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1. Streszczenie

Skutecznos$¢ regeneracji stanowisk pod uprawg pszeniyta jarego z wykorzystaniem
miedzyplonu

Regeneracja stanowisk w ptuznej uprawie roslin i na polach w terenach urzezbionych
jest mozliwa w oparciu o: 1) wprowadzanie gatunkéw roslin miedzyplonowych do
zmianowania, 2) akceleracje organizmoéw pozytecznych towarzyszacych uprawom (m.in.
skgposzczetéw glebowych, mikroorganizmaéw), a takze, 3) eliminacje organizmow szkodliwych
(szkodnikéw roslin, chorobotwdérczych mikroorganizmoéw oraz chwastéw).

Celem ogdlnym pracy byfa ocena regenerujgcej roli komponentéw agroekosystemu
ro$liny zbozowej - miedzyplondéw Scierniskowych: gorczycy biatej (Sinapis alba L. odm.
Borowska), gryki zwyczajnej (Fagopyrum esculethum Moench., odm. Kora), facelii btekitnej
(Phacelia tanacetipholia Benth., odm. Stala) oraz dzdzownic w réznych systemach i warunkach
prowadzenia uprawy.

Pierwszym celem szczegdétowym byta préba opisania mechanizmu agroekologicznego
regenerujgcego stanowisko w uprawie rosliny zbozowej — pszenzyta jarego (xTriticosecale
ex. Wittmax., odm. Mamut) na glebie lekkiej z udziatem roslin miedzyplonowych i dzdzownic.
Z badan polowych wynika, ze najwiecej osobnikéw dojrzatych odtowiono na stanowisku
zgrykg zwyczajng — 42%. Takze osobniki juwenilne zasiedlaty najczesciej ryzosfere
F. esculentum (w 47.2%), co byto z kolei efektem zdeponowania tam w trakcie wegetacji
pszenzyta jarego kokondw. Realizacje drugiego celu szczegdétowego osiggnieto poprzez
laboratoryjng ocene powinowactwa troficzne. Dzidzownice L. terrestris L. karmiono
substratem zawierajgcym biomase nadziemnych czesci roslin miedzyplonowych testowanych
w doswiadczeniu polowym. Zaproponowano nowy wskaznik dynamiki dekompozycji pokarmu
(F24/AWE), ktory wyraza site i wktad populacji dzdzownic w proces przerabiania roslinnej
materii organicznej. Z badan wynika, ze dzdzownice najchetniej wybieraty dwa (S. alba oraz
F. esculentum) sposréd czterech testowanych gatunkéw roslin. Najnizszy wskaznik
dekompozycji F24/AWE zanotowano na obiektach z obecnoscig xTriticosecale (0.07),
a najwiekszy dla S. alba (0.27) i F. esculentum (0.24).

Trzeci szczegotowy cel badan odnosit sie do wptywu naturalnych komponentow
(dzdzownice, chwasty) towarzyszacych uprawom prowadzonym na stokach i ich wptywu

na regeneracje stanowiska glebowego. Stwierdzono, Ze populacja dzdzownic w obrebie
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upraw ekologicznych byta wieksza s$rednio 0 12.43%, w porédwnaniu z obiektami
prowadzonymi w systemie konwencjonalnym. Réwniez chwasty w ekologicznych uprawach
roslin wykazaty wiekszg liczebnos$¢ (Srednio o 121%). Wystepowata tam takze zwiekszona
infiltracja (o 13.6%) i mniejszy sptyw powierzchniowy (srednio o 6.47%) co pokazuje,
ze w systemie rolnictwa ekologicznego naturalne komponenty agroekosystemu ostabiajg
dziatanie proceséw erozyjnych wystepujgcych na stokach.

Czwarty cel szczegétowy podjetych badan koncentrowat sie wokdt okreslenia
potencjatu allelopatycznego rézinych czesci P. tanacetifolia pod katem ich wptywu
na poczatkowy wzrost i rozwdj roslin pszenzyta jarego. Wyciaggi wodne zlisci i kwiatéw
wykazaty istotnie mocniejszy efekt inhibicyjny wzgledem kietkujgcych ziarniakdw pszenzyta
jarego (blisko 12.50% skietkowanych roslin po siedmiu dniach). Najstabszy efekt inhibicyjny
wzgledem dtugosci poszczegdlnych czesci siewek pszenzyta zostat udowodniony
dla ekstraktow wodnych z korzeni rosliny miedzyplonowej. Udowodniono takze stymulujacy
wptyw wyciggdw wodnych z korzenia (niezaleznie od stezenia) na dtugos¢ pochewki lisciowej
pszenzyta jarego (o 16.67% w stosunku do kontroli).

Podjete badania wskazujg kierunek zmian zachodzacych w podziemnej czesci
agroekosystemow, szczegdlnie w uprawie pszenzyta jarego i roslin na terenach urzezbionych.
Dalsze badanie zaleznosci ekologicznych i allelopatycznych w sieci powigzan pomiedzy
organizmami glebowymi aroslinami, zwtaszcza preferencji pokarmowych dzdzownic
wzgledem mikroorganizmow i gatunkdw roslin, dajg szanse bardziej szczegdétowego poznania

wewnetrznych mechanizmow regenerujgcych agroekosystem.

Stowa kluczowe: preferencje i aktywnos$¢ troficzna dzdzownic, ryzosfera Fagopyrum esculentum
Moench, populacje organizmdéw towarzyszacych uprawom, potencjat allelopatyczny Phacelia

tanacetifolia Benth., erozja wodna, agroekologiczne mechanizmy regeneracji stanowisk
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2. Summary

Efficiency of regeneration of sites under cultivation of spring triticale with the use of
stubble crop

Regeneration of plowed agricultural stands with cereal plants sown after itself, as well
as sloping farmlands agriculture, is based on the following treatments: 1) introduction of catch
crop species in crop rotation, 2) acceleration of accompanying beneficial organisms crops (e.g.
soil oligochaetes, microorganisms), and 3) elimination of harmful organisms (pests,
pathogenic microorganisms and weeds).

The general objective of the study was to assess the regenerative role of the
agroecosystem’s components - stubble crops: white mustard (Sinapis alba L. cv. Borowska),
common buckwheat (Fagopyrum esculethum Moench, cv. Kora), lacy phacelia (Phacelia
tanacetifolia Benth., cv. Stala), as well as earthworms and weeds of a cereal plant in various
cultivation systems and soil conditions.

The first specific objective was an attempt to describe the agroecological mechanism
regenerating the site in the cultivation of a cereal plant - spring triticale (xTriticosecale
ex. Wittmax., cv. Mamut) on light soil with the participation of stubble crops and earthwormes.
The field research shows that the largest number of mature individuals were caught in the site
with common buckwheat, i.e. 42.0%. Juvenile individuals also inhabited the rhizosphere
of F. esculentum most often (47.2%), which in turn was the result of depositing cocoons there
during the vegetation of spring triticale. The implementation of the second specific objective
was achieved through laboratory assessment of the trophic affinity. L. terrestris L. earthworms
were fed with a substrate containing biomass of above-ground parts of catch crops tested in
the field experiment. A new indicator of food decomposition dynamics (F24/AWE) was
proposed, which expresses the strength and contribution of the earthworm population to the
process of processing plant organic matter. The research shows that earthworms preferred
two (mustard and buckwheat) of the four tested plant species. The lowest F24/AWE
decomposition rate was recorded on objects with the presence of triticale (0.07), and the
highest for mustard (0.27) and buckwheat (0.24).

The third specific objective of the research concerned the impact of natural
components accompanying crops (earthworms, weeds) on slopes and their impact on the

regeneration of the soil. It was found that the population of earthworms within organic
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farming was higher by 12.43% on average compared to conventional system. Weeds in organic
crops also showed a higher abundance (by av. 121%). There was also an increased infiltration
(by 13.6%) and surface runoff (by av. 6.47%) in the organic farming system, which shows that
the natural components of the agroecosystem weaken the effect of erosion processes
occurring on the slopes.

The fourth specific objective focused on determining the allelopathic potential
of various parts of P. tanacetifolia in terms of their effect on the initial growth and
development of spring triticale. Water extracts from leaves and flowers showed a significantly
stronger inhibitory effect on germinating triticale plants (on average nearly 12.50%
of sprouted plants after seven days). The weakest inhibitory effect in relation to the length
of individual parts of triticale seedlings was proved for water extracts from the roots of the
stubble crop. The stimulating effect of water extracts from the root (irrespective of the
concentration) on the length of the leaf sheath of spring triticale was also proven (by 16.67%
compared to the control).

The undertaken research indicates the direction of changes taking place in the
underground part of agroecosystems, especially in the cultivation of spring triticale and plants
in sloping areas. Further study of the ecological and allelopathic relationships in the network
of connections between soil organisms and plants, especially the food preferences
of earthworms for microorganisms and plant species, provide an opportunity to learn more

about the internal mechanisms that regenerate the agroecosystem.

Key words: preferences and trophic activity of earthworms, rhizosphere of Fagopyrum
esculentum Moench, populations of organisms accompanying crops, allelopathic potential
of Phacelia tanacetifolia Benth., water erosion, agroecological mechanisms of soil

regeneration

6:1098377763
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4. Wprowadzenie

Gospodarowanie zasobami naturalnymi, m.in. w celu zaspokojenia potrzeb
spotecznosci ludzkiej, jak i poszanowanie piekna i harmonii $wiata stworzonego, poprzez
rozsadne korzystanie z puli elementdw ozywionych i nieozywionych, nakierowuje naukowcow
i kazdego, kto korzysta z dobr ptyngcych z ekosystemodw, by szukat rozwigzan gwarantujacych
bezpieczenstwo egzystencji i ciggtos¢ korzystania z zasobdéw naturalnych. Kazdy ekosystem,
w tym agroekosystem, zawiera miliony interakcji pomiedzy zywymi komponentami
a srodowiskiem ich wystepowania. Biocenoza i biotop stanowig samoregulujacy sie system
zaleznosci trwajacy w czasie i w konkretnej przestrzeni, wypracowywany miliony lat przed
pojawieniem sie cztowieka. W miare postepu technologicznego i biologicznego w rolnictwie
ta ingerencja dokonuje sie w sposdb coraz bardziej kompleksowy, m.in. opracowane zostaty
programy ochrony upraw (Platforma Sygnalizacji Agrofagéw, 2023), wprowadza sie do uprawy
nowe odmiany i specjalistyczne narzedzia polowe oraz systemy wspomagania decyzji,
nakierowujgc obecne gospodarowanie agroekosystemami na tory rolnictwa precyzyjnego.
Wskazane dziatania majg na celu podporzgdkowanie sobie wszystkich biotycznych
i abiotycznych elementéw agroekosysteméw i zarzadzania nimi w perspektywie zwykle
krotkoterminowego dziatania. Z drugiej strony rolnictwo musi obecnie sprosta¢ nietatwym
wymogom konsumentdéw, ktorzy zgtaszajg zapotrzebowanie na kilka badz kilkanascie
gatunkéw rodlin. Ta sytuacja wymusza tym samym niezrdwnowazone sposoby
gospodarowania zasobem niezwykle trudno odnawialnym, jakim jest gleba (Hillel, 2012).
W wyniku tego, uprawy s3 czesto prowadzone jako monokultury badZz uproszczone
ptodozmiany, w ktdrych uktad roslin jest dwu- lub trzygatunkowy, np. pszenica-kukurydza-
kukurydza. Dodatkowo tg kwestie komplikuje deficyt nawozéw naturalnych (takich jak
obornik) i odejscie od ich stosowania na korzy$¢ nawozéw mineralnych, ktére sg substratem
bardziej wystandaryzowanym i praktycznie bezposrednio dostepnym. Nalezy jednak
zaznaczy¢, ze wobecnej sytuacji geopolitycznej dalsza ciggtos¢ ich aplikowania
w dotychczasowych dawkach w produkcji polowej jest obarczona wysokim ryzykiem.
W zwigzku z tym poszukuje sie sposobdw ostabienia negatywnych skutkéw dziatan
prowadzgcych do utraty bioréznorodnosci i zyznosci stanowisk. Podejmowane sg badania
majace na celu poznanie agroekologicznych mechanizméw wptywajgcych na regeneracje

stanowisk, zwtfaszcza mocno eksploatowanych lub oligotroficznych (Restovich i in., 2019),

10
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a takze intencyjne wzmacnianie ich w kolejnych sezonach wegetacyjnych, co rozumiane jest
jako zarzadzanie agroekosystemem w ujeciu ekologicznym (ang. ecology-based field
management, sustainable agroecosystem management). Szczegdlng przestrzenig dziatania
mechanizmdéw agroekologicznych w praktyce rolniczej pozostaje gospodarowanie w systemie
rolnictwa ekologicznego, gdzie wszystkie zabiegi agrotechniczne zakorzenione sg w ekologii —
nauce o wzajemnych powigzaniach organizméw zywych miedzy sobg i ze sSrodowiskiem ich
wystepowania (Friederichs, 1958; Haeckel, 1866).

W ten nurt wpisuje sie regeneracja stanowisk w oparciu o poznanie proceséw
agroekologicznych zachodzacych w glebie pod monokulturg roslin zbozowych, w tym
pszenzyta jarego oraz zastosowanie poznanych zaleznosci w kierunkowej regeneracji takich
siedlisk. W praktyce rolniczej i w przeprowadzonych wieloletnich eksperymentach polowych
obserwowany jest spadek plonu roslin zbozowych uprawianych w monokulturach (Scigalska,
2001). W tej sytuacji pierwszym rekomendowanym od wielu lat sposobem agrotechnicznym
majacym na celu zmniejszenie negatywnych skutkdw wynikajgcych z monokultury jest uprawa
miedzyplonu (Andrzejewska, 1999; Kraska, 2011; Wojciechowski i Lehmann, 2013). Podobnie,
regeneracja gleby pod uprawami realizowanymi na stokach (ostabianie erozji wodnej
i wietrznej) zaktada uprawe roslin tak, by maksymalizowa¢ pokrycie powierzchni gleby przez
ro$liny (wspodtczynnik LAI) w trakcie sezonu wegetacyjnego i w okresie zimowym oraz
promowac¢ wystepowanie organizmow, ktdre poprzez swojg aktywnos¢ zyciowa budujg
korytarze zwiekszajac infiltracje wody oraz ostabiajg intensywnos¢ sptywu powierzchniowego
wzdtuz stoku (Gao i in., 2020; Klima i in., 2020, 2022).

Pierwszym z komponentdw agroekologicznych wptywajacych na regeneracje
stanowisk glebowych w agroekosystemach, szczegdlnie wrazliwych na procesy degradacyjne,
sg rosliny. Stanowig one wazng grupe organizmdw na polu uprawnym i nie pozostajg obojetne
wzgledem innych organizméw ksztattujgcych srodowisko glebowe (Ganugi i in., 2021; Zhang
iin., 2022; Zhou i in., 2017). Oddziatywujg na te organizmy poprzez dostarczanie biomasy
i sktadnikéw pokarmowych dla kolejnych ogniw tancucha troficznego (Kliszcz i Puta, 2019;
Milcu i in., 2008; Shahbaz i in., 2018). S3 tez donorami allelozwigzkdw, takich jak: glikozydy
cyjanogenne (np. amigdalina), S- glikozydy (izotiocyjanian, synalbina), glikozydy flawonoidowe
(rutyna, kwercetyna), kwas benzoesowy, ferulowy, kofeinowy oraz inne zwigzki (w tym
saponiny, taniny i terpeny), ktérych akceptorami mogg by¢ zaréwno inne rosliny (koliny), jak

i zwierzeta oraz mikroorganizmy (marazminy, fitoncydy) (Kliszcz i in. 2021). Réwniez obecnos¢

11
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i liczebnos¢ populacji réznych gatunkéw roslin towarzyszacych uprawom moze w trudnych
warunkach prowadzenia uprawy (tereny urzezbione) wptyngé pozytywnie na zmniejszenie
intensywnosci proceséw erozyjnych wystepujgcych na stoku.

Rosliny miedzyplonowe charakteryzujg sie szybkim tempem wzrostu i rozwoju
nadziemnych oraz podziemnych czesci, generujgc relatywnie duze ilosci biomasy. Mogg mieé
wtasciwosci fitosanitarne wzgledem rodliny nastepczej (Mielniczuk i in. 2020), atakze
wykazujg pozytywne oddziatywanie korzeni na matryce glebowa, przyczyniajgc sie do
polepszenia struktury i innych wtasciwosci fizykochemicznych (Hudek i in., 2022; Koudahei in.,
2022). W szczegdlnosci sg waznym elementem w zwiekszaniu bioréznorodnosci i liczebnosci
pozytecznych organizmdw glebowych zaliczanych do réznych domen (Patkowska i in., 2016;
Thapaiin., 2021).

Testowane w trakcie badan polowych i laboratoryjnych gatunki roslin
miedzyplonowych (Sinapis alba L., Fagopyrum esculenthum Moench. oraz Phacelia
tanacetifolia Benth.) nalezg do réinych rodzin botanicznych i ich zastosowanie jako
miedzyplondw jest szeroko opisane w literaturze (Jianiin., 2020; Khaniin., 2021; Kwiatkowski
iin., 2019; Zaniewicz-Bajkowska i in., 2013).

S. alba (gorczyca biata) jest gatunkiem z rodziny krzyzowych, wykazuje witasciwosci
fitosanitarne wzgledem roslin zbozowych (Sawicka i Kotiuk, 2007), ogranicza straty azotu
z gleby (zawartos$¢ zwigzkow azotu w biomasie wynosi srednio 3% w pordwnaniu do facelii
btekitnej - 2,5% - Wilczewski i Skinder, 2008), posiada palowy system korzeniowy. Gatunek
jest donorem S-glukozynolanéw (sinalbina, sinirgina), ktére po hydrolizie katalizowanej
mirozynazg tworzg izotiocyjanian allilu (CAS 57-06-7) (Vargas-Herniez i in., 2023), zwigzek
powszechnie wykorzystywany w odtfawianiu dzdzownic (Edwards i Arancon, 2022). Sinapis
alba L. posiada witasciwosci allelopatyczne wzgledem Digitaria sanguinalis | Amaranthus
palmeri (Wang i in., 2015) oraz Amaranthus blitoides (Alcantara i in., 2011). Jest rosling
fitosanitarng wzgledem buraka cukrowego gdyz ogranicza populacje matwika burakowego
w glebie (Mostowska, 2020).

F. esculentum (gryka zwyczajna) nalezy do rodziny rdestowatych, z palowym systemem
korzeniowym i silnie rozwinietymi korzeniami Il i Ill rzedu. Wydzieliny korzeniowe moga
rozpuszczac trudno rozpuszczalne zwigzki fosforu (Lopeziin., 2021; Zhu i in., 2002). Biomasa
tego gatunku zawiera relatywnie duze ilosci kwasu ferulowego, a takze rutyny (Dziadek i in.,

2018). W literaturze mozna znalez¢ informacje o szerokim przedziale zawartosci zwigzkow
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polifenolowych ogdétem (1800-6300 mg GEA-100 g) w biomasie gryki zwyczajnej (Dogra, 2010;
Lieberiin., 2012).

P. tanacetifolia (facelia btekitna) zaliczana do rodziny ogérecznikowatych jest polecana
do uprawy na stanowiska suche. Biomasa tej rosliny po przemarznieciu jest krucha, i przez to
szybciej rozktadana przez mikroorganizmy, zasilajgc glebowg materie organiczng (SOM-soil
organic matter), zwitaszcza lekkg frakcje POM (particulate organic matter). Wykazuje
udokumentowany negatywny wptyw na poczatkowy wzrost i rozwdj Bromus secalinus L.,
zaréwno wzgledem biotypdw odpornych na herbicydy jak i wrazliwych (Pytlarz i Gala-Czekaj,
2022a). Kwiatkowski i in. (2019) wskazujg na wyzsze zawartosci cynku w biomasie tej rosliny.

Wszystkie wskazane rosliny miedzyplonowe nalezg do grupy roslin strukturotwdrczych
oraz miododajnych. Ponadto rezultaty ostatnich badan wskazujg na pozytywny wptyw maczki
z nasion wspomnianych wyzej gatunkéw na ograniczenie kietkowania biotypéw chwastow
odpornych na herbicydy (PuzyiAska iin., 2019; Pytlarz i Gala-Czekaj, 2022a, 2022b).
W kontekscie oddziatywan allelopatycznych potencjalnie wystepujacych miedzy rosling
miedzyplonowg a uprawianym gatunkiem zboza jarego — pszenzytem, podjeto takze probe
scharakteryzowania pierwotnych relacji oraz reakcji jakie w poczgtkowych fazach wzrostu
i rozwoju rodliny akceptora (zboza) powoduje wodny ekstrakt z réznych czesci rosliny
miedzyplonowej. Do badan wybrano P. tanacetifolia. Przeprowadzone badania laboratoryjne
nad dynamika kietkowania ziarniakdw pszenzyta w obecnosci wodnych wyciggéw
sg pierwszymi badaniami w literaturze przedmiotu, koncentrujgcymi sie na oddziatywaniu
facelii btekitnej na wczesne fazy wzrostu i rozwoju pszenzyta jarego.

Oprécz wymienionych cech gatunkéw roslin miedzyplonowych, w dalszym ciggu
obszarem nie rozpoznanym pozostawato ich oddziatywanie na organizmy pozyteczne
towarzyszace uprawom w podziemnej czesci agroekosystemu, w tym na didzownice.
W literaturze nie znaleziono badan, ktére by testowaty powinowactwo troficzne (preferencje
pokarmowe) dzdzownic w stosunku do konkretnego gatunku rosliny uprawnej. Dlatego
postawiono hipotezy badawcze odnoszace sie do proponowanego mechanizmu
agroekologicznego, w ktérym konkretny gatunek rosliny miedzyplonowej jest preferowany
przez populacje gatunkdéw dzdzownic z grupy ekologicznej anecic i endogeic. W toku badan
polowych w trakcie przygotowywania doktoratu, stwierdzono wystepowanie dzdzownic

na stanowisku poddawanym regeneracji w uprawie pszenzyta jarego po sobie, jednak
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z niejednakowym rozktadem liczebnosci populacji wzgledem trzech testowanych gatunkow
roslin miedzyplonowych (S. alba, F. esculenthum, P. tanacetifolia).

Drugim komponentem agroekologicznym wptywajgcym na ekosystem rolniczy,
zwilaszcza jego glebowa czes¢, sq dzdzownice. To zwierzeta glebowe nalezgce do gromady
siodetkowcéw (Clitellata) i podgromady skgposzczetow (Oligochaeta) z rodziny Lumbricidae,
stanowig wiekszo$¢ biomasy zwierzat bezkregowych bytujgcych w $Srodowisku glebowym
(Edwards i Arancon, 2022). Powszechnie zasiedlajg gleby uzytkowane rolniczo, jak réwniez
pozostate tereny, w tym siedliska semi-naturalne oraz przeksztatcone antropogenicznie, np.
rekultywowane. Liczebnos¢ populacji dzdzownic w zaleznosci od siedliska siega 2 000
osobnikéw-m~ i zalezy przede wszystkim od wilgotnosci, co zwigzane jest z pobieraniem przez
organizm dzdzownicy tlenu rozpuszczonego w $luzie okrywajgcym naskérek (Edwards
i Arancon, 2022). Na uzytkach zielonych — pastwiskach, ich biomasa w glebie jest szacowana
na 10-krotnos¢ masy zwierzat wypasanych na stanowisku (Edwards, 2004). Dzdzownice
sg zwierzetami o wydiuzonym, obtym ciele ibudowie metamerycznej (podzielonej
na segmenty), sktadajagcym sie z czesci przedniej z gtowa, zwojem nerwowym i systemem
pieciu wiekszych naczyn krwionosnych. W tej czesci znajduje sie takie otwér gebowy,
umiesniona gardziel, przetyk i zotadek o dwojakiej budowie: wola, gdzie pokarm jest
magazynowany oraz umiesniona cze$é, gdzie pokarm jest miazdzony. Czes$¢ $rodkowa,
w ktorej znajduje sie siodetko (organ odpowiedzialny za rozmnazane i formowanie kokonow)
oraz wydtuzona czes¢ tylna, gdzie jest gtdwna cze$é jelita, w ktérej formowane sg koprolity
(odchody dzdzownic). Rodzina Lumbricidae obejmuje 599 gatunkdw (DrilloBase, 2023a),
z czego 19 jest powszechnie spotykanymi w Europie (Edwards i Arancon, 2022). W Polsce
do tej pory stwierdzono obecnos¢ 46 gatunkéw dzdzownic (DrilloBase, 2023b). W zwigzku
z rozwojem technik molekularnych (uzycie markeréw molekularnych COI, 16S, 28S, ND1i 12S)
liczba ta w obrebie Lumbricidae ciggle sie zmienia. Gatunki powszechnie wystepujgce
w obrebie Holoarktyki tworzg najliczniejsze zespoty wielogatunkowe i posiadajg szereg reakcji
przystosowawczych do niesprzyjajgcych warunkéw siedliskowych, takich jak zapadanie
w diapauze w okresie suszy i przy spadku temperatury ponizej 0°C. Przyktadowo, gatunek
Aporrectodea caliginosa zapada w diapauze w klimacie umiarkowanym, gdy wilgotnosé gleby
spada ponizej 25% (Baltzer, 1956), a Aporrectodea trapezoides w klimacie podzwrotnikowym
przy wilgotnosci ponizej 10% (Buckerfield, 1992). Osobniki gatunkéw w ramach rodzaju

Aporrectodea uznawane sg za powszechnie wystepujgce w Biosferze, a konkretne populacje
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mogg wykazywac cechy przystosowawcze do niskich poziomoéw wilgotnosci gleby w klimacie
okresowo suchym, zwtaszcza w miesigcach suszy (Ljungstrom i Emiliani 1971; Ljungstromi in.,
1973). A. caliginosa jest takze gatunkiem zaliczanym jest do kriofili i oligotroféw (Sheikh i in.,
2022).

Dyskurs naukowy na temat tych organizméw glebowych rozpoczat sie na szeroka skale
wraz z ostatnim opublikowanym dzietem naukowym Charlesa Darwina The Formation
of Vegetable Mould, through the Action of Worms, with Obserwations on Their Habits (1881),
w ktéorym autor zawart synteze trwajacych od ponad 40 lat spostrzezen dotyczgcych
zachowan, preferencji pokarmowych oraz roli dzdzownic w ksztattowaniu $rodowiska
glebowego. Od tamtej pory dzdzownice zaczety byé postrzegane jako organizmy pozyteczne
towarzyszgce uprawom. W 1977 roku Bouche zaproponowat podziat dzdzownic na siedem
grup ekologicznych, z czego gtéwne trzy (epigeic, endogeic oraz anecic) funkcjonujg
powszechnie w literaturze. Podziat ten trwa do dzisiaj, jednak od 2020 roku dzieki pracy
Bottinelli i in. (2021) zostat on gruntownie przepracowany przy pomocy narzedzi
statystycznych (PCA, random forest models) co pozwolito wtgczyé do oceny réwniez inne
zmienne, nie tylko cechy morfologiczne czy behawioryzm troficzny gatunkéw dzdzownic.
Gatunki okreslane mianem epigeic sg najmniejszych rozmiaréw, majg purpurofioletowe
zabarwienie nabtonka wora skdérno-miesniowego, a takie charakteryzujg sie wieksza
ruchliwoscig i szybszym metabolizmem. Ich pozywieniem jest $ciétka zdeponowana
na powierzchni gleby. Grupa endogeic to gatunki wiekszych rozmiarédw, dochodzace do 150
mm dtugosci. Ich zabarwienie przechodzi w brunatne, szarobrunatne, niekiedy
zielonkawoszarawe. Gatunki tej grupy stanowig jeden z najwazniejszych elementéw
wptywajgcych na poprawe struktury gleby, tworzac w warstwie ornej korytarze o nachyleniu
horyzontalnym. Z kolei, gatunki nalezgce do grupy anecic osiggajg najwieksze rozmiary
(do 60 cm w przypadku jednego z najdtuzszych gatunkdw europejskich — Lumbricus badensis
Michaelsen 1907 (Kutschera i Elliott, 2010), buduja korytarz przechodzacy pionowo przez
profil glebowy i rozgateziajgcy sie dopiero u wyjscia przy powierzchni, skad zywig sie $cidtka,
ktdra Sciggajg z powierzchni gleby. Istotnie wptywajg na infiltracje wody ze wzgledu na rozmiar
ciata (dtugosc i srednica) oraz wielkos¢ budowanego korytarza w glebie (Shipitalo i Korucu,
2017). Ich zdolnos¢ infiltracyjna szacowana jest na 282 mm-godz™* (Bouché i Al-Addan, 1997)
i najefektywniej zachodzi w bioporach o $rednicy powyzej 6 mm (Capowiez i in., 2009;

van Schaik i in., 2014).
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Obecnie dzdzownice postrzegane sg jako jeden z kluczowych komponentdéw
agroekosystemoéw, aktywnie oddziatywujac na pozostate jego elementy. Ich wktad
ma charakter zaréwno bezposredni, jak i posredni, i dotyczy udziatu w cyklach
biogeochemicznych zachodzgcych w glebie, a takie w procesach infiltracji wody w profilu
glebowym i dyspersji mikroorganizmow w ryzosferze roslin oraz tworzeniu skupisk komérek
mikroorganizméw w matrycy glebowej (hot- spots) (Daane i in., 1997; Koutika i in., 2001;
Medina-Sauza i in., 2019). Wraz z rozwojem nauki ich kluczowa rola zaczeta byé coraz
wyrazniej udowadniana. Obecnie wraz 1z intensyfikacja problemdéw zwigzanych
z zanieczyszczeniem $rodowiska organizmy te mogg stuzy¢ jako naturalne komponenty
akumulujgce w sobie nadmiar metali ciezkich (Seribekkyzy iin., 2022), PAH (Polycyclic
Aromatic Hydrocarbon) (Thakur i in., 2023) i czgstek nanoplastiku (Lahive i in., 2022). Warto
wspomnie¢ takze o ostatnich badaniach (Zhou i Yao, 2020; Zhu i in., 2021), w ktérych
udowodniono spadek ilosci mobilnych elementéw genetycznych (MGE- mobile genetic
elements) oraz gendw odpornosci na antybiotyki w spotecznosci mikroorganizméw
znajdujgcej sie w jelitach ikoprolitach rdéznych gatunkéw dzdzownic z trzech grup
ekologicznych. Badania te dajg wyrazny sygnat, ze dzdzownice mogg pomdc w oczyszczaniu
gleby, materiatu pochodzenia antropogenicznego, jakim sg osady sciekowe, poprzez
eliminacje mikroorganizmdéw majacych w swoim materiale genetycznym geny odpornosci na
substancje biologicznie czynne.

Mikroorganizmy glebowe razem z roslinami i faung glebowg odpowiadajg za catos¢
proceséw metabolicznych zachodzgcych w glebie. Stanowig drugi obok dzdzownic kluczowy
czynnik regenerujacy badz degradujgcy stanowisko w uprawie roslin  zbozowych.
Intensyfikacja tych procesow i funkcji ekosystemowych w agroekosystemach zachodzi gtéwnie
w sferze oddziatywania korzeni roslin i wydzielanych w ryzosferze metabolitéw oraz wzdtuz
korytarzy tworzonych przez didzownice, jak i w sferze aktywnosci zyciowe] innych
reprezentantow mikro-, mezo- i makrofauny (drillosfera). Tym samym w ryzosferze
i drillosferze tworzg sie bakteryjne i grzybowe hot-spoty, ktore sg aktywowane i ksztattowane
ilosciowo i jakosciowo przez aktywnos¢ zyciowg organizmow wyzszych ewolucyjnie,
np. bezkregowcéw (Aira i in., 2009; Kuzyakov i in., 2000). Bioréznorodnos$¢ zycia
mikrobiologicznego w glebie jest ogromna. | cho¢ tradycyjny podziat mikroorganizmow
glebowych rozréznia bakterie, archeony i grzyby, to jednak mnogos¢ ich mozliwosci

metabolicznych (funkcji) w odniesieniu do substratu, na ktérym zerujg jest juz o wiele bardziej
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zroznicowana. | tak na przyktad podstawowe funkcje ekosystemowe, Swiadczone przez licznie
wystepujgce mikroskopijnych rozmiaréw organizmy w glebie dotycza m.in.: proteolizy
(Bacillus, Clostridium, Proteus, Pseudomonas), amonifikacji (Bacillus subtilis, B. megatherium,
Pseudomonas fluorescens, P. areuginosa), nitryfikacji (Nitrosomonas, Nitrosococcus,
Nitrobacter) i denitryfikacji zwigzkéw azotu w glebie (Bacillus licheniformis, Pseudomonas
stutzeri, Thiobacillus denitrificans) (Kwasna, 2014). Mikroorganizmy wigzg takze azot
atmosferyczny na wtasne potrzeby, sg to diazotrofy beztlenowe zrodzaju Clostridium,
wzglednie beztlenowe z rodzajéw Arthrobacter, Pseudomonas, Aerobacter i Flavobacterium,
diazotrofy tlenowe Azotobacter, Azomonas, Bacillus, Beijerinckia, Derxia, Achromobacter,
Blautia oraz Cyanobacteria (tyszcz i Gatgzka, 2016; Turk-Kubo i in., 2022; Kucharskiiin., 2015).
Mogg takze pozostawa¢ w symbiozie z rosling — gospodarzem (bakterie brodawkowe
Rhizobium, Bradyrhizobium, Allorhizobium, Azorhizobium, Mesorhizobium, Sinorhizobium).
Przeprowadzajg réwniez procesy humifikacji zwigzkdw préchnicznych i sekwestracji wegla
w glebie (np. Acinetobacter calcoaceticus - Jurys i Feiziené, 2021), odpowiadajg za metabolizm
zwigzkow fosforu do formy przyswajalnej dla roslin (Pseudomonas sp., Alcaligenes sp.,
Pantoea sp., Brevibacterium sp., Klebriella sp., Cellulomonas sp., Acinetobacter sp. - Ullah i in.,
2023). Wydzielajg zwigzki sygnatowe pozytywnie wptywajgce na rosliny (jak np. kwas indolilo-
3-octowy u Enterobacter cloacae - Mishra i in., 2022) i produkujg antybiotyki (np. bakterie
zrodzaju Streptomyces). Dzdiownice wptywajg na wszystkie z wymienionych grup
drobnoustrojéow, jednak zrding intensywnosciag. Dominujgce w koprolitach dzdzownic
taksony bakteryjne sg takze tymi, ktore sg zdolne do degradacji zwigzkdw benzoesowych
i aromatycznych (Furlong i in., 2002; Dallinger i Horn, 2014; Gopal i in., 2017). Natomiast
w scianach jelit ulokowane sg endosymbionty bakteryjne produkujgce N0, jak np.:
Dechloromonas denitrificans sp. nov., Flavobacterium denitrificans sp. nov., Paenibacillus
anaericanus sp. nov. oraz Paenibacillus terrae strain MH72 (Horn i in., 2005).

Intensywna praktyka rolnicza ma swoje konsekwencje, zaréwno pozytywne,
jak i negatywne w funkcjonowaniu agroekosysteméw oraz wptywa na ich funkcje i ustugi
odbierane powracajgcym strumieniem korzysci i strat z powrotem do gospodarki.
Wykonywane zabiegi agrotechniczne koncentrujg sie ostatecznie na srodowisku glebowym,
nawet jesli dotyczg nadziemnych czesci roslin poddawanych takim zabiegom. Substancje
czynne srodkéw ochrony roslin mogg byé zmywane z nadziemnych czesci rodlin i trafia¢ do

gleby, a na terenach o wiekszym nachyleniu stoku (9%) dodatkowo zachodzi
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niebezpieczenstwo bogatego w biogeny i pozostatosci pestycyddw zmywu powierzchniowego,
zanieczyszczajgcego cieki srodpolne w zlewni potokdéw i rzek goérskich oraz zwigzane z tym
zaburzenia réwnowagi ekologicznej siedlisk oligotroficznych. Istnieje wiec potrzeba
wprowadzenia sposobdéw regeneracji, najlepiej w oparciu o zaséb naturalny danego
agroekosystemu, relacje i aktywnos¢ organizméw S$rodowiska glebowego, by zapobiec
konsekwencjom proceséw degradacyjnych zachodzacych w agroekosystemach. Rezultaty
uzyskane w wyniku podjetych badan mogg byé podstawg do przyczynowo-skutkowego
spojrzenia na zabieg regeneracyjny w uprawie pszenzyta jarego po sobie, jakim jest wysiew
miedzyplonu Scierniskowego z gryki zwyczajnej, a takze na uprawe roslin w systemie rolnictwa
ekologicznego na terenach urzezbionych. Wykonane badania wpisujg sie w dziatania
zmierzajgce do wypracowania nowych, zréwnowazonych praktyk opartych na agroekologii
i poznaniu wzajemnych zaleznosci organizméw zyjacych w intensywnie zarzgdzanych

agroekosystemach, badz na terenach z naturalnymi ograniczeniami.

Wraz z rozwojem precyzyjnych narzedzi biologii molekularnej, takich jak
sekwencjonowanie fragmentu 16S rDNA genomow bakteryjnych oraz ITS2 i ITS3 genomdéw
grzybowych, dalsze badania nad mechanizmami agroekologicznymi skupia¢ sie bedg wokédt
zagadnien oceny liczebnosci populacji organizmow pozytecznych towarzyszacych uprawom,
a takze ich wzajemnych relacji ekologicznych. Do tych komponentédw regenerujgcych
stanowisko nalezg dzdzownice oraz ich mikrobiologiczne symbionty, bedace jednoczesnie
PGPM wzgledem roslin uprawnych. Okreslajac strukture przynaleznosci taksonomicznej danej
spotecznosci mikroorganizmow glebowych mozna uzyskaé takze informacje o ich mozliwych
funkcjach udokumentowanych wczesniej w literaturze. Z drugiej strony, sktad i liczebnos¢
populacji mikroorganizméw w koprolitach dzdzownic w drillosferze generalnie jest
uwarunkowana przez rodzaj i jakos¢ pokarmu oraz czynniki ekologiczne panujgce w biotopie.
Zatem, dalsze szczegétowe badania sg niezbedne do lepszego zrozumienia
i udokumentowania wzajemnych zwigzkdw wynikajgcych z gatunkowo-specyficznych
(ang. species-specific) relacji ekologicznych i allelopatycznych komponentéw agro-

ekosystemodw zaangazowanych w podtrzymywanie dobrej kondycji gleby.
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5. Hipotezy badawcze i cel pracy

Po przeprowadzeniu analizy danych literaturowych przedstawiono cztery hipotezy badawcze
ujmujace aspekt oddziatywan allelopatycznych pomiedzy agroekologicznymi komponentami
Srodowiska glebowego (roslinami miedzyplonowymi, dzdzownicami, chwastami) w kontekscie

proceséw regeneracyjnych na polu uprawnym.

Hipoteza 1. Dzdzownice z grupy ekologicznej endogeic wykazujg preferencje wzgledem
zasiedlania ryzosfery testowanych w uprawie pszenzyta jarego (xTriticosecale odm. Mamut)
gatunkdéw roslin miedzyplonowych (Sinapis alba L., Fagopyrum esculethum Moench., Phacelia

tanacetifolia Benth.).

Hipoteza 2. Dzdzownice L. terrestris L. wykazujg preferencje pokarmowe wzgledem biomasy
gatunkdéw roslin miedzyplonowych (Sinapis alba L., Fagopyrum esculethum Moench., Phacelia

tanacetifolia Benth.).

Hipoteza 3. Obecnos$¢ dzdzownic w uprawach roslin prowadzonych w systemie rolnictwa
ekologicznego na stokach o nachyleniu 9% zmniejsza negatywne skutki proceséw erozyjnych

(ilos¢ i jakos¢ zmywu powierzchniowego).

Hipoteza 4. Ekstrakty wodne z réznych czesci Phacelia tanacetifolia Benth wptywajg na wzrost

i rozwdj pszenzyta jarego odm. Mamut w poczatkowych fazach rozwoju.
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Celem ogolnym pracy byto wskazanie agroekologicznych mechanizmow regeneracji stanowisk
w réznych systemach i warunkach prowadzenia uprawy, zwigzanych z badanymi roslinami
miedzyplonowymi (Sinapis alba L., Fagopyrum esculethum Moench., Phacelia tanacetifolia

Benth.), oraz organizmami towarzyszgcymi uprawom (dzdzownice oraz chwasty).

Celami szczegétowymi prowadzonych doswiadczen byty:

1. Ocena powigzan siedliskowych dzdzownic z grupy endogeic z ryzosferg roslin
miedzyplonowych (Sinapis alba L., Fagopyrum esculethum Moench, Phacelia
tanacetifolia Benth.) w uprawie pszenzyta jarego (xTriticosecale odm. Mamut).

2. Ocena preferencji pokarmowych i dynamika poboru pokarmu przez dzdzownice
L. terrestris L. wzgledem roslin miedzyplonowych (Sinapis alba L., Fagopyrum
esculentum Moench., Phacelia tanacetifolia Benth.).

3. Ocena liczebnosci populacji dzdzownic oraz parametréw ilosciowych i jakosciowych
zmywow powierzchniowych w doswiadczeniu polowym prowadzonym na stoku
o nachyleniu 9% w systemie konwencjonalnym i ekologicznym.

4. Sprawdzenie oddziatywania allelopatycznego ekstraktéw wodnych z réznych czesci
Phacelia tanacetifolia Benth. na poczgtkowy wzrost i rozwdj siewek pszenzyta jarego

odm. Mamut.

Przedstawione hipotezy i cele badawcze wpisujg sie w nurt odkrywania agroekologicznych
podstaw gospodarowania srodowiskiem glebowym w rolnictwie, ktére sg bazg dla skutecznej
regeneracji stanowisk, zwtaszcza tam gdzie prowadzenie uprawy zwieksza procesy
degradujgce glebowg czes¢ agroekosystemu, ze wzgledu na warunki glebowo-klimatyczne

i czynniki agrotechniczne.
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6. Materiat i metody

Realizacje celdw szczegdtowych podjeto w wiekszo$ci w oparciu o materiat badawczy

pochodzacy z dwdch doswiadczen polowych (tabela 1).

Tabela 1. Harmonogram prac realizowanych w rozprawie doktorskiej

Cel

Miejsce pobrania

. . . M
szczegdtowy | materiatu do badan etody
- doswiadczenie laboratoryjne: pomiar dynamiki kietkowania pszenzyta
1 jarego (GP, MGT, CVG, GI, T50, U), oraz oznaczenie parametrow
biometrycznych po 7 dniach: swieza, sucha i turgorowa masa (g),
Doswiadczenie dtugosc (cm), wyptyw elektrolitow (%)
polowe 1
SD Krakow- - doswiadczenie polowe: dwukrotny odtéw dzdzownic z warstwy ornej
MydlIniki w pierwszym roku prowadzenia doswiadczenia polowego (2019,
2 w odstepie 10 tygodni), pomiar pH, wilgotnosci i temperatury glebowej
in situ (raz wtygodniu marzec-lipiec), obserwacja czestosci
wystepowania koprolitéw na polu

- doswiadczenie laboratoryjne: trzykrotny pomiar dynamiki poboru
3 Materiat zakupiony | pokarmu przez dzdzownice L. terrestris L. (12, 24, 63 h), zastosowanie
u dostawcy zaproponowanego wskaznika F24/AWE — stosunek $redniej masy

pobranego pokarmu w ciggu 24 h do $redniej masy dzdzownic
- doswiadczenie polowe: jednokrotny potédw dzdzownic w trzeciej
dekadzie sierpnia w trzecim roku prowadzenia doswiadczenia
polowego zlokalizowanego na stoku w systemie konwencjonalnym
Dodwiadczenie i.ekologicznyn?, oce_?a pokrycia' powie'rzchni przez rosliny (LAl mz'm'z,
4 olowe 2 liczba chwastéw-m, % pokrycia powierzchni przez chwasty), pomiar
GF;D e infiltracji mm-min™, pomiar zmywu powierzchniowego (kg-ha oraz

oznaczenie jondw biogennych (N-NO3, N-NH4, P, K) w przesaczu
sptywu powierzchniowego uzyskanego w polu (kg-hal), wyniki
usredniono dla danych otrzymanych w ciggu trzech lat prowadzenia
doswiadczenia

6.1 DOSWIADCZENIA POLOWE

6.1.1 Doswiadczenie w SD KAIiPR w Krakowie-MydInikach

Trzyczynnikowe doswiadczenie polowe

zatozono w uktadzie doswiadczalnym

kompletnym losowanych podblokdw (split-split-plot). Doswiadczenie zlokalizowane w Stacji

Doswiadczalnej Uniwersytetu Rolniczego im. Hugona Kottgtaja w Krakowie (50.085264 N,

19.833110 E) prowadzone byto w sezonach wegetacyjnych 2018-2021.

21:7930714043
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Czynniki doswiadczenia:

1) pierwszego rzedu - gatunek rosliny miedzyplonowej (gorczyca biata Sinapis alba L. odm.
Borowska, facelia btekitna Phacelia tanacetifolia Benth. odm. Stala, gryka zwyczajna

Fagopyrum esculentum Moench. odm. Kora).
2) drugiego rzedu - termin przyorania miedzyplonu (jesienny i wiosenny).

3) trzeciego rzedu - sposéb prowadzenia uprawy pszenzyta jarego (xTriticosecale Wittm.
Ex A. Camus odm. Mamut) po sobie (uprawa bez nawozenia i stosowania srodkdw ochrony
roslin — NAT, uprawa z zastosowaniem nawozéw mineralnych — MF oraz uprawa gdzie

stosowane byty zaréwno nawozy mineralne i srodki ochrony roslin — PEST).

Doswiadczenie byto prowadzone w trzech powtdrzeniach. Powierzchnia poletka

doswiadczalnego wynosita 12 m2. Szczegbtowy opis znajduje sie w Publikacji 1.

Utwor glebowy scharakteryzowano w oparciu o wykonany profil glebowy w obszarze
doswiadczenia polowego. Na podstawie oznaczenia sktadu granulometrycznego metoda
Casagrande’a w modyfikacji Prészyriskiego stwierdzono jego homogenicznos¢ do gtebokosci
ok. 70 cm. W tej warstwie dominuje frakcja piaskowa (79-82%), nastepnie pytowa (15-16%)
oraz itowa (<0.002mm) ok. 4%. Utwor sklasyfikowano jako piasek stabo gliniasty (pg) wedtug
PTG 2008, co okresla to stanowisko wg kategorii agronomicznej jako glebe lekka (klasa IVb).
Ponizej tego poziomu (ok. 70 cm) utwér glebowy zmienia sie w piasek stabo gliniasty (ps),
a nastepnie na gtebokosci ok. 114 cm przechodzi w piasek luzny (pl). Wedtug map glebowo-
rolniczych teren doswiadczenia polowego zawiera sie w obszarze V kompleksu przydatnosci

rolniczej (zytni dobry) (MIIP, 2023).

6.1.2 Doswiadczenie w Gorskiej Stacji Doswiadczalnej KAiPR w Czyrnej k. Krynicy-Zdréj

Dwuczynnikowe doswiadczenie polowe (2019-2021) zatozono na stoku o nachyleniu
9% w Gorskiej Stacji Doswiadczalnej KAIPR w Czyrnej Niznej k. Krynicy-Zdréj (N 49°25';
E 20°58', 545 m n.p.m.). Powierzchnia poletka doswiadczalnego wynosita 44 m? (n=4).
Doswiadczenie polowe prowadzono w uktadzie doswiadczalnym paséw prostopadtych (split-

block).
Czynniki doswiadczenia:

1) pierwszego rzedu - system prowadzenia uprawy (konwencjonalny i ekologiczny),
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2) drugiego rzedu - gatunek rosliny uprawnej (ziemniak, owies zwyczajny i wyka jara).
Rosliny uprawiane byty w ptodozmianie. Szczegdtowy opis znajduje sie w Publikacji 3.

Migzszos¢ warstwy ornej wynosita ok. 18 cm. Sktad granulometryczny utworu
glebowego ksztattowat sie nastepujgco: 28% frakcji piaskowej, 29% frakcji pytowej oraz 43%
frakcji itowej. Wedtug WRB FAO (2015) utwor glebowy przyporzgdkowano jako Endoeutric
Stagnosol (Siltic, Endoskeletic) (Kabata iin., 2019).

6.2 DOSWIADCZENIA LABORATORYJNE

6.2.1 Analiza oddziatywania ekstraktéw z facelii btekitnej na wzrost i rozwdj siewek pszenzyta
jarego

W doswiadczeniu laboratoryjnym testowano wptyw 0, 10, 12.5, 15% ekstraktéw
wodnych z Phacelia tanacetifolia Benth. (odm. Stala) na poczatkowy wzrost i rozwdj siewek
pszenzyta jarego (odm. Mamut). Pomiar dynamiki kietkowania pszenzyta jarego oznaczono
w oparciu o indeksy: GP, MGT, CVG, Gl, T50, U. Parametry biometryczne siewek pszenzyta
jarego okreslono po 7 dniach: swieza, sucha i turgorowa masa (g), dtugosé¢ (cm), wyptyw
elektrolitéw (%). Testy przeprowadzano na szalkach Petriego (¢ 9 cm) (n=4), gdzie

obserwowano 25 roslin.

6.2.2 Analiza preferencji pokarmowych dzdzownic L. terrestris L. w odniesieniu do trzech roslin

miedzyplonowych

Doswiadczenie laboratoryjne zatozono w uktadzie kwadratu facinskiego, testujgc
gatunek dzidzownicy L. terrestris L., z grupy ekologicznej anecic. Testowane dzdzownice
poddawano zywieniu w oparciu o cztery rézne substraty, przy czym jeden badany organizm
znajdowat sie w jednej szalce Petriego (2 9 cm, microcosm). Na kazdej szalce badano dynamike
poboru jednego wariantu pozywienia wobec jednego badanego okazu (n=7). Testowanym
pozywieniem byto pie¢ substratéw: gleba, gleba+biomasa z gorczycy biatej (S. alba),
gleba+biomasa z gryki zwyczajnej (F. esculentum), gleba+biomasa z facelii btekitnej (P.
tanacetifolia), gleba+biomasa z pszenzyta jarego (xTriticosecale). W badaniach wykorzystano

uprzednio zebrane z doswiadczenia polowego (Doswiadczenie 1) czesci nadziemne roslin,

23

23:8609331334



Rozprawa doktorska

ktore wysuszono w warunkach laboratoryjnych, zmielono i przesiano przez sito @ 1 mm.
Nastepnie biomase roslinng (7% w/w) zmieszano z gleba (ktérg wczesniej przesiano przez sito
0 @ 2 mm) i utrzymywano w wilgotnosci ok. 35%. Aspekt ilosSciowy w dynamice poboru
pokarmu przez didzownice, jak rowniez jakosciowy (chetniej pobrany rodzaj pokarmu)
oznaczono po 12 h, 24 h oraz 63 h. Wéwczas wazono szalki na precyzyjnej wadze analitycznej
(z doktadnosciag do 0.0001 g), po kazdorazowym usuwaniu dzdzownicy i jej Swiezych
koprolitdw. Na podstawie uzyskanych pomiaréw zaproponowano wskaznik F24/AWE
mierzagcy dynamike poboru i preferencje pokarmowe dzdzownic wobec testowanego

pozywienia.

6.3 ANALIZY STATYSTYCZNE

W Publikacji 1 réznice pomiedzy obiektami w swiezej masie dzdzownic odtowionej w polu

testowano za pomocg testu Wilcoxona dla par wigzanych (a=0.05).

W Publikacji 2 réznice pomiedzy S$rednimi w poborze réinych rodzajéw pokarmu
testowano za pomoca jednoczynnikowej ANOVA z powtarzalnymi pomiarami. Rdznice
w zawartosciach C i N oraz wartosci wspotczynnika F24/AWE testowano za pomocy

jednoczynnikowej ANOVA z zastosowaniem testu post-hoc HSD Tukey (a=0.05).

W Publikacji 3 przy okreslaniu statystycznie istotnych rdznic pomiedzy S$rednimi
obiektowymi zastosowano dwuczynnikowg ANOVA z testem post-hoc LSD (NIR) Fischera

(a=0.05).

W Publikacji 4 statystycznie istotne réznice w srednich obiektowych testowano za pomoca

jednoczynnikowej ANOVA i testu post-hoc Duncana (a=0.05).

Wszystkie obliczenia przeprowadzono w oparciu o programy statystyczne: STATISTICA

(v.13.3i13.0), FR-ANALWAR (v.4.3), MS Excel.
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7. Streszczenia zatgczonych publikacji

7.1 Publikacja 1

Kliszcz A., Puta J. (2020). The Change of pH Value and Octolasion cyaneum Savigny
Earthworms’ Activity under Stubble Crops after Spring Triticale Continuous Cultivation. Soil

Systems 4(3): 39. https://doi.org/10.3390/soilsystems4030039

Dzdzownice sg jednymi z kluczowych organizméw odpowiadajgcych za wiele cech
fizycznych (struktura gleby), chemicznych (wzrost pH) oraz biologicznych gleby. Drazg
korytarze w ryzosferze i pozostawiajg na ich Sciankach koprolity i $luz, w obrebie, ktérych
stymulowana jest aktywnos¢ mikrobiologiczna oraz deponowane sg biogeny. Korzenie roslin
wrastajgc w drillosfere korzystajg z tego rezerwuaru fatwo przyswajalnych sktadnikéw
pokarmowych i stykajg sie z hot-spotami mikrobiologicznymi, gdzie niejednokrotnie zachodzi
protokooperacja pomiedzy roslinami a taksonami mikrobiologicznymi. W klimacie
umiarkowanym szczyt aktywnosci tych zwierzat glebowych przypada na okres wiosenny,
poznoletni oraz jesienny (Edwards i Arancon, 2022), co pokrywa sie z wystepowaniem

miedzyplondéw na polu.

Celem badan byta ocena preferencji siedliskowych dzdzownic z grupy endogeic
zasiedlajgcych ryzosfere roslin miedzyplonowych obecnych na doswiadczeniu polowym 1
w SD Krakéw-MydlIniki. Zatozono nastepujacg hipoteze: dzdzownice z grupy ekologicznej
endogeic, ktdre sg obecne na polu uprawnym w uprawie pszenzyta jarego po sobie, wykazuja
preferencje wzgledem zasiedlania ryzosfery badanych roslin miedzyplonowych (S. alba,
F. esculentum, P. tanacetifolia), jak réwniez stosowanych zabiegéw agrotechnicznych
(przyoranie biomasy miedzyplonéw jesienig lub wiosng, stosowanie badZ nie nawozéw
mineralnych i pestycydéw). W ramach badan wykonano dwa odtowy mezofauny glebowe;j
(w odstepie 10 tygodni, bez zwracania) na obiektach gdzie prowadzono uprawe pszenzyta
jarego po sobie od trzech lat (NAT, MF i PEST) z wysiewem po raz drugi roslin
miedzyplonowych (jesiert 2020). Szczegdtowy plan analiz i zabiegdw agrotechnicznych wraz
z dawkami srodkéw ochrony roslin i nawozéw mineralnych znajduje sie w sekcji Material and

methods Publikacji 1.
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Pierwszy odtéw przeprowadzono po zbiorze zboza (ok. 4 tygodni po zastosowaniu
pestycyddw w uprawie pszenzyta jarego) i scharakteryzowano wptyw zastosowanych
pestycyddw na rozmieszczenie poszczegdlnych grup wiekowych dzdzownic i ich aktywnosc
w trakcie sezonu wegetacyjnego (Swieze koprolity). Jako tto do rozwoju populacji dzdzownic
szczegotowiej badano dwa czynniki biotopu: pH i wilgotnos¢ gleby (pomiary parametréw
prowadzono w okresie marzec-lipiec 2019 roku raz w tygodniu). Zastosowane fungicydy
(protiokonazol 53 g I-1 (5,4%), spiroksamina 224 g i-1 (22.9%), tebukonazol 148 g I-1 (15.1%)
oraz insektycyd (chloropiryfos 44.86%) wptynety negatywnie na sSwiezg biomase dzdzownic
(Srednio ze wszystkich obiektéw mniej 0 7.89%) w stosunku do obiektdw o tym samym stopniu
troficznosci (zastosowana ta sama dawka nawozéw mineralnych). Po pierwszym odtowie nie
zwrocono okazéw z powrotem na pole ze wzgledu na konieczno$é zmierzenia potencjatu
odradzania sie populacji i migracji osobnikéw (tgcznie) oraz okreslenia przynaleznosci
taksonomicznej osobnikéw dojrzatych. Drugi termin odtowdéw prowadzony byt w petni
wegetacji miedzyplondw Scierniskowych (10 tygodni po pierwszym odfowie), i wowczas
okreslono liczebnos¢ poszczegdlnych grup wiekowych dzdzownic endogeic oraz ich mase
(g'-m 2). Przeprowadzone badania miaty na celu ujawnienie potencjalnego mechanizmu
preferencji siedliskowych dzdzownic endogeic (zwtaszcza dzdzownicy z gatunku Octalosion
cyaneum Sav., ktéra liczebnie przewazata w badanej populacji). llosSciowa kumulacja
osobnikdw na stanowiskach z konkretng rosling miedzyplonowg bytaby wskazaniem
na potencjalny mechanizm agroekologiczny przyczyniajacy sie do regeneracji stanowiska

(zgodnie z hipotezg 1).

Z przeprowadzonych badan wynika, ze struktura populacji dzdzownic na badanym polu
zmienifa sie w czasie wegetacji miedzyplondw, tj. ze zdeponowanych kokondéw wykluty sie
mtode dzdzownice (hatchlings), prawie w catosci zasilajgc grupe osobnikdw mtodocianych
(juveniles). Dojrzate ptciowo osobniki (matured) stanowity drugg co do wielkosci grupe
osobnikéw odtowionych w ryzosferze roslin miedzyplonowych. Liczebnos¢ osobnikow
dorostych warunkuje sktadanie kokondw i wykluwanie sie dzdzownic w przysztym sezonie
wegetacyjnym. Najwiecej osobnikdw dojrzatych odtowiono na stanowisku z gryka zwyczajng
(F. esculentum) — 42.0%. Takze osobniki juwenilne zasiedlaty najczesciej ryzosfere
F. esculentum (w 47.2%), co byto z kolei efektem zdeponowania tam w trakcie wegetacji

pszenzyta jarego kokondéw (obecnych jedynie w pierwszym terminie odtowow dzdzownic).
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Scharakteryzowano takze wilgotnos¢ stanowiska na dwéch poziomach gtebokosci: 5 cm
i ok. 34 cm; ktdéra w terminie wegetacji pszenzyta jarego wynosita srednio 13.00%, a podczas
wegetacji miedzyplonoéw ksztattowata sie na srednim poziomie - 15.81%. Wartosci pH gleby
nie roznity sie istotnie pomiedzy obiektami, a zaobserwowane tendencje na polu dotyczyty
ogoblnych zmian wynikajacych z przechodzenia do kolejnych faz wegetacyjnych pszenzyta
jarego. Zaobserwowano takze bardziej wilgotne stanowisko na obiektach z gryka (o 1.2
punktéw procentowych) utrzymywanych przez okres zimowy w formie mulczu w stosunku do
tych, gdzie biomase przyorano jesienig. W pierwszym terminie najwieksza liczebnos¢ populacji
dzdzownic zostata zarejestrowana na obiekcie PEST (z biomasg z gryki przyorang na jesien)
5.65 g'm2 oraz na obiektach MF po facelii i gorczycy, przyorywanych w terminie wiosennym
(odpowiednio 3.25 g:-m™ oraz 4.15 g-m2). W drugim potowie, najwieksze wartosci $wiezej
biomasy dzdzownic oznaczono sumarycznie w ryzosferze gryki zwyczajnej - w obiekcie
MF ($rednio 8.80 g-m). Relatywnie niskie liczebnosci dzdzownic endogeic wigzg sie
z oligotroficznym charakterem badanego stanowiska i wykonywanymi zabiegami

agrotechnicznymi.
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7.2 Publikacja 2

Kliszcz A., Puta J. (2019). Assessment of earthworms activity based on eaten biomass from
selected catch crops. Annales Universitatis Paedagogicae Cracoviensis Studia Naturae, 4(1),

81-90. https://doi.org/10.24917/25438832.4.4

Aktywnos¢ troficzna mezofauny glebowej, zwtaszcza dzdzownic (rodzina Lumbricidae),
stanowi kluczowy element w podnoszeniu zyznosci agroekosystemoéw. llosciowe aspekty
ich strategii pokarmowych zostaty opisane w literaturze (Heine i Larink, 1993; Sizmur i in.,
2017, Kliszcz i Pufa, 2019), jednak preferencje pokarmowe poszczegdlnych gatunkow

skgposzczetow glebowych sg jak dotad stabo rozpoznane (Curry i Schmidt, 2009).

Celem eksperymentu byto zaobserwowanie preferencji pokarmowych dzdzownic
z gatunku Lumbricus terrestris L. oraz iloSci i dynamiki poboru pokarmu przez te organizmy.
L. terrestris jest powszechnie wystepujgcym gatunkiem skgposzczetéw glebowych w Polsce
i zasiedlajgcym uprawy prowadzone w systemie bezptuznym (no-till) na obszarach
uzytkowanych rolniczo. Jest on jednocze$nie modelowym organizmem dzdzownicy z grupy

ekologicznej anecic w badaniach laboratoryjnych nad ekofizjologig dzdzownic.

W badaniach wykorzystano czesci nadziemne roslin (S. alba, F. esculentum,
P. tanacetifolia oraz xTriticosecale) uprzednio zebrane z doswiadczenia polowego
(Doswiadczenie polowe 1). Nowoscig podjetych badan byta ocena preferencji pokarmowych
L. terrestris, bowiem w literaturze ten temat byt rzadko podejmowany i zwilaszcza
w odniesieniu do $ciétki rdznych gatunkéw drzew lisciastych badz chwastow (Doubeiin. 1997,
Bonkowsky i in. 2000, Neilson i Boag 2003). Zaproponowano takze nowy wskaznik dynamiki
dekompozycji (F24/AWE), ktéry wyraza site i wktad populacji dzdzownic w proces przerabiania
roslinnej materii organicznej. W wyniku przeprowadzonych badan potwierdzono hipoteze
badawczg 2 i stwierdzono, ze didzownice najchetniej wybieraty dwa (S. alba oraz
F. esculentum) sposrdéd czterech testowanych gatunkéw roslin: S. alba, F. esculentum,
P. tanacetifolia oraz xTriticosecale. Najnizszy wskaznik dekompozycji F24/AWE wsréd roslin
zanotowano na obiektach z obecnoscig xTriticosecale (0.07), a najwiekszy z udziatem S. alba
(0.27) i F. esculentum (0.24). Wynik ten wyraza udziat pokarmu pobranego przez dzdzownice
W ciggu 24 godzin (F24) do sredniej masy testowanej dzdzownicy (AWE) i jest interpretowany

nastepujgco: im wiekszy pobdr pokarmu przez osobnika o mniejszej masie, tym wieksza
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efektywnos$é przerabiania pokarmu przez tego osobnika w danym ekosystemie. Wskaznik
zostat tak zaproponowany, by jego wieksze wartosci intuicyjnie wskazywaty lepszy substrat,
tj. taki, ktéry w wiekszych ilosciach przerabiany jest na koprolity. Zmodyfikowana wersja tego
wskaznika moze znaleZ¢ zastosowanie w ocenie aktywnosci troficznej dzdzownic anecic
w systemach bezptuznych, gdzie organizmy te pobierajg pokarm z powierzchni pola
i przerabiajg go na koprolity deponowane na powierzchni (ang. middens). W takich uprawach
powierzchnia pola jest zazwyczaj pokryta scidtkg roslin. Modyfikacja tego wskaznika
polegataby wtedy na zamianie parametru $redniej masy testowanej dzdzownicy na sucha
mase koprolitu zdeponowanego w obrebie ujscia korytarza poszczegdlnego osobnika oraz

zwiekszeniu czasu obserwacji z 24 h do min. 48 h.
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7.3 Publikacja 3

Klima K., Puta J., Kliszcz A. (2022). Effect of conventional and organic farming on crop
yield and water erosion intensity on sloping farmland. Agronomy Science, 77(3), 41-52.

https://doi.org/10.24326/as.2022.3.3

Pozostajgc w temacie regeneracji stanowisk glebowych oceniono liczebnosé
dzdzownic pod réznymi uprawami zlokalizowanymi na stoku i poréwnano te wyniki z innymi
analizami wykonywanymi na tym doswiadczeniu. Gospodarowanie na terenach urzezbionych
wigze sie z koniecznoscig dobierania metod, ktore beda ostabiaty naturalne zjawisko erozji
wystepujgce powszechnie na stokach (Ma i in. 2019) i bardziej angazowaty naturalng strone
ekosystemu (dzdzownice, rosliny towarzyszace). W doswiadczeniu uprawiano: ziemniak,
owies i wyke jarg w systemie rolnictwa konwencjonalnego i ekologicznego przez 3 lata
(szczegotowy opis metodyki jest zawarty w Publikacji 3). Liczebnos¢ populacji dzdzownic
w glebie (ze wszystkich grup ekologicznych tacznie) okreslano w oparciu o metode hand-
sorting (podobnie jak w metodyce Publikacji 1), lecz jedynie do gtebokosci 18 cm, zgodnie
z poziomem migzszosci warstwy ornej. Ocena populacji dzdzownic dokonana byta
jednokrotnie w trzecim roku prowadzenia doswiadczenia polowego. Wykonany klimatogram
Waltera-Gaussa wskazuje na korzystny uktad opaddw atmosferycznych do temperatury
w okresie przed iw trakcie potowdw dzdzownic (opady przewyziszajg ewapotranspiracje,
Fig. 2). Warunki pogodowe zostaty scharakteryzowane przez klimatogramy, takze ze wzgledu
na badang infiltracje, gdyz teoretycznie ewapotranspiracja przewyzsza infiltracje, gdy krzywa
temperatury (°C/10) znajduje sie nad stupkiem opadéw (mm/20). W przedstawionej pracy
taka sytuacja wystepuje jedynie dla trzech miesiecy w przeciggu 3 lat, co potwierdza
zasadnos¢ poszukiwania sposobdw ostabiania proceséw erozyjnych na badanym stanowisku

glebowym.

Oprécz okreslenia liczebnosci skagposzczetéw glebowych oceniono takze: plon roslin
(t-ha), charakterystyki wskazujgce na pokrycie powierzchni pola na stoku (wskaznik
ulistnienia uprawianych roslin LAl (m2-m2), liczbe roslin towarzyszacych (chwastéw) na 1 m?
oraz procentowe pokrycie powierzchni gleby chwastami metodga fitosocjologiczna. Infiltracje
(mm-min) mierzono w trzeciej dekadzie sierpnia, oznaczano ilosciowo sptyw powierzchniowy
(kg-ha') oraz jakosciowo zmyw powierzchniowy (N-NOs, N-NHas, P, K kg-ha-rok?). Wyniki
uzyskane w poszczegdlnych trzech latach (2019-2021) usredniono.
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W pracy wykazano, ze prowadzenie uprawy w systemie ekologicznym na terenach
urzezbionych prowadzi do zmniejszenia zjawiska erozji wodnej wyrazonej poprzez sptyw
powierzchniowy (mniej 0 6.47% w stosunku do $redniej dla upraw prowadzonych w systemie
konwencjonalnym) oraz zwiekszenia infiltracji 0 13.6% (Srednia dla wszystkich roslin dla trzech
lat). W systemie rolnictwa ekologicznego udziat naturalnych komponentéw agroekosystemu
ostabia dziatanie proceséw erozyjnych na stokach. Stwierdzono, ze populacja dzdzownic
w obrebie upraw ekologicznych byta wieksza $rednio o 12.43% w pordéwnaniu z obiektami
prowadzonymi w systemie konwencjonalnym. Chwasty stanowity drugg istotng grupe
organizmdéw zatrzymujgcy sptyw powierzchniowy na stoku, przeciwdziatajgcg procesom
erozyjnym. Wartosci LAl byly nieistotne statystycznie pomiedzy systemami, lecz analizy
zachwaszczenia wskazywaty na wieksze pokrycie powierzchni roslin towarzyszacych
w obiektach ekologicznych ($rednio dla wszystkich roélin uprawnych 90.9 szt..m

w pordéwnaniu z konwencjonalnym 41.0 szt-m).

Wartosci infiltracji w badanych systemach (8.17 mm-min' konwencjonalny
i 9.21 mm-min! ekologiczny) potwierdzity glebochronng funkcje roslin towarzyszacych
uprawom i dzdzownic. Rdwniez pokrycie powierzchni przez chwasty (21.0% konwencjonalny,
38.1% ekologiczny) znalazto wyraz w zarejestrowanych wartosciach zmywu
powierzchniowego ($rednie dla wszystkich roélin 1 468.0 kg-ha' w systemie konwencjonalnym
oraz 1 378.8 kg-hal w ekologicznym). Warto wspomnieé, ze nie tylko czeéci nadziemne
chwastow zatrzymujg wode razem z glebg sptywajgca po nachyleniu, ale rowniez korzenie
chwastdéw przyczyniajg sie do zwiekszonej infiltracji, gdyz przestrzenie wokét korzeni i miejsce
po ich obumarciu moze by¢ wykorzystane przez wode do wnikniecia w gtab profilu glebowego.
Najbardziej glebochronng funkcje spetniata wyka jara, dla ktérej blisko dwukrotnie wieksze
zachwaszczenie w systemie ekologicznym (134.4 szt:‘m’2, w stosunku do 74.5 szt-m?
w konwencjonalnym) skutkowato najwiekszym zarejestrowanym w obrebie doswiadczenia

poziomem infiltracji 10.94 mm-min™'.

Uprawa roslin okopowych nie jest zalecana do prowadzenia na terenach urzezbionych
ze wzgledu na wystepowanie drastycznej erozji w obrebie warstwy ornej powstajgcy w wyniku
uprawy w szerokich rzedach. Réwniez uprawa na oborniku stanowi pewne ryzyko zmywu
powierzchniowego bogatego w biogeny i jednostki mikrobiologiczne, ktéry po przeniknieciu

do oligotroficznych siedlisk zaburza rownowage ekosystemu. Jednak uprawa takich roslin jest
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konieczna w praktyce rolniczej ze wzgledu na zasady zachowania prawidtowego nastepstwa
ro$lin w zmianowaniu. Przeprowadzone badania wskazujg, ze uprawa roslin okopowych
na przyktadzie ziemniaka w systemie ekologicznym stanowi ponad potowe mniejsze ryzyko
srodowiskowe wyrazone iloscig zmytych z pola jonéw biogennych (N-NOs, N-NHa4, Piot),
a w przypadku Kiet prawie 3,5-krotnie mniejszg depozycje, niz ta sama uprawa realizowana
w oparciu o zasady rolnictwa konwencjonalnego (z uzyciem nawozéw mineralnych i sSrodkow

ochrony roslin).

Roslina zbozowa (owies zwyczajny) uprawiana w ptodozmianie z rosling bobowatg oraz
okopowa plonowata wyzej $rednio o 0.66 t'ha* w systemie konwencjonalnym w poréwnaniu
do ekologicznego, jednak stosowane zabiegi agrotechniczne wptynety na zmniejszenie
liczebnos$ci dzdzownic na polu ($rednio 0 9.72%), chwastéw (o 69.03 szt.-m™), zmniejszenie
infiltracji 00.88 mm min?, zwiekszenie zmywu powierzchniowego o 8.9 kg ha? oraz
podwojenie zawartosci jondw biogennych (N-NOs, N-NHs, Piot, Kiot) W zmywie

powierzchniowym w stosunku do uprawy w systemie ekologicznym.

W toku badan potwierdzono hipoteze badawczg 3 i stwierdzono istotnie statystycznie
wieksze wartosci infiltracji oraz mniejsze wartosci parametréw dotyczgcych erozji
powierzchniowej na stoku (sptyw i zmyw powierzchniowy) w uprawach prowadzonych
metodami ekologicznymi, gdzie udziat zaréwno dzdzownic jak i chwastéw byt statystycznie
istotnie wyzszy. W ten sposéb udowodniono regenerujgcg role roslin uprawnych
i organizmow towarzyszacych tym uprawom w systemie rolnictwa ekologicznego na terenach

urzezbionych.
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7.4 Publikacja 4

Kliszcz A., Puta J., Mozdzen K., Tatoj A., Zandi P., Stachurska-Swakon A., Barabasz-Krasny B.
(2023). Wider Use of Honey Plants in Farming: Allelopathic Potential of Phacelia
tanacetifolia Benth. Sustainability 15(4): 3061. https://doi.org/10.3390/s5u15043061

W pracy zaprezentowano wyniki badan laboratoryjnych oceniajgcych wptyw wodnych
wyciggdw z réznych czesci facelii btekitnej (P. tanacetifolia) na wzrost i rozwdj siewek
pszenzyta jarego odmiany Mamut. P. tanacetifolia pozostaje rosling nierozpoznang
w literaturze w zakresie potencjatu allelopatycznego wykazywanego wzgledem wczesnych faz
wzrostu i rozwoju roslin zbozowych. Natomiast coraz czesciej wykorzystuje sie te rosline jako
miedzyplon (Kwiatkowski i in., 2019; Kwiatkowski i in., 2020; Pawtowski i in., 2021) oraz
element infrastruktury ekologicznej dla zapylaczy (Gradish i in., 2016; Hemberger i in., 2022)

na terenach intensywnie uzytkowanych rolniczo.

W doswiadczeniu laboratoryjnym testowano wodne wyciagi z kwiatdw, lisci, todyg
i korzeni P. tanacetifolia w stezeniach 0, 10, 12,5 oraz 15%. Wptyw na proces kietkowania
siewek pszenzyta jarego mierzono nastepujgcymi parametrami: % skietkowanych ziarniakdéw
po 7 dniach (GP), $redni czas skietkowania (MGT), wspdtczynnik szybkosci kietkowania (CVG),
indeks kietkowania (Gl), czas potrzebny na skietkowanie 50% ziaren (Tso) oraz indeks
niepewnosci procesu kietkowania (U). Po siedmiu dniach dokonano oznaczen: swiezej i suchej
masy siewek (g), dtugosci catej siewki i pochewki lisciowej (cm) oraz wyptywu elektrolitéw (%).
Szczegdtowy opis metodyki oraz zastosowane metody analizy statystycznej znajdujg sie

w sekcji Material and Methods Publikacji 4.

W odniesieniu do hipotezy 4 wyciagi wodne z lisci i kwiatéw P. tanacetifolia wykazaty
statystycznie istotny mocniejszy efekt inhibicyjny wzgledem kietkujgcych ziarniakdw pszenzyta
jarego (blisko 12.50% skietkowanych roslin po siedmiu dniach dla wyciggéw wodnych z lisci
i kwiatéw, srednio dla wszystkich stezen ekstraktdw, w stosunku do pozostatych organdw,
gdzie wartos$¢ ta wyniosta srednio nieco ponad 49%, przyjmujac dla najstabszego stezenia
(10%) wartos¢ ok. 68.31% skietkowanych ziarniakéw pszenzyta). Najstabszy efekt inhibicyjny
wzgledem dtugosci poszczegdlnych czesci siewek pszenzyta zostat udowodniony dla
ekstraktow wodnych z korzeni rosliny miedzyplonowej. Udowodniono takze stymulujgcy

wptyw wyciggdw wodnych z korzenia (niezaleznie od stezenia) na dtugos¢ pochewki lisciowej
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pszenzyta jarego (o 16.67% w stosunku do kontroli). Zarejestrowany mechanizm
stymulowania wzrostu pochewki lisciowej zboza przez wodny ekstrakt z korzenia miedzyplonu
moze mie¢ logiczny i praktyczny wydzwiek w warunkach naturalnych, gdzie masa korzeniowa
miedzyplonu bedaca donorem zwigzkéw allelopatycznych do srodowiska kietkowania zboza
ozimego, wplywataby na zmniejszenie urazow mechanicznych liscieni w trakcie przebijania sie
na powierzchnie gleby w zwigzku z obecnoscig dtuzszej pochewki lisciowej. Testowane
ekstrakty wodne z poszczegdlnych czesci rosliny miedzyplonowej spowodowaty takze
nieciggtosci w btonach komdrkowych tkanek kietkujgcego pszenzyta. Najwiekszy wyptyw
elektrolitéw (EC, blisko 80%) oznaczono dla wyciggdw wodnych z lisci niezaleznie od stezenia,
sugerujagc tym samym mozliwos¢ wystepowania w lisciach zwigzku, ktéry wpltywa
destruktywnie na strukture bton komdrkowych w siewce pszeniyta jarego. Zrédta
literaturowe zamieszczone w artykule wskazujg na zwielokrotniong obecnos¢ DOPAC, HA oraz
R-ERI w lisciach w stosunku do pozostatych organdw P. tanacetifolia, co moze by¢

przypuszczalng przyczyng tak wyraznej reakgji.

W pracy, oprécz zbadania pierwotnego potencjatu allelopatycznego rosliny
miedzyplonowej jaka byfa facelia btekitna, dokonano takze przegladu literatury w zakresie

ilosciowych biochemicznych charakterystyk poszczegdlnych czesci rosliny.
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8. Wnioski

Na podstawie przeprowadzonych badan oraz w odniesieniu do celdw szczegdtowych i hipotez

badawczych stwierdzono:

35:1002198367

1. Preferencje siedliskowe dzdzownic z grupy endogeic, obecnych na doswiadczeniu

polowym z uprawg pszenzyta jarego po sobie i wysiewem trzech réznych gatunkow
roslin miedzyplonowych jako czynnikdw regenerujgcych stanowisko glebowe,
zaznaczyly sie najbardziej pozytywnie wzgledem F. esculentum. W ryzosferze tej
rosliny odtowiono najwiecej osobnikéw dorostych (42%) oraz juwenilnych (47.2%).
Dzdzownica z grupy ekologicznej anecic (L. terrestris L.) pobierata najchetniej biomase
dwdch gatunkdéw roslin miedzyplonowych: S. alba (0.27) oraz F. esculentum (0.24)
sposrod czterech testowanych (S. alba, F.esculethum, P. tanacetifolia oraz
xTriticosecale). Warto$¢ zostata wyrazona w zaproponowanym nowym wskazniku
dekompozycji (F24/AWE), ktéry wraz ze wzrostem wyraza wiekszg smakowitosé
pokarmu dla testowanego organizmu.

Na terenach rolniczych, gdzie uprawa roslin prowadzona jest na stokach o nachyleniu
9% wieksza populacja dzdzownic i roslin towarzyszacych wystepowata w systemie
ekologicznym w pordwnaniu z systemem konwencjonalnym (wieksza o 12.43%).
Na stanowiskach z uprawga roslin w systemie ekologicznym zarejestrowano takze
mniejszy sptyw powierzchniowy (o 6.47%), wiekszg infiltracje (o 13.6%). Najwieksza
biomase dzdzownic (27.84 g-m?2) odtowiono w uprawie ekologicznej ziemniaka.
Pomimo tego, ze jest to roslina okopowa i sposéb jej uprawy przyczynia sie do erozji
powierzchniowej, ilos¢ jondw biogennych byta ponad dwukrotnie mniejsza dla uprawy
ekologicznej w poréwnaniu z uprawa konwencjonalng ziemniaka (11.42 kg-ha'
biogenéw ogétem w systemie konwencjonalnym oraz 4.13 kg-hal w systemie
ekologicznym wedtug sredniej z trzech lat prowadzenia uprawy).

Ekstrakty wodne z poszczegdlnych czesci P. tanacetifolia wykazujg potencjat
allelopatyczny wzgledem poczatkowego wzrostu i rozwoju siewek pszenzyta jarego
odm. Mamut. Najwiekszg koncentracje allelozwigzkéw zarejestrowano w lisciach
i kwiatach, co spowodowato zmniejszenie kietkowania ziarniakdw pszenzyta jarego

(blisko 12.50% mniej skietkowanych ziaren pszenzyta jarego po siedmiu dniach
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w stosunku do obiektu kontrolnego). Najmniejsze oddziatywanie inhibicyjne
wykazywaty korzenie, stymulujgc wzrost pochewki lisciowej kietkdéw pszenzyta jarego.
W kontekscie poszukiwania mechanizmdéw agroekologicznych ujawniajgcych sie
i dgzacych do regeneracji stanowiska w uprawie pszenzyta jarego po sobie na glebie
lekkiej, zaproponowano nastepujacy: roslina miedzyplonowa F. esculentum przywabia
organizmy pozyteczne (dzdzownice) w sfere czesci podziemnych. Organizmy
z gatunkdéw endogeic dzdzownic, namnazajgce sie w ryzosferze tego gatunku, generujg
zmiany w spoteczno$ci mikroorganizméw glebowych. Na tej podstawie mozna
przypuszczaé, ze sg to zmiany kierunkowe, jednakze nalezatoby je potwierdzi¢ dalszymi
molekularnymi badaniami.

Na terenach urzezbionych gdzie prowadzona jest uprawa roslin dalsze badania nad
populacjami dzdzownic wystepujgcych w gérnej i Srodkowej czesci stoku nalezatoby
prowadzi¢ w kierunku taksonomicznego okreslenia wystepujgcych tam okazéw z grupy
ekologicznej anecic i ich regionalnych (gdrskich) biotypdw. Szczegdlnie interesujgce
w kontekscie zwiekszania infiltracji wody na tych terenach bytyby badania powigzane

z okresleniem srednicy ciata osobnikéw i tworzonych bioporéw w glebie.
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Abstract: The changes of pH value followed by various agricultural practices are crucial for
biotic components of soil, along with other environmental factors, like temperature and moisture
content. In this paper, the earthworms population in triticale continuous cultivation was monitored.
Their presence associated with various agrotechnical methods (e.g., stubble crops maintained as
mulch, mineral fertilization without pesticides) were assessed twice by the handsorting method,
and their presence during the triticale vegetation season (occurrence of coprolites) were monitored
too. The aim of the study was to analyse the distribution of earthworm populations in cereal
continuous cultivation fields, and whether they prefer any of the stubble crop species (Sinapis alba L.,
Phacelia tanacetifolia Benth., Fagopyrum esculentum Moench.), which were sown after triticale harvest.
The results reveal the most abundant earthworms occurence in the F. esculentum objects (43.1% of
all sampled earthworms, which consists of 42% and 47.2% of all sampled matured and juveniles
individuals, respectively), and species homogeneity (dominate Octolasion cyaneum Savigny, 1826).
The changes of pH varied through the triticale vegetation season, but didn’t exhibit severe variation
between sampling sites. Using earthworm services in cropping systems after having enticed them to
the field through stubble crop has the potential to boost agricultural sustainability. Their ecological
preferences, along with their trophic behaviour, have already been put in place to complete a case
study of the autecology of the O. cyaneum Savigny 1826 species.

Keywords: Octolasion cyaneum Savigny; mustard; buckwheat; phacelia; triticale continuous crop;
soil pH; earthworm abundance

1. Introduction

Earthworms are a key factor in supporting soil system services. They improve soil structural
stability, modify soil organic matter and nutrient cycling or induce the production of hormone-like
substances that improve plant growth [1,2]. According to Paoletti [3] and Curry et al. [4],
earthworm populations in cultivated land are generally lower than those found in undisturbed
habitats. The presence, activity and biodiversity of earthworms in the cultivated field may be limited by
the intensification of cultivation treatments [5] or the use of herbicides [6,7]. However, the introduction
of additional plant biomass into fields, e.g., in the form of stubble crops, serves as an additional
food source and can contribute to an increase in the earthworm population in cereal cultivation
after itself. This positive relation of additional biomass for earthworms was found by Riley et al. [8],
Froseth et al. [9], Buck et al. [10] when earthworm abundance in lupine stands, grasses, and legumes
was analysed.

During vegetation season, any agrotechnical treatments shaped the soil system in particular ways
and influenced the value of soil parameters, like pH, moisture content, temperature. Tillage may
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saturate soil, mix the layers of aerobic and anaerobic microorganisms, and destroy persistent vertical
galleries of anecic earthworm species (as well as horizontal endogeic-derived biopores, but they could
be restored faster during crop vegetation). Ploughing the aboveground biomass causes the immediate
supplying, in soil, of living forms (mainly microorganisms and mesofauna) with proteins, sugars,
fat-like substances, and ions, which also initiate POM (particulate organic matter) formation in the soil,
the first form of SOM (soil organic matter).

Applying any substances (fertilizers, pesticides, soil and plant enhancers) influences the hot-spot
mosaic in the soil. Kuzyakov and Blagodatskaya [11] defined hot-spots as a local clusters of
microorganisms that cooperate in common area and shape it in particular way, varied from adjacent
bulk soil. They are the crucial and basic organizational form of microbial activity in the macroscale
(field) perspective. Their presence in the soil is sought by the earthworms, probably with strength
proportional to the palatability of these microorganisms for earthworms. They can spread the microbial
strains throughout the area they occupy, and that function seems to be one of the most prominent
skills of earthworms sought in future agriculture. Moreover, the “fertilization only” variant is tested in
agriculture along with agrotechnical methods (cover, stubble crops, intercrops and mulches) avoiding
negative effects of pesticides. Many indicators of soil health also include the welfare level of earthworms’
field occurrence [3,12-14].

Stubble crop has many positive functions in the soil system, mainly through enhancing the soil C
pool, accelerating microbial life, positively shaping soil structure. Fast growing species cover stand with
pronounced biomass and prevent soil moisture from escaping. These features include white mustard
(Sinapis alba L.), tansy phacelia (Phacelia tanacetifolia Benth.), and buckwheat (Fagopyrum esculentum
Moench.). But even application of milled (<3mm) cereal straw may result in enhanced earthworm
growth rates more than farmyard manure, due to their much higher calorific value [15].

The aim of the study was to assess earthworms’ activity in continuous cereal tillage cultivation as
well as their preferences for tested stubble crops along with recorded environmental features.

2. Material and Methods

2.1. Description of Experimental Set Up

The background for earthworm samplings and soil analyses was a field experiment located in the
Experimental Station of the University of Agriculture in Cracow conducted in 2018-2019 (50.085264
N, 19.833110 E). Before 2017, the field was maintained as an ecological system for 10 years (tillage
occurred). The present experiment consists of three factors arranged as split-split-plot design, where the
spring triticale (xTriticosecale Wittm. ex A. Camus var Mamut) was cultivated after itself for two
years (2018-2019). The following stubble crop species: white mustard Sinapis alba L. var. Borowska,
tansy phacelia Phacelia tanacetifolia Benth. var. Stala, buckwheat Fagopyrum esculentum Moench.
var. Kora, were sown twice, in 2018 and 2019 (first factor), although earthworm sampling procedure
was performed in 2019 only. The second factor of experimental design, stubble crop termination
term, had two levels: autumn and spring (mulch). In addition, the cultivation of spring triticale
was managed in three ways (third experimental factor): Natural-without fertilization and pesticides
(NAT), mineral fertilization only (NPK 80:80:120) (MF), and mineral fertilization (NPK 80:80:120) with
subsequent pesticides application (PEST). Graphical description of experimental design is presented in
Figure S1 (Supplementary Material). The pesticides were applied twice during the vegetation season
of triticale (in the tillering phase—BBCH 21-22: herbicide Puma 1 I'ha™! (a.i. fenoxaprop-P-ethyl 69 g-17!
(6.54%)) and Mustang 306 0.6 I'ha~! (a.i. florasulam 6.25 g1~! and 2,4-D EHE 300 g-1!), and in the
heading phase—BBCH 59: fungicide (a.i. protiokonazol 53 g-17! (5,4 %), spiroksamine 224 g-171 (22,9 %),
tebukonazol 148 g-171 (15,1 %)) and insecticide Dursban 480EC (a.i. chloropiryfos 44,86%). The P and K
mineral fertilizers were applied before the sowing of triticale (along with the first, bigger part of N
fertilization); the second N fertilization dose was applied in BBCH 33-37 of the triticale phases.
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2.2. Soil Analysis

Measurement series of pH value (Figure 1) were collected in situ with the IJ44A IONODE
pH electrode (ELMETRON, Australia) equipped with a CP 401 pH meter (ELMETRON), once a
week (March 2019-July 2019) in the following phenological terms: 1—before spring tillage (mulch),
2—after tillage, 3—two weeks after tillage, 4—one day before sowing triticale, 5—sowing and mineral
fertilization, 6—BBCH 5 (start of triticale germination), 7—BBCH 10 (development of leaves), s—BBCH
11, 9—BBCH 12, 10—BBCH 13 and herbicide application, 11—BBCH 22, 12—BBCH 30-37 (stem
elongation and flag leaf appearance) and second dose of N fertilization, 13—BBCH 41-43 (booting
phase), 14—BBCH 59 (heading phase), 15—BBCH 71 (seed development), 16—BBCH 89-92 (triticale
harvest). The time between terms was named in this article as subsequent ‘periods” and the last
measurement series (‘after triticale harvest’) was collected three weeks after the previous one. Chemical
and physical features of soil are depicted in Table 1. Soil samples were taken from topsoil (to 0.3 m).
C org (%), N tot (%) and S tot (%) were analysed using Vario Elementar and the averaged content
of CaCOj (%) according to Scheibler’s method [16]. Granulometric fractions were assessed using
Casagrande’s areometric method with modification by Prészyniski [17].

plvalue

8.0

7.0 1

6.5

6.0

1 2, 3 4 G 6 7 8 9 10 11 12 13 14 15 16

Triticale phenological phases
—NAT e VT F w—PEST B fresh coprolites ocorence
Figure 1. Continuous measurements of pH value in earthworm sampling sites (March 2019-July
2019) according to different triticale management methods. * The distance of red dots from the x-axis

represents abundance of monitored sites where fresh coprolites were occurred in the particular terms;
the lack of red dots means no fresh coprolites at the monitored sites.

Table 1. Soil characteristics description.

Parameter Value
C org (%) 0.70
N tot (%) 0.63
S tot (%) 0.01
CaCO3 % 0.05

Granulometric fractions:
Sand:Silt:Clay (%) 81.0:15.5:3.5

2.3. Earthworm Sampling and Identification

Activity of earthworms (presence of fresh coprolites) was monitored in the field every pH
measurement series (three times within each plot, n = 54 X 3 = 162), and showed as red dots in Figure 1.
Then, after harvest of triticale (July 2019) the samplings from each plot (one per plot, assumed to be
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three samplings per object) was conducted within a frame (0.5 x 0.5 m; 0.4 m in depth); the vegetation
cover was excavated. The distance between sampling sites was several meters. The handsorting
method was chosen only, due to dryness of soil (many individuals were in diapause) and problems
with proper infiltration of mustard suspension. Moreover, in this field, abundance of anecic species
are not expected due to tillage occurrence. So, the best sampling procedure in these conditions was
handsorting. The sampled earthworms were kept in plastic boxes, transported to the laboratory,
maintained for clearing the gut content in cold conditions, and then manipulated to obtain fresh
biomass of all life stages groups according to their number (cocoons, hatchlings, juveniles, pre-matured
individuals, and matured adult individuals with clitellum well developed). All results for 0.25 m? were
adjusted for 1 m? area. Among all caught individuals, O. cyaneum Savigny, 1826 totally dominated
(there were a few unrecognized endogeic or anecic ones and only one individual from the epigeic
group). The species identification was performed according to Pilsko [18] and Kasprzak [19].

This whole procedure was performed twice, after harvest of triticale (before sowing of stubble
crops) and during the vegetation of stubble crops (10 weeks after the previous sampling procedure).
The second sampling site within the plot (12 m?) was designed 5 m from the previous sampling
site. There were three replications of earthworm sampling within the plot in each series. The whole
experimental area was 2025 square meters.

2.4. Weather Conditions and Soil Moisture

Air temperature (Ta, °C) and precipitation (P, mm), as well as soil temperature (Ts, °C) and soil
moisture (Ms, %) were monitored during vegetation season. Figure 2. shows environmental conditions
for sampling sites of earthworm occurrence in the field. Ta and P were obtained from Krakéw-Balice
Meteorological Station, IMGW-PIB (no. 350190566, 4.7 km far from experimental area) and computed
as periods average (Ta, °C) and periods sum (P, mm). Soil measurements were recorded in earthworm
sampling sites precisely. They were taken in the triticale rhizosphere layer (5 cm in depth) with the
SM150 Kit soil moisture sensor (Delta-T Devices), and CT2B-121 temperature sensor (ELMETRON)
attached to a pH meter; recordings were taken once a week (except the last one, which was collected
three weeks after the previous one). The additional soil moisture measurements were recorded at the
bottom of soil monoliths handsorted in the second sampling time (in stubble crops), at the depth of
40 cm.

% soil moisture
30.0 80

r 70
25.0

+ 60

I s0

15.0 + 40

10.0

50

0.0

1 2 3 4 5 6 7 8 L 10 11 12 13 14 15 16

Triticale phenological phases

weekly sumed rainfall NAT soil moisture — MF_soil moisture — PEST_soil moisture

= = weekly averaged aif temperature  mm—NAT sl temperature e MF_s0l temperature e PEST sl temperature

Figure 2. Above- and underground thermal-humidity conditions of sampling sites. ! P = 50.69 mm,
i p=7837 mm.

2.5. Statistical Analyses

For earthworm biomass (g'm~2) parameters and two sampling terms, a Wilcoxon matched-pairs
test (o = 0. 05) was performed using Statistica PL ver. 13.1, StatSoft, Krakow, Poland. Coefficients of
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variation were also computed to illustrate the degree of homogeneity of the results (Table 2.) All of the
graphical outputs were performed with MS Excel Tools (including a radar chart).

Table 2. The changes in earthworm presence as a fresh biomass parameter (g'm~2) within 10 weeks in
various stands.

Stubble Crop Tillage Term Triticale ~ Earthworm Biomass (g-lgl‘z) Earthworm Biomass
Species ™ Management'  After Triticale Harvest ™" (g'm~2) in Stubble Crops
White mustard autumn NAT 0.00 (0) 0.00 (0)
MF 0.00 (0) 2.43 (173)
PEST 0.00 (0) 1.87 (173)
spring NAT 0.56 (151) 472 (28)
MF 4.15 (87) 9.96 (108)
PEST 0.15 (173) 1.42 (173)
Buckwheat autumn NAT 0.03 (173) 0.13 (173)
MF 1.24 (173) 9.45 (77)
PEST 5.65 (172) 2.35 (162)
spring NAT 0.49 (173) 2.06 (173)
MF 0.02 (173) 8.15 (87)
PEST 0.75 (118) 5.97 (63)
Tansy phacelia autumn NAT 2.27 (161) 2.05 (151)
MF 1.35 (173) 6.89 (119)
PEST 1.34 (88) 3.66 (107)
spring NAT 0.00 (0) 2.29 (173)
MF 3.25 (82) 2.59 (94)
PEST 1.33 (167) 1.41 (173)

I NAT = natural; MF = Mine_r_al fertilization; PEST = mineral fertilization + pesticide; n =3, ii Wilcoxon matched-pairs
test « = 0.05, p = 0.005618, ™' coefficient of variation is presented in brackets, high values occurred when no t all
replicates reported the earthworms’ presence.

3. Results

As the results of samplings were obtained from the tillage system area, the output of earthworm
individuals is relatively low, contrary to those acquired from pasture [20] or other permanent crops [9].
But even in agricultural lands, where ploughing treatments were employed, the presence of earthworms
is visible. The ploughed continuous cereal stands belong to the poorest stands for soil organisms due
to the necessity of plant protection treatments, soil fatigue, losses of nutrients. The fresh biomass of
earthworms (g-m~2) collected from triticale stands varied correspondingly to the management method
of triticale (Table 2). Immediately after the terminating of triticale plants, the highest amount of this
parameter occurred in MF objects (on average 1.67 g'm~2). The lowest earthworm fresh biomass was
obtained from NAT objects (on average 0.56 g'm~2). The introduction of stubble crops on these stands
enhanced the average biomass sampled within each square meter, although the tendency remained
the same, i.e., the highest value occurred in MF objects 6.58 g-m_z, and the lowest in the NAT objects,
on average 1.87 g-m~2. The earthworm preference of particular stubble crops species is presented in
detail on the random chart (Figure 3).

The most preferred species was buckwheat (Fagopyrum esculentum) (Figure 3B) due to 43.1% of
earthworms of all life stages being collected in plots covered by buckwheat. Tansy phacelia rhizosphere
enticed 30.3% of all earthworms, and mustard plants only 26.6%. Cocoons were observed only in the
first sampling term (after triticale harvest) (Figure 3A). The plots prepared for buckwheat contain 53.3%
of all cocoons (Figure 3A), which gives, after 10 weeks, 42.0% of all juveniles in buckwheat stands
as the hatchlings constituted a negligible part of the population in stubble crops’ rhizosphere (eight
individuals in total). The abundance of earthworm’s life cycle structure reveal two main directions
(increases and decreases of particular life stages). During 10 weeks, matured earthworms statistically
significantly enhanced four times in all objects (Wilcoxon matched-pairs test o = 0.05, p = 0.005618),
of which the most grew in buckwheat stands (by 55%). Then, the juveniles increased almost two
fold, giving again the most abundant group penetrating the buckwheat area (by 49%). The negative
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changes were recorded in cocoons (as above), hatchlings, and pre-matured individuals. Taking into
consideration the type of stand (stubble crop species), it could be stated that hatchlings dropped the
most in tansy phacelia sites (by 58%), and pre-matured earthworms have developed into matured
forms rather than escaped from buckwheat stands (57% decrease in this group in buckwheat stands
compared to 55% increase in matured forms in buckwheat) (Figure 3A,B).

cocoons

hatchlings matured individuals

juveniles pre-matured individuals

—White mustard ——Buckwheat ——Tansy phacelia
(A)

matured individuals

hatchlings juveniles

pre-matured individuals

——White mustard =——Buckwheat -——Tansy phacelia
(B)

Figure 3. Earthworm’s life cycle abundance and their changes within 10 weeks, (A) after triticale
harvest, (B) in stubble crops.
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The changes of soil pH during the experiment is depicted in Figure 1. Stands without either
fertilization or pesticides had a little higher pH value with no significant difference between objects.
During the whole vegetation season (after sowing till harvest) pH values oscillated between 5.20 and
5.69 and seem to be a constant parameter for developing earthworm individuals. It is worth noting
that values from a higher range have always been taken from objects” NAT. The median pH value for
NAT, MF, and PEST objects were, respectively, 5.51, 5.39, and 5.37 (Figure 1).

During the whole vegetation season, the occurrence of fresh coprolites was monitored. Figure 1
contains the overall results of field inspection (the bigger the distance of red dots from the x-axis,
the more frequent the occurrence of coprolites). The most frequent occurrence of coprolites during
all seasons on buckwheat stands (51%) were recorded (unpublished data). The other two stubble
crop species contained within their area 39% of the fresh coprolites (tansy phacelia) and 10% (white
mustard). The peak of produced coprolites coincided with the booting phase of triticale (BBCH 41-43)
(Figure 1) and bigger rainfalls before (Figure 2).

Comparing the values of soil moisture recorded in triticale (Figure 2) to those obtained in stubble
crops (Table 3), the more preferable environment for earthworms in more dense cover (stubble crops) is
highlighted (in the range between 10.53 and 15.10%; median equal to 12.84%). The ‘bottom” moisture
(see: ‘2.4 Weather conditions and soil moisture’) range was between 14.10 and 16.57% (16.19% value of
median) and those recordings suggest the earthworms were forced to choose between fresh organic
matter in the plant rhizosphere and higher humidity in the deeper layers of the soil profile. The depth
of arable layer in all sites was on average 34.2 cm (+£3.97).

Table 3. Soil moisture and depth of arable layer in sampling sites in the second sampling series
(in stubble crop stands).

Moisture (%)

Stubble Crop Tillage Triticale N Depth of Arable
Species Term Management at the Top in the Bottom Layer (cm)
of Sampled Soil Monoliths in Stubble Crops
White mustard ~ autumn NAT 11.97 + 0.404 14.10 £ 0.361 28
MF 12.03 +2.303 14.27 +2.203 35
PEST 14.63 + 3.493 16.37 + 1.457 40
spring NAT 14.30 + 0.954 16.20 +2.778 40
MF 14.90 + 0.608 16.53 + 0.611 34
PEST 15.10 + 0.458 15.83 + 1.002 34
Buckwheat autumn NAT 12.50 + 1.389 15.03 + 1.159 33
MF 11.50 + 3.005 14.40 + 2.600 36
PEST 12.97 + 3.386 15.60 + 0.400 39
spring NAT 12.70 £ 1.015 16.03 + 1.210 28
MF 13.23 +2.470 16.27 + 1.206 29
PEST 11.47 +2.403 16.33 + 1.724 35
Tansy phacelia  autumn NAT 12.80 +2.718 16.17 + 1.739 31
MF 12.87 +1.890 16.37 + 1.582 31
PEST 14.43 + 0.981 16.37 + 0.379 38
spring NAT 12.57+1.457 16.57 + 1.747 37
MF 13.47 +1.943 15.87 + 3.009 30
PEST 10.53 + 2.483 16.20 + 0.529 37
average 13.00 + 1.283 15.81 + 0.802 34.2

*n = 3, + standard deviation (sd); objects” descriptions as in Table 2.

4. Discussion

Determining ecological preferences of particular earthworm species, along with their trophic
behaviour, is assumed as the complete earthworm autecology approach. In the field conditions,
where tillage occurred, their abundance is minimalized along with agrotechnical intensifications and
frequency of plant protection treatments [5,6,21]. Moreover, cereal monocultures do not promote
considerable amounts of earthworms [15]. The results revealed low amounts of earthworm biomass
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(average of all objects equals 1.25 g'm~2) and strong domination of the O. cyaneum Savigny species
(above 95% of all sampled earthworm individuals; unpublished data). However, anthropogenic factor
may have also enhanced soil fertility, even in difficult stands, i.e., monoculture. The introduction of
stubble crops is a common good practice, which supplies soil systems with additional portions of fresh
organic material [22], mobilizes rhizospheric organisms through root exudates, interrupts soil fatigue
(phytosanitary plants) and can limit agricultural pests through allelopathic substances. According to
studied stubble crop species, all of them act as weed suppressors; additionally, buckwheat and white
mustard limit development of Elateridae larvae (wireworm) and nematodes, respectively [23].

Among the tested stubble crops, buckwheat enticed earthworms (particularly O. cyaneum Savigny)
the most (Figure 3B). With regard to Froseth et al. [9], earthworm density was increased when grass
and Trifolium pratense were left in the field as a mulch. The authors demonstrated that the number
of earthworms increased 1.4 to 2.6 times in the first year after mulching. The earthworm biomass
increased 1.2 to 3.3 times relative to the control (without mulches). In the present study, the term of
ploughed stubble crops (2nd factor) didn’t differentiate the earthworm harvest in the first year of mulch
occurrence. The obtained results didn’t reveal considerable variations in moisture content (Table 3),
which could be interpreted as a stable water consumption within the studied stubble crop species.

Agricultural environment shaped by various abiotic factors is the second crucial factor of
earthworms’ development. Sanchez et al. [24] tried to determine the autecology of 28 earthworm
species along with 22 soil factors. The ecological profiles technique revealed a preference of O. cyaneum
for high values of porosity and C content, as well as lower pH values, which could be partly in line with
our results due to the sandy medium of experimental area (Table 1). Palm et al. [20] constructed boosted
regression tree models (BRTs) for predicting the distribution of ecological groups of earthworms
(i.e., anecic, endogeic, and epigeic sensu Bouché) and they assumed that management practices,
soil conditions and biotic interactions with other earthworm groups are the most important predictors
for spatial distribution patterns. They also found little positive relationship between ploughing and
endogeic frequency.

On the other hand, various species of endogeic earthworms can prefer the areas of particular
plant species. This mechanism is, however, not yet thoroughly understood. First of all, earthworms
communicate with the surrounding environment through the skin, which serves mainly as a breathing
medium for them and their neuroreceptor-embedded surface. The mechanism of how the earthworms
decided to consume encountered particles remains unrecognized. With regard to this issue, a few
studies were performed. The vast majority of studies were carried out in laboratory [25,26]. Kliszcz and
Puta [26] studied the ratio of food intake per 24 h to the average weight of the L. terrestris L. individuals,
and the results revealed white mustard and buckwheat were more preferable (0.24 and 0.27, respectively)
plants than tansy phacelia (0.14).

Field experiments are not so common due to many technical constraints and environmental
factors. Ernst et al. [27] found the strongest reduction (by 36%) in biomass of Octolasion tyrtaeum
in the occurrence of winter rape biomass (Brassicaceae family). This corresponds to the obtained
results; the lowest amount of sampled individuals (and lower biomass g-m~2) revealed white mustard
stand (the same plant family). It could be explained by the fact that the Brassicaceae family contains
thioglycosides of volatile mustard oils in their tissues, which after being subjected to mechanical
grinding and under the influence of the enzyme myrosinase, may decompose in white mustard to the
toxic and irritating soft tissues p-hydroxybenzyl isothiocyanate [28].

Beside the type and chemical content of plant-derived organic matter, earthworms can choose
the substrate by microbial species presence [29]. The palatability of microorganisms was studied
by Dominguez et al. [30], Doube et al. [31], Neilson and Boag [32], Bonkowski et al. [33].
Jayasinghe et al. [34] found that O. tyrtaeum Savigny preferred organic matter inoculated with
actinomycetes (Streptomyces sp.) in comparison with control (without inoculation).

O. cyaneum Savigny, the species found in the studied area, is an European omnipresent endogeic
earthworm [20], which means that plant rhizosphere and horizontal galleries are the main habitat area
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in the soil. For sure, it encounter many plant species, but it always has to make a choice between plants
covered in a particular area. During unfavourable conditions (e.g., drought), however, its maintenance
depends on diapause and burrowing down ability. They feed on fresh organic matter, microorganisms
and consume large quantities of soil and accompanied organic residues [32], as well as can produced
1.88 mg dry wt-g_l-fresh body of Octolasion lacteum wt-d~1 [35]. Bonkowski et al. [33] found that the
presence of Cladosporium cladosporioides attracts O. cyaneum 3 fold more than other fungal species.
The obtained results indicated that the population of O. cyaneum may not develop the next generation
(the lack of cocoons in stubble crops) before winter, when its development was limited by the moisture
content during the triticale vegetation season.

5. Conclusions

A key biological component of the soil, earthworms, could be enticed by fresh root exudates
derived from additional biomass sources in the field, like stubble crops in cereals, and they will also
afterward benefit from stubble crop residues. After the first year of stubble crops, the presented results
are slightly varied, but the tendencies could be seen: (i) During the whole vegetation season of triticale,
the MF objects contain (after the triticale harvest) the highest earthworm biomass, (ii) After 10 weeks
of recovery, the whole population of earthworms increased two fold (juveniles) and four fold (matured
earthworms); (iii) The buckwheat rhizosphere seems to be the best stand for O. cyaneum Savigny,
which chose these stands the most frequently (55% of all matured earthworms and 49% of all juveniles).

Stubble crops can serve as an enticement for particular earthworm species in agricultural
intensively-managed fields, as well as being scrutinized in terms of their phytosanitary and pollinator
function thus far.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/4/3/39/s1,
Figure S1: Graphic scheme of experimental design.
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Assessment of earthworms activity
based on eaten biomass from selected catch crops

Introduction

In order to preserve the homeostasis of the soil environment and increase its fer-
tility, the presence and activity of soil mesofauna, especially earthworms, is an
essential factor (family Lumbricidae Rafinesque-Schmaltz, 1815). By feeding on
plant and animal residues, as well as microorganisms, earthworms form resourc-
es of soil organic matter that are permanently associated with the soil's mineral
phase (Wu et al., 2018). A network of corridors formed by individual ecological
groups of earthworms contributes to the regulation of water-air relations in soil.
According to Bouché (1972), three main ecological groups of earthworms can be
distinguished in the soil profile: anecic, endogeic and epigeic. For agroecosystems,
the first two play a key role. Anecic species (e.g. Lumbricus terrestris L.) live deep
in the soil profile (up to several meters) and form corridors with a further to the
vertical slope, which communicate earthworms with a substantial food source, i.e.
with plant debris left on the ground (e.g. in the form of mulch). However, their
basic component of the diet is the mineral part of the soil, which they eat while
drilling corridors. Their activity contributes to better water infiltration and the
creation of ‘fertile’ corridors on the walls of which reside bacteria in the organic
matrix left by earthworms (coprolytes, body’s excrement). They are also weed seed
vectors, which enriches the soil seed bank located at deeper levels. Endogeic spe-
cies from the second ecological group intensify their activity in the arable soil lay-
er, near plant roots (up to 30 cm deep) and create galleries with a horizontal slope,
contributing to the formation of proper humus reservoir in the plant rhizosphere.
Also these species are vectors of microorganisms and seeds in the inhabited area
(Clause et al., 2017). They are also species that prefer a large proportion of organic
remains in addition to the mineral part of the soil.
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The presence and activity of earthworms in the cultivated field can be limited
by the intensification of cultivation treatments (Briones, Schmidt, 2017) and the
use of herbicides (Kostecka, 1999; Pelosi et al., 2014). The introduction of plant bi-
omass into the field, for example in the form of catch crops, is an additional source

Angelika Kliszcz, Joanna Puta

of food and can contribute to an increase in the earthworm population. The pres-
ence and activity of earthworms increases the fertility of the soil habitat, which
creates favourable conditions for the growth and development of crop plants.
Each animal selects, per se, the most rich in content — optimal food that it
needs. For earthworms these are: plant and animal debris, living and dead soil or-
ganisms (bacteria, fungi, protozoa, algae, nematodes, amoebas) (Curry, Schmidt,
2007), as well as excrements of various living organisms, minerals, ions in the
free state in soil solution. Penetrating the soil profiles of almost every square me-
ter of soil on the Earth’s surface, earthworms, when drilling corridors and taking
food, decide what and in what quantity will be collected and processed by them.
However, this fascinating mechanism of food preferences in earthworms is not
yet fully understood. The first work on the trophic behaviourism of earthworms
appeared in ancient times (Li et al., 2010), and the deliberations were continued
with considerable publicity by Charles Darwin, who devoted the last 30 years of
his life to studying the life and functions of earthworms in the process of forming
soil organic matter. When food is consumed by the earthworm, a decisive role is
played by a part of the neural ganglion, which is stimulated by chemical receptors
located in the prostomium (above-mouth lobe) and from receptors on the entire
body surface of the earthworm. These receptors provide the earthworm with in-
formation about the environment in which it is currently located. Generally, the
trophic mechanism in the earthworm consists in collecting through the mouth,
then swallowed pieces pass through pharynx, the esophagus and enter the crop, in
which they are temporarily kept and mixed with a concentrated suspension of cal-
cium carbonate produced by calciferous gland’s secretory cells localised at the end
of the esophagus. Next, the food goes to a heavily muscled stomach (gizzard), then
passes into the intestine, from where it is excreted in the form of casts through the
anus. Despite the absorption of nutrients by the body of the earthworm, droppings
are a valuable and rich component of soil matrix and remain compact for a long
time. It is interesting that despite high concentrations of phenolic compounds in
plant material and their adverse effect on the precipitation of proteins in living or-
ganisms, plant biomass remains the main substrate for earthworms. The research
of Liebeke et al. (2015) shows that drillodefensins (surface active lipophilic ions
259.1013 Da, which m/z are consistent with a molecular formula of C,H,,0 4S')
are produced in the earthworm body, which are produced in the foregut section

of earthworms and help them digest phenolic-rich residues plant.
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One way to assess the trophic activity of earthworms is to quantify their ability
to eat food per unit of time. The aim of the study was to evaluate the possibility
of processing food (mixed with soil catch crop residues from white mustard (Si-
napis alba L.), buckwheat (Fagopyrum esculentum Moench) and tansy phacelia
(Phacelia tanacetifolia Benth.) and crop biomass which was spring triticale (x Trit-
icosecale Wittm. ex A.Camus) by earthworms of the species Lumbricus terrestris
L. regard to control object (soil from the field). An interesting further question
concerned examining whether any of the plants can be preferred (more willing-
ly taken) by earthworms, thus may supposedly contribute to an increase in their
numbers in the field.

Material and methods

Study material

The model organism in the experiment were individuals of Lumbricus terrestris,
a species from the anecic group, which are known for drawing plant organic mat-
ter from the soil surface into their corridors reaching 2 meters deep into the soil
(Bogdanowicz et al., 2004), and that while burrowing corridors, they also pass
a significant amount of the mineral part of the soil through the gastrointestinal
tract (Rouse, 2016).

Assessment of food intake by earthworms

The assessment of food intake by earthworms was performed in laboratory
conditions in experiment with Petri dishes. Earthworms were purchased from
a commercial supplier (Ekagro) and kept for 4 hours in the dark (15°C) in a con-
tainer with wet tissue paper to empty their digestive tract. Then 1 L. ferrestris
individual (average weight 4.99 g) was placed in one Petri dish (@ 11 cm), in sev-
en replications, and was incubated in a vegetation chamber (darkness, 18°C) in
a completely randomised system. The food material (20 g per Petri dish) was air-
dried fragmented plant biomass (7% w/w) sieved through a @ 1 mm sieve and
mixed with soil sterilised at 105°C which was sieved through a @ 2 mm sieve and
brought to field humidity (approx. 35%). The amount of food eaten by each indi-
vidual was assessed after 12 h, 24 h and 63 h with an accuracy of 0.0001 g.

Before measuring each dish with food (7 replicates), the earthworm and wet
paper were removed, then excrements and coprolites left on the Petri dish during
the animal’s activity were wiped with paper, and then the together with food was
weighed (later subtract the weight of each dish). All results were corrected for val-
ues resulting from natural weight loss of food recorded simultaneously for objects
without earthworms.
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Statistical analysis
The results regarding the food intake of earthworms were analysed based on
ANOVA with repeatable measurements and a grouping factor (food material) or
one-way ANOVA (C and N content; ratio of food intake) and subjected to the
Tukey HSD test at a = 0.05.

Angelika Kliszcz, Joanna Puta

Results and discussion

The dynamics and amount of food intake at 12-hour intervals (Fig. 1 A-B) indi-
cates that this geophages species prefer soil as food. However, among the plant bi-
omass supplements, earthworms most often took white mustard (Sinapis alba L.)
(0.80 g after the first 12 hours). These food tendencies of earthworms remained
until the end of the experiment, and this is all the more surprising because plants
of the Brassicaceae Burnett family have thioglycosides of volatile mustard oils
in their tissues, which after being subjected to mechanical grinding and un-
der the influence of the enzyme myrosinase, may decompose in white mustard
to toxic and irritating soft tissues p-hydroxybenzyl isothiocyanate (Sawicka,
Kotiuk, 2007).

Tab. 1. Nitrogen (N) and carbon (C) content in the biomass of analysed plants and in soil

Object N [%] C [%] C/N ratio
Phacelia tanacetifolia Benth. 1.81£0.018b  40.04 £0.004 ¢ 22.1
Sinapis alba L. 1.94+0.032a  42.18+0.170 a 21.8
Fagopyrum esculentum Moench 1.57 £0.040 ¢ 40.27 £0.083 ¢ 25.7
émgg?secale wittm. ex A.Camus 18340.021b  41.68 £0.077 b 2.8

soil (control) 0.08 +0.003 d 0.64 £0.023 d 8.54

mean values +SD, n = 3; different letters next to values indicate different homogenous group, HSD Tukey
test, a = 0.05

The third measurement, after more than 3-times a further exposure (63 hour
of the experiment), revealed even greater discrepancies in soil uptake (15.13 g)
and soil with the addition of plant biomass (1.37 g on average). At 63 hour of
the study, there was a disruption in the metabolism of earthworms in the form of
a secreted white substance in a facility with tansy phacelia (Phacelia tanacetifolia
Benth.), which resulted in a lower uptake of eaten food than assessed after 24
hours and this also became the basis for the termination of the experiment.

The dynamics of food intake showed acceleration of consumption for some
objects and exposure times, and sometimes earthworms took food constantly
(Fig. 1). For example, tansy phacelia are characterised by increased intake dynam-
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Fig. 1. Accumulated mass of food eaten by earthworms Lumbricus terrestris L. (A) after 12 hours,
(B) after 24 hours, (C) after 63 hours, (n = 7); different letters next to values indicate different homog-
enous group inside the one object with a time, HSD Tukey test, a = 0.05; ** for x Triticosecale p-value =
0.360579; object: 1 — Phacelia tanacetifolia Benth., 2 — Fagopyrum esculentum Moench, 3 - Sinapis alba
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ics between 12 and 24 hours of exposure (190%), just as triticale between 12 and
24 hours (131%) and 24-63 hours (138%). White mustard and buckwheat were
taken changeless at both time intervals, with more dynamic (though less quan-
titatively) uptake of buckwheat (83 and 57%, respectively) and balanced uptake
dynamics for white mustard (57 and 55%, respectively).

Earthworms, as a biological component that increases soil fertility, are par-
ticularly valuable in soil and plant cultivation systems, in which it is not possible
to increase this fertility by introducing fertilisers and soil conditioners into the
system. This is the case in the organic farming system. Non-use of plant protec-
tion products and a larger amount of organic matter going back to the field mean
that this system has a greater biodiversity, quantity and biomass of earthworms,
although the plough tillage is a decisive factor (Bilalis et al., 2009; Munro et al.,
2002). In this context, the conducted research may allow the identification of spe-
cies-specific trophic behaviour of earthworms (food processing capability, intake
dynamics) and estimation of the impact of the earthworm population and their
trophic behaviourism on the positive (or negative) effect on the growth and devel-
opment of plants in organic crops.

It should be noted, that the practice of leaving plant residues in the form of
mulch on the soil surface has been known in agriculture for a long time and it is
used now, especially in organic farming. Although, according to Jodaugiene et
al. (2010) the largest amount and biomass of earthworms is concentrated under
grass mulches (av. 185 number per m? and 42.5 gxm? respectively), the selec-
tion of plants was not accidental in this experiment, because tansy phacelia, white
mustard and buckwheat belongs to the plants widely used in organic farming, at
least because of their phytosanitary properties in relation to commercial crops
(Majchrzak et al., 2005).

Plants used in the food material used in the experiment were subjected to bi-
ochemical analysis for nitrogen and carbon content (Tab. 1). The data show that
white mustard, which the earthworms took the most, also had the highest C/N
ratio (25.7), while in spring triticale, whose intake was the most dynamic during
the whole experiment, this ratio was at the level of 22.8.

A good estimator of the quantitative and qualitative food intake by earthworms
is the ratio of the weight of food taken (per day) to the average body weight of the
earthworm - F24/AWE (Tab. 2). Based on the obtained results, it was observed
that the activity of earthworms increased more than threefold in objects with an
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addition of catch crop biomass in relation to spring triticale.
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Tab. 2. Comparison of the ratio of food intake from various plant species during the 24 hours to the av-
erage body weight of the earthworm (Lumbricus terrestris L.); AWE - average weight of the earthworm,
AWFT - average weight of food taken in total after 24 hours, F24/AWE - ratio of food intake per 24 hours
to the average weight of the earthworm

Plant species AWE [g] AWFT [g] F24/AWE
Phacelia tanacetifolia Benth. 5.00 +£1.022 0.70 +£0.365 0.14b
Fagopyrum esculentum Moench 4.93 +£1.555 1.19 £0.545 0.24b
Sinapis alba L. 4.86 £1.614 1.31 £0.348 0.27b

x Triticosecale Wittm. ex A.Camus (spring) 5.21 £1.197 0.37 £0.340 0.07b
soil (control) 4.93 +0.965 6.93 £1.982 141a
mean value for plants 5.00 +1.375 0.89 +0.557 0.18

average means +SD, n = 7; different letters next to values indicate different homogenous group, HSD
Tukey test, a = 0.05

It is estimated that in maize cultivation in temperate climate, 100 individuals of
L. terrestris species per 1 m?* process on average 840 kg of litter per year (Bohlen et
al., 1997). In this experiment, a new indicator, the decomposition rate, was used,
which tells how many kilograms of food used (mixture of soil and plant biomass) pass
through the digestive tract of 100 individuals per year, in this case L. terrestris (Fig. 2).
It can be useful in estimating the contribution of individual soil fauna species to the
transformation processes of the organic substance of the agroecosystem in a time in-
terval. Estimation through this indicator gives the opportunity to assess the impact of
a particular species, taking into account its synecology (population ecology), living in
a given ecosystem and the ability to compare the effectiveness of organisms (including
earthworms) in various crops. However, it is advisable to collect the organisms before
calculating the decomposition index in order to estimate their real number in the
studied area.

The most effective crops in terms of processing of plant biomass by earthworms
of the species L. terrestris (assessment based on the calculated decomposition rate)
would be white mustard and buckwheat (the highest values in figure 2). On the oth-
er hand, in quantitative terms, the biomass of cereal plants represented by spring
triticale was almost three times less processed compared to other tested plants.

To correctly assess the impact of the earthworm population on the plant bi-
omass cycle in the agroecosystem, it should be taken into account that earth-
worms as burrowers require more space for their activities, so that the spatial
stress factor does not inhibit them from activity. Therefore, field experiments in
the mesocosm system are the most commonly used in this type of research. On
the other hand, laboratory experiments are short and reflect the food preferences
of individuals quite well.
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Fig. 2. Estimated average mass of food eaten by 100 individuals (Lumbricus terrestris L.) based on the
results of a laboratory experiment; 1 — Phacelia tanacetifolia Benth., 2 — Fagopyrum esculentum Moench,
3 - Sinapis alba L., 4 — x Triticosecale Wittm. ex A.Camus

Conclusion

The conducted analyses show that Lumbricus terrestris shows food preferences in rela-
tion to crop biomass, as the eurybiont of many habitats in temperate climate. During
the 63 hour experiment, soil (15.1 g) constituted the most food material collected by
earthworms, and among the plant components - the one with the addition of Sinapis
alba (2.03 g). However, the object with the addition of x Triticosecale spring was char-
acterised by the highest consumption dynamics (the average of 135%). Food mate-
rial with the addition of tansy phacelia was taken up the fastest in the first 24 hours
(190%), but later it fell sharply until changes in animal metabolism were recorded.

The ratio of food intake per day to the average body weight of one earthworm
exceeded the unity threshold (1.41) only in the case of the soil object. In other cases
(non-cereal plants) it oscillated around 0.22 and only in triticale reached three times
lower (0.07). The most favorable decomposition rate was recorded for white mustard,
whose estimated amount of food eaten by earthworms (with a local population of 100
individuals) would be approximately 48 kg/m?*/year in the field. The assessment of the
possibility of food processing by earthworms, as well as the determination of their
population in the field, can be very helpful in the organic farming system, where the
biological component plays a key role in increasing soil fertility.
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Abstract

The trophic activity of soil mesofauna, especially earthworms (the Lumbricidae family), is a key ele-
ment in increasing the fertility of agroecosystems. The food strategies that earthworms use as part of
the trophic networks in soil, and especially their food preferences, are still unknown. Much is known
about what is the food substrate of earthworms, but the food preferences of individual species, as
well as the possibilities and dynamics of food processing are not fully understood. The aim of the
experiment was to observe the amount and dynamics of food uptake by the earthworms of the species
Lumbricus terrestris L., which is a common species of soil Oligochaeta in agricultural areas, as well as
to propose a new decomposition rate measuring the strength of the earthworm population and its
contribution to the mechanism of processing plant organic matter.
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Ocena aktywnosci dzdZzownic na podstawie pobrania biomasy
z wybranych migdzyplonow
Streszczenie

Aktywnos¢ troficzna mezofauny glebowej, zwlaszcza dzdzownic (rodzina Lumbricidae), stanowi kluczowy
element w podnoszeniu zyznosci agroekosysteméw. Strategie pokarmowe jakie stosujg dzdzownice bedace
czgscig sieci troficznych w glebie, a zwlaszcza ich preferencje pokarmowe sg wcigz niepoznane. Wiele wia-
domo na temat tego co jest substratem pokarmowym dzdzownic, to jednak nie do konca poznano prefe-
rencje pokarmowe poszczegdlnych gatunkdéw, a takze mozliwosci i dynamike przerobienia pokarmu. Celem
eksperymentu bylo zaobserwowanie ilosci oraz dynamiki poboru pokarmu przez dzdzownice z gatunku
Lumbricus terrestris L., bedgcej powszechnie wystepujacym gatunkiem skaposzczetéw glebowych na ob-
szarach uzytkowanych rolniczo, a takze zaproponowanie nowego wskaznika dekompozycji, mierzacego site
i wklad populacji dzdzownic w proces przerabiania roslinnej materii organiczne;.
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Wplyw rolnictwa konwencjonalnego i ekologicznego na plonowanie
ro$lin uprawnych i intensywnos$¢ erozji wodnej na terenach urzezbionych

Summary. The pro-health and pro-environmental assets of organic farming are a reason why this
system is now promoted in agriculture. The objective of the research was to determine the effect
of conventional and organic crop production (potato, oat, and spring vetch) on the yield, water
erosion, losses of NPK nutrients, LAI, infiltration, and fresh mass of earthworms. From 2019 to
2021, a two-factor field experiment was carried out at the Mountain Experimental Station located
in Czyrna (Southern Poland). The first factor included farming systems: conventional and organic.
The second factor consisted of 3 crops grown with the use of crop rotation: 1. potato with manure;
2. oat; 3. spring vetch. Based on the experiment performed, it was found that the yield of the or-
ganically grown crops was on average 18.8% lower compared to that grown conventionally. Under
the organic farming system, the mass of sheet wash was on average 6.47% smaller than that under
the conventional farming system. As regards the NPK nutrients emitted into the environment, their
losses was about 50% lower than that under the conventional system of farming, where there were
applied artificially synthesized fertilizers and pesticides.

Key words: conventional and organic farming system, eutrophication potential of agriculture, earth-
worms, weeds, losses of NPK nutrients

INTRODUCTION

In the EU, the organic farming system is now promoted, inter alia, under the Europe-
an Green Deal [Zigtara and Mirkowska 2021]. In the literature, there are papers dealing
with the pro-health advantages of the products achieved under the organic farming system.
However, the organic farming is less effective in the terms of economic issues [Klima et
al. 2019], the reference research confirmed a direct association to exist between the con-
sumption of organic products and the lower frequency of occurrence of oncologic diseases
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and obesity [Baranski et al. 2021]. On the other side, the effect of organic farming on the
environment from the point of view of the quality of water (eutrophication potential), soil
(pesticides contaminant, structure), and air (emissions of GHG) is better than convention-
al farming, especially in the water catchment areas [Pulleman et al. 2003, Gomiero et al.
2011, Lorenz and Lal 2016]. Organic agriculture promotes abundance of microorganisms,
earthworms and weeds, sustaining biodiversity in the field, as well as infiltration and im-
mobilization of biogenic molecules in the soil. These processes occur with more intensity
in environments when microorganisms and earthworms are abundant (organic farming),
because of bigger burrows gallery construct in the arable (or deeper) layers, which enables
entering the more soil solution into the soil profile and then partially immobilize them.
These processes were described e.g. by Le Bayon and Binet [2001] (Fig. 1).

Only a few papers addressed the impact of organic farming system on water erosion and
following environmental consequences. This fact has become an incentive to undertake field
research on eutrophication potential of conventional cultivation compared to organic one.

Hypothetically, abundance of earthworms (bigger burrow galleries) and covering the
soil surface by weeds in organic agriculture performing on fields with slope will decrease the
rates of infiltration and therefore the amount of NPK nutrients emitted into the environment.

The objective of the research was to determine the effect of conventional and organic
farming on yielding, intensity water erosion and losses of NPK nutrients in the cultivation
of potato, oat, and spring vetch.

MATERIAL AND METHODS

The research subject constituted a two factor field experiment conducted at an Exper-
imental Station, from 2019 to 2021. The Experimental Station in Czyrna is maintained by
the University of Agriculture in Krakow (N 49°25'; E 20°58', on altitude 545 m a.s.1.). The
grain-size composition of mineral particles of the soil was as follow: 28% of sand, 29% of
silt, and 43% of clay particles; therefore, this type of soil was classified according to WRB
as a Endoeutric Stagnosol (Siltic, Endoskeletic) [WRB FAO 2015, Kabata et al. 2019].
The field experiment was designed with the use of a split-block method. The first factor of
the experiment included two farming systems: conventional and organic. The second fac-
tor consisted of 3 crops that were grown in the crop rotation system: 1. potato with cattle
manure (33 t-ha™); 2. oat; 3. spring vetch. Under the conventional farming system, artifi-
cial mineral fertilizers were applied in accordance with the needs of crops. The following
doses of fertilisers (kg-ha™) were applied: for the potatoes: 47.2 of P (phosphorus), 104.0
of K (potassium), 115.0 of N (nitrogen); for the oat: 34.0 of P, 55.6 of K, 72.0 of N; for the
spring vetch: 43.6 of P, 83.0 of K, 21.0 of N. Under the conventional farming system, the
following active substances of various herbicides were used to control weeds within the
crops grown: as for the potato crops: metribuzin contained in Sencor 600 SC, in a dose of
1.0 dm?*-ha™'; as for the oat crops: tribenuron methyl (sulphonylurea) contained in Gran-
star, in a dose of 24.0 g-ha™'; and as for the spring vetch crops: bentazone in Basagran 480
SL, in a dose of 2.0 dm3-ha™'. Neither mineral fertilisers nor other crop protection products
were applied under the organic farming system. To control weeds within the oat crops
cultivated organically, the field with oat sown in the spring was harrowed. The field with
spring vetch sown in the spring was not harrowed to protect seedlings from getting dam-
aged. Mechanical weed removing techniques were twice applied to the potato crops grown
under the organic as well as conventional farming system. Under the organic system,
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the potato beetle larvae were fought using a SpinTor insecticide (0.20 dm3-ha™!, spinosyn
A and spinosyn D) authorised for use in organic agriculture. The weed infestation was an-
alysed twice each year. Two weeks after applying herbicides, the first spring sample was
performed on 0.25 m? surfaces using frame method (n = 4). Based on it, the abundance
of weeds was determined. Prior to harvesting oat and spring vetch, the second series was
performed with the use of an phytosociological method (n =4), and this enables to express
the overall degree of surface coverage by weeds. During that period, the potatoes were in
a 79-81 (BBCH) phase [Hack et al. 1992].

The annually performed experiment was carried out on the small, 22 x 2 m plots (n =
4) lying on a 9% slope [Wischmeier and Smith 1978, Bogunovic et al. 2018]. For each of
the crop cultivated, a period to measure the surface runoff began on the day of harvesting
forecrop and lasted until the harvest of the follow-up. The surface runoff were measured
by Stupik catchers [Smolska 2002]. The catchers were emptied after every rainfall or after
a thawing (snow-melt) season to generate surface runoff. The volume of surface runoff was
measured, and 1 litre of surface runoff was randomly collected from the suspended load for
the purpose of detailed analysis. The mass of sheet wash was determined as soon as 1 litre of
surface runoff completely infiltrated through a medium hard filter. The sediment including
the filter was dried at 105°C. The filters with the sediment were cooled in a desiccator and
weighed on an electronic balance with readability down to 0.0001 g. During the liquid phase
of runoffs, the following was determined using colorimetric methods: the content of N-NO,
using phenoldisulphonic acid and the content of N-NH, using a Nessler agent in a Beckman
UV/VIS PU 6400 spectrophotometer [Elbanowska et al. 1999]. The contents of phosphorus
and potassium were determined as soon as the sample was ten times compressed by an ICP-
EAS method in a JY 238 ULTRACE Jobin Yvon Emission apparatus.

The total area of the above-ground parts of crops (Leaf Area Index — LAI, m?-m2) was
measured every year during the dough stage of oat (BBCH 70-71). During that period,
the spring vetch was at a stage of pods maturing (BBCH 81-83), and the potato at a stage
of forming berries (BBCH 71-75). LAI was measured using a Sun Scan Canopy Analysis
System device (Delta-T Great Britain 2014). The fresh mass of earthworms (after remov-
ing the content from their guts) was determined in the third decade of August after the oat
and spring vetch harvest completed; here, a method of hand sorting was applied [Kliszcz
and Puta 2020]. For the purpose of analysis, soil samples were collected from a 0.25 m?
surface, where the thickness of topsoil was 18 cm. The results obtained (endogeic and
anecic specimens) were converted to 1 m? The infiltration was determined in the third
decade of August, after the oat and spring vetch harvest; it was determined using a field
infiltrometer manufactured by Eijkelkamp (n = 4). The infiltrometer had two cylinders:
a small one of a 30 cm diameter and a bigger one of a 54 cm diameter. The bigger cylin-
der served as a protection; it formed a water ring around the inner cylinder. The cylinders
were inserted into the soil to a depth of 15 cm. The two cylinders were filled with water
the amount of which equalled a precipitation total of 50 mm. Next, there was measured
the time of water penetration in the inner cylinder. All results were depicted as an average
on the basis of 3 year research.

During the growing season in 2021, the distribution of precipitation turned out to
be most favourable for crop yielding. During the growing season in 2020, in April were
water shortages (the temperature line is above the top end of the column representing
precipitation; evapotranspiration exceed infiltration), whereas the growing season in 2019
was similar to that in 2020, except that water shortages occurred in June, and May was far
above average in terms of the amount of rainfall. However, apart from the weather event
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on May 23, these rainfalls did not occur at the intensity that could cause increased water
erosion. The weather conditions during winters did not cause the freeze-thaw erosion to
intensify. The intensity of water erosion usually increased in the spring; it was mainly be-
cause the then precipitation was above 20 mm per weather event or snowmelt. The water
coming with the precipitation up to 20 mm almost entirely infiltrated deeply into the soil
profile (data unpublished).

Statistical analyses

FR-ANALWAR - 4.3 software was utilised to statistically analyse the results through
the procedure of ANOVA. The significance of mean differences was tested among the ob-
jects using a multiple comparison procedure and a LSD Tuckey test at o. = 0.05 was applied.

The climate at the site of experiment is of a continental type with a mean annual
temperature ranging from 6 to 8°C. During the crop growing season, the sum of monthly
precipitations varied and therefore the evapotranspiration varied on this site (Fig. 2). Co-
efficient o (1°C =2 mm) was taken from Gaussen [1954].

RESULTS AND DISCUSSION

Plants (potato, oat and spring vetch) have been selected for this area in terms of poor
soils, which are often existed in a sloping agricultural landscape. Their cultivation, al-
though sometimes necessary, may carry an environmental risk, especially with regard to
the quality of the water catchments formed in this area and then used as a reservoir of
drinking water. The results presented below reveal pros and cons for conventional and
organic farming in sloped agricultural areas.

Table 1. Yielding of crops cultivated under conventional and organic farming systems

. Farming system

Object ; - -

conventional | organic X

Yield units (t-ha™)
Potato 27.83 | 2234 25.08
LSD, . 0.563
Oat 3.94 | 3.8 3.61
LSD, . 0.157
Spring vetch 0.613 | 0.579 0.596
LSD, . 0.031
Yield in cereal units (dt-ha™")*

Potato 183.68 147.46 165.57
Oat 30.72 25.56 28.14
Spring vetch 8.95 8.45 8.70
X 74.44 60.49 67.47
LSD, . 0.949 1.530

* Conversion factors to be used for converting the yield units to cereal units: potato: 0.66; oat: 0.78; spring vetch:
1.46 [Rozporzadzenie Ministra... 2019].
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Compared to the organic farming, the three crops yielded higher under the conven-
tional system, namely: the yield of potatoes was 24.6% higher, of oat: 20.1% more, and
of spring vetch: 5.9% more (Tab. 1). An average, in cereal units expressed yield was
23.1% higher under the conventional farming than that under the organic farming system
(Tab. 1). In previous research, Klima et al. [2019] reported a similar result (+18%) as re-
gards the yield of cereal crops under conventional system. That higher yielding potential
of crops grown in crop rotation was a result mainly, of the application of mineral fertilisa-
tion and pesticides in the conventional farming system.
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FIGURE 10.1 Interrelationships between earthworm surface casting activity, rainfall. surface runoff, infiltra-
tion. and soil erosion. (From Le Bayon, R.C. and F. Binet. 2001, Pedobiologia, 45:430-442.)

Fig. 1. The soil erosion process in the occurrence of earthworms and weeds
[Le Bayon and Binet 2001]

Although, the synthetically derived substances could restrict the two important agro-
ecosystem actors, i.e. weeds and earthworms, which are responsible largely for reduction
of the water erosion intensity on arable lands. Weeds with their high soil surface covering
potential (LAI) protect the soil surface against surface splash, and on the other hand, air
tunnels made by earthworms in the soil improve water infiltration directly in the soil pro-
file, prevent surface runoff (Fig. 1). The data in Table 2 show, that, under the two farming
systems studied, the difference between the LAI averages is not statistically significant.
Thereby, the weeds in organic farming have the compensation effect, because they cover
soil surface when the crops are smaller. Based on the performed analyses of weed infes-
tation, it was noticed that weeds were 2.2-times more abundant in the organic system
than in the conventional one, especially in oat (3.2-times greater) — Table 3, and the weed
coverage on the surface was 81% greater (Tab. 4), respectively. The larger surface cover-
age by weeds as reported under the organic system could reduce the splash that sets off
the erosion process [Zambon et al. 2021]. Splash occurs where rain drops fall on and hit
exposed or bare soil. Among all tested plants the spring vetch was the one with the greatest
potential in covering soil surface (statistically significant; Tabs 2—4).

Potatoes were the least infested due to their cultivation in wide rows and the possibility
of mechanical treatments in interrows during the growing season. In this research, conven-
tionally cultivated potato had 2.39-times less number of weeds comparing to organic sys-
tem. Kotodziejczyk et al. [2017] was noted 3.93-times less weeds in mechanical-chemical
treatment compared to mechanical only. The cited authors indicate also that neighbouring
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plants in potato cultivation can uptake macroelements with their biomass (respectively,
21.0 kg-ha N, 4.0 kg-ha™ P, 29.0 kg-ha™ K, for mechanical treatment only), and their
results indicate that the mechanical-chemical treatment did not enhanced loss the nutrient
to the environment (the rise of accumulated NPK nutrients in potato in the presence of
pesticides compared to mechanical treatment only was 49.0 kg-ha™, and for weeds their
absence generated free 33.0 kg NPK-ha™). These results were showed that potato can ef-
fectively exploit the added NPK resources, although the residues of pesticides remaining
in the environment emerged nowadays an urgent issue.

Table 2. Effect of farming system on LAI (m?-m)

. . Farming system
Specification
conventional organic X

Potato 1.91 1.84 1.87
Oat 2.26 224 2.25
Spring vetch 2.57 2.50 2.53
X 224 2.19 221
LSD, n.s.* 0.146

* not significant

Table 3. Effect of farming system on reported total number of weeds (plants-m) within crops
grown during spring seasons

. . Farming system
Specification
conventional organic X

Potato 21.9 523 37.1
Oat 26.6 85.9 56.3
Spring vetch 74.5 134.4 104.4
X 41.0 90.9 65.9
LSD, 2.63 3.35

Table 4. Coverage by weeds surface (%) as reported during oat and spring vetch harvesting period

. . Farming system
Specification
conventional organic X

Potato 13.1 28.8 20.9
Oat 20.0 37.6 28.8
Spring vetch 29.7 48.1 38.9
X 21.0 38.1 29.5
LSD, 0.01 1.29
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Infiltration has a major effect on reducing water erosion in soils. The research by
Wainwright [1996] showed that the higher the infiltration rate, the lower the water erosion
intensity, thereby amounts of sheet wash. The data in Table 5 demonstrate that the infil-
tration under the organic system was 13.6% higher than that under the conventional one.

Table 5. Effect of farming system on infiltration rate (mm-min ')

. . Farming system
Specification - - —
conventional organic X
Potato 6.91 7.34 7.12
Oat 8.48 9.36 8.92
Spring vetch 9.10 10.94 10.02
X 8.17 9.21 8.69
LSD, 0.567 0.673

Table 6. Effect of farming system on fresh mass of earthworms (g-m)

. . Farming system
Specification ) - -
conventional organic X
Potato 24.45 27.84 26.14
Oat 20.15 22.32 21.24
Spring vetch 23.69 26.62 25.15
X 22.76 25.59 24.18
LSD, 0.239 0.884
Table 7. Effect of farming system on mass (kg-ha™) of sheet wash
. . Farming system
Specification - - -
conventional organic X
Potato 4007.7 3775.1 3891.4
Oat 196.9 187.7 192.3
Spring vetch 199.4 173.6 186.5
X 1468.0 1378.8 1423.4
LSD, 74.76 64.36

The second important factor of a higher infiltration under the organic farming, in
addition to a greater amount of weeds there, was the increase in the mass of earthworms
(12.4% more; Tab. 6). The endogeic group of earthworms (present in the tilled agroeco-
systems) make the horizontal-oriented burrows gallery, which also can enhance the infil-
tration rate with the strongest effect being for biopores with diameter >6 mm [Capowiez
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et al. 2009]. The results of air tunnels dug in the soil by earthworms on infiltration rates
has been seldom addressed in the literature regarding sloping areas. But it is accepted that
higher soil porosity (more earthworm burrow gallery) fosters higher infiltration. The re-
sults provided by Bouche and Al-Addan [1997] showed that the infiltration rate was posi-
tively correlated to earthworm biomass (r = 0.975), length, surface and volume of burrows
(r=0.99), but not linked with diameter of burrows, tortuosity or with earthworm number
(probably due to present of juveniles with small size, which does not contribute signifi-
cantly to the increase in infiltration). Their results indicate that the mean rate of infiltrated
water on studied area was 150 mm-h~! per 100 g-m of earthworms.

Table 8. Average annual amounts of NPK nutrients (kg-ha™') carried off by surface runoff

e Farming Nutrients
Specification
system | N-NO, | N-NH, P K Total
C 10.137 0.239 0.079 0.964 11.419
Potato (0] 3.720 0.093 0.034 0.285 4.132
X 6.928 0.166 0.056 0.624 7.775
C 6.512 0.152 0.054 0.541 7.259
Oat (0] 3.604 0.089 0.032 0.274 3.999
X 5.058 0.120 0.043 0.407 5.629
C 3.803 0.107 0.068 0.712 4.690
Spring vetch (0] 3.136 0.073 0.027 0.241 3.477
X 3.469 0.090 0.047 0.476 4.083
C 6.817 0.166 0.070 0.739 7.792
On average (0] 3.486 0.085 0.031 0.266 3.868
X 5.151 0.125 0.050 0.502 5.829
LSDO.OS
For farming systems 0.448 0.012 0.0045 0.012 0.445
For crops 0.403 0.008 0.0038 0.022 0.420

C — conventional system, O — organic system

The average mass of earthworms was 18.8% higher in the fields where potatoes were
grown than that in the fields where oat were grown (regardless the farming system) — Ta-
ble 6. The reason thereof could be attributed to manure applied. Also, Sharpley et al.
[2011] found that the fertilisation with manure enhanced the occurrence of earthworms in
the soil with 2.70-times more than mineral fertilisation. Crittenden et al. [2014] informed
that the conventional farming versus organic farming caused decreasing particular group
of oligochactes in ploughed soil, e.g. the abundance of common endogeic earthworm
A. caliginosa decreased on average 1.65-times (for all samplings after plough), and total
biomass of earthworms (g-m?) in conventional managed plots was half (51.93%) than that
in organically cultivated fields. Compared to the conventional system, a higher (12.4%)
fresh mass of earthworms was achieved under the organic farming (Tab. 6), and this could
be connected to manure applied and a larger number of root systems including those of
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the weeds, which can attract the soil mesofauna due to diversity of microbial hotspots
accelerated in their rhizosphere (Tab. 3). On the basis of this data, could be marked that
the higher plant biodiversity in organic agriculture fosters higher rates of soil organisms.
The research results by Riley at al. [2008] pointed out the advantageous impact of the
grass-legume mixture implemented into the organic cereal rotation (in the terms of num-
ber and activity of earthworms), even though one year of implementation (mown several
times and ploughed down at frequent intervals). Also, there was statistically significant
more biomass of earthworm (av. by 3.91 g'm™) in spring vetch cultivation than in oat,
regardless the system (Tab. 6).

The mass of sheet wash was 6.47% higher under the conventional than that under
the organic farming system (Tab. 7). In the terms of particular crops, among plants with
negligible sheet wash amounts in comparison to potato (oat, spring vetch; over 20-times
less sheet wash, on average), the legume generated less sheet wash (by 7.51%) than oat in
organic system (n.s.). To reduce such high surface erosion on slopes in potato cultivation,
Tiessen et al. [2007] proposed several tillage implements with high anti-erosion effective-
ness of potato crops cultivated on sloping fields (reduce depth of tillage, contour tillage
using a mouldboard plough with the furrow turned upslope rather than chisel plough).

The mineral fertilisers applied under the conventional system and a larger mass of
sheet wash caused the average annual mass of NPK components in fertilisers (carried off
by surface runoff) to double in this systems compared to the organic system (Tab. 8). The
lower infiltration level in conventionally cultivated fields (Tab. 5) could be a major reason
thereof. However, interestingly for potato, amounts of N-NO, (kg-ha ™) catched in surface
runoff in organic system was close to the values for oat and spring vetch in this system
(3.720, 3.604, and 3.136, respectively; Tab. 8). Additionally, Cambardella et al. [2015]
confirmed in their research that — as for the regions where maize was organically grown
— the content of nitrates (N-NO,) in the ground water was half the amount of that in the
regions where maize was conventionally cultivated.

The obtained results of the three-year research highlights the pro-environmental as-
pects of organic farming, which diminished the amounts of NPK nutrients emitted into the
environment on average 3.868 kg-ha™' comparing to conventional cropping, on average
7.792 kg-ha™! (Tab. 8). The positive effect of organically grown crops on water quality
might be used to promote organic agriculture, in particular, catchment areas of rivers,
which are a source of drinking water for urban inhabitants.

CONCLUSIONS

1. The yield of organically grown crops was 18.8% lower than that of conventionally
cultivated plants.

2. Regard the organic farming system, oat was the most accompanied by weeds in
comparison to conventionally cultivated one (3.2-times more); other plants were weeded
the organic fields as follows: potato 2.39-times more and spring vetch 1.80-times more, in
comparison to pesticide-present cultivation.

3. Compared to the conventional farming, the fresh mass of earthworms was 12.43%
larger under the organic farming of potatoes, oat, and spring vetch.

4. Under the organic farming, the mass of sheet wash was 6.47% lower than that under
the conventional farming.
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5. The amount of NPK nutrients emitted into the environment from organically grown
crops was half the amount of those emitted from the conventionally cultivated plants,
where artificially synthesized fertilisers and pesticides were applied. This effect was most
evident in the organic cultivation of potatoes, where the surface runoff of nitrates was
comparable to the values for the other plants (3.72 kg N-NO,-ha™', on average 3.37 kg
N-NO,-ha™', respectively).

6. The differences in soil surface coverage (LAI) were statistically insignificant be-
tween organic and conventional farming systems, due the increased presence of weeds in
the organically cultivated crops.
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Abstract: Phacelia tanacetifolia Benth. is a melliferous, phytosanitary fodder plant. An important
factor in understanding the biology of this plant is to investigate its allelopathic potential. In the
experiment conducted here, x Triticosecale Wittm. cv. Mamut was treated with water extracts from the
roots, stems, leaves, and flowers of phacelia at concentrations of 10%, 12.5%, 15%, and control with
0% of extract. After 7 days of exposure, the germination of grains was assessed by analysing, seedling
growth, mass parameters, water content, and electrolytes leakage. Aqueous extracts from the stalks,
leaves, and flowers of phacelia significantly inhibited kernel germination at a 10% concentration, and
from roots at a 12.5% concentration. The elongation growth of triticale seedlings was significantly
inhibited by each of the extracts. Extracts from the leaves and flowers caused a significant reduction in
fresh mass at a 10% concentration and extracts from the stalks at a 12.5% concentration. A significant
reduction in water content was also found in seedlings watered with extracts of 10% from roots,
stalks, and leaves and 12.5% from flowers. Extracts from phacelia roots at a 12.5% concentration and
extracts from stalks, leaves, and flowers at a 10% concentration significantly increased the leakage of
electrolytes. In general, phacelia exhibits allelopathic potential at higher concentrations of extracts.

Keywords: allelopathy; lacy phacelia; stress factors; stubble crop; sustainable agriculture

1. Introduction

Allelopathy is considered one of the natural phenomena that affects the functioning
of ecosystems at a significant level [1,2]. It includes different type of chemical interactions
between organisms, realised by the synthesis and release of metabolites with inhibiting or
facilitating properties for other organisms in the immediate vicinity. This term is mainly
used in relation to plants. The knowledge of this phenomenon has a long history [3],
however in recent decades studies on allelopathy have grown in respect to sustainable
agriculture and forestry [4,5].

The knowledge of the positive or negative allelopathic effects of plants should be
used in the selection of species for mixed crops and crop rotation [6-9]. Proper selection of
plants can potentially reduce the negative allelopathic effects of crops (these effects in the
long term can significantly reduce yields). The solution to these undesirable phenomena
is the use of catch crops that interrupt unfavourable interactions between different or the
same successive crop species and also contribute to the improvement of habitat conditions.
Good agricultural practice proposes the use of catch crops to improve the physico-chemical
and biological properties of the soil, thereby accelerating the decomposition of biomass
by soil engineers, reducing weed growth, preventing soil erosion, and enriching the soil
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with organic matter [10,11]. Proper crop selection should also consider plant interactions
such as pest repelling and disease resistance; such considerations result in less chemical
interference in crop protection, which is essential in sustainable agriculture [12,13]. Plant
allelochemicals may be a substitute for synthetic pesticides, although their effectiveness
and specificity are limited [14]. However, this mechanism may prove to be very important
for management practices in organic farming.

One of the plants that is now increasingly used in stubble crops is Phacelia tanacetifolia
Benth. Lacy phacelia (other common names: blue tansy, purple tansy) is a herbaceous
annual plant that originates from the semi-deserts of California (North America), Once
included in the borage family (Boraginaceae Juss.), it is now in a separate family waterleaf
(Hydrophyllaceae R. Br. in Ker. Gawl.). It is one of the melliferous species popular among
beekeepers [15]. It secretes nectar regardless of the weather and is eagerly visited by bees,
even after dark [16]. It is also cultivated as a fodder plant in mixtures for direct feeding
or silage [17,18]. For optimal development, it needs sufficiently moist, fertile, and warm
soil [19]. As pointed out by Schappert et al. [20] phacelia more effectively covers the soil
when grown in monoculture rather than in mixtures, which has a large impact on reducing
surface erosion. In addition, it suppresses weeds [21] and improves the soil structure [16,22].
Tursun et al. [23] proved that phacelia as a cover crop in apricot orchards eliminates weeds
by almost 75%. Live phacelia is less effective than, for example, glyphosate or mechanical
weed control, but after mowing or ploughing it is more effective than these treatments.
Some authors indicate [24] that the site after phacelia, compared to Sinapis alba L., is
characterised by a greater number and biodiversity of accompanying plants, e.g., in organic
oat cultivation. Based on the study of drought stress in plants in a greenhouse experiment,
it was found that P. fanacetifolia has a much higher tolerance to water reduction compared to
Sinapis alba and Avena strigosa Schreb. [19]. Furthmore, Handlifova et al. [25] found that, in
an agroecosystem with a high average annual temperature and low rainfall totals, phacelia
achieves higher and more stable yields compared to Fagopyrum esculentum Moench. In a
Petri dish experiment designed to measure the palatability of organic matter of various
stubble plants for earthworms Lumbricus terrestris L., Kliszcz, Pula [26] proved that during
the first 24 h of breeding the soil-phacelia mixture the substrate uptake rate was the
fastest by earthworms. In addition, on the phacelia plots, the population of endogenous
earthworms increased compared to the plots with white mustard, indicating better trophic
conditions for earthworms on the substrate with phacelia [27].

So far, few studies on the allelopathic potential of phacelia have been conducted to
weeds [13,28], and in particular to crop plants with which this species occurs in crop rotation
as a catch crop [24]. Therefore, the main aim of this laboratory experiment was to investigate
the direct allelopathic effects (positive or negative) of organs of Phacelia tanacetifolia(flowers,
stems, leaves, and roots) on the germination process, growth, and physiology (dry and
fresh mass, water content, and electrolytes leakage) of cereals seedlings— x Triticosecale
Wittm. cv. Mamut.

2. Short Characteristic of Study Plant

Phacelia tanacetifolia could grow up to 100 cm high with branches in the upper part.
The whole plant is rough-hairy. It has single or double even-divided leaves, with strongly
notched sections (Figure 1A). The flowers are quintuple, bell-shaped, and violet-blue in
colour (e.g., caused by facelianin—[29]), with a discoid nectary located on the flower base
that is protected by throat scales. They are clustered in inflorescences of the helicoid cyme
and scorpioid types (Figure 1A,B). The fruit here is a capsule [30]. P. tanacetifolia is also
considered an ornamental plant; it is a summer flower that can be sowed directly into the
ground (it does not like replanting). In chemical terms, it is a relatively well-known species,
and the main groups of compounds found in its organs are characterised in Table 1.
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Figure 1. The cultivation of Phacelia tanacetifolia Benth.: (A)—specimens in blooming, (B)—flowers
in detail; arrows indicate features of inflorescence and leaf (Photos. A. Stachurska-Swakon and B.

Barabasz-Krasny).

Table 1. The contents of chemicals in different parts of Phacelia tanacetifolia Benth., according to
Bajkacz et al. [31]—(B), Kruk et al. [32]—(K), and Puig et al. [28]—(P).

Concentration

Chemical Compound [ng-g~'] [pL-ml—1]

Roots Stalk Leaf Flower Whole Plant
Aliphatic acid:
3-HBA (3-Hydroxybutyric acid) 2.47 (B) 0.27 (B) 0.34 (B) 21.60 (B) -
Aromatic acids:
3,4-DHBA (3 4-Dihydroxybenzoic acid) 211.90 (B) 212.90 (B) 230.20 (B) 347.50 (B) -
3-HPA (3-Hydroxypicolinic acid) 0.22 (B) 0.20 (B) 1.37 (B) 7.90 (B) -
3,4-HPPA (4-Hydroxyphenylpyruvic acid) 237.20 (B) 141.40 (B) 161.50 (B) 77.90 (B) -
BA (Benzoic acid) 197.30 (B) 170.90 (B) 360.90 (B) 648.50 (B) -
CA (Caffeic acid) 1444.00 (B) 873.00 (B) 811.90 (B) 404.10 (B) 98.31 (P)
DOPAC (3,4-Dihydroxyphenylacetic acid) 380.60 (B) 1199.00 (B) 1956.00 (B) 868.90 (B) -
FA (Ferulic acid) 823.80 (B) 608.10 (B) 610.10 (B) 385.60 (B) -
HA (Hippurid acid) 0.73 (B) 0.76 (B) 27.10 (B) 0.80 (B) -
i‘ﬁ; (4-hydroxy-3-methoxyphenylacetic 43.50 (B) 25.00 (B) 13.00 (B) 24.10 (B) -
p-CA (para-Caffeic acid) 324.80 (B) 11,778.00 (B) 297.90 (B) 173.40 (B) -
p-HBA (p-Hydroxybenzoic acid) - - - - 28.29 (P)
Ester:
4-HBA (4-Hydroxybutyl Acrylate) 4049.00 (B) 3809.00 (B) 3915.00 (B) 4784.00 (B) -

91:3585697641
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Table 1. Cont.

Concentration

Chemical Compound [ng-g~'I [uL-ml~1]

Roots Stalk Leaf Flower Whole Plant
Polyphenols:
Ellagitannin ‘1’ - - - - 231.59 (P)
Ellagitannin ‘2’ - - - - 7.49 (P)
ERC (Eriocitrin) 3.09 (B) 3.09 (B) -
ERI (Eriodictyol) 0.19(a B) 2.50 (B) 25.80 (B) 21.30 (B) 12.51 (P)
FIS (Fisetin) - - - 14.70 (B) -
HSD (Hesperidin) 0.97 (B) 57.60 (B) 66.50 (B) 93.10 (B) -
HST (Hesperetin) 0.42 (B) 0.67 (B) 0.16 (B) -
Luteolin derivative ‘4’ - - - - 1.82 (P)
NAR (Naringenin) 1.00 (B) 0.99 (B) 1.88 (B) 1.60 (B) -
NARG (Naringin) - 0.31 (B) - 0.78 (B) -
NHSD (Neohesperidin) 0.52 (B) 34.10 (B) 22.20 (B) 62.10 (B) -
NRI (Narirutin) 4.75 (B) 7.60 (B) 3.60 (B) 7.80 (B) -
PIN (Pinocembrin) - - 0.33 (B) 0.24 (B) -
QUE (Quercetin) 0.27 (B) 74.30 (B) 58.10 (B) 20.60 (B) -
R-ERI (R-enantiomer of Eriodictyol) - 365.00 (K) 2574.00 (K) 1502.00 (K) -
R-NAR (R-enantiomer of Naringenin) - 141.00 (K) 230.00 (K) 311.00 (K) -
RUT (Rutin) 2336.00 (B) 1129.00 (B) 10,296.00 (B)  13,922.00 (B) -
S-ERI (S-enantiomer of Eriodictyol) - 460.00 (K) 4752.00 (K) 4461.00 (K) -
S-HST (S-enantiomer of Hesperetin) - 210.00 (K) 380.00 (K) 244.00 (K) -
S-NAR (S-enantiomer of Naringenin) - 724.00 (K) 1298.00 (K) 1656.00 (K) -
TAX (Taxifolin) 4.00 (B) 1.59 (B) 5.90 (B) 0.79 (B) -

Its seeds are resistant to fire and do not contain the sucrose ester 6-O-linoleyl-o-D-
glucopyranosyl-b-D-fructofuranoside that is present in the closely related fire-dependent
P. minor (Harvey) Thell., P. brachyloba (Benth.) A. Gray and P. grandiflora (Benth.) A. Gray.
The seeds of these species break the dormancy period after a fire. Egerton-Warburton and
Ghisalberti [33] indicate that this compound has an inhibitory effect on fire-independent
species (P. tanacetifolia and P. campanularia A. Gray.).

3. Materials and Methods
3.1. Plants Material

P. tanacetifolia specimens used in the experiment conducted here were collected from
the cultivation field of the Experimental Station of the University of Agriculture in Krakow—
MydlIniki (Southern Poland: 50°05'02.4” N 19°51’13.8” E) in favourable conditions for the
plant’s growth. Divided into parts, the plants (roots, stalks, leaves, and flowers) were dried
in laboratory conditions: in the dark, at room temperature, with an average air humidity of
60-70%. The dried plant material was stored in paper bags in the dark at room temperature
for the duration of the experiment.

Spring triticale grains (X Triticosecale cv. Mamut), as a testing plant in this experiment,
were purchased from Matopolska Hodowla Plant Sp. z o.0., Poland.

3.2. Preparation of Extracts

Dried parts of P. tanacetifolia (roots, stalks, leaves, and flowers) were each separately
ground into a mortar and water extracts were prepared with the following concentrations:
10%, 12.5%, 15%, and control (only distilled water). To extract chemical substances, the plant
material was flooded with water and stored for 24 h in the dark and at room temperature
23 £ 2 °C (the sample was sealed with cellophane). After this time, the aqueous extracts
were filtered through gauze and stored in a refrigerator at 8 & 2 °C for the duration of the
experiment.

92:6406108975
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3.3. Preparation of Cereal Grains and Conditions of Their Germination

Grains of x Triticosecale cv. Mamut was sterilised in a 1% acetone solution for 1 min and
then rinsed 3 times with distilled water. Twenty-five grains were placed in each sterile Petri
dish (& 9 cm) with three layers of paper moistened with a suitable extract of P. tanacetifolia.
The control group consisted of grains moistened only with distilled water. The Petri dishes
were placed in the dark at room temperature (23 £ 2 °C) and 60-70% humidity.

The duration of the experiment was 7 days, as this was deemed sufficient time for the
germination of triticale grains [34]. During this time, the number of germinated grains was
checked every 24 h. Germinated seeds were considered those whose germinal root was
equal to half the size of the grains. The experiment was carried out in 3 repetitions (each n
= 25) for each concentration and type of phacelia extract and for the control group. On this
basis, the germination parameters were determined as listed in Table 2.

Table 2. The germination coefficients formulas used in the statistical analyses.

No Name of Parameter Formula According to Authors
GP = L 5 100
. o where: n;: number of seeds newly germinating
L GP—Germination Percentage [%] on day i; N: total number of seeds tested, and k: Khan et al. [35]
last day of germination
kb
MGT (day) = %
. . . i=1 "
2. MGT—Mean Germination Time where: k—last day of germination, n;,—number  \o3dzen et al. [9]
[day] of seeds newly germinating on day i, {;}—number
of days from sowing
CVG (%) = Z= 100
fici £ Veloci (%) = Yt % Bewley, Black [36], Jones,
3. CVGfCO‘e 1c(1)ent of Velocity where: k—last day of germination, n,—number  Sanders [37], Chiapusio et al.
Germination [%] of seeds newly germinating on day i, t{—number  [38]
of days from sowing
k .
= El @
4. GI—Germination Index [unit less] ~ where: k—last day of germination, n,—number  AOSA [39]
of seeds newly germinating on day i, t;—number
of days from sowing
N\ (F—t;
Tsg =t + %wbereni < % <nj
Tsp—Time required for 50% where : N~final number of germination, Coolbear et al. [40], Farooq
5. germination [day] n;, n j'cumulative numbers of seeds germinated et al. [41]
by adjacent counts at times #; and ¢;
where n; < % <mnj
k
U (bit) = — .Zlf,-long,-
1=
where : U Uncertainty of germination process,
6. U—Uncertainty of germination fi is the relative frequency of germination Ranal, Santana [42]

process [bit]

(estimated as f; = ani —), k—last day of

i=1 i
germination, n;—number of seeds newly
germinating on day 7, ;{—number of days from

sowing

93:6659794612

3.4. Seedling Elongation Growth

Based on the measurement of seedling length x Triticosecale cv. Mamut, watered with
phacelia extracts (after 7 days of experiment), the growth inhibition index [%] of this species
was determined according to the formula:

IP =[1 — (Lg/Lc)] x 100,

)
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where LE is the length of plants (mm) watered with a given emitter and LC is the length of
plants (mm) from the control [43]. Seedling length measurements were made in 10 repeti-
tions using the caliper (Topex 31C615, Warszawa, Poland) with an accuracy of 1 mm.

3.5. Plant Biomass and Water Content

Fresh mass (FM) of seedlings x Triticosecale cv. Mamut was weighed on a laboratory
balance (Radwag, WPS-120, Radom, Poland). They were then dried at 105 °C (Wamed
SUP-100, Zabrze, Poland) to obtain dry matter (DM). The calculations of the percentage
water content were made according to the following formula:

H,0 (%) =100 — [(DM x 100)/FM] (2)
H,O—water, DM—dry mass, FM—fresh mass [44].

3.6. Electrolytes Leakage

Seedlings of x Triticosecale cv. Mamut were placed in polypropylene falcons tubes with
30 mL of distilled water, with a conductivity of 0.05 uS. Each falcon tube was shaken for 3 h
on a shaker (Labnet, Rocker, NJ, USA) to determine electrolytes leakage from live leaves
(L1). Then, the seedlings in distilled water were frozen at —75 °C for 24 h to macerate the
material. The next day, the samples were thawed and subjected to the same procedures as
described above, and the amount of electrolytes leakage from the dead seedlings (L2) was
determined. Analyses of the degree of cell membrane destabilisation were measured using
a conductivity meter (CX-701, Elmetron, Zabrze, Poland), with an electrode with constant
K =1.02 (Elmetron, Zabrze, Poland). Calculations were made according to the following
formula:
EL = (L1/L2) x 100 (©)]

EL—a percentage of electrolytes leakage, L1—electrolytes leakage in living cells, L2—
a percentage of electrolytes leakage from dead cells [45]. An electrolytes leakage was
measured on the seventh day of grains germination on 10 specimens for every experiment
probe.

3.7. Statistical Analyses

The data sets were tested for normality using the W. Shapiro-Wilk normality test.
Levene’s test was used to test the homogeneity of variances. To test for differences in the
experimental objects, one-way analyses of variance (ANOVA) was used as well as the
post-hoc Duncan test for independent samples (Statistica 13.0 software).

4. Results
4.1. GP Germination Percentage [%]

The process of germination of grains x Triticosecale cv. Mamut in the presence of
extracts from the roots and stem of Phacelia tanacetifolia was quite homogeneous (Figure 2).
Compared to the control, all types of phacelia extracts had an inhibitory effect on the
germination of triticale; in the case of the root, the greatest inhibition was observed at
12.5%, and in the case of the stalk, the greatest inhibition was observed at 15% of the extract
concentration (Figure 2). When using leaf extracts, strong inhibition of grain germination
was observed at 12.5% and even 10% concentrations, and in the case of flowers at 12.5%
and 15% concentrations of the extracts.

4.2. Other Germination Coefficients

The highest values of the MGT coefficient were recorded for grains of x Triticosecale cv.
Mamut that were watered with 15% extract of flowers and roots of P. tanacetifolia. However,
they did not differ statistically significantly compared to the control. The lowest values of
this parameter were found for grains watered with 10% and 12.5% phacelia leaf extract.
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Only these extracts statistically significantly reduced the mean germination time of grains
concerning the control (Table 3).
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Figure 2. The cumulative germination percentage of x Triticosecale cv. Mamut grains watered with
Phacelia tanacetifolia Benth. organs extracts (root, stem, leaf, flower), with concentrations of 10%, 12.5%,
15%, and control (distilled water); in each sampling, means (+SD) marked with the same letters do
not differ significantly according to Duncan’s test, at p < 0.05.

The highest coefficient CVG value concerned triticale grains watered with 12.5%
phacelia leaf extract, and the lowest concerned grains watered with 15% root extract
(Table 3). The CVG coefficient was statistically significantly different from the control
only for grains treated with 10 and 12.5% leaf extracts. This means that with a 12.5%
concentration of phacelia leaf extract, triticale grains germinated quickly, but their fur-
ther development was inhibited, while in the presence of 15% phacelia root extract, the
germination process itself was already inhibited.

All noticed GI values were statistically significantly lower compared to controls. The
highest GI values were found for triticale grains watered with 10% phacelia root extract,
and the lowest with 12.5% leaf extract. In the case of the Ts( coefficient, the highest values of
this parameter concerned grains watered with 15% phacelia flower extract, and the lowest
with 12.5% phacelia leaf extract. The U coefficient values turned out to be lower than the
control in all extracts used here. The highest values of this coefficient were recorded for
triticale grains watered with 10% root extract, and the lowest with 15% phacelia flower
extract (Table 3).

4.3. Seedling Organ Length [cm]

The tested extracts inhibited the growth and development of individual organs
x Triticosecale cv. Mamut, but the effect was not uniform (Figures 3 and 4A,B). The stimu-
lating effect of extracts was observed only in the case of the leaf sheath among seedlings
watered with all concentrations of roots extracts (av. 5.18 cm compared to the control equal
to 4.4 cm), 10% and 12.5% extracts of stalks (av. 5.05 cm), and 10% extracts of phacelia
flowers (Figure 4B). In the case of root extracts, the stimulating effect on the leaf sheath
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intensified with the increase in the concentration of the extract, and the differences were
statistically significant. However, 15% phacelia stalks extract strongly inhibited the growth
of this organ in the analysed seedlings (av. 1.86 cm).

Table 3. The comparison of the MGT, CVG, GI, T50, and U coefficients was determined for grains
of xTriticosecale Wittm cv. Mamut [%], which germinated on extracts from various parts of Phacelia
tanacetifolia Benth. (root, stem, leaf, flower), with concentrations of 10%, 12.5%, 15%, and control (distilled
water); means (SD) marked with the same letters do not differ significantly according to Duncan’s test
atp < 0.05.

Extract Type [%] MGT [Day] CVG [%] GI [Unit Less] Tso [Dayl U [Bit] *

Root

Control 2.45a +0.34 41.41a £ 6.01 14.53a + 1.85 1.48a + 0.32 2.07a£0.16

10 2.41a £0.17 41.65a + 3.08 8.98b + 1.84 1.59a + 0.21 1.78a + 0.19

12.5 2.07a £ 1.05 56.37a £24.67 4.43b +2.80 1.6la+1.23 1.25b £ 0.38

15 2.90a £ 0.35 34.87a £4.47 5.18b £+ 3.51 2.22a +0.54 1.79a £+ 0.29
Stalk

Control 2.45ab + 0.34 41.41ab £ 6.01 14.53a + 1.85 1.48b £ 0.32 2.07a£0.16

10 2.20b £ 0.07 45.41a £ 1.39 8.42b £ 0.85 1.58b £ 0.03 1.45ab £ 0.34

12.5 2.37ab £ 0.06 42.13ab £+ 1.06 6.42b £+ 1.06 1.73ab + 0.07 1.57ab £ 0.33

15 2.66a £ 0.06 37.60b £ 0.81 2.8lc+1.71 2.12a +0.28 1.16b £+ 0.46
Leaf

Control 2.45a £ 0.34 4141c +6.01 14.53a £+ 1.85 1.48ab + 0.32 2.07a £ 0.16

10 1.47b £ 0.50 73.81b £ 25.08 2.33b +1.53 0.94bc + 0.51 0.32b + 0.56

12.5 1.00b £ 0.00 100.00a £ 0.0 1.00b £ 0.00 0.50c £ 0.00 0.00b £ 0.00

15 2.11a £ 0.19 47.62c +4.12 1.28b £ 0.25 1.58a + 0.12 0.31b + 0.53

Flower

Control 2.45a +0.34 41.41a £ 6.01 14.53a + 1.85 1.48a + 0.32 2.07a £ 0.16

10 2.20a £ 0.00 45.45a + 0.00 2.61b + 0.24 1.54a + 0.07 1.15b £ 0.37

12.5 2.65a £ 0.42 38.29a + 5.63 1.69b £ 1.09 2.03a £+ 0.29 1.24b £+ 0.49

15 3.00a +1.73 40.00a £ 17.32 0.73b £ 0.68 2.50a +1.73 0.00c £ 0.00

96:9013876507

* MGT—Mean germination time; CVG—Coefficient of velocity germination; GI—Germination index; Tsp—Time
required for 50% germination, U—Uncertainty of germination process.

The highest inhibitory effect, after using extracts from phacelia leaves, was visible
in the case of triticale roots, which showed nearly 30 times lower values for the average
length of roots of seedlings watered with extracts compared to the control (Figure 4A).
Length parameters closest to the control values were found in the aboveground parts of
triticale seedlings watered with 10% phacelia root extracts; lower values were recorded
only at 12.5% and 15% concentrations of extracts, but the 15% extracts inhibited the growth
of this part of seedlings to a lesser extent than the 12.5% (av. 7.8 cm and 13.0, respectively).
Extracts from phacelia leaves and flowers in almost every percentage contributed to a
strong inhibition of leaf sheath growth, but the effect of leaf extracts most strongly inhibited
the growth of this organ (Figure 4B).

4.4. Fresh and Dry Mass [g] and Water Content in Seedlings [%]

The 12.5% phacelia root extract caused a significant decrease in the fresh mass of
triticale seedlings compared to the control (Table 4). At other concentrations of extracts,
the fresh weight was higher, but these differences are statistically insignificant. All extracts
from the stalks, leaves, and flowers of phacelia significantly decreased the fresh mass of
triticale seedlings compared to the control.
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Figure 3. The seedlings of x Triticosecale Wittm cv. Mamut after watering with extracts from Phacelia
tanacetifolia Benth. organs (extracts from (A)—roots, (B)—flowers, (C)—leaves, (D)—stems), with
different concentrations (1—control: distilled water, 2—10%, 3—12.5%, 4—15%), on the 7th day of
experiment (Photo: A. Kliszcz).

Higher dry mass values of spring triticale seedlings were noted after the use of all types
of extracts and their concentrations, with statistically significant relationships noted only
for the comparison of the control with the concentrations used. Between concentrations, the
results were statistically insignificant. For seedlings watered with extracts from phacelia
flowers in all concentrations used, the dry mass values obtained did not differ statistically
significantly from the control (Table 4).

The percentage of water content was lower in seedlings watered with extracts from
phacelia organs in different concentrations, compared to the control (Table 4). The lowest
values of this parameter were recorded for triticale seedlings watered with 12.5% phacelia
leaf extract; the results for seedlings watered with 10% flower extract were statistically
insignificant.

4.5. Electrolytes Leakage from Seedlings

All concentrations of extracts from phacelia organs used here caused a statistically
significant, concerning the control, leakage of electrolytes from the cells of triticale seedlings
(Figure 5). The highest electrolytes leakage was observed for all concentrations of leaf ex-
tracts (especially 10%), and these leakages were comparable regardless of the concentration.
The smallest values of leakages were recorded for extracts from phacelia roots (also 10%).
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Figure 4. The comparison of organ length [cm]—(A) and growth inhibition index IP [%]—(B) of
x Triticosecale Wittm. cv. Mamut seedlings, watered with extracts from the roots, stalks, leaves, and
flowers of Phacelia tanacetifolia Benth., in various concentrations; means (+5SD) marked with the same
letters do not differ significantly according to Duncan’s test at p < 0.05.



Sustainability 2023, 15, 3061 11 of 18

Table 4. The comparison of fresh and dry mass [g] and water content [%] in x Triticosecale Wittm
cv. Mamut seedlings, which have grown in the presence of extracts from various parts of Phacelia
tanacetifolia Benth. with concentrations of 10%, 12.5%, 15%, and control (distilled water); means (+SD)
marked with the same letters do not differ significantly according to Duncan’s test at p < 0.05.

Extract Type [%] Fresh Mass [g] Dry Mass [g] Dry Mass/Fresh Mass  Total Water Content [%]
Root
Control 0.2703a £ 0.0632 0.0205b + 0.0052 0.0754d £ 0.0038 92.46a £+ 0.38
10 0.3005a + 0.0317 0.0266ab =+ 0.0017 0.0890c £ 0.0070 91.10b £+ 0.70
12.5 0.2048b + 0.0477 0.0316a +0.0086 0.1541a £ 0.0124 84.59d £+ 0.94
15 0.2726a £ 0.0220 0.0329a £ 0.0050 0.1204b + 0.0123 87.96c +1.23
Stalk
Control 0.2703a = 0.0632 0.0205b =+ 0.0052 0.0754c¢ £ 0.0038 92.46a £ 0.38
10 0.2224ab £ 0.0294 0.0348a £ 0.0032 0.1598b + 0.0368 84.02b + 3.68
12.5 0.1925b + 0.0170 0.0338a + 0.0024 0.1761b £ 0.0108 82.39b £ 1.08
15 0.1200c + 0.0206 0.0334a £ 0.0059 0.2795a £ 0.0346 72.05c £+ 3.46
Leaf
Control 0.2703a + 0.0632 0.0205b =+ 0.0052 0.0754c £ 0.0038 92.46a £ 0.38
10 0.0958b £ 0.0234 0.0322a £ 0.0098 0.3332b + 0.0472 66.68b + 4.72
12.5 0.0751b =+ 0.0079 0.0321a £ 0.0024 0.4312a £ 0.0610 56.88c £ 6.10
15 0.0915b + 0.0216 0.0301a = 0.0051 0.3431b £ 0.0832 65.69b =+ 8.32
Flower
Control 0.2703a £ 0.0632 0.0205a £ 0.0052 0.0754b + 0.0038 92.46a £+ 0.38
10 0.1910b £ 0.0221 0.0250a =+ 0.0044 0.1329b + 0.0342 86.71a £ 3.42
12.5 0.0924c + 0.0287 0.0268a £ 0.0079 0.2934a £ 0.0321 70.66b + 3.21
15 0.0923c + 0.0274 0.0262a £ 0.0085 0.2896a £ 0.0929 71.04b £9.29
100 - B Control W10% W125% M15%
a a a
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Figure 5. The electrolytes leakage [%] in seedling cells of x Triticosecale Wittm. cv. Mamut, watered
with extracts from root, stalk, leaf, and flower of Phacelia tanacetifolia Benth. at concentrations of 10%,
12.5%, 15%, and control (distilled water); means (£SD) marked with the same letters do not differ
significantly according to Duncan’s test at p < 0.05.

5. Discussion

In laboratory conditions, the interactions between plants are direct and primary, while
in field conditions, the direction and strength of these interactions are modified by the
components of the soil agroecosystem and climatic conditions. As previous studies have
shown, crop plants can also have high allelopathic potential [46-50]. Higher concen-
trations of allelopathic substances can have a negative effect on seed swelling, inhibit

99:3060449596
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hormones and enzymes, damage seed coats and the aleurone layer, and inhibit cell elon-
gation. As a result, these anatomical and morphological distortions significantly delay
seed germination [51,52]. However, at lower concentrations, allelopathic compounds may
exhibit stimulating properties [8,53]. In an experiment carried out here with Phacelia tanaceti-
folia extracts, all types of extracts inhibited the germination of x Triticosecale cv. Mamut,
compared to the control. This is clearly illustrated by the lower values of the GP and GI
coefficients obtained here (Figure 2; Table 3). The extracts from the leaves and flowers
of phacelia were probably characterised by a higher content of allelochemicals because
they inhibited the germination of triticale more significantly than extracts from the roots
or stalks of this plant. Bajkacz et al. [31], Kruk et al. [32], and Puig et al. [28], analysed
aqueous extracts from various parts of P. tanacetifolia (flowers, stalks, leaves, and roots)
and deciphered a cocktail of secondary metabolites within these parts (Table 1). However,
it is not known exactly which of these compounds plays the most important role in the
allelopathic potential of the analysed species. There are probably numerous phenolic
compounds and flavonoids.

Allelopathic compounds inhibit the elongation of the germinal root, leading to its
death, which was most evident in the case of phacelia leaf extracts (Figure 4A). During
the contact of the root with allelochemicals, cell and tissue dysfunction occurred, which
resulted in, among other things, the lack of root hairs formation, lateral roots (horizontal
growth of the roots), and an increase in the chromosome aberration index of the root
cells [54]. In many previous experiments, the negative effect of allelochemicals from crop
plants on the elongation growth of other crop plants has beenm documented, e.g., rye
for cucumber roots [55], sesame and rapeseed [56], mung bean for tobacco [48], cotton
and sesame [57], or peppermint for radish [7]. Inhibition of root growth by allelopathic
compounds may be a consequence of mitotic disturbances due to damage to the chromatin
and the karyokinetic spindle [58]. With the increase of the concentration of phacelia extracts,
their negative effect on grain germination increased (Figure 3), which is probably related
to the increase in the concentration of allelopathic compounds in the tested extracts. The
reactions of germinating triticale grains to the applied extracts, such as inhibition of the
growth of aboveground parts, lower increase in seedling biomass, and inhibition of root
growth, may therefore be the effect of the allelopathic compound’s action mechanisms that
are contained in different parts of the phacelia

However, not all allelochemicals have an inhibitory effect, as already mentioned above.
The experiment carried out here pointed that allelopathic substances from phacelia root
extracts have a stimulating effect on the initial growth of the triticale leaf sheath (Table 3);
they at least inhibit the growth and development of the aboveground and underground
parts of its seedlings. The leaf sheath is the organ responsible for the physical protection of
the germinating seed and young plant, and for protecting the hypocotyl developing inside
it (until it is ready to start photosynthesis). The analysed data show that this structure is
not indifferent to substances contained in its environment (probably also soil) and grows in
length, and its growth is stimulated by allelochemicals.

All extracts from the stalks, leaves, and flowers of phacelia significantly decreased
the fresh mass of triticale seedlings, compared to the control. A similar trend was related
to the percentage of water content in triticale seedlings. In the case of a dry mass of
seedlings, the opposite tendency was observed (Table 4). Allelochemicals can change the
content of plant growth regulators or cause imbalances in various phytohormones, which
inhibits plant development and consequently affects seedling mass parameters, e.g., [59,60].
Most phenolic allelochemicals can, for example, stimulate IAA oxidase activity and inhibit
the reaction of POD (peroxidase) with IAA (indoleacetic acid), bound GA (gibberellins),
or IAA, to affect endogenous hormone levels [61]. Allelopathic substances also cause
enzyme dysfunction and mineral and water absorption disorders, resulting in changes in
plant growth [62]. They have a clear influence on the water relations in the plant [63,64].
For example, the presence of phenolic acids plays an important role in the regulation of
diffusion, as well as in maintaining the correct water potential in cells [65,66].
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The published studies show that changes in the permeability of cell membranes under
the influence of stress are accompanied by the generation and accumulation of reactive
oxygen species (ROS) [67-69]. ROS cause peroxidation of membrane lipids, thus affecting
changes in membrane permeability, composition, and structure. Many studies have shown
that allelochemicals significantly inhibit the activity of antioxidant enzymes and increase
the level of free radicals. This, in turn, reduces the scavenging effect of activated oxygen
and damages the entire membrane system of the plants. In extreme cases, this leads to
programmed cell death [70-73]. The ability of many natural plant products to bind to
membranes is manifested not only by conformational changes in ion channels and proteins
but also by increasing or decreasing the flow of ions [68]. This generally indicates the
presence of environmental stress caused by these extracts. Probably, such mechanisms
acted also on the cells of the triticale seedlings studied here. It was found in our experiment
with phacelia that all types of extracts increased the electrolytes leakage from triticale
seedling cells, except for 10% phacelia root extract (Figure 5). However, regardless of the
concentration, the leaf extracts caused the leakage of electrolytes at the same—highest level
(av. 72.48%).

Most of the tested parameters of germination and early growth of triticale indicate
the negative impact of aqueous extracts of P. tanacetifolia (Table 5). At the same time, it is
worth emphasising that the allelopathic potential of phacelia compared to other species,
for example, Juglans regia L. [4], or Mentha xpiperita L. [8,45,74], is relatively small, and
is noticeable only at concentrations of extracts of 10% and above. The use of stubble
crops with weak allelopathic potential is one of the sustainable development strategies
in agriculture and is currently implemented within the scope of “Agri-environment-climate
measures in the European Union” [75]. It is beneficial especially in cereal monocultures,
e.g., [21,59,76-80]. It has already been proven that the cultivation of phacelia as a catch crop
in apple and peach orchards alleviates soil sickness, significantly lowering the concentration
of phytotoxic phenols in the soil solution and improving soil biological activity. Patkowska,
Konopiriski [81] showed that soil mulching with P. tanacetifolia reduces fungal infections
of seedling roots in Tragopogon porrifolius L. var. sativus (Gaterau) Br., while according to
Konopinski [82], mulching the soil with phacelia has no significant effect on the emergence
of Scorzonera hispanica L. ‘Lange Jan’.

Table 5. The comparison of the studied parameters concerning the allelopathic effect of Phacelia
tanacetifolia Benth on x Triticosecale Wittm. cv. Mamut; colour indicates the type of impact: favourable
(green), unfavourable (red), or neutral (grey).

Extract Concentrate [%]
Parameter 10 12.5 15
R S L F R S L F R S L F*

GP(%)
MGT

CVG

GI

Tso

U

Seedling
length
Fresh mass
Dry mass
Total water
content

EL (%)

* R—root; S—stalk; L—leaf; F—flower.

In the experiment carried out, the aboveground parts of phacelia (especially leaves
and flowers) showed a strong inhibitory effect on the growth of the entire triticale seedling
(Table 3). Concerning field conditions, this type of action may contribute to delaying the
germination process of triticale or other cereal plants. However, this effect is probably
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significantly weakened by the deposition of plant material from phacelia in the soil and is
shaped by the biotope. Leaves and flowers are the organs that, due to the structure of the
tissues, decompose the fastest after the termination of the stubble crop (they contain less
difficult-to-decompose lignin and cellulose), hence the quick release of their allelopathic
substances. The main factors levelling the adverse effects of allelopathic compounds are
the mesofauna and soil microflora. These organisms can decompose polyphenolic com-
pounds and flavonoids from plant biomass. For example, Liebeke et al. [83] indicated that
drillodefensins (surface active lipophilic ions 259.1013 Da, which m/z are consistent with a
molecular formula of C1,H190457) are produced in the foregut section of earthworms’ in-
testine system and help them digest phenolic-rich residues of plant materials. Earthworms
belonging to the anecic ecological group feed on litter (mulch), while the endogeic group
processes the ploughed remains of the stubble crop in the soil. The affinity of some fungal
decomposers, such as Mucor sp., concerning the fresh mass of plant residues introduced
into the soil has also been proven [84]. In this context, it seems important to maintain an
appropriate time regime between the termination of the stubble crop and the sowing of
the cereal plant, so that the decomposition of allelochemicals by living organisms can take
place and be accelerated by physical processes (freezing, thawing, drying, moistening, solar
radiation, including UV). It can be assumed that the efficiency of decomposition of this
type of compound will be a derivative of the network of connections and the efficiency of
individual components of the agroecosystem, their abundance, and biodiversity [27,85].

In the term of the laboratory tests carried out here and the primary directions of
interactions between phacelia and triticale recorded, it would be worth undertaking further
experiments to determine the effect of phacelia on the growth and development of cereal
plants, in conditions of field. Another interesting direction of research would be to reveal
the impact of phacelia on other crop species to indicate those that are most resistant to its
allelochemicals, which is important from the point of view of implementing research into
agricultural practice.

6. Conclusions

Our experiment proves that Phacelia tanacetifolia Benth. has an allelopathic potential.
All concentrations of extracts from roots, stems, leaves, and flowers of P. tanacetifolia inhib-
ited the germination of x Triticosecale Wittm. cv. Mamut, compared to the control. Extracts
from the roots of phacelia had the smallest effect on the length of the underground and
aboveground parts, and leaf extracts showed the strongest inhibitory effect on individual
parts of triticale seedlings. Leaf sheath length was significantly stimulated by all concen-
trations of phacelia root extract. All concentrations of stalks, leaves, and flowers extracts
as well as 12.5% roots extract resulted in a statistically significant reduction in the fresh
mass of triticale seedlings, compared to the control. All types of extracts (in all concentra-
tions) caused an increase in the dry mass of triticale seedlings regarding the control, and a
statistically significant leakage of electrolytes from the cells of triticale seedlings.

Negative allelopathic effects of P. tanacetifolia on germinating triticale grains were
found in these laboratory tests, but only in higher concentrations (the positive effect
concerned the stimulation of the growth of the leaf sheath). Given the possibility of using
phacelia as a stubble crop in the cultivation of cereal plants, its biomass may have a positive
effect on cereals through the accumulation of organic matter in the soil, with a relatively
weak allelopathic potential.
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