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2. Abstrakt

Predace semen je potravni strategie, kdy predator pozira béhem svého Zivota
mnoho semen, ktera nasledné nejsou schopna vykli¢it. Predace semen piispiva
k regulaci puadni zasoby semen pleveld a ovliviiuje tak jejich populaéni
dynamiku. Z bezobratlych se v nasich zemépisnych Sifkach na predaci semen
V polnich podminkéch podileji predev§im stievlikoviti brouci (Coleoptera:
Carabidae). Mechanismy, pomoci kterych predatofi semena vyhledavaji a které
se uplatiuji pfi uréeni jejich preferenci, nejsou dosud dostate¢né popsany.
Zejména chybi informace, jaké znaky semen a Vv jaké mife ovliviiuji vybér
predatori semen. Hlavnim cilem této disertacni prace je tedy zjistit, jaké znaky

semen se podileji na vybéru semen stievlikovitymi brouky.

Arénové pokusy identifikovaly morfologické znaky semen (velikost a tvar
semen, tvrdost a tloustku osemeni) spolu s fylogenetickou ptislusnosti (¢eled’) a
Zivotni strategii rostlin (jednoleté, dvouleté, vice leté rostliny) jako faktory, které
podminuji preference sledovanych stfevlikovitych broukl. Zaroven nebylo
prokazano, ze by na preference stievlikii mély vliv dostupné chemické znaky
semen (mastné kyseliny, volatilni latky a latky na povrchu semen) (Vysledek |.:
Foffova et al., 2020, Insects 11:757.). Tento vysledek nekoresponduje s dosud
publikovanou literaturou, kde jsou chemické latky popsany jako potencialni
atraktanty / deterenty pro mnoho predatort semen. Vysvétleni tohoto rozporu
mize spocivat v designu provedeného arénového experimentu, ktery
kombinoval mnoho raznych druhii semen na malém prostoru, coz mohlo snizit

schopnosti rozlisit tyto latky od latky od sebe, resp. identifikovat jejich zdroj.

Znaky semen (hmotnost, rozméry atd.) se mohou ménit v zavislosti na prostiedi
a ¢ase. Semena nabobtnala nebo majici poskozené osemeni jsou pozirana vice
nezli sucha neposkozena semena (Vysledek Il.: Foffova et al., 2020, Acta
Zoologica Academiae Scientiarum Hungaricae, 66:37 - 48.). Tento fenomén je
mozné vysvétlit zménou fyziologické aktivity spojenou s kli¢enim semen a

pozménénou tvrdosti semene.

Znaky semen se méni i s dobou setrvani v pude¢, jez se projevuje zejména na
hmotnosti, tvaru a zivotnosti. Vysledek III.: Saska et al., 2020, Agronomy,

10:448 navrhuje zménu ve zpusobu interpretace dat o dlouhovékosti semen



V pudni zasobé, piicemz klade diraz na modelovani procentudlniho pteziti
populace semen (PT50 a PT05). V experimentu bylo zjisténo, ze nékteré druhy
semen maji dlouhou Zivotnost (napf. u druhu Urtica dioica L. je PT50 10,5 let).
Zatimco jiné druhy naptf. Campanula trachelium L. maji Zivotnost kratkou
(PT50 = 1,9 let). Spole¢né s zivotnosti semen se méni i morfologické znaky

semen.

Zména znakd semen b&hem setrvani v ptidni zasobé ma odezvu i v predaci
semen stifevlikovitymi. Vysledky preferencnich arénovych pokusti naznacuji
snizenou konzumaci 6 let starych (zakopanym v pudé oproti cerstvym
semenim), U druhti Pseudoophonus rufipes (DeGeer, 1774) a Amara littorea (C.
G. Thomson, 1857). Oproti tomu druh Harpalus affinis (Schrank, 1781)
preferoval zakopana pied Cerstvymi semeny (Vysledek IV.: Saska et al. 2019.
EJE, 116:133 - 140).

Zmény znakt semen V pudni zasobé jsou, mimo jiné, zpusobeny pudnimi
mikroorganismy. Bylo zjisténo, Ze diverzita bakterii na povrchu i uvniti semen
je specifickd pro rizné druhy semen a zarovein podminénd dobou setrvani v
pud¢. Bakteridlni diverzita na druhové drovni ovliviluje preference
stfevlikovitych broukd i Zivotnost semen (Vysledek V.: Saska et al., PLSO —

under review).

Tato dizertacni prace prispiva K pochopeni zdroji variability Vv potravnich
preferencich stievlikd a vzorci jejich chovani. Tato diserta¢ni prace se také snazi
poukézat na souvislosti mezi fylogenetickymi, morfologickymi a chemickymi
znaky semen Vv navaznosti na Cas, ktery stravila semena v pud¢, a prostiedi, ve
kterém se vyskytuji. Poznatky této prace poméhaji s vysvétlenim a pochopenim
sloZzit¢tho fenoménu predace semen, ktery je v agroenvironmentalni praxi

podhodnocovan ¢i zcela ignorovan.

Klicova slova: Strevlikoviti, pidni zésoba semen, plevel, preference,

semenozravost



3. Abstract

Seed predation is a feeding strategy in which a predator consumes many seeds
in its lifetime. After the attack, seeds are killed and not able to germinate
anymore. Seed predation contributes to the regulation of the weed seed bank and
thus may affect weed dynamics. In our latitudes, the ground beetles (Coleoptera:
Carabidae) are the main seed predators in field conditions. The mechanisms
which predators use when searching for seeds and determining their preferences
have not been sufficiently described. In particular, information is lacking on
which seed traits are involved during the seed selection process by carabid seed
predators. The main aim of this PhD. thesis is, therefore, to ascertain which seed

traits are involved in choosing seeds by ground beetles.

Arena experiments identified morphological traits of seeds (seed size and shape,
seed hardness and thickness) along with phylogenetic affiliation (family) and
plant life strategy (annual, biennial, perennial plants) as main factors
determining the preferences of carabids. At the same time, seed chemical traits
(fatty acids, volatile compounds and chemical compounds on the surface of
seeds) have not affected ground beetle preferences (Paper I.: Foffova et al.,
2020a, Insects 11: 757). This result does not correspond with the literature,
where chemical traits were found to be potential attractants/deterrents for seed
predators. This disagreement can be explained by the design of the cafeteria test,
which combined many different species of seeds in a small space and could
reduce the ability of the beetles to distinguish the source of the volatile

compounds.

Seed traits (weight, dimensions, etc.) may vary in different environments and
times. Imbibed seeds or seeds with damaged seed coats were eaten more than
dry and undamaged seeds (Paper Il.: Foffova et al., 2020b, Acta Zoologica
Academiae Scientiarum Hungaricae, 66:37-48). This result can be explained by
the change in physiological activity associated with seed germination and

changes in seed coat hardness.

The seed traits may change with the time spent in the soil seed bank, which is
reflected mainly in the case of mass, shape and longevity. Paper 11l .: Saska et

al., 2020, Agronomy, 10: 448 suggests that interpretation of data related to seed


https://slovnik.seznam.cz/preklad/anglicky_cesky/disagreement?strict=true

longevity in soil bank should be based on modelling the percentage survival of
the seed population, based on which persistence times can be estimated (PTso
and PTos). It was found that the persistence curve is different among the species
(e.g. PTsp of Urtica dioica L. and Campanula trachelium L. was estimated to be
10.5 and 1.9 years, respectively). Along with seed viability, the morphological
traits of the seeds also change due to time spent in soil.

The change in the seed traits during the years in the soil seed bank affected seed
preferences of ground beetles. Pseudoorphanus rufipes DeGeer, 1774) and
Amara littorea (C. G. Thomson, 1857) preferred fresh seeds before buried seeds.
In contrast, Harpalus affinis (Schrank, 1781) preferred buried seeds over fresh
seeds (Result IV.: Saska et al. 2019. EJE, 116: 133-140).

Soil microorganisms are another factor that interfere with seeds stored in the soil
bank, and possibly also with seed preferences by the carabids. It was found that
the diversity of bacteria on the surface and inside the seeds is species-specific
and it changes with the time spent in the soil. Bacterial diversity affected the
preferences of ground beetles for particular seeds and also the viability of the

seeds (Paper V.: Saska et al., PLSO - under review).

This Ph.D. thesis contributes to our understanding the sources of variability in
carabid preferences, food webs and behavioural patterns. It also tries to indicate
the connections between phylogenetic, morphological and chemical traits of
seeds in interaction with time when the seeds stayed in soil seed bank and
dynamics and the environment in which they occur. Findings included in this
thesis help to explain the complex phenomenon of seed predation, the practical
aspect of which is currently underestimated or completely ignored in agri-

environmental practice.

Keywords: Ground beetles, soil seed bank, weeds, preferences, granivory



4. Uvod

Z ekologického hlediska se za pravého predatora povazuje organismus, ktery
svou kofist (zivy organismus) usmrti vicemén¢ bezprostfedné¢ po napadeni, a
zaroven béhem svého zivota usmrti vice jedinct kofisti (Begon et al., 1997). Za
pravé predatory tak povazujeme i druhy, které napadaji a poziraji semena rostlin,
a tim je vyradi z populace. Pozirani semen se pak oznacuje terminem ,,predace
semen®, ktery byl poprvé pouzit Danielem H. Janzenem (1971). Skupin
zivocichu, ktefi se zivi semeny, je celd fada. Patii mezi né obratlovci (Savci a
ptaci) i bezobratli (pfedev§im hmyz, ale i méekkysi, korysi, mnohonozky,
krouzkovci a mnoho dal§ich). K semenozravosti nedochézi jen na sousi, ale i ve
vodnich habitatech (Wigand and Churchill, 1988), kde jsou semena pozirana
vodnimi korysi, meékkysi a rybami. Semena jsou pozirana nejen s ohledem na
jejich velikost, (ne)hybnost (setrvavaji na jednom misté po velmi dlouhou dobu),
ale predevsim kvuli vysoké nutriéni hodnoté na jednotku hmotnosti (Janzen,

1971, Wallinger et al., 2015).

Predaci semen je zadouci odliSovat od endozoochorie, tj. disperze semen za
pomoci zivocicht. Endozoochorie je nejvyznamnéjsi u druht rostlin, které maji
duznaté plody. Pravé duznina plodu je velmi atraktivni pro konzumenty, ktefi
spolu s duzninou sezerou i semena. Poziena semena nemuseji byt vzdy plné
stravena, zvlast’ pokud byla spolknuta celd, a diky tomu mohou semena vyklicit
i po projiti travicim traktem. U nékterych druhii semen (napf. bezu cerného
(Sambucus nigra L.)) maji semena zvysenou kli¢ivost v disledku projiti travicim
traktem. U stravenych semen dochazi k naruSeni jejich osemeni, které jinak
mechanicky brani kliceni (Atkinson and Atkinson, 2002). Fenomén
zda zivocich zpusobuje disperzi nebo predaci semen. U nékterych rostlinnych
druht se stava, Ze semena stejného druhu jsou seZrana jednim predatorem semen
a castecné projdou jeho télem neposkozena, avSak zbyla Cast semen neni
schopna vyklicit, nebot’ je stravena. Piikladem z polnich podminek je plzak
Spanélsky (Arion vulgaris Moquin-Tandon, 1855), ktery bézné pozira semena
pampelisky Taraxacum agg. U tohoto druhu je popsano, ze az 70 % pozienych
semen projde jeho travicim traktem bez porusSeni a ztraty klicivosti, avSak

zbylych 30 % zcela ztrati svou kli¢ivost (Honek et al., 2009).
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V pripadé¢ predace semen rozliSujeme dva hlavni typy - predisperzni a
postdisperzni predaci semen. Predisperzni predace probiha jesté¢ na matefské
rostlin¢. Piikladem predatora tohoto typu jsou larvy bejlomorky lipové
(Didymomyia tiliacea (Bremi, 1847)), které konzumuji semena chrpy
(Centaurea cyanus L.) (Koprdova et al., 2015), nebo nosatcoviti brouci (napf.
Rhinocyllus conicus (Frolich, 1792), Larinus planus (Fabricius, 1792) a Larinus
turbinatus Gyllenhal, 1835) konzumujici vyvijejici se semena rodu Cirsium.
Nekteti predisperzni predatoii poziraji i kvétni lizka rostlin, ve kterych se
vyskytuji. Poziranim kvétnich lizek snizuji fitneSs semen, ktera se na kvétnich
lazkach vyvijeji (Gijsman and Vitt, 2021). Predisperzni predaci semen se v této

praci nebudeme nadale vénovat.

Pojem postdisperzni predace semen popisuje preda¢ni aktivitu na semenech po
jejich dozrani a uvolnéni z matetské rostliny. Pravé postdisperzni predace semen
je jednou z ekosystémovych sluzeb, ktera pomaha regulovat plevele v polnich
podminkach, a to jak na povrchu pldy, tak v pudé¢. Uvadi se, ze diky fenoménu
postdisperzni predace muze dojit ke zniCeni az 70 % ro¢ni produkce semen
plevelt v porostech obilnin (Westerman et al., 2003). Prestoze existuje mnoho
dokladt o tom, jaké skupiny zivocichu se na ni podileji, napt. hmyz (mravenci,
brouci, cvrécei aj.), krouzkovei, meékkysi, korysi, savci a ptaci (Lambert et al.,
2005), neni zcela objasnéno, jaké faktory ovliviuji preference predatori semen.
Z tohoto diivodu jsme schopni modelovat popula¢ni dynamiku pleveli jen velmi

omezené (Daouti et al., 2022).

V nasich zemépisnych Sitkach jsou v porostech plodin dominantnimi predatory
semen stievlikoviti brouci (Coleptera: Carabidae). Ti se zivi Sirokym spektrem
dostupnych druhli semen. Bylo zjiSténo, Ze preference semen jsou silné
ovlivnény vztahem mezi velikosti semen a velikosti jejich potencidlniho
predatora (Honek et al., 2007). Existuji i dal$i znaky semen, které jsou ve
vzajemné interakci a mohou tak podminovat jejich predaci stievlikovitymi, napf.
tvar, hustota, tvrdost a tloustka osemeni nebo obsah chemickych latek. Tyto
znaky semen a jejich zmény jsou testovany v této disertacni praci po rizné dobé
setrvani semen v pidé nebo v souvislosti sjejich fyziologickym stavem

(nabobtnanim nebo poSkozenim).
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V této praci je pouzivan termin semeno i pro plody typu nazka, obilka nebo
tvrdka. Toto vychazi z anglického slova ,,seed predation® a souvisejici literatury,
ktera zpravidla pouziva termin ,,seed*, tj. semeno, i pro plody bylin typu nazka,
obilka a podobn¢ (napi. prace Honek et al., 2009, kde jsou pouzity nazky
pampelisky (Taraxacum officinale L.) nebo Daouti et al., 2022, kde jsou pouzity
obilky psarky polni (Alopecurus myosuroides Huds). Z tohoto divodu bude
V nasledujicim textu pouzit termin osement, i kdyz se u nékterych zkoumanych
druht jedna o oplodi. V anglickych odbornych ¢lancich je pro osemeni/oplodi

pouzivan spole¢ny termin ,,seed coat*.
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o. Cile disertacni prace

Hlavnim cilem této diserta¢ni prace je piisp€t k poznani, jaké znaky semen maji
vliv na preferenci semen stievlikovitymi brouky. V literatufe se uvadi, Ze mezi
hlavni znaky semen, které mohou ovliviiovat preference semen, patii velikost,
hmotnost, tvar, fyzikalni znaky osemeni a chemické latky na povrchu i uvnitf
semen. Stav znakt semen se lisi mezi jednotlivymi druhy na zakladé jejich
fylogenetické ptibuznosti a na momentalnim stavu semen. Momentalnim stavem
je mysleno, zda jsou semena nabotnala, poskozena, nebo naopak sucha. Dale

muizou byt znaky semen ovlivnény dobou setrvani v pade.

Vliv riznych znakd semen (velikost, hmotnost, tvar, fyzikalni znaky osemeni a
obsah chemickych latek) na vybér semen stfevliky nebyl nikdy souborné
testovan v jedné analyze. V dostupné literatufe byly jednotlivé znaky zkoumany
odd¢len¢, avsak mezi jednotlivymi znaky nejspiSe dochazi k interakcim. Proto
byly znaky semen zméfeny a nasledné analyzovany spole¢né v jedné analyze.
Dalsi vyzkumnou otazkou bylo, jestli se preference zastupcti dvou tribti (Zabrini
a Harpalini) 1i8i, a pokud ano, jaké znaky semen tyto preference ovliviuji

(Foffova et al. 2020, Insects 11:757).

Jednotlivé stavy znaki semen se méni s momentalnim stavem semen, napf.
nabobtnanim nebo poskozenim. Cilem prace Foffova et al. 2020, Acta Zoologica
Academiae Scientiarum Hungaricae 66:37 - 48 je zjistit, jaky vliv na preference
semen ma momentalni stav semen. Prace také zjiSt'uje, zda na preference semen
stfevlikovitymi brouky ma vliv jejich geograficky ptvod, tj. jestli stfevlici
preferuji semena ze shodné geografické oblasti pred semeny pochazejicimi
Z jinych klimatickych podminek. Poslednim dil¢im cilem této prace bylo odhalit

efekt pohlavi na preference.

Znaky semen se méni v pribéhu doby, po kterou setrvavaji v padé. Je mozné, ze
tyto zmény ovliviuji i preference predatord. Prace Saska et al. 2020, Agronomy
10:448 méla za cil detekovat zmény v morfologii (hmotnost, velikost, tvar a
hustota) a zivotnosti semen, kterd setrvala v uméle vytvofené¢ plidni zdsobée
semen po dobu 1 - 8 let. Dal§im cilem této prace bylo za pomoci logistického

modelu popisujiciho zmény v piezivani v ¢ase piedpoveédet 5% a 50% preziti
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populace semen (PTO5 a PT50). Po zjisténi stavu znak semen Vv ptdni bance
byly tyto poznatky pouzity ve vysledku Saska et al. 2019, EJE 116:133 - 140,
ktery mél za cil porovnat preference strevlikovitych broukid mezi semeny
Cerstvymi a zakopanymi po dobu 6 let v ptidni zasob¢é semen. Jako modelové
druhy predatort byly zvoleny Pseudoophonus rufipes (De Geer, 1774), Amara
littorea C. G. Thomson, 1857 a Harpalus affinis (Schrank, 1781). Tyto tfi druhy
byly vybrany, protoze se liSi v mife potravni specializace. Jednou z hypotéz
bylo, Ze generalisté budou pozirat zakopana i Cerstva semena stejné a néktera
zakopand semena dokonce vice, nebot’ zakopana semena ztrati nékteré prvky své
ochrany pted predatory. Pfedpokladame, Ze specialisté budou pozirat jen nékteré
druhy semen a jejich specializace se z(Zi na Cerstvd semena, nebot’ zakopana
semena mohou ztratit atraktivitu. Posledni otazkou této prace bylo, zdali ke
zménam preferenci predatorti semen mezi zakopanymi a Cerstvymi semeny

dochazi z divodu morfologickych zmén v semenech.

Na predaci a preference stfevlikit mohou mit také vliv mikroorganismy, které se
vyskytuji na semenech a uvnitf semen. Prace Saska et al., PLSO-under review
m¢éla za cil najit zmény v zastoupeni druhti bakterii v ¢erstvych semenech oproti
semenum, ktera setrvala v uméle vytvofené pudni zasobé po dobu dvou let.
Prace dale ukazuje na zménu znaklli zakopanych semen (hmotnost,
zivotaschopnost) v interakci s atraktivitou pro modelového predatora, kterym

byl Pseudoophonus rufipes (DeGeer).
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6. Literarni prehled

6.1. Stievlikoviti brouci

Stievlici jsou brouci (Coleoptera: Carabidae), jejichz velikost téla dosahuje od
nékolika milimetrii aZ po nékolik centimetri. Ziji v pfirozenych i &lovékem
obhospodafovanych habitatech, jako jsou napf. pole, louky, lesy (Frank et al.,
2011, Kromp, 1999). Do této &eledi fadime cca 30 tisic druhd. V Ceské republice
je dokumentovano vice nez 500 druht (Huarka, 1996). Stéevlici jsou systematicky
fazeni do podiadu masozravi (Adephaga), piesto ne vSechny druhy poZiraji
pouze zivocisnou potravu (Bilde and Toft, 1998). Mezi stievliky mizeme najit
druhy, které jsou omnivorni, karnivorni i Cisté herbivorni. Herbivorni druhy
stfevliki konzumuji semena, plody, pyl nebo listy (Hengeveld, 1980, Lundgren,
2009). Nékteré druhy stievlikti maji velmi specifickou potravu, napt. jen semena
jedné celedi rostlin, ackoliv vétSina stievlikll je pomérné polyfagni (Kromp,
1999, Thiele, 1977). U mnoha i zcela béznych druht neni slozeni jejich potravy
ani preference dosud popsano, coz je vzhledem k vyznamu této celedi

v ekosystémech prekvapivé.

Z hlediska funkce v zemédé@lstvi jsou stievlikoviti brouci zdrojem piirozené
regulace skodlivych organismu v polnich porostech, kde poziraji vajicka, larvy,
kukly i dospélce skudct (Kromp, 1999). Dale jsou to jedni z mala organismtl,
kteti jsou schopni regulovat suchozemské plze (Bohan et al., 2000). Piedevsim
vSak pomahaji regulovat ptidni zasobu semen (anglicky ,,seed bank*) (Carbonne
etal., 2020, Bohan et al., 2011). Na rozdil od jinych predatord semen nevykazuji
tzv. ,,ecosystem disservises” (v ¢eStiné navrhujeme terminem ,,ekosystémové
Skody* (Foffova et al. — 2021)), tj. situace, kdy nékteré druhy zivocichu pfi
poskytovani ekosystémové sluzby zaroven Skodi (napf. hrabosi v porostech
obilnin) (Tschumi et al., 2018). Stfevlikoviti, na rozdil od jinych Zivodichu,
vétsinou poziraji semena z povrchu pudy (Kulkarni et al., 2015) jesté pred tim,

nez se semena dostanou do pidni zasoby.

6.2. Co se déje se semeny v pudni zasobé?
Po dozrani semen na matetské rostling a nasledné disperzi se vétSina uvolnénych
semen dostane na povrch pidy. Mnoho semen je schopno vyklicit okamzitg. Jina

se za pomoci vnéjsich vektori (napf. orba, eroze) (Mayer et al., 2002) dostavaji
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do tzv. pidni zasoby semen (Baskin and Baskin, 1998), kde ¢eli neptiznivym
abiotickym vlivim a antagonistim. Mnozstvi semen alokovanych V piidni
zéasob¢ se lisi mezi stanovisti a hloubkou pidniho profilu. Nejvice semen se
nachazi v hloubce do 30 cm od povrchu pudy (Harrison and Law, 2012, Reuss
etal., 2001).

Semena mohou setrvavat v padni zasob¢é po celou fadu let (Thompson and
Grime, 1979, Burnside et al., 1996, Conn et al., 2006). Existuji dva hlavni
zpusoby, jak klasifikovat druhy semen podle doby setrvani v ptidni zdsob¢. Prvni
klasifikaci je d¢leni na tzv. sezonni a trvalou dlouhovekost semen v ptidni zasobé
(napt. Thompson et al., 1998). Sezénni dlouhovekost semen v ptidni zasob¢ je
zaznamenana U semen na dané lokalité¢ jen po kratkou sezonu (napi. letni
sezonu). Nasledné semena ztrati svou zivotnost. Trvala dlouhovékost semen je
zjisténa u semen, ktera v ptdni zasob¢ pietrvavaji po celou fadu let (Thompson,
1987). Druhym moznym délenim pidni zasoby semen podle dlouhovekosti je
rozdé€leni do tii kategorii - kratkodoba, sttednédoba a dlouhodoba zasoba semen
(Mikulka et al., 2005, Grime et al., 1990, Thompson et al., 1997). Kratkodobou
zivotnost maji semena, ktera kli¢i béhem kratkého obdobi do jednoho roku od
uvolnéni z matetské rostliny, napf. podbél lékatrsky (Tussilago farfara L.).
Stfednédobou zivotnost maji semena, ktera kli¢i do 5 let od vstupu do plidni
zasoby, napf. pampeliska lékafska (Taraxacum officinale L.). Semena s
dlouhodobou Zivotnosti jsou schopna ptezit v pudé vice nez 5 let od vstupu do
pidni zasoby, napi. konopice rolni (Galeopsis tetrahit L.) (Grime, 1979,
Thompson et al., 1997, Mikulka et al., 2005). Doba zivotnosti v pud¢ se lisi i u
riznych morf semen heterokarpickych druhti (napt. Atriplex sagittata Borkh.)
(Mandak and Holmanova, 2004).

Udaje o dlouhovékosti semen jsou mezi jednotlivymi pracemi velmi variabilni.
Ilustrovat to mizeme na piikladu laskavce ohnutého (Amaranthus retroflexus
L.). Mikulka et al. (2005) uvadi, Zze semena laskavce ohnutého vydrzi v padeé 3-
10 let. Oproti tomu Kohout (1997) uvadi, ze semena piezivaji od 1 do 10 let,
avSak vétSina semen ztrati zivotnost v prvnich tfech letech (Kohout, 1997).
Nejdelsi dobu piezivani semen laskavce ohnutého (40 let) uvadi Priestley
(1986). Tato variabilita mize byt vysvétlena stanovistém a specifickymi

vlastnostmi sledované populace (Thompson et al., 1997, Honek et al., 2011), ale
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i metodami, které byly pro detekci zivotnosti semen pouzity (hloubka zakopani,
zpusob ulozeni semen, promichani se substratem nebo pocet pouzitych semen)

(Borza et al., 2007, Baskin and Baskin, 1998) .

Variabilita dlouhovékosti semen se vyskytuje nejen mezi jednotlivymi druhy
stejné Celedi, ale i mezi jedinci stejného druhu. Pfi kategorizaci dlouhovékosti
semen se pouziva striktni rozdéleni do nékolika skupin, které neni piesné. Cast
populace Zije déle nezli zbyla ¢ast populace. Nelze proto na problematiku
zivotnosti semen v pid€ nahlizet skrz diskrétni kategorie, nebot podil
zivotaschopnych semen ziejm¢ klesd nelinedrné s dobou stravenou v pidni
zasobé (napt. Burnside et al., 1996, pti¢emz u n€kterych druhli semen zlstava
zivotaschopny maly zlomek ptivodni populace semen jesté po dlouhou dobu.
V literatufe se zacCalo pouzivat exponencialniho modelovani pfezivani semen
(napf. Conn et al., 2006, Mahajan and Chauhan, 2021, Lutman et al., 2002),
nicméné exponencidlni kiivka (Conn et al., 2006) neni zpravidla schopna
zachytit nerovnomérné tempo poklesu zivotnosti v populaci V Case.
Problematika pravdépodobnosti pfezivani semen v pudni zasob¢ byla studovana
v praci Saska et al. 2020, Agronomy, 10:448. Tato prace popisuje a kvantifikuje
zménu v morfologii a zivotaschopnosti semen 26 druht bylin. Dale doklada, ze
zivotnost semen neklesa linedrn€ s dobou setrvani v ptid€. U semen zakopanych
v uméle vytvorené pudni zasob¢ nasledné stanovuje odhad doby pteziti pro 50 a
5 % populace semen (PT50 a PT05) na zakladé modelovani za pomoci logistické

regrese.

6.3.  Zivotnost, Stirnuti semen a piisobeni mikroorganismi na semena

Semena, kterd nevyklic¢i, zGstavaji v pidé, podléhaji starnuti nebo svym
antagonistim. Postupné dochazi k vyCerpani zasobnich latek a k nevratnym
defektim (morfologickym, metabolickym a chemickym zménam; vcetné
peroxidace lipidii nebo poskozeni DNA) (Jyoti and Malik, 2013). Béhem doby
setrvani v pidé semena mohou ménit sviij objem, velikost, hmotnost i kli¢ivost.
Tyto zmény jsou V literatufe popsany jen ¢asteCné, prestoze by tyto
zmény semen mohly napomoci pochopeni mezidruhové a mezipopulacni
variability v Zivotnosti a umoznit pfedpovédét zivotnost semen jednotlivych

druht.
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O zivotnosti a dlouhovékosti semen rozhoduji faktory, které délime na vnitini a
vngjsi. Mezi vnitini faktory fadime genetickou vybavu (Mondoni et al., 2014),
ktery reflektuje fylogenetické zatazeni do ¢eledi a druhti (Walters et al., 2005).
Dale mezi vnitini faktory fadime fyziologické, chemické a metabolické znaky
semen (Shelar, 2008). Mezi vnégjsi faktory fadime podminky prostiedi v daném
roce (teplota, mnozstvi vody substratu atd.) (Kremer, 1993), utuzeni pudy
spojené se zménou koncentrace CO; (Kohout, 1997) a piitomnost rtznych
antagonistii semen v ptidé. Mezi nejcastéjsi antagonisty semen fadime predatory

semen nebo mikroorganismy.

Predatoti semen jsou schopni najit semena i v pudé (Vander Wall, 1998, Dalling
pudy (Gallandt et al., 2005). Ve vétsing védeckych studii se setkavame s predaci
erstvych semen. Cerstvymi semeny myslime ta semena, ktera dozrala v daném
roce (napt. Westerman et al., 2003, Honek et al., 2007, Chauhan et al., 2010).
V literatufe je jenom malé mnozstvi studii zabyvajicich se predaci semen, ktera
se z pudni zasoby semen dostala zpét na povrch pudy (za pomoci orby nebo
eroze). Prace Martinkova et al. (2006) se zabyva predaci 6 druhti semen
z riznych celedi, které setrvaly v pidni zdsobé po dobu 6 mé&sicli. V praci byla
zjiSténa zmeéna v preferencich stfevlikit jen u 2 druhii semen (Taraxacum
officinale Weber a Tripleurospermum inodorum (L.) Sch. Bip.). Je mozné, Ze po
6 mésicich v ptidé nedochazi u zbylych semen k takovym zménam ve znacich
semen, které by ovlivnily preference stfevliki. BohuZel neexistuji dlouhodobé
studie, které by popisovaly tento fenomén u semen, ktera setrvala v ptdni zasobé
po fadu let. Pro pochopeni zmén v preferencich predator vznikla prace Saska
et al. 2019, EJE, 116:133 — 140., ktera se zabyva rozdilem v preferencich
sttevlikti mezi Cerstvymi a zakopanymi semeny (po dobu 6 let), diky cemuz je
mozné sledovat zménu v preferencich stievlikil na semena, ktera setrvala v padni
zéasobe po fadu let. Tato prace také zaznamenava probehlé zmény znaka semen

a jejich vliv na vybér semen strevliky.

V pudé jsou semena napadana mikrobidlnimi antagonisty (houbami a
bakteriemi). Semena jsou nejcastéji kolonizovana houbami z rodu Aspergillus,
Penicillium nebo Fusarium (Kremer and Schulte, 1989). Tyto houby produkuji

celou skalu mykotoxint (Jyoti and Malik, 2013). Ty mohou nasledné zabranit
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kliceni ¢i zplsobit odumieni semena. Z bakterii se na semenech nejcastcji
vyskytuji bakterie z kmene Proteobacteria (Jang and Kikuchi 2020) a
Firmicutes (Truyens et al., 2015). Druhové zastoupeni jednotlivych skupin
mikroorganismil a jejich pocetnost je v pid¢ velmi variabilni. Variabilita je
zpusobena vlastnostmi pudy, jako je pH nebo chemické slozeni (Long et al.,
2009). Dale mohou druhovou variabilitu mikroorganisma v pudé ovlivnit i
rostliny kofenici v blizkosti semen, kde jsou mikroorganismy ovlivnény
kofenovymi exudaty (Chee-Sanford et al., 2006). Tyto exudaty maji ruzné
chemické slozeni v zavislosti na druhové skladbé daného spolecenstva
(Klironomos, 2002). Svij vliv na slozeni mikroorganismu a jejich na kolonizaci
semen V pudni zasobé ma i ¢lovék a jeho systém hospodaieni na dané lokalité
(Bekker et al., 1998, Davis et al., 2005). Vétsina mikroorganismi Zijici na
semenech nebo uvnitt semen ma vliv na fyziologii i morfologii kolonizovanych
semen (Dalling et al., 2011, Long et al., 2015), kdy mohou deformovat osemeni
nebo snizovat kli¢ivost. Mikroorganismy mohou byt pro semena i prospésné,
nebot’ mohou narusit osemeni a tim semeno muze snaze vyklicit (Delgado-
Sanchez et al., 2011). Nicméné pro druhy semen (napf. Abutilon theophrasti
Medik., nebo Chenopodium album L.), které se postdisperzni mortalité brani
predevs§im tvrdym oplodim nebo osemenim, mize byt naruseni osemeni fatalni

(Dalling et al., 2011).

cey

Mikroorganismy zijici na povrchu nebo uvnitf semen mohou spoluvytvaret
mikrobiom traviciho traktu predatord semen, v¢etné stievliki (Lundgren and
Rosentrater, 2007). Tyto mikroorganismy se podileji na traveni semen. Pomahaji
predevsim pii traveni tézko stravitelnych latek (napft. celuldza nebo lignin), které
se vsemenech vyskytuji (Schmid et al., 2015, Lundgren, 2009). Studium
mikrobiomu jednotlivych druhti (nejen predatorii semen, ale i semen samotnych)
a jeho vztah k potravni ekologii je vsak stale na pocatku. Zda se, Ze jsou to praveé
mikroorganismy, které mohou meénit preference v diet¢ mezi jedinci stejného
druhu (Bredon et al., 2021). Abychom byly schopni Iépe pochopit mikrobiom
semen a jeho vliv na preference stievlikti vznikla prace Saska et al., PLSO —
under review. Ta se zabyva zménami v bakterialnim mikrobiomu semen

cerstvych oproti sementim, kterd setrvala v pid¢€. Prace se dale snazi zjistit, zda
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Ize zmény v bakterialnim mikrobiomu semen V souvislosti se setrvanim v pidé

asociovat se zménami v preferencich stievliki.

6.4. Predace semen a preference stirevliki

Semenozravost se nejhojnéji vyskytuje u druhd z tribd Zabrini a Harpalini
(Goldschmidt and Toft, 1997), avsak na predaci semen se podili i cela fada
dalsich taxonomickych skupin (napf. Honek et al., 2003, Saska et al., 2019,
Lundgren, 2009). Nekteré druhy stfevlikii poziraji semena jen pfilezitostné
(Kamenova et al., 2015). Nedavné vysledky molekularnich testi regurgitatt
stfevlikd ukazuji, ze velké mnozstvi omnivornich druht strevliki (napt. Poecilus
cupreus (Linnaeus, 1758)) konzumuje semena mnohem castéji, nez jsme se
doposud domnivali (Frei et al., 2019). Kazdy predator semen ma urcité
preference pii vybéru semen (napt. Honek et al., 2007, Lundgren, 2009, Saska
et al., 2019). Preference jsou mezi jednotlivymi druhy sttevlikl variabilni. Mezi
stfevliky existuji druhy, které je mozné zatadit podle jejich potravy mezi
generalisty (napf. Pterostichus melanarius (llliger, 1798)), ale najdeme mezi
stfevliky i potravni specialisty (napf. rod Ophonus nebo nékteré druhy rodu
Amara), ktefi se zaméfuji pouze na semena jedné ¢eledi. Thiele (1977) shrnul,
ze rod Amara spp. preferuje semena ¢eledi Brassicaceae, zatimco rod Ophonus
se zaméfuje na semena ¢eledi Apiaceae. Je ziejmé, Ze preference predatort jsou
uzce spojeny se znaky semen a se schopnosti predatora tato semena nalézt a
sezrat. Ne&ktefi predatoti synchronizovali dobu svého rozmnozovani nebo dobu
svoji nejvyssi abundance s dobou, kdy je vyskyt preferovanych semen nejvyssi.
Piikladem muze byt druh Harpalus pensylvanicus (DeGeer, 1774), ktery ma
synchronizovanou dobu rozmnozovani s dobou dozravani semen trav (Tooley
and Brust, 2002), nebo dospélci druhu Amara montivaga Sturm, 1825, kteti byli
nejvice odchytavani do zemnich pasti v dob&é po dozravani semen rodu

Taraxacum (Honek et al., 2005), na néz se specializuji (Saska, 2015).

Stfevlici nejcastéji preferuji semena =z Celedi Asteraceae, Brassicaceae,
Caryophylaceae, Violaceae nebo Urticaceae (napi. Honek et al., 2003, Saska et
al., 2019). Larvy jsou potravné specializovanéjsi nezli dospélei (Lovei and
Sunderland, 1996, Allen, 1979). U mnoha druht stievlikd neni potrava larev
plné znama. Je tomu piedevSim kvili obtiZnému chovu larev mimo pfirozené

podminky. Neé&které druhy larev stfevlikii jsou dokonce natolik vazany na

20



specifickou slozku potravy, ze pokud ji nedostavaji, nejsou schopny dalsiho

vyvoje (Saska, 2005).

Preference predatorti semen byly sledovany v mnoha experimentech, ve kterych
bylo testovano mnoho druhi semen sriznou kombinaci druhti strevliki.
Bohuzel u nékterych druhti (jak semen, tak stievlikt) byly experimenty s danou
kombinaci semen a predator provedeny jen jednou. Mezi nejcastéji pouzivana
patii semena druhi Viola arvensis (Murray) (napt. Petit et al., 2014, Tooley et
al., 1999), Capsella bursa-pastoris (L.) Medicus (Petit et al., 2014), Taraxacum
officinale Weber (napt. Saska et al., 2010, Honek et al., 2011), Chenopodium
album L. (napt. Swanton et al., 1999, Navntoft et al., 2009). Velmi dobie jsou
preference jednotlivych druhti stfevliki zpracovany v tabulce 9.1 v praci
Lundgren (2009).

Mnozstvi sezranych semen je vSak ovlivnéno vnéjSimi podminkami, napf.
systémem hospodaieni, geografickou lokalitou, ¢asovym obdobim (napi. Davis
et al., 2013, Sarabi, 2019). Piesto Honek et al. (2007) odhadli, ze stfevlici jsou

schopni sezrat az 1000 semen na jeden metr ¢tverecni denné.

6.5. Proces nalézani semen a obrana semen V jednotlivych krocich

Diky své imobilit¢ si rostliny musely vytvofit velké mnoZstvi obrannych
mechanismi pro své pieziti a rozSifovani. Semena na rozdil do zelenych rostlin
nemaji takové moznosti fyziologicky indukované obrany (Bennett and
Wallsgrove, 1994, Bari and Jones, 2009). Z tohoto divodu je nezbytné, aby
mateiské rostliny vedle strategie mnoZstevni nadprodukce semen alokovaly ¢ast
energetickych zdroju preventivné do pasivnich obrannych mechanismti semen
(Baskin and Baskin, 1998). Jejich povaha je jak mechanicka (napf. tvar, tvrdost
semennych obali a mnoho dal$ich) (Lundgren and Rosentrater, 2007), tak
chemicka (pfedevsim sekundarni metabolity) (Tiansawat et al., 2014). Vyhodou
mechanické obrany proti chemické obran€ semen je to, Ze neni tak energeticky
naro¢na jako chemicka obrana (Davis et al., 2008). Pfes tyto investice je
antagonisty semen znic¢eno az 90 % z kazdoroéni produkce semen (Fenner and
Thompson, 2005). Obranné vlastnosti semen ovliviyji jejich dormanci a s ni

spjatou persistenci v pudé (Dalling et al., 2011, Shirley, 1998). V literatufe jsou
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popsany jednotlivé vlastnosti semen branici semena pied jejich antagonisty.

Nicméné celkovy systém obrany semen neni detailné€ popsan.

Do dnesni doby nevime, jak ptesné dochazi k nalézéani a rozhodnuti predatora
semeno napadnout a sezrat. Na zaklad¢ dosavadnich poznatkt byly jednotlivé
kroky hypotetické sekvence rozdéleny do nasledujicich podkapitol: nalezeni
semen, hodnoceni semen po nalezeni, otevirdni semen a pozirani semen.

V jednotlivych krocich jsou popsany moznosti obrany semen.

6.5.1. Nalezeni semen

Jak jiz bylo zminéno, o zplsobu, jakym stfevlici vyhledavaji semena a
vyhodnocuji jejich atraktivitu jako zdroje potravy, mame zatim pouze omezené
informace. Mizeme vSak ptfedpokladat, Ze tento proces bude podobny jako u
ostatnich predatort (nap¥. Zaguri and Hawlena, 2020, Maureaud et al. 2020).
Cely proces vyhledavani je pravdépodobné zahdjen ¢ichovymi a zrakovymi
podnéty (Kulkarni et al., 2017, Law and Gallagher, 2015). Pti hledani kofisti
predatofi nejspiSe vyuzivaji semio-chemikalii pochézejicich ze semen. Tyto
chemické latky mohou slouzit pro jednotlivé predatory bud’ jako atraktanty, nebo
repelenty. Orientace stfevlikii za pomoci volatilnich latek byla zjisténa pii
vyhledavani semen (Law and Gallagher, 2015, Kulkarni et al., 2017) i zivo¢isné
kofisti (napf. msic, larev a slimaku (Thomas et al., 2008, Kielty et al., 1996)).
Doposud vSak bylo popsdno jen omezené mnozstvi latek, které by mohly byt

atraktivni pro stievlikovité brouky.

Semena maji dostatecné silné a Siroké osement, které nepropusti plyny ze semen,
tak aby je predatofi semen nemohli jednoduSe nalézt. Sila a tlouStka osemeni
vychazeji z jejich fylogenetické pribuznosti. AvSak znaky osemeni se muzou
ménit s momentalnim stavem semen. Pfi zméné stavu znakii osemeni (tvrdosti a
propustnosti pro plyny), ke které dochazi pti bobtnani semen, se miiZze zvySovat
obsah volatilnich latek, které se uvoliiuji ze semen. Diky vys§i mife uvolnovani
volatilnich latek mohou byt stievlici schopni nalézt semena snadné&ji, nez kdyz
jsou semena v suchém stavu (Davis et al., 2008, Law and Gallagher, 2015). Bylo
zjisténo, Ze nabobtnald semena uvoliluji vice oxidu uhlicitého, alkohold,
aldehydu, alkanu, ketont (Linton and Wright, 1993) nebo etylénu (Mattoo and
Suttle, 1991). Ve védecké literatuie doposud nebylo potvrzeno, ze by poskozena
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semena mohla vypoustét jesté vice semio-chemikalii, ale naznacuje tomu ¢lanek
(Briese and Macauley, 1981), kde bylo zjisténo, Ze mravenci snadngéji naleznou
poskozend nez nepoSkozend semena. Pro zjisténi zmén v preferencich
stievlikovitych brouki byla vytvotena prace Foffova et al. 2020, Acta Zoologica
Academiae Scientiarum Hungaricae, 66:37 - 48. Ta ukazuje, jak se preference
stfevlikovitych 1isi v zavislosti na momentalnim stavu semen (zda jsou semena

poskozend, nabobtnal4 nebo sucha).

Semena se pfed svymi predatory mohou ,,ukryvat“ i za pomoci své velikosti.
Mala semena snadné&ji zapadnou do puklin v pidé¢ a pro jejich predatory je tak
mnohem obtiznéjsi je najit (Benvenuti, 2007), pfesto je predatofi mohou najit

za pomoci volatilnich latek, které semena produkuji.

6.5.2. Hodnoceni semen po nalezeni

Pted otevienim nalezenych semen se predator rozhoduje, zda jsou atraktivni ¢i
ne. Semena muzou na svém povrchu disponovat prvky mechanické obrany
anebo latkami, které mtzou predatora jesté odradit od pozirani semene (napf.
vosky nebo mastné kyseliny) (Bewley and Black, 1982). Nicméné vliv téchto
latek na predatory semen neni objasnén. U celé fady semen neni ani zjisténo,
jaké latky maji semena na svém povrchu, a jak tyto latky mohou ovlivnit

preference stievliki na nalezend semena.

Mechanickou ochranou na povrchu semen myslime riizné vybézky, trichomy
nebo drobné trny (Werker, 2000, Baskin and Baskin, 1998), popiipadé
dfevnaténi ¢asti plodt (Groom and Lamont, 1997) tak, aby znepfijemnily nebo
upln€é zamezily pozirani semen. NeEktera semena maji na svém povrchu
mucindzni bunky, které mohou slouzit jako ochrana proti predatoram, ale i pro
jejich disperzi (napt. u jitrocele, Plantago spp.; (Grime et al., 1990). Pti
nabobtnani semen dochézi k aktivaci téchto mucindznich bun¢k a dochézi

k prilepeni celého semene k povrchu.

6.5.3. Otevieni semene

Pokud predator pfekona mechanickou i chemickou obranu na povrchu semene,
dojde k pokusim semena rozlousknout. Rozlousknuti semen je ovlivnéno
tloustkou a tvrdosti osemeni. Tvrdost semen se velmi 1i§i mezi jednotlivymi

druhy semen na zakladé jejich fylogenetické pfibuznosti a tvaru. Odolnost proti
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rozlousknuti vsak nezéavisi jen na tvrdosti osemeni, ale i na velikosti semen
vetsi, u nekterych druhti je potieba vyvinout tlak az 2000x vétsi nez u vétSich
semen (Fricke and Wright, 2016). Pokud jsou semena nabobtnal4, sila nutna

k jejich rozlousknuti je mensi nezli u suchych semen (osobni pozorovani).

S tvrdosti a tloustkou osemeni také souvisi dlouhovékost semen. Cim je osementi
slabsi a tenci je jeho tloustka, tim je vySsi Sance napadeni semen antagonisty
(Davis et al., 2008). Bohuzel u vétSiny druhti neni zmétena sila potiebna k jejich
rozlousknuti, ptitom poznatky o sile potiebné k rozlousknuti semene by mohly
odhalit, jak jsou semena nachylna k predaci. Dalsim fyzikalnim znakem semen,
ktery mize zabranit predaci, je jejich tvar (Thompson et al., 1993). Diskovita
semena (napf. rod Amaranthus) jsou pomérmné tvrda a nékterym predatorim
semen d¢la problém je rozdrtit. Oproti nim plocha semena jsou jednodussi kofisti

(Moles et al., 2003, Thompson et al., 1997).

6.5.4. Pozirani semen
Pokud predator rozlouskne semeno, vyhodnocuje nutri¢ni slozeni semene (Crist
and Macmahon, 1992, Pizo and Oliveira, 2001), mnozstvi $krobd, bilkovin, oleji
(Gaba et al., 2019), sekundarnich metabolitli nebo mastnych kyselin (Paulsen et
al., 2013, Rhoades, 1979, Hulme, 1996, Janzen, 1971). Z makroprvkl se na
obran¢ semen pred antagonisty podili vy$si koncentrace dusiku. Semena majici
vy$$i obsah dusiku maji vétsi Sanci na preziti (Grubb et al., 1998), nebot’ jsou to
semena nestravitelnd a pro nékteré druhy dokonce toxicka. Ze
sloucenin mikroprvkli se jednd napiiklad o silicidy akumulované v embryu

(Panza et al., 2004).

Kromé jednotlivych prvki se na obrané¢ semen pied predatory podileji
sekundarni metabolity. Ty rostlinAm mimo jiné slouzi i jako ochrana pied
herbivory (napf. Carmona et al., 2011). Sekundarni metabolity se mohou d¢lit
Z hlediska kvality na toxiny (vyskytujici se v malych davkach, majici pfimou
toxicitu) a na Spatné stravitelné latky (vyskytujici se ve vysokych koncentracich,
majici vliv na vyvoj nebo traveni herbivorid) (Rhoades, 1979, Janzen, 1971).
Ackoliv sekundarni metabolity hraji ve vztazich mezi organismy vyznamnou

roli, o koncentraci téchto latek, nebo alespont o zastoupeni jednotlivych latek
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v semenech, je doposud zdokumentovano jen velmi malo informaci. Tyto
chemické latky obsazené v semenech mohou predatora v této fazi odradit od
dalsi konzumace, nebo jej dokonce otravit (Pond, 2013). Ziejme vSak ne vSechny
chemické latky semen budou odpuzovat vSechny druhy predatorti. Odpovéd

predatorti na chemické latky v semenech bude nejspise druhove specificka.

Pro lepsi pochopeni vyznamu jednotlivych znaki semen pro preference
stievlikovitych broukii byl vyuzit existujici dataset preferenci stievlikovitych
broukt (Honek et al., 2007, Saska et al., 2019), ktery byl doplnén o morfologické
(velikostni parametry semen a sila potiebna k rozlousknuti semen) a
fytochemické znaky semen (obsah masnych kyselin, obsah latek na povrchu
semen a zastoupeni volatilnich latek). Komplexni analyzou tohoto unikatniho
datasetu (Foffova et al. 2020, Insects 11:757) bylo zjisténo, jaky vliv maji tyto
znaky semen na preference stievlikovitych brouki. Diky témto informacim
bychom mohli Iépe pochopit, Vv ¢em spociva rozdilna atraktivita semen pro

predatory.
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Simple Summary: The carabid beetles are well known for the consumption of weed seeds in arable
land, but how they choose the seeds is poorly known. In this work, we try to explain the patterns in
preferences of 37 species of carabids based on eight seed properties of 28 species of seeds. Surprisingly,
chemical properties of the seeds did not affect the preferences. Instead, preferences were driven
mainly by seed structural properties. The importance of particular seed properties was also affected
by the degree of predator specialization.

Abstract: Ground beetles are important invertebrate seed predators in temperate agro-ecosystems.
However, there is a lack of information regarding which seed properties are important to carabids
when they select seeds for consumption. Therefore, seed properties, such as size, shape, morphological
defence, and chemical composition, were measured, and in addition to seed taxonomy and ecology,
these data were used to explain carabid preferences. Carabid preferences were assessed using
a multi-choice experiment with 28 species of weed seeds presented to 37 species of Carabidae.
Multiple regression on distance matrices (MRM) was used to determine the importance of particular
sets of seed properties for carabids. The analysis was conducted for the full set of carabids (37 species)
as well as for subsets of species belonging to the tribes of Harpalini or Zabrini. For the complete
set of species, seed dimensions, seed mass, taxonomy, plant strategy, and seed coat properties
significantly explained carabid preferences (proportion of explained variance, R? = 0.465). The model
for Harpalini fit the data comparably well (R? = 0.477), and seed dimensions, seed mass and seed
coat properties were significant. In comparison to that for Harpalini, the model for Zabrini had much
lower explanatory power (R? = 0.248), and the properties that significantly affected the preferences
were seed dimensions, seed mass, taxonomy, plant strategy, and seed coat properties. This result
suggests that the seed traits that carabids respond to may be specific to taxonomic and likely relate to
the degree of specialisation for seeds. This study contributes to understanding the mechanisms that
determine the preferences of carabid beetles for seeds.

Keywords: preference; ground beetles; weed seeds; seed properties
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1. Introduction

Ground beetles (Coleoptera: Carabidae) are among the most important groups of weed seed
predators in temperate agro-ecosystems where they help to reduce weed seeds. These granivorous
species of arable land mainly belong to the tribes Harpalini (e.g., genera Harpalus, Ophonus, Acupalpus,
Stenolophus, or Anisodactylus) and Zabrini (genera Amara and Zabrus) [1,2], but species from other
groups consume seeds as well. Recent findings suggest that granivory is more widespread within
this family than previously thought [3,4]. Species that are specialised seed feeders often show distinct
seed preferences [5]. Species of Zabrini prefer seeds of Asteraceae, Brassicaceae, or Caryophyllaceae,
and they seem to be more selective than species of the tribe Harpalini, which prefer seeds of Violaceae
or Asteraceae [6,7]. Many species of these families are considered to be problematic weeds. However,
the knowledge on what drives the preferences is not fully understood. Predator identity, taxonomy,
body size, size of mandibles [8,9], seed size, and other seed properties may affect carabid preferences
for seeds. Understanding the driving factors of the preferences would potentially improve our ability
to predict which seeds are the most vulnerable to which predators.

Seeds are usually unevenly scattered on the ground or aggregated in patches near the mother
plant; therefore, insect seed predators have to locate the seeds or patches of seeds. However, the seeds
try to resist predators. The defence of seeds against predators is divided into two main groups,
morphological and chemical traits, which inevitably interact with each other and influence seed
dormancy and persistence in soil [10,11], and in this way influence predation in the long term [12].

Although the information on the cues seed predators use is scarce and we hypothesized that
the process that ultimately leads to seed predation is similar to the one described for other types of
predators [13-15]. The typical process of prey location by an insect predator usually includes several
steps, each having typical sets of cues involved. Visual or olfactory cues may be important when
searching for seeds [16-19]. Utilising (semio-)chemicals is a common means of communication within
food webs [20-22]. How important itis for seed predation is poorly understood. Few studies have shown
that ground beetles detect volatiles from other animals, such as aphids, springtails, or slugs [23,24],
as well as from plants [25,26] and probably seeds [16,17,24]. The chemical properties of seeds may
change the behaviour of seed predators (serve as attractants or as repellents). The detection rate may be
affected by the properties of seed coats because some are impermeable to gases, chemical compounds,
or water [27]. This rate can also be affected by the level of imbibition [16] because the imbibed seeds
release different amounts of volatile compounds, including carbon dioxide, alcohols, aldehydes, alkane,
ketones, volatile acids [28], or ethylene [29], which can potentially attract or repel beetles.

Seeds vary in their morphological properties, such as mass, size and shape; as well as defensive
structural traits. These properties affect seed interception and handling by a predator. Seed mass [30-32]
and size [6,33-35] are major drivers in seed selection by ground beetles and there is a relationships
between carabid body size and seed size or mass [6,7]. Larger seeds might be more apparent to
predators [36], and they also stay on the soil surface for longer than smaller ones [37,38]. Seed shapes
can also affect predation but has never been studied. The smaller, round seeds are able to escape seed
predation more than flattened ones [31,39,40]. Round seeds fit better in cracks in the soil where they
can escape predation [41]. In comparison to flat seeds, round ones can also be harder to handle because
they pop out of mandibles (e.g., seeds of Amaranthaceae) [6].

Once seeds are found, a predator is expected to evaluate seed attractiveness. The chemical profile
of the seed surface is often important in this process [17,22]. Waxes or fatty acids present on the seed
surface [42] may drive a predator’s decision to feed on it or not [43,44]. Other surface compounds
could also affect seed predation. Other surface compounds contain mostly long-chain alkanes or their
branched counterparts, which are common constituents of plant waxes [45]. These compounds protect
seeds from physical, temperature-related, or water damage to ensure that the plant seed remains
in a state of dormancy [46]. Once a predator attempts in feeding, crushing and opening a seed is
further affected by physical traits, such as thickness [5] or the strength of the seed coat [5,47]. These are
seemingly related, but this is not necessarily the case (for example, seed coats can be relatively thin
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but hard, e.g., Silene latifolia alba (Mill.) Greut. et Burdet, or thick but soft, e.g., Fumaria officinalis L.).
This type of physical defence is potentially more effective, and in comparison to other types of
defences, less costly for the plant [48]. A higher investment in a seed coat may increase post-dispersal
survival [10,11,48]. That seed coat thickness can be an adaptive defensive trait is supported by
the finding of Benkman [49], who documented stronger seed coats in environments with predators
rather than without predators. There is also a positive relationship between seed mass and seed coat
thickness [50] as well as the interaction among seed size, mass, and strength of seed coat [5]. There may
also be an interaction between seed coat hardness and shape, which may explain seed preference [9].

After successfully opening, a predator further evaluates the nutritional composition of a
seed (amount of starches, proteins, oils, secondary metabolites, fatty acids, etc.) [22,42,51-55],
which stimulates or deters the predator from additionally feeding on conspecific seeds. Some of the
chemical compounds can be distasteful or poisonous for their predator (e.g., opium and L-dopa) [56],
but insects have evolved systems to detoxify these compounds. In fact, we know only very little about
this hypothetical sequence of events leading to the destruction of a seed by the mandibles of insect
seed predators.

In addition to seed chemical and morphological properties, plant taxonomy [6] and the life cycle
strategy of plants [57] are important determinants of predator preferences. The sister taxa of plants
may be more attractive for seed predators than taxa unrelated ones [6], likely because related seeds
have similar properties.

The aim of this study is to explore which weed seed properties are decisive for preferences of
carabid beetles. We focus on properties related to seed size, shape, mass, and morphological defence;
seed chemical properties (volatile compounds, fatty acids, and other surface compounds); and seed
ecology and taxonomy.

2. Materials and Methods

2.1. Seed Material

A set of 28 species of weed seeds was used (Table 1). Each year, the seeds were hand-collected de
novo from the parental plant at full maturity using laboratory gloves. The seeds were cleaned from
dust and admixtures of non-seed plant particles by blowing, dried at room temperature (25 °C for
30 days) and then stored in the freezer (—21 °C) until the experiments.

2.2. Preference Experiments

The preferences of 37 species of carabids were evaluated (Table 1). The preferences were
determined based on a cafeteria experiment described in Honék et al. [6] and Saska et al. [7]. The seeds
of 28 species of weeds (Table 1) were presented on tin trays filled with white modelling clay (JOVI,
Barcelona, Spain). The seed trays were arranged in two concentric rings in Petri dishes (20 cm in
diameter) with 10 beetles for five days. The seed consumption was counted daily, after which it was
summed and standardised to remove the effect of carabid body size on the total consumption and be
able to compare data across the species [6]. Standardisation was performed by converting the actual
consumption of seed to the proportion of the most consumed seed.

2.3. Measurement of Seed Morphological Traits

Seed mass was measured by weighing 100 seeds on a balance to a precision of 10~ g (Sartorius,
Gottingen, Germany). Seed dimensions were measured following Bekker et al. [38], using a digital
calliper and five seeds per species: A—the longest dimension, B—the longest dimension perpendicular
to A within the same plane, and C—the longest dimension perpendicular to the plane of A and B.
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Table 1. List of the model organisms that were used in the preference experiment. The plant taxonomy
was based on Kubat et al. [58] while that of carabids on Hiirka [2].

Plants Carabids
Species Family Species Tribe
Amaranthus retroflexus L. Amaranthaceae Acupalpus meridianus (Linnaeus) Harpalini
Arctium lappa L. Asteraceae Amara aenea (DeGeer) Zabrini
Arenaria serpyllifolia agg. Caryophyllaceae  Amara anthobia (A. Villa et G.B. Villa) Zabrini
Bidens tripartita L. Asteraceae Amara apricaria (Paykull) Zabrini
Campanula trachelium L. Campanulaceae Amara aulica (Panzer) Zabrini
Capsella bL;;;[sg;lp astoris (L.) Brassicaceae Amara bifrons (Gyllenhal) Zabrini
Chenopodium album L. Amaranthaceae Amara consularis (Duftschmid) Zabrini
Cichorium intybus L. Asteraceae Amara convexior (Stephens) Zabrini
Cirsium arvense (L.) Scop. Asteraceae Amara convexiuscula (Marsham) Zabrini
Consolida regalis S.F. Gray Ranunculaceae Amara eurynota (Panzer) Zabrini
Crepis biennis L. Asteraceae Amara familiaris (Duftschmid) Zabrini
Descurainia sophia (L.) Prantl Brassicaceae Amara ingenua (Duftschmid) Zabrini
Fumaria officinalis L. Papaveraceae Amara litorea (C.G.Thomson) Zabrini
Galinsoga parviflora Cav. Asteraceae Amara montivaga (Sturm) Zabrini
Galium aparine L. Rubiaceae Amara ovata (Fabricius) Zabrini
Lapsana communis L. Asteraceae Amara sabulosa (Audient-Serville) Zabrini
Leonurus cardiaca L. Lamiaceae Amara similata (Gyllenhal) Zabrini
Lepidium ruderale L. Brassicaceae Amara spreta (Dejean) Zabrini
Melilotus albus Med. Fabaceae Anisodactylus signatus (Panzer) Harpalini
Potentilla argentea L. Rosaceae Calathus ambiguus (Paykull) Sphodrini
Silene latifolia alba (Mill.) Carvophyll Calath ) G Sphodrini
Greut. et Burdet yophyllaceae alathus fuscipes (Goeze) phodrini
Sisymbrium loeselii L. Brassicaceae Harpalus affinis (Schrank) Harpalini
Stellaria media (L.) Vill. Caryophyllaceae Harpalus atratus (Latreille) Harpalini
Taraxacum officinale agg. Asteraceae Harpalus distinguendus (Duftschmid) Harpalini
Thlaspi arvense L. Brassicaceae Harpalus honestus (Duftschmid) Harpalini
Trip le;tggsgi;ﬁﬁrs_éqgéorum Asteraceae Harpalus luteicornis (Duftschmid) Harpalini
Urtica dioica L. Urticaceae Harpalus rubripes (Duftschmid) Harpalini
Viola arvensis Murray Violaceae Harpalus signaticornis (Duftschmid) Harpalini
Harpalus subcylindricus (Dejean) Harpalini
Ophonus azureus (Fabricius) Harpalini
Parophonus maculicornis (Duftschmid) Harpalini
Pseudoophonus griseus (Panzer) Harpalini
Pseudoophonus rufipes (DeGeer) Harpalini
Pterostichus melanarius (Illiger) Pterostichini
Stenolophus teutonus (Schrank) Harpalini
Trechus quadristriatus (Schrank) Trechini
Zabrus tenebrioides (Goeze) Zabrini

These dimensions were used to calculate indices that describe seed shape, flatness, eccentricity,

and volume. The shape of the seed was calculated as in Bekker et al. [38], Vs = },

=2
_x)
——, where x

represents a division of either A, B, or C through A and X as their mean, and 7 is 3. vs. ranges from 0
for perfectly spherical seeds to 0.2 for seeds shaped like a thin disc or spindles. The flatness of the
seeds [59] was calculated as FI = %. FI ranges from 1 for a complete sphere to higher values for
plane-like or spindle-like seeds. The eccentricity of the seeds [59] was calculated as EI = %. El ranges
from 1 for round seeds to values > 2 for spindle-like seeds. The volume of the seeds was calculated as
V=A+B+C[59].

Seed coat thickness was measured using a light microscope on sections of seeds. Dry seeds were
infiltrated with a 2% sucrose solution for six hours at room temperature, mounted onto cryo-gel on the

alum chuck, and sectioned using a cryotome (Shandon SME, Astmoor, UK). Sections were observed
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using an Olympus BX51 microscope (Olympus Corp., Tokyo, Japan) and documented with an Apogee
U4000 digital camera (Apogee Imaging Systems, Inc., Roseville, CA, USA). Five seeds of each species
were measured 10 times. The strength of the seed coat was measured on an MTS 02 (Aviko Praha,
Praha, Czech Republic), which measures the force developed by the instrument to crack the seed coat
[N]. For each species, 10 seeds were measured.

2.4. Chemical Analysis of Seeds

Seeds were subjected to detailed chemical analysis, which differed in the targeted groups of
compounds and methods used to detect them. The targeted groups of compounds were considered to
be perceived by carabids either from a distance or during handling seeds and included surface waxes,
amino acids, and volatile compounds.

Fatty acids from the ground seeds (total fatty acids) as well as from seed surfaces were isolated and
derivatized into corresponding volatile methyl esters and then quantified via gas chromatography—mass
spectrometry (GC-MS) [60-62]. The isolation protocol was optimised for a small-scale experiment
using ~50 mg of seeds for surface fatty acids and ~25 mg of seeds for total fatty acids. After isolation
with a chloroform:methanol (2:1) mixture, the fatty acids were trans-esterified with a sodium methoxide
solution into corresponding methyl esters and then extracted into n-hexane. The solvent was then
removed under reduced pressure. Dry samples were dissolved in n-hexane containing 0.1% n-undecane
as an internal standard for normalization of chromatographic conditions. All samples were analysed
in triplicates. Identification and quantification of fatty acid methyl esters (FAMEs) in seed samples
was accomplished via an internal standard calibration curve for 35 FAMEs (Supelco, Darmstadt,
Germany). The single ion monitoring (SIM) mode was used for identification and quantification of
each particular analyte.

Other surface compounds (waxes, alkanes, phytosterols, etc.) were isolated by dipping 50 mg
of intact seeds into chloroform for 30 s [45]. After filtration, chloroform was evaporated under
reduced pressure, and isolated compounds were dissolved into n-hexane containing 0.1% n-undecane
as the internal standard for normalization of chromatographic conditions. Each seed sample was
analysed in triplicate, and the results are presented as the percentage content of chloroform soluble
surface compounds.

The volatile compounds from plant seeds were isolated and detected by the static headspace
technique. For the analysis, sets of dry and imbibed seeds were used. Imbibed seeds produce other
chemical compounds because of the start of the chemical processes during germination. The dry seeds
were stored in the freezer. The imbibed seeds (0.5 g of each species) were incubated for 24 h at 25 °C
before measurement. Volatile compounds released by seeds were pre-concentrated during incubation
into headspace vials, and, therefore, we were able to detect them via a common GC-MS platform.

2.5. Ecology and Taxonomy of Plants

Information on plant ecology (annual, biennial, annual-biennial and perennial) and taxonomic
placement were determined from the literature [58,63].

2.6. Data Analyses

The multiple regression on distance matrices (MRM) approach (ecodist package [64] for R
version 3.4.1 [65]) was used for data analysis. MRM was preferred over other methods because
it allows the regression of a response matrix on multiple explanatory matrices [66]. Raw matrices
were created according to the nature of the data and possible correlation between the variables,
presumed mechanisms behind the expected influence on the preferences, and methods used to
generate them. Most of the available data were formed as two-dimensional matrices with seed
species as rows and measured quantities as columns. We considered the following matrices for the
initial exploration: carabid preferences (response matrix), seed mass (mass of 100 seeds in grams),
seed dimensions (dimensions of the seed on axes A, B, and C), seed shape (indices of seed shape,
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flatness, eccentricity and volume), seed coat (seed coat thickness and strength), plant taxonomy (family
of plants), plant strategy, volatile compounds from dry seeds, volatile compounds from imbibed
seeds, fatty acids from seed surface, total fatty acids, and other surface compounds. Before the MRM
approach can be applied, raw data matrices must be converted into distance matrices using the vegan
package [67]. Bray—Curtis dissimilarities were used to convert the seed preference matrix because
consumption was standardised on a scale of 1 to 0. The Mahalanobis distance was used for matrices of
seed dimensions, seed coat, surface fatty acids, total fatty acids, volatile compounds from dry seed,
volatile compounds from imbibed seeds and other surface compounds because these factors contain
continuous numerical variables. The data matrices of seed mass, taxonomy and plant ecology were
transformed to distance matrices by using the specified distance measurement. Prior to the analysis,
the correlation between the dissimilarity matrices was explored by using Mantel’s permutation test for
similarity of two matrices (999 permutations). The following matrices were excluded since they showed
correlation with other matrices: seed shape (with seed dimensions; p > 0.001), volatile compounds
from dry seeds (with volatile compounds from imbibed seeds; p > 0.009), and fatty acids from seed
surface (with other surface compounds and taxonomy; p > 0.011). The distance matrix for carabid
preferences was used as a response, and the following distance matrices were used as explanatory
terms: seed dimensions, seed mass, seed coat, taxonomy, plant strategy, total fatty acids, other surface
compounds and volatile compounds from imbibed seeds. Three different models were fitted that
differed according to the carabid preference distance matrix: (i) one model was based on the full set
of 37 carabid species, (ii) another model was calculated only for the species of Harpalini (15 species),
and (iii) the final model was calculated only for the species of Zabrini (18 species). The variances
with associated p-values from the multiple regressions were obtained using Legendre et al. (1994)’s
permutation test with 9999 permutations [68]. The level of significance to reject the null hypothesis
was set to o < 0.1.

3. Results

3.1. Preferences of Carabids

Seed consumption varied among the species of carabids [7]. The highest preferences by Harpalini
were on seeds of Cirsium arvense, Viola arvensis, and Cichorium intybus, while tribe Zabrini preferred seeds
of Turaxacum officinale, Tripleurospermum inodorum, or Crepis biennis. The small seeds of Brassicaceae were
preferred by small carabids of both tribes. The standardized consumption of all species is in Table S1.

3.2. Morphological Analysis of Seeds

The seed mass of 100 seeds ranged from 0.08 g (Potentilla argentea L.) to 8.72 g (Arctium lappa L.)
(Table S2). The seed dimensions were diverse and ranged from 9.076 + 1.264 mm (dimension A of
Bidens tripartita L.) to 0.272 + 0.372 mm (dimension C of Arenaria serpyllifolia agg.). The shape index
ranged from 0.171 + 0.002 (B. tripartita) to 0.005 + 0.003 (Fumaria officinalis L.). The flatness index ranged
from 13.496 + 0.73 (B. tripartita L.) to 1.144 + 0.052 (F. officinalis L.) (Table S2). Eccentricity ranged from
6.319 + 0.322 (Crepis biennis L.) to 1.03 + 0.012 (Stellaria media (L.) Vill.). The volume ranged from
16.932 + 0.926 mm? (A. lappa) to 0.058 + 0.006 mm?> (A. serpyllifolia) (Table S2). The strength of the
seed coat varied among the species and families as well. The seeds of Galium aparine L required the
greatest amount of power (99.47 + 16.818 N) to crush the seed coat, and Urtica dioica L. required the
least amount of power to crush the seed coat (1.14 + 0.533 N). The seed coat thickness ranged from
0.138 + 0.043 mm (A. serpyllifolia) to 0.017 + 0.006 mm (G. aparine) (Table S2).

3.3. Chemical Analyses of Seeds

The majority of the 35 fatty acids from the FAME standard mixture was detected in the analysed
seeds (Tables S3 and S4). The greatest concentration of all fatty acids was found in the seeds of
Galinsoga parviflora Cav. (467.75 + 8.40 mg/g dry weight), while the lowest concentration was extracted
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from G. aparine (33.39 + 1.26 mg/g DW). The major fatty acid in all seeds analysed was unsaturated
linoleic acid, which accounted for ~50% of the total fatty acids quantified. The composition of the
surface fatty acids varied between the species more than the composition of total fatty acids (Tables S3
and 54). The highest content of the sum of all surface fatty acids was found in the seeds of Cirsium arvense
(114.12 + 3.21 mg/g DW). Other species had a lower content of surface fatty acids. The lowest amount
of all surface fatty acids (6.07 + 0.32 mg/g DW) was found in Amaranthus retroflexus L. (Table S4).
Some of the fatty acids were found just in one species (e.g., cis-5, 8, 11, 14, 17-Eicosapentanoic acid in
Lapsana communis L.).

Thirteen volatile compounds were detected in seeds (Tables S5 and S6). The amounts of volatile
compounds varied between dry and imbibed seeds. The highest amount of volatile compounds was
found in the seeds of Sisymbrium loeselii L. (4.8% of determined volatiles); while no volatile compounds
were detected in A. retroflexus (Table S5). The highest amounts of volatile compounds were found
in seeds of S. loeselii (4.83% of determined volatiles), and the lowest amount was found in seeds of
A. retroflexus, where 0.03% of volatiles were detected (Table S6).

Nineteen other surface compounds (Table S7) were detected in the seeds including long-chain
alkanes or their branched counterparts, with significant amounts of phytosterols, such as (3-sitosterol,
were detected. The composition of the other surface compounds also varied between the species.

3.4. Relationships among Carabid Preferences and Seed Properties

The full model on standardized consumption included matrices on seed mass, seed dimensions,
seed coat, seed taxonomy, plant strategy, other surface compounds, total fatty acids, and volatiles
released from imbibed seeds. The model explained the variation in consumption across the range of
carabid species (R2 = 0.465, p = 0.001; Figure 1a), with the following matrices contributing significantly
(at the level of @ = 0.1) to the explained variance: seed dimensions (p < 0.001), seed coat (p < 0.001),
taxonomy (p = 0.035), seed mass (p = 0.054), and plant strategy (p = 0.058).

However, by re-running the analysis separately for the two major taxonomic groups of carabids,
Zabrini and Harpalini, we found specific responses. The model for Harpalini fit the data comparably
well to the global one (R? = 0.477, p = 0.001; Figure 1b), with the following matrices contributing
significantly: seed dimensions (p < 0.001), seed coat (p < 0.001) and seed mass (p = 0.062). In no
model did seed phytochemistry significantly influence the seed preferences of the carabid beetles
included in this study. The model for Zabrini had much lower explanatory power (R? = 0.248, p = 0.001;
Figure 1c), with the following matrices contributing significantly: seed coat (p = 0.002), seed dimensions
(p = 0.005), taxonomy (p = 0.005), plant strategy (p = 0.036), and seed mass (p = 0.075).
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Figure 1. Contribution of the matrices of seed traits to seed preferences of carabid beetles based on a
multiple regression on distance matrices (MRM) approach. The horizontal bars indicate the proportion
of explained variance by a particular variable in the data. The collinearity shows part of the variation
explained by the model, but which cannot be attributed solely to any of the single factors. (a) Full set of
the 37 species of carabids (proportion of explained variance, R> = 0.465, p = 0.01). (b) Species of the
tribe Harpalini (R? = 0.477, p = 0.001). (c) Species of the tribe Zabrini (R? = 0.248, p = 0.001); * p < 0.1,
**p <0.05, *** p < 0.001.

4. Discussion

Seed properties, such as seed dimensions, mass, taxonomy, plant strategy, and physical seed
coat traits were the most important properties affecting the preferences of carabid beetles in this
study. The seed dimensions explaining over 13% of the preferences was the main factor affecting seed
selection [6,33,34], even when other properties are considered. The interaction between seed size and
the mass of carabids should not, however, be overlooked [6,7,53]. The size of the seeds also affects their
chemical properties, such as the oil content or stored energy [55], which may affect seed predation.

The properties of the seed coat were also important because the seed coat protects seeds against
predators. To open seeds, many species of carabids have evolved broad mandibles with large
adductors [69] and bases that are generally triangular. The shape of mandibles varies among the tribes.
Species of Harpalini have more asymmetrical mandibles than those of Zabrini. Quadrate mandibles
with broadly rounded incisors and a basal face suggest an omnivorous diet in most Harpalini [70].
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Species of the tribe Zabrini have short, square-shaped mandibles that are blunt at the tips, and are more
adapted for crushing hard seeds [8]. This can explain why the seed coat properties were important
properties for seed preference by Harpalini (13% of explained variance) but less so for Zabrini (5% of
explained variance).

Seed preferences by species of the studied Zabrini species were related to seed taxonomy,
which probably drove the significant response for the entire species set because for the tribe Harpalini,
seed properties related to their taxonomy did not appear to be a significant determinant of preferences.
This result is in line with the previous findings that Harpalini are less specialised than Zabrini [6].
Our results suggest that the seed traits to which the carabid seed predators respond may be species-
or higher taxon-specific and perhaps dependent on the degree of carabid specialisation for seeds.
Since Zabrini species are more specialised [6,71] to a narrower range of seeds, often with the same
ecology or from the same family, the variables that appeared to be the most influential for preference
determination were unexpected. On the other hand, Harpalini species (Figure 1b) are more generalists;
therefore, it is ecologically sound that seed mass and dimensions would be the major variable explaining
the variation among the matrices of traits for this tribe.

Seed chemistry did not seem to play a crucial role in seed selection by carabid beetles.
Although other studies [16,24] have determined that volatiles originating from seeds can attract
seed predators, our data do support these observations. There may be several reasons for this lack
of support. The seeds used in the multi-choice experiment were dried and mounted on modelling
clay [6], which could have limited the amount of volatiles released from the seeds [28,29] compared to
those present on the soil surface. The other reason for this difference could be due the cold storage
of seeds prior to seed preference assays. Although cold storage does not affect seed viability [72,73],
defrosting could have potentially changed the qualitative and quantitative aspects of seed chemical
ecology. This needs to be studied. The seeds could have been contaminated by fungi or bacteria [74],
which also release their own suite of chemicals. In fact, ethanethiol that was found in the headspace
of the tested seeds in our work suggests that some seeds were contaminated, most likely with
methanogenic bacteria [75,76]. However, this occurrence should not be considered a problem because
in the field, seeds are also colonised by microorganisms [77,78], so the interaction among seeds,
microorganisms, and seed predators should be considered a natural component of seed predation and
represents an interesting direction for future research.

5. Conclusions

Our data suggest that seed morphological properties are more important than chemical properties
in determining the preferences of granivorous carabid beetles. Seed dimensions and seed coat properties
were among the most important seed properties affecting carabid preferences. The preferences varied
between the taxonomical groups of predators that differ in the degree of specialisation. This paper
expands the knowledge on how seed defences influence seed preferences of carabid beetles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/11/11/757/s1,
Table S1: Preferences of carabids, Table S2: Morphological properties of the seeds, Table S3: Surface fatty acids
from seeds, Table S54: Total fatty acids from seeds, Table S5: Volatiles from imbibed seeds, Table S6: Volatiles from
dry seeds, Table S7: Other surface compounds.
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Seed predators are an integral part of agroecosystems, where they can reduce the popu-
lations of weeds. The preference of predators for seeds and the observed predation rate
may be affected by the properties of seeds (e.g. taxonomy, chemical composition, physical
defence). In this work, we focused on seed consumption of Taraxacum officinale Web. and
Stellaria media (L.) Vill,, from France and the Czech Republic, by three species of ground
beetle that are seed predators (Coleoptera: Carabidae): Poecilus cupreus (L.), Pterostichus
melanarius (Illiger) and Anchomenus dorsalis (Pontoppidan). The seed species were offered
in arenas, simultaneously, under three different experimental manipulations of moisture
and seed coat conditions: dry and intact, water-imbibed and intact, and water-imbibed
with a damaged seed coat. Seed consumption was checked after 0.5, 1, 2, 24, and 48 hrs of
exposure. Anchomenus dorsalis largely refused to feed on seeds. Taraxacum officinale seeds
with damaged coats were most preferred by the remaining two species of carabids. The
consumption by P. cupreus of T. officinale seeds with damaged coats increased from 0.18%
after 0.5 hrs to 83.83% after 48 hrs, and by P. melanarius from 13.76% after 0.5 hrs to 76.77%
after 48 hrs. Seeds of S. media were consumed less. There was a significant difference in
consumption rates due to the country of origin of the seeds, but there were no differences
between the carabid sexes. That carabids preferred water-imbibed and damaged seeds
may suggest an involvement of olfactory clues in the seed selection process, and/or shorter
seed-handling times.

Keywords: carabid beetle, weed seeds, preference, imbibed seeds, seed predator, granivory.

INTRODUCTION

Ground beetles are one of the most important seed predator groups in
agroecosystems (ToorLey & Brust 2002, GALLANDT et al. 2005, HoNEx et al.
2005,). Seeds constitute a vital part of the diet for both adults and larvae (Sas-
KA 2005, 2008, KrLiMmEs & Saska 2010). Seed predators can remove 18 to 70% of
seeds produced annually (WEesTERMAN et al. 2003) thus they can reduce the
input of seeds into the soil bank in arable fields (Bonan et al. 2011). Numerous
factors affect seed predation and selection by carabid beetles, such as seed size
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(ForsyTHE 1983, AcorN & Barr 1991), seed mass (Honex et al. 2007), seed coat
thickness (LUNDGREN & RoseENTRATER 2007), chemical composition (BEwLEY &
Brack 1982, Janzen 1982, HuLME 1996), time after ripening of the seeds (Saska
et al. 2019a), the hardness of seeds (van pErR ME1rj & Bout 2000) and state of
seed imbibition (Law & GaLLAGHER 2015), amongst others. One understudied
effect is the geographical origin of the seed. Both physical and chemical prop-
erties of seeds may vary among locations ( WipmeR et al. 2007, HE et al. 2020),
which may influence the seed choice by granivores (HoNEex et al. 2011).

The attributes of the ground beetle predator may also affect seed consump-
tion. There is a positive correlation between the mass of the carabid and the
mass of the most preferred seeds (HoNEek et al. 2006, Saska et al. 2019b). The sex
of the carabid also influences seed consumption, with females consuming more
seeds than males ( MARSHALL & MooNEN 2002, Sasakawa 2010, Saska et al. 2010,
Kurkarnt et al. 2015), probably because they require more energy for repro-
duction. Dietary preferences are also influenced by the evolutionary history of
carabids: species of the tribe Zabrini prefer seeds of Asteraceae, while those of
the tribe Harpalini may feed upon seeds of the Violaceae and other Asteraceae
usually not selected by the Zabrini (Honex et al. 2007, Sasxa et al. 2019b).

Carabids seem to use olfactory (Law & GALLAGHER 2015) and tactile cues
(KieLTy et al. 1996) when searching for seeds. The type or amount of chemical
cues released from seeds might be affected by conditions of the seeds, e.g. the
state of the seed coat or the levels of imbibition. Many seed predators are not
able to detect seeds with an impermeable coat, most likely because chemical
cues are not released from the seed (VANDER WALL 1998). Beetles appear to
prefer water-imbibed seeds over the dry seeds (KuLkarnt et al. 2016, 2017)
because the olfactory cues of the previous are stronger and the handling time
of these seeds is also shorter (personal observation).

There is a lack of information about the preferences of carabids for seed
species in interaction with water-imbibed seeds or seeds with a damaged
seed coat. In this study, we conducted a multiple-choice test to determine
the preference of the three carabid species: Pterostichus melanarius, Poecilus
cupreus and Anchomenus dorsalis. Although the representatives of the genera
Pterostichus, Poecilus and Anchomenus are commonly regarded as predomi-
nantly carnivorous species, they have been frequently observed to consume
seeds (GorLpscumIpT & Torr 1997, Honek ef al. 2003, HursT & Doserskr 2003,
DEerOULERS & BRETAGNOLLE 2019). The presence of plant DNA in carabid re-
gurgitates of P. melanarius and P. rufipes was found to be substantial (>70% of
individuals) and independent of carabid species, sex, region and the time of
sampling (Frerx et al. 2019). In particular, P. melanarius has been described as
a generalist predator (Bonan et al. 2000, LANGAN et al. 2004, BARGMANN et al.
2016), but this species also consumes weed seeds (TooLEy et al. 1999, HoNEK
et al. 2003). P. melanarius has been found to readily accept fresh, dry and im-
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bibed seeds of Brassica napus (Koprpova et al. 2012). On average, P. melanarius
consumed three seeds of S. media seeds in 48 hrs in a cafeteria test (TooLEy et
al. 1999). P. cupreus is known as an omnivorous species (LOVEI & SUNDERLAND
1996, Honex et al. 2003, BARGMANN et al. 2016, Saska et al. 2019b). Very little is
known about seed consumption of A. dorsalis. This species consumed 1.7+1.4
seeds of Capsella bursa-pastoris during a three days experiment (Honex et al.
2003). Because it is one of the dominant species in European agroecosystems,
the capacity of this species to eat seeds is worth exploring.

The preferences of the three different conditions of seeds (dry/intact,
imbibed/intact and imbibed/damaged) were tested on three different species
of carabids, separately for each sex. We expected: (i) carabid species-specific
responses to particular species of seed; (ii) specific responses to the different
seed conditions; (iii) sex-specific consumption; and (iv) that geographical ori-
gin of the seeds would affect consumption.

MATERIAL AND METHODS

Ground beetles

Three species of carabids were used in this study: Pterostichus melanarius, Poecilus
cupreus and Anchomenus dorsalis. These species were selected because they are amongst the
most abundant carabids in arable fields in France. The ground beetles were collected us-
ing pitfall traps from two field edges on the INRAe experimental farm near Dijon, France
(47.233°N, 5.097°E) between the end of September and October 2018. We used 160 trapped
individuals of each species for the experiments. Beetle identification was made accord-
ing to Hurka (1996). Carabids were starved for 3 days before the trial. The beetles were
individually kept in plastic containers (7.5 cm in diameter) covered with a lid at room
temperature to standardise their hunger level (LUNDGREN & RoSENTRATER 2007) and water
was provided by placing a wet cotton roll on the bottom.

Seeds

We used seeds of Taraxacum officinale (Asteraceae) and Stellaria media (Caryophyl-
laceae); species that have previously been used for experimentation with adults as well as
larvae of carabid beetles (HoNexk ef al. 2005, Saska 2008, Petit et al. 2014). The seeds of T.
officinale are obconic achenes 2.5 x 0.9 mm long on average (BojNaNskY & Farcasova 2007),
and are rich in proteins (25.65%), lipids (27.86%) and carbohydrates (23.05%) (BRETAGNOLLE
et al. 2016). The seeds of S. media are round, ca. 1 mm diameter (BojNANSKY & FARGASOVA
2007), and have lower protein (16.44%) and lipid (5.19%) content than T. officinale, but are
higher in carbohydrate (65.22%) (BRETAGNOLLE et al. 2016). Seeds from the Czech Republic
(collected near to CRI, Prague, 50.086°N, 14.302°E) and France (collected near to INRAe
Dijon, 47.316°N, 5.068°E) were used. All seeds were dried at room temperature (22 °C) for
4 weeks. Plant identification was made according to KusAr et al. (2002).
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Experiment design

The effects of seed species, conditions, location of origin and the sex of the beetles,
and all interactions, on seed consumption by ground beetles, were tested in a multi-choice
experiment. The experimental arenas consisted of Petri dishes (14 cm in diameter) lined
with moist filter paper on the bottom. Both species of seeds, T. officinale and S. media, were
placed simultaneously in each arena. Three seed conditions were used: dry/intact, imbibed/
intact and imbibed/damaged. To assure that the dry treatment seeds remain dry at the time
of exposure, they were placed into the arena immediately before the start of the trial. The
water-imbibed seeds were left to soak on wet filter paper for 24 hrs before the start of the
trial. The imbibed/damaged seeds were first imbibed on filter paper for 24 hrs, after which a
small hole was made through the seed coat using an entomological pin number 0 (0.35 mm
in diameter), so the seeds remained viable (confirmed by conducting a parallel germination
test on a subset of 20 seeds per species and country; data not shown). Each condition was
replicated five times per dish, so 30 seeds were presented at a time (Fig. 1). The French and
Czech seeds were examined separately. The photoperiod was set for 10 hrs light/14 hrs dark
and constant temperature of 17 °C, in order to prevent any temperature effect on seed con-
sumption (Saska et al. 2010). The experiment was conducted from the end of October to the
beginning of December 2018. Individual beetles were released into arenas and the remain-
ing seeds were counted after 0.5, 1, 2, 24, and 48 hrs. Any seed that was more than half-eaten
was considered eaten and removed, as were the empty seed coats.

Statistical analysis

The statistical analysis was performed by generalised mixed effects models in R ver-
sion 3.5.3 (R Core Team) using the package glmmTMB (Brooks et al. 2017). Since A. dorsalis
ate very few seeds (a total of 89 out of the 4800 seeds offered), the data for this species
were not analysed. The preferences of P. melanarius and P. cupreus were tested separately.
Since the data contained a high proportion of zeros, we fitted models using the binomial
and beta-binomial distributions, with or without terms that accounted for zero-inflation,
and with or without arena as a random factor (because the consumptions of different seed
conditions within the same arena were not independent from each other). Models based
on beta-binomial distribution without the zero-inflation term and with random effect were
superior (justified by the change in Akaike Information Criterion). As the preferred models
did not show any signs of overdispersion and zero-inflation (checked using the DHARMa

dry/intact
T. officinale

imbibed/intact
S. media

imbibed/damaged
S. media

imbibed/damaged  imbibed/intact
T. officinale T. officinale

dry/intact
S. media

Fig. 1. Design of the testing arena
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package; HarTiG 2016), beta-binomial models were used in the subsequent steps of model
simplification. Significance of individual terms in the models was assessed using the Ano-
va function from the car package (Fox & WEIsBERG 2019).

RESULTS

Seed consumption was affected by seeds species and conditions, and it
varied between the carabid species (Table 1). For P. melanarius, seed preference
was affected by seed conditions, species and geographical origin. There were
also significant two- and three-way interactions between seed conditions and
seed origin, and seed species, seed conditions and geographical origin (Table
2). Seeds of T. officinale were preferred more than S. media. Dry/intact seeds
were consumed significantly less than imbibed/intact and imbibed/damaged
seeds. The seeds from France were consumed significantly more than the
Czech seeds. There was no effect of the sex of the beetle (Table 2).

Poecilus cupreus also preferred seeds of T. officinale. Dry/intact seeds were
the least consumed seed conditions followed by imbibed/intact seeds. There
was a significant interaction between seed species and seed conditions, as
well between seed conditions and seed origin (Table 3). There was also no
significant difference in consumption between the sexes of the beetles.

Table 1. The mean proportions (95% confidence intervals) of consumed seeds by two
species of carabids in 48 hrs.

Species of carabids/ Stellaria media

Condition of seeds

Taraxacum officinale

France Czech Republic France Czech Republic
Pterostichus melanarius
Imbibed/damaged 0.401 0.208 0.712 0.761
(0.304,0.507)  (0.142,0.294)  (0.571,0.821)  (0.629, 0.856)
Dry/intact 0.312 0.096 0.803 0.187
(0.226,0.412)  (0.059,0.151)  (0.683,0.886)  (0.107, 0.304)
Imbibed/intact 0.217 0.166 0.67 0.224
(0.149,0.304)  (0.110,0.241)  (0.522,0.790)  (0.132,0.353)
Poecilus cupreus
Imbibed/damaged 0.196 0.102 0.853 0.702
(0.113,0.317) ~ (0.054,0.187)  (0.656,0.946)  (0.456, 0.868)
Dry/intact 0.144 0.061 0.843 0.361
(0.080, 0.245)  (0.030,0.119)  (0.642,0.942)  (0.168, 0.612)
Imbibed/intact 0.135 0.078 0.751 0.241
(0.075,0.232)  (0.039,0.149)  (0.506, 0.899)  (0.101, 0.474)
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Table 2. The minimum model for the seed preference of Pterostichus melanarius determined
after 48 hrs. Generalised mixed-effects model with beta-binomial distribution was used.

Variables X2 Df P

Seed species 181.872 1 <0.001
Seed conditions 45.223 2 <0.001
Seed origin 14.207 1 <0.001
Seed species x Seed conditions 2.799 2 0.246
Seed species x Seed origin 3.421 1 0.064
Seed conditions x Seed origin 36.934 2 <0.001
Seed species x Seed conditions x Seed origin 26.784 2 <0.001

The cumulative proportion of seeds consumed increased over time (Fig.
2). The most preferred seeds were those of T. officinale with imbibed/damaged
seed coat. The consumption of these seeds differed between carabid species:
P. cupreus consumed 0.18% of the seeds after 0.5 hrs, while P. melanarius con-
sumed 13.76% of the seeds over the same time period. The consumption of
these seeds, regardless of seed origin, gradually increased and P. cupreus and
P. melanarius consumed 83.83% and 76.77% of seeds after 48 hrs, respectively.

o after 0.5 h o after 1 h o after2 h o after 24 h e after 48 h

Seed consumption of S. media by P. melanarius

Seed consumption of S. media by P. cupreus

< <
n o o
B ¢ ~
o © 7] ¢ ¢ o 7] ¢
» o | ° ) U e | .‘ .‘ [
- © 1L —» oo ) OO* o1 0 ees) ees]
GE’ dry/intact  imbibed/intact imbibed/damaged dry/intact  imbibed/intact imbibed/damaged
3
S Seed consumption of T. officinale by P. melanarius Seed consumption of T. officinale by P. cupreus
o o o
5 o ©
c o + S T
9 o ©
1('5' o + o
< <
S o + + S
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Seed condition

Fig. 2. Average cumulative consumption rate by carabids during the time of 0.5, 1, 2, 24, and

48 hrs. Each point represents the mean consumption, and the vertical bars represent 95%

confidence interval. Points within particular seed condition are spaced based on log(time
of exposure). Note that the ranges of y-axis differ between the top and bottom panels.
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Table 3. The minimum model for the seed preference of Poecilus cupreus determined after
48 hrs. Generalised mixed-effects model with beta-binomial distribution was used.

Variables x> Df P

Seed species 293.469 1 <0.001
Seed conditions 26.124 2 <0.001
Seed origin 4.347 1 0.037
Seed species x Seed conditions 7.039 2 0.029
Seed conditions x Seed origin 6.462 2 0.039

The seed consumption of S. media was lower than the consumption of T. offici-
nale. The most preferred seeds of the S. media sets were the imbibed/damaged
conditions. Consumption after 48 hrs, irrespective of the origin of the seeds,
was 13.46% of seeds for P. cupreus, and 27.69% of seeds for P. melanarius.

DISCUSSION

In this study, the seed preferences of two omnivorous carabid species
were found to depend on the seed species, conditions and the geographical
origin of the seeds. Pterostichus melanarius and Poecilus cupreus consumed a
rather high number of seeds of Taraxacum officinale in our study, and both con-
sumed more of the water-imbibed than dry seeds. In other studies, carabids
also made significant preference choices for imbibed seeds (HursT & DoBERs-
k1 2003, KuLkARNT ef al. 2016).

Several mechanisms could explain why the dry and unimbibed seeds
were less consumed by carabids (Fig. 2). These seeds release less olfactory
volatiles than those that are imbibed (PauLsen ef al. 2013) and more attractive
to predators. Dry and unimbibed seeds may also deter seed predators (Car-
DINA et al. 1996), because of the chemical compounds in the seed coat. Alter-
natively, it may be that the effect of imbibition on the hardness or thickness of
the seed coat (LUNDGREN & RosENTRATER 2007), is to soften the seed coat mak-
ing penetration by the carabids relatively easier. The seeds of S. media have
stronger and harder seed coats than T. officinale, which may partly explain the
higher predation of seeds of T. officinale observed. Another mechanism may
be related to the chemical properties of seeds which are not changed during
imbibition, such as the volatile compounds (PauLsen ef al. 2013), waxes and
other secondary metabolites that are present (Janzen 1982). Both mechanisms
may also explain the increase in consumption in the case of imbibed seeds
with damaged coats. It is possible that the handling time of these seeds by the
carabids was shorter (MixHEEV & WaNzENBOCK 2010), although this was not
measured in our study.
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On average, after one day of seed exposure, consumption by P. melanari-
us was 3.44 seeds of T. officinale and 1.9 seeds of S. media, and that by P. cupreus
was 2.46 seeds of T. officinale and 0.3 seeds of S. media. The daily consumption
of T. officinale is lower than observed by (PeTrt et al. 2014). The consumption
rates observed here could be negatively affected by the relatively late time of
the year that the experiment was conducted in October. Although the experi-
ment was carried out in the laboratory, the beetles were collected in the field
near the end of their period of seasonal activity. The predation rate has been
found both to be low in the winter months (Carpina et al. 1996) and to decline
from late summer (Honexk et al. 2003). The season of the experiment could
also affect the consumption by the different beetle sexes (Honex et al. 2006)
because in the autumn females no longer need energy for reproduction.

Current information about carabid selection for seeds with different geo-
graphical origin is limited. HonEek et al. (2011) demonstrated that the locale of
seed origin played an important role in preferences of carabids. In our study,
the origin of the seed significantly affected seed consumption and preferences
by both species of carabids (Tables 1 & 2). The French beetles used in our
study preferred French seeds; unfortunately, we could not make the same
comparison with Czech beetles since these were not available at the time of
the experiment. Differential consumption by origin might be explained by
micro-species of plants (MocIE & Forp 1988). Perhaps seeds from particular
geographical regions differ e.g. in starch (WipMER et al. 2007) or oil content
(HE et al. 2020) to which local carabids respond, and this aspect of seed-pred-
ator interaction deserves further attention.
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Abstract: Seeds in soil banks can survive for many years before conditions become more suitable
for germination. Meanwhile, seeds undergo changes in morphology and viability. In this study,
we launched an artificial seed bank experiment that included 26 species of seeds. We excavated
cohorts for 6-8 consecutive years after burial (YAB) in order to determine changes in the morphology
(mass, volume, density, seed form) and proportion of fresh (thus persistent) seeds using a crush
test as a measure of persistence. The change in seed morphology was fitted by linear and logistic
regression, and the proportion of persistent seeds was fitted by logistic regression (effectively by
the binomial GLM), which enabled estimation of 50 and 5% persistence times (PT5p and PTys). We
found that in most species, seed mass, volume and proportion of persistent seeds declined with YAB,
while other morphological traits were less variable, and the decline in these traits with YAB was best
fitted with logistic regression. The decline in the proportion of persistent seeds was better fitted by the
change in mass than by YAB in some species. Among the species included in this study, PT5) ranged
from 1.2 to 10.5 years, and PTy; ranged from 2.1 to 24.3 years. These results can contribute to better
understanding of the ecology of weed seed bank persistence in soil. Describing the morphological
changes that the seeds undergo in the soil bank may improve our understanding of the biology of
seed persistence and facilitate the identification of seeds from the soil bank.

Keywords: seed survival; seed decay; seed persistence in soil; crush test; seed morphology; germination

1. Introduction

The soil seed bank represents a natural storage of plant seeds in soil, in which seeds may persist
and remain viable for many years [1]. Depending on the above-ground vegetation dynamics, soil
seed banks contain different quantities of seeds. These quantities are largest in arable land, where
numbers may exceed 10° seeds m~2, and in grasslands (up to 10* seeds m~2) [2,3]. Soil seed banks
thus provide a “back-up” for future situations when environmental conditions become more suitable
for germination (e.g., soil and canopy disturbance) and may prevent local extinction.

Plant species largely differ in the persistence of seed banks. Some species form only a transient
seed bank, as seeds that do not germinate quickly do not usually survive more than a year [2,4].
Seeds of other species remain alive for a long time, even hundreds of years [5], and form so-called
persistent seed banks [2]. Longevity correlates with seed morphology [6-9], taxonomic affiliation [10,11]
and plant ecology [12]; for example, arable species tend to have more persistent seeds compared
to forest species [4]. However, within evolutionary constraints of a species, seed persistence is
not a fixed trait, and may vary with soil disturbance, type and pH, nutrient content in soil and
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(micro-) climatic conditions such as soil moisture and temperature and depth at which the seeds are
buried [13-22]. Thus, the realized seed persistence is a combination of seed characteristics and the
immediate environment [12].

A variety of approaches have been applied to determine seed persistence in soil [2]. Studies of
changes in seed bank composition over time often rely on analyses of series of samples from sites with
known time from the last disturbance [5], which is used as a proxy of the minimum seed age. The
limitations of these studies for understanding the dynamics of seed persistence in soil lie in the fact
that the age determination of the retrieved seeds is very rough and that the initial seed cohort size is
unknown. Another common approach includes the creation of artificial seed banks by either sowing
the seeds in soil followed by repeatedly taking soil cores and viability testing the retrieved seeds [23,24]
or by burying seed bags followed by periodic exhumation and viability testing [2,14,20,25]. With
these approaches, the deterioration of the seed population can be followed, parametrized and used for
making predictions. Such studies do not usually cover more than 5-6 years [14,21], and those that
would span over longer periods of time usually do not collect data on yearly basis [22,26].

In addition to changes in viability, seeds in soil also undergo changes in external morphology [27]
caused by soil chemistry and activity of soil microorganisms. There is a lack of literature records that
would provide a qualitative description of these changes, which may include changes in colour and
loss of trichomes and other extremities or of the seed coat entirely. The little attention paid to these
changes may result from the fact that the research has focused mainly on seed persistence per se and
that morphological changes have been perceived as too descriptive and thus unimportant.

However, there are several ecological as well as practical reasons to have these changes described
for an array of seed species. In the first place, many seeds undergo physical dormancy;, i.e., they
can germinate only if the seed coat is scarified, i.e., damaged, such as by soil microorganisms or
abrasion during movement through soil. Knowing over the course of morphological changes then
may become useful for predicting the germinability of the seeds. In the second place, knowledge of the
morphological changes can be used in seed identification from soil samples, particularly in species in
which these changes are substantial. Knowledge on changes in seed morphology may become relevant
in connection with seed predation of exhumed seeds [27-29] because predators are known to select
seeds based on seed morphology [30,31]. The aim of this paper is therefore to describe and analyse
(i) seed persistence and (ii) changes in morphological seed traits in 26 species of herb seeds in the
course of 6-8 years of burial in artificial soil seed banks. Seed persistence was determined over up to 8
years spent in soil, 50 and 5% persistence times were predicted for each seed species based on logistic
regression modelling of the proportion of persistent seeds, and changes in morphological traits that
can be perceived by seed predators, such as mass, volume, density and form, were examined.

2. Materials and Methods

Seed material. Seeds of 26 species of herbs, mostly weeds, were introduced into artificial seed
banks in 2005 and 2006 (Table 1). The species of seeds were selected so they differed in morphology,
taxonomic affiliation and presumed persistence in soil, and based on availability. Seed materials
were sampled in Prague-Ruzyné (western Czech Republic) in a c. 10 X 10 km area surrounding Crop
Research Institute (CRI) and centred at 50.09 N and 14.30 E. The seeds were harvested from mother
plants by hand at full ripeness in July-October 2005 and October 2006 and stored dry at 5 °C until the
burial. Furthermore, a subset of the seeds was stored at —20 °C as a control cohort (0 years). Seeds of 9
species were buried on 8 November 2005, and the remaining 17 species were buried on 24 October
2006 (Table 1). Seed batches destined for burial for the time period of a particular length (seed cohorts)
were prepared in a standard way. Approximately 10* seeds were mixed with soil dug from a 0.6
m depth and sieved through 0.05 mm mesh, placed in bags of nylon fabric and buried at a 20 cm
depth under grassland on a ground of CRI. Mixing seeds with soil is important to prevent excessive
degradation [32], and fine sieving of the soil facilitates separation of the seeds after exhumation. Seed
material was divided into 8 (2005) or 6 (2006) batches per species. Each seed batch packed in a bag
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with soil was buried separately and connected by a nylon cord with a label on the ground surface.
Every year, one batch per seed species was exhumed, and recognizable seeds were separated from
soil, dried at 25 °C and 40% r.h., and then stored at —20 °C for experimental use (a cohort). The last
batches of seeds buried in 2005 were thus excavated in 2013 after 8 years of burial, and those buried
in 2006 were excavated in 2012 after 6 years of burial, so there were 8 or 6 burial cohorts per species,
respectively. For Crepis biennis 2011 excavation and for Plantago lanceolata 2012 excavation, no seeds

were available due to complete deterioration of the respective batches.

Table 1. Species of seeds buried in 2005 and 2006 with longevity index (LI) and seed persistence
index (SPI) calculated based on the burial data taken from [2]. Number of records indicates how

many individual data entries from the database of [3] were used for calculation of the indexes. The
nomenclature was based on Kubat et al. [33].

# Species Family Year of Burial Number of Records LI SPI
1 Amaranthus powellii S. Watson Amaranthaceae 2006

2 Amaranthus retroflexus L. Amaranthaceae 2006 7 1 3
3 Atriplex sagittata Borkh. Amaranthaceae 2006

4 Campanula trachelium L. Campanulaceae 2006

5 Capsella bursa-pastoris (L.) Med. Brassicaceae 2005 20 1 2.55
10 Chenopodium album agg. Amaranthaceae 2006 15 1 2.87
11 Chenopodium glaucum L. Amaranthaceae 2006

12 Chenopodium polyspermum L. Amaranthaceae 2006

6 Crepis biennis L. Asteraceae 2005

7 Geum urbanum L. Rosaceae 2005

8 Hyoscyamus niger L. Solanaceae 2006

9 Hypericum perforatum L. Hypericaceae 2006 1 1 3
13 Lavandula angustifolia Mill. Lamiaceae 2006

14 Leonurus cardiaca L. Lamiaceae 2005

15 Lycopus europaeus L. Lamiaceae 2005

19 Persicaria lapathifolia (L.) Delarbre Polygonaceae 2006 3 1 3
16 Plantago lanceolata L. Plantaginaceae 2006 14 0.93 2.43
17 Plantago major L. Plantaginaceae 2006 7 0.86 2.57
18 Plantago media L. Plantaginaceae 2006 1 1 2
20 Portulaca oleracea L. Portulacaceae 2006 6 1 3
21 Silene noctiflora L. Caryophyllaceae 2006
22 Silene vulgaris (Moench) Garcke Caryophyllaceae 2006 6 1 3
23 Thlaspi arvense L. Brassicaceae 2005 14 1 2.86
24 Tripleurospermum inodorum (L) oy 0g 2005 18 094 25

Schultz-Bip.

25 Urtica dioica L. Urticaceae 2005 1 1 2
26 Urtica urens L. Urticaceae 2006 3 1 3

Changes in seed morphology with duration of burial. Prior to measuring changes in seed
morphology with duration of burial, subsamples of seeds from each cohort were cleaned from fine soil
particles in an ultrasound cleaner (Sonorex RK 31, Bandelin electronic, Berlin, Germany), submerged
in water for 2 min, and dried in an oven for 24 hr at 75 °C. The following measurements were made on
seeds from each cohort:

Seed mass (M)—For each species and cohort, the average seed mass was determined based on
five batches of 20 seeds using analytical balances (CP225D-0CE, Sartorius AG, Gottingen, Germany)
with a precision of 0.00001 g.

Seed dimensions—following [19], five seeds per cohort were measured by digital scales
NTD12P-15CX (Mitutoyo Corp., Kawasaki, Japan) with a precision of 0.01 mm. The following
dimensions were measured: length (L; the longest dimension of the seed), width (W; the longest
dimension perpendicular to L within the same plane), and height (H; the longest dimension
perpendicular to the plane of L and W). Based on these measurements, the following metrics of
the seed form were calculated for each of the five seeds per combination of species and cohort, except
for density, which could only be estimated as a mean value:

Volume—calculated as V = L+ W= H [34]
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Density—calculated as D = AVA [34]; only mean values of mass and volume were used, as these
were measured on different seeds.
Shape—according to [19], the seed shape can be expressed as a dimensionless measure: Vs =

-2
y (x_nx) , where x represents a division of either L, W, and H through L and X as their mean, and 7 is 3.

Vs ranges from 0 for perfectly spherical seeds to 0.2 shaped as a thin disc or spindles.
Flatness Index—calculated as FI = (étvlp [34]. It ranges from 1 for a complete sphere to greater

values for plane or spindle like shaped seeds.

Eccentricity Index—calculated as EI = % [34]. It ranges from 1 for round seeds to values greater
than 2 for spindle like seeds.

Seed persistence in soil. Seed persistence was measured on another subsample of seeds. We
used the so-called imbibed seed crush test (ICT), which was found to be reliable for estimation of the
true viability of weed seeds [35-37]. This test was performed in order to determine the proportion of
fresh [38], i.e., persistent and viable seeds. In these seeds the seed coat does not collapse when crushed
with the tips of a pair of forceps, or have apparent and intact cotyledons or embryos when the seed
coat is broken. In other cases, the seeds were considered dead. In this test, 20 seeds per cohort tested,
and were left imbibe for 3 days in laboratory conditions (20 °C, 12 h light: 12 h dark) prior testing.

Statistical analysis. Prior to analysis, the duration of burial was expressed as a continuous
numerical vector, year after burial (YAB), and used as the explanatory variable in most of the analyses.
Frozen (control) seeds were given age 0, those exhumed after one year were given age 1, etc., so the
maximum age was 8 for seeds buried in 2005 and exhumed in 2013 and age 6 for those buried in
2006 and exhumed in 2012. YAB 1 then denotes a cohort of seeds that were buried for 1 year and so
on. The analyses were performed in R version 3.3.1 [39]. The variation in morphological seed traits
with YAB was tested within seed species by regression methods [40]. For comparative reasons across
species of seeds, the values of M, V and D were converted to relative scale against the mean values of
the respective trait for control seeds and denoted M, rV and rD (i.e., relative mass, relative volume
and relative density). The three seed form indexes were not relativized because they are inherently
dimensionless. For each species of seeds, the rM, rV and rD were regressed against YAB by fitting
three different models were used to fit:

(a) Linear: y = a+ bx*YAB, where y is the respective trait on relative scale, a is the intercept, and b is
the slope of the linear regression line;

(b) 3-parameter logistic: y = W, where y is the respective trait on relative scale, A is the
upper asymptote, C is the scale parameter on the x-axis, and D is an inflexion point of the curve;

(c) 4-parameter logistic: y = A + He(g:%, where y is the respective trait on relative scale, A is the
upper asymptote, B is the lower asymptote, C is the scale parameter on the x-axis, and D is an

inflexion point of the curve.

The non-linear curves were fitted as the self-starting functions SSlogis and SSfpl for 3- and
4-parameter logistic functions (nls package of R). The explanatory power of the three models was
compared based on the Akaike Information Criterion (AIC) [40], and the one with the lowest AIC
value (AAIC = 2 as threshold) was chosen as best and presented. Only the linear model was fitted to
Shape, FI and EI based on a priori visual data inspection. In case the diagnostic graphs [40] suggested
that outlying YAB values could influence the parameter estimates, these were removed from model
fitting. To better interpret the general pattern in seed form variation with YAB, we performed principal
component analysis by implementing the prcomp function from stats package of R and including rM,
rV, rD, Shape, FI and EI as variates, and the resulting principal scores for the first and second axes (PC1
and PC2) were used for interpretation of changes in the proportion of persistent seeds [9].

The variation in the proportion of persistent seeds was assessed based on the logistic regression:
y= m [41], and linearized by implementing generalized linear modelling, with a being the
intercept and b the slope of the regression, using binomial distribution of errors and logit link function
(GLM-b) [17]. This approach takes the nature of the data (proportions of viable seeds in case of
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germination test and binary response variable: 0—dead, 1—live into account without a need for
transformation [40] and allows for making predictions [17]. The parameter x is either YAB, PC1, PC2
and rM (i.e., mean relative seed mass per YAB cohorts) and the models were compared based on
the AIC as above. The seed persistence in the soil was estimated for each species of seed based on
the parameters of the model with YAB, predicting the 50 and 5% persistence time in YAB (PT5 and
PTys, respectively), i.e., the time after burial when 50 and 5% of the initial seed population were still
viable. To identify which morphological traits might have affected the predicted seed persistence across
species, we regressed PT5p and PTy; separately against all traits measured on control seeds against rM,
rV and rD for each separate YAB cohort and against slopes of change in Shape, FI and EI across YAB.
Seed longevity literature survey. Seed longevity data for some of the study species can be
excerpted from the literature. The monograph [2] was used as a starting point for the survey. We used
only seed persistence data originating from burial experiments (method coded 1-3 after work [2]),
which were available for only 14 out of 26 species of seeds included in this study. From the literature

data, we calculated two indexes, the longevity index (LI) and seed persistence index (SPI). LI was
Rsp +Rlp
Rt+Rsp +R]p
species as transient (persisting less than 1 year), the proportion of records classifying the species as
short persistent (persistent for more than 1 year but less than 5 years), and the proportion of records
classifying the species as long persistent (persistent for more than 5 years), respectively [4]. SPI was

calculated as: SPI = ; Otzzzu;fgt; - e%f —5» where T, SP and LP represent the number of records reporting

transient, short persistence and long persistence, respectively [8]. The values of LI and SPI with the

calculated as: LI = , where Ry, Ry, and Ry, are the proportion of records classifying the

number of literature records used for calculations are listed in Table 1.

3. Results

Seed mass (as rM) decreased with YAB in 25 out of 26 species of seeds available. The only exception
was H. niger, the seeds of which did not change their ¥tM with YAB (Figure 1a). Logistic curves appeared
to fit the decline in ¥M better than the simple linear fit in 17 cases, suggesting that in the majority of
species, the rate of mass reduction is slow during the first years after burial, then accelerates and finally
slows down again. The 4-parameter logistic curve that included a lower asymptote described the data
best in 10 cases, and the 3-parameter curve without the lower asymptote curve did so in seven cases.
Examples are in Supplementary Materials. Seed volume (as #V) declined with YAB in 14 species, of
which the linear decrease was found in 10 and logistic in four species, respectively (Figure 1b). The
surprising observation that relative seed mass or volume increased after burial in some species of seeds
(Figure 1a,b) has to be viewed as an artefact of natural variability among the seeds. Seed density (as rD)
was even less variable with YAB in terms of the number of significant changes (in 11 species only), but
the changes were both positive (1 case) and negative (10 cases), suggesting that the mechanisms that
lie behind the variation in morphological traits over time spent in soil are diverse across species. Three
species of seeds showed a significant linear change, and eight species showed a significant logistic
course of change in *D with YAB (Figure 1c).

The interspecific interrelationship of the three morphological traits and temporal dynamics of
their change across YAB is exemplified in Figure 2 using fitted values from the above models for YAB 1,
5 and 8. After one year in soil, there was little variation in M, rV and hence rD (Figure 2a). With the
course of time spent in soil, it becomes evident that the rate of change in M and rV and hence in ¥D
becomes more variable across species (Figure 2b,c)—species distributed along the line representing
slope = 1 through the origin are those in which both mass and volume decreased in similar rate, species
below the line are those in which the volume decreased more rapidly than mass and species above the
line are those in which seed mass declined more rapidly than volume.
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Figure 1. Variation in seed morphology with year after burial (YAB) for 26 species of seeds: (a) relative seed mass (M); (b) seed volume (rV); (c) relative seed density

(rD). The decrease in the intensity of grey colour refers to the increase in YAB: black = control, white with grey lining = YAB 8 are the two extremes). M +SEand V

+ SE denote the mean dry mass of control seeds + standard error. D denotes the mean dry mass of control seeds. Lm (linear), 3p (3-parameter logistic) and 4p

(4-parameter logistic) indicate the model that fitted the change in the seed trait over time based on the Akaike Information Criterion, if any of the three models were

significant. See Table 1 for generic names of each species.
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Figure 2. Interrelationship between relative mass (M), volume (V) and density (rD) of 26 species of
seeds (for species codes, see Table 1). Fitted values from the best models shown in Figures a, b, and
c were used, the line of slope = 1 indicates the situation when relative mass and volume declined at
the same rate so rD did not change. Sizes of the symbols are scaled according to the size of change
in D, the symbol size shown on the bottom right equals D = 1, smaller or larger symbols refer to
proportional decrease or increase in rD, respectively. (a) YAB 1; (b) YAB 5; (c) YAB 8.

The shape of seeds remained similar overall, as the three indexes of the seed form varied with YAB
in only a few species (Figure 3a—). Principal component analysis, however, revealed patterns in seed
form changes across seed species and YAB (Figure 4). The PC1 axis explained 48.4% of the variance and
presented the change in external seed form as Shape, FI and EI correlated positively and rV negatively
with this axis. This suggests that seeds that change their shape also lose their volume as they either
shrink and become flatter or lose their extremities. The PC2 axis explained 27.3% of the variance and
was well correlated positively with ¥M and rD, i.e., represented by seeds that did not change their
volume but changed their mass and hence density. The individual variation in all morphological traits
with YAB for each of the seed species can be found in the Appendix S1: panels A-F.

Alternative models for the proportion of persistent seeds provided mixed results. While the two
models based on PC1 and PC2 together improved the explanatory power of the variation compared to
the ICT model in two cases only (PC1: L. cardiaca, AIC = 185.28; PC2: C. album, AIC = 63.86), models
based on rM explained the change in the proportion of persistent seeds better than did the initial
models in 10 cases (Table 2) suggesting that the decline in the proportion of persistent seeds may be
associated with the decline in seed mass more tightly than solely to YAB, especially when large or
inconsistent scatter in ¥M across YAB appeared. The change in the proportion of persistent seeds with
YAB for each of the individual species can be found in the Appendix S1: panels G, and with relative
seed mass in the Appendix S1: panels H.
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Figure 3. Variation in seed form with year after burial (YAB) for 26 species of seeds: (a) seed shape; (b) flatness index; (c) eccentricity index. The value of 0 indicates
perfectly spherical seeds, while the value of 0.2 indicates flat or elongated seeds (Figure 3a). The larger the number the flatter (Figure 3b) or eccentric (Figure 3c) the
seeds were. The decrease in the intensity of grey colour refers to the increase in YAB (i.e., a decrease in the intensity of grey colour): black = control, white with grey
lining = YAB 8 are the two extremes). Lm (linear) indicates the cases when the change in the trait over time was significant according to the linear model. See Table 1

for generic names of each species.
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Table 2. Persistence of 26 species of seeds in soil as estimated by logistic regression based on the imbibed crush test (ICT). See Table 1 for the genus of plants. Year

after burial (YAB) or seed mass relative to control seeds were used as explanatory variable based on 5-8 YAB cohorts (N YAB). Intercept and slope are estimated

parameters a and b, respectively, of the model: y =

1
1+e(at+b+ x)

, accompanied with 95% confidence intervals (CI), where y is the proportion of viable seeds and x is YAB.

AIC—Akaike Information Criterion for the respective model. Significantly better models (AAIC>2) are in bold. Persistence times PT5y or PT5, accompanied with
standard errors (s.e.), show the time in YAB when 50 or 5% of the initial cohort of seeds, respectively, were predicted to be still viable.

Species N YAB YAB Relative Mass
Intercept (95% CI) (;L?PCQD P-value Alc _ LersistenceTimetse WABl o yie  Alc
° PT5p PTy5

A. powellii 6 6.578 (4.229-8.926) -1.963 (—2.641-—1.285) < 0.001 70.617 34+0.16 49 +0.31 <0.001 102.66
A. retroflexus 6 9.884 (5.372-14.396)  —3.785 (—5.445—-2.125) < 0.001 37.37 2.6 £0.12 34+02 < 0.001 62.65
A. sagittata 6 1.833 (0.891-2.775) —-1.519 (-2.070-—0.968) < 0.001 82.18 1.2 +0.19 3.2+0.38 < 0.001 92.14
C. trachelium 6 5.051 (2.838-7.265) —2.727 (—3.846—1.609) < 0.001 52.30 1.9+0.14 29 +£0.26 < 0.001 54.77
C. bursa-pastoris 8 4.051 (2.900-5.202) —-0.809 (—1.033——0.585) < 0.001 149.39 5.0+0.26 8.6 + 0.60 0.215 24391
C. album 6 4.938 (3.320-6.557) —-1.130 (—1.505--0.756) < 0.001 106.17 44+£0.22 7.0 £ 0.53 < 0.001 64.09
C. glaucum 6 41.940 (-) —21.663 (-) < 0.001 24.02 19+98 2.1+11.05 < 0.001 24.02
C. polyspermum 6 4.537 (2.915-6.159) —-0.791 (-1.133——0.449) <0.001 105.66 5.7 +0.41 95+1.13 <0.001 115.02
C. biennis 7 2.785 (1.637-3.933) —1.428 (-1.94-—0.909) < 0.001 87.49 2.0+0.19 4.0+043 < 0.001 86.55
G. urbanum 8 2.448 (1.601-3.295) —0.238 (—0.393——0.083) 0.002 174.23 10.3 = 1.96 22.7 £5.96 0.001 172.40
H. niger 6 4.769(2.539-6.998) —0.513 (—0.976——0.049) 0.014 59.25 9.3+232 15.1 +491 0.537 64.95
H. perforatum 6 2.821 (1.819-3.823) —0.495 (—0.730——0.260) < 0.001 140.85 5.7 £0.61 11.6 +193 <0.001 136.22
L. angustifolia 6 1.595 (0.799-2.392) —-1.000 (—1.334——0.666) < 0.001 114.67 21+0.16 53+0.34 <0.001 101.73
L. cardiaca 8 2.387 (1.600-3.174)  -0.353 (—0.499--0.207)  <0.001  198.99 6.8 +0.64 15.1 £2.23 <0.001 189.88
L. europaeus 8 2.182 (1.360-3.004) —0.916 (—1.181--0.652) < 0.001 132.60 24 +£0.25 5.6 £0.50 <0.001 131.99
P. lanceolata 6 5.099 (2.859-7.340) —2.192 (-3.158—-1.225) < 0.001 58.17 22+0.18 52+0.6 < 0.001 57.60
P. major 5 0.959 (0.312-1.606) —-0.161 (—0.335——0.013) 0.067 187.35 6.0+1.91 243 +11.74 <0.001 125.59

P. media 6 2.382 (1.495-3.270) —0.909 (—1.193--0.625) < 0.001 129.86 26 +0.25 59 +0.56 < 0.001 90.92

P. lapathifolia 6 5.449 (3.595-7.303) -1.650 (—2.187——-1.114) < 0.001 82.56 33+£0.18 51+£035 < 0.001 73.21
P. oleracea 6 3.064 (1.988-4.140) —1.184 (—1.548--0.820) <0.001 108.33 2.6 £0.21 51+044 <0.001 128.00
S. noctiflora 6 3.545 (2.153-4.937) —0.415 (—0.724--0.106) 0.004 95.29 85+1.79 15.6 £ 4.41 < 0.001 88.63

S. vulgaris 6 3.126 (1.790-4.461) —2.025 (-2.770—-1.279) < 0.001 67.18 1.5+0.16 3.0+£031 < 0.001 62.9

T. arvense 8 26.566 (-) 0.000 (-) 1 4 inf inf 1 4

T. inodorum 8 2.357 (1.528-3.185) —-0.860 (—1.101--0.619) < 0.001 141.61 2.7 +0.25 6.2 +0.52 <0.001 12715
U. dioica 8 2.777 (1.835-3.719) —-0.265 (—0.432——0.097) 0.001 158.69 10.5+1.91 21.6 £5.40 0.015 163.42
U. urens 6 2.284 (1.380-3.188) —-0.781 (—1.073——0.489) <0.001  130.70 29 +£0.28 6.7 +0.81 <0.001 135.24
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Figure 4. Principal component analysis in variation in seed form across species of seed and year after
burial (YAB). PC1 and PC2 together explain 75.7% of the variance. Symbols indicate combination of
seed species and YAB.

The persistence times of particular seed species in soil predicted based on the ICT are shown in
Table 2. In some species, such as A. sagittata, the PT5) was predicted to be as low as 1 year, while in
G. urbanum, the PT5) reached 10 years. The PTy; ranged from 2 (C. glaucum) to more than 20 years
(U. dioica and P. major). As all seeds were found to be viable in T. arvense, the persistence in soil could
not be estimated for this seed based on our data.

Across the species, predicted persistence was not related to M, V, D nor any of the three indexes
for seed forms, using data for control seeds (results not shown). On the other hand, the PT5y was
negatively related to the ¥M of buried seeds (Figure 5a). The relationship of the ¥rM with PT5, for YAB 1
and YAB 2 cohorts was much steeper compared to the remaining YAB cohorts, suggesting that the
seed species losing their mass in the first two years of burial survive in soil relatively shorter. The
results were also similar for PTy5, with the exception of the insignificant relationship with YAB 1 (not
shown). The relative volume of neither cohort significantly explained the PT5p nor PTs (not shown),
and neither did the relative density of YAB 1 and YAB 2. In contrast, seed persistence was negatively
affected by the decrease in relative density in cohorts of YAB 3-8 (Figure 5b), suggesting that seeds
that lose relatively more mass than volume suffer from shorter lifespan in soil. Change in seed form
indexes seemed to affect the predicted persistence (Figure 5c), but the effect was due to the outlying G.
urbanum seed, which greatly changed its shape as a result losing seed coat and its appendages, so the
trends were no longer significant when this species was removed from the analyses.
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Figure 5. Effects of changes in selected morphological seed traits in particular cohorts on PT5). (a)
Relative seed mass (only regression slopes are shown); (b) Relative seed density (only regression slopes
are shown; * slopes not significantly different from 0); (c) Slope of change in seed shape over years after
burial (YAB). Symbols indicate seed species, for species codes, see Table 1.

4. Discussion

The seed characteristics investigated in this study involve traits that directly affect the fitness of
plant species as well as traits that are most likely relevant only with respect to the perception and
attractiveness of seeds to seed predators. The seeds were generally losing viability gradually over
time when buried in the soil, and this loss of viability was accompanied by more or less noticeable
morphological changes. Of these changes, the loss of mass and volume were the most prominent,
although changes in other traits (seed density and shape) appeared to be significant in some species of
seeds as well.

Seed persistence. Seed viability is known to non-linearly decline with time spent in soil as seeds
decay or age [14,17,25,42], and this was true for the vast majority of species included in this study.
Exponential decay rates were previously used for fitting decline in seed viability and for estimating the
annual decay rate [14,43]. However, the visual inspection of the plots in the abovementioned studies
clearly shows that the exponential curve was not capable of catching the uneven decline rate over time
(see, e.g., Figure 1 in Conn et al. [43], plots for C. bursa-pastoris or T. inodorum, among others), resulting
in the prediction of unrealistic annual decay rates. In this paper, we took advantage of using GLM with
a binomial distribution of errors, which is a linearized form of a logistic regression, for describing the
course of decline in seed viability, approximated by using the change in the proportion of persistent
seeds in artificial seed banks over time. The method for analysing and predicting the persistence of
seeds from soil seed banks at the population level was previously used, e.g., in work of Pakeman et
al. [17], and we encourage others to do so as well.

We found this method to be robust, well grounded in mathematical theory, and easy to perform
and interpret, and more importantly, it can be used for modelling seed persistence in soil. The greatest
advantage of this approach is that one can describe the dynamics of seed persistence in time (or with
any other variable that may have influenced the persistence, such as mass also used in this study) in a
realistic way and estimate the persistence times. Using this method more frequently, the estimation of
seed persistence in soil would approximate the reality closer, and would be more comparable among
studies. The prerequisite for using this method is that a proportion of a seed population at each
time point must be known, as estimated by a subset of the retrieved seeds, as in this study. Another
advantage is that by using the appropriate distribution and link function, no data transformation is
needed. Other researchers used various logistic regression models for analysing the decay/survival
of seeds in soil [42,44] or complicated probit-based models [25]. Depending on the nature of their
data (either Poisson or binomial distribution of errors), various data transformations were applied to
approach counts (Poisson) or proportions (binomial) to Gaussian distribution, allowing for fitting the
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chosen model. Although fitting some of these models may provide seed persistence curves and hence
help with making predictions, we argue that GLM with binomial error structure shall be the preferred
method in such studies due to its simplicity and accuracy, and this should be taken into consideration
already when seed persistence data are collected.

We consider that wider application of logistic regression models in seed bank persistence studies
would greatly increase our understanding of the dynamics of seed banks and that this approach
represents a major step forward from classifying species into groups according to the detected
persistence of their seeds, e.g., transient (< 1 year), short persistent (1-5 years) and long persistent (>
5 years) [2]. Such classification might erroneously suggest that seed persistence in soil is a discrete
process, although the logistic approach has demonstrated that losing viability is continuous process and
that a minor proportion of seed population may persist for a long time. For example, it can be predicted
for C. trachelium, one of the least persistent species in our study, that 2.1 seeds out of a hypothetical 10°
initial seeds will survive for five years in the soil, using the parameters describing the course of change
in the proportion of persistent seeds estimated here, and their detection (and classification in the
respective persistence class) depends on the sampling method, sample sorting precision and, of course,
coincidence of finding viable seeds in soil samples. Therefore, literature data on seed persistence are
extremely variable for each species (see, e.g., database of Thompson et al. [2]), and it is not rare that a
species is classified as transient in one study and long persistent in another (e.g., A. retroflexus used also
in this study according to the database of Thompson et al. [2]). There are obvious ecological reasons that
may have caused such differences, including interpopulation or geographical variation, soil conditions
and microflora [9,12,15,17,45], but such variation can also be largely attributed to the methods used for
data collection (burial vs. emergence, soil depth) and evaluation. It is a well-established fact that seeds
tend to germinate earlier and thus remain in a seed bank for less time when buried at shallow depths
compared to deeper burial [25]. It also seems that seed emergence data are less reliable than seed burial
experiments basically because species with larger seed production are more likely to be detected in soil
for a longer period of time [46]. To address the variability among studies, several authors developed
indexes [4,8,19] that consider the relative frequency of studies reporting a class of seed persistence
and unite the known persistence data in one number. However, these indexes are inherently biased
when different methods of seed persistence evaluation are combined for calculation [46] and therefore
ecologically meaningless, despite their frequent use in ecological papers. For the sake of demonstration,
we calculated the longevity index [4,19] and seed persistence index [8] for the 14 species for which
data were available using only the burial data from the database of Thompson et al. [2]. The variation
in the indexes values were in fact minor among species (Table 1), and all of them could be classified
as long persistent if one would wish to do so, despite the variation in persistence times found in our
study. In fact, papers that would provide reliably calculated predictions of seed persistence times are
scarce, making difficult any comparison with persistence times PT5p and PT; predicted in this study.
For the species included in this study, we found only one reference [17], and interestingly, by using
binomial GLM, the estimated PTj5 for P. lanceolata (2.35 + 0.43) was nearly identical to that from our
study (2.2 + 0.18). Others provided persistence times based on an exponential decay formula, but the
resulting values are not comparable due to lack of fit (see above). We attempted to find patterns in the
variation in persistence times and ecological explanation of these patterns by using morphological
data of the control seeds as well as data describing the morphology change of seeds over time spent in
soil. We found that predicted persistence times were unrelated to any of the morphological traits of the
control seeds available, which contradicts the previously published literature data (e.g. [6,7,19,45,47]).
Nevertheless, we found that a relative change in seed mass affected the predicted persistence. Seed
species that lose mass rapidly already in the first two years of burial survive in soil relatively shorter.
Seeds that lose relatively more mass than volume, i.e., seeds that have a rather strong seed coat, would
suffer from a shorter life span in the soil as the embryo deteriorates. Additionally, relative seed mass
explained the decline in the proportion of persistent seeds better than YAB in a significant portion of
the species studied, mainly in those in which an increase in the proportion of persistent seeds occurred
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after a period of decline. Such reversal periodically appears in the literature [14,21,22,26]) and is
sometimes explained as a result of microsite variation in soil conditions favourable or disfavouring seed
persistence. Additionally, the persistent times estimated in this study might be overestimating those
that would occur in the field since these were based on identifiable seeds only and neglecting those
which deteriorated completely. As seed mass generally declines with YAB non-linearly, using seed
mass as an explanatory variable for the decline in the proportion of persistent seeds partly removed
this scatter from the data. Congeneric species included in this study were expected to have similar
persistence times because of common evolution and thus presumed taxonomic constraints on seed
biology and similar life histories [12]. Contrary to this expectation, the variation among congeners was
quite large in most cases; only the species of Amaranthus had rather similarly short persistence times. It
is difficult to provide an explanation for such a scatter based on a limited number of species per genus
(or family), and more likely, functional traits of plants and their habitat requirements might help to
disentangle the ecological significance, if it exists, of such a striking scatter.

Seed morphology. The limited availability of descriptions of changes in external morphology and
seed mass through time spent in soil is evident because these traits have not seemed to be important for
species’ ecology or economic importance. They may, however, have vital importance in determining
the consumption rate of seed predators [48] and for identifying seeds from seed banks. We provide
evidence that over the study period, the seed mass, volume and density largely become altered. There
are several possible causes that result in changes in seed mass, volume, density and form through seed
aging and decay. These relate to deterioration of the external structures, decay of the embryo and
shrinking of the seed. As changes in specific descriptors of seed morphology were often correlated
for a particular species of seed, the nature of the correlations provides insight into the manner of
morphological changes the seeds underwent during soil burial. Significant change in seed shape
indicators with YAB was caused by the reduction in volume. This can be a consequence of shrinking
soft seeds due to death and deterioration of the embryo (e.g., C. trachelium), so the density remained
unchanged. In a special case of G. urbanum, the seed coat of the control seeds is soft and equipped
with a hook. Both structures deteriorate over time, which changes the overall seed shape and even
increases seed density. Our results suggest that the seed coat does not have protective function in
this species since G. urbanum was also one of the longest persistent species in our study. Many seeds
did not change their volume over time in soil but mass (e.g., A. powellii), which indicates that these
seeds are hard-coated with embryos dying and deteriorating. The fact that in some species of seeds the
relative mass and volume was observed to “increase” after burial has to be viewed as a result of natural
variability in seed size; alternatively it may partly be an artefact that the smallest seeds deteriorated
first, so these were not available for taking morphological measurements.

The morphological changes and changes in seed mass over time spent in soil can also be well
described by logistic regression in many species, and it seems plausible that this approach will find wide
application in seed ecology studies. In addition to seed persistence [17,42,49] and morphology (this
study), logistic models were recently applied for describing germination response to environmental
conditions [50]. Thus, we propose using these models in situations in which the response of this type
of seed to a focal variable can be expected.

5. Conclusions

In this study, we show on 26 species of seeds, how selected seed traits change with the course of
burial in soil. Using this unique dataset, we described the patterns in the change of the proportion of
persistent seeds and in morphology by using modern statistical methods such as logistic regression,
which is a robust tool and provides comparable results across studies. Describing these changes using
robust tools is important for obtaining better insight into seed bank biology and ecology and for making
more accurate predictions of seed persistence of, e.g., arable weeds, and better plan their management.
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Supplementary Materials: Appendix S1—Variability in seed traits over time spent in seed bank for 26 species of
seeds. Supplementary materials can be found at http://www.mdpi.com/2073-4395/10/3/448/s1.
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Abstract. Seeds of many species of plants may survive for a long time in the soil and germinate when brought to the surface, but
whether they are subsequently eaten by seed predators is unknown. We examined the preferences of three species of carabids
(Coleoptera: Carabidae) for 25 species of seeds and determined the difference in palatability between freshly dispersed and those
buried for six years. The stability of their preferences was tested using a collection of seeds of different species, each of which was
offered fresh or after being buried. Carabid beetles readily accepted previously buried seeds as food. In total, Pseudoophonus
rufipes and Amara littorea ate more fresh seeds than previously buried seeds, while the opposite was true for Harpalus affinis. The
seeds of some species were even more attractive to carabids after burial than in the fresh state. For all the species of carabids
tested, the diet breadth was similar when the beetles were fed fresh or buried seeds, but the preferences for fresh and buried seed
of particular species were correlated only in P. rufipes and A. littorea. We measured the seed characteristics (mass and viability)
likely to be associated with the loss of attractiveness to carabids during burial. The change in carabid consumption was not related
to changes in any of these characteristics. This finding indicates that factors responsible for variation in seed acceptability are
complex. This study provides the first conclusive evidence that invertebrate seed predators will feed on seeds from seed banks,

although they prefer fresh seeds.

INTRODUCTION

Seed mortality is an important factor in the population
biology of plants (Harper, 1977; Larios et al., 2017), and
an important component of seed mortality is post-dispersal
seed predation, which typically occurs on the surface of
soil where seed released from mother plants are exposed
before germinating or entering the soil seed bank. While
predation immediately following seed dispersal has been
intensively studied (Kulkarni et al., 2017), little attention
has been paid to predation of seeds that previously were
buried in the soil for a period of time. Seeds may persist
in the soil and remain viable for many years (Baskin &
Baskin, 1998). Some species form only a transient seed
bank, while seeds of other species remain alive in soil for
many years (Thompson et al., 1997; Fenner & Thompson,
2005; Long et al., 2015). Plant species that form a per-
sistent seed bank are typically characterised by a strong
and impermeable seed testa (Gardarin & Colbach, 2015),
which helps them to survive the soil conditions until they
become favourable for germination. In soil, seed mortality
is caused mainly by soil microbial pathogens or decompos-
ers (Blaney & Kotanen, 2001; Schafer & Kotanen, 2004;

Final formatted article © Institute of Entomology, Biology Centre, Czech Academy of Sciences, Ceské Bud&jovice.
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Davis et al., 2006; Wagner & Mitschunas, 2008) but is also
due to predation by earthworms (Eisenhauer et al., 2010),
carabids (Kulkarni et al., 2015) and rodents (Hulme, 1998).
Buried seeds are less likely to be found by surface active
seed predators compared with seeds that remain exposed
and uncovered (Hulme, 1988; White et al., 2007; Kulkarni
et al., 2015; but see Ruzi et al., 2017).

A proportion of the seeds buried in soil eventually come
to the surface as a result of soil mixing activities, tillage,
freeze-thaw cycles and bioturbation. This provides an op-
portunity for the seed to germinate but also exposes it to
surface predators for the second time. Predation may occur
during this period, but very little is known about the pre-
dation of previously buried seeds. To date, this topic is
considered in only two studies. Martinkova et al. (2006)
studied the fate of the seeds of six species of weeds ex-
posed to two species of ground beetle. Following burial for
half a year, the consumption of the seed of four species did
not change, one species (Tripleurospermum inodorum (L.)
Schultz-Bip.) was accepted at a higher rate than when fresh
and one was not eaten by the predators (Taraxacum agg.,
section Ruderalia). Koprdova et al. (2012) report different
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responses of invertebrate predators to previously buried,
fresh, imbibed and germinating seed of Brassica napus
ssp. napus L.

Predators use scent to locate (Kulkarni et al., 2017) and
physical traits to evaluate the quality (Honek et al., 2007;
Lundgren & Rosentratter, 2007) of seed prior to accept-
ing it. Therefore, any change in the properties and traits
of seed that occurs during burial may affect the likelihood
of it being eaten by predators (Martinkova et al., 2006). A
study that includes the seed of more species of plants and
predators of seeds and compares the consumption of fresh
seed with that seed buried for some time is warranted to
elucidate the extent of predator pressure on seed released
from the seed bank.

In this paper, we investigate the response of three car-
abid species in terms of seed consumption of the seed of
25 species of herbaceous plants provided fresh and after
being buried in soil for six years. In this study, we address
three questions: (1) Is the consumption by carabid preda-
tors higher or lower when offered previously buried seed
compared to fresh seed? As a previous study (Martinko-
va et al., 2006) shows that the patterns in the change in
consumption of six species of seed is variable, we do not
predict the rate and direction of carabid response to previ-
ously buried seed. Instead, using a wider range of species
of seed, we explore what proportion of the different spe-
cies of seed becomes less or more preferred after burial.
(2) How does the diet breadth change when carabids are of-
fered fresh or previously buried seed? In theory, an animal
may adjust its diet breadth in response to a change in the
available range and quality of food (Sexton et al., 2017).
It is likely that the size of such an adjustment depends on
the degree of food specialization of particular species. The
guild of carabid granivores is quite diverse and includes
unspecialized omnivores that accept a wide range of dif-
ferent seeds (have a broad seed diet breadth), while other
species show marked preferences (have narrow seed diet
breadth) (e.g., Talarico et al., 2016). We hypothesize that
the diet breadth will remain the same or become broader
in generalists because seed that loses its morphological or
chemical defence will become more acceptable to preda-
tors. Generalists enlarge the range of acceptable food or
“replace” species of seed that loses its attractiveness or
decays. In contrast, we expect that the diet breadth of a
specialist would tend to become narrower as preferred seed
is more likely lose its attractiveness during burial in con-
trast to non-preferred seed, which becomes more attrac-
tive. (3) Is the change in consumption after burial related
to a change in seed properties? Seed transformation dur-
ing burial may include changes in biological, chemical and
physical properties. At the population level, seed mass var-
ies with time spent in soil (authors’ unpubl. data) because
the proportion of dead seeds increases or their seed coats
are eroded. These changes in seed characteristics may have
consequences for their attractiveness to predators. As it is
known that changes occur in the seed material used in this
study (authors’ unpubl. data), we test whether the change in
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consumption is related to change in seed viability or mass
due to burial. We hypothesize that the change in consump-
tion will be greater for the seed of plants that produce a
high proportion of dead seed. The response in terms of a
decrease in consumption due to seed mass can be more var-
iable and more difficult to predict, depending on the cause
of the reduction in seed mass, as mentioned above.

MATERIALS AND METHODS

Seed material

We used seed of 25 common herbaceous plants that differ in
size, morphology, taxonomic position and persistence in soil
and are likely to be available to carabid seed predators (Table
1) (Thompson et al., 1997; Grime et al., 2007). Shortly after dis-
persal from mother plants, these seeds differ in attractiveness for
carabid seed predators (Honek et al., 2007). Seed was collected
from stands of wild herbaceous plants in 10 x 10-km area centred
at 50.088N and 14.274E (surroundings of Prague — Ruzyné, west-
ern Czech Republic). The seed was collected from mother plants
at full ripeness in July—October 2005 and October 2006, dried at
room temperature for 20 days and then stored at 5°C until bur-
ied. The seed of each species were each placed in a separate bag.
The nylon fabric bags were made to contain approximately 1000
seeds mixed with sieved soil. Mixing with soil is important as it
prevents the seed amassing into large clumps and its subsequent
degradation (Van Mourik et al., 2005). Finely sieved soil facili-
tates the separation of the seed when the bags are dug up. For the
entire experiment (including seed burial and preference trials),
soil was obtained from one place at one time at a depth of 0.6 m
and sieved through 0.05-mm mesh. This prevented the soil being
contaminated with seed from the natural soil seed bank.

At the beginning of November in the years when the seed was
collected (2005 and 2006, Table 1), the bags were buried at a
depth of 20-cm in grassland in the grounds of the Crop Research
Institute at Prague — Ruzyné (50.08581N, 14.29727E). To fa-
cilitate recovery, the bags were connected by a nylon cord to a
label on the surface of the ground. Six years after burial, the bags
were dug up in late April. The seeds were separated from the soil,
dried at 25°C and 40% r.h., and then stored at —20°C until used
in the experiments. Samples of fresh seeds used in this experi-
ment (a control) were stored at —20°C from the beginning of the
experiment. Hereafter, we refer to freshly frozen control seeds, as
“fresh” seeds, and seeds dug up after six years, as “buried” seeds.

Seed quality

In this study, we measured two seed properties/traits presumed
to change during burial: seed viability and seed mass. Viability of
seeds was estimated by means of the imbibed seed crush test, the
results of which are highly correlated with those of the classical
tetrazolium chloride test (Borza et al., 2007). Twenty seeds per
cohort were left to absorb water for 3 days and then crushed with
the tips of a pair of forceps. If cotyledons or embryos appeared
or the seed did not collapse, the seed was considered to be vi-
able; if not, the seeds were considered to be dead. Seed mass was
measured using seeds cleaned of dust and fine soil particles in an
ultrasound cleaner (Sonorex RK 31, Bandelin Electronic, Berlin,
Germany), submerged in water for 2 min and dried in an oven for
24 h at 75°C. The average seed mass was determined based on
five batches of 20 seeds per species and cohort using an analytical
balance (CP225D-0CE, Sartorius AG, Gottingen, Germany) with
a precision of 0.00001 g. The fresh seeds and buried seeds are
henceforth referred to as “cohorts”.
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Table 1. Species of seeds used in this study, their dry mass (control seeds) and use in the experiments with three species carabids. The
plant nomenclature follows Kubat et al. (2002). Carabid species: PR — Pseudoophonus rufipes; HA — Harpalus affinis; AL — Amara littorea.

Species Family Year of burial  Dry mass [mg * SE] PR HA AL
Amaranthus powellii S. Watson Amaranthaceae 2006 0.494 £ 0.013 X X X
Amaranthus retroflexus L. Amaranthaceae 2006 0.494 + 0.007 X X X
Campanula trachelium L. Campanulaceae 2006 0.134 + 0.005 X X
Capsella bursa-pastoris (L.) Med. Brassicaceae 2005 0.143 £ 0.017 X X X
Chenopodium album agg. Amaranthaceae 2006 0.583 + 0.008 X X X
Chenopodium glaucum L. Amaranthaceae 2006 0.186 £ 0.005 X X X
Chenopodium polyspermum L. Amaranthaceae 2006 0.285 + 0.009 X X X
Crepis biennis L. Asteraceae 2005 0.743 £ 0.034 X

Geum urbanum L. Rosaceae 2005 2177 £0.073 X

Hyoscyamus niger L. Solanaceae 2006 0.613 £ 0.023 X X X
Hypericum perforatum L. Hypericaceae 2006 0.115 £ 0.003 X X X
Lavandula angustifolia Mill. Lamiaceae 2006 0.907 + 0.025 X X X
Leonurus cardiaca L. Lamiaceae 2005 0.672 + 0.061 X X X
Lycopus europaeus L. Lamiaceae 2005 0.262 + 0.005 X X X
Persicaria lapathifolia (L.) Delarbre Polygonaceae 2006 2.023 £ 0.028 X X X
Plantago lanceolata L. Plantaginaceae 2006 0.256 + 0.009 X X X
Plantago major L. Plantaginaceae 2006 0.236 + 0.006 X X X
Plantago media L. Plantaginaceae 2006 1.407 £ 0.020 X

Portulaca oleracea L. Portulacaceae 2006 0.154 £ 0.005 X X X
Silene noctiflora L. Caryophyllaceae 2006 1.037 + 0.008 X X X
Silene vulgaris (Moench) Garcke Caryophyllaceae 2006 0.642 + 0.015 X X X
Thlaspi arvense L. Brassicaceae 2005 1.167 £ 0.025 X X X
Tripleurospermum inodorum (L.) Schultz-Bip. Asteraceae 2005 0.287 £ 0.012 X X X
Urtica dioica L. Urticaceae 2005 0.153 £ 0.010 X X X
Urtica urens L. Urticaceae 2006 0.389 £ 0.010 X X X

Predators

In this study, we used three species of ground beetles (Coleo-
ptera: Carabidae) abundant in arable fields: Pseudoophonus ru-
fipes (DeGeer) (body length = 13.8 mm, dry body mass = 31.3
mg), Harpalus affinis (Schrank) (body length = 10.2 mm, dry
body mass = 14.1 mg) and Amara littorea C.G. Thomas (body
length = 7.7 mm, dry body mass = 6.7 mg). Body length was
taken from Hurka (1996), and dry body mass was calculated from
the body length using the formula of Jarosik (1989). The differ-
ences in carabid body size enabled the testing of the effects of
(i) the carabid seed size ratio that appears to be important in de-
termining the seed preferences of carabid beetles (Honek et al.,
2007) and (ii) the diversity of body sizes of carabid seed predators
in natural communities in arable fields. The carabids were collect-
ed by means of pitfall traps in the same area as the seeds in June
and July 2014 (P, rufipes) and 2015 (H. affinis and A. littorea). To
standardize hunger, the beetles were starved for 24 h prior to the
experiments. According to previous experiments (Honek et al.,
2003, 2007) the carabid species selected accept a range of the dif-
ferent species of seeds used in preference experiments.

Preference experiments

The preferences of the carabid beetles were examined by means
of multi-choice cafeteria experiments. Petri dishes measuring 25
cm in diameter with a 0.8-cm deep layer of sieved soil at the
bottom served as experimental arenas. The seeds were mounted
on a tin tray filled with white modelling clay (Plasticina JOVI®,
Barcelona) and pressed into the layer of soil so that the clay sur-
face was flush with the soil surface (Honek et al., 2003; Saska et
al., 2014). Trays filled each with thirty fresh or thirty buried seeds
of a particular species were placed in a Petri dish and arranged
in two concentric circles. Each Petri dish was then considered an
experimental replicate and contained the full available range of
different species of seed for a particular cohort presented simul-
taneously (Table 1). Five replicates (dishes) with fresh seed and
five replicates with buried seed, each with three beetles per dish,

were used for P. rufipes, four replicates with fresh seed and four
replicates with buried seed, each with four beetles for H. affinis
and four replicates with fresh seed and four replicates with bur-
ied seed, each with seven beetles for 4. littorea. The difference
in number of replicates was because the availability (abundance
in the open) of the carabids differed. The number of beetles per
tray differed because their body mass differed. The objective of
this was to standardize the expected overall seed exploitation.
The beetles removed and consumed the seed in the tin trays and
the remaining seeds were counted daily. Trays were replaced if
more than 15 seeds per tray were consumed. The experiments
each lasted for four days.

Data analysis

The difference in overall seed consumption by individual car-
abid species was tested using GLM with Poisson distribution of
errors (GLM-p) with counts of consumed seeds as the response
variable and seed cohort (fresh vs. buried) as the factor. To inves-
tigate whether the diet breadth changed depending on provision
of fresh or buried seeds, a modification of the standardized Lev-
ins’ niche breadth index B, was computed (Krebs, 2009) for each
carabid species and seed cohort as follows:

1 . 1

Pi

B.= n—1
where p, is the proportion of total seed consumption made up of
species of seed 7, and n is the number of species of seeds. Diet
breadth is narrow (low values of B)) if a species accepts a low
number of different species of seeds. Broad diet breadth (high
values of B,) means that a carabid accepts high numbers of dif-
ferent species of seeds. To classify the seed in terms of its at-
tractiveness to carabids, consumption of each species of seed was
standardized relative to the consumption of the most preferred
species (the consumption of which was set at 1). Species were
arbitrarily (Krebs, 2009) classified as preferred if the standard-
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ized consumption was >0.2, consumed if >0.05 but <0.2, and
rejected if <0.05.

The change or stability in overall preferences was initially test-
ed using Pearson correlation test for the complete dataset (spe-
cies combined) and for each species of carabid separately (Craw-
ley, 2007), assuming that a significant correlation indicates that
the overall carabid preferences remains stable for both cohorts.
Overlap of the diet breadth 0, was computed according to Pianka
(1973) as follows:

D p,

0, == i ik
Y R

where p is the proportion of total seed consumption made up of
seed species i, and j and k are the seed cohorts of fresh or buried
seeds, respectively. The effect of cohort (fresh or buried) on con-
sumption of individual species of seeds was further tested using
the mixed effect model (R package Ime4; Bates et al., 2015).
Poisson distribution of errors was used as seeds of the most con-
sumed species were replenished. The models included different
species of seeds, burial (fresh vs. buried) and their interaction
as fixed terms and replicate (Petri dish) as a random term. The
analysis was repeated for each species of carabid separately. The
significance of differences in the consumption of particular spe-
cies of seeds between cohorts was assessed based on the confi-
dence intervals of the differences. A difference was considered
significant if the confidence interval of the difference excluded
zero (Zar, 1999).

To test the hypothesis that particular seed traits affected the
change in seed consumption, we calculated the differences in
seed mass and seed viability of fresh and buried cohorts. As the
decrease in seed mass and viability may be correlated and thus
describe the same thing, we first estimated the strength of their re-
lationship. Indeed, the two traits were correlated (Fig. S1), and an
R? value that was not very high (0.42) and scattered along the line
indicated that some species of seeds that lost mass were still vi-
able. Using the change in both traits for explaining the change in
seed consumption of the different cohorts is justified. All analyses
were performed in R 3.3.1 (R Core Team, 2017).

RESULTS

Preferences for fresh seeds

The different species of carabid differed in their pre-
ferred species of fresh seeds (Fig. 1) and diet breadth.
Pseudoophonus rufipes was the least choosy and preferred
(standardized consumption of 0.2 or higher) 21 out of 25
species of seeds, resulting in a diet breadth of B, = 0.687.
The most preferred species of seeds in the fresh state were
U. urens, L. angustifolia and H. niger (Fig. 1). Harpalus
affinis preferred 15 out of 22 species of seeds (B, = 0.658),
and the most preferred fresh seeds were U. urens, L. an-
gustifolia and C. album (Fig. 1). Amara littorea was the
species with most restricted choice and preferred 4 out of
21 species of seeds (B, = 0.248). The most preferred seeds
for this carabid were C. bursa-pastoris, T. arvense and T.
inodorum (Fig. 1).

Consumption and preferences for seeds after burial

Summed across seed species, P. rufipes and A. littorea
consumed fewer buried seeds than fresh seeds (GLM-p, P.
rufipes: = 127, P << 0.001; A. littorea: y*, = 8.66, P =
0.003), while H. affinis consumed more buried than fresh
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Fig. 1. Preferences for seeds of three species of carabids based
on consumption in multi-choice experiments. Error bars indicate
95% confidence intervals. a — P. rufipes; b — H. affinis; ¢ — A. lit-
torea.

seeds (GLM-p, *, = 17.9, P < 0.001). In P. rufipes and H.
affinis, respectively, the diet breadths were similar (B, =
0.698 for both species) and slightly broader in A. littorea
(B, = 0.364). Diet breadths of all the species of carabids
largely overlapped between groups when fed fresh and
buried seeds (O = 0.863 for P. rufipes, 0.801 for H. affinis,
and 0.727 for A. littorea).

The overall preferences for seeds were correlated (P <
0.05) for fresh and buried seeds when data for all three spe-
cies of carabids were combined, and similar results were
obtained for P, rufipes and A. littorea (Table 2). In contrast,
the preferences were not correlated (at P < 0.05) in H. af-
finis (Table 2). Low values of the correlation coefficients
(close to 0.5) were significant only for P. rufipes and A. lit-
torea, indicating that the consumption of fresh and buried
seeds does vary. The presence of this variation was con-
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Table 2. Correlation of carabid preferences for fresh and buried
seeds.

Model r t df P-value
Species combined  0.707 8.109 66 <<0.001
P. rufipes 0.524 2.948 23 0.007
H. affinis 0.356 1.701 22 0.104
A. littorea 0.596 3.232 19 0.004

firmed by the significant interaction of species of seeds and
cohort in all mixed effect models (Table 3). Plots of the
confidence intervals for differences in mean consumption
between cohorts (Fig. 2) also reveal that the response of
carabids to buried seeds largely depended on the species
of seeds.

Regressing the changes in consumption on the changes
in seed properties (viability and mass) did not reveal any
significant trends (Fig. 3). The absence of a relationship
between change in seed characteristics and carabid con-
sumption indicates that the decline in viability or seed mass
does not influence carabid preferences. In fact, each of the
carabid species preferred the seed of at least one species of
buried seed of which all were dead, over fresh seed. Obvi-
ous examples were S. vulgaris in the case of P. rufipes, A.
retroflexus and A. powellii in the case of H. affinis, and C.
glaucum in the case of A. littorea (Fig. 2).

DISCUSSION

This paper presents information on the consumption of
seeds from the soil seed bank by carabids. Because of in-
terspecific variation in the response of carabids to fresh
and buried seed, it is difficult to generalize the results.
Carabids prefer similar species of seeds in both fresh and
buried states but consume smaller amounts of buried seed.
The exception was H. affinis, which consumed more bur-
ied than fresh seed. The diet breadth remained the same or
very similar when fresh of buried seeds were offered, re-
gardless of the degree of food specialization of the carabid.
This study thus revealed that carabid predation of previ-
ously buried seed is substantial and potentially an impor-
tant component of the population dynamics of plants.

Using a modification of Levins’ index (Krebs, 1999), we
quantified the diet breadths of the three species of carabids.
We expected that if it changed, there would be opposite
changes in the diet breadth of generalists and specialists.
However, a large change was not found, and all the carabids
preferred similar number of species of the array provided.
This finding may be related to the fact that for all the spe-
cies, regardless of the similarity in their diet breadths and
existing correlations between their preferences for fresh
and buried seed, the actual number of fresh and buried
seeds of a particular species consumed was significantly
different, but the direction of change was both negative and
positive. A. littorea is known to prefer seeds of Brassicace-
ae (Hongk et al., 2007), which was also confirmed in this
study, as it consumed more seed of C. bursa-pastoris and
T. arvense followed by T. inodorum of the family Asterace-
ae. The consumption of seed of C. bursa pastoris dramati-
cally decreased after burial. In fact, the decrease in overall
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Fig. 2. Mean difference in consumption of fresh and buried seeds
by three carabid beetles in multi-choice experiments. Points located
on the right of the y-axis indicate seed species that were consumed
more after 6 years in soil compared with the control; points located
on the left of the y-axis indicate seed species in which burial for 6
years resulted in a reduction in consumption. Solid circles indicate
species for which the mean difference was significant; open circles
indicate species for which the mean difference was not significant.
Horizontal lines indicate 95 % confidence intervals of the mean dif-
ference. a — P. rufipes; b — H. affinis; c — A. littorea.
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Table 3. Effect of seed species and burial on consumption (GLMM) and standardized consumption (LME) by three carabid beetles.

Term P. rufipes H. affinis A. littorea

X2 (df) P-value X2 (df) P-value X2 (df) P-value
Seed * Burial ! 1028.4 (24) << 0.001 450.1 (21) << 0.001 785.3 (20) << 0.001
Burial ? 1.9 (1) 0.168 1.4 (1) 0.236 0.7 (1) 0.420
Seed 3 3020.7 (24) << 0.001 932.2 (21) << 0.001 3357.7 (20) << 0.001

" Deletion test: Seed * Burial + (1|Dish) vs. Seed + Burial + (1|Dish); 2 Deletion test: Seed + Burial + (1|Dish) vs. Seed + (1|Dish); ® Deletion

test: Seed + Burial + (1|Dish) vs. BURIED + (1|Dish).

consumption of buried seed is mainly driven by this spe-
cies. Conversely, seven species of seeds were significantly
more consumed after burial, but their consumption was
still notably low. In contrast, P. rufipes consumed the seed
of different families before and after burial. Before burial,
L. angustifolia (Lamiaceae), U. dioica (Urticaceae) and H.
niger (Solanaceae) were the most preferred. After burial,
H. niger, U. urens (Urticaceae) and S. noctiflora (Caryo-
phyllaceae) were the most eaten. Overall, more species of
buried seeds were consumed less than fresh seeds, and the
total consumption after burial decreased. Harpalus affinis
was exceptional in consuming more species of seeds after
burial than in a fresh state. Seeds of U. dioica, T. inodorum
and P. major (Plantaginaceae) were the most preferred in
a fresh state, while U. urens, L. angustifolia and C. album
were the most consumed after burial. Why the response of
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this species is different from that of the other two species
of carabids is difficult to explain.

One interesting finding is that the seed of P. lapathifolia
(Polygonaceae) was preferred by all species of carabids
more after burial than fresh. In contrast, the seeds of T.
inodorum and C. bursa-pastoris were consistently con-
sumed less after burial than fresh. Many other species of
seeds showed the same direction of change in consumption
for two species of carabids. Seed qualities responsible for
changes in preference are likely to be perceived and evalu-
ated accordingly.

In this study, we a priori hypothesized that decreases in
seed mass and viability are traits that explain the patterns
in the change in seed attractiveness. However, our data do
not support this hypothesis as the change in consumption
was not correlated with decreases in seed mass or viabil-
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Fig. 3. Relationship of the change in consumption of buried seeds relative to fresh seeds with proportional change in seed mass (a, c, €)
and viability (b, d, f) after 6 years burial in soil. a-b — P. rufipes; c—d — H. affinis; e—f — A. littorea.
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ity. Changes in qualities not evaluated in this study were
potentially involved in the changes in carabid preferences.
Seeds in the soil are under continuous attack by soil-living
microorganisms (Blaney & Kotanen, 2001, 2002; Dal-
ling et al., 2011) and under the influence of soil chemistry
(Long et al., 2009) which, in combination, may alter the
chemical, biochemical and mechanical properties of the
seed coat, including coat hardness and the semiochemicals
present on the surface (Davis et al., 2008, 2016; Tiansawat
et al., 2014). The cues that carabids use for selecting seeds
are not fully understood. Carabid beetles use visual, tac-
tile and olfactory cues when searching for food (Bauer &
Kredler, 1993) and the cue that predominates can be de-
duced from carabid morphology, with those that have large
eyes orientating visually and those with small eyes and few
ommatidia using mainly olfactory cues (Bauer & Kredler,
1993). The morphology of the species used in this study
indicate they may respond primarily to olfactory cues. In-
deed, carabids locate seeds using the smells they produce
when germinating (Kulkarni et al., 2017), which explains
why more granivorous carabid beetles are caught by pitfall
traps surrounded by seed (Honek & Martinkova, 2001). In
this study, the change in preference is most likely due to
changes in the (bio)chemical composition of the seed sur-
face, which is faster in species in which the seed persists for
only a short period than those that persist for a long period.
This is attributed to the fact that short lived seeds rely more
on chemical than mechanical defence (Davis et al., 2008).
However, the hardness of the testa of seeds also decreases
with time spent in soil (Tieu & Egerton-Warburton, 2000;
Davis et al., 2016; but see Zalamea et al., 2015). Decreas-
ing the strength of this mechanical protection facilitates
the crushing and eating of seeds by carabids. We did not
measure the toughness of the testa in this study, but noted a
difference in a number of seed species during the viability
assessment. In the crush test, the testa of buried seed was
markedly thinner, softer or more fragile than that of fresh
seed. The best example was P, lapathifolia, which was pre-
ferred more after being buried for a prolonged period due
to the weakening of the (originally) thick testa. In some
cases, carabids preferred even dead exhumed seeds to fresh
seeds. Carabids thus may scavenge dead plant material and
have no effect on plant population dynamics. The changes
that seeds undergo in soil are very complex, and selecting
only one seed characteristic as the explanatory variable for
change in carabid preference might be misleading.

In conclusion, this study showed the effect of carabids on
the mortality of previously buried seeds. Compared with
fresh seeds, the consumption of buried seeds increased or
decreased depending on both the species of seed and car-
abid. Determining to what extent the predation of buried
seeds may have on the population biology of herbaceous
species of plants requires further study.
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Abstract

Bacterial communities inhabiting seeds may interact with plant host but also with seed
predators. The study aimed in showing bacterial communities associated with fresh seeds of
seven weed species to compare them with seed communities after burial in soil for two years,
and to demonstrate how these changes relate to seed mass, viability loss and seed
attractiveness for a seed predator, Pseudoophonus rufipes (DeGeer) (Coleoptera: Carabidae).
Bacterial diversity, assessed by Illumina MiSeq sequencing of 16S rRNA gene amplicon,
generally increased, while seed viability and seed mass decreased with burial time. Mostly,
the seed species differed in their microbiomes as well as in changes of seed properties
together with their influence of seed attractiveness to the beetle. Seed microbiomes remained
specific even after burial and contained taxa characteristic for both plant endophytes but also
insect guts. In all seeds, 5 ZOTUs were common after one year of burial, after second year,
only one common ZOTU remained. Seeds of 7. officinale and T. inodorum lost their
attractivness for the beetle, while seeds 7. arvense improved their atractiveness after soil
exposure, which was partially explained by dominance of endophytic and gut bacterial taxa in
the seeds, respectively. We concluded that species specific relationships between seeds, soil-
born bacterial community and beetle predation exist and may be relevant to ecosystem

functioning including population dynamics of plants and weed management.

Key words: bacterial diversity; endophytes; seed bank; seed predation; three-level

interactions; Carabidae



Introduction

Seeds of plants that do not germinate immediately after release from mother plant
become part of a soil seed bank. The time, for which the seeds persist in soil is highly
variable. Besides evolutionary constraints (some species inherently form only transient seeds
while others tend to survive for many years), seed persistence correlates with seed size, shape,
coat thickness (Thompson et al. 1993; Hodkinson et al. 1998; Gardarin et al. 2010; Schutte et
al. 2014), plant ecology (Thompson et al. 1998; Long et al. 2009), but also with soil type and
pH, nutrient content, disturbances, burial depth and (micro-)climatic conditions such as soil
moisture and temperature (e.g. Bekker et al. 1998; Davis et al. 2005; Long et al. 2009;
Pakeman et al. 2012). The seed persistence is, therefore, determined by both seed
characteristics and their immediate environment (Long et al. 2015).

During their deposition in soil, seeds are colonised by soil microorganisms, which
participate in seed decomposition and directly affect seed persistence in soil through altering
seed morphology and physiology (Dalling et al. 2011; Long et al. 2015; Saska et al. 2020).
Yet, some groups of microorganisms also have beneficial effects such as protecting seeds
from decomposers and pathogens by chemical defence, and thus slowing down decay of seed
enclosing structures or serving as plant growth promoting organisms after seed germination
(Dalling et al. 2011; Long et al. 2015). Seed associated microorganisms may also produce
signal compounds, which enable complex communication among bacteria themselves but also
between bacteria and plants and consequently influence the entire soil food web
(D’Alessandro et al. 2014). Most agricultural weeds are early successional plant species and,
as such, are particularly apt to thrive in disturbed habitats like those created on agricultural
land. Evidence is accumulating that the endophytic and associated microbiota support weeds’
ability to strive in suboptimal environments, so their associations with microorganisms might

be particularly strong (Trognitz et al. 2016).



Currently, plant core microbiome is sought to identify microorganisms closely
associated with the host. The core microbiome may be defined at various scales from
individual plants, populations, and species to ecosystems (Vandenkoornhuyse et al. 2015).
Additionally, the interactions between the plant host and associated microorganisms may be
extend by interactions with environment and environmental microbes, and defined as eco-
holobionts to stress the transitory nature of many microorganisms associated with plants. The
observed heterogeneity in the plant microbiome is probably the consequence of adaptation
processes to given environmental conditions of the holobiont and allows rapid buffering of
environmental changes (Singh et al. 2020). Yet until recently, many studies have focused on
fungal endophytes in seeds, while the presence and role of bacterial seed endophytes are less
known (Truyens et al. 2015).

Carabid beetles are major invertebrate seed predators in arable fields (Kulkarni et al.
2015) and their preferences for seeds are related to seed morphology, seed size ratio, seed coat
thickness (Lundgren and Rosentrater 2007; Honek et al. 2007; Saska et al. 2019b) and both,
seed and carabid taxonomy (Honek et al. 2007; Saska 2008; Saska et al. 2019b). Most results
on predation were obtained on fresh seeds but burial of six seed species in soil for 6 months
revealed differences in seed consumption for two seed species but not for the other four after
release from the seed bank (Martinkova et al. 2006). Further to that, the study of 26 seed
species (Saska et al. 2019a) indicated that mostly decrease in viability and seed mass with
years after burial affected seed preference and consumption by carabid beetles, and it is likely
that these changes in seed quality resulted from the activity of soil microorganisms (Davis et
al. 2016). Bacterial diversity may be particularly important because many interactions
between seeds and predatory insects are mediated by specific bacterial taxa (Lundgren and
Lehman 2010; Schmid et al. 2015). The selection pressure of predators might be further

transfered to the core microbiome because bacterial symbionts hosted by insect herbivores



have been identified as important components of ecosystems that can mediate trophic
interactions with diverse ecological and evolutionary effects on their hosts (Berendsen et al.
2012; Zytynska and Meyer 2019). Seed-associated microorganisms might be particularly
important for carabid beetles because of their symbiotic digestive activities. Although the
seeds represent a highly nutritious food source, they are distinct from the ancestral diet of
Carabidae consisting of small soil organisms (Evans and Forsythe 1985) and thus, their
digestion requires cellulolytic and ligninolytic enzymes provided by microbes (Lundgren and
Lehman 2010). Recent studies have discovered that the gut microbiota participate in insect
physiology, including nutritional metabolism, development, morphogenesis, immunity, and
behavior. Moreover, some gut microbes actively degrade toxic compounds such as
phytotoxins and pesticides (Jang and Kikuchi 2020). Thus, the microbial interactions
connecting weed seeds and seed predators might be relatively strong because of the weed life
strategies on one side, and the seeds recognized as the non-inherent food for the beetles on the
other.

In this study, we aimed in determining how seed bacterial communities change during
deposition in soil. Firstly, we wanted to identify, which bacterial taxa remain in seeds and
which are exchanged by taxa from soil after one and two years of soil exposure. Secondly, we
also seeked to see how seed microbiomes modified by exposure to soil change preferences for
seed eating beetles. Those questions come from the previous observation that even in one
plant host different microorganisms are subject to various selection pressures, which leads to
transient species within holobionts (Singh et al. 2020) and that these changes may have long-
term consequences in interactions within soil environment (Chen et al. 2021).

Thus, we compared microbiomes of seven seed species and related the composition of
bacterial communities to seed mass loss, viability and consumption by carabid beetle

Pseudoophonus rufipes. According to previous studies, the selected seed species differ in size,



morphology, chemical properties and also in palatability to carabid beetles (Honek et al. 2003;
Saska et al. 2019b). The development of bacterial communities and changes of seed properties
in soil were studied in a field experiment by burial at one site for up to two years, the
consumption by P. rufipes was studied by laboratory experiment, in which fresh seeds and the
excavated seeds after one and two years were offered to beetles. The study suggested the
persistence of particular bacterial taxa in seeds deposited in soil and changes in predation by
beetles in connection to bacterial communities. Consequently, the study also showed the
effectiveness of the individual seed species elimination in the soil bank by means of both
decomposition and consumption. This knowledge may improve our understanding of seed
endophytes functions, reveal the effects of microorganisms on plant demography (Larios et al.
2017) and provide a step in weed management targeted on seeds (Chee-Sanford and Fu 2010;

Miiller-Stover et al. 2016).

Material and Methods

Seed species and collection

Seeds of seven herbaceous species were used: Crepis biennis L., Taraxacum officinale agg.,
Tripleurospermum inodorum (L.) Schultz-Bip. (all Asteraceae), Plantago lanceolata L.
(Plantaginaceae), Thlaspi arvense L. (Brassicaceae), Silene latifolia ssp. alba (Mill.) Greuter
et Burdet (Caryophyllaceae) and Leonurus cardiaca L. (Lamiaceae). The species were
selected because they represent common weeds in central European fields and adjacent
habitats, are abundantly available, differ in size and shape, and also in palatability to carabid
beetles (Honek et al. 2003; Saska et al. 2019b). The seed morphological traits are shown in
Supplementary Table S1, chemical composition in Supplementary Table S2, and photographs

in Supplementray Fig. S1. Seeds of three Asteraceae are non-dormant, while the remaining



four species undergo physiological dormancy (Baskin and Baskin 1998). Seeds of the
Asteraceae and P. lanceolata are relatively short-living in soil, those of T. arvense and L.
cardiaca are more persistent (Thompson et al. 1997; Saska et al. 2020). Seeds were collected
from standing plants during July-August 2014 in Prague area and air dried at room

temperature on sterile Petri dishes.

Seed burial experiment

The experiment was set up in Prague — Ruzyné (50.08° N, 14.29° E) Czechia. The site was
selected for convenience but also with respect to the knowledge of higher seed decomposition
occurring in unmanaged fields (Nikoli¢ et al. 2020). The field is a fallow for about 10 years, is
described as a loam haplic Luvisol according to WRB classification (WRB 2015) and its basic
physico-chemical characteristics are in Supplementary Table S3. The experiment started on
Aug 28, 2014. Air-dried seeds of each species were filled to bags made of synthetic cloth with
a mesh size of ca. 0.15 mm. Each bag contained 2 grams of seeds and 20 g of fine-grain
autoclaved sand. Mixing seeds with a substrate is essential to prevent high seed deterioration
rates in soil (Van Mourik et al. 2005). Bags with seeds were connected by synthetic ropes to a
pole so they could be easily found. Prior to burial seed bags were stored in a freezer at -20 °C.
Seed bags were buried at a field margin to the depth of 25 cm in a block design, so each of 14
(2 years x 7 replicates of each seed species) blocks contained one bag per seed species. The
seeds from the first seven blocks were excavated after one year on Sept 10, 2015 (YAB 1), the
remaining seeds after two years on Sept 23, 2016 (YAB 2). Excavated seed bags were
manipulated with sterile gloves and kept separately in order to minimize the risk of
contamination. They were frozen immediately at -80 °C until further processing. Samples of

fresh seeds were kept frozen at -80 °C as controls (YAB 0).



Soil characteristics

The total content of C and N was determined by an Elementary Analyzer. Particle size
distribution was determined by the hydrometer method (Gee and Bauder 1986). Water
extraction were made according to (Hubova et al. 2018). Briefly, fresh samples were
subjected to deionised water (conductivity < 0.055 pS-cm™!, Crystal Adrona and
simultaneously < 2 ng-L ™! TOC) extraction (ratio soil/water 1:10 w/v, 60 min extraction on a
reciprocal shaker at a stable laboratory temperature). The suspension was then centrifuged at
4000 rpm for 10 min; finally, extracts were filtrated through a 0.45 um nylon membrane filter
(Cronus Membrane Filter Nylon, GB). In aqueous extracts the following chemical parameters
were analysed: pH (pH meter inoLab pH Level 1 WTW, Germany) and content of selected
elements using inductively coupled plasma optical emission spectrometer (ICP-OES).
Dissolved organic carbon (DOC) content was determined by a modified wet dichromate

oxidation method according to (Tejnecky et al. 2014).

Determination of seed properties

Seeds were cleaned from dust and fine soil/sand particles in an ultrasound cleaner (Sonorex
RK 31, Bandelin electronic, Berlin, Germany) for 3 minutes. The first subsample of 5 times
10 seeds were weighed using Sartorius balances (CP225D-0CE, Sartorius AG, Gottingen,
Germany) (precision of 10 g), and mean seed mass was calculated for each seed bag. The
second subsample of 5 times 10 seeds was used in a germination test. The seeds were placed
on top of a moist (1 ml of tap water) filter paper in a Petri dish (diameter 9 cm, height 1.5 cm)
and incubated for three weeks at continuous darkness while checked twice a week.
Germinated seeds were removed and recorded. The seeds that did not germinate were
subjected to an imbibed seed crush test (Borza et al. 2007). In this test, the seeds were gently

pressed by tips of a pair of forceps and seeds that crushed or collapsed without revealing



intact cotyledons or embryo were considered dead, and the number of viable/dead seeds per
dish was recorded. The results of this test proved to be highly correlated with the tetrazolium

chloride test, while being less demanding for labour (Borza et al. 2007).

Microbial communities

In the third subsample, 100 mg of seeds were were homogenized using a MiniBeadBeater-16
(Biospec Products, Bartlesville, USA) in steel vials with one 4 mm bead for 3000 rpm for 1 —
6 minutes depending on the seed species. DNA was extracted by method described in Sagova-
Mareckova et al. (2008). Bacterial 16S rRNA gene including the variable region V4 was
amplified by PCR using universal primers with overhang adapters CS1-515F (5°-
ACACTGACGACATGGTTCTACAGTGCCAGCMGCCGCGGTAA-3’) and CS2-806R 5°-
TACGGTAGCAGAGACTTGGTCTGGACTACHVGGGTWTCTAAT-3") (Caporaso et al.
2011). PCR was performed in 50 uL. mixture using AccuPrime buffer II and AccuPrime Taq
DNA polymerase (ThermoFisher Scientific, Waltham, USA). Construction of amplicon
libraries and sequencing using MiSeq sequencer (Illumina, San Diego, USA) were done at the
DNA Services Facility, Research Resources Center, University of Illinois, Chicago, USA.
The resulting paired sequence reads were merged, filtered, aligned using reference alignment
from the Silva database (Quast et al. 2013), and chimera checked using integrated Vsearch
tool (Rognes et al. 2016) according to the MiSeq standard operation procedure (Miseq SOP,
September 2021) (Kozich et al. 2013) in Mothur v. 1.44.1 software (Schloss et al. 2009). A
taxonomical assignment of sequence libraries was performed in Mothur using the Silva Small
Subunit rRNA Database, release 138 (Yilmaz et al. 2014) adapted for use in Mothur

(https://mothur.s3.us-east-2.amazonaws.com/wiki/silva.nr_v138.tgz ) as the reference

database. Sequences of plastids, mitochondria, and those not classified in the domain Bacteria

were discarded. The sequence library was clustered into ZOTUs using the Unoise algorithm



in Usearch v. 11.0.667 software (Edgar 2016). The ZOTU table was used to calculate the
rarefaction curves, Bray-Curtis distance matrices describing the differences in community
composition between the samples, and composition of core microbiomes for groups of seed
samples with tools implemented in the Mothur software. The core microbiome was defined as
a subset of ZOTUs present in at least 80% of samples in the group in proportion (relative
abundance) over 0.01% of the whole community. The non-metric mutidimensional scaling
plots with environmental variables were constructed in vegan package v. 2.5-7, core
microbiomes were compared using made4 package v. 1.66.0, and areas under the rarefaction
curves were calculated using trapezoidal rule, all in the R v. 4.1.0 software (R Core Team
2021). The Illumina MiSeq 16S rRNA gene amplicon sequences have been deposited in the
NCBI Sequence Read Archive under accession number SRP150525

(https://www.ncbi.nlm.nih.gov/sra/?term=SRP150525).

Seed consumption experiment

The fourth subsample of fresh seeds and seeds from both years of the burial experiment were
presented to Pseudoophonus rufipes (DeGeer) (Coleoptera: Carabidae), the model species of a
generalist invertebrate seed predator, on small tin trays filled with white modelling clay
(Plastilina JOVI, Barcelona, Spain) following the protocol of Honek et al. (2003) and Saska et
al. (2014). Each tray contained 30 seeds from one bag (or fresh seeds). Seeds were stuck by
ca. half their diameter so they could be easily picked up by the beetles. Trays from all bags
were presented simultaneously in an arena, which consisted of a glass Petri dish (25 cm in
diameter and 5 cm in height) with a 1 cm layer of sieved soil that did not contain any seeds on
the bottom. Seed trays (21 in total) were randomly arranged in two concentric rings (15 + 6
trays) by pressing them in the soil so they were flush with soil surface. This arena set-up was

replicated seven times; in each replication were the seeds of the same YAB (buried for one or



two years, respectively) were from the same block. Three beetles were released in each arena
and their consumption was determined for four consecutive days on a daily basis. If more than
50 % of seeds on a tray was removed, the respective tray was replaced to assure that the
preferred seeds were always present in excess. After the experiment, the consumption of
particular seed bag was summed over the entire period and expressed as consumption in

number of seeds (N) and consumption in seed mass (mg).

Statistical analysis

Seed properties (seed mass and viability) and the diversity of bacterial communities (area
under the rarefaction curve) were compared between seed species using Friedman, Kruskal-
Wallis, and pairwise Wilcoxon rank sum tests. The effect of YAB was tested for seed mass,
seed viability, diversity of the bacterial community (rf) and consumption of each species of
seeds. Consumption in number of seeds was analysed using generalized linear model with
quasi-poisson family, and consumption in mass was analysed by linear model. Each model
included seed species, one of the variables and their interaction, and a covariable indicating
the replication (arena) was also included in order to account for dependency of consumption
within each dish. To improve the fit of the linear models the logarithmic transformation was
used for consumption in mass and for seed mass, when appropriate (McArdle and Anderson

2001). All analyses were conducted in R version 4.1.0 (R Core Team 2021).

Results

Seed properties

Seeds of Plantago lanceolata had the highest and Tripleurospermum inodorum had the lowest
mass (Supplementary Table S1). Seeds differed in all measured properties: seed mass, seed

mass loss, viability and bacterial diversity (Supplementary Table S4A). Seed mass loss after



one year of soil exposure differed between 21 pairs of seeds and after the second year of
exposure between 15 pairs of seeds (Fig. 1A, Supplementary Table S4B). The highest seed
viability was in T. arvense and the lowest in L. cardiaca, P. lanceolata and T. inodorum.
Significant differences occurred between one pair after the first year and nine pairs after the
second year of soil exposure (Fig. 1B, Supplementary Table S4B). Bacterial diversity
(expressed as the area under the rarefaction curve - rf) was highest in L. cardiaca, S. latifolia
and T. officinale and lowest in P. lanceolata and T. arvense in fresh seeds. Significant
differences in bacterial diversity occurred between two pairs in fresh seeds, three pairs after
the first year and nine after the second year of soil exposure (Fig. 1C, Supplementary Table

S4B).

Changes in seed properties with burial in soil

Both, seed mass and viability declined significantly with time (year after burial, YAB) in all
seeds but the rate differed significantly among species and individual years (P < 0.001; Fig.
1A,B; Supplementary Table S5A,B). The fastest decline in seed mass was observed in C.
biennis and lowest in T. arvense in both years. The fastest decline in viability was in L.
cardiaca in the first year and in P. lanceolata in the second year (Supplementary Table S5B).
The changes in bacterial diversity varied significantly between seed species (P < 0.001; Fig.
1C). The decline in viability and seed mass was correlated in all seven seed species (Pearson’s
r ranging from 0.72 to 0.97). Bacterial diversity increased mostly between the fresh seeds and
the first year soil exposure, while the difference between the first and second year was not

significant (Supplementary Table S5A).



Seed bacterial communities

The proportions of dominant bacterial phyla Proteobacteria, Actinobacteriota,
Chloroflexi, Verrucomicrobiota, Firmicutes and Spirochaetes varied between both seed
species and burial time (Fig. 2). Bacterial communities differed in the overall test (Amova, P
< 0.05) between all seed species except between T. officinale and C. biennis, and L. cardiaca
and 7. inodorum (Supplementary Table S6).

In a more detail taxonomic analysis within Proteobacteria, the proportion of
Gammaproteobacteria (predominantly Enterobacteriales and Pseudomonadales) and
Betaproteobacteria (Burkholderiales) decreased, while Alphaproteobacteria (Rhizobiales)
increased (Supplementary Fig. S2). In fresh seeds, Gammaproteobacteria formed a large
proportion in 7. officinale, C. biennis, S. latifolia ssp. alba and T. inodorum,
Enterobacteraceae reached up to 40%, Pantoea (Enterobacterales; Erwiniaceae) was found
in high proportions in the fresh seed communities of 7. officinale, C. biennis, S. latifolia ssp.
alba and T. inodorum (20-30%). Hafnia (Enterobacterales; Hafniaceae) occurred also mostly
in the fresh seeds. Pseudomonadaceae occurred in all species (up to 30%) and were always
highest in the fresh seeds. Within Xanthomonadales, Stenotrophomonas occurred in 7.
officinale and C. biennis reaching the maximum after one year, but also in the fresh seeds of
T. inodorum and S. latifolia ssp. alba. Xanthomonas occurred particularly in the fresh seeds of
S. latifolia ssp. alba and decreased with burial. Betaproteobacteria, namely Burkholderiales
occurred more in 7. officinale and C. biennis in the fresh seeds, then decreased (average 7 %).
Burkholderia was present in most samples but in low proportions. Massilia was present only
sporadically in all seeds and times, and in higher percentage in the fresh seeds of P.
lanceolata.

In Actinobacteriota (Supplementary Fig. S3), Micrococcales were typical for fresh

seeds, Micromonosporales and Streptomycetales slightly increased with burial time, and



Solirubrobacterales and Pseudonocardiales appeared only with soil exposure. More
specifically, Micrococcales were found in high proportion in the fresh seeds in 7. officinalis,
L. cardiaca and S. latifolia ssp. alba, Streptomycetales increased after one year in T.
officinalis and P. lanceolata, while Propionibacteriales after two years in T. arvense.
Corynebacteriales appeared in P. lanceolata and C. biennis, and Cellulomonas after burial
particularly in P. lanceolata, L. cardiaca and S. latifolia ssp. alba.

Some families of Bacteroidota (Supplementary Fig. S4) were seed specific
(Flammeovirgaceae), while some increased with time (Chitofagaceae) or decreased
(Sphingobacteriaceae) after the first year, particularly in 7. officinalis, T. arvense, P.
lanceolata and S. latifolia ssp. alba.

Firmicutes (Supplementary Fig. S5) seemed to be seed specific in both fresh seeds and
after burial, were represented mostly by the genera Paenibacillus and Bacillus, which were
highest after the first year of burial particularly in 7. arvense, less in P. lanceolata and L.

cardiaca; also Planococcaceae were present specifically in 7. arvense.

Core microbiomes of fresh seeds and seeds after one year soil exposure

Comparison of core microbiomes between fresh seeds and seeds buried for one year showed,
which bacterial taxa survived in the seed and which were lost or enriched after burial. In all
seeds 5 ZOTUs survived in seeds after the first year. These were represented by genera of
Pantoea and Burkholderia-Caballeronia, Methylobacterium-Methylorubrum
(Proteobacteria), Kineosporia (Actinobacteriota), and Candidatus Cardinium (Bacteroidota).
Only one ZOTU, Kineosporia (Actinobacteriota), survived in core microbiome to the second
year. Mostly Alphaproteobacteria and Actinobacteriota enriched the seed microbiomes after

the first year in soil.



The proportions of the dominant taxa changed in microbiomes of individual seed
species. Mostly, the core microbiomes differed in proportions of Proteobacteria,
Actinobacteriota and Bacteroidota, the highest proportion of Proteobacteria was in C. biennis
and T. officinale, highest proportion of Actinobacteriota in L. cardiaca and highest proportion
of Bacteroidota in P. lanceolata. Additionally, S. latifolia comprised higher numbers of
Chloroflexi ZOTUs. The unique part of fresh seed microbiomes, which did not survive in soil
differed even more in the proportion of Proteobacteria, Actinobacteriota and Bacteroidota.
The characteristic microbiomes of the individual seed species also encompased Firmicutes,
highest in T. inodorum and Chloroflexi occurring in 7. arvense. The most noticeable
differences between seed species occurred in microbiomes after the first YAB. Highest
proportion of Proteobacteria was in T. officinale, Actinobacteriota, Chloroflexi in T.
inodorum, Firmicutes in T. arvense, Bacteroidota in C. biennis, and there were also
significant proportions of Planctomycetota in T. officinale and T. inodorum, and
Verrucomicrobiota in T. arvense. Mostly Alphaproteobacteria and Actinobacteriota enriched

the seed microbiome after the first year in soil (Fig. 3).

Microbiomes of individual seed species

C. biennis was a seed typical by high mass loss but low viability loss (Fig. 1,
Supplementary Table S5B). In the species, besides ZOTUs common to all species, also
Pseudomonas, Stenotrphomonas, Massilia (Proteobacteria) and Microbacteriaceae
(Actinobacteriota) survived, mostly Raoultella, Pseudomonas, and also Rathayibacter
(Actinobacteriota) disappeared, and many ZOTUs from Alphaproteobacteria,
Gammaproteobacteria, Actinobacteriota and Bacteroidota were enriched after the first year

(Supplementary Fig. S6).



L. cardiaca and P. lanceolata seeds were typical by high viability loss and relatively
low bacterial diversity (Supplementary Table S5B). L. cardiaca had relatively high number of
ZOTUs surviving the first year, mostly Pseudomonas, Alphaproteobacteria and
Micrococcales (Actinobacteriota) (Supplementary Fig. S7). P. lanceolata besides the typical
taxa shared Massilia, Bartonella and many other Gammaproteobacteria and
Alphaproteobacteria, Candidatus Cardinium (Bacteroidota), some Actinobacteriota and
Firmicutes. In both seeds, unique ZOTUs in the fresh seeds were dominated by Massilia,
interesting genera were also Bartonella and Wohlbachia, Sphingomonas and other
Alphaproteobacteria, and relatively similar percentage of Actinobacteriota, Bacteroidota and
Firmicutes. After one year, both seeds were enriched by similar percetage of
Alphaproteobacteria and Gammaproteobacteria, but different ZOTUs of mostly Rhizobium,
Bradyrhizobium, Sphingomonas and others. Both seeds were enriched also with similar
percetage but various ZOTUs of Actinobacteriota, Firmicutes and Bacteroidota. Additionally,
in P. lanceolata occurred high proportions of Bartonella, Candidatus Cardinium and
Wolbachia (Proteobacteria) (Supplementary Fig. S8).

S. latifolia ssp. alba was typical by low mass loss (Supplementary Table S5B). After
the first year, mostly Pantoea and Massilia (Gammaproteobacteria) survived in the
microbiome but also Pseudoarthrobacter (Actinobacteriota), Nitrososphearaceae
(Thaumarchaeota) and Firmicutes. Relatively high number of ZOTUs was unique in fresh
seeds and surprsingly, those were dominated by Actinobacteriota, mostly Curtobacterium and
Frondihabitans, large proportions also belonged to Gammaproteobacteria and
Alphaproteobacteria, namely Pseudomonas and Stenotrophomonas, but also Bacteroidota,
mostly Chryseobacterium, Pedobacter, Sphingobacterium and Firmicutes, mostly

Paenibacillus. The seed was enriched mostly by Alphaprotebacteria but also



Gammaproteobacteria, Actinobacteriota, Chloroflexi and Firmicutes after one year of soil
exposure (Supplementary Fig. S9).

T. oficinale was typical by high seed mass loss, high bacterial diversity and strong
decline of consumption rate after soil exposure (Supplementary Table S5B). The shared
microbiome between fresh seeds and one YAB was strongly dominated by Pantoea,
Klebsiella, Pseudomonas and Stenotrophomonas (Gammaproteobacteria), other ZOTUs
included Micrococcales (Actinobacteriota) and Pedobacter (Bacteroidota). The fresh seeds
were unique in ZOTUs of Pseudomonas, Enterobacteriales (Gammaproteobacteria),
Sphingomonas (Alphaproteobacteria), Microbacteriaceae and Nocardiaceae
(Actinobacteriota) and Pedobacter (Bacteroidota). Similarly to other seeds after soil
exposure, the microbiome was enriched mostly in Alpha and Gammaproteobacteria,
Actinobacteriota but also all other typical soil phyla (Supplementary Fig. S10).

T. arvense was typical by low mass and viability loss, low bacterial diversity but
increased consumption rate after soil exposure (Supplementary Table S5B). The shared
microbiome of fresh seeds and seeds after one YAB was dominated by Pseudomonas,
Burkholderia-Caballeronia-Paraburkholderia, Pantoea, Rikettsiella (Gammaproteobacteria),
Rhizobiaceae, Bartonella, Wohlbachia, Methylobacterium, Sphingomonas
(Alphaproteobacteria), high proportion of Candidatus Cardinium (Bacteroidota) and typical
taxa of Actinobacteriota, and additionally also Bacillus (Firmicutes). The ZOTUs unique in
fresh seeds were dominated by Caulobacter, Sphingomonas (Alphaproteobacteria),
Pseudomonas, Paucibacter (Gammaproteobacteria) but also interestingly Staphylococcus and
Romboutsia (Firmicutes) and Catenullispora (Actinobacteriota). The enrichment from soil
was dominated by Bacilli (Firmicutes), Alpha and Gammaproteobacteria, Actinobacteriota

dominated by Actinoplanes, Bacteroidota, Chloroflexi and others (Supplementary Fig. S11).



T. inodorum was typical by high bacterial diversity and strong decline of consumption
rate after soil exposure. ZOTUs surviving the first year in soil belong mostly to Pantoea,
Pseudomonas, Massilia, Xanthomonas, Sphingomonas (Gammaproteobacteria), and
Frondihabitans and Curtobacterium (Actinobacteriota). The fresh seeds were unique by
dominance of Paenibacillus (Firmicutes) and then Pseudomonas, Sphingomonas
(Proteobacteria), Ratayibacter, Clavibacter, Leifsonia (Actinobacteriota) and
Chryseobacterium and Pedobacter (Bacteroidota). The unique ZOTUs from soil exposure
were dominated by Micromonosporaceae, Kineosporia and other Actinobacteriota, Alpha and

Gammaproteobacteria, Chloroflexi, Bacteroidota and others (Supplementary Fig. S12).

Seed consumption
Seed consumption in total numbers (N) or by seed weight (mg) provided similar results. The
highest consumption of fresh seeds occurred in 7. officinale the lowest in T. arvense but after
two years the highest consumption was in 7. arvense and lowest in P. lanceolata. Significant
differences in consumption between seed species were revealed by an overall test for the fresh
seeds and the both burial times (Fig. 4; Supplementary Table S7A), while in post-hoc
pairwise test the differences were significant for three pairs of fresh seeds only. The effect of
burial time (YAB) differed between seed species. In consumption of seed numbers the effect
of YAB was significant for C. biennis, S. latifolia, T. officinale and T. arvense, in
consumption by weight it was for C. biennis, T. officinale, T. arvense and T. inodorum
(Supplementary Table S7B).

Some seeds (7. inodorum and T. officinale) were losing their initial attractiveness with
YAB, but T. arvense seeds were becoming more attractive. The pattern typical for the latter
species was that the consumption increased after one year of burial and decreased again after

the second year in soil, which however, still exceeded the original consumption (Fig. 4).



Therefore, consumption differed between seed species over time, while in C. biennis, T.
officinale, T. arvense and T. inodorum the burial time had significant effect on consumption,
in L. cardiaca, P. lanceolata and S. latifolia the consumption did not change over burial time

(Supplementary Table S7B).

Changes of interactions between seed properties, consumption and bacterial communities
The non-metric multidimensional scaling plots with instrumental variables show that the
relationship between bacterial communities and seed properties changed over time (Fig.5). In
the beginning, all properties i.e. seed mass, viability, bacterial diversity and consumption were
correlated with bacterial communities. Seed mass and bacterial diversity were directed
towards P. lanceolata seeds, viability towards 7. arvense seeds and consumption to C. biennis
and T. officinale. Bacterial diversity opposed consumption. After one year of seed exposure to
soil, only seed mass and bacterial diversity were correlated with bacterial communities, seed
mass pointing towards S. latifolia and bacterial diversity towards L. cardiaca, T. arvense and
T. inodorum. After two years of seed soil exposure, seed mass together with viability and
consumption that were weakly correlated with bacterial communities and pointing towards
relatively heavy and viable seeds of 7. arvense and S. latifolia, while bacterial diversity
pointed towards L. cardiaca, T. inodorum and T. officinale. Overall, all seed properties were
dependent on bacterial community composition, viability and seed mass were mostly
negatively correlated with diversity. Seed mass and diversity were always correlated with
bacterial communities, while viability and consumption rate were correlated in fresh seeds but
weakly correlated or uncorrelated after burial (Supplementary Table S8). The shared
microbiome of seeds of 7. officinale, T. inodorum and T. arvense, which were typical by
significant changes of consumption rate represented 44% of bacterial communities. It was

dominated by Actinobacteriota (Micromonosporales, Micrococcales, Streptosporangiales and



Corynebacteriales). Unique sequences of 7. arvense that was characterized by increased
consumption after burial represented 21 % of bacterial communities and were typical by high
percentage of Firmicutes, Paenibacillus and Bacillales. Seeds of T. officinale and T.
inodorum typical by high decrease of consumption after burial were characterized by high
percetage of Actinobacteriota (Supplementary Fig. S13). Thus, changes in bacterial

communities due to burial affected seed properties as well as consumption by P. rufipes.

Discussion
Microorganisms mediate a range of ecological interactions among phylogenetically
distant taxa. In this work, we propose that changes in bacterial communities of seeds buried in

soil are linked to seed survival and also to their consumption by a carabid beetle.

The “basic” seed endophytes

The predominant bacterial phyla of Proteobacteria, Actinobacteriota and Bacteroidota
that occured in studied seeds are commonly present in seed endophytic communities (Truyens
et al. 2015; Nelson et al. 2018; Escobar Rodriguez et al. 2020). The shared microbiome of all
seeds, fresh and after one year burial, consisted of 5 ZOTUs belonging to genera Pantoea,
Burkholderia-Caballeronia-Paraburkholderia, Methylobacterium-Methylorubrum
(Proteobacteria), Kineosporia (Actinobacteriota) and Candidatus Cardinium (Bacteroidota),
which come from these phyla. Additionally, the only ZOTU of the genus Kineosporia was
shared in all seed species after the second year of soil exposure. Thus, only a very restricted
part of the otherwise diverse bacterial community was common to all seeds and withstood the
soil exposure. Since the seeds of weeds stay in the soil for several years until conditions are

favorable for germination (Trognitz et al. 2016), the genera conserved in the microbiome,



may be particularly important for germination in the season following their maturation or
other interactions in soil (Singh et al. 2020; Bredon et al. 2021).

The multilevel interactions of these genera are also probable because they were linked
with functions not only in plants but also in insects (Zytynska and Meyer 2019). For example,
Pantoea comprises versatile lifestyles, including plant pathogens, plant growth promoters,
strains used for biocontrol of phytopathogens (Truyens et al. 2015) and simultaneously
Pantoea is an important member of the carabid beetle gut community (Lundgren and Lehman
2010). The genus Burkholderia was recently divided to two major new genera
Paraburkholderia and Caballeronia, so Burkholderia in now connected to pathogenicity,
although mutualistic partnerships with insects and contributions to plant health were also
identified (Kaltenpoth and Florez 2020). Paraburkholderia primarily contains nonpathogenic
strains with beneficial effects on plants such as nitrogen fixation in legume root nodules,
degradation of aromatic compounds, phosphate solubilization, or induction of stress resistance
or antifungal compounds production (Suarez-Moreno et al. 2012) and the genus Caballeronia
harbors mostly environmental species common in soil or water (Kaltenpoth and Florez 2020).
Methylobacterium-Methylorubrum was identified as plant growth promoting bacterium
suppressing growth of some pathogenic fungi and regulating salt stress (Grossi et al. 2020).
Kineosporia, the most persistent genus, was together with Variovorax and Acidovorax
identified as a keystone taxon driving fungal-bacterial balance (Duran et al. 2018). The
candidatus genus Cardinium is rather connected to the beetle predators since it is a common
intracellular symbiont of many insects and similarly to Wolbachia can be horizontally
transmitted between different insect species through plants, where it resides as an endophyte

(Frank et al. 2017).

Changes of seed microbiomes in soil



Many various taxa enriched the seeds in soil. Although they came from several phyla,
the dominant part belonged among the common endophytic phyla of Proteobacteria,
Actinobacteriota, Bacteroidota and Firmicutes. After one year in soil, the fresh seeds were
mostly depleted of Pseudomonas, Sphingomonas, Bartonella (Proteobacteria), which
represent taxa typical for symbiotic and/or pathogenic interactions with both plants and
insects (e.g. Trognitz et al. 2016; Segers et al. 2017; Kong et al. 2019; Vacheron et al. 2019).
Interestingly, after the second year in soil the seeds were again mostly enriched by strains
belonging to typical endophytic phyla, Proteobacteria and Actinobacteriota, but after the first
year, when most commonly the germination occurs, the seeds were enriched with strains from
less common phyla Firmicutes (Paenibacillus), Chloroflexi (uncultured) or Bacteroidota
(Chryseobacterium, Flavobacterium and Pedobacter). However, some of those genera,
namely Flavonobacterium and Pedobacter, were also previously linked with germination but
disapeared from seed microbiomes after one year of growth in sterile conditions (Escobar
Rodriguez et al. 2020). Also Paenibacillus belongs among typical seed endophytes with
potential antifungal activities (Truyens et al. 2015; Rybakova et al. 2016).

Although many strains belonged to endophytic phyla, in the individual seed species
they appeared in various proportions and together with many other species-specific taxa. We
also observed that the direction of changes in bacterial communities after burial was mostly
similar for the studied seed species (Fig. 5) but the specific selection of endophytes occurring
in fresh seeds seemed to continue after burial. Thus, the individual seeds were differently
connected with the surrounding soil bacterial communities. That can be partially explained by
their different surface structures and chemical composition because those may influence
selection of bacteria from soil (Chen et al. 2021). Also microorganisms already present on the
seed surface might later act as gatekeepers that prevent either pathogenic attack or slow decay

of hard seed enclosing structures (Dalling et al. 2011; Links et al. 2014). Therefore, this study



showed that bacteria associated with seeds kept their species-specific communities during soil
deposition, which further supports close plant-soil feedbacks (Miller et al. 2019). Also the
results support the suggestion that although soil microbiome serves as a primary source of
plant microbiomes it is strongly and sequentially filtered by the plant rhizosphere, rhizoplane

and growth stages (Singh et al. 2020), and in case of our study including the seed stage.

Seed traits and survival of individual seed species

The seeds deposited in soil were losing mass and viability but gaining bacterial
diversity during their two year exposure in soil. Mass loss and viability were inter-correlated
probably due to bacterial decomposing activities of seeds. Bacterial communities seemed to
explain particularly seed mass loss because it was correlated with bacterial communities in
fresh seeds as well as after one or two years of burial in soil, while viability and consumption
rate were correlated with bacterial communities only in fresh seeds and later only weakly after
two years of burial.

The most common loss of seeds deposited in soil is due to decomposing
microorganisms, which influence seedbank longevity (Nikoli¢ et al. 2020). The proportion of
typical decomposers such as Actinobacteriota and Firmicutes increased in all seed species
after burial and therefore, suggest their role in decomposition (Bastian et al. 2009). However,
some Actinobacteriota (Micrococcales) were rather typical for fresh seeds of S. latifolia, T.
officinale and T. inodorum and decreased with burial time, so they probably represent seed
endophytes (Truyens et al. 2015). Similarly, Proteobacteria although present in all seed
species, they dominated in fresh seeds. Particularly, the decreasing proportion of
Enterobacteriaceae (Gammaproteobacteria, Enterobacteriales) may be related to changes in
seed attractiveness (Truyens et al. 2015). Finally, the seeds of T. officinale and T. inodorum

(both Asteraceae) had high bacterial diversity, which negatively correlated with viability and



seed mass, suggesting a relatively fast seed decay (Thompson et al. 1997; Baskin and Baskin
1998).

As it has been already explained the disappearance of the individual seeds from seed
bank followed different patterns. C. biennis was typical by high seed mass loss but low
viability loss, average diversity and average and stable consumption rate. Similarly, L.
cardiaca and P. lanceolata had average consumption rates, average mass loss and diversity
but relatively high viability loss. In L. cardiaca, the latter may be supported by production of
alkaloids, e.g. stachydrine (Kuchta et al. 2013), which possibly interfere with carabid
consumption. Seeds of 7. officinale, T. inodorum and T. arvense were removed significantly
by consumption, fresh or after burial, respectively.

Generally, the seed traits such as strengths of seed coat and the proportion of
lignocellulose compounds in it (i.e., cellulose, hemicellulose, and lignin) could also have
consequences on microbiome structure (Colman et al. 2012; Jang and Kikuchi 2020). The
strongest coating was in P. lanceolata and S. latifolia. Several taxa such as Proteobacteria of
Moraxellaceae, Enterobacteriaceae, and Pseudomonadaceae but also Klebsiella, Serratia and
Enterobacter commonly present in these seeds were idenfied with capabilities to digest plant-

based compounds (Blankenchip et al. 2018).

Microbiomes affect seed consumption

The rates of seed consumption were similar for fresh seeds and seeds after one or two
year’s burial for C. biennis, L. cardiaca, P. lanceolata and S. latifolia. Yet, the consumption
differed between the fresh and buried seeds in 7. arvense, T. officinale and T. inodorum. In
the previous studies, these three seeds belonged to the most preferred species by many
carabids (Saska et al. 2019b) and their consumption rate by P. rufipes changed after burial

(Martinkova et al. 2006; Saska et al. 2019a). However, the observed changes were not always



in agreement. The consumption of 7. inodorum seeds decreased after 1, 2 (this study) and 6
years of burial (Saska et al. 2019a), while increased after burial for only 6 months
(Martinkova et al. 2006). Similarly, in 7. arvense an increase in consumption by P. rufipes
occurred after 1 and 2 years of burial (this study), while no effect was found after 6 months
(Martinkova et al. 2006) or 6 years (Saska et al. 2019a). Among the seed species used in this
study, a variable response was observed also when different carabid species were used, in L.
cardiaca (increase in consumption by Amara littorea but stable consumption by P. rufipes
and Harpalus affinis) and T. arvense (increase in consumption by H. affinis but not in P.
rufipes and A. littorea). The different consumption trends might be explained by various seed
— microbe interactions due to a different burial site, seed origin and duration of burial
(Martinkova et al. 2006; Johnston-Monje et al. 2016; Escobar Rodriguez et al. 2020).

Pseudoophonus rufipes generally seemed to prefer fresh to buried seeds in previous
studies (Saska et al. 2019a). That was true for seeds of T. officinale and T. inodorum in this
study. Interestingly, the microbiomes of 7. officinale and T. inodorum seeds showed
considerable similarities, possibly because they belong to the same family Asteraceae. In
both, there was a great increase in diversity between fresh seeds and seeds after burial. Since
the loss of viability was not high in these seeds it seems that the diversity enrichment was not
connected to a fast decay (Nikoli¢ et al. 2020). Their shared microbiomes of fresh seeds and
after one year of burial were also quite similarly dominated by Proteobacteria (namely
Pantoea, Pseudomonas), Actinobacteriota (Frondihabitans, Curtobacterium) and
Bacteroidota (Pedobacter). These taxa were associated with both plant seeds and insect guts
and they are also known for antagonistic activities (e.g. Frank et al. 2017; Duran et al. 2018;
Hou et al. 2018). The microbiomes unique in fresh seeds also had noticable similartities,
namely the presence of Clavibacter and Rathayibacter (Actinobacteriota), and again

Pedobacter (Bacteroidota), the genera known for various functions in both plants and insects



(e.g. Sharma et al. 2021). The specific microbiomes of the two seed species after one year
were quite different, but after the second year in soil they were both dominated by
Actinobacteriota, which differentiated them from the other seeds that were mostly dominated
by Proteobacteria. In seed eaters particularly, the microbiomes were strongly dominated by
Proteobacteria (Jang and Kikuchi 2020) so Actinobacteriota dominance may represent
another, yet unknown interaction with potencial multilevel influence. That may be relatively
important because it was observed that most insect guts contain rather few microbial species,
so only small diversions in their food source may lead to changes in gut microbiome (Engel
and Moran 2013).

The consumption after burial increased for seeds of T. arvense, which was further
connected to its small loss of mass and viability and to a small increase in bacterial diversity
suggesting that the seeds were still mostly alive over burial time. Possibly, low diversity of
seed microbiomes is advantageous because high diversity may result in negative interactions
with intestine bacteria (Schmid et al. 2015). The microbiome of 7. arvense, for which the
consuption increased after soil exposure, was relatively different from the other microbiomes.
In fresh seeds, the unique ZOTUs belonged for example to Catenullispora (Actinobacteriota),
and the soil exposed seeds were enriched by a relatively high proportion of Firmicutes
(Paenibacillus, Bacillus) compared to the other seed species, which were mostly enriched by
Proteobacteria and Actinobacteriota. Paenibacillus and Bacillus are typical endophytic taxa
with plant growth promoting and antagonistic activities against fungi (Truyens et al. 2015;
Torres-Cortés et al. 2018). Bacillus is also a very typical endosymbiont of insects (Lundgren
and Rosentrater 2007). Yet, Bacillus may also indicate decaying processes (Yilma and Bekele
2021) or rather poor growth conditions of previous seed generations (Tannenbaum et al.
2020). So, various factors might participate in this seed microbiome and lead to feeding by the

beetle.



Interestingly, the unique sequences of bacterial communities in seeds with low
consumption rate either fresh as P. lanceolata, or after soil exposure as T. officinale and T.
inodorum, were inhabited by many taxa with known antibiotic activities such as
Streptomyces, Thermomonospora, Micromonospora or Catenullispora, while bacterial
communities in seeds with overall relatively high consumption L. cardiaca, S. latifolia and T.
arvense (Supplementary Fig. S13) were inhabited by taxa known for association with insects
such as Nitrosomonadaceae (Betaproteobacteriales) and archaea Nitrososphaeraceae
providing nitrification or Methylophilaceae feeding on gut released methane and
Chitinophagaceae, which might be connected to feeding on fungi (Ebert et al. 2021).
Additionally, seed microbiomes of P. lanceolata and T. arvense shared relatively high
proportions of typical insect and invertebrate symbionts such as Bartonella, Wohlbachia and

Candidatus Cardinium that might influence the seed consumption (Jones et al. 2013).

Conclusions

The study showed that bacterial communities inhabiting seeds change during soil
exposure, are connected to seed properties and modulation of attractiveness for carabid beetle
predators. Due to seed deposition in soil, it was possible to show how permanently certain
bacterial taxa reside inside seeds and that may have implications for the stability and
functions of bacterial endophytes. The generalization of results is limited because the study
was conducted on one site. However we propose that the ZOTUs common to all seeds even
after burial and the high specificity of individual seed-microbe interactions will occur at
various sites. Finally, we found that species specific relationships between seeds, bacterial
community and beetle predation change after seed burial and thus, may represent novel three-
level trophic interactions, which have evolutionary consequences for plant demography but

also practical importance for weed management.
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8. Zavérecna diskuze

Predmétem této disertani prace bylo studium predace semen v souvislosti
s preferenénim chovanim stfevliki K vybranym druhtim pleveld. Jako
nejvyznamnéjsi znak semen ovliviujici preference stievlikovitych broukt se v
literatuie uvadi velikost (napi. Honek et al., 2003, Honek et al., 2011, Kotze et
al., 2011). Dalsimi znaky pak byva uvadéna hmotnost (napt. Moles et al., 2003,
Saska et al., 2019, Law and Gallagher, 2015), tvrdost osemeni (Lundgren and
Rosentrater, 2007) nebo fylogeneticka piibuznost mezi druhy semen (Moles et
al., 2003, Saska et al., 2019, Kulkarni et al., 2016).

Vysledky této dizertacni prace naznacuji, Ze preference stievlikii jsou ovlivnény
znaky semen, které jsou dany jejich fylogenetickou piibuznosti. Tyto znaky
semen se méni v Case 1 v prostiedi. Zaroven tyto zmény vyznamné ovliviluji
preference stfevlikii. Mezi hlavni znak semen ovliviwyjici preference strevlika
fadime velikost, tvar, hmotnost, vlastnosti osemeni (tloustka osemeni a sila
potfebnd k rozlousknuti jednotlivych druht semen), jejich taxonomickym
zafazenim a Zivotni strategii. Tyto vysledky se shoduji s pracemi, kde jsou
jednotlivé znaky semen popsany jako vyznamné pro preference semen.
Ptekvapivé v naSich experimentech nebyl potvrzen vliv chemickych latek
v semenech na preference stfevlikovitych broukt (Foffova et al. 2020, Insects
11:757). Duvodu k tomu muze byt vice. Jednim z nich je pouziti plasteliny jako
,nosice” semen (Honek et al., 2007), ktera by mohla potencialné piispét k
pozménéni chemickych znakl semen nebo produkovat volatilni latky. Mohlo
napiiklad dojit k omezeni vylu¢ovani volatilnich latek a semena tak predator
nemohl najit (Linton and Wright, 1993). Dalsim divodem muze byt zamraZeni
semen pied analyzou. Zamrazeni semen neméni jejich Zivotnost (Jordan and
Jordan, 1982), ale mohlo dojit ke zménam jejich chemického slozeni. Bohuzel
V praci Foffova et al. 2020, Insects 11:757 nebyly méfeny chemické latky, jako
je napf. obsah oleji v semenech. Olejnatost semen se zda byt také jednim

z vyznamnych znakt semen urcuji jejich predaci (Gaba et al., 2019).

V préaci Foffova et al. 2020, Insects 11:757 bylo zjisténo, Ze fylogeneticka
piibuznost druht stievlikt urCuje, jaké znaky semen se podileji na vyslednych
preferencich stievlikii. V této praci byli studovani zastupci dvou tribti (Zabrini a

Harpalini). Bylo prokazano, ze znaky semen urcujici preference mezi triby se

33



1i8i. Preference zastupct tribu Zabrini jsou ovlivnény strategii rostlin, taxonomi,
vlastnostmi osemeni, hmotnosti semen a rozméry semen. Oproti tomu
preference zastupcu tribu Harpalini byly ovlivnény pouze znaky osemeni,
hmotnosti a rozméry semen. Jelikoz vysvétlena variabilita dat byla v pfipadé
tribu Zabrini mensi neZli u tribu Harpalini, lze toto interpretovat tak, ze zastupci
tribu Harpalini jsou méné specializovani pii vybéru semen oproti zastupcim
tribu Zabrini (Honek et al., 2007). Diky vys$si mife specializace u zastupci tribu
Zabrini muze kazdy druh reagovat na jiné, specifické podnéty pii vybéru semen.
V dalSich dostupnych pracich bylo také dokézano, ze preference predatorti
semen se lisi mezi jednotlivymi fylogenetickymi skupinami (napt. Deroulers and
Bretagnolle, 2019, Saska et al., 2019). Tyto preference mohou byt ovlivnény
stavbou mandibul predatora (Deroulers and Bretagnolle, 2019, Lundgren and
Rosentrater, 2007, Evans and Forsythe, 1985). Pro dalsi fylogenetické skupiny
stievlikii, které se podileji na predaci semen, je potiebné provést dalsi

experimenty, nebot’ jejich preference nejsou piili§ znamy.

Dale bylo zjisténo, ze preference stievliki jsou ovlivnény momentalnim stavem
semen. Stfevlici preferuji nabobtnald nebo poskozena nabobtnald semena vice,
nezli sucha semena (Foffova et al. 2020, Acta Zoologica Academiae Scientiarum
Hungaricae, 66:37 - 48). Toto tvrzeni se shoduje s pracemi (Cardina et al., 1996,
Koprdova et al., 2008, Hurst and Doberski, 2003). Nabobtnala semena také vice
poziral Harpalus pensylvanicus (Degeer, 1774) v praci Law & Gallagher (2015).
V této konkrétni praci autofi uvadéji, Ze vyssi pocet seZranych semen je mozné
vysvétlit vyssi Sanci predatorli najit semena diky olfaktorickym vjemim
sttevlikil. Stejny vysledek pak piinasi prace Kulkarni et al. (2017). Unik
atraktivnich latek z nabobtnalych semen by mohl také vysvétlit nartst predace
semen Vv praci Lundgren et al. (2006), kdy stfevlici v destivém tydnu Zrali vice
semen nezli v suchém tydnu. V literatufe zcela schazi informace o predaci
semen, ktera by byla né¢jak poskozena. Tato prace jako prvni poukazuje na to, Ze

sttevlici nejvice zerou poskozena zivotaschopna semena.

V dalSich experimentech je potiebné zméfit, jak se meéni sila potiebna
k rozlousknuti semen pii bobtnani. Lze ocekavat, Ze S nabobtnanim semen se
bude snizovat sila potfebna k otevieni semen. Dale je potfebné se zaméfit na tzv.

handling time, tj. ¢as potfebny pro zpracovani kofisti, konkrétné jestli po
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nabobtndni semen nebo pii poskozeni osemeni se handling time zkracuje.
Zkracujici se handling time by potencidlné souvisel S moznosti predatora
rychleji a efektivnéji sezrat semena. V neposledni fadé je potfebné ovétit, jak se
méni spektrum a koncentrace volatilnich latek uvoliovanych z nabobtnalych
oproti suchym sementim. V naSich experimentech bylo zjisténo, ze ze suchych
semen se uvoliiuje mensi spektrum volatilnich latek s nizsi koncentraci nez ze
suchych semen. Je mozné, ze detekce takto malych koncentraci neni zatim
mozna. Déle prace Foffova et al. 2020, Acta Zoologica Academiae Scientiarum
Hungaricae, 66:37 - 48 ukazuje, ze vyjma momentalniho stavu semen maji na
preference vliv i znaky semen vychazejici z jejich fylogenetické ptibuznosti.
Stejné jako prace Kulkarni et al. (2017), ktera zjistila, Ze kromé& nabobtnani
semen maji na preference semen stievliky vliv i znaky semen, které vychazeji
Z jejich fylogenetické ptibuznosti. Stievlikoviti brouci v experimentu Foffova et
al. 2020, Acta Zoologica Academiae Scientiarum Hungaricae, 66:37 - 48
preferovali semena ze shodné geografické lokality, kde se vyskytovali i stfevlici.
Stejné tak tomu bylo v experimentu Honek et al. (2011), kde stfevlici preferovali
semena ze stejné oblasti (¢eska semena Taraxacum agg. pred italskymi). Tato
zjisténi je mozné vysvétlit adaptaci stievliki na zmény znakd semen mezi

jednotlivymi populacemi rostlin.

Jiz zminované znaky semen vychazeji z jejich fylogenetické pfibuznosti. Tyto
znaky spolecné s Zivotnosti sSemen se méni s dobou, po kterou setrvavaji v pudé
(Saska et al. 2020, Agronomy, 10:448). V této praci bylo potvrzeno, ze Zivotnost
semen je nelinearni a postupem doby setrvani v piidé se sniZzuje pocet
zivotaschopnych semen. Toto tvrzeni bylo také zjisténo kolektivy autorti Lutman
etal. (2002) nebo Masin et al. (2006). V nasi praci v§ak bylo pouZzito modelovani
zmén v podilech Zivotnych semen pomoci logistické kiivky. Tento pfistup
povazujeme za vhodn&js$i pro pochopeni dynamiky zmén a ekologii pudni
zasoby semen. Tento postup by mohl nahradit klasifikaci dlouhovékosti semen
do umélych kategorii, ktera v literatufe v soucasnosti prevlada (napf. Thompson
et al. 1997). Novost této prace je také ve zmeéteni znaklli semen a jejich zmény
Vv priubéhu setrvani v pid¢, nebot’ jejich zmény s dobou setrvani v pudé nebyly
doposud zdokumentovany. Pfitom pravé zmény znakd semen nam mohou

napomoci urcit zivotnost jednotlivych semen, které najdeme v pudé¢. Prace Saska
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et al. 2020, Agronomy, 10:448 také naznacuje, ze ne u vSech druhti semen ma
starnuti a poS§kozeni osemeni vliv na zivotnost semen. S prubéhem doby setrvani
V pude se zvySuje poskozeni osemeni a semena jsou razn¢ deformovana (napf.
semena Geum urbanum L.). Pfes zmény osemeni a deformaci semen byla
zivotnost semen tohoto druhu vysoka po celou dobu experimentu. Oproti tomu
semena Amaranthus powellii S. Watson nevykazovala zadné vyrazné viditelné
zmény V osemeni, tvaru ¢i hmotnosti, ackoliv Zivotnost semen tohoto druhu byla
jedna z nejkratsich ze zkoumanych druhti. Nicméné veskeré znaky semen i jejich
zivotnost muze byt ovlivnéna geografickym plvodem semen, pidnimi
podminkami nebo antagonisty semen v piirozeném prostiedi (napi. Cerabolini

et al., 2003, Pakeman et al., 2012, Davis et al., 2005).

Na preference stievlikti ma vliv i stafi semen (Saska et al. 2019, EJE, 116:133 -
140). V tomto ¢lanku bylo zjisténo, ze druhy stievliki Pseudoophonus rufipes
(DeGeer, 1774) a Amara littorea C. G. Thomson, 1857 preferuji Cerstva semena
pted zakopanymi. Oproti tomu druh Harpalus affinis (Schrank, 1781) preferuje
zakopand semena pred Cerstvymi. Schopnost predatorti semen zrat i semena,
ktera byla soucasti ptidni banky, byla potvrzena i dal§imi autory. Naptiklad
Hulme (1998) potvrdil, Ze hlodavci jsou schopni sezrat semena, ktera vstoupila
do uméle vytvoiené pidni banky. Martinkova et al. (2006) potvrdili, Ze stievlici
zerou semena, ktera byla v pidni zasobé po dobu 6 mésici. Zmény preferenci
stievlikll k zakopanym nebo Cerstvym semeniim nejde vysvétlit zkoumanymi
morfologickymi zménami v semenech. MoZnym vysvétlenim muize byt, ze
v semenech doSlo ke zmén€ koncentraci nebo pfitomnosti nékterych
chemickych latek (Davis et al., 2008), doslo k napadeni semen mikrobialnimi
antagonisty (Blaney and Kotanen, 2001, Dalling et al., 2011) nebo doslo ke
zmén¢ v osemeni (Tiansawat et al., 2014). Nicmén¢ piedpoklad, Ze doslo ke
zminovanym zménam, nemtzeme v tuto chvili podpofit zddnou analyzou, avSak

V budoucnu planujeme takové analyzy udélat.

Preference semen stievliky jsou ovlivnény 1 diverzitou a pocetnosti jednotlivych
druhti bakterii vyskytujicich se na semenech nebo uvnitt semen. Znaky semen,
ktera setrvala v pude¢, se méni i diky bakteriim. V praci Saska et al., PLSO —

under review, bylo zjisténo, Zze diverzita spoleCenstev bakterii zakopanych
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semen roste, zatimco Zivotnost a hmotnost semen se snizuje. Mezi druhy bakterii
na zkoumanych druzich semen je vysoka variabilita. Jednotlivé druhy semen
mohly byt vystaveny riznym selekénim tlakiim mikroorganismu (Singh et al.,
2020). Variabilita v pfitomnych druzich bakterii muaze ovlivnit preference
jednotlivych predatorti semen. Piikladem mohou byt semena druhi Taraxacum
officinale L. nebo Tripleurospermum inodorum (L.) Sch. Bip., jejichZ preference
stievliky se snizily, zatimco pocet druhti diagnostikovanych bakterii se navysil.
Naopak semena druhu Thlaspi arvense L. zacala byt po zakopani preferovanéjsi
nezli Cerstva semena. Poznatky o druhové biodiverzité bakterii na semenech jsou
nezbytné pro pochopeni interakci v pidnim prostiedi (Chen et al., 2021). Tyto
znalosti mohou zlepsit i nase chapani funkci endofytli semen, odhalit ucinky
mikroorganismi na populace semen v pudni zasobé (Larios et al., 2017) nebo
zmény v mikrobiomu traviciho traktu stievliki (Engel and Moran, 2013), které

mohou ovlivnit individualni preference.

Tato disertaéni prace ptinasi nové poznatky tykajici se fenoménu predace semen
a S ni spojenym vybérem semen jejich predatory. V této praci jsou zahrnuty
poznatky o obrannych znacich semen pied jejich predatory a o jejich zménach
Vv pribéhu doby setrvani v ptidé, pti nabobtnani, poskozeni nebo pii kolonizaci
bakteriemi. Tyto znaky a jejich zmény spole¢né s poznatky o perzistenci semen
V pudni zdsobé semen nam pomahaji pochopit popula¢ni dynamiku pleveli a
ekologii jejich semen v ptudni zasobé semen. Tyto vysledky by mohly pfispét
k lepsimu pochopeni vztahti mezi predatory semen a jejich kofisti, tj. semeny.
Déle by vysledky zatazené do této prace mohly v budoucnu napomoci
k pfesnéjsimu modelovani dynamiky predace semen a nasledné kvantifikaci
ucinkid ekosystémové sluzby predace semen, nebot’ bylo zjiSté€no, Ze strevlici
poziraji 1 semena, ktera setrvala v ptidni zdsob¢. Dale bylo u nékterych druhi
stanoveno, kolik primérné sezerou semen za urcity Casovy usek. Také bylo
zjisténo, Ze stfevlici preferuji nabobtnald semena, takze k ekosystémové sluzbé
predace semen plevelt by mohlo dochazet ¢astéji za vlh¢ich podminek nezli za
sucha. Zjisténé poznatky zjisténé v této disertacni praci mohou byt dale pouzity
Vv pracich, které modeluji zmény v plidni zadsob¢ semen (napf. Carbonne et al.
2021; Bohan et al. 2011) nebo kvantifikuji potravni sit¢ predatori semen (napf.
Pocock et al., 2021).
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9.3. Aktivni ucast na konferencich a seminarich

2021: Konference: Dolni Dunajovice: Pohled pfes hranice na téma
Rostlinolékatstvi neni jen chemie (trendy ochrany rostlin v duchu evropskych
strategii ,,Grean Deal®, ,,Farm to Fork*) — pfednaska na téma Ekosystémové

sluzby v zeméd¢lstvi

2020: Webinaf: Agro-environmentalni opatfeni v zemédélstvi - prfednaska na
téma: Agro-enviromentalni opatifeni (AEKO) se zaméfenim na ekosystémové

sluzby v zeméd¢lstvi

2019: Seminat pro odbornou vefejnost: V1iv systému péstovani plodin na zmény
spektra Skodlivych organismi, Praha - pfednaska na téma: Ekosystémové sluzby

se zam&fenim na regulaci plevell

2019: Konference: Proceedings 7th meeting of the EWRS working group
"Weeds and biodiversity", Némecko — pfednaska na téma: Do the properties of

seeds affect their predation?

2019: Konference: 19th European Carabidologist meeting, Italie — poster na

téma: Some seed properties affecting seed choice by Poecilus cupreus

2018: Konference - 18th EWRS Symposium - Lublan, Slovinsko - prezentace
na téma: Seed persistence and changes in seed coat colouration with time spent
in soil

2018: Konference: Kostelecké inspirovani, Ceska Republika — pfednaska na

téma: Zmeny zivotnosti semen a jejich oball v zavislosti na délce setrvani v pade

40



10. Citace

ALLEN, R. T. 1979. The occurrence and importance of ground beetles in agricultural
and surrounding habitats. In: ERWIN, T. L., BELL, G. E. & WHITEHEAD, D.
R. (eds.) Carabid beetles: their evolution, natural history and classificcation.
Netherlands: Springer

ATKINSON, M. D. & ATKINSON, E. 2002. Sambucus nigra L. Journal of Ecology,
90, 895-923.

BARI, R. & JONES, J. 2009. Role of plant hormones in plant defence responses. Plant
Molecular Biology, 69, 473-488.

BASKIN, C. C. & BASKIN, J. M. 1998. Seeds, Ecology, Biogeography, and
Evolution of Dormancy and Germination San Diego, California, USA,
Elsevier.

BEGON, M., HARPER, J. L. & TOWNSEND, C. R. 1997. Ekologie - jedinci,
populace a spolecenstva, Olomouc, Vydavatelstvi Univerzity Palackého.

BEKKER, R. M., BAKKER, J. P., GRANDIN, U., KALAMEES, R., MILBERG, P.,
POSCHLOD, P., THOMPSON, K. & WILLEMS, J. H. 1998. Seed size, shape
and vertical distribution in the soil: indicators of seed longevity. Functional
Ecology, 12, 834-842.

BENNETT, R. N. & WALLSGROVE, R. M. 1994. Secondary metabolites in plant
defence-mechanisms. New Phytologist, 127, 617-633.

BENVENUTI, S. 2007. Natural weed seed burial: effect of soil texture, rain and seed
characteristics. Seed Science Research, 17, 211-219.

BEWLEY, J. D. & BLACK, M. J. B. 1982. Physiology and Biochemistry of Seeds in
Relation to Germination. Berlin: Springer- Verlag.

BILDE, T. & TOFT, S. 1998. Quantifying food limitation of arthropod predators in the
field. Oecologia, 115, 54-58.

BLANEY, C. S. & KOTANEN, P. M. 2001. Post-dispersal losses to seed predators: an
experimental comparison of native and exotic old field plants. Canadian
Journal of Botany-Revue Canadienne De Botanique, 79, 284-292.

BOHAN, D. A., BOHAN, A. C., GLEN, D. M., SYMONDSON, W. O. C.,
WILTSHIRE, C. W. & HUGHES, L. 2000. Spatial dynamics of predation by
carabid beetles on slugs. Journal of Animal Ecology, 69, 367-379.

BOHAN, D. A., BOURSAULT, A., BROOKS, D. R. & PETIT, S. 2011. National-
scale regulation of the weed seedbank by carabid predators. Journal of Applied
Ecology, 48, 888-898.

BORZA, J. K., WESTERMAN, P. R. & LIEBMAN, M. 2007. Comparing estimates of
seed viability in three foxtail (Setaria) species using the imbibed seed crush test
with and without additional tetrazolium testing. Weed Technology, 21, 518-
522.

BREDON, M., DEPUYDT, E., BRISSON, L., MOULIN, L., CHARLES, C.,
HAENN, S., MOUMEN, B. & BOUCHON, D. 2021. Effects of Dysbiosis and
Dietary Manipulation on the Digestive Microbiota of a Detritivorous
Arthropod. Microorganisms, 9.

BRIESE, D. T. & MACAULEY, B. J. 1981. Food collection within an ant community
in semi-arid Australia, with special reference to seed harvesters. Australian
Journal of Ecology, 6, 1-19.

BURNSIDE, O. C., WILSON, R. G., WEISBERG, S. & HUBBARD, K. G. 1996.
Seed longevity of 41 weed species buried 17 years in eastern and western
Nebraska. Weed Science, 44, 74-86.

41



CARBONNE, B., PETIT, S., NEIDEL, V., FOFFOVA, H., DAOUTI, E., FREI, B,
SKUHROVEC, J., REZAC, M., SASKA, P., WALLINGER, C., TRAUGOTT,
M. & BOHAN, D. A. 2020. The resilience of weed seedbank regulation by
carabid beetles, at continental scales, to alternative prey. Scientific Reports, 10,
14.

CARDINA, J., NORQUAY, H. M., STINNER, B. R. & MCCARTNEY, D. A. 1996.
Postdispersal predation of velvetleaf (Abutilon theophrasti) seeds. Weed
Science, 44, 534-539.

CARMONA, D., LAJEUNESSE, M. J. & JOHNSON, M. T. J. 2011. Plant traits that
predict resistance to herbivores. Functional Ecology, 25, 358-367.

CERABOLINI, B., CERIANI, R. M., CACCIANIGA, M., ANDREIS, R.D. &
RAIMONDI, B. 2003. Seed size, shape and persistence in soil: a test on Italian
flora from Alps to Mediterranean coasts. Seed Science Research, 13, 75-85.

CHAUHAN, B. S., MIGO, T., WESTERMAN, P. R. & JOHNSON, D. E. 2010. Post-
dispersal predation of weed seeds in rice fields. Weed Research, 50, 553-560.

CHEE-SANFORD, J. C., WILLIAMS, M. M., DAVIS, A. S. & SIMS, G. K. 2006. Do
microorganisms influence seed-bank dynamics? Weed Science, 54, 575-587.

CHEN, D. L., CHEN, X. L., JIA, C. Z,, WANG, Y., YANG, L. J. & HU, X. W. 2021.
Effects of precipitation and microorganisms on persistence of buried seeds: a
case study of 11 species from the Loess Plateau of China. Plant and Soil, 467,
181-195.

CONN, J. S., BEATTIE, K. L. & BLANCHARD, A. 2006. Seed viability and
dormancy of 17 weed species after 19.7 years of burial in Alaska. Weed
Science, 54, 464-470.

CRIST, T. 0. & MACMAHON, J. A. 1992. Harvester ant foraging and shrub steppe
seeds - interactions of seed resources and seed use. Ecology, 73, 1768-1779.

DALLING, J. W., DAVIS, A. S., SCHUTTE, B. J. & ARNOLD, A. E. 2011. Seed
survival in soil: interacting effects of predation, dormancy and the soil
microbial community. Journal of Ecology, 99, 89-95.

DAOUTI, E., JONSSON, M., VICO, G. & MENEGAT, A. 2022. Seed predation is
key to preventing population growth of the weed Alopecurus myosuroides.
Journal of Applied Ecology, 59, 471-482.

DAVIS, A. S., CARDINA, J., FORCELLA, F., JOHNSON, G. A., KEGODE, G.,
LINDQUIST, J. L., LUSCHE, E. C., RENNER, K. A., SPRAGUE, C. L. &
WILLIAMS, M. M. 2005. Environmental factors affecting seed persistence of
annual weeds across the US corn belt. Weed Science, 53, 860-868.

DAVIS, A. S., SCHUTTE, B. J., IANNUZZI, J. & RENNER, K. A. 2008. Chemical
and physical defense of weed seeds in relation to soil seedbank persistence.
Weed Science, 56, 676-684.

DAVIS, A. S., TAYLOR, E. C.,, HARAMOTO, E. R. & RENNER, K. A. 2013.
Annual Postdispersal Weed Seed Predation in Contrasting Field Environments.
Weed Science, 61, 296-302.

DELGADO-SANCHEZ, P., ORTEGA-AMARO, M. A., IMENEZ-BREMONT, J. F.
& FLORES, J. 2011. Are fungi important for breaking seed dormancy in desert
species? Experimental evidence in Opuntia streptacantha (Cactaceae). Plant
Biology, 13, 154-159.

DEROULERS, P. & BRETAGNOLLE, V. 2019. The consumption pattern of 28
species of carabid beetles (Carabidae) to a weed seed, Viola arvensis. Bulletin
of Entomological Research, 109, 229-235.

42



ENGEL, P. & MORAN, N. A. 2013. The gut microbiota of insects - diversity in
structure and function. Fems Microbiology Reviews, 37, 699-735.

EVANS, M. E. G. & FORSYTHE, T. G. 1985. Feeding mechanisms and their
variation in form of some adult ground beetles (Coleoptera, Caraboidea).
Journal of Zoology, 206, 113-143.

FENNER, M. & THOMPSON, K. 2005. The Ecology of Seeds, London, England,
Cambridge University Press.

FOFFOVA, H., BOHAN, D. A. & SASKA, P. 2020. Do propeties and species of weed
seeds affect their consumption by carabid beetles? Acta Zoologica Academiae
Scientiarum Hungaricae, 66, 37-48.

FOFFOVA, H., CAVAR ZELJKOVIC, S., HONEK, A., MARTINKOVA, Z.,
TARKOWSKI, P. & SASKA, P. 2020. Which Seed Properties Determine the
Preferences of Carabid Beetle Seed Predators? Insects, 11.

FOFFOVA H.; SASKA P.; SKUHROVEC J. 2021. Minisérie: Ekosystémové sluzby v
zemédelstvi (1). Agromanudal, 8, 66-68.

FRANK, S. D., SHREWSBURY, P. M. & DENNO, R. F. 2011. Plant versus prey
resources: Influence on omnivore behavior and herbivore suppression.
Biological Control, 57, 229-235.

FREI, B., GUENAY, Y., BOHAN, D. A., TRAUGOTT, M. & WALLINGER, C.
2019. Molecular analysis indicates high levels of carabid weed seed
consumption in cereal fields across Central Europe. Journal of Pest Science,
92, 935-942.

FRICKE, E. C. & WRIGHT, S. J. 2016. The mechanical defence advantage of small
seeds. Ecology Letters, 19, 987-991.

GABA, S., DEROULERS, P., BRETAGNOLLE, F. & BRETAGNOLLE, V. 2019.
Lipid content drives weed seed consumption by ground beetles (Coleopterea,
Carabidae) within the smallest seeds. Weed Research, 59, 170-179.

GALLANDT, E. R.,, MOLLOY, T.,LYNCH, R. P. & DRUMMOND, F. A. 2005.
Effect of cover-cropping systems on invertebrate seed predation. Weed
Science, 53, 69-76.

GIJISMAN, F. & VITT, P. 2021. Seed size and capitulum position drive germination
and dormancy responses to projected warming for the threatened dune endemic
Cirsium pitcheri (Asteraceae). Ecology and Evolution, 11, 955-966.

GOLDSCHMIDT, H. & TOFT, S. 1997. Variable degrees of granivory and
phytophagy in insectivorous carabid beetles. Pedobiologia, 41, 521-525.

GRIME, J. P. 1979. Plant strategies and vegetation processes, Chichester, Wiley.

GRIME, J. P.,, HODGSON, J. G. & HUNT, R. 1990. The abriged comparative plant
ecology, London, Chapman&Hall.

GROOM, P. K. & LAMONT, B. B. 1997. Xerophytic implications of increased
sclerophylly: Interactions with water and light in Hakea psilorrhyncha
seedlings. New Phytologist, 136, 231-237.

GRUBB, P. J., METCALFE, D. J., GRUBB, E. A. A. & JONES, G. D. 1998.
Nitrogen-richness and protection of seeds in Australian tropical rainforest: a
test of plant defence theory. Oikos, 82, 467-482.

HARRISON, S. & LAW, E. R. 2012. Behavioural Studies of Harpalus rufipes De
Geer: An Important Weed Seed Predator in Northeastern US Agroecosystems.
2012.

43



HENGEVELD, R. 1980. Food specialization in ground beetles - an ecological or a
phylogenetic process (Coleptera, Carabidae). Netherlands Journal of Zoology,
30, 585-594.

HONEK, A., MARTINKOVA, Z. & JAROSIK, V. 2003. Ground beetles (Carabidae)
as seed predators. European Journal of Entomology, 100, 531-544.

HONEK, A., MARTINKOVA, Z. & SASKA, P. 2005. Post-dispersal predation of
Taraxacum officinale (dandelion) seed. Journal of Ecology, 93, 345-352.

HONEK, A., MARTINKOVA, Z. & SASKA, P. 2011. Effect of size, taxonomic
affiliation and geographic origin of dandelion (Taraxacum agg.) seeds on
predation by ground beetles (Carabidae, Coleoptera). Basic and Applied
Ecology, 12, 89-96.

HONEK, A., MARTINKOVA, Z., SASKA, P. & KOPRDOVA, S. 2009. Role of post-
dispersal seed and seedling predation in establishment of dandelion
(Taraxacum agg.) plants. Agriculture Ecosystems & Environment, 134, 126-
135.

HONEK, A., MARTINKOVA, Z., SASKA, P. & PEKAR, S. 2007. Size and
taxonomic constraints determine the seed preferences of Carabidae
(Coleoptera). Basic and Applied Ecology, 8, 343-353.

HULME, P. E. 1996. Herbivory, plant regeneration, and species coexistence. Journal
of Ecology, 84, 609-615.

HULME, P. E. 1998. Post-dispersal seed predation and seed bank persistence. Seed
Science Research, 8, 513-519.

HURST, C. & DOBERSKI, J. 2003. Wild flower seed predation by Pterostichus
madidus (Carabidae : Coleoptera). Annals of Applied Biology, 142, 251-254.

HURKA, K. 1996. Carabidae of the Czech and Slovak Republics. Carabidae Ceské a
Slovenské republiky. Zlin, Czech Republic: Kabourek.

JANZEN, D. H. 1971. Seed Predation by Animals. Annual Review of Ecology and
Systematics 2 : 1, 465-492

JORDAN, L. S. & JORDAN, J. L. 1982. Effects of prechilling on Convolvulus
arvensis L. seed coat and germination. Annals of Botany, 49, 421-423.

JYOTI, C. & MALIK. 2013. Seed deterioration: A review. International Journal of
Life Sciences Biotechnology and Pharma Research, 2, 374-385.

KAMENOVA, S., TOUGERON, K., CATEINE, M., MARIE, A. &
PLANTEGENEST, M. 2015. Behaviour-driven micro-scale niche
differentiation in carabid beetles. Entomologia Experimentalis Et Applicata,
155, 39-46.

KIELTY, J. P., ALLENWILLIAMS, L. J., UNDERWOOD, N. & EASTWOOD, E. A.
1996. Behavioral responses of three species of ground beetle (Coleoptera:
Carabidae) to olfactory cues associated with prey and habitat. Journal of Insect
Behavior, 9, 237-250.

KLIRONOMOS, J. N. 2002. Feedback with soil biota contributes to plant rarity and
invasiveness in communities. Nature, 417, 67-70.

KOHOUT, V. 1997. Plevele poli a zahrad, Praha, Agrospoj.

KOPRDOVA, S., BELLANGER, S., SKUHROVEC, J. & DARMENCY, H. 2015.
Does gall midge larvae cause pre-dispersal seed mortality and limit cornflower
population growth? Acta Oecologica-International Journal of Ecology, 69,
167-172.

KOPRDOVA, S., SASKA, P. & SOUKUP, J. 2008. The spectrum of invertebrate seed
predators that contribute to the control of the rape volunteer seeds (Brassica
napus L.). Journal of Plant Diseases and Protection, 261-264.

44



KOTZE, D. J.,, BRANDMAYR, P., CASALE, A., DAUFFY-RICHARD, E.,
DEKONINCK, W., KOIVULA, M. J., LOVEI, G. L., MOSSAKOWSKI, D.,
NOORDUK, J., PAARMANN, W., PIZZOLOTTO, R., SASKA, P.,
SCHWERK, A., SERRANQO, J., SZYSZKO, J., TABOADA, A., TURIN, H.,
VENN, S., VERMEULEN, R. & ZETTO, T. 2011. Forty years of carabid
beetle research in Europe - from taxonomy, biology, ecology and population
studies to bioindication, habitat assessment and conservation. Zookeys, 55-148.

KREMER, R. J. 1993. Management of weed seed banks with microorganisms.
Ecological Applications, 3, 42-52.

KREMER, R. J. & SCHULTE, L. K. 1989. Influence of chemical treatments and
Fusarium oxysporum on velvetleaf (Abutilon theophrasti). Weed Technology,
3, 369-374.

KROMP, B. 1999. Carabid beetles in sustainable agriculture: a review on pest control
efficacy, cultivation impacts and enhancement. Agriculture Ecosystems &
Environment, 74, 187-228.

KULKARNI, S. S., DOSDALL, L. M., SPENCE, J. R. & WILLENBORG, C. J. 2016.
Brassicaceous Weed Seed Predation by Ground Beetles (Coleoptera:
Carabidae). Weed Science, 64, 294-302.

KULKARNI, S. S., DOSDALL, L. M., SPENCE, J. R. & WILLENBORG, C. J. 2017.
Seed Detection and Discrimination by Ground Beetles (Coleoptera: Carabidae)
Are Associated with Olfactory Cues. Plos One, 12, 11.

KULKARNI, S. S., DOSDALL, L. M. & WILLENBORG, C. J. 2015. The Role of
Ground Beetles (Coleoptera: Carabidae) in Weed Seed Consumption: A
Review. Weed Science, 63, 355-376.

LAMBERT, J. E., HULME, P. E. & VANDER WALL, S. B. 2005. Seed Fate:
Predation, Dispersal, and Seedling Establishment, CABI.

LARIOS, L., PEARSON, D. E. & MARON, J. L. 2017. Incorporating the effects of
generalist seed predators into plant community theory. Functional Ecology, 31,
1856-1867.

LAW, J. J. & GALLAGHER, R. S. 2015. The role of imbibition on seed selection by
Harpalus pensylvanicus. Applied Soil Ecology, 87, 118-124.

LINTON, C. J. & WRIGHT, S. J. L. 1993. Volatile organic-compounds-
microbiological aspects and some technological implications. Journal of
Applied Bacteriology, 75, 1-12.

LONG, R. L., GORECKI, M. J., RENTON, M., SCOTT, J. K., COLVILLE, L.,
GOGGIN, D. E.,, COMMANDER, L. E., WESTCOTT, D. A., CHERRY, H. &
FINCH-SAVAGE, W. E. 2015. The ecophysiology of seed persistence: a
mechanistic view of the journey to germination or demise. Biological Reviews,
90, 31-59.

LONG, R. L., STEADMAN, K. J., PANETTA, F. D. & ADKINS, S. W. 2009. Soil
type does not affect seed ageing when soil water potential and temperature are
controlled. Plant and Soil, 320, 131-140.

LOVEI, G. L. & SUNDERLAND, K. D. 1996. Ecology and behavior of ground
beetles (Coleoptera: Carabidae). Annual Review of Entomology, 41, 231-256.

LUNDGREN, J. G. 2009. Relationships of Natural Enemies and Non-Prey Foods.
Springer.

LUNDGREN, J. G. & ROSENTRATER, K. A. 2007. The strength of seeds and their
destruction by granivorous insects. Arthropod-Plant Interactions, 1, 93-99.

45



LUNDGREN, J. G., SHAW, J. T., ZABORSKI, E. R. & EASTMAN, C. E. 2006. The
influence of organic transition systems on beneficial ground-dwelling
arthropods and predation of insects and weed seeds. Renewable Agriculture
and Food Systems, 21, 227-237.

LUTMAN, P. J. W., CUSSANS, G. W., WRIGHT, K. J., WILSON, B. J., WRIGHT,
G. M. & LAWSON, H. M. 2002. The persistence of seeds of 16 weed species
over six years in two arable fields. Weed Research, 42, 231-241.

MAHAJAN, G. & CHAUHAN, B. S. 2021. Seed longevity and seedling emergence
behavior of wild oat (Avena fatua) and sterile oat (Avena sterilis ssp.
ludoviciana) in response to burial depth in eastern Australia. Weed Science, 69,
362-371.

MANDAK, B. & HOLMANOVA, S. 2004. The effect of fruit age on seed
germinability of a heterocarpic species, Atriplex sagittata. Plant Biology, 6,
715-720.

MARTINKOVA, Z., SASKA, P. & HONEK, A. 2006. Consumption of fresh and
buried seed by ground beetles (Coleoptera : Carabidae). European Journal of
Entomology, 103, 361-364.

MASIN, R., ZUIN, M. C., OTTO, S. & ZANIN, G. 2006. Seed longevity and
dormancy of four summer annual grass weeds in turf. Weed Research, 46, 362-
370.

MATTOO, A. K. & SUTTLE, J. C. 1991. Plant Hormone Ethylene, Boca
Raton, Florida, CRCPress.

MAUREAUD, A., ANDERSEN, K. H., ZHANG, L. & LINDEGREN, M. 2020. Trait-
based food web model reveals the underlying mechanisms of biodiversity-
ecosystem functioning relationships. Journal of Animal Ecology, 14.

MAYER, F., ALBRECHT, H. & PFADENHAUER, J. 2002. Secondary dispersal of
seeds in the soil seed bank by cultivation. Zeitschrift Fur Pflanzenkrankheiten
Und Pflanzenschutz-Journal of Plant Diseases and Protection, 551-560.

MIKULKA, J., KNEIFELOVA, M., MARTINKOVA, Z., SOUKUP, J. & UHLIK, J.
2005. Plevelné rostliny, Praha, Profi Press.

MOLES, A. T., WARTON, D. I. & WESTOBY, M. 2003. Do small-seeded species
have higher survival through seed predation than large-seeded species?
Ecology, 84, 3148-3161.

MONDONI, A., ORSENIGO, S., DONA, M., BALESTRAZZI, A., PROBERT, R. J.,
HAY, F. R.,, PETRAGLIA, A. & ABELLI, T. 2014. Environmentally induced
transgenerational changes in seed longevity: maternal and genetic influence.
Annals of Botany, 113, 1257-1263.

NAVNTOFT, S., WRATTEN, S. D., KRISTENSEN, K. & ESBJERG, P. 2009. Weed
seed predation in organic and conventional fields. Biological Control, 49, 11-
16.

PAKEMAN, R. J.,, SMALL, J. L. & TORVELL, L. 2012. Edaphic factors influence
the longevity of seeds in the soil. Plant Ecology, 213, 57-65.

PANZA, V., LAINEZ, V. & MALDONADO, S. 2004. Seed structure and
histochemistry in the palm Euterpe edulis. Botanical Journal of the Linnean
Society, 145, 445-453.

PAULSEN, T. R., COLVILLE, L., KRANNER, I., DAWS, M. I, HOGSTEDT, G.,
VANDVIK, V. & THOMPSON, K. 2013. Physical dormancy in seeds: a game
of hide and seek? New Phytologist, 198, 496-503.

46



PETIT, S., BOURSAULT, A. & BOHAN, D. A. 2014. Weed seed choice by carabid
beetles (Coleoptera: Carabidae): Linking field measurements with laboratory
diet assessments. European Journal of Entomology, 111, 615-620.

P1ZO, M. A. & OLIVEIRA, P. S. 2001. Size and lipid content of nonmyrmecochorous
diaspores: effects on the interaction with litter-foraging ants in the Atlantic rain
forest of Brazil. Plant Ecology, 157, 37-52.

POCOCK, M. J. 0., SCHMUCKI, R. & BOHAN, D. A. 2021. Inferring species
interactions from ecological survey data: A mechanistic approach to predict
quantitative food webs of seed feeding by carabid beetles. Ecology and
Evolution, 11, 12858-12871.

POND, C. M. 2013. Ecology of Storage. In: LEVIN, S. M. (ed.) Encyclopedia of
Biodiversity. Academic Press.

PRIESTLEY, D. A. 1986. Seed Aging: Implications for Seed Storage and Persistence
in the Soil Comstock Pub Assoc.

REUSS, S. A,, BUHLER, D. D. & GUNSOLUS, J. L. 2001. Effects of soil depth and
aggregate size on weed seed distribution and viability in a silt loam soil.
Applied Soil Ecology, 16, 209-217.

RHOADES, D. F. 1979. Evolution of Plant Chemical Defense against Herbivores. In:
ROSENTHAL, G. A. & JANZEN, D. H. (eds.) Herbivores: Their Interaction
with Secondary Plant Metabolites. New York: Academic Press.

SARABI, V. 2019. Factors that influence the level of weed seed predation: A review.
Weed Biology and Management, 19, 61-74.

SASKA 2015. Seed requirements and consumption of Amara montivaga, a
granivorous carabid (Coleoptera: Carabidae) Acta Soc. Zool. Bohem.

SASKA, P. 2005. Contrary food requirements of the larvae of two Curtonotus
(Coleoptera : Carabidae : Amara) species. Annals of Applied Biology, 147, 139-
144,

SASKA, P., FOFFOVA, H., MARTINKOVA, Z. & HONEK, A. 2020. Persistence
and Changes in Morphological Traits of Herbaceous Seeds Due to Burial in
Soil. Agronomy-Basel, 10, 16.

SASKA, P., HONEK, A., FOFFOVA, H. & MARTINKOVA, Z. 2019. Burial-induced
changes in the seed preferences of carabid beetles (Coleoptera: Carabidae).
European Journal of Entomology, 116, 133-140.

SASKA, P., HONEK, A. & MARTINKOVA, Z. 2019. Prefences of carabid beetles
(COLEOPTERA: CARABIDAE) for herbaceous seeds. Acta Zoologica
Academiae Scientiarum Hungaricae, 65, 57-76.

SASKA, P., MARTINKOVA, Z. & HONEK, A. 2010. Temperature and rate of seed
consumption by ground beetles (Carabidae). Biological Control, 52, 91-95.

SCHMID, R. B., LEHMAN, R. M., BROZEL, V. S. & LUNDGREN, J. G. 2015. Gut
Bacterial Symbiont Diversity Within Beneficial Insects Linked to Reductions
in Local Biodiversity. Annals of the Entomological Society of America, 108,
993-999.

SHELAR, V. R. 2008. Role of mechanical damage in deterioration of soybean seed
quality during storage - a review 29 (3). Available:
http://www.arccjournals.com/uploads/articles/ar293003.pdf.

SHIRLEY, B. W. 1998. Flavonoids in seeds and grains: physiological function,
agronomic importance and the genetics of biosynthesis. Seed Science
Research, 8, 415-422.

47


http://www.arccjournals.com/uploads/articles/ar293003.pdf

SINGH, B. K., LIU, H. W. & TRIVEDI, P. 2020. Eco-holobiont: A new concept to
identify drivers of host-associated microorganisms. Environmental
Microbiology, 22, 564-567.

SWANTON, C. J., GRIFFITHS, J. T., CROMAR, H. E. & BOOTH, B. D. 1999. Pre-
and post-dispersal weed seed predation and its implications to agriculture. 1999
Brighton Conference: Weeds, Vols 1-3, 829-834.

THIELE, H. U. 1977. Carabid beetles in their environments, Berlin, Springer Science
& Business Media.

THOMAS, R. S., GLEN, D. M. & SYMONDSON, W. O. C. 2008. Prey detection
through olfaction by the soil-dwelling larvae of the carabid predator
Pterostichus melanarius. Soil Biology & Biochemistry, 40, 207-216.

THOMPSON, K. 1987. Seeds and seed banks. New Phytologist, 106, 23-34.

THOMPSON, K., BAKKER, J. & BEKKER, R. 1997. The soil seed banks of North
West Europe:methodology, destiny and longevity. United Kingdom:
Cambridge University Press

THOMPSON, K., BAKKER, J. P., BEKKER, R. M. & HODGSON, J. G. 1998.
Ecological correlates of seed persistence in soil in the north-west European
flora. Journal of Ecology, 86, 163-169.

THOMPSON, K., BAND, S. R. & HODGSON, J. G. 1993. Seed size and shape
predict persistence in soil. Functional Ecology, 7, 236-241.

THOMPSON, K. & GRIME, J. P. 1979. Seasonal variation in the seed banks of
herbaceous species in 10 contrasting habitats. Journal of Ecology, 67, 893-921.

TIANSAWAT, P., DAVIS, A. S., BERHOW, M. A., ZALAMEA, P. C. & DALLING,
J. W. 2014. Investment in Seed Physical Defence Is Associated with Species'
Light Requirement for Regeneration and Seed Persistence: Evidence from
Macaranga Species in Borneo. Plos One, 9, 9.

TOOLEY, J. A. & BRUST, G. E. 2002. Weed seed predation by carabid beetles. In:
HOLLAND, J. M. (ed.) The agroecology of carabid beetles.

TOOLEY, J. A, FROUD-WILLIAMS, R. J.,, BOATMAN, N. D. & HOLLAND, J. M.
1999. Laboratory studies of weed seed predation by carabid beetles. 1999
Brighton Conference: Weeds, Vols 1-3, 571-572.

TRUYENS, S., WEYENS, N., CUYPERS, A. & VANGRONSVELD, J. 2015.
Bacterial seed endophytes: genera, vertical transmission and interaction with
plants. Environmental Microbiology Reports, 7, 40-50.

TSCHUMI, M., EKROOS, J., HIORT, C., SMITH, H. G. & BIRKHOFER, K. 2018.
Predation-mediated ecosystem services and disservices in agricultural
landscapes. Ecological Applications, 28, 2109-2118.

VANDER WALL, S. B. 1998. Foraging success of granivorous rodents: Effects of
variation in seed and soil water on olfaction. Ecology, 79, 233-241.

WALLINGER, C,, SINT, D., BAIER, F., SCHMID, C., MAYER, R. & TRAUGOTT,
M. 2015. Detection of seed DNA in regurgitates of granivorous carabid beetles.
Bulletin of Entomological Research, 105, 728-735.

WALTERS, C., WHEELER, L. M. & GROTENHUIS, J. M. 2005. Longevity of seeds
stored in a genebank: species characteristics. Seed Science Research, 15, 1-20.

WERKER, E. 2000. Trichome diversity and development. Advances in Botanical
Research Incorporating Advances in Plant Pathology, Vol 31 2000: Plant
Trichomes, 31, 1-35.

48



WESTERMAN, P. R, HOFMAN, A, VET, L. E. M. & VAN DER WERF, W. 2003.
Relative importance of vertebrates and invertebrates in epigeaic weed seed
predation in organic cereal fields. Agriculture Ecosystems & Environment, 95,
417-425.

WIGAND, C. & CHURCHILL, A. C. 1988. Laboratory studies on eelgrass seed and
seedling predation. Estuaries, 11, 180-183.

ZAGURI, M. & HAWLENA, D. 2020. Odours of non-predatory species help prey
moderate their risk assessment. Functional Ecology, 34, 830-839.

49



	Introduction 
	Materials and Methods 
	Seed Material 
	Preference Experiments 
	Measurement of Seed Morphological Traits 
	Chemical Analysis of Seeds 
	Ecology and Taxonomy of Plants 
	Data Analyses 

	Results 
	Preferences of Carabids 
	Morphological Analysis of Seeds 
	Chemical Analyses of Seeds 
	Relationships among Carabid Preferences and Seed Properties 

	Discussion 
	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

