajemné interakci - kofeny jsou
ovliviiovany vlastnostmi pldy a pada je naopak ovliviiovana koreny (GREGORY
2006).

Disertatni prace se dale zaméfuje na vliv taxonomické pfisluSnosti a Zivotni
formy druhu (RAUNKIAER 1934), vliv dostupnosti Zivin, padni reakce a pudni
textury.

Korenova plasticita

Vlysledna stavba kofenového systému je odezvou na podminky prostredi. V této
souvislosti se zavadi pojem kofenova plasticita, jako schopnost genotypu
reagovat v rizném prostfedi utvarenim odliSnych fenotypu (BRIGGS ET WALTERS
1997, HODGE 2004, SMILAUEROVA ET SMILAUER 2010). Plasticita u pomalu
rostoucich rostlin je vét§i nez u rychle rostoucich. U jednoletych rostlin maze
dokonce dochazet k lokalni adaptaci (GALLOWAY ET FENSTER 2000). Plasticita
hraje dulezitou roli v reakci kofent na pldni heterogenitu, pfedevSim z hlediska
Zivin,

Jednotlivé znaky kofenovych systémua se liSi v mife své plasticity. Vétveni
reaguje vice na podminky prostfedi a je v porovnani s primérem korenového
kréku vice plastické (CHMELIKOVA ET HEJCMAN 2012A). Také hloubka kofenéni je
v odliSnych prostfedich ovlivnéna do rlizné miry prostfedim a genetikou (HODGE
2004). Mira plasticity a dédi¢nosti se druhové li§i (FORDE ET LORENZO 2001),
napf. travy reaguji na nedostatek vody podstatné rychleji (naristem korenové
biomasy) nez legumin6zy (SKINNER ET COMAS 2010).
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Symbioticky vztah s bakteriemi rodu Rhizobium s. I.

Celed Fabaceae je znama svym symbiotickym vztahem s bakteriemi rodu
Rhizobium s. |., které jsou schopny poutat N,, coZ je u této Celedi vyznamnou
konkurenéni vyhodou v prostiedi s nedostatkem NO; a NH;* (HONSOVAET AL.
2007, JACKSON ET AL. 2008). Biologicka fixace dusiku je energeticky narocny déj
a je specificka pouze pro urCity uzky okruh organismu, u kterych je pfitomny

enzymovy komplex nitrogenaza.

Mnozstvi legumin6zami fixovaného dusiku dosahuje bézné hodnot 200 az 300 kg
Nha' rok’. Napf. druh M. sativa je schopny fixovat az 350 kg N ha" rok”,
T. pratense 375 kg N ha™' rok v zavislosti na faktorech prostfedi (ZAHRAN 1999,
CARLSSON ET Huss-DANELL 2003). Vynos plodin v osevnim postupu
po legumindzach je porovnatelny s aplikaci mineralniho N hnojiva o davce 30 -
80 kg N ha” (PEOPLESET AL. 1995). Bakterii rodu Rhizobium s. |. se dnes wziva
také k inokulaci plidy nebo semen rostlin Celedi Fabaceae. OCkovanim osiva
legumindz Ize zvySit vynos plodin minimalné o 5 % v zavislosti na podminkach
prostiedi (NEMEC 1986).

Nodulace a jeji priibéh

Nodulace je podobné jako kofenovy systém ovlivnéna podminkami prostredi
(ZAHRAN  1999), rostlinou (jejimi chemickymi, fyzikalnimi a genetickymi
vlastnostmi) a pfitomnosti bakterii v padé (WILLEMS 2006). Hlizkovité bakterie
jsou soucasti mikrobialniho spoleCenstva v padé. Volné Zijici bakterie
upfednostnuji saprotroficky zpusob Zivota, pfi€emz vétSinou dusik nefixuji (GADE
2004).

Kofeny rostlin ¢eledi Fabaceae vylucéuji do pady flavonoidy, napf. luteolin, betainy
nebo kyselinu aldonovou (BEGUM ET AL. 2001). V nizkych koncentracich tyto
latky plUsobi jako signal pro chemotaxi bakterie. Ve vySSich koncentracich
pfi povrchu Kkofene spousti expresi plazmidovych nod-gent pro tvorbu
lipochitooligo-sacharidovych molekul tzv. nod-faktord (CATOIRA ET AL. 2000).
Rostliny produkuji druhové specifickou smés flavonoidl, ktera umoznuje pfijeti
tohoto signalu vhodnym druhem bakterie (STOCHMAL ET OLESzEK 2007).
Bakterie na né reaguje a infikuje se do kofene kofenovymi vlasky (MOLLEROVA
2006). Rostlina zaroven utvari na povrchu svych kofenovych vlasku lektiny, které
usnadriuji prinik bakterie do vlasku (PARNISKE 2004).
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Hlizky

Misto vzniku hlizek se nachazi vétSinou za kofenovou S$pic¢kou (KUTSCHERA
ET LICHTENEGGER 2002). VétSina hlizek se nachazi na tenkych lateralnich
kofenech, které jsou nachylngjSik infekci bakteriemi (CAPOEN ET AL. 2010).

Legumindzy utvareji hlizky dvojiho typu determinované a nedeterminované
(Obr. 2). Piikladem legumindzy s determinovanymi hlizkami je Lotus japonicus.
Nedeterminované hlizky nalézame u jiné modelové leguminézy Medicago
truncatula (OLDROYD ET AL. 2011). U nedeterminovanych hlizek dochazi k déleni
v apikalni ¢asti, v bazalni ¢asti dochazi ke starnuti a odumirani (PUPPO ET AL.
2005). Oproti tomu determinované hlizky se vyviji jako celek (GONzALEZ-RIzzO
ET AL. 2009). Determinované hlizky se zakladaji ve vnéjSich vrstvach primarni
kary. Meristém hlizek tohoto typu se brzy diferencuje a prestava se délit, coz
vede k jejich malé velikosti a kulovitému tvaru (DIOUF ET AL. 2003).

a) b)

Nodule cortex

Nodule meristem
Nodule endodermis

odule parenchyma

Vascular bundle
and endodermis

Developmental zone

Infected zone

— Direction of increase of senescent tissue
- Senescence-inducing signal from the shoot?

—_— Senescence-inducing signal from the nodule?

Obr. 2: a) Determinovana a b) nedeterminovana hlizka (PUPPO ET AL. 2005).

Tvar hlizek je ovlivnén predevsim taxonomii rostliny a symbiotickymi bakteriemi.
CORBY (1988) poukazuje na vliv tribové pfislusnost rostliny, ZAHRAN (1998)
a REJILIET AL. (2007) na jejich druhovou specificnost. Hlizky mohou byt napfiklad
kulaté, zplostélé, polokulovité, podlouhlé, koralovité nebo vétvené (CORBY 1971,
MOLLEROVA 1978). Dokonce i samotné zdufeni kofene u legumindz Ize

povazovat za hlizku (SPRENT ET AL. 2013).
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Hlizky mohou dosahnout az osminasobku priméru kofenu. Mohou zustat zcela
nevétvené nebo se i mnohonasobné vétvit (KUTSCHERAET LICHTENEGGER 2002).
Hlizky nékterych druhu rostlin mohou dokonce pfezimovat, coz se projevuje jejich
zUzenim (PATE 1958A).

U nedeterminovanych hlizek dochazi k postupné zméné barvy béhem
vegetacniho obdobi. Mladé hlizky jsou bilé a drobné, star$i maji narizovélou
barvu (obsahuji leghemoglobin a bakteroidy), coz vypovida o aktivni fixaci
dusiku (PuPPO ET AL. 2005). Starnuti hlizek probiha od kofene (od baze hlizky
k jejimu vrcholu), kdy dochazi k rozkladu leghemoglobinu a hlizka ziskava

nazelenalou barvu. Starnouci a odumirajici hlizky jsou pak hnédé (PATE 19588B).

Velikost hlizek se méni v prabéhu vegetacni faze rostliny, hlizky se vyviji

do té doby, kdy se zac€inaji vyvijet semena.

Mykorhiza

U rostlin Celedi Fabaceae Ize také vysledovat endotrofni vezikularni-arbuskularni
mykorhizu. Houby Fadu Glomales (tfida Zygomycetes) mohou reagovat
na pfitomnost hlizek (ROSENDAHL ET DODD 1995, PAszkKowskI 2006). Mykorrhizni
houby nefixuji atmosféricky dusik, ale diky fosforu poskytujici rostliné podporuji
aktivitu nitrogenazy (PuppPl 1983, RABIE ET AL-HUMIANY 2004). U rostlin je mozné
najit i velmi slozity symbioticky vztah napf. rostlina - Rhizobium - houba. V tomto
vztahu jsou obsazeny dva mutualistické vztahy, které se vzajemné dopliuji
(DIouF ET AL. 2003). Mykorhiza prospiva rostlindm hlavné prostfednictvim
fosforu, ale i dusiku, drasliku, a zinku (ALLEN ET ALLEN 1981, SMITH ET READ
1997). Mykorhiza nebyla objektem vyzkum této prace a jeji pfitomnost nebyla

nijak zohlednéna.
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Zastupci celedi Fabaceae

Medicago sativa L., tolice seta

Druh M. sativa je hemikryptofyt pochazejici ze stfedni Asie (KUTSCHERA 1960).
Jedna se o jednu ze svétové nejvyznamnéjSich picnin. Ma vysokou krmivarskou
hodnotu a vysoky obsah proteind (SLAVIK 1995).

Obr. 3: Nadzemni a podzemni ¢ast druhu M. sativa (CHMELIKOVA 2009).

Ekologie druhu

Druh M. sativa je p&stovan jako picnina, ktera Gasto zplariuje. Sii se do pu-
vodnich spoleCenstev, ale diversitu nesniZzuje (MLIKOVSKY ET STYBLO 2006).
Najdeme jej na okrajich cest a naspech. S oblibou roste na sussich, zviasté
ruderalizovanych loukach, okrajich poli, rumistich apod. Roste spiSe
na vyhfevnych, provzdusnénych, Zivinami bohatych plidach, jejichz pH je ¢asto
neutralni, nékdy dokonce mirné kyselé ¢i mirné zasadité (PETERS ET AL. 2005).
Dobre odolava suchu a je vapnomilna (VOLF 1988).

Vlyskytuje se po celém Uzemi od nizin do podhufi, ve spoleCenstvech svazu
Dauco - Melilotion Goérs 1966, Convolvulo - Agropyrion Gors 1966, Bromion
erecti Koch 1926 a Arrhenatherion Koch 1926 (MORAVEC1995, SLAVIK 1995).
Diky svému kontinentalnimu plvodu a hluboko sahajicim kofenim je tento druh
odolny vG&i mrazu a suchu (KUTSCHERA 1960, ELLENBERG ET AL. 1992). Zivotni
strategie M. sativa (sensu GRIME 2001) je konkuren&ni stratég (KLOTZ ET AL.
2002), pfesnégji C/CSR (HODGSON ET AL. 1999).
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Korenovy systém

Madé rostliny maji bohaté vétveny
kofenovy systém az do 5.fadu, starSi
rostliny jsou oproti nim charakteristické
svym kullovym kofenem smérujici kolmo
dolt (CHMELIKOVA 2009, KUTSCHERAET AL.
2009). Uvadi se, Ze je kofen schopen rust
az do hloubky nékolika metrd (FRANKOW- "
LINDBERG ET DAHLIN 2013). Tento silny
kofen se vétSinou téméfr nevétvi, ~+10
pfi povrchu utvafi jen malo kratSich
postrannich kofent (KUTSCHERA 1960).

Ve vétSich hloubkach je vice Clenén a je

schopen utvaret i silnéj$i postranni kofeny T2

(HAKL ET AL. 2012A). Kofen ma barvu _

svétle Zlutohnddou a# tmavé hnédou 1

(KUTSCHERA 1960, CHMELIKOVA 2009). | P

Obvod kofene v nejSirSich mistech

(nékolik cm pod zemi) Cini az nékolik 1 [

centimetrd (CHMELIKOVA 2009). Agkoliv '

rostlina upfednostfiuje dostatek vzduchu 140 [cm]
Obr. 4: Kofenovy systém M. sativa

v pudé, kofeny dorustaji do velkych Yy Sy
(CHMELiKOVA 2009).

hloubek ivpldach s nizkym obsahem

kysliku  (KUTSCHERA ET AL. 2009,

CHMELIKOVAET AL. SUBMITTED A).

Hlizky

Hlizky se obvykle utvafi na jemnych
kofenech, coZz vysvétluje absenci hlizek
u starSich  rostlin. U mladSich rostlin
seutvafi na kofenech 1. a 2.Ffadu
(CHMELIKOVA  2009). Jejich tvar byva
kulaty, valcovity i vétveny (MARX 2004).

e == === Valcovité  hlizky dosahuji  nejCastéji
Obr. 5 Hlizka M. sativa rozmérd 1x2mm, kulaté az 2mm
(CHMELIKOVA 2009). a vétvené az 3 x 3 mm.
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Trifolium arvense L., jetel rolni

Tento druh pochazi z Evropy a vychodni Asie (KUTSCHERA 1960). T. arvense,
znamy téz jako jetel zajeCi, se pouziva Casto v lidovém IéCitelstvi (AICHELE
ET GOLTE-BECHTLE 2005). Jedna se o jednolety az dvoulety terofyt (ROTHMALER
ET AL. 2000, KLEYER ET AL. 2008).

Obr. 6: Podzemni i nadzemni ¢ast T. arvense (CHMELIKOVA 2009).

Ekologie druhu

Trifolium arvense roste na suchych slunnych stanovidtich. Vyskytuje se
pfevazné na chudych nevapnitych, kyselych, mélkych dobie provzdusnénych
pudach s rozvolnénou vegetaci (SLAVIK 1995, SCHAUER 2007). Tento druh Ize

oznacit indikatorem kyselych ptd.

Nalezneme ho od nizin do nizSich poloh submontanniho stupné, na celém
uzemi CR roztrou$ené az hojné, v oreofytiku vzacné. Je diagnostickym druhem
svazu Plantagini - Festucion ovinae Passarge 1964 (MORAVEC 1995), Casto
pfesahujici do dalSich spoleCenstev tfidy Sedo - Scleranthetea Br. - Bl. 1955 em.
Moravec 1967 (SLAVIK 1995). Zivotni strategie T. arvense (sensu GRIME 2001) je
stres tolerantni R-stratég, pfesnéji R/ISR (HODGSON ET AL. 1999).
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Korenovy systém

Tento druh ma vétvené kofenové systémy, u kterych je mozné ve vétSiné
pfipadt vysledovat hlavni kofen (CHMELIKOVA 2009). Hlavni kofen sméfuje
kolmo dolu Ci se plazi tésné pod povrchem pudy, nejvySe vS§ak do hloubky 10 cm
(FITTER  ET PEAT 1994, CHMELIKOVA 2009), ackoliv KUTSCHERA (1960)
zaznamenala kofeny az do hloubky 40 cm. Primeér kofenového kréku dosahuje
maximalné 5 mm. Kofeny se vétvi do 2.fadu, vzacné do 3.fadu. Barva
kofenového systému je bledavé hnéda. Kofeny vySSich fadl jsou ¢asto tmavsi

nez hlavni koren.

bl
Obr. 7: Kofenovy systém T. arvense (CHMELIKOVA 2009).

Hlizky

Hlizky se u tohoto druhu nachazi
na kofenech 1. a 2. fadu, nékdy dokonce
i na hlavnim kofeni (CHMELIKOVA
ETHEJICMAN  2012b).  Jejich  tvar je
vétSinou valcovity, nékdy kulaty,

vyjimeéné lze pozorovat i hlizky prstovité

o 1 2 3 4 5[mm vétvené. Hlizky obvykle dosahuji jen
Obr. 8: Hlizky T. arvense malych rozmérdi - 1-2mm (CHMELIKOVA
(CHMEL IKOVA 2009).
2009).
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Trifolium medium L., jetel prostiedni

Tento hemikryptofyt s nalervenalou poléhavou nebo Castéji vystoupavou
lodyhou, ktera se bohaté vétvi, je plvodem z Evropy a zapadni Asie (FITTER
ET PEAT 1994). Jedna se o picninafskou rostlinu. Vyzkumy ukazuji, ze je
ve srovnani s T. pratense odolngjSi proti poSkozeni podzemich cCasti tézkou
mechanizaci, a Ze je mimofadné rezistentni proti virovym chorobam (SLAVIK
1995).

Obr. 9: Podzemni i nadzemni ¢ast T. medium (CHMELIKOVA 2009).

Ekologie druhu

Trifolium medium je ekotonni (ekotonalni) druh, roste na okrajich les,
kfovinatych i travnatych strani, na loukach a pastvinach. Nalezneme ho
na mirné suchych az &erstvé vihkych, kyprych a &astecné zastinénych mistech,
a to jak na kyselych, tak i na alkalickych substratech (ELLENBERG ET AL. 1992,
AICHELE ET GOLTE-BECHTLE 2005).

Tento druh je u nas rozSifen hojné od nizSich pahorkatin do hor, optimum
vyskytu je v mezofytiku a v pfilehlych uzemich termofytika a oreofytika, vzacné
chybi v teplejSich a susSich oblastech a v horach nad 800 m. n. m. (SLAVIK
1995). Je diagnostickym druhem svazu Trifolion medii Th. (MULLER 1962), Casty
je téZ ve spoledenstvech fadu Prunetalia Tiixen 1952 (MORAVEC 1995). Zivotni
strategie T. medium (sensu GRIME 2001) je stres tolerantni konkurenéni stratég,
pfesnéji SC/CSR (HODGSON ET AL. 1999).
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Korenovy systém

Trifolium medium utvaii rozsahly kofenovy systém s mélkymi plazivymi oddenky

(FITTER ET PEAT 1994, KLIMESOVAET DE BELLO 2009). Mimo oddenkl utvafi tento

druh také hlavni kulovy kofen. NejvétSiho priméru kofene dosahuje rostlina

v hloubce nékolika centimetrli pod povrchem pldy. Kofeny se vétvi maximalné

do 3. fadu. Barva silngjSich kofen(l je zlutohnéda, nékteré kofeny 1. fadu mohou

byt svétlé az bilé, kofeny vySSich fadu mohou byt tmavsi (CHMELIKOVA 2009).

— -

+20

- 25 [cm]

Obr. 10: Kofenowy systém T. medium (CHMELIKOVA 2009).

0o 1 2 3 4

Obr. 11: Hlizka T. medium
(CHMELIKOVA 2009).

5 [mm]

Hlizky

Hlizky u tohoto druhu preferuji, stejné
jako uvétSiny ostatnich druhl, jemné
kofeny 2.a3. fadd. Druh T. medium
utvarfi podobné jako v8echny rostliny
druhy rodu Trifolium spp. pFedevsim
valcovité hlizky, Ize v8ak nalézt i hlizky
kulatého, kyjovitého a vzacné vétveného
tvaru (CHMELIKOVA ET HEJCMAN 2013).
Jejich rozméry se pohybuji mezi
1x2mm az2x5mm  (CHMELIKOVA
20009).
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Trifolium pratense L., jetel luéni

Tento hemikryptofyt je dvouleta az viceleta bylina s ¢etnymi lodyhami piivodem
z Evropy a prilehlych Casti Asie a Afriky (SLAVIK 1995). Je dullezitou picninou
bohatou na bilkoviny (AICHELE ET GOLTE-BECHTLE 2005). Druh T. pratense je
péstovan také jako alternativni druh na mistech nevhodnych pro M. sativa.
Z dlvodu zachovani vynosu i v dalSim roce je Castéji péstovan ve sméskach
nez v monokultufe (HALLING ET AL. 2002).

Obr. 12: Podzemni i nadzemni ¢ast T. pratense (CHMELIKOVA 2009).

Ekologie druhu

Trifolium pratense je druh suchych az mirné vlhkych luk, ¢asto je péstovan
na polich v jetelotravnich sméskach. Roste na pastvinach a na okrajich cest,
v oblibé ma vyzivné hluboké pidy (AICHELE ET GOLTE-BECHTLE 2005, SCHAUER
2007).

Na nasem uUzemi ho nalezneme nejen na mezofilnich loukach nizin, ale
i v oblastech podhorského stupné (vzacné i na horach). Je diagnostickym
druhem svazu Arrhenatherion Koch 1926 (MORAVEC 1995). Oproti M. sativa je
méné odolny vi¢i suchu a mrazu, na druhou stranu je vSak odolngj§i vici
zamokieni (KUTSCHERA 1960). Zivotni strategie T. pratense (sensu GRIME 2001)
je konkurencni stratég (KLOTZET AL. 2002), pfesnéji CSR (HODGSON ET AL. 1999).

28



Literarni reSerSe

Korenovy systém

Rostliny tohoto druhu maji kofenovy systém se zfetelnym hlavnim kofenem,
ktery se bohaté vétvi az do 5. fadu (KUTSCHERA 1960). Lateralni kofeny byvaji
Casto velmi dlouhé, az do vzdalenosti 20 cm od rostliny (CHMELIKOVA 2009).
Starsi rostliny mohou v kofenovém kréku dosahovat az nékolika cm. Oproti
M. sativa kofeny nedosahuji takovych hloubek (KUTSCHERA 1960). Barva kofene
je svétle hnéda (nékdy lehce narGzovélé), zlutava az bélava. Po disturbanci
(nalomeni lodyhy) byla zjiSténa schopnost utvafeni adventivnich kofend
na lodyze (CHMELIKOVA 2009).

- 15[cm]

Obr. 13: Kofenow systém T. pratense (CHMELIKOVA 2009).

Hlizky

Tento druh utvafi velké mnozstvi hlizek
nezavisle na stanovisti (CHMELIKOVA
ET AL. SUBMITTED B). Jemné lateralni
kofeny k nodulaci pfimo vybizeji. Jako
druh rodu Trifolium spp. nese na svych
kofenech hlizky tvaru valcovitého, nékdy
i kulatého a kyjovitého tvaru. Rozméry
hlizek  dosahuji  vétSinou 1x2mm

az1x3 mm.

Obr. 14: Hlizky T. pratense
(CHMELIKOVA 2009).
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Zvolené faktory ovliviiujici morfologii kofenovych systémiu

a nodulaci

Zivotni forma rostlin (RAUNKIAER 1934)

Koreny jednoletych a viceletych rostlin se liSi svoji stavbou a velikosti (FITTER
ET AL. 1988, GROSS ET AL. 1992, ROUMET ET AL. 2008). Viceleté rostliny utvareji
vice vétveny kofenovy systém s vétSim primeérem. Dichotomicky vétvené
kofenové systémy jsou typické pro jednoleté rostliny (GROSS ET AL. 1993).

Vétveni ovliviiuje strategii pfijmu Zivin (ROUMETET AL. 2006).

Mnoho rostlin ma nezavisle na jejich prislusnosti k taxonomickému systému
v hrubych rysech podobny vzhled (FISCHER 2003), tento vzhled odpovida
Zivotnim formam dle RAUNKIAERA (1934), Casto jsou tyto formy vzhledu
bez zohlednéni miry ekologického pfizpusobeni oznacovany jako formy rustu
(FISCHER 2003).

Klasifikace zivotnich forem dle RAUNKIAERA (1934) vychazi z pozice, ve které
rostlina vytvafi a zachovava obnovovaci pupeny béhem nepfiznivého obdobi
(KovAR 2002). Tato klasifikace byla vicekrat pfepracovana a zjemnéna a dnes
je mozné vSechny vy$si rostliny zafadit do deviti hlavnich skupin. Tyto hlavni
skupiny Ize jeSté dale Clenit a specifikovat (MULLER-DOMBOIS ET ELLENBERG
1974), aby se zduUraznila morfologicka pfizplisobeni na zvlastni podminky
(FISCHER 2003). Mezi hlavni zivotni formy, které jsou zastoupeny v pfedloZzené
praci, patfi fanerofyty, hemikryptofyty, chamaefyty a terofyty. DalSimi formami
jsou geofyty, liany a epifyty, parazité a hydrofyty (FISCHER 2003, KNEVEL ET AL.
2005).

Hemikryptofyty ukryvaji své obnovovaci pupeny pfi povrchu pady a jsou
chranény vrstvou opadanky. Terofyty se rychle vyviji na poCatku vegetacniho
obdobi a tvofi v kratké dobé mnoho odolnych semen, naeZ rostlina sama
odumfie. Chamaefyty utvari zdfevnatélé stonky a vétve, na kterych se nachazi
organy pro pireCkani nepfiznivych obdobi, dosahuji nejvySe 50 cm nad zemsky
povrch (nizké kefe). Obnovovaci organy fanerofytd se nachazi vice nez 50 cm
nad zemina zdfevnatélych a dlouhovékych vétvich nesoucich pupeny.
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Dostupnost zivin

Dostupnost Zivin je slozité pfesné definovat a jeSté slozit&jSi je dostupné Ziviny
pfesné urc€it. Dostupnost Zivin je totiz zavisla na mnoha faktorech, které neni
mozné predem urCit. Pfikladem je rust kofene, vlhkost pudy a d&innost
mikroorganismu (MENGEL ET AL. 2001). Pfilem Zivin je regulovan ristem
a metabolismem rostliny a koncentraci zivin v pudé (AMBERGER 1983). Rostlina
ma schopnost zvysit pfijem Zzivin tim, Ze svymi kofeny produkuje do prostiedi
exudaty. Tyto exudaty spolu s odumfelymi viasky a slizem podporuji aktivitu

mikroorganismu, které na oplatku podporuji dostupnost Zivin (MARSCHNER 1995).

Rostliny jsou na dostupnosti zivin v pudé zZivotné zavislé. Jak udava Sprengel-
Liebiguv zakon minima (LIEBIG 1840, LIEBIG 1855, PLOEG ET AL. 1999) je pro rust
rostlin limitujici pravé ten prvek, ktery je v minimu. Naroky rostlin na jednotlivé
Ziviny jsou tak ovlivnény dostupnosti ostatnich Zivin (TRUONGT ET BRIX 2009).
Ve vétsiné rostlinnych spoleCenstev se jedna o dusik, fosfor a draslik. Vzajemny
pomér dostupnosti jednotlivych Zivin v pudé hraje dulezitou roli. Také muze
dochazet i k limitaci dvou zivin souCasné (GUSEWELL 2004, KNECHT
ET GORANSSON 2004, AGREN ET AL. 2012). Naroky rostlin na Ziviny jsou

u jednotlivych druh rostlin zna¢né rozdilné.

VétSina studii je zaméfena predevdim na dostupnost tfi zakladnich Ziviny - NPK.
Nékolik praci vSak poukazuje na vyznamny Vvliv i jinych Zivin (i na kofenové
systémy), jako napfiklad na siru (BOSWELL ET AL. 2007, SOUSSANA ET TALLEC
2009). Dusik, fosfor a draslik maji zasadni vyznam pro rust rostlin. Studium
adaptace rostlin na riznou dostupnost téchto zZivin je tedy velmi aktualnim
tématem. Pfevazna Cast praci se v8ak zaméfuje prfedevSim na vliv na vynos
nadzemnich ¢astirostlin (HEJCMAN ET AL. 2010) a to hlavné zemédélskych plodin
(HENRY ET CHINEDU 2014, IzsAkl 2014, KUMAR ET BOHRA 2014, SATTARI ET AL.
2014).

Rostlina pfijima podstatnou vétsinu Zivin kofeny. Ziviny se dostavaji do kofene
intercepci, pomoci transpiratniho hmotového toku a difuzi (MARSCHNER 1995,
PLHAK 2003). Koreny rostlin pfijimaji z pudy Ziviny ve formé kationtt (napf. K",
NH,*, Ca,") a aniontd (napf. NO3, S0, PO43'). Pfijem Zivin je ovlivnén jak
samotnou rostlinou, tak podminkami prostfedi (TRAWNIK 2010). Mezi podminky
prostfedi patfi povétrnostni podminky (teplota, mnozstvi a rozdéleni srazek)
a predevs im vlastnosti pady, napf. zrnitost, vihkost, pérovitost, pH, obsah Zivin a;.
(BAEUMER 1992, VOPRAVIL ET KHEL 2010). Napf. MENDOzA ET AL. (2005)
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zaznamenal u Lotus glaber ve vihkych pudach vysSi obsah N a P v kofenech
a v celé rostliné nez u rostlin na suchych padach. Stavba korenového systému je

jednim z nejdulezitéjSich parametrd rostliny, jez se projevuje v pfijmu Zivin.

Plasticita rostlin umoznuje lepSi zachyceni mobilnich iontl - jako jsou NO; ionty,
jejichz pfijem neni omezen difizi v pudé, ale zavadénim k povrchu kofene. Pravy
opak plati u imobilnich iontd - jako je napf. PO,> (HODGE 2004). V&tSi délka
kofenu spolu s jejich hustotou umoziuje zachyceni imobilnich iontd. Roli zde
hraji i mykorhizni houby. Podle H@GH-JENSEN ET PEDERSEN (2003) a WRAGE
ETAL. (2010) jsou rostliny diky své plasticité schopné navysit poCet kofenu
vpudé s nedostatkem fosforu a drasliku, aby se zvétSil povrch kofenového

systému a doslo tak k navySeni pfijmu téchto dvou Zivin.

V ramci disertacni prace je pozornost vénovana dostupnosti dusiku, fosforu
a drasliku. Pozornost je z ¢asti zaméfena také na molybden, jez ma specifickou

Ulohu u rostlin ¢eledi Fabaceae.

Dusik

Dusik patfi k zakladnim stavebnim prvkim, které tvorfi bilkoviny. Rostliny maji
podstatné vétSi potiebu dusiku neZz ostatnich Zivin (AMBERGER 1983). Je
obsaZen v rostlinnych a ZivoCiSnych reziduich, humusovych latkach vznikajici
z organickych latek aj. Dusik v této formé prochazi procesem mineralizace, méni
se na amoniakani (NH*") a dale na nitratovou formu (NO*) a pravé v téchto

formach je dusik pro rostliny pfijatelny.

O pfijmu vySe uvedenych iontl rozhoduji vnéj§i podminky, ale i rostlina sama
(TESAR ET AL. 1992). Regulace pfijmu dusiku ve formé NO; je fizena celou
rostlinou, konkrétné stavem dusiku v celé rostliné. Oproti tomu pfiem dusiku
ve formé NH," je predevSim pod kontrolou kofenl a je Iépe pfijiman nez NOjs
(JACKSON ET AL. 2008). Velky vliv ma pH prostfedi, v kyselych padach pfevazuje
pfjem NO;. Na neutralnich az alkalickych pldach se pak pfijem obou iontl
vyrovnava nebo prevazuje prijem NH," (AMBERGER 1983). V lehkych pis&itych
pudach je dusiku méng, v téZkych pudach je dusik zastoupen ve velkém
mnozstvi (MENGEL ET AL. 2001).

Rostliny Celedi Fabaceae diky svym symbiotickym bakteriim jsou schopné
vyuzivat také vzdusny dusik (N,). Tyto rostliny jsou velmi citlivé na nadbytek N

vranych fazich, tedy jiz pfi vzchazeni (SNOBL ET AL. 2005). Velké mnoZstvi
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mineralniho dus iku snizuje, pfip. inhibuje nodulaci (HRSCH 1992, ROUMET ET AL.
2008).

Fosfor

Fosfor je zivinou urychlujici zrani, podporuje nasazeni kvétll a zaroven pfispiva
k tvorbé pevnych pletiv. Je nutny pro pfenos dédi¢nych viastnosti, energie ATP
a ADP, délenibunék a fotosyntézu (TESAR ET AL 1992). V pudé je fosfor pfitomny
v organické a mineralni formé. Organicky fosfor je pfevazné obsazen
ve fosfolipidech, nukleovych kyselinach a inositolfosfatech (VANEK 2007).
Mineralni fosfor je souc€asti anorganickych sloucenin, ve kterych je
ortofosfore&nanovy aniont (H,PO,, HPO,*, PO,*) vazan predevSim na Zelezo
(Fe) a hlinik (Al) v pudach kyselych a na vapnik v padach alkalickych. Vyssi
obsah fosforu vykazuji pady s vét§im obsahem organické hmoty (SNOBL ET AL.
2005). Prevazna cast fosforu je pro rostliny nepfijatelna. Organicky fosfor
v podobé odumfelych organismd je nedinou soucasti organické pudni hmoty
(SNOBL ET AL. 2005). Fosfor je pfijiman rostlinami ve formé& aniontd H,PO,
a HPO,?. Rostliny jsou schopné pfijimat fosfor i pfi velmi nizké koncentraci
v pudnim roztoku, tento pfijem je vSak energeticky narocny (TESAR ET AL. 1992).
Naroky jednotlivych druhli na fosfor se vyrazné lisi.

U leguminéz, které nejsou limitovany dusikem v padé, Ize fosfor oznacit
za nejvyznamnéjSi a zaroven limitujici zivinu. Fosfor ovliviiuje jak morfologii
kofenovych systém, tak nodulaci (ADAMS ET AL. 2002). Pozitivni vliv fosforu byl
zaznamenan na prumér kofene M.sativa a Lotus australis (PATREZE
ET CORDEIRO 2005, PANG ET AL. 2010). Oproti tomu na pudach s nedostatkem

fosforu se utvarely mélké kofeny s bohat$im vétvenim (LYNCH 1995).

Rostliny se adaptuji na pfijem fosforu utvarenim bohatSiho kofenového systému,
vyluovanim vice kofenovych vyméskd ¢&i vyuzivanim symbidzy s houbami
(WRAGE ET AL. 2010). Napf. rod Lupinus spp. ma schopnost osvojovat si Ziviny
(zejm. fosfor) i ze Spatné dostupnych forem pomoci utvareni kratkovékych
kofinkd, tzv. cluster roots (SHANE ET AL. 2008).

Draslik

Draslik je pfijiman rostlinami jako kationt K*. Pfijem kationtu K* je bud aktivni,

prevlada pfi nizSich koncentracich drasliku v padé, nebo pasivni, ktery probiha
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pfi jeho vysokych koncentracich (SNOBL ET AL. 2005). Draslik vyznamné ovliviiuje
aktivitu enzymU, a tak zasahuje do celé fady metabolickych proces(, napr.
fotosyntézy a dychani (VANEK 2007). Draslik také zlepSuje odolnost rostlin
vUucCi prostfedi (ZAHRAN 1999).

Dulezitym faktorem ovliviujicim pfijem drasliku rostlinou je mimo jiné zrnitost
pudy. Rostliny odCerpavaji draslik snadnéji na leh¢ich piscitych padach s nizsi
sorpéni kapacitou (SNOBL ET AL. 2005). Obsah K* v kofenu je diilezity pro pFijem

vody a vznik kofenového vztlaku.

V rostlingé je draslik velmi pohyblivy, z kofeni do prytu je K* transportovan
xylémem, ze starSich Casti rostliny do €asti mladych floémem. Legumindzy
ukladaji ve své biomase méneé drasliku nez jednodélozné rostliny, coz naznacuje
vétSi efektivitu hospodareni s draslikem (H@GH-JENSEN ET PEDERSEN 2003).

Molybden

Rostliny pfijimaji molybden prevazné jako aniont, ve formé& MoO,* (XU ET AL.
2013). Jeho potfeba je vSeobecné pro vétSinu rostlin velmi nizka. Relativné
nejvice molybdenu vyZaduji rostliny Fabaceae, pfip. bakterie na kofenech téchto
rostlin.

Molybden je prvek nezastupitelny v metabolizmu dusiku a siry. Je slozkou
enzymu nitrogenazy, kterym prokaryotické organizmy Zzijici v symbi6ze s vySSimi
rostlinami fixuji vzdudny N, (YANG ET AL. 2014). Aktualni potfeba Mo v rostliné
zavisi na formé pfijimaného dusiku. Prevlada-li ve vyzivé NOj, stoupa také
potieba Mo (ROMEROET AL. 2013).

Dobra dostupnost molybdenu v padé pozitivné ovliviiuje nodulaci, napf. mnozstvi
a velikost hlizek (TOLEDOET AL. 2010). Dobra dostupnost molybdenu se projevuje
prodlouzeni aktivity hlizek (SHAWET AL. 1966).

Pudni reakce

Dostupnost Zivin zavisi mimo jiné na hodnoté pudni reakce. Rostliny jsou
schopné pfijimat urcité Ziviny jen v urcitém rozmezi reakce pudy. Shelfordav
zakon tolerance uvadi, ze rostlina toleruje pouze urcité rozpéti hodnot prostredi

(napf. pH), ve kterém je schopna rlst a vyvijet se.
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Hodnota pH pudy je pro fadu druht rostlin limitujicim faktorem, pfikladem toho je
M. sativa v Austrélii (BETTENAY ET HINGSTON 1964). Pldni reakce ovliviiuje
kliivost, vzchazivosti a rust rostlin (MANDAK ET PYSEK 2001, KRISTALOVA ET AL.
2011). Hodnoty pH prostfedi limituji také rast kofenovych systémua legumindz
a nodulaci (PANCIERA ET SPARROW 1995, BRAUER ET AL. 2002). Plidni reakce se
projevuje v dostupnosti Zivin a pfijmu Zivin rostlinou (CRUz 1997, PETERS ET AL.
2005).

Rostliny Celedi Fabaceae preferuji pfedevSim slabé kyselé pady (BORDELEAU
ET PREVOST 1994, CHMELIKOVA ET HEJCMAN 2012). Pro vétSinu druht této Celedi
je uvadéno, ze pudy s hodnotami pH niz$i nez 4 a vys$Sinez 8 jsou pro né toxické
(BORDELEAU ET PREVOST 1994). Na téchto pudach dochazi k nizké mobilité
fosforu (BALIGAR 1987), ktery je jednou z nejdllezitéjSich zivin pravé u legumindz
(DopD ET ORR 1995). Jednotlivé druhy rostlin reaguji na pH pudy rozdilné citlive.
Napf. podle RICE ET AL. (1977) se rozdiné hodnoty pH pudy (4,5-7,2)
neprojevuji ve vynosu a nodulaci T. pratense. Oproti tomu M. sativa dosahuje
dobrych vynosu jen za ur€itych hodnot pH. Jako idealni se pro tento druh uvadi
neutralni az mirné zasadité pH pudy (RHYKERD ET OVERDAHL 1972), pfesnéji pH
vrozmezi6,5 - 7,0 (PETERS ET AL. 2005).

Vliv padni reakce se projevuje i pfi nodulaci. Kofenové viasky, které jsou
pro nodulaci dulezité, reaguji citlivé na kyselost pad (MuNNs 1968). Nodulace
zavisi také na citlivosti bakterii Rhizobium s. 1. vi¢i pH prostfedi (HOWIESON
ETAL. 1988). Vliv pudni reakce se projevuje napf. tvorbou menSich hlizek
uM. sativa v kyselych padach a tvorbou vétSich hlizek téhoz druhu
na neutralnich ptdach (CHENGET AL. 2002).

Samy kofeny leguminéz svymi exudaty snizuji pH v rhizosféfe (YAN ET AL. 1996,
TANGET AL. 1999).

Pudni zrnitost (textura)

Zrnitost pudy ovliviiuje stavbu kofenového systému a jeho penetraci (pronikani)
pudou. Podle SMILAUEROVE (2001) zlep$uje vy$si obsah pisku v pidé schopnost
penetrace kofene a podporuje jeho rovnomérné vétveni. Naopak ke zhorSeni
penetrace dochazi pfi vy$Sim obsahu Stérku v padé, kdy se kofeny vétvi
a zveétSuji svij primér v mistech s moznosti snazSiho priniku. Rozdilna
penetrace kofene ovliviiuje pFijem vody a Zivin rostlinou (SMILAUEROVA 2001)

a nasledkem toho muze dojit i ke snizeni vynosu nadzemni biomasy (SALAKO
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ET AL. 2002). Reakce rostlin na pudni zrnitost se mezi jednotlivymi druhy liSi (MIA
ET AL. 1996, ZAHRAN 1998, FORDE ET LORENZO 2001, REJILI ET AL. 2007). Napf.
u Plantago lanceolata se vice projevily rozdily obsahu Zivin v pudé
nez heterogenita substratu (SMILAUEROVA ET SMILAUER 2002).

Padni zrnitost je ovlivnéna zhutnénim pudy (HAKL ET AL. 2007). Vliv zhutnéni
snizuje hustotu kofenovych délek az o 60 % (GRIMES 1978). Nasledkem toho
klesa také vynos plodin o 10 % (MEek ET AL. 1988, RECHEL ET AL. 1990).
Pfi zhutnéni pudy dochazi nejen ke zméné zrnitosti pady, ale zaroveri ke zméné
jeji kompaktnosti, dostupnosti Zzivin a schopnosti pldy zadrzovat vodu
(ANNICCHIARICO 2007), coz ovliviiuje dale morfologii kofenovych systému a jejich
prostorové usporadani. Tento vliv se nejvice projevuje ve svrchnich 10 cm pudy,
jak uvadéji KRISTOFFERSEN ET RILEY (2005) a GLAB (2008) pro kofeny M. sativa.
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Root system variability in common legumes in Central Europe
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Abstract: The aim of this study was to provide an overview of field measured root systems of common legume species
growing under different environmental conditions in the Czech Republic. The plants, 214 individuals of 21 selected legume
species from the tribes Galegeae (Astragalus glycyphyllos, Lupinus polyphyllus), Genisteae (Cytisus scoparius, Genista
tinctoria), Loteae (Anthyllis vulneraria, Lotus corniculatus, Securigera varia), Trifolieae (Trifolium arvense, T. campestre,
T. medium, T. pratense, T. repens) and Vicieae (Lathyrus pratensis, L. sylvestris, Vicia angustifolia, V. cracca, V. hirsuta),
were collected using the monolith method from 27 sites.

A rhizome was present in seven species and the maximum branching order was three for 15 species and five for five species.
Recovery buds were recorded on the root system of eight species and woodiness was recorded in 11 species. Root diameter
ranged from 1 to 12 mm — the minimum diameter was recorded in annuals and the maximum in perennials. The colour
of the root system ranged from light to dark. In six species, young roots were light and older roots were dark. Globose,
cylindrical, branched, fan-like and ruff-like nodules were recorded. Only one type of nodule shape was recorded in 11 species,
two in seven species and three or four in three species. Nodules measured up to 2 mm in nine species, from 2 to 4 mm in
three species and more than 4 mm in nine species. Legume root systems are highly variable and the variability was due to
Raunkier’s life forms rather than membership of a tribe.

Key words: annual and perennial species; environmental conditions; Fabaceae; nodules and nodulation; Raunkier’s life

form

Introduction

Legumes (family Fabaceae) comprise more than 650
genera and 18,000 species and are found almost world-
wide (Doyle 2001). In Europe, the temperate herba-
ceous legumes are divided into eight tribes (Polhill
1981). Legumes are known for their symbiotic relation-
ship with Rhizobium s.l. bacteria, enabling them to
utilize aerial No, which is inaccessible to many other
species (Garg & Geetanjali 2007; Novak 2010). Symbi-
otic nitrogen fixation makes legumes highly competitive
especially in environments limited by mineral (NOj3
and NHZ{) nitrogen and with an adequate phosphorus
and potassium supply (Honsova et al. 2007; Jackson et
al. 2008). The presence of Rhizobium bacteria in the
soil initiates nodulation — i.e. the creation of nodules of
several shapes on the roots of legumes. Nodulation can
be affected by soil salinity and pH, moisture, tempera-
ture and nutrient availability (Zahran 1999). In previ-
ous studies, the formation of nodules was recorded only
when plants were grown in mineral nitrogen-deficient
soils (Hirsch 1992), whereas high phosphorus together
with high mineral nitrogen availability in the soil sup-
pressed (Truongt & Brix 2009) or entirely inhibited
nodulation (Roumet et al. 2008). According to Corby
(1988), nodule shape is associated with legume taxo-
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nomy and can be species-specific (Zahran 1998) or
tribe-specific (Rejili et al. 2007). In addition to nodula-
tion, the response of the root system to soil conditions
is believed to be life form (Johnson & Biondini 2001)
or species-specific (Mia et al. 1996).

In this study, root systems were defined as the net-
work of underground organs. As plants are sessile and
therefore cannot select the best site for life, their root
systems must be sufficiently plastic to cope with vari-
able soil conditions, especially with water and nutrient
availability (Briggs & Walters 1997; Hodge 2004; Sultan
2000; Smilauerova & Smilauer 2010).

The root systems of individual plants can be highly
modified by root competition as the competition for nu-
trients provokes higher energy investment into roots in
order to increase their density and length (Olde Ven-
terink & Giisewell 2010). The presence of nutrient-rich
patches in the soil profile may also modify the root sys-
tem because roots are able to proliferate and grow pref-
erentially into nutrient-rich patches (Robinson 1994;
Forde & Lorenzo 2001; Hejcman et al. 2011).

Lucero et al. (1999) concluded that water deficit
increases the rooting depth of Trifolium repens. Ac-
cording to Skinner & Comas (2010), drought stress in-
creased not only the root depth of six legumes but also
the length of their roots. On the other hand, waterlog-
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ging increased the root crown diameter of Lotus glaber
in a study by Mendoza et al. (2005).

At the individual species level, some of the variabil-
ity in root system morphology can be ascribed to life
form and nutrient acquisition and conservation strate-
gies. The root systems of perennials are more randomly
branched and have larger diameter roots than annuals
(Roumet et al. 2006, 2008). On the other hand, dichoto-
mously branched root systems are more typical in an-
nuals (Gross et al. 1993). This may explain the nutrient
conservative strategy of perennials and the high nutri-
ent uptake capacities of annuals recorded by Roumet et
al. (2006). According to Antos & Halpern (1997), dif-
ferent annual species have a similar root morphology,
differing from perennials especially in terms of rooting
depth.

Root systems have been most frequently studied
in grasses (Hodge et al. 1998; Janecek et al. 2007;
Pechackova et al. 2003; Smilauerova & Smilauer 2002;
Van der Krift & Berendse 2002; Wahl et al. 2001;
Wildova et al. 2007), field crops (Haberle & Svoboda
2000; Lamb et al. 2000; Merrill et al. 2002; Svoboda &
Haberle 2006) and forage legumes (Braun et al. 2010;
Hakl et al. 2007, 2011; Komarek et al. 2010), but there
is a lack of detailed information about the root sys-
tem morphology and variability of common legumes
in Central Europe. Some results of plant excavations
in the field were published by Kutschera (1960) and
Kutschera & Lichtenegger (1992), but the root system
variability of many common species such as Vicia an-
gustifolia, Vicia cracca, Lupinus polyphyllus, Lathyrus
sylvestris, Astragalus glycyphyllos and Cytisus scopar-
ius has never been described.

The aim of this paper was therefore to provide an
overview of field measured root systems of 21 common
legume species growing under different environmental
conditions in Central Europe. We asked the follow-
ing research questions: (i) How does the morphology
of the root systems plus nodules vary in the investi-
gated species? (ii) Which root traits are characteristic
for individual species?

Material and methods

Study area

The plants, 214 individuals of 21 selected legume species,
were collected from 27 sites in the Czech Republic at an
altitude ranging from 350 to 580 m. a.s.l. (see Table 1 for
a list of investigated species and the number of sites from
which each species was collected). The species belonged to
five tribes (Galegeae, Genisteae, Loteae, Trifolicae and Vi-
cieae). The names of the tribes follow Allen & Allen (1981).
The average annual precipitation and temperature ranged
from 600 mm and 8°C at 350 m a.s.l. up to 700 mm and
6.5°C at 580 m a.s.]. The sampling sites were described as
dry or humid, field, forest, ruderal or meadow, sun exposed
or shaded, stony or without stones in the upper 30 cm soil
layer, and with low (up to 40%) or high (above 40%) cover
of herbaceous vegetation in a 1-m diameter circle.

Plant collection

The plants were collected from June to August in the years
2007, 2008 and 2009. Collection of all species at all sampling
sites was impossible as the investigated species had different
environmental requirements, and therefore it was impossible
to strictly separate the variability in root systems due to
the species effect and that due to environmental conditions.
The monolith method was used to collect individual plants
(Bohm 1979). The soil monolith measuring 30 x 30 x 30 cm
beneath the plant was dug up and washed with water to
extract the underground organs of the studied plants from
the soil. The plant species nomenclature follows Kubat et
al. (2002).

Traits of root systems

The traits of root systems and nodules that were investi-
gated are summarized in Table 1. Eight traits were evalu-
ated for root systems: type of root system, presence of rhi-
zomes, depth, special diameter, maximal branching order,
colour and woodiness; and two traits for root nodules: shape
and size. The type of root system was classified according
to the database of clonal and bud bank traits of Central Eu-
ropean flora (KlimeSova & de Bello 2009). The life forms of
the investigated species follow Raunkiaer (1934). The mea-
sured rooting depth was limited to 30 cm by the use of the
monolith method. The special diameter is the mean value of
taproot diameter under the crown and the maximum diame-
ter within the root system. The root colour ranged from light
to dark (light, near white, light/dark (young roots light and
old dark) and dark). The maximum order of branching indi-
cated the maximum position of a root within the branched
hierarchy of the root system (Eissenstat et al. 2000; Wells
& Eissenstat 2003).

The shape of the root nodules was classified according
to Corby (1971, 1988). The nodules were classified according
to their size as more than 4 mm, 2-4 mm, or less than 2 mm
in diameter (Patreze & Cordeiro 2005).

Data analysis

Intraspecific variability in root morphology was evaluated
using cluster analysis in the STATISTICA 8.0 program
(Statsoft, Tulsa). This analysis was based on the mean val-
ues of all measured root traits for individual species. Individ-
ual categorical variables were coded in the form of dummy
variables. The ordination approach was used to evaluate
interspecific as well as intraspecific variability together. De-
trended Correspondence Analysis (DCA) was used to eval-
uate total variability and the results were visualized in
the form of an ordination diagram. Redundancy Analysis
(RDA) was used to evaluate the proportion of root sys-
tem variability explained by environmental variables and by
species effect. Standardization by species (dependent vari-
ables) was used because the analysed data were of vari-
ous types and units. The statistical significance of the first
and all constrained canonical axes was determined by the
Monte Carlo permutation test. In all analyses, 999 unre-
stricted permutations were used. All ordination analyses
were performed in the CANOCO for Windows 4.5 program
(ter Braak & Smilauer 2002).

Results

Over three years, 214 plants of 21 legume species were
excavated and measured. The mean values of the in-
vestigated root traits for all studied species are given
in Table 1. The investigated species belonged to five
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Table 1. Summary of root morphology and nodule traits.
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Anthyllis vulneraria AntVul Loteae 5 1 H RS >30 0 3 no 34 yes dark a <2
Astragalus glycyphyllos AstGly  Galegeae 7 2 H RS >30 0 5 yes 34 no near—white b,c,e >4
Cytisus scoparius CytSco Genisteae 6 3 N RS >30 0 5 yes T7-8 yes dark b, c >4
Genista tinctoria GenTin Genisteae 11 1 N HR 1020 1 5 yes 56 yes dark a,b,c,e >4
Lathyrus pratensis LatPra Viciaea 11 6 H HR 20-30 1 3 no 34 yes light/dark c <2
Lathyrus sylvestris LatSyl Viciaea 13 2 H HR 20-30 1 3 yes 11-12 yes light/dark c 2-4
Lotus corniculatus LotCor Loteae 16 5 H RS >30 1 3 yes 56 yes dark a <2
Lupinus polyphyllus LupPol Galegeae 11 3 H RS >30 0 3 yes 10-11 no light/dark d >4
Medicago lupulina MedLup Trifolieae 10 2 H RS >30 0 3 no 34 yes light/dark c, e >4
Medicago sativa MedSat Trifolieae 10 2 H RS >30 0 3 yes 56 yes dark c, e >4
Melilotus albus MelAlb  Trifoliecae 5 1 H RS 2030 0 5 no 89 no light c, e >4
Melilotus officinalis MelOff  Trifolieae 5 1 H RS 2030 0 5 no 89 no light c, e >4
Securigera varia SecVar Loteae 12 3 H RS, HR >30 0 3 yes 34 yes dark c, e 2-4
Trifolium arvense TriArv ~ Trifolieae 29 3 T/H RS 0-10 0 3 no 1-2 no near—white c, e <2
Trifolium campestre TriCam Trifoliecae 6 3 T/H RS 0-10 0 3 no 1-2 no near—white c <2
Trifolium medium TriMed Trifoliecae 6 3 H RS 20-30 1 4 no 34 yes light/dark c <2
Trifolium pratense TriPra  Trifolieae 21 3 H RS 20-30 0 3 no 34 no near—white c <2
Trifolium repens TriRep Trifolicae 6 3 H/Ch HRS 1020 1 3 no 1-2 no near—white c <2
Vicia angustifolia VicAng  Viciaea 7 3 T/H RS 1020 0 3 no 1-2 no near—white c <2
Vicia cracca VicCra  Viciaea 12 3 H HR 20-30 1 3 no 34 yes dark/white c, e >4
Vicia hirsuta VicHir Viciaea 5 4 T/H RS 0-10 0 3 no 1-2 no near—white «c,b,e 24

Life forms according to Raunkiaer (1934): H — hemicryptophyte; N — nanophanerophyte; T — terophyte; Ch — chamaephyte; type
of root system: RS — root splitters, HR — hypogeogenous rhizomes, HRS —horizontal rooting stems or above the soil surface; special
diameter — mean value of taproot diameter under the crown and maximum diameter within the root system; shape of nodules: a —

globose, b — branched, ¢ — cylindrical, d — ruff-like, e — fan-like.

tribes (Galegeae, Genisteae, Loteae, Trifolicae and Vi-
cieae), four life forms (hemicryptophyte, chamaephyte,
nanophanerophyte and therophyte), and three types
of root system (root splitter — Fig. 1; hypogeogenous
rhizomes — Figs 2a,b; horizontal rooting stems on or
above the soil surface — Figs 2¢,d). The depth of the
root systems ranged from 0 to 10 cm in three annual
species, from 10 to 20 cm in one annual and five peren-
nial species, from 20 to 30 cm in four perennial species,
and was more than 30 cm in seven perennial species.
A rhizome was present in seven species and the maxi-
mum order of branching was three for 15 species, four
for one species, and five for five species. Recovery buds
were recorded on the root system of eight species and
woodiness was recorded in 11 species. Root diameter
ranged from 1 to 12 mm — the minimum diameter was
recorded in annuals and the maximum in the peren-
nials Lathyrus sylvestris and Lupinus polyphylus. The
colour of the root systems ranged from light to dark. In
six species, young roots were light whereas older roots
were dark (see Fig. 2a). Globose (Figs 3a,b), cylindrical
(Figs 3c,d), branched (Figs 4a,b), fan-like (Figs 4c,d),
and ruff-like (Figs 4e,f) nodules were recorded. One
type of nodule shape was recorded in 11 species, two
types in seven species, and three or four types in three
species. Nodules of up to 2 mm in size were recorded in

nine species, from 2 to 4 mm in three species, and more
than 4 mm in nine species.

The results of the cluster analysis are shown in
Fig. 5. The root system of L. polyphyllus differed the
most from the other investigated species, being sepa-
rated from the other species in the first division. The
main reason for the separation of L. polyphyllus was the
large size of its root system and nodules in comparison
to other species. In addition, roof-like shaped nodules
were only recorded in this species (see Figs 4e,f).

Two large groups of species were distinguished in
the second division. The main cause of the second di-
vision was the light versus dark colour of the root sys-
tems. The large group on the left was divided into four
smaller groups. Trifolium repens, the only species in
Group 1, had horizontal rooting stems on the soil sur-
face (Fig. 2c). Group 2 included species with rhizomes,
such as Vicia cracca, L. sylvestris, Trifolium medium
and Lathyrus pratensis (Fig. 2a). All these species had
light then dark root systems. Group 3 was divided
into two sub-groups: Trifolium pratense (Fig. 1c) on
one side and the annual species Vicia hirsuta, Tri-
folium campestre, Vicia angustifolia and Trifolium ar-
vense (Fig. 1la) on the other. The overall structure of
the root systems was similar, but the annuals differed
from T. pratense by having a flat fibril root system
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a)

Fig. 1. a — root system of Trifolium arvense; b — schematized typical root system of studied annual legumes with “root splitter” root
type; ¢ — root system of Trifolium pratense and d — schematized typical root system of studied perennial legumes with “root splitter”

root type.

spread under the soil surface. The root systems of annu-
als were more branched than in T. pratense and lacked
regenerating buds or rhizomes. The clearly visible tap-
root of T. pratense indicated its perennial character.
Group 4 was composed of species with a taproot and
larger nodules than in the previous groups. Another
typical feature of legumes in Group 4 was the pres-
ence of more shapes of nodules in each species. The
righthand group following division number two included
perennial species with a well-developed taproot. Species
in Group 5 differed from species in Group 6 (division
number 4) by the shape of their nodules (globose, fan-
like, cylindrical and branched versus globose) and by
their larger size. In Group 5, Securigera varia and Med-
icago sativa were strictly separated from nanophanero-
phytes Genista tinctoria and Cytisus scoparius. Group
6 contained species from the tribe Loteae (Lotus cor-
niculatus and Anthyllis vulneraria). A typical feature
of these species was nodules of up to 2 mm in size.
The results of DCA (Fig. 6) corresponded well with

the results of the cluster analysis as the same groups of
species were distinguished. As in the cluster analysis,
L. polyphyllus was separated from all other species. In-
traspecific variability in this species was high, mainly
due to the different sized root systems in the measured
plants.

L. corniculatus and A. vulneraria (Group 6) had
the lowest intraspecific variation in root systems as all
investigated plants were close together in the ordination
diagram. On the other hand, S. varia had the highest
interspecific variability in the root system. This was
because individuals with root splitter (55% cases) and
hypogeogenous rhizome (45% cases) root types were
recorded in this species. Further variability in the root
systems was due to the presence of more than one shape
of nodule on one plant (cylindrical and fan-like) and
their variable size (2-4 mm). The transition between
perennial species with rhizomes (Group 2) and annual
species with a taproot (Group 3) was shown by T.
repens, which has horizontal rooting stems (Group 1).
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Fig. 2. a — root system of Lathyrus pratensis with light/dark colour; b — schematized typical root system of legumes with rhizomes —
“hypogeogenous rhizomes”; ¢ — root systems of Trifolium repens;and d — schematized horizontal rooting stems on or above the soil

surface.
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Fig. 3. a —nodule shape of Lotus corniculatus; b — schematized globose nodules; ¢ — nodule shape of Lathyrus pratensis; d —schematized

cylindrical nodules.

Interspecific variability in the root systems of T. repens
was low.

With the exception of two individuals, root system
variability was low in 7. arvense. The typical shape
of nodules for all investigated Trifolium species was
cylindrical, but the two most distinct individuals of T.
arvense had fan-shaped nodules. In species with more
than one shape of nodule, not all recorded shapes were
found on all individuals. This substantially increased

the intraspecific variability of the root systems in As-
tragalus glycyphyllos, C. scoparius, G. tinctoria, Med-
icago lupulina, M. sativa, Melilotus albus, Melilotus of-
ficinalis, S. varia, T. arvense, V. cracca and V. hirsuta.

The intraspecific variability in annual species (7.
arvense, T. campestre, V. angustifolia and V. hirsuta)
and T. repens was due primarily to the depth of the root
systems. The special diameter was highly variable in A.
vulneraria, C. scoparius, L. pratensis, M. albus, M. of-



Root system variability in common legumes in Central Europe 121

0 5 10 15 20 25[mm]

| LT TN W W T ST T I A M S |

0 5 10 15 20 25[mm]
9]

| SSFSIISPIST SV VS SV S e |

0 5 10 15 20  25[mm]

Fig. 4. a — nodule shape of Lathyrus sylvestris; b — schematized branched nodule; ¢ — nodule shape of Vicia cracca; d — schematized
fan-like nodule; e — nodule shape of Lupinus polyphyllus; f — schematized ruff-like nodule.

ficinalis and T. medium. The special diameter together
with the maximum order of branching was variable in
L. pratensis, L. polyphyllus, M. lupulina, M. sativa, S.
varia and T. pratense.

The results of the redundancy analyses are shown
in Table 2. The environmental variables (dry or humid
site, field, forest, ruderal or meadow, shaded or sun ex-
posed, stony or without stones in the upper 30 cm soil
layer, with low or high cover of herbaceous vegetation)
together explained 48.9% (analysis al) of the variability
in root systems.

Forward selection was employed to select only
the environmental variables that significantly improved
the model. The total number of 11 environmental
variables was reduced to three, i.e. field, shade and
drought, which together explained 47.1% of the vari-
ability (analysis a2). The variability explained by field,
shade and drought was only 17.4% after the effect
of species was removed from the analysis (analysis
a3).

The highest proportion of root system variability
was explained by the effect of species — species alone
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refer to divisions described in the text. Species abbreviations are given in Table 1. The labels for individual species are consistent with

Fig. 6.
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Fig. 6. Ordination diagram of the Detrended Correspondence Analysis (DCA) reflecting the intraspecific and interspecific variability
in the root systems of 21 investigated legume species. Species abbreviations are given in Table 1. The labels for individual species are

consistent with Fig. 5.

explained 44.9% of the root system variability (analysis =~ Discussion

a5), and this decreased only marginally when variability

caused by drought, field and shade was removed from  Although the root systems of legumes have frequently
the model (analysis a6). been studied in laboratory and field conditions, there is
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Table 2. Results of redundancy analyses of root systems data.

Expl. Var. Covariables % ax 1 (all) F 1 (all) P 1 (all)
al C, D, F, Fo, Mo, R, S, St, H, Species 21.5 (48.9) 49.81 (16.12) 0.001 (0.001)
a2 D,F, S 20.0 (47.1) 47.55 (19.55) 0.001 (0.001)
a3 C, D, F, Fo, Mo, R, S, St, H Species 13.0 (17.4) 27.23 (3.74) 0.001 (0.001)
ad D,F,S Species 7.9 (22.0) 16.28 (6.49) 0.001 (0.001)
ab Species 18.4 (44.9) 43.41 (19.82) 0.001 (0.001)
a6 Species D,F, S 16.7 (43.8) 38.08 (19.29) 0.001 (0.001)

An. — analysis code; Expl. var. — explanatory (environmental in Canoco terminology) variables; % ax 1 (all) — species variability
explained by canonical axis 1 or by all axes in brackets (measure of explanatory power of the environmental variables); F 1 (all) —
F statistics for the test of axis 1 or all axes in brackets; P 1 (all) — corresponding probability value obtained by the Monte Carlo
permutation test for the test of axis 1 or all axes in brackets. Environmental variables and covariables: C— cover of vegetation above
40%; D — dry site; F — site with field conditions; Fo — forest; H — humid site; M — meadow; R — ruderal site; S — shaded site; St — stony
site in upper 30 cm of the soil profile. Species were coded in the form of 21 dummy variables.

a lack of studies covering a wide range of species in nat-
ural conditions. Therefore a unique feature of this study
is the wide range of investigated species collected from
different environmental conditions, thus demonstrating
the natural variability of leguminous root systems.

The effect of species and environment on root sys-
tem variability was not fully separated in this study
performed at the landscape level because not all inves-
tigated species were present at all localities. Therefore
there was much overlap between the root system vari-
ability explained by the effect of species and by environ-
mental conditions. This was clear from the large reduc-
tion in variability explained by the environment when
the variability caused by effect of species was removed
from the redundancy analysis by covariables. Despite
being unable to strictly separate the variability caused
by species and by the effects of the environment, large
differences in root systems were recorded between par-
ticular species. This was supported by the fact that
species recorded together at one locality frequently had
different root systems. The variability in root systems
within each species was substantially lower than that of
the whole data set, as indicated by clusters of points for
individual species in the ordination diagram (Fig. 6).
The restricted variability of the root system for individ-
ual species compared to all species together is consistent
with the results of Galloway & Fenster (2000).

Of all the recorded environmental variables, root
system traits were the most affected by moisture and
light availability and by field conditions. This is consis-
tent with studies dealing with the effect of environmen-
tal conditions on root systems (Koukoura et al. 2009;
Salako et al. 2002; Smilauerova & Smilauer 2002; Wahl
et al. 2001). Further, it must be noted that the species
present at dry sites frequently differed from species
recorded at wet sites, and therefore it is impossible to
discuss the effect of environmental conditions on the
root system variability of individual species in more de-
tail.

Although the variability caused by site and species
effect cannot be strictly separated, the intraspecific
variability of legume root systems was substantially
lower than the variability within all species. However,
the root systems of many legume species may differ even
when growing in the same environmental conditions,

and this difference is genetic. It must be noted that,
to compare the intra- and interspecific variability of all
studied species exactly, all investigated species must be
present at all studied localities, and this can only be
achieved via transplantation.

The intraspecific variability in root systems was
due to Raunkier’s life forms rather than tribes, since
in several cases species with different life forms were
recorded in the same tribe. For example, annual and
perennial species with highly different root systems
were both recorded in the tribes Trifolieae and Vici-
aea. On the other hand, species in the tribes Loteae,
Galegeae and Genisteae were all perennial and there-
fore had relatively low root system variability. The dif-
ferences between root systems of annuals and perennial
species were also recorded by Fitter et al. (1988), Gross
et al. (1992) and Roumet et al. (2008).

Annual root systems were intermediate between
perennial rhizomatic and perennial species with a tap-
root. This is clearly visible in Fig. 5, in which annu-
als (T. arvense, T. campestre, V. angustifolia and V.
hirsuta) are located in the middle of the dendrogram
between rhizomatic and taproot perennials. The rela-
tion between differences among species and life form is
consistent with the results of Gross et al. (1992).

The intraspecific variability in root systems proba-
bly enables better survival of individual plants in differ-
ent environmental conditions. The individual traits of
root systems differed in terms of their plasticity under
various environmental conditions, e.g. branching was
more plastic than special root diameter. The same re-
sult was recorded by Forde & Lorenzo (2001), indicating
that root diameter may be highly species-specific and
therefore highly heritable, while branching may depend
more on soil conditions at the level of the individual
plant. We concluded that some root traits are deter-
mined more by environmental conditions and others by
heritability. This conclusion is in accordance with the
results of Johnson et al. (1996). In A. wvulneraria, A.
glycyphyllos, L. corniculatus, M. sativa and S. varia,
differences in branching contributed the most to the
large differences among individual plants within the
species. The colour of the root systems depended on
the life form: most of the root systems were pale brown
and this colour was recorded in all annuals and in the
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young roots of perennials. According to Corby (1971),
pale brown is the most frequent root colour. Rejili et al.
(2007) suggested that the colour of the roots is depen-
dent on the nodules and the leghaemoglobin content.
The latter was not investigated in our study, nor was
the dependence of colour on nodulation recorded.

The most frequently recorded shape of nodules was
cylindrical. Small globose nodules were considered ju-
venile and thus were ignored by Corby (1971), but not
in our study. We recorded all shapes of nodules, be-
cause small nodules can be wrongly considered as ju-
venile, especially in species with small nodules. For ex-
ample, small globose nodules were typical in L. cor-
niculatus and A. vulneraria, and small cylindrical nod-
ules were found in all Trifolium species. According to
Corby (1988), one shape of nodule may be typical for
a particular tribe or there may be tribes in which more
nodule shapes are possible, but only several of these
are dominant. Our results indicate that more than one
shape of nodule is present in some tribes (Galegeae,
Genisteae and Viciaea), but that often only one shape
is dominant. In our study, most nodules were located on
the lateral roots, which is consistent with the results of
Capoen et al. (2010). The shapes of the nodules were
highly species-specific, as reported previously by Re-
jili et al. (2007). The exceptions were two plants of T.
arvense, which had fan-like nodules of a different size
than all other T. arvense specimens. A possible expla-
nation is that different species of bacteria had created
these nodules, but this requires further investigation. It
is possible that these two plants were infected by bac-
teria from S. varia growing in their vicinity, because
the nodules of S. varia were fan-like. The differences
in root systems may be related to plant taxonomy, but
the taxonomy of S. varia is not entirely clear. Accord-
ing to Allen & Allen (1981), S. wvaria belongs to the
tribe Loteae. In our study, nodules other than those
that are typical for this tribe were recorded in S. varia,
indicating that S. varia could be included in the tribe
Coronilleae rather than Loteae. The transitional char-
acter of S. varia on the border between these two tribes
was also discussed by Allan & Porter (2000).

The nodules of L. polyphyllus were the most differ-
ent from all other species, which is consistent with the
classification suggested by Corby (1988).

Eight of studied perennial root splitters (A. vul-
neraria, A. glycyphyllos, C. scoparius, L. corniculatus,
L. polyphyllus, M. lupulina, M. sativa and S. varia)
reached a rooting depth of more than 30 cm. This is
consistent with the description of these species in plant
trait databases, as all these species are described as
deep rooting (Fitter & Peat 1994). On the other hand,
all annuals (T. arvense, T. campestre, V. angustifolia
and V. hirsuta), rhizomatous perennials (G. tinctoria,
L. pratensis, L. sylvestris, S. varia and V. cracca) and
some root splitter perennials (L. polyphyllus, M. albus,
M. officinalis, T. medium and T. pratense) were shallow
rooting, reaching depths of up to 30 cm. During plant
excavation, we recorded most of the fine roots of all in-
vestigated legumes in the shallow-rooted species. This

L. CHMELIKOVA & M. HEJCMAN

is probably an adaptation to drought, as described by
Merrill et al. (2002).

We can conclude that the root systems of common
European legumes are highly variable. The variability
of root systems was attributed to Raunkier’s life forms
rather than the membership of species in tribes.
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The acidicole behavior of many species is given by their inability to acquire enough P in alkaline soil, but
reasons for acidicole (syn. calcifuge) behavior of Trifolium arvense have never been studied experimen-
tally. We asked how emergence of seedlings, the survival of plants, the growth of aboveground organs,
the nodulation and the growth of roots of this species is affected by different N, P and K supply in alkaline
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soil. In the years 2010 and 2011, we performed a pot experiment (ten N, P and K fertilizer treatments)
with seeding of T. arvense into alkaline soil. The acidicole behavior of T. arvense proved to be connected
with the inability of seedlings to acquire enough P during their emergence. In all treatments, T. arvense
was not able to flower in the seeding year and in the second year it flowered only in P treatments. This
indicates the biennial character of the species in the case of late seeding and points to a strong P limitation
of flowering and seeds production in plants grown on alkaline soil. Without P addition, T. arvense was
not able to develop beyond the seedling stage. Nodulation was positively affected by P application and
negatively by N application. Although T. arvense is a typical species for P poor soils, it does not suffer from
P toxicity under high P supply. We concluded that the acidicole behavior of T. arvense is based on its P

limitation when growing on alkaline soil.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Trifolium arvense L. (haresfoot clover) is an erect or ascending
annual or biennial legume native of Europe, 10-30cm tall, usu-
ally with spreading branches (Rothmaler et al., 2000; Slavik, 1995),
and roots reaching to a depth of 10cm (Fitter and Peat, 1994;
KlimeSova and de Bello, 2009). This legume preferably occurs on
sun-exposed sites with low soil moisture, low nutrient availabil-
ity and acid soil reaction (Ellenberg et al., 1992) and is a typical
species for pioneer vegetation on sandy and shallow soils in Cen-
tral Europe (Chmelikova and Hejcman, 2012; Chytry, 2007). The life
strategy (sensu Grime, 2001) is intermediate between ruderal (R)
and stress-tolerant (S).

A question which has never been investigated is why T. arvense
prefers acid and low productive soils. Tyler (2003) suggested that
the acidicole (syn. calcifuge) behavior of many species could be
explained by their inability to acquire enough P, which is present
in different forms in alkaline rather than in acid soils. An alternative
explanation of the acidicole behavior of many species could be their
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inability to acquire enough Fe, Mn or Zn from an alkaline soil, as all
these elements are well plant-available on acid soils, but scarcely
so on alkaline soils (Lambers et al., 2008; Shane et al., 2008). This
explanation of acidicole/acidifuge (syn. calcifuge/calcicole) behav-
ior of species is based on results of transplantation experiments
where many acidicole species transplanted on alkaline soil per-
formed well when P or Fe fertilizers were supplied (Tyler, 1994,
1996).

Legumes are well known for their high P and K requirements,
but low mineral N requirements, as they are able to fix sufficient
amounts of N via symbiotic bacteria (Howieson et al.,2011; Li et al.,
2011; Rochon et al., 2004; Tang et al., 1999). Positive responses of
T. arvense on addition of P were reported by Dodd and Orr (1995)
in soils with low pH, but no information is available of whether the
same response can be recorded in an alkaline soil.

Many stress tolerant species are well adapted to P-poor condi-
tions as they probably have evolved under low P availability in the
soil, as low P availability was a typical feature of many natural, old
soils (Lambers et al., 2008). High P availability is frequently toxic for
species tolerant to edaphic stress, as no mechanisms of protection
against high P supply were necessary during their evolution (Pang
etal., 2010). It has not yet been studied, whether high P availability
is also toxic for stress tolerant legumes such as T. arvense.

The soil reaction affects the survival and persistence of Rhizo-
bium s.l. bacteria and their nodulation on roots, and therefore also
the ability of legumes to fix aerial N, (Graham and Vance, 2000;
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Table 1

Fertilizer treatments and amount of nutrients applied in one dressing. Numbers
given in brackets correspond to the total seasonal amount of applied nutrients (two
dressings per season).

Treatment N [kgha '] P [kgha™1] K[kgha-]
N1 150(300) - -

N2 300(600) - -

P1 - 40(80) -

P2 - 80(160) -

K - - 100(200)
N1P1 150(300) 40(80) -
N1P1K 150(300) 40(80) 100(200)
N2P1K 300(600) 40(80) 100(200)
N2P2K 300(600) 80(160) 100(200)
Control - - -

Zahran, 1999). It can be supposed that preference of T. arvense for
acid soils might be connected with low root nodulation rates in
alkaline soils, leading to low ability to acquire enough N for growth.

Soil reaction and nutrient availability can highly affect seed ger-
mination and seedling emergence. Seedlings frequently require a
higher P supply than adult plants, as was recently demonstrated
for Rumex crispus and R. obtusifolius by Kfist’alova et al. (2011).
Higher sensitivity of seedlings than of adult plants to P shortage can
be decisive for their survival, but this has never been investigated
in the case of T. arvense. Further, no flowering of several acidicole
species transplanted on alkaline soil was recorded by Tyler (1996),
but T. arvense was not included in this group of plants.

Using a pot experiment with adding fertilizer to an alkaline soil,
the main aim of this study was to investigate the performance of
the principally acidicole T. arvense under such conditions. Within
this context, we asked how the seedlings emergence, the survival
of plants, the nodulation, the growth of roots, the growth of above-
ground organs and the seed production are affected by different N,
P and K availability in an alkaline soil.

Materials and methods
Design of the experiment

In April 2010, a pot experiment was established in an open-
air vegetation hall in the Crop Research Institute in Prague (Czech
Republic, 50°5'N; 14°18'E) with natural rain, temperature and
light conditions. The experiment was completely terminated in
September 2011. Pots were fertilized using a combination of two
levels of N addition (N1 and N2), two levels of P addition (P1 and P2)
and one level of K addition (K). Fertilizers were applied in 2010, but
notin 2011.This resulted in ten different treatments: N1,N2, P1, P2,
K, N1P1,N1P1K, N2P1K, N2P2K and a control without any fertilizer
input (see Table 1 for details). Each treatment was replicated five
times (50 pots in total). The pots were fertilized twice per vegeta-
tion season, on 20 April and 27 July, using the following fertilizers
dissolved in water: ammonium nitrate with lime (NH4NOs + CaCOs,
containing 27.5% N, 10% Ca), super phosphate (Ca(H;PO4); + CaSOy,
8.5% P, 20% Ca, 10% S) and potassium chloride (KCI, 50% K,
47% C).

The pot volume was 30 L and the pot surface area was 1963 cm?
(pot diameter 50cm). Clay soil with the following chemical
properties was used: Nigpa =614 mgkg=1, Kyentich i =62 mgkg !
(low K availability), Ppeniichm=16mgkg=1 (low P availabil-
ity), Mgmentich m =422 mgkg ™', Caneniich i1 =6777 mgkg~! and pH
(H20)=9.14. The mean temperature from May to October 2010 was
14.4°C.

Data collection

Seedling emergence

Seeds of T. arvense were collected in August 2009 in Western
Bohemia. The collection sites were low productive grasslands and
roads on sandy soils. Seeds were collected from groups of plants at
four localities and mixed to obtain one representative seed sample.
Twenty plants were selected randomly at each site, taking care not
to favor tall or small plants. The seeds were stored at room temper-
ature, in paper bags in the dark, before start of the experiment.

Fifty seeds of T. arvense were sown into each pot with pre-
fertilized soil on 5th May 2010 and the cumulative number of
seedlings (field emergence) was recorded up to 22nd May as no fur-
ther increase in number of seedlings was recorded after this date.
The depth of sowing was 1 cm and pots were watered if necessary
to maintain optimal growth conditions. Heavy rains occurred from
24th May to 2nd June, so that few only plants survived. Therefore
we are using this experiment only to characterize the germination
success under the different fertilizer treatments. We started there-
after the experiment again, seeding the same amount of seeds on
7th July 2010. The cumulative number of seedlings (field emer-
gence)was then recorded up to 4th August. To be sure that no viable
seeds were present in the soil from the first seeding on 5th May,
we removed the upper 2 cm of the soil before the second seeding
on 7th July.

Number of living plants in October

On 10th October 2010, the number of plants in each pot was
counted and expressed as percentage of the total number of used
seeds (50) per each pot to make obtained values directly compara-
ble with field emergence in May and in August.

Aboveground organs

On 10th October 2010, five individual T. arvense plants per pot
were marked and the following traits of them were recorded: (1)
height of the plants; (2) number of leaves per plant; (3) diameter
of the leaf rosette; (4) length of the terminal leaflet blade; and (5)
length of the leaf petiole.

Underground organs

On 10th October 2010, five plants per pot were carefully
removed from each pot and their underground organs were floated
in water. We selected representative plants in each treatment, tak-
ing care not to select the smallest or, on the other hand, the tallest
plants. If possible, we left several plants in pots to observe their
flowering in the following year, but this was not possible for all
treatments as the number of plants was very small in some treat-
ments. Outlines of the plants were digitalized using the scanner.
Three traits of the root systems were recorded: (1) length of the
taproot; (2) diameter of the root neck and (3) maximal order of
branching. In addition to root characteristics, five traits of nodules
were recorded: (1) the number of nodules per plant; (2) the length
of nodules; (3) the width of nodules; (4) the shape of nodules and
(5) their color. The maximal branching order presented the high-
est developmental branching order in hierarchy of the root system
(Eissenstat et al., 2000; Fitter, 1987; Wells and Eissenstat, 2003).
We therefore refer to roots with no dependent laterals as 1st-order,
roots with a single set of dependent laterals as 2nd-order and so on.
The shape of root nodules was classified according to Corby (1971,
1988) as cylindrical, branched, and fan-like shaped, respectively
(see Fig. 1). We recorded the proportion of plants with presence
of particular nodule shapes from the total number of plants per
treatment. For example, 100% of cylindrical nodules indicate that
cylindrical nodules were recorded on all plants in the particular
treatment. The color of nodules was described as white (inactive),
pink (active) or green (moribund or senescent) and expressed in



L. Chmelikovd, M. Hejcman / Flora 207 (2012) 805-811 807

g - 9
| l
0 1cm
a) b) 9) N

Fig. 1. Classification of nodules into (a) cylindrical, (b) branched and (c) fan-like
shaped. A fan-like nodule is clearly visible in the center and a cylindrical nodule in
the upper right hand corner of the photograph of part of a Trifolium arvense root
system.

percentage relative to that of all plants of a treatment. As nodules
with three colors were also frequently recorded, there was a high
overlap of colors.

Data analysis

One-way ANOVA was used to evaluate the effect of treatment on
all collected data. After obtaining significant results, multiple com-
parisons using Tukey’s HSD test were applied to identify significant
differences between treatments. All analyses were performed using
STATISTICA 7.0 software (Statsoft, Tulsa).

Unconstrained PCA analysis was used to visualize similarity
between individual pots, treatments and relationships between
measured plant traits separately for aboveground and underground
parts of plants. All ordination analyses were performed using the
CANOCO for Windows 4.5 program and ordination diagrams were
constructed by CANODRAW program (Ter Braak and Smilauer,
2002).

Results
Seedling emergence

The effect of fertilizer treatment on field emergence recorded on
22nd May and 8th August was significant. On 22nd May, the highest
field emergence, 32%, was recorded in P1 followed by P2 treatment
and the lowest emergence, 9%, was recorded in the control. Field
emergence was intermediate in all other treatments (Fig. 2a). From
the second seeding approach, on 8th August the highest field emer-
gence, 42%, was recorded in P2 followed by P1 treatment and the
lowest emergence, 8%, was recorded in the control (Fig. 2b).

Number of living plants three months after seeding

On 10th October, the percentage of living plants related to the
total number of seeds used during the second seeding, ranged from
10% in N2 up to 40% in P1 treatment and the effect of treatment
was significant (Fig. 2c). Taking the number of seedlings on 4th
August as the baseline (100%), the number of plants on 10th October
increased about 22%, 4% and 39% in N2, P1 and control treatments,
respectively. On the other hand, the number of plants decreased
about 3%, 8%, 2%, 2%, 33%, 50% and 28% in N1, P2, K, N1P1, N1P1K,
N2P1K and N2P2K treatments, respectively, in two months after
seedling establishment.
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Fig. 2. Effectofdifferent fertilizer treatments on field emergence of Trifolium arvense
recorded in (a) 22nd May and in (b) 8th August and (c) the proportion of living plants
after three months experimental cultivation, related to the total number of initial
seeds in each treatment (second seeding approach). Error bars represent standard
errors of the means (SE). Treatment abbreviations are given in Table 1. Fand Pvalues
in the upper right hand corner of each figure represent results of one-way ANOVA.
Using Tukey’s post hoc test, treatments with the same letter were not significantly
different at the 0.05 probability value.

Aboveground organs

Plant height, number of leaves per the plant, diameter of the
rosette, length of the terminal leaflet blade and length of the petiole
were highest in P1 and P2 treatments and lowest in all treatments
with high N application (N2), K treatment and in the control. In
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Fig. 3. Ordination diagram showing the results of PCA of aboveground plant traits
of Trifolium arvense raised under different fertilizer treatments (N1, N2, P1, P2, K,
N1P1, N1P1K, N2P1K, N2P2, and Control, see Table 1 for details; 5 separate marks
per code: 5 different pots). Plant traits abbreviations: DiLRo - diameter of the leaf
rosette, HeiPl - height of the plant, LeLe - length of the terminal leaflet blade, LePet
- length of the leaf petiole, NrLea -number of leaves per plant.

all treatments without P application, a violet color indicating P
deficiency was recorded. Photographs of plants in all studied treat-
ments are given in electronic appendices 1, 2 and 3. Differences
between treatments with the highest and the lowest values for
all studied aboveground traits were statistically significant (see
Table 2 for details). Differences among treatments and variabil-
ity among individual pots within one treatment are well visible
from the PCA ordination diagram (Fig. 3). The first axis of the PCA
explained 66.8% and all axes 95.1% of the data variability. Low vari-
ability among individual pots was recorded in control, K, N1P1,
N2P2K and N2P1K treatments as marks for individual pots are
placed close together. High variability among pots was recorded
in N1 and P1 treatments, as one pot in these treatments was highly
distant from the remaining four pots. Three groups of treatments
were recognized according to their position in relation to the first
axis in the ordination diagram. The first group, on the left side of
the diagram, is composed of the control and all treatments with
N2 application, the second group, in the center of the diagram, is
composed of K treatment and all treatments with N1 application,
and the third group, on the right side of the diagram, comprises the
P1 and P2 treatments. Further, all recorded traits were positively
correlated as angles between their vectors are acute in the diagram
and they are directed into the same right side of the diagram. Most
positively correlated with each other was the height of the plant
with the length of the petiole and the number of leaves per plant
with the diameter of the rosette.

No stem elongation, flowering and therefore no seed produc-
tion was recorded in any treatment during the first year of the
experiment. Flowering and seed production was recorded, how-
ever, in several plants which were left in pots after October 2010
and survived the following winter. Flowering and seed production
was recorded only in treatments with P application in 2011.

Table 2

Summary of aboveground and underground traits of Trifolium arvense plants. Treatment abbreviations are given in Table 1 One-way ANOVA was applied to evaluate significance of the treatment effect. Using Tukey’s post hoc

test, treatments with the same letter were not significantly different at the 0.05 probability value.

One-way ANOVA

N1P1K N2P1K N2P2K Control

N1P1

N2 P1 P2

N1

Treatment

P

F

<0.001
<0.001
<0.001
<0.001
<0.001

12.6

1.3¢
5.43b
10.62b

1.76<
3.82
7ab

1.96%
4.1

6.2ab
12.43bcd

5.8ab
15

5.82b
6.23b
9.8ab
2.4

10.82

gb
22.64

6.23b

19¢cd
28¢

2.6“1
5.4
9.2ab
3.12

4.63d
14.8bcd

11ab

Height of the plant [cm]

9.14
20.18

9.8abc
10.68%

Number of leaves per plant

5.32

28.4¢

Diameter of the leaf rosette
Length of the terminal leaflet blade [mm]

Length of the leaf petiole [mm]
Length of the taproot [cm]

28.95
22.89

1.96%°

1.3P
3.12
5.62

2.662b
6.22
9.12

4.68¢
7.7°

3.222
22.4°

4.74¢
25.2P

6.384
20.2°

4.82¢
83

a

3.6

5.9?

5.92

0.104
<0.001
<0.001
<0.001
<0.001
<0.001

1.78
8.09
5.92

19.9

5.02?2

8.242

1abc

8.72 5.52 11.1°

12.322

6.86%

0.55%
23

0.53b
2.4
242
0.52
0.32

602

1.3«
2.8ab
3.4°

0.982bc
3.8b
8.8b¢
1.29

0.46°

1.2acd
2'6ab
13.4>

1.94
2.2

0.963b¢
12.8b

242

1.23cd
33b

Diameter of the root neck [mm]

3.8b
11.8°

Maximal order of the branching
Number of nodules per plant
Length of nodules [mm]

Width of nodules [mm]
Cylindrical nodules [%]

5.82
092
0.63b

400

5.83c

3.8?
]a

10.91

1.32

1.7%
O_Sab

802

0.482

3.2¢
1.7¢

1002

0.6°
0.5ab
20°

6.64
2.14
9.41
8.93
2.37
6.81
3.02

0.6620
602

0.762>
1002

0.3820
80?2
0 a

1.1bc

100?

0.562>
802

0.048
<0.001
<0.001

80Pc 0? 0? 0?

60abe

80P
80
100°

100¢

02

Branched nodules [%]
Fan-like nodules [%]
White nodules [%]
Pink nodules [%]

Oa
602

Oa
400

03
602

Oa
100?

Oa
1002

Oa
802
100?

60°
1002

02

402

Oa
1002

0.030
<0.001
<0.001

603b
402

40% ob
80° 20

100?

1002

60" 1002 100?

602

100?

1002

1002 100? 802

1002

40°

Green nodules [%]
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Fig. 4. Ordination diagram showing the results of PCA of underground plant traits
of Trifolium arvense in ten investigated fertilizer treatments (N1, N2, P1, P2, K, N1P1,
N1P1K,N2P1K, N2P2, and Control, see Table 1 for details; 5 separate marks per code:
5 different pots). Plant traits abbreviations: BraNo - branched shape of nodules,
CylINo - cylindrical shape of nodules, DiRN - diameter of root neck, FanNo - fan-
like shape of nodules, GreNo - green color of nodules, LeNod - length of nodules,
LeTR - length of taproot, MaxOr - maximal order of branching, NrNod - number
of nodules, PinNo - pink color nodules, WhiNo - white color of nodules, WiNod -
width of nodules.

Underground organs

There was no significant effect of treatment on length of the
taproot, which ranged from 5 to 6 cm in control and N2 treatment,
and upto9and 12 cmin P2 and P1 treatments, respectively (Table 2,
Electron. Appendix 3). Diameter of the root neck and maximal order
of the branching were significantly affected by the treatment.

The number of nodules per plant ranged from one in N2 treat-
ment up to 13 in P1 and P2 treatments, and the effect of treatment
was significant (Table 2). The length and width of nodules were low
in the control, in K treatment, and in all treatments with N appli-
cation. It was high in P1 and P2 treatments. The effect of treatment
on length and width of nodules was significant (Table 2). Cylindri-
cal nodules were most commonly recorded in all treatments. In N2
and control treatments, only 20% and 40% of plants, respectively,
had nodules and all nodules were cylindrical. A low proportion of
plants with nodules in the control and N2 treatment highly con-
trasted with all plants with nodules in P1, P2 and N1P1 treatments.
Further, only cylindrical nodules were recorded in N1, K, N2P1K and
N2P2K treatments. All three types of nodules (cylindrical, branched
and fan-like shaped) were recorded only in P1 and P2 treatments
(Table 2). Finally, all three colors of nodules were recorded only in
all plants of P1, P2 and N1P1K treatments. The most active nodules,
as indicated by their pink color, were found in treatments N1, P1,
P2, K,N1P1 and N1P1K.

Differences in underground organs among treatments and vari-
ability among individual pots within one treatment are well visible
from the PCA ordination diagram in Fig. 4. The first axis of the PCA
explained 38.5% and all axes 72.6% of the data variability. Similar
to aboveground organs, three groups of treatments can be recog-
nized according to their position in relation to the first ordination
axis. The first group, on the left side of the diagram, is composed
of the control and all treatments with N2 application, the second
group, in the center of the diagram, is composed of K treatment

and all treatments with N1 application, and the third group, on the
right side of the diagram, comprises the P1 and P2 treatments. In
the N1P1 treatment, the negative effects induced by N fertilization
were reduced.

Almost all recorded below-ground traits were positively corre-
lated, as in the diagram angles between their vectors are acute and
directed into the same, right side of the diagram.

Discussion
Seedling emergence

Results of this study indicate poor emergence of T. arvense with-
out any additional supply of nutrients and in the case of high
mineral N supply when sown into an alkaline soil. Addition of min-
eral P without any other nutrients increased field emergence of
T. arvense in comparison with the control three times in the May
cohort and five times in the July cohort. Such a huge increase in
emergence rate after addition of mineral P, together with the vio-
let rather than green color of seedlings in the treatments without P,
indicate strong growth limitation of seedlings by insufficient P sup-
ply in alkaline soils. One of the mechanisms leading to an acidicole
behavior of T. arvense can be therefore traced back to their inability
under a high soil pH to acquire enough P for their growth.

Survival of plants

Small seedlings of T. arvense were highly sensitive to mechani-
cal damage caused by heavy rains, as almost all seedlings died after
heavy rains at the end of May and only several taller plantsin P1 and
P2 treatments survived. Therefore the rapid early growth is neces-
sary to escape from the apparently highly sensitive seedling stage
and to survive up to the autumn, but the rapid growth was recorded
only in P1 and P2 treatments. Some seeds seeded in July germinated
with a long delay, since the highest number of plants was recorded
in October rather than in August. Such delay in germination is a
typical feature for legumes with characteristic hard-coat dormancy
(Grime, 2001). The high delay in germination of seeds and emer-
gence of seedlings in the N2 treatment was probably caused by
negative effects of high mineral N supply on seed germination,
as was previously recorded for several other species (Kfist'alova
et al.,, 2011; Mandak and PySek, 2001) and because of P deficiency
in seedlings. High mortality of plants between early August and
October was recorded especially in NPK treatments. This was prob-
ably because of toxic effects of mineral N on T. arvense seedlings, as
the species is usually growing under N poor conditions (Ellenberg
et al., 1992). We can conclude that P limitation of seedling growth
together with high N supply increase mortality of T. arvense in
alkaline soil.

Aboveground organs

In all treatments without P supply, the plants were unable to
continue developing beyond the seedling stage not only after the
first seeding in May, but also after the second seeding in July. This
may have been caused by the strong P limitation. Further, abso-
lutely no flowering was recorded and thus no seeds were produced
in any fertilizer treatment in 2010, but only in treatments with
P application in 2011. This is in accordance with results by Tyler
(1996) for several other acidicole species which could develop
beyond the seedling stage only with additional P supply in alka-
line soil. Flowering and seed production was recorded only in the
second year, indicating the biennial character of the investigated
population. The next explanation of no flowering in the first year
can be long-day character of the species as was recorded for sev-
eral other clover species (Nunes and Ray Smith, 2003). Probably
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late seeding in July prevented flowering as the species can behave
as annual or biannual depending on time of seeding during the veg-
etation season. In other legumes, flowering decreased linearly with
delay of sowing (Karaguzel et al., 2005). Whether this is true also
for T. arvense requires further research.

Addition of P stimulated development of leaves and therefore
positively affected the size of the leaf rosette, overwintering and
flowering, as also showed by Bucciarelli et al. (2006) for Medicago
truncatula. The survival of annual or biennial species is strictly
dependent on sufficient seed production and therefore the posi-
tive effect of P addition on plant size and reproduction is crucial for
successful finishing of the life cycle.

We detect no toxicity of high P supply, although T. arvense is a
species typically growing on P poor soils. It seems that P toxicity
can be recorded only in some legumes (see Pang et al., 2010) and
that this is not a common feature of all legumes developed under
low P availability. Further, no toxicity of high P supply on T. arvense
in an acid soil was recorded by Dodd and Orr (1995).

Underground organs

Fertilizer treatments strongly affected underground organs of T.
arvense. The relatively large root system of plants in P1 and P2 treat-
ments highly contrasted with the poorly developed root systems in
other treatments. Root growth was strongly limited by insufficient
P supply in treatments without P application. The positive effect of
P availability on the size of the root system was also recorded by
other authors for different species (Adams et al., 2002; Dunbabin
et al., 2004; Hill et al., 2006; Lynch and Brown, 2001; Pang et al.,
2010; Raghothama and Karthikeyan, 2005; Svoboda and Haberle,
2006). The most remarkable was the positive effects of P1 and P2
treatments and negative effects of high N application (N2) on nodu-
lation. The positive effect of high P availability and negative effect
of high N availability on nodulation is in accordance with results by
other authors for other legume species (Adams et al., 2002; Brauer
et al,, 2002; Li et al., 2011; Roumet et al., 2008). The inability of
T. arvense to acquire enough P in the alkaline soil thus negatively
affected also its N, fixation via symbiotic bacteria. This is consis-
tent with conclusions by Hegh-Jensen et al. (2002) for T. repens, that
below optimum P supply, there was a decline in N, fixation.

Increase in P availability affected not only the number of nod-
ules per plant, but also the shape of nodules as their active area.
Therefore also the efficiency to fix N, increased after P application.
The decrease of nodulation can be the consequence of N fertiliza-
tion, when N acquisition can be realized by uptake of nitrate and
ammonium as well. P availability in the soil is thus responsible
for the development of different amounts and shapes of nodules.
In addition, the P fertilizer used contained sulphur which pro-
motes nodulation (Varin et al., 2010). The application of sulphate
could thus increase whole plant dry mass, root length, and nodule
biomass.

Several shapes of nodules on one plant of T. arvense were rarely
recorded under field conditions with low P availability (Chmelikova
and Hejcman, 2012; Kutschera, 1960). Under field conditions, cylin-
drical nodules absolutely dominated and other shapes of nodules
can probably become developed only under high P supply.

Conclusions

The acidicole behavior of T. arvense is connected with the inabil-
ity of seedlings to acquire enough P during their emergence under
alkaline soil conditions. In all treatments, T. arvense was not able
to flower in the seeding year and flowered only in P treatments in
the second year. This indicates the biennial character of the species
in the case of late seeding and points to a strong P limitation of

flowering and seeds production in plants grown on alkaline soil.
Without P addition, T. arvense was not able to develop beyond the
seedling stage with such a growing substrate. Nodulation was pos-
itively affected by P application and negatively by N application,
indicating high connection between N, fixation and P supply of
plants. Although T. arvense is a typical species for P-poor soils, it
does not suffer from P toxicity under high P supply.

Acknowledgments

Martin Sotek, Petr Uridnek, Marek Kouba, Tomas Hegebart,
Veronika Klozova and Anna Vr3ecka are gratefully acknowledged
for their help with the fieldwork and data collection. Finalization of
the paper was supported by projects MZE 0002700604 and GACR
521/08/1131.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.flora.2012.09.005.

References

Adams, M.A., Bell, T.L., Pate, J.S., 2002. Phosphorus sources and availability mod-
ify growth and distribution of root clusters and nodules of native Australian
legumes. Plant Cell Environ. 25, 837-850.

Brauer, D., Ritchey, D., Belesky, D., 2002. Effects of lime and calcium on root devel-
opment and nodulation of clovers. Crop Sci. 42, 1640-1646.

Bucciarelli, B., Hanan, J., Palmquist, D., Vance, C.P., 2006. A standardized method
for analysis of Medicago truncatula phenotypic development. Plant Physiol. 142,
207-219.

Chmelikova, L., Hejcman, M., 2012. Root system variability in common legumes in
Central Europe. Biologia (Bratisl.) 67, 116-125.

Chytry, M., 2007. Vegetace Ceské republiky. 1. Travinna a kefitkova vegetace (Vege-
tation of the Czech Republic. 1. Grassland and heathland vegetation). Academia,
Prague.

Corby, H.D.L., 1971. The shape of leguminous nodules and the color of leguminous
roots. Plant Soil 35, 305-314.

Corby, H.D.L., 1988. Types of rhizobial nodules and their distribution among the
Leguminosae. Kirkia 13, 53-123.

Dodd, M.B., Orr, SJ., 1995. Seasonal growth, flowering patterns, and phosphate
response of 18 annual legume species grown in hill-country soil. N. Z. J. Agric.
Res. 38, 21-32.

Dunbabin, V., Rengel, Z., Diggle, A., 2004. Simulating form and function of root sys-
tems: efficiency of nitrate uptake is dependent on root system architecture and
the spatial and temporal variability of nitrate supply. Funct. Ecol. 18, 204-211.

Eissenstat, D.M., Wells, C.E., Yanai, R.D., Whitbeck, J.L., 2000. Building roots in a
changing environment: implications for root longevity. New Phytol. 147, 33-42.

Ellenberg, H., Weber, H.E., Diill, R., Wirth, V., Werner, W., Paulissen, D., 1992. Zeiger-
werte von Pflanzen in Mitteleuropa. Scripta Geobot. 18, 1-248.

Fitter, A.H., 1987. An architectural approach to the comparative ecology of plant root
systems. New Phytol. 106, 61-77.

Fitter, A.H., Peat, H.J., 1994. The ecological flora database. . Ecol. 82, 415-425.

Graham, P.H., Vance, C.P., 2000. Nitrogen fixation in perspective: an overview of
research and extension needs. Field Crops Res. 65, 93-106.

Grime, ].P., 2001. Plant Strategies, Vegetation Processes and Ecosystem Properties.
John Wiley & Sons, London.

Hill, ].O., Simpson, R.J., Moore, A.D., Chapman, D.F., 2006. Morphology and response
of roots of pasture species to phosphorus and nitrogen nutrition. Plant Soil 286,
7-17.

Hegh-Jensen, H., Schjoerring, J.K., Sousana, J.F., 2002. The influence of phosphorus
deficiency on growth and nitrogen fixation of white clover plants. Ann. Bot. 90,
745-753.

Howieson, ].G., Ballard, R.A,, Yates, RJ., Charman, N., 2011. Selecting improved Lotus
nodulating rhizobia to expedite the development of new forage species. Plant
Soil 348, 231-243.

Karaguzel, O., Baktir, I., Cakmakci, S., Ortacesme, V., Aydinoglu, B., Atik, M., 2005.
Responses of native Lupinus varius (L.) to culture conditions: effects of photope-
riod and sowing time on growth and flowering characteristics. Sci. Hortic. 103,
339-349.

KlimeSova, J., de Bello, F., 2009. CLO-PLA: the database of clonal and bud bank traits
of Central European flora. J. Veg. Sci. 20, 511-516.

K¥ist'dlova, V., Hejcman, M., Cervena, K., Pavl{i, V., 2011. Effect of nitrogen and
phosphorus availability on the emergence, growth and over-wintering of
Rumex crispus and R. obtusifolius on the emergence. Grass Forage Sci. 66,
361-369.

Kutschera, L., 1960. Wurzelatlas mitteleuropdischer Ackerunkrduter und Kul-
turpflanzen. DLG-Verlags-GmbH, Frankfurt/Main.


http://dx.doi.org/10.1016/j.flora.2012.09.005

L. Chmelikovd, M. Hejcman / Flora 207 (2012) 805-811 811

Lambers, H., Raven, J.A., Shaver, G.R., Smith, S.E., 2008. Plant nutrient-acquisition
strategies change with soil age. Trends Ecol. Evol. 23, 95-103.

Li, S.X., Wang, Z.H., Stewart, B.A., 2011. Differences of some leguminous and non-
leguminous crops in utilization of soil phosphorus and responses to phosphate
fertilizers. Adv. Agron. 110, 125-249.

Lynch, J.P., Brown, K.M., 2001. Topsoil foraging: an architectural adaptation of plants
to low availability. Plant Soil 237, 225-237.

Mandak, B., Pysek, P., 2001. The effects of light quality, nitrate concentration and
presence of bracteoles on germination of different fruit types in the heterocar-
pous Atriplex sagittata. J. Ecol. 89, 149-158.

Nunes, M.E.S., Ray Smith, G., 2003. Characterization of rose clover germplasm for
flowering traits. Crop Sci. 43, 1523-1527.

Pang, ]. etal. (8 authors), 2010. Variation in morphological and physiological param-
eters in herbaceous perennial legumes in response to phosphorus supply. Plant
Soil 331, 241-255.

Raghothama, K.G., Karthikeyan, A.S., 2005. Phosphate acquisition. Plant Soil 274,
37-49.

Rochon, JJ. et al. (8 authors), 2004. Grazing legumes in Europe: a review of their
status, management, benefits, research needs and future prospects. Grass Forage
Sci. 59, 197-214.

Rothmaler, W., Jager, E.J., Werner, K., 2000. Exkursionsflora von Deutsch-
land, Bd. 3. GefdRpflanzen: Atlasband. Spectrum Akad. Verl, Heidelberg,
Berlin.

Roumet, C., Lafont, F., Sari, M., Warembourg, F., Garnier, E., 2008. Root traits and
taxonomic affiliation of nine herbaceous species grown in glasshouse conditions.
Plant Soil 312, 69-83.

Shane, M.\W., Lambert, H., Cawthray, G.R., Kuhn, A]., Schurr, U., 2008. Impact of
phosphorus mineral source (AlI—P or Fe—P) and pH on cluster-root formation
and carboxylate exudation in Lupinus albus L. Plant Soil 304, 169-178.

Slavik, B., 1995. Kvétena CR 4 (Flora of the Czech Republic, vol. 4). Academia, Prague.

Svoboda, P., Haberle, ]., 2006. The effect of nitrogen fertilization on root distribution
of winter wheat. Plant Soil Environ. 52, 308-313.

Tang, C., Unkowich, M.J., Bowden, J.W., 1999. Factors affecting soil acidification
under legumes. I11. Acid production by N»-fixing legumes as influenced by nitrate
supply. New Phytol. 143, 513-521.

Ter Braak, CJ.F., Smilauer, P., 2002. CANOCO Reference Manual and CanoDraw for
Windows User’s Guide: Software for Canonical Community Ordination (Version
4.5). Microcomputer Power, Ithaca.

Tyler, G., 1994. A new approach to understanding the calcifuge habit of plants. Ann.
Bot. 73, 327-330.

Tyler, G., 1996. Mineral nutrient limitations of calcifuge plants in phosphate suffi-
cient limestone soil. Ann. Bot. 77, 649-656.

Tyler, G., 2003. Some ecophysiological and historical approaches to species richness
and calcicole/calcifuge behaviour—contribution to a debate. Folia Geobot. 38,
419-428.

Varin, S., Cliquet, J.B., Personeni, E., Avice, ].C., Lemauviel-Lavenant, S., 2010. How
does sulphur availability modify N acquisition of white clover (Trifolium repens
L.)? J. Exp. Bot. 61, 225-234.

Wells, C.E., Eissenstat, D.M., 2003. Beyond the roots of young seedlings: the influence
of age and order on fine root physiology. J. Plant Growth Regul. 21, 324-334.

Zahran, H.H., 1999. Rhizobium-legume symbiosis and nitrogen fixation under severe
conditions and in an arid climate. Mikrobiol. Mol. Biol. Rev. 63, 968-989.



Appendix 1. Effect of (a) N1, (b) N2, (c) P1, (d) P2, (e) K and (f) N1P1 treatments on the
aboveground part of plants photographed on 16" September 2010. Treatment abbreviations
are given in Table 1.




Appendix 2. Effect of (a) N1P1K, (b) N2P1K, (c) N2P2K and (d) control treatments on the
aboveground part of plants photographed on 16" September 2010. Treatment abbreviations

are given in Table 1.
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Appendix 3. The scanned plants collected in (a) N2, (b) K and (c) P2 treatment on 10"
October 2010. Treatment abbreviations are given in Table 1.
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ABSTRACT

Little is known about the effects of nutrient availability on the growth of Trifolium
medium in alkaline soil. In 2010, a pot experiment (10 N, P and K fertiliser treat-
ments) with seeding of T. medium into alkaline soil was performed and emergence of
seedlings, survival, aboveground and belowground organs were studied. The positive
effects of increased nutrient availability on seedling emergence ranged from 5% in the
control to 17% in the high P treatment. The lowest mortality was in treatments with P
and K supply and the highest in treatments with N supply, due to the sensitivity of
young plants to high N availability. The highest values of most measured aboveground
plant traits were recorded in treatments with simultaneous application of N, P and K.
There were highly positive effects of P supply alone or in combination with N and K
on the development of belowground organs. Taproot length ranged from 11.5 in high
N to 40.2 cm in P treatment. There was a negative effect of N application on nodula-
tion, especially in N treatments, where growth of T. medium was limited by insuffi-
cient P supply. The number of nodules per plant ranged from 0.8 to 4.5 in the high N
and P treatments. As demonstrated in this study, T. medium is a potentially suitable
legume for alkaline soils. It requires a relatively high P and K supply as well as moder-

ate mineral N supply to achieve its maximum growth potential.

INTRODUCTION

Trifolium medium L. (zigzag clover) is a perennial species with
flexuous stems up to 50-cm tall, and extensive slender rhi-
zomes, with leaflets commonly 15-40-mm long and petioles up
to 8-cm long (Fitter & Peat 1994; Klimesova & de Bello 2009;
Chmelikova & Hejcman 2012a). T. medium is a typical ecoton-
al species at the border between tall shrub vegetation and
grasslands in Central Europe (Chytry 2007). The life strategy
(sensu Grime 2001) is intermediate between SC (stress-tolerant
combined with competitor strategy) and CSR (competitor
combined with stress-tolerant and ruderal strategy; Hermy
et al. 1999). According to Ellenberg et al. (1992), T. medium
prefers sun-exposed sites without any specific requirements for
soil pH, with low or intermediate nutrient availability and an
Ellenberg indicator value for nutrients of 3. T. medium has
been frequently studied in Australia, particularly because of its
potential use for forage production on alkaline soils (Cocks
2001; Dear et al. 2007; Suriyagoda et al. 2011).

Legumes are well known for their high P and K demand, and
low mineral N requirement (Honsova et al. 2007; Pavlu et al.
2012). The symbiotic relationship of Rhizobium bacteria and
legumes enables them to fix N, from the air, which is inaccessi-
ble to many other species (Garg & Geetanjali 2007; Novak
2010). Nitrogen fixation makes legumes highly competitive,
especially in environments where plant growth is limited by N
availability. Legumes require a relatively high P supply as P

availability directly affects N, fixation and therefore plant
growth (Hellsten & Huss-Danell 2001). Generally, the P
requirements of nodulating legumes are higher than those of
non-nodulating crops, and the maintenance of adequate P
availability in the soil is therefore highly important for high
biomass production (Giller & Cadisch 1995; Rochon et al.
2004; Erkovan et al. 2010; Li et al. 2011). In addition to a rela-
tively high P requirement, legumes are also known for their
high K, S and Zn requirements (Grewal 2010). An increase in
soil pH above neutral is connected with reduced uptake of P,
Al, Zn, Cu, Mn and Fe, and with an increased uptake of Ca and
Mg in many plant species (Fageria et al. 1995; Moreira & Fage-
ria 2010). In addition, decreased K uptake on alkaline soils can
be related to antagonistic effects of Ca and Mg (Fageria et al.
1995).

Legumes express a wide array of phenotypic traits that
improve adaptation to low nutrient availability. Their root
system responds markedly more than aboveground organs to
different N and P availability in the soil (Johnson & Biondini
2001). Under low nutrient availability, legumes increase bio-
mass allocation to roots, increase the density of the root system
and root hairs, create cluster roots or employ mycorrhizas
(Adams et al. 2002; Denton et al. 2006; Sheokand et al. 2009;
Pang et al. 2010; Suriyagoda et al. 2010; Wrage et al. 2010).
Most leguminous species require a neutral or slightly acid soil
pH, especially when they depend on symbiotic N, fixation
(Bordeleau & Prevost 1994). For example, optimal soil pH for
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alfalfa is pH (CaCl,) 5.4 (Moreira & Fageria 2010). According
to Bordeleau & Prevost (1994), soils with a pH (CaCl,) <4.0 or
>8.0 are toxic for many legume species and reduce nodulation.
In acid and alkaline soils, low P mobility is frequently observed
(Baligar 1987). Dodd & Orr (1995), for example, reported P
limitation of growth in 18 annual legume species in acid soil.

Although the nutrient requirements of many legume species
have been widely studied, little is known concerning the effect
of nutrient availability on emergence, nodulation and growth
of above- and belowground organs of T. medium. Using a pot
fertiliser experiment, our aim was to answer the following
questions: (i) how is emergence, seedling survival, growth of
above- and belowground organs and nodulation of T. medium
affected by N, P and K availability in alkaline soil; and (ii) is it
possible to grow T.medium as an alternative legume on
strongly alkaline soils (typical for karst areas in the Czech
Republic)?

MATERIAL AND METHODS
Experiment description

In April 2010, a pot experiment was established in an open-air
vegetation hall in the Crop Research Institute at Prague (Czech
Republic, 50°5'N, 14°18" E) with natural rain, temperature
and light conditions. The experiment was terminated in Octo-
ber 2010 because the plants were removed for analysis of
belowground organs. In the pot fertiliser experiment, a combi-
nation of two levels of N addition (N1 and N2), two levels of P
(P1 and P2) and one level of K (K) addition were used. This
resulted in 10 investigated treatments: N1, N2, P1, P2, K,
N1P1, N1P1K, N2P1K, N2P2K and a control with no fertiliser
input (see Table 1 for details). Each treatment was replicated
five times (50 pots in total). The pots were fertilised twice per
vegetative season, on 20 April and 27 July, using the following
fertilisers dissolved in water: ammonium nitrate with lime
(NH4NO; + CaCOs, containing 27.5% N, 10% Ca), super
phosphate (Ca(H,PO,), + CaSO,, 8.5% P, 20% Ca, 10% S)
and potassium chloride (KCI, 50% K, 47% Cl). The pot volume
was 30 1 and the pot surface area was 1963 cm” (pot diameter:
50 ¢cm). Natural soil rich in CaCOj3 was used. The soil had the
following chemical properties: Ny = 614 mg-kg ', Kyiehiich
=62 mgkg™" (low K availability), Pyeniich 1 = 16 mg-kg™"
(low P availability), Mgyenticn 11 = 422 mg~kg71, Capfehlich

Table 1. Fertiliser treatments and amount of nutrients applied in one dress-
ing. Numbers in parentheses correspond to the total seasonal amount of
applied nutrients (two dressings together).

treatment N (kg-ha™") P (kg-ha™") K (kg-ha™")
N1 150 (300) - -

N2 300 (600) - -

P1 - 40 (80) -

P2 - 80 (160) -

K - - 100 (200)
N1P1 150 (300) 40 (80) -

N1P1K 150 (300) 40 (80) 100 (200)
N2P1K 300 (600) 40 (80) 100 (200)
N2P2K 300 (600) 80 (160) 100 (200)
control - - -

Chmelikova & Hejcman

m = 6777 mg-kg_1 and pH (H,0) = 9.14. The mean tempera-
ture from May to October 2010 was 14.4 °C.

Seeds of T. medium were obtained from the Research Insti-
tute for Fodder Crops, Troubsko, and mother plants used for
seed production were collected around Brno town. The seeds
were stored at room temperature in paper bags in the dark
before the start of the experiment. Fifty seeds of T. medium
were sown in each pot with pre-fertilised soil on 5 May 2010.
The depth of sowing was 1 cm and pots were watered when
necessary, to maintain optimal growth conditions during the
whole vegetative season.

Seedling emergence

The cumulative number of seedlings (seedling emergence)
was recorded up to 22 May, as no further increase in seedling
number was recorded after this date.

Number of living plants

The number of living plants was counted in each pot on 21
July, 4 August and 10 October 2010 and expressed as the
proportion (percentage) of living plants from the total number
of seeds (50) sown per pot. This proportion ensured that the
number of plants was directly comparable with seedling emer-
gence recorded in May.

Aboveground organs

On 10 October 2010, the following plant traits were recorded
for individual plants of T. medium in each pot: (i) plant height;
(ii) number of inflorescences; (iii) length of leaf petiole; (iv)
length of terminal leaflet; (v) number of stems; (vi) number of
leaves per stem; and (vii) number of leaves per plant.

Belowground organs

On 10 October 2010, each plant was carefully removed from
each pot and belowground organs were floated in water. Repre-
sentative plants in each treatment were selected, taking care not
to select the smallest or tallest plants. Whole plants were indi-
vidually digitised using a scanner. Three traits of the root
system were recorded: (i) length of the taproot; (ii) diameter of
the root neck; and (iii) maximum order of branching. In addi-
tion to root characteristics, five traits of nodules were recorded:
(i) number of nodules per plant; (ii) width of nodules; (iii)
length of nodules; (iv) nodule colour; and (v) nodule shape.
The maximum order of branching showed the position of a
root within the branched hierarchy of the root system (Eissen-
stat et al. 2000; Wells & Eissenstat 2003). Nodule colour was
described as white, pink or green. The proportion of plants
with different-coloured nodules was recorded. For example,
100% white nodules indicated that white nodules were found
in all plants in a particular treatment. As plants with nodules of
all three colours were also frequently recorded, there was a high
overlap of colours. The shape of root nodules was classified
according to Corby (1971, 1988) as cylindrical or fan-shaped.
The proportion of plants with particular nodule shapes from
the total number of plants per treatment was recorded. For
example, 100% cylindrical nodules indicated that cylindrical
nodules were recorded on all plants in a particular treatment.

2 Plant Biology © 2013 German Botanical Society and The Royal Botanical Society of the Netherlands
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Statistical analysis

One-way analysis of variance (aNova) was used to evaluate the
effect of treatment on all collected data. After obtaining signifi-
cant results, multiple comparisons using Tukey’s HSD test were
applied, to identify significant differences between treatments.
All analyses were performed using staTisTicA version 7.0 (Stat-
soft, Tulsa, OK, USA). Unconstrained principal components
analysis (PCA) was used to visualise similarity between individ-
ual pots, treatments and relationships between measured plant
traits separately for aboveground and belowground parts. All
ordination analyses were performed using canoco for Windows
version 4.5 and ordination diagrams were constructed with the
CANODRAW (ter Braak & Smilauer 2002).

RESULTS
Seedling emergence

The effect of fertiliser treatment on seedling emergence
recorded on 22 May was significant (Fig. 1a). The highest seed-
ling emergence (17%) was recorded in the P2 treatment,
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followed by the N1 treatment with 16% emergence. The lowest
emergence of 6% and 5% was recorded in the N2 treatment
and the control, respectively. Emergence in all other treatments
was intermediate between these values.

Number of living plants in July, August and October

On 21 July, the proportion of living plants from the total
number of seeds sown ranged from 5.6% in the N2 treatment
to 13.6% in the K treatment, and the effect of treatment was
significant (Fig. 1b). On 4 August (Fig. Ic) and 10 October
(Fig. 1d), the plant number decreased and the highest propor-
tion of living plants was recorded in the P1 (9.6% and 10.4%)
and K (10.4% and 10%) treatments. The lowest proportion of
living plants was in the N2 (1.6% and 1.2%), N2P1K (2.4%
and 1.2%) and N2P2K (3.2% and 2.8%) treatments.

Aboveground organs

The effect of treatment on all investigated aboveground traits
of plants was significant (Table 2). Generally, the size of plants
increased in the order N2, K, control, P1, N1, N1P1, P2,
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Fig. 1. Effect of investigated fertiliser treatments on (a) seedling emergence of Trifolium medium recorded on 22 May, and the proportion of living plants from
the total number of seeds sown in each treatment (b) on 21 July, before the second fertilisation, (c) on 4 August, after the second fertilisation and (d) on 10
October. All four (a, b, c and d) figures have the same units and the range of axes and are thus directly comparable. Error bars represent SE of the mean. Treat-
ment abbreviations are given in Table 1. F and P values in the upper right corner of each figure represent results of one-way anova. Using Tukey's post-hoc test,

treatments with the same letter were not significantly different at P= 0.05.
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N2P1K, N2P2K and NIPIK treatments. Scanned whole plants
and photographs of plants in all studied treatments are pro-
vided in Figs 2, 3 and 4. Plant height ranged from <6 cm in N2
and K treatments and the control, to >20 cm in N2P2K and
N1PI1K treatments. No inflorescences were recorded in N2 and
N1P1 treatments or in the control, however >1 inflorescence
per plant was recorded in the N1PIK treatment.

Leaf petioles and terminal leaflets <1-cm long were recorded
in the N2 treatment and petioles and leaflets >3 cm were
recorded in N2P2K, N2P1K and NI1P1K treatments. The
number of stems per plant ranged from one in N2 to four in
N1PIK treatment. The number of leaves per stem ranged from
4.3 in N2 to 19.6 in the N2P2K treatment. The number of
leaves per plant ranged from 4.3 in N2 to 67.6 in the N1P1K
treatment. Differences among treatments and variability
among individual plants within a treatment are clearly visible
from the PCA ordination (Fig. 5). The first axis of the PCA
explained 70.1% of the variation, and all axes together
accounted for 95.5% of data variability.

Belowground organs

With the exception of nodule width and proportion of fan-like
nodules, the effect of treatment was significant for all other
investigated traits of belowground organs (Table 2). Taproot
length ranged from 11.5 to 40.2 cm in N2 and P1 treatments
(Fig. 2), respectively. The maximum diameter of the root neck
ranged from 0.2 cm in N2 to 0.72 cm in P1 treatment, followed
by 0.7 cm in P2, N1P1K, N2P1K and N2P2K treatments. The
maximum order of branching ranged from 2.3 in N2 to 3.9 in
P1 treatment. The number of nodules per plant ranged from
0.8 in N1 and N2 treatments to 4.5 in P2 treatment. Nodule
width ranged from 0.5 to 1.7 mm in N2 and P1 treatment,
respectively. Nodule length ranged from 0.8 mm in N2 to
3.8 mm in K and P1 treatments. Except for N2 and NI1P1
treatments, nodules of all three colours were recorded in all
treatments. Cylindrical nodules were more common in all
treatments. In N1P1 and N1 treatments, nodules were only
recorded in 14% and 17%, respectively, of plants and all
nodules were cylindrical.

Differences in belowground organs among treatments and
variability among individual plants within a treatment are

(a) N2

Fig. 2. Scanned plants collected in (a) N2, (b) P2 and (c)
K treatments on 10 October 2010. Treatment abbrevia-
tions are given in Table 1. 10cm
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clearly visible from the PCA ordination (Fig. 6). The first axis
of the PCA explained 30.6% of the variation and all axes
together explained 66.3% of data variability. P2 and P1 treat-
ments are clearly separated from all other treatments on the left
of the diagram. Treatments with a combination of all nutrients
(N1P1K, N2P1K and N2P2K) and the control are located in
the centre.

DISCUSSION
Seedling emergence

The number of seedlings indicated poor emergence of
T. medium in treatments without any additional supply of
nutrients or with a high N supply and no other nutrients (N2
treatment) in alkaline soil. In acid soils, Woodman et al.
(1998) recorded a negative effect of N fertiliser application on
seedling emergence of several legume species. In the current
study, either no effect or a positive effect of increased nutrient
availability on seedling emergence was recorded. This might be
related to low nutrient availability in the used soil and there-
fore to a stimulating effect of increased nutrient supply on early
growth of seedlings. A similar positive effect of increased nutri-
ent availability on emergence was recorded in the same soil for
T. arvense L. (Chmelikovd & Hejcman 2012b). This contradicts
results for several other species in which a high N supply
reduced germination (Atriplex spp. Manddk & Pysek 2001) or
seedling emergence (Rumex obtusifolius L. and R. crispus L.;
Kiistalova et al. 2011).

Emergence was only partly stimulated by P supply, substan-
tially less than for T. arvense (Chmelikova & Hejcman 2012b),
R. obtusifolius and R. crispus (K¥istalova et al. 2011), indicating
that emergence of T. medium is less affected by nutrient avail-
ability than in the species with smaller seeds. Seed size, there-
fore, appears to play an important role in the response of
seedling emergence to nutrient availability in the soil. Further-
more, some control seeds germinated with a relatively long
delay, as the proportion of living plants on 21 July was higher
than on 22 May. A delay in seed germination in the control
might be due to slower breaking of the seed coat than in other
treatments, as a hard seed coat (physical dormancy) is a typical
feature of Fabaceae (Baskin et al. 2000).

(c) K

f0em 10cm
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Number of living plants in July, August and October

There was a notably decrease in the number of living plants in
treatments with N application between 21 July and 4 August.
This was because of the high negative effect of a second N
application performed 27 July on individual plants. Following
this application, plants in treatments with high N addition
withered. This indicates a negative effect of high N supply,
especially NH,*, on legumes and is consistent with previous
results for T. arvense (Chmelikovda & Hejcman 2012b) and
T. pratense (Neuberg et al. 2011). Legumes are generally sub-
stantially more sensitive to high mineral N supply than grasses,
and therefore intensive N fertiliser supply reduces the propor-
tion of legumes and benefits grasses in plant communities
(Hogh-Jensen & Schjoerring 1997; Britto et al. 2001; Honsova
et al. 2007; Liebisch et al. 2013).

The highest survival of plants in P1 and K treatments indi-
cates a positive effect of improved P and K supply on plant

Chmelikova & Hejcman

Fig. 3. Effect of (a) N1, (b) N2, (c) P1, (d) P2, (e) K and
(f) N1P1 treatments on aboveground part of plants pho-
tographed on 16 September 2010 (in a 50-cm diameter
and 30 | volume pot). Treatment abbreviations are given
in Table 1.

survival. An improved K supply generally increases plant resis-
tance to environmental stress (Zahran 1999). A positive effect
of P and K application to T. medium seedlings is consistent
with results for T. pratense and T. repens, which responded
highly positively to P and K application in grassland fertiliser
experiments (Honsova et al. 2007; Pavlu et al. 2012; Liebisch
et al. 2013). The high P and K requirements of T. medium are
thus in agreement with the generally high P and K require-
ments of other grassland legumes.

Aboveground organs

Plant traits with the highest values were recorded in treatments
after application of all the tested nutrients. Many studies have
demonstrated a positive effect of increased P supply on
legumes (Fageria et al. 1995; Cruz et al. 1997; Patreze & Corde-
iro 2005; Bucciarelli et al. 2006; Erkovan et al. 2010; Pang et al.
2010; Suriyagoda et al. 2011). A positive effect of P supply on

6 Plant Biology © 2013 German Botanical Society and The Royal Botanical Society of the Netherlands
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Fig. 4. Effect of (@) NTP1K, (b) N2P1K, (c) N2P2K and
(d) control treatments on aboveground plant parts pho-
tographed on 16 September 2010 (in a 50-cm diameter
and 30 | volume pot). Treatment abbreviations are given
in Table 1.
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Fig. 5. Ordination diagram showing results of PCA of aboveground plant
traits of T. medium in 10 investigated fertiliser treatments (N1, N2, P1, P2,
K, N1P1, N1P1K, N2P1K, N2P2 and control, see Table 1 for details). Plant
trait abbreviations: HeiPl — Height of plant, LeLe — length of terminal leaflet,
LePet — length of leaf petiole, Nrinflo — number of inflorescences, NrLPI —
number of leaves per plant, NrLSt — number of leaves per stem.

growth of aboveground organs was also observed here, but was
most positive when P was applied simultaneously with N and
K, supporting the findings of Zhao et al. (2007). Gates & Wil-
son (1974) found little effect of K application on aboveground
biomass. The tallest plants were in the N1P1K (25.7 cm) and
N2P2K (23.2 cm) treatments, indicating relatively high nutri-
ent requirements of T. medium not only for P and K, but also

Effects of nutrient availability on T. medium in alkaline soil
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Fig. 6. Ordination diagram showing results of PCA of belowground plant
traits of T. medium in 10 investigated fertiliser treatments (N1, N2, P1, P2,
K, N1P1, N1P1K, N2P1K, N2P2 and control, see Table 1 for details). Plant
trait abbreviations: CyINo — cylindrical nodules, DIRN — diameter of root
neck, FanNo — fan-shaped nodules, GreNo — green nodules, LeNod - length
of nodules, LeTR — length of taproot, MaxOr — maximum order of branching,
NrNod — number of nodules, PinNo — pink nodules, WhiNo — white nodules,
WiNod — width of nodules.

for N. On permanent pasture, Ates (2011) observed substan-
tially taller (65.5 cm) plants of T. medium than recorded in
the current study. Smaller plants in the current experiment
were probably related to the short (1 year) duration of the

Plant Biology © 2013 German Botanical Society and The Royal Botanical Society of the Netherlands 7
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experiment, as T. medium is a perennial species and thus
requires several years to achieve its growth potential.

The tall plants of T. medium in the N2P2K treatment applied
here contrast with very small plants of T. arvense found in
another N2P2K treatment (Chmelikovd & Hejcman 2012b).
This indicates substantially higher N requirement of T. medium
than T. arvense and clearly reflects their Ellenberg indicator
values for nutrients of 1 for T. arvense and 3 for T. medium
(Ellenberg et al. 1992). Although T. medium is able to fix N,
via symbiotic bacteria, there is a tendency for it to obtain more
mineral N directly from the soil solution when this is available.

There were no inflorescences in N2 and N1P1 treatments or
in the control. The positive effect of P addition on flowering
was not as large as in the studies of Mabapa et al. (2010) and
Kumar (2011) with different legume species. In perennial species
such as T. medium, a highly positive effect of P addition on flow-
ering is usually observed in the second and subsequent years, but
not in the first seeding year. A positive effect of P supply on
length of the terminal leaflets and petioles is consistent with the
results of Bucciarelli et al. (2006) and Yahiya et al. (1995).

The highest number of stems (four) and highest number of
leaves per stem were observed after N1P1K treatment. This is
in agreement with results for T. medium in pasture vegetation
with soil pH 5.9 (Ates 2011). Berg et al. (2009) reported similar
results for Medicago sativa, where addition of P increased for-
age vield by enhancing biomass per stem. In the current study,
the number of stems was low in N2 and K treatments without
simultaneous P application, indicating the high P requirement
of T. medium and that P was a growth-limiting nutrient that
directly affects development of different organs.

Underground organs

There was a highly positive effect of P supply on development
of underground organs, as also observed following application
of all nutrients (N1P1K, N2P1K and N2P2K treatments). There
was a negative effect of N application on nodulation, especially
in the N1 and N2 treatments, where growth of T. medium was
limited by insufficient P supply.

The longest taproots of T. medium were recorded in treat-
ments with P, in agreement with results for M. sativa (Baligar
1987). Application of N considerably reduced rooting depth, as
also described in Svoboda & Haberle (2006) for Triticum
aestivurn L. under field conditions. There was an increase in

Chmelikova & Hejcman

diameter of the root neck in T. medium after P treatments and
in all treatments with N, P and K application (N1P1K, N2P1K
and N2P2K), as also found in experiments of Wahl et al.
(2001) for non-legume species and Pang etal. (2010) for
legume species. This positive effect of high P supply on root
diameter is consistent with results of Hill et al. (2006) for other
legume species. The maximum order of branching was found
in treatments P1, K and P2, and the minimum in the N2 treat-
ment. Simultaneous N and P application increased root
branching similar to the study of Forde & Lorenzo (2001).

The most positive effects of P1 and P2 treatments and nega-
tive effects of high N application without other nutrients (N1
and N2 treatments) affected nodulation. A positive effect of P
and negative effect of N application on nodulation in legumes
is consistent with results of many authors for different legume
species (Adams et al. 2002; Brauer et al. 2002; Roumet et al.
2008; Li et al. 2011; Chmelikova & Hejcman 2012b). In general,
the degree of nodule inhibition after N application depended
on the P level, as described in Gates & Wilson (1974) for Stylo-
santhes humulis, where combinations of N and P application
stimulated successful nodulation in contrast to separate N
application.

CONCLUSIONS

As demonstrated in this study, T. medium is potentially a suit-
able legume species for growth in alkaline soils. It requires a
relatively high P and K supply as well as additional mineral N
supply to achieve maximum growth potential. The mineral N
requirements are substantially higher than for T. arvense
planted in the same soil (Chmelikova & Hejcman 2012b). Only
moderate N supply on soils containing sufficient P and K will
benefit growth. High availability of mineral N under low P and
K supply can cause high mortality of seedlings, decrease growth
rate of aboveground and belowground organs and also decrease
the number of nodules per plant.
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Seasonal development of biomass yield in grass-legume mixtures on
different soils and development of above- and below-ground organs of

Medicago sativa

Abstract

Grass-legume mixtures are suitable for crop rotations under organic
farming. Little attention has been paid to seasonal development of
mixtures with alfalfa under field conditions. We investigated the effects of
site and cut on herbage and below-ground biomass yields and on above-
and below-ground traits of Medicago sativa. Six sites in southern
Germany with alfalfa in mixtures were monitored during the year 2011.
Dry matter herbage yield ranged from 9 to 16 t ha™'. The proportion of the
first, second and third cuts within the total herbage yield was 45, 36 and
19%. The below-ground biomass in the upper 30 cm soil layer ranged
from 1.7 to 3.8 t ha There was no seasonal trend. Diameter of the root
neck and maximum order of branching of alfalfa increased during the
season. The number of nodules per plant decreased from 9.5-17.0 in May
to 7.5-13.0 in August. By the last cut, roots with larger diameter created
smaller nodules. More branched roots created more nodules independent
of their shape. Thinner roots had more active nodules. Plant height,
number of stems and inflorescences per plant were higher in July and
August than in May. Mixtures are recommended due to their positive

effects.

Keywords: alfalfa; lucerne; nodulation; root traits

Introduction

Alfalfa (syn. lucerne) is one of the most important forage legumes. It is
adaptable to a wide range of environments and provides a high forage yield of good
quality (El-Din & Assaeed 1995; Berg et al. 2007; Grewal 2010; Moreira & Fagaria

2010). Alfalfa can be planted in monocultures or in grass-legume mixtures, where it



increases organic matter content in the soil and also substantially increases N
availability via its symbiotic relationship with Rhizobium s.1. bacteria. Perennial forage
legumes such as alfalfa take a higher proportion of their N from fixation of gaseous N,
when intercropped with grasses than planted in monocultures. Therefore the use of
grass-legume mixtures can result in higher N, fixation compared to legume
monocultures (Loiseau et al. 2001; Carlsson & Huss-Danell 2003; Nyfeler et al. 2011).
Mixtures can thus produce higher herbage yields than the best monocultures and this is
called the “overyielding” effect (Halling et al. 2002; Hggh-Jensen & Schjgrring 1997,
Gierus et al. 2012; Fin et al. 2013). Hence, mixtures play a pivotal role in contributing
to the soil nitrogen balance for example in organic farming. In such farming systems
maximising the amount of N fixed by plants and retained within the soil is of paramount
importance for the yield of the following crop (Hatch 2007).

Root traits are important, because of their close relationship to herbage yield, as
the below-ground organs predetermine the production of above-ground organs (Lamb et
al. 2000; Annicchiarico 2007). Root traits are heritable. However, they are plastic, to
cope with variable soil conditions such as water and nutrient availability (Briggs &
Walter 1997; Sultan 2000; Hodge 2004; Smilauerovd & Smilauer 2010). Roots
continually emerge, age, and die throughout the vegetation season at rates that differ
among subsets of the root population and change in response to seasonal and
environmental factors (Hendrick & Pregitzer 1993; Reid et al. 1993; Forbes et al. 1997;
Ruess et al. 1998; Majdi 2001).

Nodulation, which is the colonisation of roots by symbiotic bacteria and the
precondition for N fixation, is highly affected by site conditions such as salinity, soil
pH, nutrient availability, moisture and temperature (Athar & Johnson 1996; Zahran
1998; Li et al. 2012). For example, a positive effect of high P and a negative effect of
high N availability on nodulation were recorded for many legume species (Brauer et al.
2002; Svoboda & Haberle 2006; Roumet et al. 2008; Li et al. 2011). In addition, Shaw
et al. (1966) observed a positive effect of molybdenum availability on the number and
weight of nodules. Nodulation is also affected by various biotic factors, such as the
presence of rhizobia, mycorrhizal fungi, the intensity of photosynthesis and the
occurrence of pathogens (Zahran 1998; Guo et al. 2010). According to Corby (1988)
nodule shape is associated with legume taxonomy and can be species- or tribe-specific.

Cylindrical elongated or fan-like nodules are characteristic for the genus Medicago



(Zahran 1998; Chmelikovd & Hejcman 2012a). The colour of nodules is a reliable
indicator of nodule activity: young and inactive nodules are white; active nodules are
pink; moribund or senescent nodules are green, and brown nodules are inactive (Pate &
Dart 1961; Swaraj & Bishnoi 1996).

Previous studies (Lamb et al. 2000; Glab 2008; Aranjuelo et al. 2011; Neumann
etal.2011; Testa et al. 2011) have investigated morphological traits of alfalfa roots
particularly in monocultures. However, little attention has been paid to nodulation or the
seasonal development of nodules if alfalfa is grown in mixtures with other legumes and
grasses. The aim of this study was therefore to investigate the seasonal development of
root and nodule traits of alfalfa in grass-legume mixtures under field conditions of
organic farming. We asked the following research questions: (i) how is the herbage
yield and yield of below-ground organs of the grass-legume mixture affected by the
locality and time within the vegetation season? (ii) how are the diameter of the root
neck, maximum order of branching and nodule traits of alfalfa affected by locality and
time? (iii) how are the above-ground plant traits of alfalfa affected by locality and time?

(iv) how is the nodule variability in alfalfa affected by locality and time?

Materials and Methods

Study area

All data were collected at six sites (D1, S1,S2, V1, V2, and V3) on organic
experimental farms in southern Bavaria (Germany) in the surroundings of Freising
(48 24'N, 11 45'0). The altitude of the collection sites (see Table 1 for the description of
sites) ranged from 450 to 480 m a.s.l., the mean annual precipitation from 780 to 800
mm and mean annual temperature from 7.8 to 8.4°C. The sites differed in soil
conditions, but the climatic conditions (mean annual temperature and precipitation)
among sites were uniform due to their spatial proximity. At each experimental site all
data were collected in four sampling plots each 10 x 10 m in size. Sample plots were
selected in a way to avoid areas with visibly low or high plant density to have a roughly
even plant density in all plots. A standard drill technique was used for seeding. Intra-
row and inter-row spacing was 12.5 cm. Seeded grass-legume mixtures were

homogeneous at all sites and were composed of Medicago sativa variety Eugenia (4 kg



ha'l), Trifolium pratense (5 kg ha'l), T. repens (2 kg ha'l), Dactylis glomerata (1 kg ha’
1), Festuca rubra (1 kg ha'l), F. pratensis (8 kg ha'l), and Phleum pratense (4 kg ha'l).
Grass-legume mixtures were established at all sites in 2010, one year before data
collection. The exception was the D1 site, where the mixture was established in 2009
and all data were collected in the second year of vegetation. The site D1 is not
compared with the other sites because the effect of plant age and the effect of site
cannot be separated. Nevertheless, the data from the site D1 was collected in the same

way as for the other sites and serve only informatively.

Data collection

Herbage and below-ground organ yield of the grass-legume mixture

Cuts at all sites were performed at the end of May, the beginning of July and at
the end of August, according to agronomic requirements and at similar developmental
stages. Fresh biomass was measured by cutting the sward mechanically in the central
area of each sampling plot (1.8 m x 9.0 m per sample) at a height of about 2 cm. Sub-
samples of 0.5 kg were then taken from the cut material and oven-dried at 60°C for 48 h
to determine the dry-matter content and herbage yield.

On the day of each cut, soil monoliths 15 cm deep and 7 cm in diameter were
collected for the determination of below-ground organ biomass in each sampling plot.
Two monoliths (0O—15 and 15-30 cm), one from the inter-row space and one from the
intra-row space, were collected with an auger. The samples were temporarily stored at -
18°C before root separation and counting. Samples were separated using a 0.5 mm
mesh sieve. Residues were cleaned with water and then roots were drained in a
hydraulic sieving-centrifugation device. Finally, to prevent mould contamination, roots

were hand-cleaned from organic debris and immersed in 10% (v/v) ethanol solution.

Below-ground organs of alfalfa

On each day of cutting, five alfalfa plants were selected haphazardly in each
sampling plot, taking care not to favour tall or small plants. The monolith method was

used to collect the five individual plants (Bohm 1979). The soil monolith measuring 30



x 30 x 30 cm beneath the plant was dug up and washed carefully with water to extract
the below-ground organs of the plants from the soil. Subsequently, each whole plant
was digitised using a scanner (Brother MFC-6890CDW).

Two traits of the root systems were recorded: 1) diameter of the root neck and 2)
maximum order of branching. In addition to root characteristics, four traits of nodules
were recorded: 1) the number of nodules per plant; 2) the size of nodules; 3) the shape
of nodules and 4) the nodule colour. The maximum branching order reflected the
highest developmental branching order in the hierarchy of the root system (Fitter 1987;
Eissenstat et al. 2000; Wells & Eissenstat 2003). We therefore refer to roots with no
dependent laterals as first order, roots with a single set of dependent laterals as second
order, and so on. The shape of root nodules was classified according to Corby (1971;
1988) as cylindrical or branched. We recorded the proportion of plants with the
presence of particular nodule shapes from the total number of plants per sampling plot.
For example, 100% cylindrical nodules indicated that cylindrical nodules were recorded
on all plants in the particular replicate. The colour of nodules was described as pink
(active), green (senescent) or brown (moribund) and was expressed as a percentage
relative to that of all plants within a treatment. As nodules with two colours were also

frequently recorded, there was a high overlap of colours.

Above-ground organs of alfalfa

The above-ground organs were measured at the same five alfalfa plants and
were evaluated with roots simultaneously. Five traits of above-ground organs were
recorded: 1) plant height — distance between root neck and the tallest point of the
plant; 2) the number of stems per plant; 3) the length of the longest terminal leaflet;
4) the length of the longest leaf petiole and 5) the number of inflorescences per

plants.

Soil properties
Soil samples were taken in August 2011. In each sampling plot a pooled sample

was taken from O to 30 cm depth after removing plant residues and roots. Results were

averaged to form one representative measure for each site. The soil samples were dried



and sieved to 2 mm. All analyses were conducted in accordance with standardised
methods of the Association of German Agricultural Analytical and Research Institutes
(VDLUFA 1991). Details concerning soil properties at each site together with analytical

methods are given in Table 1.

Data analysis

One-way ANOVA was used to evaluate the effects of site and cut on all
collected data. After obtaining significant results, multiple comparisons using Tukey’s
HSD test were applied, to identify significant differences among sites and among cuts.
The analyses were based on the values of all measured traits for individual plants. All
analyses were performed using STATISTICA 7.0 software (Statsoft, Tulsa). The values
of individual yields and plant traits (with exceptions of nodule traits) were compared
among five sites (S1,S2, V1, V2, V3). The nodule traits were compared for all sites.

Principal component analysis (PCA) was used to detect trends in the
development of above- and below-ground organs during the vegetative season on five
sites. Unconstrained PCA analysis was used to visualise similarity between individual
plants of five sites, sites and cuts. The relation was visualised separately for above- and
below-ground organs of all sites (D1 included). All analyses were performed using the
CANOCO for Windows 4.5 program and results of the analyses were visualised in the
form of ordination diagrams constructed by CANODRAW program (ter Braak &
Smilauer 2002).

Results

Herbage and below-ground organ yield of the grass-legume mixture

The herbage yield over all three cuts was significantly affected by site and
ranged from 8 to 12 t ha™ at D1 and V1 sites, respectively (for details see Table 2). The
effect of site on herbage yield of the first cut was not significant, but was significant for
the second and third cuts. In addition, the herbage yield was significantly affected by
cut at all sites. The proportion of the first, second and third cuts on the total herbage

yield over all sites was 45, 36 and 19%, respectively (Table 2).



The biomass of below-ground organs was not significantly affected by site or by
time. In the upper 30 cm of the soil, the dry matter biomass of below-ground organs
ranged from 1.7to 3.8 t ha'! in the first cut, from 1.3t0 24t ha! in the second cut and

from 1.7 to 2.8 t ha in the third cut (Table 2).

Below-ground organs of alfalfa

The diameter of the root neck, maximum branching order, the number of
nodules per plant, nodule size, and the proportion of cylindrical, branched, pink and
green nodules were significantly affected by the site. There was no significant effect of
site on brown nodules in May. The significant effect of cut on nodule size and on the
proportion of pink and green nodules was recorded at all sites (see Table 3 for details).

The largest root diameter was recorded at the S2 site in July. The most branched
nodules were recorded in May. The lowest maximum order of branching was recorded
at sites S1 and S2 in May, at sites V1 and V2 in July, and at S2 and V1 in August.

With the exception of site S2, the lowest nodule number per plant was recorded
in August and the highest in May. The number of nodules per plant ranged from 1.0 at
site D1 in July and August to 17.5 at site V1 in May. Cylindrical nodules were the most
common at all sites. The proportion of plants with cylindrical nodules ranged from 27%
at site D1 to 78—88% at all other sites and the proportion of plants with branched
nodules ranged from 8% at site D1 to 72% at site S1. The branched nodules were
generally larger than the cylindrical nodules and the size of nodules ranged from 0.8 to
12.4 at sites D1 and V1, respectively. The most active nodules, as indicated by their
pink colour, were recorded in May. Afterwards the proportion of plants with pink
nodules gradually decreased. The proportion of plants with green nodules was highest at
all sites in May and July and the proportion of plants with brown nodules was highest in
August.

Differences in below-ground organs among sites and cuts are clearly visible
from the PCA ordination diagram in Figure 1. The first axis of the PCA explained
90.1%. The PCA analysis shows, that roots with larger diameter created smaller
nodules. This is e.g. well visible in August for the third cut. More branched roots
created more nodules independent of their shape. The thinner roots had more active

nodules. As a consequence, the most nodules were created in May.



The relatively small change and the low variability in below-ground organs over
time at site D1 and their dissimilarity compared to those of other sites is clearly visible
in Figure 2a. The D1 points are located in the same quadrant relative to the centre.
Higher variability of plant traits was recorded at sites S1,S2, V1, V2, and V3. There
was a clear trend in the development of below-ground organs among cuts as is indicated
by the shift in the position of marks for individual plots. The plants from the first and
the second cut varied more than the plants from the third cut. Differences are so low for

the third cut that points of the five sites are located in the same quadrant.

Above-ground organs of alfalfa

We observed a significant effect of site on plant height, the length of the
terminal leaflet and leaf petiole (Table 4). The effect of cut was significant for alfalfa
plant height at all sites. Generally, the shortest plants were recorded in May. Plant
height ranged from 29.6 cm at site S2 in May, to 63.7 cm at site V1 in July (see Table 4
for details).

The largest number of stems per plant (with exception of site D1) was recorded
at site V3 (2.4,2.9 and 5.0). The least number of stems was recorded at site V1 in May
and at site S1 in July and August. The shortest leaflet of 1.6 cm and petiole length of 1.8
cm was recorded at site V3 in July. The longest terminal leaflet of 2.6 cm and petiole
length of 3.6 cm was recorded at sites S1 and S2 in August. The highest number of
inflorescences per plant (3) was recorded at site S2 in July. Only at site D1
inflorescences were recorded in August, too.

Differences in the above-ground plant traits among sites were not as large as for
below-ground organ traits. The differences among individual plants during all three
months are clearly visible from the PCA ordination diagram in Figure 3. The first axis
of the PCA explained 84.2%. In August, the plants from site D1 differed most from
plants at other sites (Figure 2b). The plants of the other sites were more similar. This
can be seen e.g. in May, where the points of above-ground traits of all five sites are

located in the same quadrant.



Discussion

Herbage and below-ground organ yield of the grass-legume mixture

The herbage yield and yield of below-ground organs in the upper 30 cm soil
layer was analysed as background information for the detailed research on alfalfa plant
traits. The lowest herbage yield of 8 t ha”was recorded at site D1, where both the
highest organic matter content and highest N availability in the soil was observed. A
possible explanation for this is that the crop mixture at this site was in the second year
of vegetation in contrast to the first year of vegetation of mixtures at other sites. Braun
et al. (2010) measured a herbage yield of 16 t ha” when investigating the same mixture
in the first year of vegetation at site D1. This gives evidence that site D1 has the highest
production potential of all studied sites. A decrease in herbage yield between the first
and second year of vegetation was thus 50% and this is roughly in agreement with the
decrease of 57-78% recorded between the first and second year of vegetation by
Albayrak & Tiirk (2013). The highest herbage yield of the first and the lowest yield of
the third cut agree with the commonly recorded pattern of herbage production in legume
stands and grasslands in Central Europe (HrevuSova et al. 2009; Gierus et al. 2012;
Hakl et al. 2012a).

Although significant differences in herbage yield were recorded among sites for
the second and third cut, differences in below-ground biomass were not significant.
Below-ground organ biomass was thus relatively similar at sites with different herbage
production, which is in contrast to results of Hakl et al. (2011). Our results thus indicate
a shift in favour of roots in the relative proportion of above- and below-ground biomass
related to decreasing productivity of sites in terms of total herbage yield.

Luo et al. (1995) recorded higher fine root mass in spring and fall than in
summer. This is partly in agreement with the seasonal development of below-ground
organs at four of six studied sites (Figure 2). The fine root biomass can be connected
with root branching order. The highest mean value of branching order was recorded in
the first cut at all five sites.

The legume and grass proportion differed in time as also found by Fin et al. (2013) or
Sanderson et al. (2013). Similar to results of Marley et al. (2003) the contribution from

different species (e.g. alfalfa and red clover) to total herbage yield differed according to
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cuts. Stage of maturity affected the yield of alfalfa, but in line with Marley et al. (2003)

the influence was not significant in each cut.

Below-ground organs of alfalfa

The differences in root traits were not caused by different climatic conditions at
the study sites. Climatic parameters were uniform and the sites differed only in soil
conditions. Results showed that root branching was affected by soil conditions and roots
with greater diameter developed smaller nodules. Also more branched roots developed
more nodules independent of their shape and thinner roots had more active nodules.

In this study, roots at site D1 differed from all other sites. This seems to be
caused by the different age of the stand. Root diameter and the number of branched
roots were associated with the age of the alfalfa stands, as already shown in other
studies (Suzuki 1991; Pietola & Smucker 1995; Hakl et al. 2011).

Root branching was similar at all other sites with one year old plants. The
branching order was slightly higher at sites with a higher sand content (V2 and S2),
which was probably connected with easier root penetration, similar to the study by
Salako et al. (2002). Roots compete with themselves as well. According to Harper
(1977) the presence of neighbours affected the environment of a plant and resulted in
changes in growth rate or morphology. Hakl et al. (2011) described this effect e.g. for
root diameter and number of lateral roots. Small scale differences in stand density at
sampled plots together with low number of plants (n=5) led to high variability and
unconvincing trends in root traits development over vegetation period. The age of the
stand probably had no direct effect on nodule traits, because of their short lifespan
between 10 to 12 weeks (Puppo et al. 2005). However, indirect effects can be assumed.
Alfalfa plants are known for their thick, long and unbranched roots (Kutschera 1960;
Chmelikova & Hejcman 2012a). Older plants of alfalfa have lower number of thin
roots, which are more easily infected by bacteria and more likely show nodulation
afterwards.

According to many studies (Lynch & Brown 2001; Adams et al. 2002; Dunbabin
et al. 2004; Raghothama & Karthikeyan 2005) the effect of nutrient content in the soil
seems to be very important. Our data suggested an influence of nutrients on nodules.

Unfortunately it is not possible to determine the role of individual nutrients because of
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their interaction. This is typical for studies under practical field conditions, which are
subject to complex environmental and species interactions. At site D1 with the oldest
plants, the soil was characterised by a substantially higher N availability than at other
sites. This probably explains the low number of nodules, their small size and the low
proportion of branched nodules, since nodulation is negatively affected by high N
availability in the soil (Adams et al. 2002; Brauer et al. 2002; Beebe et al. 2006; Grewal
2010; Li et al. 2011). Cylindrical and branched nodules can both be observed on roots
of alfalfa. However, branched nodules are especially abundant at sites with low N and
high P availability, as was observed in our previous study (Chmelikova & Hejcman
2012b). With the exception of site D1, root diameter was slightly higher at sites with a
higher availability of soil P in comparison to other localities. This is in agreement with
results by Pang et al. (2010) for M. sativa in soils with sufficient P availability. Lynch &
Brown (2001) and Hill et al. (2006) recorded more branched roots of bean under
conditions with low P availability. However, Adams et al. (2002) recorded more
branched roots in soils with higher P availability. At the six studied localities, roots
were neither more nor less branched and no relation to different P availability was
apparent. Differences in P availability among localities were probably not sufficient to
be reflected by roots. In addition, there was probably an effect of other nutrients, for
example K deficiency at site D1. According to Hggh-Jensen (2006) K deficiency can
induce changes in the relative growth of roots and nodules.

In contrast to roots, nutrient availability greatly affected nodules. At site D1 low
nodulation in the second year of vegetation due to a high availability of N in the soil can
probably explain the substantial decrease in the proportion of legumes and the increase
in grasses recorded in grass-legume mixtures in the second and subsequent year of
vegetation (Fin et al. 2013). In agreement with results of Zahran (1998) nodule number
decreased during the vegetation season at all sites except S2, where a slight increase
was observed. The different development at site S2, which has a high content of sand in
the soil, might be due to good P availability. The highest number of pink nodules was
recorded in May and of green nodules in August. This colour change during the
vegetative season was also observed by Swaraj & Bishnoi (1996). There was no
positive effect of Mo availability on the number and size of nodules. This contrasts with
positive effects of Mo availability on the number and size of nodules on soybean

recorded by Vieira (1998) and Toledo et al. (2010). The reason for these different
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results might be that Mo availability was sufficient at all sites in our study. During the
vegetative season, the lowest proportion of brown and green nodules was recorded at
the site with higher Mo availability in the soil. This result is in agreement with that of
Shaw et al. (1966), reporting the main effect of Mo on nodulation appeared to be a
longer period of effective N2 fixation, which leads to more active nodules (pink) than

senescent and moribund nodules (green or brown).

Above-ground organs of alfalfa

The highest values for above-ground traits (plant height, the number of stems
per plant and leaf size) were recorded for the cut with the highest herbage yield. This is
similar to results of other studies (Annicchiarico et al. 2010; Monirifar 2011; Hakl et al.
2012b). According to Sheaffer et al. (2000) the cutting effects determined yield and
quality of leaf, stem, and total herbage of six alfalfa entries. Plant height and the number
of stems per plant were affected by time of cut within the season. In the second cut,
plant height was larger than in the first cut, which agrees with results of Shen et al.
(2013) and was probably due to rapid stem growth from the stubble.

Stem number per plant increased with age and was much greater at site D1 with older
plants, than at other sites. Many authors (Volenec et al. 1987; Peterson et al. 1992;
Sengul 2002) have described the same positive effect of age on alfalfa stem number per
plant. According to Singh & Winch (1974) the number of stems increases markedly
soon after cutting. With the exception of S1 and S2, the highest stem number per plant
was recorded at all sites for the final cut, which agrees with results by Sheaffer et al.
(2000). Site S1 and S2 had a quite low pH value not suitable for alfalfa, which prefers
pH between 6.5-7.0 (Rhykerd & Overdahl 1972; Peters et al. 2005). Although this
difference in soil condition may be one reason for differences in stem numbers, there
may be others like small differences in plant density, management, water stress or
nutrient availability, which went undetected in this study. The longest terminal leaflet
and petiole was measured either in the first or third harvest, indicating some effect of
time within the season on leaf shape.

As suggested by Suzuki (1991) the proportion of above-ground alfalfa organs

decreased with age and the reduction in older stands was more evident in the second
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cut. This is in agreement with our results, as the plant height in the second cut was
lower at the site with older plants (D1) in comparison to the other sites.

Inflorescences were only recorded in July (S1, S2, V1, V2, and V3) (at site D1 also in
August), which correlates with the flowering time of M. sativa. In May, no
inflorescences were observed, because the earliest month of flowering for the species is
June (Fitter & Peat 1994). More inflorescences were recorded for plants with a higher
number of stems. The number of inflorescences seems to be influenced by P content of
the soil. However, this effect may be affected by soil pH and clay content, which alter
the availability of P to the plants.

Contrasting with results of Wang et al. (2012) we found no dependence of
above-ground plant traits on soil type. We suspect that differences in soil physical and
chemical properties among investigated sites were probably not high enough in this
study.

Stand density or drought stress might be responsible for some of the observed
differences in the above-ground plant traits among sites. Drought stress may have
occurred at site S2 in spring and might be reflected by shorter terminal leaflets and
petioles. The reduction in alfalfa leaflet size and stem weight under drought stress is

well known and enables water loss to be reduced (Christian 1977).

Conclusions

This study yielded interesting results on alfalfa in grass-legume mixtures under
practical field conditions. Novel findings are thus relevant for agricultural practice and
the efficient production of fodder crops.

In the first year of vegetation, the dry matter yield of the herbage ranged from 9
to 16 t ha' without fertilizer input on common agricultural soils in Bavaria. The
proportion of the first, second and third cuts within the total herbage yield was 45, 36
and 19%, respectively. The amount of the dry matter below-ground biomass ranged
from 1.3 to 2.8 t ha™ in the upper 30 cm soil layer. There were no clear temporal trends
during the vegetation season or significant differences among sites.

In alfalfa plants, the diameter of the root neck and the maximum order of
branching generally increased with time and both traits were affected by site conditions.

Root branching was slightly higher at sites with a higher sand content, which was
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probably connected with easier root penetration. A clear seasonal development of
nodulation was recorded. The number of nodules per plant generally decreased from
9.5-17.0 in May to 7.5-13.0 in August. At sites with a high availability of N, the
number of nodules was only 3.5 in May and 1.0 in August and nodules were very small.
By the last cut, roots with larger diameter created smaller nodules. More branched roots
created more nodules independent of their shape. Thinner roots, which appear mostly at
the beginning of vegetation season, had more active nodules. With the exception of
plant height and the number of stems per plants and inflorescences per plant, other
above-ground plant traits were minimally affected by time within the season.

Although in this study not all effects and interactions of biotic and abiotic
factors could be determined due to the complexity of a practical field study, it was
possible to assess above-ground and below-ground aspects simultaneously. Even though
not all analysed aspects were significant, our results suggest some important relations
between above- and below-ground traits. Future studies should focus on these relations
to derive further knowledge that can be used to optimize herbage yields and positive
effects of alfalfa and other legume roots.

Finally, we conclude that grass-legume mixtures should be an integral part of
crop rotations under organic farming conditions. In such farming systems grass-legume
mixtures with alfalfa can provide high herbage yields without fertilizer input and a large

amount of below-ground organs that remain in the soil.
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Table 1. Description of study sites.

Table 2. Dry matter herbage yield and yield of below-ground organs in the upper 30 cm
of the soil of grass-legume mixtures at sites D1-V3. A detailed description of sites is
given in Table 1. P — probability value obtained by the F test. Differences between sites
denoted by the same letter (a—c) or differences between cuts denoted by the same letter
(A-B) were not significantly different at the 0.05 probability value calculated by post-

hoc comparisons using the Tukey HSD test.

Table 3. Summary of below-ground traits of alfalfa plants. One-way ANOVA was
applied to evaluate the significance of the site effect. Differences between sites denoted
by the same letter (a—d) or differences between cuts denoted by the same letter (A—C)
were not significantly different at the 0.05 probability value, calculated by post-hoc

comparison using the Tukey HSD test.

Table 4. Summary of above-ground traits of alfalfa plants. One-way ANOVA was
applied to evaluate significance of the site effect. Differences between sites denoted by
the same letter (a—c) and differences between cuts denoted by the same letter (A—C)
were not significantly different at the 0.05 probability value calculated by post-hoc

comparison using the Tukey HSD test.

Figure 1. Ordination diagram showing the results of PCA of roots and nodule traits of
Medicago sativa at six sites (S1,S2, V1, V2, and V3- see Table 1 for site description).
Plant trait abbreviations: BroNod — brown nodules; CylNod — cylindrical nodules;

Diamet — diameter of the root neck; FanNod — fan-like nodules; GreeNod — green
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nodules; NodNr — number of nodules per plant; NodSize — size of nodules; OrdBran —

maximum order of branching; PinNod - pink nodules.

Figure 2. Principal component analysis (PCA) ordination (a) of below-ground organs
and (b) of above-ground organs of Medicago sativa on sites D1,S1,S2,V1,V2,and V3

in May (1), July (2) and August (3) 2011.

Figure 3. Ordination diagram showing the results of PCA of above-ground plant traits
of Medicago sativa at six sites (S1,S2, V1, V2, and V3- see Table 1 for site
description). Plant trait abbreviations: Inflor - number of inflorescence; LeLe - length of
the terminal leaflet; LeafPet - length of the leaf petiole; NrStem - number of stems per

plant; PIHeig - height of the plant.
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Table 1. Description of study sites.

DI S1 S2 Vi V2 V3
Altitude (m a.s.l.) 450 470 470 480 480 480
Mean annual
temperature (°C) 78 8.4 8.4 78 78 78
1;’5:2‘; f‘t‘;‘l‘fr‘} (am) 800 800 800 790 790 790
Soil type Ps‘ltlallx%glocl Cl:riililsol CIe;IrarllIl))lilsCol Cambisol  Cambisol  Cambisol
Sand (%) 4 37 43 25 57 18
Silt (%) 71 45 41 58 31 51
Clay (%) 25 18 16 17 12 31
pH' 73 5.6 58 6.3 6.2 7.1
P (mg/100g)” 26 4.8 6.2 22 3.1 7.0
K (mg/100g)* 1.7 12.5 10.0 8.3 8.3 10.0
B (mg/kg)’ 0.3 0.1 0.1 0.3 0.1 0.1
Cu (mg/kg)’ 4.8 29 42 3.1 22 26
Fe (mg/kg)’ 26 144 181 113 113 94
Mn (mg/kg)® 4.7 296 191 314 213 232
Zn (mg/kg)’ 6.7 93 194 34 33 39
Mo (mg/kg)* 0.11 0.03 0.03 0.03 0.04 0.05
C organic (g/kg)’ 111.7 9.6 8.8 114 11.2 10.2
N total (g/kg)° 8.3 10 0.8 12 12 09
C : N ratio 9.45 9.6 10.90 9.62 9.64 11.50
g)‘iptake by grass 1.81 0.99 0.84 1.05 1.07 1.03
Age (in years) 2 1 1 1 1 1
Proportion of
legumes on herbage 60-70 50-70 40-70 60-85 60-75 60-75
yield (%)

'measured in a suspension with 0.01 M CaCl,; Zextracted by a calcium-acetate-lactate solution (CAL);
*measured by the CAT method; “determined by the HWE method; *determined by the Dumas dry-
combustion method; ‘'measured in pot experiment — estimation of N availability in the soil via N uptake
by Lolium perenne from 10 kg of the soil, extracted for nitrate (0.01 M CaCl,, 1:5 soil-to-extraction
ratio), analysed photometrically after separation by HPLC.
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Table 2. Dry matter herbage yield and yield of below-ground organs in the upper 30 cm of the soil of
grass-legume mixtures at sites D1-V3. A detailed description of sites is given in Table 1. P — probability
value obtained by the F test. Differences between sites denoted by the same letter (a—c) or differences
between cuts denoted by the same letter (A-B) were not significantly different at the 0.05 probability
value calculated by post-hoc comparisons using the Tukey HSD test.

D1 S1 S2 Vi V2 V3 Mean p

Herbage  May 34 5.7 5.4 524 34 45 48 0.113
(t/ha) July 22 2.9 2.5 48 41" 574 39 <0.001

August 24 24 23 9B 1.4 1.5% 19  <0.001

;‘:12(‘11 8.0 11.0*  102*  11.9° 8.8" 1.7 107 0.134

P 0.001  <0.001 <0.001 0.003  0.001
Below-  May 38 2.5 L7 24 20 21" 22 0586
ground  July 20 224 13 23 20" 24 21 0340
organs August 22 1.9 1744 22 28" L7 21 0582
(t/ha) P 0538 0318 0679 0687 0847
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Table 3. Summary of below-ground traits of alfalfa plants. One-way ANOV A was applied to evaluate the
significance of the site effect. Differences between sites denoted by the same letter (a—d) or differences
between cuts denoted by the same letter (A—C) were not significantly different at the 0.05 probability
value, calculated by post-hoc comparison using the Tukey HSD test.

Trait Date D1 S1 S2 Vi V2 V3 Mean P
Root neck diameter- ~ May 8.8 3.5%C 3.8WPC 4™ 48" 44™C 4 0.005
Diamet (mm) July 118 60™C 69"C 47" 47" 51 65 <0.001
August 109 67 63" 49 52 61 58 0.001
MEAN 105 54 5.7 46 49 52
P <0.001 <0.001 0.165 0428 0.001
Maximum order of May 3.1 25%C 25C 3 MBC 3 0"BC 39" 238 0.001
Branching - OrdBran  July 3.2 2.7 3¢ 25C 2 3MC 6 26 0.001

August 3.6 268 3B 3B 3B 4B 95 <0.001
MEAN 3.3 26 27 26 28 27

P 0375 0002 <0.001 <0.001 <0.001
Number of nodules May  35%  16™ 95%  175° 140® 170" 129  <0.001
per plant - NodNr July 1.0 13 11.5™ 140" 115 100" 102 <0.001

August 1.0 125 120* 105% 105% 75 90  <0.001
MEAN 1.5 125 110 140 120 120

p <0.001 0.003 0070 <0.001 0.002 <0.001
Size of nodules - May  1.7%°% 151" 11.0*® g1 773%™ g7 87 0.009
NodSize July 04 85" 34 123" 64™* 87" 66  <0.001

August 03 86" 93" 169" 74" 34" 77  <0.001
MEAN 0.8 103 79 124 70 6.9

P 0.001  <0.001 0.001 <0.001 0.005 0.002
g};ﬁli;)mdules T May 60" 100"  80®* 100" 90"  100® 88  <0.001
July 15 90" 70" 95 g5t g5t T3 <0.001
August 5™ 704 85" 60" 90" 60™ 62 <0.001
MEAN 27 87 78 85 88 82
P <0.001 0.016 0517 <0.001 0.857 0.003
Branched nodules - May  10* 70" 40™ 25" 40™ 45 38 <0.001
FanNod (%) Juy o™ 60 308 65 350h 35A 37 <0.001
August 15" 85 8o® 75 80 65 67 <0.001
MEAN 8 72 50 55 52 48
p 0226 0218 0.003 0.003 0.006 0.160
Pink nodules - May  45®  100® 80" 100" 95 = 85" 84 <0.001
PinNod (%) July 10 15% 60™ 95" 90™ 85" 59 <0.001
August 10™* 0™ 0*® 35 20" 10 13 0.005
MEAN 22 38 47 77 68 60
p 0.007 <0.001 <0.001 <0.001 <0.001 <0.001
Green nodules - May  45® 100 80® 100" 85" 95" 84 <0.001
GreeNod (%) July  0€ 50" 35" 100" 90" 85" 60 <0.001
August 10** 15" 20" 65" 55%A 30™® 33 <0.001
MEAN 18 55 45 88 77 70
P <0.001 <0.001 <0.001 <0.001 0.017 <0.001
Brown nodules - May 15 20" 5% 0*® 5% 0" 8 0.082
BroNod (%) Juy o™ 95 50" 20™ 45 85%C 49 <0.001
August 0™ 50 75 75 60" 40™® 50 <0.001
MEAN 5 55 43 32 37 42
P 0042  <0.001 <0.001 0.003 0.001 <0.001
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Table 4. Summary of above-ground traits of alfalfa plants. One-way ANOVA was applied to evaluate
significance of the site effect. Differences between sites denoted by the same letter (a—c) and differences
between cuts denoted by the same letter (A—C) were not significantly different at the 0.05 probability
value calculated by post-hoc comparison using the Tukey HSD test.

Trait Date D1 S1 S2 V1 V2 V3 Mean p
Height of the plant-  May 393 372" 296% 411" 338" 357" 354 <0.001
PlHeig (cm) July 398 460" 513 637" 492" 542" 527 <0.001

August  47.1 522" 526" 431 380" 421" 456  <0.001
MEAN 421 451 445 493 403 440

P <0.001 <0.001 <0.001 <0.001 <0.001
Number of stems per  May 44 20" 20" 184 24" 24 21 0.233
plant - NrStem July 39 19" 24™ 26" 26 20" 25 0.059

August 7.1 16" 17 33 33" 50® 30  <0.001
MEAN 5.1 1.8 20 26 28 34

P 0.151  0.183 <0.001 0.017 <0.001
Length of the May 1.9 20 18" 22" 22% 22 21 0.007
terminal leaflet - July 23 23 o4 g M 16 20 <0.001
LeLe (cm) August 20 24T 26" 24 18 20" 22 <0.001

MEAN 27 23 23 22 19 19

P 0.029 <0.001 0.103 <0.001 <0.001
Length of the leaf ~ May 31 25 24 35 24 26 27 <0.001
Petiole - LeafPet July 26 342 230% 22%B o4 g8 24 0.037
(cm) August 28 3.6 35%B g9heA p7hA e 31 001

MEAN 28 32 27 29 25 23

P 0.006 <0.001 <0.001 0.841 <0.001
Number of May 0 0A 0A 0 0 0 0 n.a.
inflorescence per July 04 05" 30% 1.1® 16" 13%® 15 0.002
plant - Inflor August 28 0 0 0o 0o* 0o 0 na.

MEAN 11 02 10 04 05 03

P 0.153  <0.001 <0.001 <0.001 <0.001
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Figure 1. Ordination diagram showing the results of PCA of roots and nodule traits of Medicago sativa at
six sites (S1, S2, V1, V2, and V3- see Table 1 for site description). Plant trait abbreviations: BroNod —
brown nodules; CylNod — cylindrical nodules; Diamet — diameter of the root neck; FanNod — fan-like
nodules; GreeNod — green nodules; NodNr — number of nodules per plant; NodSize — size of nodules;

OrdBran — maximum order of branching; PinNod - pink nodules.
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Figure 2. Principal component analysis (PCA) ordination (a) of below-ground organs and (b) of above-
ground organs of Medicago sativa on sites D1, S1, S2, V1, V2, and V3 in May (1), July (2) and August
(3) 2011.
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Figure 3. Ordination diagram showing the results of PCA of above-ground plant traits of Medicago sativa
at six sites (S1, S2, V1, V2, and V3- see Table 1 for site description). Plant trait abbreviations: Inflor -
number of inflorescence; LeLe - length of the terminal leaflet; LeafPet - length of the leaf petiole; NrStem

- number of stems per plant; PIHeig - height of the plant.
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Abstract

Grass-legume mixtures are suitable for crop rotations in organic farming systems.
However, little attention has been paid to seasonal development of below-ground organs of
Trifolium pratense in grass-legume mixtures on different soils. We asked (i) how the
above-ground plant traits of red clover are affected by locality and time?, (ii) how the
diameter of the root neck, the maximum order of branching and (iii) the nodule traits of red
clover are affected by locality and time; Red clover was investigated in grass-legume
mixtures in the first year of vegetation on five sites in southern Germany. At all sites
sampling took place at the day of cut. Cuts were performed at the end of May, the
beginning of July and at the end of August.

The main message of this study is that under similar climatic conditions the root traits
(diameter of the root neck, order of root branching, size of nodules, and proportion of
senescent nodules) differed according to soil conditions and time within the season. Root
diameter increased during the season. Root branching suggested positive influence of sand
content. Also more branched roots developed more nodules. Thinner roots had more active
nodules (pink color). Usually at the end of season roots develop a bigger diameter and thus
have more non active senescent (green color) or moribund (brown color) nodules. Nodule
activity differed more according to season than to soil conditions. The number of nodules
per plant (12.5 - 19.5) decreased from May to August. Cylindrical nodules were found on
85 - 100% of the plants and branched nodules only on 0 - 25%.

The height of plants was lowest in May and increased in July. The highest mean of number
of stems per plant (3.3 - 6.3) was recorded in August. The higher number of plant stems at
one site was probably connected with the higher age of these plants.

The results on above- and below-ground traits of red clover and its ability of N, fixation
provided by this study are not only interesting from a scientific perspective, but also from
a practical agronomic point of view. Organic as well as conventional farmers can use these
findings in the future to increases benefits from legume crops and improve their overall

biomass yields.



Introduction

Red clover (Trifolium pratense L.) is one of the most important forage legumes of the
temperate zones. The species is known to cope well with a wide range of climatic, soil, pH,
environmental and management conditions. It provides good yields even in areas with
problems due to soil acidity or excessive soil moisture (Smith et al., 1987). Consequently,
red clover is an alternative legume species for sites with unsuitable environmental
conditions for growing alfalfa. Red clover is cultivated alone or in a mixture with grasses
and other legumes (Abberton and Marshall, 2005; Hakala and Jauhiainen, 2006).
However, it is more frequently sown in mixtures than in monoculture because this leads to
higher and more stable dry-matter (DM) yields (Halling et al., 2002). Additionally in
mixed swards the nitrogen use efficiency is higher (Scholefield et al., 2002) and the risk for
DM yield loss in case of failure of red clover is less.

Because of the association of legumes with Rhizobium bacteria a grass-clover mixture
should have a sufficient clover content to optimize the benefits of N, fixation and increase
the stability of DM yield (Halling et al., 2002). Therefore, especially in organic farming it
is of high importance for the yield of the following crop to maximize the amount of N,
fixed and retained within the soil (Hatch et al., 2007). Furthermore the deep roots of red
clover improve nutrient uptake from deeper soil layers, and provide a high capacity for the
uptake of divalent cations like Ca*or Mg2+ (Frame et al., 1998). However, soil acidity,
which causes phosphorous (P) and molybdenum (Mo) deficiencies, can limit red clover
productivity (Mora et al., 2005). For that reason specifically Mo plays an important role in
legume species due to its involvement in the symbiotic process of N, fixation (Marschner,
1995; Ribera et al., 2010).

T. pratense is a root-splitter meaning that there is normally no vegetative spread unless the
root is fragmented due to decay or injury (KlimesSovd and de Bello, 2009) Grasses in
comparison have their typical fibrous root system. Fornara and Tilman (2008) found that
the complementarity of grass and legume resource use in grasslands increased total
biomass and particularly root biomass. This fact leads to greater soil C and N accumulation
relative to corresponding monocultures (Schipanski and Drinkwater,2012). Thus root traits
are important factors influencing DM yield, because the below-ground plant biomass is
correlated with above-ground biomass (Lamb et al., 2000; Annicchiarico, 2007).

In spite of this, there is a lack of studies that investigated the root traits of 7. pratense.

Most studies were mainly on the relationship between above-ground plant traits and yield
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or between genetic traits and above-ground plant traits but rarely included roots or their
nodules (Riday, 2008; Drobnd, 2009; Grljusic et al., 2008; Nikolic et al., 2010; Jakesovd et
al., 2011; Pagnotta et al., 2011; Tucak et al., 2013). In addition there is a lack of
continuous investigations on changes in above- and below-ground traits of red clover
covering an entire growing season. There is a relationship between above- and below-
ground plant traits. E.g. Sturz et al. (1997) described positive correlation between number
of nodules and growth of red clover. Further a correlation was found between growth of
adventitious roots and flowering of red clover (Montpetit and Coulman, 1991).

The aim of this study was to investigate 7. pratense plant traits in grass-legume mixtures
during a complete growing season under field conditions of organic farming.
Simultaneously, a study under the same conditions and with the same investigation method
was carried out on alfalfa as well (Chmelikovd et al., submitted). This provides the
opportunity to discuss the two most important legume species with respect to their
suitability for different soil conditions.

We asked the following research questions for red clover: (i) how are the above-ground
plant traits of red clover affected by locality and time, (ii) how are the diameter of the root
neck, the maximum order of branching and the nodule traits of red clover affected by
locality and time, and (iii) how is the nodule variability in red clover affected by locality

and time?

Materials and methods

Study area

All data were collected at six sites (D1, S1, S2, V1, V2, and V3) on organic experimental
farms in southern Bavaria (Germany) in the surroundings of Freising (48 24'N, 11 45'0).
The altitude of the collection sites (see Table 1 for the description of sites) ranged from
450 to 480 m a.s.l., the mean annual precipitation from 780 to 800 mm and mean annual
temperature from 7.8 to 8.4°C. The sites differed in soil conditions, but the climatic
conditions (mean annual temperature and precipitation) among sites were uniform due to
their spatial proximity. At each experimental site all data were collected in four sampling
plots each 10 x 10 m in size. At all sites sampling took place at the day of cut. Cuts were
performed at the end of May, the beginning of July and at the end of August.
4



Sample plots were selected in a way to avoid areas with visibly low or high plant density to
have a roughly even plant density in all plots. A standard drill technique was used for
seeding. Intra-row and inter-row spacing was 12.5 cm. Seeded grass-legume mixtures were
homogeneous at all sites and were composed of Trifolium pratense (5 kg ha™), Medicago
sativa (4 kg hal), T. repens (2 kg ha™'), Dactylis glomerata (1 kg ha™), Festuca rubra (1 kg
ha'l), F. pratensis (8 kg ha'l), and Phleum pratense (4 kg ha'l). Grass-legume mixtures
were established at all sites in 2010, one year before data collection. The exception was
site D1, where the mixture was established in 2009 and all data were collected in the
second year of vegetation. The site D1 is not compared with the other sites because the
effect of plant age and the effect of site cannot be separated. Nevertheless, the data from
the site D1 was collected in the same way as for the other sites and is presented for the
sake of completeness.

To describe the production potential of each sampling plot, background information on the
total yield and the average biomass of below-ground organs in the upper 30 cm soil layer
from Chmelikovd et al. (submitted) were added to Table 1. The three cuts contributed with
45%, 36% and 19% to the total herbage yield. Details of the methods used to determine

herbage yield and below-ground biomass are described in Chmelikovd et al. (submitted).

Data collection

Below-ground organs of red clover

On each sampling date five plants were selected in each sample plot, taking care not to
favor tall or small plants. The monolith method was used to collect individual plants
(Bohm, 1979). The soil monolith measuring 30 x 30 x 30 cm beneath the plant was dug up
and washed carefully with water to extract the belowground organs of the plants from the
soil. Subsequently, each whole plant was digitized using a scanner.

Two traits of the root systems were recorded: 1) diameter of the root neck, and 2)
maximum order of branching. Root neck is also known as the root collar or root crown,
which is the part of a root system from which a stem arises. The maximum branching order
reflected the highest developmental branching order in the hierarchy of the root system
(Fitter, 1987; Eissenstat et al., 2000; Wells and Eissenstat, 2003). We therefore refer to
roots with no dependent laterals as first order, roots with a single set of dependent laterals

as second order, and so on. In addition to root characteristics, four traits of nodules were



recorded: 1) the number of nodules per plant, 2) the size of nodules, 3) the shape of
nodules, and 4) the nodule color. The shape of root nodules was classified according to
Corby (1971, 1988) as cylindrical or branched. We recorded the proportion of plants with
the presence of particular nodule shapes from the total number of plants per replicate. For
example, 100% cylindrical nodules indicated that cylindrical nodules were recorded on all
plants in the particular replicate. The color of nodules was described as pink (active), green
(senescent) or brown (moribund) and was expressed as a percentage relative to that of all
plants within a replicate. As nodules with two colors were also frequently recorded, there

was a high overlap of colors.

Above-ground organs of red clover
Five traits of above-ground organs were recorded: 1) the plant height, 2) the number of
stems per plant, 3) the length of the terminal leaflet, 4) the length of the leaf petiole, and 5)

the number of inflorescences.

Soil properties

Soil samples were taken in August 2011. At each site, four separate subsamples were taken
from 0 to 30 cm depth after removing plant residues and roots. Subsamples were combined
to form one representative sample. The soil samples were dried and sieved to 2 mm.
Standardized methods in accordance with the Association of German Agricultural
Analytical and Research Institutes (VDLUFA, 1991) were used to measure characteristic
soil properties. We choose the results on N uptake by grass from a simple pot experiment
growing Lolium perenne in soil gathered from the sample sites as a consistent and
comparable indicator of N availability to plants. Detailed information on soil properties at

each site together with analytical methods is given in Table 1.

Data analysis

One-way ANOVA was used as a univariate method to separately assess differences
between the sites and between the cuts during the season for all data collected. After
obtaining overall significant results, multiple comparisons using Tukey’s HSD test were
applied to identify significant differences among sites and among cuts. All analyses were

performed using STATISTICA 7.0 software (Statsoft, Tulsa). The plant traits (with



exceptions of nodule traits) were compared among five sites (S1, S2, V1, V2, V3). The
nodule traits were compared for all sites. Principal component analysis (PCA) was used as
a multivariate method to detect more complex trends in the development of above- and
below-ground organs during the vegetative season at five sites (S1, S2, V1, V2, V3).
Unconstrained PCA analysis was used to visualize similarity between plants at five sites
and cuts. Trends were visualized separately for above- and below-ground organs of all sites
(D1 included). All analyses were performed using CANOCO for Windows 4.5 and results
of the analyses were visualized with ordination diagrams constructed by CANODRAW
(ter Braak and Smilauer, 2002).

Results

Below-ground organs of red clover

The diameter of the root neck, the maximum order of branching, the size of nodules, and
the proportion of brown nodules were significantly affected by the site on all dates. The
diameter of the root neck and the number of brown nodules were significantly affected by
time at all sites (see Table 2 for details).

With exception of site D1, the largest root diameter was recorded in May and July at site
S2 (6.7 and 8.7 mm) and in August at site S1 (9.8 mm). The lowest root diameter was
recorded in May at site S1 (5.5 mm), in July at V1 (6 mm) and in August at V3 (6.9 mm).
The highest mean maximum order of branching was recorded in May at site S2. The
maximum order of branching ranged from 2.3 at site S1 in July to 4.3 at the site S2 (and at
site D1 in August as well).

The most nodules were measured in May at all sites (18-19.5), except for the site D1
(12.5). The lowest number of nodules per plant was recorded in May and July at site D1
and in August at site V1 and V3. The biggest nodules were measured in August (D1, S1,
S2, and V2) and July (V1 and V3). Cylindrical nodules were found on 85-100% of the
plants. On the other hand, the branched nodules were recorded on only 0-25% of the
plants. At sites D1, S1, S2 and V1 the branched nodules were found in August. In July they
were only recorded at site V1, whereas in May at site V2 and V3. The branched nodules

were always bigger than the cylindrical.



High N; fixation activity of nodules, indicated by their pink color, was recorded in May for
99% of nodules. The amount of pink nodules decreased with time to 80% in July and 37%
in August. The nodules with the longest activity period were recorded in August on site
D1. Some pink nodules were partially green. The majority of green nodules (100% of
plants) was recorded in May at sites S1, S2 and V3 as well as in July at the sites V1, V2
and V3. The majority of green nodules on site D1 was recorded in May. The least brown
nodules (0-10%) were recorded on the sites S1, S2, V1, V2, and V3 in May. At site D1 the
least brown nodules (5%) were found in July. The mean proportion of brown nodules
increased in time- from 13% in May to 76% in July.

Differences in belowground organs among sites and variability among individual plants in
all three months are visible from the PCA ordination diagram in Figure 1. The first axis of
the PCA explained 55.6% of the variability in the data. In May the plants had the lowest
variability in comparison to July and August. In Fig. 1 it is visible, that the plant traits
differed according to cut. During the season plants increased their root diameter and the
nodules became moribund (brown). More branched roots created more nodules. The
nodules had mostly cylindrical shape and only rarely fan-like shape.

The differences in the development over the season are shown in Figure 2a. Different
trends for the development were observed at site D1 (especially the first and second cut)

and V3 (especially the second and third cut).

Above-ground organs of red clover

A significant effect of site was found for all above-ground traits except number of stems
per plant in May, length of the terminal leaflet in August and number of inflorescences in
May and in July (see Table 3).

Only at site V3 no significant effect of season was found for number of stems per plant,
length of the terminal leaflet and for the length of the leaf petiole.

Plant height ranged from 29.0 cm at site V2 in May to 70.6 cm at site V1 in July.
Generally, the height of plants was the lowest in May and increased in July. In August
plant height was high at the site S1 and S2 as well. Excluding D1 the highest number of
stems per plant was measured at site V1 in May (3.7), at S2 in July (4.5) and at S1 in
August (6.3). In May, the lowest number of stems was recorded at site S1. At site V1, the
lowest number of stems was measured in July and August. Finally, the highest mean

number of stems per plant was recorded in August.
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The longest terminal leaflet (4.8 cm) was recorded at site S2 in August and the longest leaf
petiole (31.9 cm) at site S1 in July. The shortest terminal leaflet was found at site V2 in
May. The shortest length of the leaf petiole was measured at site S2 in May as well. The
mean length of the terminal leaflet and the leaf petiole increased in time.

In May no inflorescences were recorded at sites V1, V2 and V3. No inflorescences were
found at sites V2 and V3 in August as well. In July, inflorescences were found on each
site. The most inflorescences per plant (1.8) were recorded at site S1. At site D1 2.7
inflorescences were recorded in July.

The differences among individual plants in all three months are visible from the PCA
ordination diagram in Figure 3. The first axis of the PCA explained 84.2%. The differences
between the sites S1 and S2 as well as the sites V1, V2 and V3 for the second and third cut
are shown. The highest values of above-ground plant traits were recorded at sites S1 and
S2 for the third and second cut simultaneously. At the sites V1, V2, V3 the highest values
were recorded in the second cut. The similar development in time is well visible in Fig. 2b.
The trend in development of site D1 was similar to sites V1, V2 and V3, but there is a

difference for the second cut.

Discussion

Below-ground organs of red clover

Clearly the main result of this study is that under similar climatic conditions the root traits
differed not only according to soil conditions but during the season as well. Root diameter
e.g. increased during the season. Root branching suggested positive influence of sand
content. More branched roots developed more nodules. Thinner roots had more active
nodules (pink color). Roots with bigger diameter, which develop normally at the end of the
season, had non active senescent (green color) and moribund (brown color) nodules.
Nodule activity differed more according to season than to soil conditions.

Roots at site D1 differed from all other sites may be due to the different age of the stand.
On average root diameter of red clover plants was higher at site D1. Such an association of
root traits with the age of stands was already shown for alfalfa in other studies (Suzuki
1991; Pietola and Smucker 1995; Hakl et al. 2011). Nonetheless the effect could not be

separated from the site conditions. Nevertheless the difference between one and two year
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old plants of red clover seems to be much lower in comparison to differences found for M.
sativa (Chmelikovd et al., submitted). The age of plants positively influenced root diameter
and maximum order of branching as found by many other authors (Suzuki, 1991; Pietola
and Smucker, 1995; Hakl et al., 2011). Generally, the roots of red clover were more
branched in comparison with the results on roots of alfalfa from our previous study. For
red clover there was no relationship between branching and time within season. Contrary
to red clover the branching of alfalfa increased with time (Chmelikovd et al., submitted).
The branching order was a bit higher at sites with higher sand content (V2 and S2). Salako
et al. (2002) suggested that roots will branch more at sites with better possibility of
penetration e.g. with high sand content as at sites V2 and S2. Archer et al. (2002) and Glab
(2008) found decreased root volume with decreasing sand content. However, the lowest
sand content, which occurred at site V3, had no effect on root volume. Root diameter at V3
was not larger than at other sites. The possibility of penetration into the soil by roots is
affected by plowing. At plowing depth, which was visible in the soil profile, considerable
differences in the thickness of tap roots were observed at all sites with plowing
management.

Observed tap roots of red clover had cylindrical nodules, as described by many other
authors (Corby, 1971; Sturz et al., 1997; KlimesSovd and de Bello, 2009; Chmelikovd and
Hejcman, 2012a). Our results suggested a slightly positive effect of sand content in soil
(site S2 and V2) and a slightly negative effect of clay content (D1 and V3) on root
diameter. In comparison to clay soils Mela (2003) showed for well aerated sandy soils, that
red clover developed deep and strong roots and nodules. Pardo et al. (2000) observed a
quite homogeneous distribution of roots in fine soil. The spatial distribution of roots and
the ability of plants to take up water were strongly affected by soil structural conditions.
According to Jansen et al. (2010) soil type explained 42% of variation in water uptake by
lupine. However, the strengths of this relation seem to be dependent on the species. Thus
French (2002) observed the same for pea, but results were not significant.

According to Puppo et al. (2005) nodules have a short lifespan of only 10-12 weeks,
meaning that the age of plants has no direct influence on nodule traits. Voisin et al. (2002)
and Hatch et al. (2007) observed nodulation and found a tendency of decreasing N,
fixation activity with legume age. This was also shown by our results on nodulation at the
site D1 with two year old plants. Red clover created more nodules than alfalfa (Chmelikovd

et al., submitted) at the same site with high nitrogen availability. The nodules of red clover
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were much smaller than the ones of alfalfa. Simultaneously, according to Jensen (1986),
Voisin et al. (2002) and Cupina et al. (2010) N fixation activity depended on growth rate
and phenology during the growth period and was generally decreasing with flowering and
maturation. As described by these authors we found that when inflorescence increased the
number of nodules decreased. At five out of six sites the nodule activity (proportion of
pink nodules) decreased during the season. Only at site D1 the proportion of active nodules
was high during the whole season. This exception can be explained by higher content of
molybdenum in the soil. Many authors (Marschner 1995, Leite et al., 2009; Toledo et al.,
2010; Faroogq, 2012) found molybdenum to increase the number and the weight of nodules
and thus improving the symbiotic process of N, fixation of legumes. The importance of
molybdenum is also pointed out by results of Shaw et al. (1966) on alfalfa. This study
reported that the main effect of Mo on nodulation appeared to be a longer period of
effective N, fixation, which means that over time more nodules stayed active (pink) and
did not become senescent or moribund (green or brown). The same influence on activity of
nodules was recorded at site D1 for alfalfa as well (Chmelikovd et al., submitted).
Furthermore, the negative influence of high amounts of mineral nitrogen in the soil on
nodulation was recorded by many authors (Buttery et al., 1992; Voisin et al., 2002; Peoples
and Griffiths, 2009). Simultaneously mineral nitrogen enhances plant and thus root growth.
Both impacts were probably found at site D1. In contrast, the positive influence of
molybdenum and potassium on the nodulation of clover (7. alexandrinum) described by
Xia and Xiong (1991) and Gates and Wilson (1974) could not be proved.

Different amounts of roots in the subsoil may also influence the relationship between acid-
soluble potassium (K) and K uptake from soil reserves, because the exploited soil volume
thereby varies. Generally, grass roots are concentrated near the surface and are thinner and
more finely branched than the roots of red clover (Evans 1977; Sveistrup and Haraldsen,
1997). In contrast, clover roots spread out deeper and the amount of clover may therefore
influence K uptake from the subsoil (Ogaard and Hansen, 2010). The differences could be
an advantage of clover concerning the uptake of immobile nutrients. The different soil
reactions (pH between 5.6 and 7.3) did not affect the nodulation. Opposed to that, Brauer
et al. (2002) found increased numbers of nodules in soil with higher soil reaction.

At the sites with higher numbers of nodules, the yield was higher as well. There was a
positive relationship between nodulation and yield of the grass-legume mixture, as already

reported by Warembourg et al. (1997). Nodulation and nitrogenaze activity is suppressed
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by high levels of available nitrogen in the soil, as proposed for forage legumes by Mengel
et al. (2001) and by Chmelikovd and Hejcman (2012b; 2013) for clover species. Generally,
red clover responded less to nitrogen availability in soil in comparison to alfalfa. As far as
can be concluded from our study design, plant age seemed to express more in above-

ground traits of red clover than in its below-ground traits (Chmelikovd et al., submitted).

Above-ground organs of red clover

The three cuts in 2011 revealed the seasonal development of above-ground organs of red
clover in the grass-legume mixture. This development was associated with changes in
stand structure and yield as well as nodule and root traits.

Plant height and the number of stems were affected by time within the season. At time of
the second cut plant height was larger than at time of the first cut. This finding agrees with
results of Shen et al. (2013) and was probably due to rapid stem growth from the stubble.
Above-ground plant traits (e.g. plant height and number of stems) contribute to yield
production. Yield was positively related to plant height as described by Uzik (1975).
Drobnd (2009) recorded the highest plants at sites with the highest yield production. The
largest observed plant height (70.6 cm) was recorded for the second cut. By contrast, Fan
et al. (2004) recorded the largest heights (70 cm) at time of the first cut. Tucak (2009) and
Asci (2011) investigated the plant height of red clover cultivars (average height: 57.3 cm;
range: 32.7-66.7 cm). Further, Muntean (2006) found that the height of the clover plants in
the first year of growth was smaller than in the second year. These results seem to be
inconsistent with the results at site D1, where the plants were smaller than the younger
plants at the other sites. However, the effect could not be determined because of the
interaction between plant age and site conditions. Results can nevertheless be affected by
differences between a monoculture and a species mixture. In monocultures e.g. den
Hollander et al. (2006) recorded higher plants than in a mixture. Additionally there may be
an influence of the change in the proportion of legumes or the increase in grasses by the
year of vegetation, as suggested by Fin et al. (2013). Comparing site D1 with the other
sites we found a slight change in the composition of the mixture with time. Nevertheless,
the highest and the shortest plants of red clover were growing on the same sites like the
highest plants of alfalfa (Chmelikovd et al., submitted).

Fan et al. (2004) observed the highest increase of dry matter accumulation during the stem

branching and flower formation. Our results showed no clear positive relationship between
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the number of stems per plant and yield. There was no positive relationship between the
number of inflorescences per plant and yield. On average there was a considerable
decrease in biomass between the first (45% of total yield), second (36% of total yield) and
third (19% of total yield) cut (Chmelikovd et al., submitted). The regrowth of red clover
decreased with repeated cutting at the same reproductive stage. Fan et al. (2004) described
the outcome in plant height as a clear phenomenon due to the proportional reduction of
regrowth days at the peak of the growing season.

Stem number per plant increased with age and with number of cuts. One of the sites with
higher number of stems was D1, where plants were older. The highest numbers of stems
per plant were however recorded at sites with one year old plants. Many authors (Peterson
et al., 1992; Taylor and Quesenberry, 1996; Sengul, 2002) described the positive effect of
age on stem number as well. According to Singh and Winch (1974) the number of stems
increased markedly soon after cutting. With the exception of D1 and V2 the highest stem
number was recorded at time of the final cut, what is in line with results by Taylor and
Quesenberry (1996). The number of stems in red clover increased after cutting as the
number of stems in alfalfa (Chmelikovd et al., submitted). According to Sheaffer et al.
(2000) this is connected with low leaf production. Taylor and Quesenberry (1996)
additionally found the number of stems, leaves and petioles increasing with age as well.
However, our results showed no relationship between higher number of stems and the
lengths of the leaflet or the petiole. The lengths of leaf petiole and of the terminal leaflet
increased with time. The same effect of seasonal leaf development was recorded for alfalfa
as well (Chmelikovd et al., submitted).

With exception of the site D1 the above-ground plant traits were clearly affected by
locality and time. This is similar to results of Queen et al. (2009), who found the influence
of location and year of vegetation on plants of red clover to be higher than the influence of
light penetration through canopy and soil moisture. Because Site D1 differed in many
factors like plant age, nutrient in the soil etc. it was not compared to the other sites.

The highest values of the most above-ground plant traits were observed on haplic cambisol
suggesting a positive influence of the soil type. Pardo (2000) as well as Kristofferesen and
Riley (2005) described the importance of the soil type for good persistence of red clover.
The soil type influenced the nutrient and water uptake and was further reflected in the plant

morphology.
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The most inflorescences were recorded at the time of the second cut. Similar results were
observed by Elgersma et al. (2000). The number of inflorescence was affected by time
within the season. The majority of inflorescences was recorded in July at all sites. This is
in accordance with the flowering time of red clover. With the exception of site D1 only a
few inflorescences were recorded in May and August because the earliest month of
flowering for the species is May (Fitter and Peat, 1994).

In conclusion we provide important insights about above- and below-ground traits of red
clover and its ability of N, fixation. In light of future challenges to agriculture, like e.g.
scarcity of resources and land, climate change and biodiversity loss, the utilization of
ecosystem services will gain more attention. Results of this study are thus not only
interesting from a scientific perspective, but also from a practical agronomic point of view.
Organic as well as conventional farmers can use these findings in the future to increases

benefits from legume crops and improve their overall biomass yields.
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Table 1: Description of study sites.

D1 S1 S2 % V2 V3
Altitude (m a.s.].) 450 470 470 480 480 480
Mean annual
temperature (°C) 7.8 8.4 8.4 7.8 7.8 7.8
x:gﬂ)izﬁgﬂ (um) 800 800 800 790 790 790
Soil type Fsltlilx%il(fl CI:;%?;O] CI:;%?;O] Cambisol =~ Cambisol = Cambisol
Sand (%) 4 37 43 25 57 18
Silt (%) 71 45 41 58 31 51
Clay (%) 25 18 16 17 12 31
pH' 73 56 58 6.3 6.2 7.1
P (mg/100g)* 2.6 4.8 6.2 22 3.1 70
K (mg/100g)’ 1.7 125 10.0 8.3 8.3 10.0
B (mg/kg)’ 0.3 0.1 0.1 0.3 0.1 0.1
Cu (mg/kg)’ 4.8 29 42 3.1 22 2.6
Fe (mg/kg)’ 26 144 181 113 113 94
Mn (mg/kg)’ 4.7 296 191 314 213 232
Zn (mg/kg)’ 6.7 93 194 34 33 39
Mo (mg/kg)”* 0.11 0.03 0.03 0.03 0.04 0.05
C organic (g/kg)’ 111.7 96 8.8 114 112 102
N total (g/kg) 8.3 1.0 0.8 12 12 0.9
C : N ratio 9.45 96 10.90 9.62 9.64 11.50
N uptake by grass (g)° 1.81 0.99 0.84 1.05 1.07 1.03
Age (in years) 2 1 1 1 1 1
E;Okll’e"rr;;"g‘; ‘;fellef‘(‘%‘)es 60-70 50-70 40-70 60-85 60-75 60-75
DM of total herbage
yield (t ha™) 8.0 11.0 102 119 8.8 11.7
DM of below-ground 2.7 22 1.6 23 2.3 2.1

organs (t ha'l)

All measurements were according to VDLUFA (1991) standards: 'measured in a suspension with 0.01 M
CaCly; Zextracted by a calcium-acetate-lactate solution (CAL); *measured by the CAT extraction method;
*determined by the hot water extraction (HWE) method; *determined by the Dumas dry-combustion method;
®measured in pot experiment — estimation of N availability in the soil via N uptake by Lolium perenne from
10 kg of the soil, extracted for nitrate (0.01 M CaCl,, 1:5 soil-to-extraction ratio), analyzed photometrically
after separation by HPLC.
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Table 2: Summary of below-ground traits of red clover plants. One-way ANOVA was applied to evaluate the
significance of the site effect. P — probability value obtained by the F test. Differences between sites denoted by the
same letter (a—d) or differences between cuts denoted by the same letter (A—C) were not significantly different at
the 0.05 probability value, calculated by post-hoc comparison using the Tukey HSD test.

Trait Date D1 S1 S2 Vi1 V2 V3 Mean P
Diameter of the May 8.7 554 67 56" 56" 580 58 0.032
root neck - July 1.1 70™ 87" 60" 75 778 74 0.003
Diamet (mm)  August 7.8 98C 91" 79®B  goPA 9P 8.3 0.001
MEAN 92 7.4 8.1 6.5 7.0 6.8
P <0.001 0017  <0.001 <0.001 0.004
Maximal order May 34 35" 43 420 360 3904 39 0.005
of branching - July 38 23 434 37 38 3 35 <0.001
OrdBran August 43 3.3 3.4 3.0% 40 3.4 35 <0.001
MEAN 38 30 40 36 39 3.6
P <0.001  0.001 <0.001 0.012 0.082
Number of May 125 195 195 180" 195 185" 180  <0.001
nodules per July 140" 145 170" 175" 180" 145" 160 0212
plant - NodNr  August 140 175 195" 125  160*® 135 155 <0.001
MEAN 135 17.0 17.5 16.5 18.0 155
P 0.146  <0.001 0049 <0.001 <0.001 <0.001
Size of nodules May L 13 12" 15 13 18 1.4 <0.001
- NodSize July 13 122 18 18t 15 27" 1.8 <0.001
August 14" 21®  20%® 14 16" 1.7® 1.7 0.027
MEAN 125 150 16.5 15.0 145 210
P 0083 <0.001 0.031 0346 0482  0.027
Cylindrical May 100** 100* 100** 100* 100* 954 99 0.421
nodules - July 85 100* 90** 100* 100°  100** 96 0.048
CyINod (%) August  100* 100 100" 100 100 100" 100 na.
MEAN 95 100 97 100 100 98
P 0.042 n.a. 0.130 n.a. n.a. 0.374
Branched May 0** 0** 0** 0** 258 104 6 0.001
nodules - July 0** 0** 0* 25%A 0** 104 3 0212
FanNod (%) August 5% 10*4 5% 10*® 0 0™ 3 0.405
MEAN 2 3 2 12 8 7
P 0374  0.30 0374 0046 0003  0.355
Pink nodules -  May 954 100 100*°“ 100"  100**  100** 99 0.421
PinNod (%) July g5%eA 5B 60® g5beA  g5eA 100%A 80 0.005
August 80" 5% 5% 558 35%B 4B 37 <0.001
MEAN 90 60 60 83 70 80
p 0377 <0.001 <0.001 <0.001 <0.001 <0.001
Green nodules - May 90** 100 100" 95 90** 100** 96 0.309
GreeNod (%)  July 70°B 80 75 100**  100**  100* 88 <0.001
August 85" 90 80** 80** 85 80"® 83 0.949
MEAN 81 90 90 92 90 90
P <0001 0.115 0065 0059 0226  0.012
Brown nodules May 558 104 5% 0*® 10*® 0** 13 <0.001
-BroNod (%)  Tuly 54 50" 85 40" 954 100°¢ 63 <0.001
August 20" 100 95* 70° 90** 80" 76 <0.001
MEAN 30 50 60 37 70 60
P 0.001  <0.001 <0.001 <0.001 <0.001 <0.001
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Table 3: Summary of above-ground traits of red clover plants. One-way ANOVA was applied to evaluate
significance of the site effect. P — probability value obtained by the F test. Differences between sites denoted
by the same letter (a—c) and differences between cuts denoted by the same letter (A—C) were not significantly
different at the 0.05 probability value calculated by post-hoc comparison using the Tukey HSD test.

Trait Date D1 S1 S2 A\t V2 V3 Mean p
Height of the May 370 385" 351" 395" 200" 315" 347  <0.001
plant - PIHei(cm)  July 381 508" 515" 706™ 642" 686" 611  <0.001

August 402 505 559°% 350" 292" 323" 408  <0.001
MEAN  38.1 46.8 475 48.6 40.8 44.1

P <0.001 <0.001 <0.001 <0.001 <0.001
Number of stems ~ May 49 32 35 37 358 33 34 0.660
per plant - July 42 43 4508 o gt g A 36 <0.001
NrStem August 4.1 63" 55°B 334B 4B 4 A 4.6 <0.001
MEAN 44 45 45 32 35 3.7
P <0.001  0.003 0010 <0.001 0.080
Length of the May 2.7 35%  38® 374 30" 3 35 0.004
terminal leaflet - July 33 46" 47 39 38 42™ 42 0.001
LeLe (cm) August 4.5 47 48%  44® 37 4 44 0311
MEAN 35 43 44 39 35 42
P <0.001 <0.001 0.007 0.001 0413
Length of the leaf May 167 252°® 175 244" 190" 216 215  <0.001
petiole - LeafPet  July 180 319" 299" 191" 18.9* 186 237  <0.001
(cm) August 227 308" 305" 234  223® 217 257  <0.001
MEAN  19.1 293 259 223 20.1 20.6
P 0.002 <0.001 0.007 0.002 0.050
Number of May 1.0 0.1 02* 0** 0** 0** 0.0 0.497
inflorescences per July 27 1.8%  14®  12®  14® 12® 1.4 0.741
plant - Inflor August 1.8 04 04 01" 0** 0** 0.2 0.007
MEAN 19 038 0.7 0.4 0.5 04
P 0.002  0.003 <0.001 <0.001 <0.001
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Figure 1: Ordination diagram showing the results of PCA of roots and nodule traits of Trifolium pratense at
six sites (S1, S2, V1, V2, and V3- see Table 1 for site description). Plant trait abbreviations: BroNod —
brown nodules; CylNod — cylindrical nodules; Diamet — diameter of the root neck; FanNod — fan-like
nodules; GreeNod — green nodules; NodNr — number of nodules per plant; NodSize — size of nodules;
OrdBran — maximum order of branching; PinNod - pink nodules.
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Figure 2: Principal component analysis (PCA) ordination (a) of below-ground organs and (b) of above-
ground organs of Trifolium pratense on sites D1, S1,S2, V1, V2, and V3 in May (1), July (2) and August (3)
2011.
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Figure 3: Ordination diagram showing the results of PCA of above-ground plant traits of Trifolium pratense
at six sites (S1, S2, V1, V2, and V3- see Table 1 for site description). Plant trait abbreviations: Inflor -
number of inflorescence; LeLe - length of the terminal leaflet; LeafPet - length of the leaf petiole; NrStem -
number of stems per plant; PIHeig - height of the plant.
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4. KOMENTARE K VYSLEDKUM

V ramci disertani prace byly zkoumany kofenové systémy rostlin eledi Fabaceae

nejen na krajinné urovni, ale také v ramci nadobového pokusu a na ekologicky

obhospodafovanych zemédélskych plochach. Pfi sbéru dat byly uZity nasledujici

metody: metoda monolitu, metoda pudni sondy, odkryvaci metoda a metoda

profilové stény (viz. Pfiloha - Obr. 17 - 24). Vybér metody byl urCen objektem

vyzkumu. Jednotlivé metody je Casto vhodné kombinovat, jelikoz se vyborné

vzajemné doplnuji. Popisy metod a jejich vylepSeni na zakladé zkuSenosti v terénu

jsou obsazeny v tezich disertacni prace.

Na zakladé této obsahlé a metodicky pestré disertatni prace bylo mozné dojit

k celé fadé zajimavych poznatka:

Variabilita kofenovych systémia béznych druhii leguminéz ve stredni
Evropé

U vyzkumu Celedi Fabaceae na krajinné urovni (214 rostlin, 21 druhu, 27 stanovist)

bylo zjisténo:

a)

b)

Kofenové systémy Celedi Fabaceae jsou velmi variabilni. Jejich variabilita
byla dana predevsim zivotni formou (RAUNKIAER 1934) a méné pak tribovou
prislusnosti.

Kofenové systémy dosahovaly v kofenovém kréku praméru 0,1 -1,2 cm.
Nejniz8i hodnoty byly naméfeny u jednoletych rostlin (T. arvense,
T. campestre, Vicia angustifolia, V. hirsuta) a nejvy$Si hodnoty u vytrvalych
rostlin.

Sest druh( utvarelo kofenové systémy s rhizomy (Genista tinctoria, Lathyrus
pratensis, L. sylvestris, Securigera varia, T. medium, Vicia cracca).

U 15 druh( dosahoval maximalni fad vétveni 3. fadu, u péti druht 5. Fadu.
Kofenové systémy byly zabarveny bile az tmavé hnédé. Jejich barva
souvisela s zivotni strategii a stafim rostliny. Dfevnaténi kofen( bylo
pozorovano u 11 druhu rostlin.

Obnovovaci pupeny byly pozorovany u 8 druhd.

Legumindzy utvarely hlizky kulatého, valcovitého, vétveného, véjifovité

(prstovité) vétveného a nepravidelného (nadorovitého) tvaru.
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h) Pouze jeden tvar hlizek byl nalezen u 11 druhl a dva tvary hlizek u 7 druh(
rostlin. Tfi az C&tyfi tvary hlizek byly pozorovany u tfi druhd (Astragalus
glycyphyllos, G. tinctoria, V. hirsuta).

i) Velikost hlizek se u deviti druhi pohybovala do 0,2cm a u tfi druhd
dosahovala 0,2 - 0,4 cm. Hlizky vétsi nez 0,4 cm byly nalezeny u deviti

druha.

Prace zabyvajici se 21 druhy cCeledi Fabaceae na stanoviStich s odliSnymi
podminkami prostfedi je jedine¢nou studii, ktera zachycuje variabilitu kofenovych
systému na krajinné drovni. Tento vyzkum vSak neumoznil uréeni pfesné miry vlivu

druhové prislusnosti a vlivu prostfedi, jelikoz se tyto vlivy navzajem prekryvaly.

Variabilita kofenovych systému byla zaznamenana predevSim z hlediska druhové
pFisluSnosti. Mezidruhovou variabilitu bylo mozné zkoumat na stanovistich, kde se
nachazelo vice druht sou¢asné. Variabilita kofenovych systém( v ramci druhu byla
vyrazné niz§i nez mezidruhova variabilita, coZ je v souladu s vysledky GALLOWAY
ET FENSTER (2000).

K podminkam prostiedi, které se vyraznéji projevily ve variabilité kofenovych
systém, patfila vihkost pady, dostupnost svétla a polni podminky. Na vliv pravé
téchto faktorl poukazuji i jini autofi (WAHL ET AL. 2001, SALAKO ET AL. 2002,
SMILAUEROVA ET SMILAUER 2002, KOUKOURAET AL. 2009). Na tomto mist& je nutné
poznamenat, ze druhy vyskytujici se na suchych stanoviStich se li§i od druh(
rostoucich na vlhkych stanoviStich. Rozdilné stanovistni naroky druhG tak
neumoznily porovnat jednotlivé druhy podrobnéji a urcit miru jednotlivych vliva
na jejich variabilitu. ACkoliv nelze oddélit vliv prostfedi a druhu, je zcela evidentni,
Ze vnitrodruhova variabilita byla podstatné menSi nez variabilita vSech druhd.
Nicméné i kofenové systémy rostlin nalezicich do stejného druhu rostouci
na stejném stanovisti se mohou liSit na zakladé genetiky. K pfesnému porovnani
vnitrodruhové a mezidruhové variability vSech studovanych druhtd by museli rist
vSechny druhy na vSech studovanych lokalitach, ¢ehoz by bylo mozné dosahnout

pouze pfesazovanim rostlin.

Zivotni forma dle RAUNKIERA (1934) hrala vétsi roli ve variabilité koFenovych
systému nez tribova pfislusnost druhu, coz bylo mozné zjistit diky rostlinam riznych
zivotnich forem nalezicich do jednoho tribu. Pfikladem toho jsou jednoleté
a viceleté rostliny tribu Trifolieae a Viciaea. Rostliny nalezici tribu Loteae, Galegeae

a Genisteae patfily pouze mezi pereny a jejich variabilita kofenovych systému byla
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tudiz relativné nizka. Rozdily mezi kofenovymi systémy jednoletych a viceletych
druht byly popsany ve vice studiich (FITTER ET AL. 1988, GROSS ET AL. 1992,
ROUMET ET AL. 2008). Dle naSeho vyhodnoceni kofeny jednoletych rostlin
(T. arvense, T.campestre, V. angustifolia a V. hirsuta) tvofi prechod mezi

kofenovymi systémy s rhizomy a kofeny viceletych rostlin.

Vhitrodruhova variabilita kofenovych systému (schopnost plasticity rostlin) zvySuje
pravdépodobnost preziti jednotlivych rostlin v rdznych podminkach prostredi.
Jednotlivé znaky kofenovych systému se liSi svoji plastiCnosti v rlznych
podminkach prostfedi, napf. vétveni kofenu je vice plastické nez pramér
kofenoveho kréku. K podobnym poznatkim dosli také FORDE ET LORENZO (2001),
ktefi oznacCili prumér kofenového kr¢ku jako druhové specifickou vlastnost danou
pfedevSim geneticky, zatimco vétveni kofene je zavislé spiSe na pudnich
podminkach jednotlivych rostlin. Na zakladé vyzkumu kofenovych systém
na krajinné Urovni lze usuzovat, Ze nékteré znaky kofenovych systému jsou
ovlivnény vice podminkami prostfedi a jiné jsou dany spiSe geneticky. K tomuto
zavéru dosli i JOHNSON ET AL. (1996).

Zivotni forma se projevila v barvé kofenového systému. VétSina koren(i byla
zbarvena do svétle hnédé barvy. Tato barva byla pozorovana jak u jednoletych
rostlin, tak u mladych kofenu viceletych rostlin. CORBY (1971) uvadi, ze nejCastéjSi
barvou kofenu je pravé svétle hnéda barva. REJILIET AL. (2007) pozoroval také vliv
hlizek na barvu kofene, kdy obsah leghemoglobinu v hlizce zabarvil kofen, coz

v nasi studii nebylo zaznamenano.

Jako nejCastéjSi tvar hlizek byl pozorovan valec. V ramci na8i studie byly
posuzovany vSechny hlizky - i malé hlizky kulovitého tvaru, které CORBY (1971)
povazoval za juvenilni a do vysledkl je nezarazoval. V této praci byly hodnoceny
hlizky vSech tvar( a velikosti, aby nedoSlo k chybnému oznaceni malych kulovitych
hlizek jako juvenilni. Kulovity tvar hlizek byl napfiklad nalezen u L. corniculatus
a A. vulneraria. Malé valcovité hlizky byly charakteristické pro rod Trifolium spp.
Podle prace CORBY (1988) je pro jednotlivé triby charakteristicky pouze jeden tvar
hlizek. Dle nasich vysledkd bylo mozné u nékterych tribd nalézt i vice tvaru, ale
pouze jeden z tvarl byly zastoupen nejCastéji. ACkoliv bylo u tribl Galegeae,
Genisteae a Viciaea popsano vice tvaru hlizek, vzdy pfevazoval pouze jeden tvar
nad ostatnimi. VétSina hlizek se nachazela na tenkych (snadno infikovatelnych)
postrannich kofenech, podobné jak popisuje CAPOEN ET AL. (2010). Tvary hlizek
byly druhové specifické, jak zaznamenal REeJILI ET AL. (2007). Vyjimkou byly dvé
rostliny druhu T. arvense, u kterych byly nalezeny vétvené hlizky velmi odlisné
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od ostatnich. Tyto rostliny se nachazeli na stanovisti spolu s S. varia, u které se
bézné vyskytuji vétvené hlizky. Je tedy mozné, Ze bakterie bézné infikujici S. varia
infikovala také kofeny T. arvense. Tyto bakterie by vSak mély byt schopné diky

genum rozpoznat vhodnost jednotlivych druht rostlin.

Rozdily v morfologii kofenovych systémi souvisi s rostlinnou taxonomii. Podle
ALLEN ET ALLEN (1981) nalezi S. varia do tribu Loteae. Podle naSich vysledku
kofenovych systém( a hlizek by S.varia méla byt pfifazena spiSe k tribu
Coronilleae, podobné jako uvadéji ALLAN ET PORTER (2000).

Osm studovanych viceletych druhtd rostlin  (A. vulneraria, A. glycyphyllos,
C. scoparius, L. corniculatus, L. polyphyllus, M. lupulina, M. sativa a S. varia)
dosahlo svym hlavnim kofenem hloubky vétSi nez 30 cm. Shodné udaje je mozné
nalézt i v rostlinnych a kofenovych databazich (FITTER ET PEAT 1994, KLIMESOVA
ET DE BELLO 2009). Oproti viceletym rostlinam méli jednoleté rostliny (T. arvense,
T. campestre, V. angustifolia a V. hirsuta), vytrvalé kofenové systémy s rhizomy
(G. tinctoria, L. pratensis, L. sylestris, S.varia a V.cracca) a nékteré viceleté
rostliny s hlavnim kofenem (L. polyphyllus, M. albus, M. officinalis, T. medium

a T. pratense) vétSinou meélké kofeny nedosahujici vétsi hloubky nez 30 cm.

Velké mnozstvi jemnych kofenl bylo pozorovano pfedevSim u mélce kofenujicich
druhd. Tuto skute€nost Ize vysvétlit jako adaptaci na suché podm inky prostredi, jak
jiz popsal MERRILL ET AL. (2002).

Kofenové systémy bézné se vyskytujicich druhl Celedi Fabaceae jsou velmi
variabilni. Jejich variabilita je dana pfedev8im Zivotni formou dle Raunkiera a dale
pak tribovou prisluSnosti jednotlivych druhd.
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Il. Vliv dostupnosti dusiku, fosforu a drasliku na vzchazivost, nodulaci

a rust acidofilniho Trifolium arvense L. v alkalické pudé

Pfi vyzkumu na zakladé nadobového pokusu bylo zjisténo:

a) Béhem vzchazivosti nebyly semenacky T. arvense schopné ziskat dostatek
fosforu.

b) T. arvense nekvetl v prvnim roce v zadné varianté hnojeni. V prvnim roce
utvarel pouze prizemni listové rlizice. Ve druhém roce rostliny kvetly pouze
ve variantach hnojenych P, coZz naznaCuje dvoulety charakter druhu.
Semenacky T. arvense nebyly schopné bez dodani P dalSiho vyvoje
Z juvenilniho stadia.

c) Délka korene dosahovala od 5 cm (varianta N2) do 12 cm (varianta P).

d) Prdmér kofenového kréku a fad vétveni byl prikazné ovlivnén variantou
hnojeni.

e) Nodulace byla pozitivné ovlivnéna dostupnosti fosforu a negativné
dostupnosti dusiku. Ve varianté N2 byla nalezena nejvySe jedna hlizka,
ve variantach s P bylo zaznamenano v praméru 13 hlizek.

f) Hlizky malého vzristu byly nalezeny v kontrole, ve varianté hnojené K
a ve v8ech variantach s N. Nejvétsi velikosti dosahovaly hlizky ve varianté
P1aP2.

g) Valcovité, vétvené a prstovité vétvené hlizky byly pozorovany ve variantach
P1 a P2. Vétvené hlizky byly nalezeny i ve variantach, kde byl fosfor
v kombinaci s dusikem a draslikem.

h) Ve vSech variantach byly nalezeny valcovité hlizky. Ve varianté N2 mélo
hlizky jen 20 % rostlin, v kontrole pak 40 % rostlin.

i) Ackoliv T. arvense roste na Zzivinové chudych puadach, nebyla u ného

ve variantach s Zivinami pozorovana toxicita.

V ramci nadobovych pokusl byl zkouman vliv dostupnosti Zivin na T. arvense
a T. medium. Miv deviti variant hnojeni (+ kontrola) byl posuzovan jak
u nadzemnich, tak u podzemnich &asti rostlin. Nadzemni a podzemni €asti rostlin
jsou v ur€itém vztahu, napf. STURZ ET AL. (1997) popisuje korelaci mezi ristem
nadzemni €asti rostliny a nodulaci u T. pratense. MONTPETIT ET COULMAN (1991)

popsali vztah mezi adventivnimi kofeny a kvetenim.

Spolu se stavbou rostlin byla hodnocena i vzchazivost obou druhu.
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Vliv dostupnosti Zivin se projevil nejen ve vzchazivosti a pozorovanych znacich
nadzemnich Casti rostlin T. arvense, ale také ve stavbé kofenového systému
a v nodulaci. Pfi zvySené dostupnosti fosforu utvareli rostliny relativné rozsahlé
kofenové systémy v porovnani s ostatnimi variantami dostupnosti Zivin. Tento
pozitivni vliv fosforu na velikost kofenového systému byl zaznamenan nejen
u legumindz, ale i u jinych druht rostlin (LYNCH ET BROWN 2001, ADAMS ET AL. 2002,
DUNBABIN ET AL. 2004, RAGHOTHAMA ET KARTHIKEYAN 2005, HILL ET AL. 2006,
SVOBODA ET HABERLE 2006, PANG ET AL. 2010).

NejvyraznéjSi pozitivni vliv fosforu byl pozorovan u nodulace, zaroven byl také
zaznamenan i nepfekvapivy negativni vliv dostupnosti dusiku, coz je v souladu
s vysledky pracemi BRAUER ET AL. (2002), ROUMET ET AL. (2008) a L1 ET AL. (2011).
Fixace vzdusného dusiku je pro rostlinu energeticky naro¢ny proces. Pokud ma
rostlina moznost pfijmout jiné dostupné formy dusiku, tak snizi nodulaci

nebo ji zcela inhibuje.

Neschopnost T. arvense pfimout dostatek fosforu v alkalické pidé se projevila
negativné pfi fixaci vzduSného dusiku. Ke stejnému zavéru dospéli také H@GH-
JENSEN ET AL. (2002) pro T. repens, kdy pfi suboptimalnim pfijmu fosforu, doslo
k poklesu fixace dusiku. ZvySena dostupnost fosforu se naopak projevila zvySenou

nodulaci.

Uzité fosfore¢né hnojivo (superfosfat) obsahovalo siru, kiera podle VARIN ET AL.
(2010) také podporuje nodulaci. Dostupnost siry se vSak mohla projevit

i pfi vzchazivosti a pfi vyvoji nadzemnich a podzemnich organa rostlin.

Vice tvarG hlizek na jedné rostliné u T. arvense bylo vzacné zaznamenano
na stanoviStich s nizkou dostupnosti fosforu (KUTSCHERA 1960, CHMELIKOVA
ET HEJCMAN 2012). Na krajinné urovni dominovaly pfedevSim hlizky valcovitého
tvaru. Vétvené hlizky se pravdépodobné mohou utvaret za vysoké dostupnosti

fosforu.

Acidofilni chovani T. arvense je pravdépodobné zpusobeno neschopnosti
semenacku pfijmout dostatek P z alkalické pldy. T. arvense v prvnim roce nekvetl
v zadné varianté. V druhém roce kvetl pouze ve variantach s P, coZ poukazuje
na jeho dvoulety Zivotni cyklus pfi pozdé&jSim vysevu a jeho limitaci dostupnosti P
na alkalickych pudach. Bez dodani P rostliny T. arvense nebyly schopné se

vyvinout ze stadia semenackd. Nodulace byla pozitivné ovlivnéna P a negativné N.
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Vliv dostupnosti dusiku, fosforu a drasliku na vzchazivost, nodulaci

a rust Trifolium medium L. v alkalické ptdé

Pfi vyzkumu T. medium na zakladé nadobového pokusu bylo zjiSténo:

a)

f)

Vzchéazivost u T. medium se pohybovala od 5% v kontrolni varianté
do17 % ve varianté s P. SemenacCky vykazovaly zvySenou citlivost
na vysokou dostupnost N.

Nejvyssich hodnot dosahovaly znaky nadzemnich &asti rostlin ve variantach
s aplikaci vSech zivin (NPK) sou€asné.

Byl pozorovan negativni vliv dusiku na nodulaci, pfedevSim ve variantach
N1 a N2 bez aplikace fosforu. PoCet hlizek na rostlinu byl nejnizsi
ve variantach s N a nejvyssi ve variantach s P.

Délka hlavniho kofene byla v rozmezi od 11,5 cm (varianta N2) do 40,2 cm
(varianta P1). Pramér kofenového kr¢ku dosahoval 0,2 cm ve varianté N2
a0,7cm ve variant¢é hnojené P1. Maximalni fad vétveni byl nejnizsi
ve varianté N2 (2,3) a nejvysSi ve varianté P1 (3,9).

Nejvétdi hlizky byly nalezeny ve variantach s K a P, nejmensi v N2.
Ve variantach N1 a N1P1 byly hlizky zaznamenany pouze u 14 % a 17 %
rostlin.

T. medium je relativné vhodnym druhem pro oblasti s alkalickou pudou.
Pro dosazeni maximalniho vzristu vyzaduje tento druh, kromé zvySené
dostupnosti fosforu a drasliku, také zvySenou dostupnost mineralniho
dusiku.

Vzchazivost T. medium byla stejné jako u T. arvense (viz. CHMELIKOVA ET HEJCMAN

2012B) pozitivné ovlivnéna dostupnosti P. Dostupnost fosforu se pozitivné projevila

také v rastu a vyvoji kofenovych systémut T. medium. Nepatrné menS$i pozitivni vliv

byl zaznamenan ve variantach s kombinaci vSech aplikovanych Zivin (NPK).

NejdelSi hlavni kofeny u T. medium byly naméfeny ve variantach se zvySenou

dostupnosti fosforu, jak jiz popsal také ve své praci BALIGAR (1987). Ve variantach

s dostupnosti fosforu a vSech Zzivin zaroveri (NPK) doSlo k narlstu priméru

kofenového kr¢ku oproti ostatnim variantam. Tento uc€inek byl pozorovan jak

uleguminéz (HILL ET AL. 2006, PANG ET AL. 2010), tak i u ostatnich druhu rostlin

(WAHL ET AL. 2001). Dle FAGERIA ET AL. (2014) podporuje dostupnost fosforu rast

kofene a zaroven také prijem ostatnich makro- (N, Ca, K, Mg, P) a mikroZivin (Fe,

Mn, Zn, Cu), coz dale podporuje celkovy rust a vyvoj rostlin.
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Vliv fosforu se také projevil ve vétveni kofene. Ve variantach s P a K (varianty P1,
P2 a K) se kofeny vétvili vice oproti jinym variantdm. FORDE ET LORENZO (2001)
popsali vétsi vétveni kofenovych systému pfi souCasné aplikaci dusiku a fosforu.
Kombinace téchto dvou prvkl se v8ak v ramci nadobového pokusu ve vétveni
neprojevila. Nejméné se kofeny vétvily ve varianté N2. Aplikace dusiku méla vliv
také na snizeni rustu kofenového systému do hloubky, podobné jak popsali
SVOBODA ET HABERLE (2006) u Triticum aestivum.

Negativni UuCinek N na nodulaci se projevil ve variantach (N1 a N2), kde byl
aplikovan bez P a K. Pravdépodobné zde doslo k limitaci nedostupnosti fosforu.
Tato skuteCnost byla pozorovana také v kontrolni varianté. Dostupnost P,
se podobné jako u T. arvense, projevila u T. medium velmi pozitivné pfi nodulaci.
Tato reakce na dostupnost zminénych Zivin byla zaznamenana mnoha autory
(ADAMS ET AL. 2002, BRAUER ET AL. 2002, ROUMET ET AL. 2008, LI ET AL. 2011,
CHMELIKOVAET HEJCMAN 2012B) i pro jiné druhy rostlin z Celedi Fabaceae.

Obecné plati, ze pfi aplikaci dusiku zavisi ¢etnost a mira nodulace na dostupnosti
fosforu. K podobnym poznatkim dosli u Stylosanthes humulis také GATES
ET WILSON (1974). Soucasna aplikace dusiku a fosforu se projevila zvySenim

nodulace, ale pfi aplikaci pouze dus iku byl vliv na nodulaci negativni.

Na zakladé pokusu s dostupnosti Zivin se T. medium zda byt vhodnou leguminézou
pro péstovani na alkalickych pudach. Pfi dobré dostupnosti P a K dosahuje
T. medium i na alkalickych piddach maximalniho vzristu. Kromé P a K vyzaduje
tento druh také urcité mnozstvi N, ¢imz se liSi od druhu T. arvense z pfedchozi
studie (CHMELIKOVAET HEJCMAN 2012B). Vysoka dostupnost mineralniho N zaroven
s nizkou dostupnosti P a K zvySuje mortalitu u semenackl, snizuje ruast

nadzemnich a podzemnich €asti rostlin a také nodulaci.

PFi vyzkumu dostupnosti Zivin se metoda nadobového pokusu zcela osvédcila.
PfedevSim diky snadné manipulaci a zisku rostlinného materialu. Je nutno
podotknout, Ze pfi téchto pokusech hraje dullezitou roli substrat a pfi venkovnim

nadobovém pokusu hrozi pfi vydatnych destich zatopeni nadob.
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IV. Sezénnivyvoj biomasy jetelovinotravni smési a vyvoj nad-

a podzemnich organu Medicago sativa na rozdilnych pudach

Pfi vyzkumu M. sativa na zemédélskych plochach bylo zjisténo:

a) Celkovy vynos jetelovinotravni smési se pohyboval mezi 8 —12tha”,

kdy podil prvni, druhé a tfeti seCe byl 45, 36 a 19 %.

b) Podzemni biomasa jetelovinotravni smési ve svrchnich 30 cm pudy
dosahovala 1,3 - 3,8 tha!, u podzemni biomasy nebyl zaznamenan Zadny

prikazny vyvoj v Case.

c) Prumér kofene a maximalni fad vétveni M. sativa se prikazné IliSily

v zavislosti na stanovisti. Primér korene vzristal s ¢asem.

d) Vice vétvené korenové systémy se nachazely v plidach s vy§§im obsahem

pisku.

e) Korenové systémy s vétSim primérem korfenového kréku utvarely mensi
hlizky.

f) Vice vétvené kofenové systémy utvarely vice hlizek (nezavisle na jejich

tvaru).
g) Pocet hlizek klesal od kvétna (9,5 - 17,0) do srpna (7,5 - 13).

h) Na zacatku vegetalni sezony bylo zaznamenano nejvice aktivnich hlizek

na vSech stanovistich.

Vyzkum M. sativa a T. pratense (CHMELIKOVA ET AL. SUBMITTED B) probihal
na plochach s jetelovinotravni smési. VétSina studii zabyvajici se M. sativa byla
provedena v monokulturach a pravé tim se nase prace odliSuje od ostatnich
a do jisté miry také komplikuje. U rostlin M. sativa a T. pratense byly hodnoceny jak
nadzemni, tak podzemni ¢asti. U jetelovinotravni smési byla hodnocena nadzemni
a podzemni biomasa, aby sledované znaky mohly byt zaclenény do SirSiho
kontextu prace a mohl byt také hodnocen vztah mezi jednotlivymi parametry. Napr.
WAREMBOURG ET AL. (1997) namé&fil vySSi vynos na lokalitach s vy$Sim poctem

hlizek u T.pratense.

M. sativa a T. pratense byly zkoumany souCasné na Sesti plochach v ekologicky

obhospodafovanych zemédélskych podnicich. Tyto vyzkumné plochy s témér
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identickymi klimatickymi podminkami byly shodné obhospodaiované, liSili se pouze
svymi pudnimi podm inkami.

Na jedné ze Sesti ploch (plocha D1) byly rostliny o rok star§i nez na ostatnich
plochach. U téchto rostlin nebylo mozné oddélit vliv jejich stafi (uzitkového roku)
od vlivu stanovisté. Z tohoto divodu nebyla plocha D1 porovnavana s ostatnimi.
Vzhledem k naro€nosti sbéru dat a zajimavym zjiSténim byla vSak data z plochy D1
v praci ponechana a pouze diskutovana. Jak poukazuji studie Suzuki (1991),
PIETOLA ET SMUCKER (1995) a HAKL ET AL. (2011), stafi rostliny se pravdépodobné
projevilo napfiklad v priméru kofenu €i jejich vétveni. Tento vliv ale nebylo mozné

v nasi praci pfesné rozliSit a také nebyl cilem naseho vyzkumu.

Nejniz$i vynos nadzemni biomasy (8 t ha™') byl zaznamenan na plose s nejvy$§im
obsahem organické hmoty v pudé a zaroven nejvyssi dostupnosti dusiku (plocha
D1). BRAUN ET AL. (2010) naméfili na této ploSe s identickou smési v prvnim
uzitkovém roce vynos 16tha”, coZ poukazuje na vysoky potencial tohoto
stanovis§té a pokles vynosu mezi prvnim a druhym rokem, jak zaznamenali také
ALBAYRAK ET TURK (2013).

Nejvyssi vynosy byly naméfeny béhem prvni sece. NejnizSi vynosy byly dosazeny
béhem tfeti seCe, coz odpovida béznym vynosim bé&hem vegetaéniho obdobi
ve stfedni Evropé (HREWSOVA ET AL. 2009, GIERUS ET AL. 2012, HAKL ET AL.
2012A). Rozdily ve vynosech jednotlivych se€i (mezi jednotlivymi roky) byly
pravdépodobné zplUsobeny zménami v druhovém slozeni, kdy dochazelo
k dominanci nékterych druht rostlin. Druhovy pomér mezi travami a leguminézami
v jetelovinotravni smési se méni béhem vegetaCni sezdény (FIN ET AL. 2013,
SANDERSON ET AL. 2013). Podil jednotlivych druhl (napf. M. sativa, T. pratense)
na celkovém vynosu se tedy mezi seCemi liSi (MARLEYET AL. 2003). Ve vySi vynosu
se projevuje i fenologicka faze rostlin pravé v dobé secCe. Vliv fenologické faze
na vynos vSak nemusi byt vzdy priikazny, jak poukazuji pravé u M. sativa MARLEY
ET AL. (2003).

Ackoliv byly nalezeny rozdily u druhé a tfeti sei mezi jednotlivymi stanovisti, tyto
rozdily se nijak nepromitli do podzemni biomasy. Podzemni biomasa se neliSila
v mistech s rozdinymi nadzemnimi vynosy. Dle naSich vysledkud investovali rostliny
do podzemni biomasy nezavisle na mnozstvi nadzemni biomasy. Tyto vysledky
jsou v rozporu s praci HAKL ET AL. (2011). LUO ET AL. (1995) zaznamenali vySSi
podil biomasy jemnych kofenl na jafe a na podzim. Tyto vysledky Castecné

odpovidaji vyvoji béhem vegetacni sezény u Ctyf ze Sesti vyzkumnych ploch.
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vétveni byl nami zaznamenan pravé na jafe béhem prvni sece.

Rostliny na jednotlivych plochach se liSily fadem vétveni a primérem kofene. Tyto
rozdily poukazuji na vliv pldnich podminek. Rad vétveni a primér kofene
s vy§§im obsahem pisku v padé, coz bylo pravdépodobné spojeno se snazsi
penetraci kofene, podobné jak popisuje SALAKOET AL. (2002).

Rostliny a jejich kofeny se vzajemné mezi sebou ovliviiuji. HARPER (1977)
upozornuje na Vliv hustoty a sloZzeni vegetace, kdy rostliny ovliviuji rist a morfologii
sousednich rostlin, napf. prumér kofene a pocet lateralnich kofen(, jak uvadi HAKL
ET AL. (2011). Rozdily v hustoté vegetace se pfi nizkém pocCtu sbiranych rostlin
mohly projevit pravé ve vétSi variabilité znakld. Ackoliv sbér rostlin probihal
na vSech plochach jednotné je mozné, Ze se nam nepodafilo tento vliv zcela

eliminovat.

Diky kratkovékosti hlizek (PupPO ET AL. 2005) nebyla nodulace pravdépodobné
primo ovlivnéna stafim rostliny. Plocha D1 se star§imi rostlinami byla tedy zafazena
do hodnoceni a porovnavani hlizek. Nepfimy vliv stafi rostlin Ize vSak pfedpokladat.
M. sativa je znama tim, Ze utvafi silny hlavni kofen s menSim mnozstvim lateralnich
kofent (KUTSCHERA 1960, CHMELIKOVA ET HEJCMAN 2012A). StarSi rostliny utvareji
méné jemnych kofenu, které jsou vice nachylné k bakterialni infekci a nasledné
nodulaci. Méné jemnych kofend na ploSe D1 by mohlo byt vysvétlenim nizsi

nodulace u starSich rostlin.

V mnoha studiich (LYNCH ET BROWN 2001, ADAMS ET AL. 2002, DUNDABIN ET AL.
2004, RAGOTHAMA ET KARTHIKEYAN 2005) je popisovan vliv dostupnosti zivin v pidé
na nodulaci. Plochy s jetelovinotravni smési se mezi sebou liSily dostupnosti Zivin
(N, P, K, B, Cu, Fe, Mn, Zn, Mo), je tedy mozné predpokladat urcity vliv Zivin
na nodulaci. Za danych podminek na$i studie nebylo vSak mozné rozpoznat vliv
jednotlivych zZivin z dlvodu jejich interakce a spoluptisobeni. Na ploSe D1
se starSimi rostlinami byla v p4dé naméfena vysSi dostupnost N. VySSi dostupnost
N zpuUsobuje nizsi poCet hlizek a jejich mensi velikost (ADAMS ET AL. 2002, BRAUER
ET AL. 2002, BEEBE ET AL. 2006, GREWAL 2010, LI ET AL. 2011), pfesto je nutno
zohlednit i ostatni vlivy stanovi§té (napf. niz§i obsah kysliku v t6z8i pudé, stari

rostlin aj.) a komplexnost plsobeni vsech vlivl zaroveri.

Na kofenech M. sativa je maozné pozorovat hlizky valcovité a také vétvené.

Jak jiz bylo popsano v praci CHMELIKOVA ET HEJCMAN (2012A), vétvené hlizky se

140



Komentare k wsledk iim

utvareji v podminkach s lepsi dostupnosti P a K a niz8i dostupnosti N (CHMELIKOVA
ET HEJCMAN 2012B). Plocha s o rok star§imi rostlinami se odliSovala od ostatnich
ploch svoji vyrazné nizS8i dostupnosti drasliku a vy$Si dostupnosti mineralniho
dusiku. Na této plose se utvarelo jen malé mnozstvi drobnych hlizek, pfedevsim
valcovitého tvaru. Snizena nodulace u starSich rostlin s vy83i dostupnosti dusiku
by mohla byt vysvétlena také snizenim podilu leguminéz na ploSe a narlstem

druht trav ve druhém roce.

Rozdiina dostupnost molybdenu v pudé se projevuje v poltu a velikosti hlizek
u M. sativa, stejné jako u G. max (VIEIRA 1998, TOLEDOET AL. 2010). Tento pozitivni
vliv. nebyl v nasi studii zaznamenan. Dlvodem toho byla pravdépodobné
dostadujici dostupnost molybdenu v padé na vSech lokalitach. V pribéhu vegetacni
sezbny byl zaznamenan nejniz8i pocCet starnoucich a odumirajicich hlizek
na lokalit¢ s nejvy$§im obsahem molybdenu v puadé. DelSi doba trvani aktivni
nodulace mohla byt podpofena pravé vysSim obsahem molybdenu na této ploSe.

K podobnym vysledkim dos$li i SHAW ET AL. (1966).

Pokles poctu hlizek béhem vegetace je v souladu se zavéry prace ZAHRAN (1998).
PocCet hlizek klesal na vSech lokalitach s vyjimkou jedné. Dlvodem opacného
vyvoje by mohl byt vySSi obsah pisku a dobra dostupnost P, pfip. opozdény
zacCatek vegetacni sezony zplsobeny mrazem. Nejvy$Si poCet aktivnich hlizek byl
zaznamenan v kvétnu béhem prvni seCe, vétSina neaktivnich a odumirajicich hlizek
byla zaznamenana béhem tfeti seCe v srpnu. Stejny vyvoj hlizek béhem vegetacni

sezony zaznamenali také SWARAJ ET BISHNOI (1996).

Vliv dostupnosti zivin se projevuje také zménami v morfologii kofenovych systému.
U leguminéz se jedna predevSim o fosfor, ktery mj. ovliviiuje pramér korene, jak
popsali PANGET AL. (2010) u M. sativa. LYNCH ET BROWN (2001) a HILL ET AL. (2006)
pozorovali v pudach s nizSi dostupnosti fosforu vice vétvené kofeny u rodu
Glycine spp. OpaCny vliv pak popsali ADAMS ET AL. (2002), kdy se kofeny vice
vétvily v pidé s vy§8im obsahem fosforu. Rozdily v dostupnosti fosforu i ostatnich
Zivin nebyly na nasSich vyzkumnych plochach vyrazné, tudiz nebylo mozné posoudit
vliv jejich dostupnosti. Determinaci jednotlivych vlivi znemozriovalo také sou¢asné
spolupusobeni vice faktorl a jejich vzajemna interakce. Uréeni téchto vliva

na M. sativa nebylo objektem a tudiz ani cilem vyzkumu.

Naskenované kofenové systémy druh( M. sativa a T. pratense jsou zachyceny

na obrazcich 15 a 16.
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V. Sezénnivyvoj nad- a podzemnich organti Trifolium pratense

v jetelovinotravni smési na rozdilnych padach

Pfi vyzkumu T. pratense na zemédélskych plochach bylo zjisténo:

a) Pruameér kofenového kréku, fad vétveni, velikost hlizek a pocet starnoucich

hlizek byl ovlivnén pldnimi podminkami béhem celé vegetacni sezény.
b) Prumér kofenového kréku vzristal b&hem vegetani sezony.

c) Kofenové systémy s menSim priUmeérem kofenového kréku utvarely vice
aktivnich hlizek.

d) Pocet hlizek se béhem vegetacni sezdény pohyboval v rozmezi 12,5 - 19,5

hlizek na rostlinu.
e) Valcovité hlizky byly nalezeny u 85 - 100 % rostlin na kazdé ploSe.
f) U0 -25% rostlin byly nalezeny vétvené hlizky.

g) Kofenové systémy T. pratense se vétvily vice neZz kofenové systémy
M. sativa.

h) V porovnanis M. sativa utvarel T. pratense vice hlizek na vdech plochach.

i) Hlizky T. pratense byly menSi nez hlizky M. sativa.

Trifolium pratense byl zkouman zcela identicky jako M. sativa (CHMELIKOVA ET AL.
SUBMITTED A). Podobné jako v predchozi studii nebylo mozné ani u T. pratense
oddélit vliv stafi rostlin od vlivu prostfedi na plose D1. O rok starSi rostliny
T. pratense se v8ak od ostatnich jednoletych rostlin neodliSovaly tak vyrazné, jako
tomu bylo u rostlin M. sativa (CHMELIKOVA ET AL. SUBMITTED A).

Za stejnych klimatickych podminek se pozorované znaky kofene (prumér
kofenového kréku a fad vétveni) T. pratense liSily v zavislosti na vyzkumné ploSe,
tedy podle pldnich podminek. Zarover se znaky liSily i mezi jednotlivymi seCemi.
PFi hodnoceni nodulace byl zaznamenan vétsi viiv prubéhu sezény nez vliv pudnich

podminek.

Primér kofenového krCku narlstal s Casem stejné jako u M. sativa. Obecné
se kofeny T. pratense vice vétvi ve srovnani s M. sativa a nejinak tomu bylo i v na8i

studii. AcCkoliv se béhem vegetaCni sezény Fad vétveni T. pratense mezi
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jednotlivymi terminy IliSil, nebyl zaznamenan Zzadny jednotny trend ve vyvoj
na v8ech stanovistich, jak tomu bylo u M. sativa (CHMELIKOVAET AL. SUBMITTED A).

Vliv padni zrnitosti se projevil v hodnocenych znacich kofene. Primér kofenového
krcku se liSil mezi jednotlivymi plochami. Kofeny s vétSim priamérem byly
zaznamenany na plochach s vy$Sim obsahem pisku. PUdni zrnitost (podil pisku)
souvisi s obsahem vzduchu v pudé. MeLA (2003) pozoroval v dobfe
provzdusnénych padach u T. pratense silné kofeny a naopak kofeny s mensim

primérem v jilovitych ptdach.

Vy8Siho fadu vétveni dosahovaly kofeny rostlin na plochach s vyS§im podilem
pisku v padé, na téchto plochach se vice vétvili i kofeny M. sativa. SALAKO ET AL.
(2002) vysvétluji vétveni kofend v pisCitych plidach moznosti snazSi penetrace
kofene. ARCHER ET AL. (2002) a GLAB (2008) zaznamenali naopak navySeni
kofenové biomasy v kompaktnéjSich pudach. Kompaktnost pudy je ovlivnéna
orbou. Hloubka orby se projevila zizenim hlavniho kofene u obou druhl - M. sativa

i T. pratense (hodnoceno pouze vizualné).

Homogenni rozlozeni kofent je mozné podle PARDO ET AL. (2000) v pudach
s jemnou texturou. Textura pudy spolu s rozlozenim kofenl ovliviiuje schopnost
rostlin pfijimat vodu a Zivin, napf. draslik. T. pratense je v porovnani s travami
schopen pfijmout draslik i z vétSich hloubek nez travy (SVEISTRUP ET HARALDSEN
1997, OGAARD ET HANSEN 2010). Podle JANSEN ET AL. (2010) vysvétluje ptdni typ
dokonce az 42% variability pfijmu vody u L. polyphyllus. Reakce rostlin jsou vSak
druhové specifické. FRENCH (2002) nezaznamenal vliv padniho typu na pfijem vody

u Pisum sativum.

Na kofenovém systému T. pratense se zietelnym hlavnim kofenem byly
pozorovany valcovité hlizky, jak uvadéji COrRBY (1971), STURZ ET AL. (1997),
KLIMESOVA ET DE BELLO (2009) a CHMELIKOVA ET HEJCMAN (2012A). Nezavisle
na stanovisti utvarel T. pratense vice hlizek menS$i velikosti v porovnani s M. sativa.
Stafi rostlin se pravdépodobné projevilo pouze nepfimo v nodulaci, podobné jako
u M. sativa. VOISIN ET AL. (2002) a HATCH ET AL. (2007) popsali snizovani fixace
dusiku s pfibyvajicim vékem rostlin. NiZSi nodulace byla skuteCné nalezena
na plose se star§imi rostlinami. Snizeni nodulace v3ak nelze pfiCist pouze stafi
rostliny. Pravdépodobné se zde projevil vy$Si obsah mineralniho dusiku v pudé,
ktery snizuje, ba dokonce inhibuju nodulaci (BUTTERY ET AL. 1992, MENGEL ET AL.
2001, VOISIN ET AL. 2002, PEOPLES ET GRIFFITHS 2009, CHMELIKOVA ET HEJCMAN
20128, CHMELIKOVA ET HEJCMAN 2013).
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Nodulace je ovlivnéna rustem a fenologickou fazi rostliny. Oproti M. sativa nedoSlo
u T. pratense k poklesu poctu hlizek v prabéhu vegetacni sezény, doslo vSak
ke snizeni jejich aktivity. Tyto vysledky jsou v souladu s pracemi JENSEN (1986),
VOISIN ET AL. (2002) a CUPINA ET AL. (2010). BRAUER ET AL. (2002) zaznamenal
zvysenou tvorbu hlizek na pudach s vys§imi hodnotami pH. Padni reakce v rozmezi
5,6 - 7,3 se vSak ve zméné nodulace neprojevila, jelikoz T. pratense snasi dobfe
vétSi rozpéti hodnot pH.

Mnoho autord (MARSCHNER 1995, LEITE ET AL. 2009, TOLEDO ET AL. 2010, FAROOQ
2012) poukazuje na dulezitost molybdenu pfi fixaci dusiku a jeho pozitivni vliv
na poCet a velikost hlizek u legumindz. GATES ET WILSON (1974) a XIA ET XIONG
(1991) zaznamenali pozitivni vliv molybdenu v kombinaci s draslikem na nodulaci
T. alexandrinum. Na ploSe s vy$8i dostupnosti molybdenu byl sledovan vétsi podil

aktivnich hlizek v prabéhu celé vegetacni sezény, shodné jako u M. sativa.

U T. pratense i M. sativa byly pozorovany jak prukazné vlivy pribéhu vegetace, tak
i vlivy padnich podminek. Determinace jednotlivych vlivi nebyla mozna, coz vSak
nijak nesnizuje vyznam vysledku pro jejich praktické uziti.
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5. ZAVER
Predlozena prace rozSifuje a doplfiuje poznatky o stavbé kofenovych systému
a nodulaci Celedi Fabaceae. Diky své jedineCné schopnosti fixace vzdusného
dusiku tvofi tato Celed nenahraditelnou skupinu rostlin jak v pFirodnich
ekosystémech, tak i na zemédélskych plochach. V ramci disertani prace byly
zkoumany kofrenové systémy rostlin ¢eledi Fabaceae nejen na krajinné urovni,
ale také v ramci nadobovych pokust a na ekologicky obhospodafovanych
zemédélskych plochach. Spolu s kofenovymi systémy byly hodnoceny
i nadzemni Casti rostlin, zaroven byly zaznamenany podminky prostfedi, aby
poznatky o kofenovych systémech mohli byt zasazeny do SirSich souvislosti
a mély vétsi vypoveédni hodnotu.
Kofenové systémy bézné se vyskytujicich druhG Celedi Fabaceae na svych
pfirozenych stanoviStich poukazali na vnitrodruhovou a mezidruhovou variabilitu.
Mezidruhova variabilita 21 druhG leguminéz byla pfipsana predevSim zivotni
formé& dle Raunkiaera. Vnitrodruhova variabilita poskytla udaje o schopnosti
adaptace jednotlivych rostlin a plasti¢nosti jejich znakd. Bliz§i pozornost byla dale
vénovana pouze 4 druhim.
Dostupnost zivin byla hodnocena u T. arvense a T. medium v alkalické pudé.
Acidofilni (kalkofobni) chovani T. arvense nebylo dosud nikdy experimentalné
zkoumano. Stejné tak nebyl dostate€né prozkouman vliv dostupnosti Zivin
u T. medium v alkalickych pudach. Acidofilni chovani T. arvense bylo v ramci
pokusu vysvétleno neschopnosti pfijimat dostatek fosforu v alkalickych pudach.
Fosfor mél na rust a vyvoj T. arvense zasadni vliv. Rist a vyvoj T. medium byl
také pozitivné ovlivnén dostupnosti P, ale nejvétSiho vzrastu dosahli rostliny
ve variantach s aplikaci vSech zivin (NPK) soucasné.
Jedny z celosvétové nejdulezitéjSich picnin (M. sativa a T. pratense) byly
zkoumany a porovnany v jetelovinotravni smési na ekologicky obhospodafova-
nych zemédélskych plochach s odliSnou zrnitosti pady. Nadzemni biomasa se
liSila v zavislosti na pldnich podminkach a pribéhu vegetani sezény. Podzemni
biomasa nevykazovala zadny z téchto vlivl. Vice vétvené kofenové systémy
T. pratense utvarely vice hlizek nez méné vétvené kofenové systémy M. sativa.
Na zacatku vegetacni sezény bylo u obou druhl zaznamenano nejvice aktivnich
hlizek na vSech stanovistich. OdliSné pudni podminky se projevily ve stavbé
kofenovych systému.
Vzhledem k velkému mnozstvi faktor( ovliviujicich stavbu kofenovych systému

a k jejich variabilité je vhodné i nadale ve vyzkumu pokracovat.
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Obr. 19: Metoda monolitu - manipulace a trans port.
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Obr. 21: Metoda pudni sondy a kombinace metody pudni sondy s metodou profilové stény.
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Obr. 22: Odkryvaci metoda - odkryvani, odkryté kofeny v pudnim profilu a kofenowy
systém M. sativa (nakres ziskany odkryvaci metodou).
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Obr. 24: Metoda profilové stény - pribéh metody profilové stény a detail hodnocenych
kofenowch délek.
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