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1. Wykaz publikacji wchodzacych w sklad rozprawy doktorskiej

Lp. Bibliografia Udziat % Impact | Punktacja
pierwszego | Factor MNiSW
autora (IF)

Nakielska M., Feledyn-Szewczyk B., Berbe¢ A K., Frac
M. 2024. Microbial biopreparations and Their Impact on
1 | Organic Strawberry (Fragaria x ananassa Duch.) Yields 70% 3,3 100 pkt
and Fungal Infestation.
Sustainability 16, 7559, 1-23.
https:// doi.org/ 10.3390/su16177559

Nakielska M., Berbe¢ A.K., Madej A., Feledyn-Szewczyk
B. 2024. Microbial Fertilizing Products Impact on

2 | Productivity and Profitability of Organic Strawberry 55% 3,1 20 pkt
Cultivars.

Horticulturae 10, 1112, 1-17.
https://doi.org/10.3390/horticulturae10101112

Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K.,
Ukalska-Jaruga A., Frac M. 2025. The Effect of Newly
Developed Microbial Biopreparations on the Chemical
Composition of Strawberry (Fragaria x ananassa Duch.) 80% 3,3 100 pkt
Fruit Grown in an Organic Farming System.
Sustainability 17, 2571, 1-20.
https://doi.org/10.3390/su17062571

Razem IF 9,7 220 pkt

Sumaryczny IF - 9,7
Sumaryczna punktacja MNiSW - 220 pkt

Niniejsza rozprawa doktorska zostala przygotowana w formie spdjnego tematycznie
zbioru artykutow opublikowanych w czasopismach naukowych, zgodnie z ustawg Prawo
0 szkolnictwie wyzszym i nauce (Dz. U. z 2024 r. poz. 1571) oraz Regulaminem czynnosci
w sprawie nadania stopnia naukowego doktora (uchwata Rady Naukowej IUNG-PIB z dnia
13 czerwca 2020 r. z p6zn. zm., tekst jednolity z dnia 30 czerwca 2023 r.) oraz Regulaminem
przygotowywania rozpraw doktorskich w formie zbioru artykutdow naukowych (Uchwata
Rady Naukowej IUNG-PIB z dnia 27 listopada 2019 r. z pézn. zm., tekst jednolity z dnia
27 listopada 2023 r.).

W sktad rozprawy doktorskiej wchodzg trzy artykuty naukowe, w ktorych jestem
pierwszym autorem z wkladem od 55% do 80%. Sumaryczny Impact Factor publikacji
stanowigcych zbidr artykutow wynosi 9,7 (na dzien 12.06.2025 r.), a liczba punktow wedtug
aktualnego wykazu Ministerstwa Nauki i Szkolnictwa Wyzszego — 220 pkt.

Artykuty wchodzgce w sktad rozprawy doktorskiej zostaty zalgczone na koncu niniejszej

rozprawy jako rozdziat 13.




2. Oswiadczenia doktoranta i wspo6tautoréw dotyczace wkiadu
w przygotowanie publikacji



Zatgcznik 1

Oswiadczenie doktoranta jako wspoétautora publikacji

mgr Matgorzata Katarzyna Nakielska
Zaktad Agroekologii i Ekonomiki
Instytut Uprawy Nawozenia i Gleboznawstwa — Paristwowy Instytut Badawczy

Oswiadczam, ze jestem wspdtautorem publikacji:

1. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Frgc M. 2024. Microbial Biopreparations and
Their Impact on Organic Strawberry (Fragaria x ananassa Duch.) Yields and Fungal
Infestation. Sustainability 16, 7559, 1-23. https://doi.org/10.3390/su16177559

Moj udziat w przygotowaniu tej publikacji wynosit 70 % i polegat na: prowadzeniu badan
polowych, opracowaniu danych, przeprowadzeniu analiz i wykonaniu wizualizacji, udziale w
napisaniu oryginalnego szkicu.

2. Nakielska M., Berbe¢ A.K., Madej A., Feledyn-Szewczyk B. 2024. Microbial Fertilizing Products
Impact on Productivity and Profitability of Organic Strawberry Cultivars. Horticulturae 10,
1112, 1-17. https://doi.org/10.3390/horticulturae10101112

M&j udziat w przygotowaniu tej publikacji wynosit 55 % i polegat na: udziale w analizie i
opracowaniu danych, udziale w wykonaniu wizualizacji wynikdw, udziale w napisaniu
oryginalnego szkicu, przegladzie i redakcji publikacji.

3. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Ukalska-Jaruga A., Fragc M. 2025. The Effect
of Newly Developed Microbial Biopreparations on the Chemical Composition of Strawberry
(Fragaria x ananassa Duch.) Fruit Grown in Organic Farming System. Sustainability 17, 2571,
1-20. https://doi.org/10.3390/su17062571

Méj udziat w przygotowaniu tej publikacji wynosit 80 % i polegat na: pozyskaniu i
dostarczeniu materiatdow do badan oraz prébek laboratoryjnych, opracowaniu danych,
wykonaniu wizualizacji, napisaniu oryginalnego szkicu publikacji oraz przegladzie i redakcji
publikacji.

*nalezy opisowo przedstawic swoj udziat w danej publikacji

data 3}406me MOJ_;QO NQM'Q/\S\(&/

(podpis doktoranta)



Zatgcznik 2

Oswiadczenie wspétautora publikacji doktoranta

prof. dr hab. Beata Feledyn - Szewczyk
Zaktad Agroekologii i Ekonomiki
Instytut Uprawy Nawozenia i Gleboznawstwa — Paninstwowy Instytut Badawczy

W zwigzku z ubieganiem sie mgr Matgorzaty Nakielskiej o stopiert doktora nauk rolniczych

oswiadczam, ze jestem wspotautorem publikacji:

1. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Fragc M. 2024. Microbial Biopreparations and
Their Impact on Organic Strawberry (Fragaria x ananassa Duch.) Yields and Fungal
Infestation. Sustainability 16, 7559, 1-23. https://doi.org/10.3390/su16177559

Mdj udziat w przygotowaniu tej publikacji wynosit 10 % i polegat na opracowaniu koncepcji i
metodyki, udziale w pisaniu oryginalnego szkicu publikacji oraz przegladzie i redagowaniu,
nadzorze i udziale w prowadzeniu badan polowych.

2. Nakielska M., Berbe¢ A.K., Madej A., Feledyn-Szewczyk B. 2024. Microbial Fertilizing Products
Impact on Productivity and Profitability of Organic Strawberry Cultivars. Horticulturae 10,
1112, 1-17. https://doi.org/10.3390/horticulturae10101112

Méj udziat w przygotowaniu tej publikacji wynosit 5 % i polegat na wspdtudziale w
opracowaniu koncepcji i metodyki, zarzadzaniu projektem, udziale w przygotowaniu
oryginalnego draftu publikacji.

3. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Ukalska-Jaruga A., Frgc M. 2025. The Effect
of Newly Developed Microbial Biopreparations on the Chemical Composition of Strawberry
(Fragaria x ananassa Duch.) Fruit Grown in Organic Farming System. Sustainability 17, 2571,
1-20. https://doi.org/10.3390/su17062571

Mdj udziat w przygotowaniu tej publikacji wynosit 5 % i polegat na wspdtudziale w
opracowaniu koncepcji, wspoétudziale w opracowaniu danych i przeprowadzeniu analiz,
zarzgdzaniu projektem oraz przegladzie i redagowaniu manuskryptu.

*nalezy opisowo przedstawic udziat osoby sktadajgcej oswiadczenie w danej publikacji

(podpis osoby sktadajgcej oswiddczenie)



Zatgcznik 2

Oswiadczenie wspoétautora publikacji doktoranta

dr inz. Adam Kleofas Berbe¢
Zaktad Agroekologii i Ekonomiki
Instytut Uprawy Nawozenia i Gleboznawstwa — Paristwowy Instytut Badawczy

W zwiazku z ubieganiem sie mgr Matgorzaty Nakielskiej o stopier doktora nauk rolniczych

oswiadczam, ze jestem wspoétautorem publikacji:

1. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Fragc M. 2024. Microbial Biopreparations and
Their Impact on Organic Strawberry (Fragaria x ananassa Duch.) Yields and Fungal
Infestation. Sustainability 16, 7559, 1-23. https://doi.org/10.3390/su16177559

Méj udziat w przygotowaniu tej publikacji wynosit 15 % i polegat na wspdtudziale w
opracowaniu koncepcji, metodyki, dostarczeniu materiatéw do badan, prowadzeniu badan
oraz przegladzie i redagowaniu manuskryptu.

2. Nakielska M., Berbe¢ A.K., Madej A., Feledyn-Szewczyk B. 2024. Microbial Fertilizing Products
Impact on Productivity and Profitability of Organic Strawberry Cultivars. Horticulturae 10,
1112, 1-17. https://doi.org/10.3390/horticulturae10101112

Moj udziat w przygotowaniu tej publikacji wynosit 20 % i polegat na wspdtudziale w
opracowaniu koncepcji, metodyki i prowadzeniu badan, dostarczeniu materiatéw do badan,
nadzér, a takie wspodtudziat w pisaniu oryginalnego szkicu a takie jego przegladzie i
redagowaniu.

3. Nakielska M., Feledyn-Szewczyk B., Berbeé A.K., Ukalska-Jaruga A., Fragc M. 2025. The Effect
of Newly Developed Microbial Biopreparations on the Chemical Composition of Strawberry
(Fragaria x ananassa Duch.) Fruit Grown in Organic Farming System. Sustainability 17, 2571,
1-20. https://doi.org/10.3390/su17062571

Moj udziat w przygotowaniu tej publikacji wynosit 6 % i polegat na wspdtudziale w
opracowaniu metodyki, przegladzie i redagowaniu manuskryptu, dostarczeniu materiatow do
badan, nadzor.

*nalezy opisowo przedstawi¢ udziat osoby skftadajgcej oswiadczenie w danej publikacji

/ )
Data 24.06.2025 e et
(podpis osoby sktadajgcej oswiadczenie)



https://doi.org/10.3390/su16177559
https://doi.org/10.3390/horticulturae10101112
https://doi.org/10.3390/su17062571

Zatgcznik 2

Oswiadczenie wspotautora publikacji doktoranta

prof. dr hab. Magdalena Frac
Instytut Agrofizyki im. Bohdana Dobrzanskiego Polskiej Akademii Nauk

W zwigzku z ubieganiem sie mgr Matgorzaty Nakielskiej o stopiern doktora nauk rolniczych

oswiadczam, ze jestem wspodtautorem publikacji:

1. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Fragc M. 2024. Microbial Biopreparations and
Their Impact on Organic Strawberry (Fragaria x ananassa Duch.) Yields and Fungal
Infestation. Sustainability 16, 7559, 1-23. https://doi.org/10.3390/su16177559

Moj udziat w przygotowaniu tej publikacji wynosit 5 % i polegat na udziale w opracowaniu
koncepcji, udziale w przegladzie i redakcji publikacji, nadzorze i zarzagdzaniu projektem,
pozyskaniu finansowania.

2. Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Ukalska-Jaruga A., Frgc M. 2025. The Effect
of Newly Developed Microbial Biopreparations on the Chemical Composition of Strawberry
(Fragaria x ananassa Duch.) Fruit Grown in Organic Farming System. Sustainability 17, 2571,
1-20. https://doi.org/10.3390/su17062571

Mdj udziat w przygotowaniu tej publikacji wynosit 5 % i polegat na udziale w opracowaniu
koncepcji, pozyskaniu finansowania, udziale w opracowaniu metodyki, zarzadzaniu
projektem, udziale w przegladzie i redakcji publikacji.

*nalezy opisowo przedstawic udziat osoby sktadajgcej oswiadczenie w danej publikacji

(podpis 650by sktadajgcej oswiadczenie)
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Zatacznik 2

Oswiadczenie wspoétautora publikacji doktoranta

dr inz. Andrzej Madej
Zaktad Agroekologii i Ekonomiki
Instytut Uprawy Nawozenia i Gleboznawstwa — Panstwowy Instytut Badawczy

W zwigzku z ubieganiem sie mgr Matgorzaty Nakielskiej o stopienn doktora nauk rolniczych

oswiadczam, ze jestem wspoétautorem publikacji:

Nakielska M., Berbe¢ A.K., Madej A., Feledyn-Szewczyk B. 2024. Microbial Fertilizing Products Impact
on Productivity and Profitability of Organic Strawberry Cultivars. Horticulturae 10, 1112, 1-17.
https://doi.org/10.3390/horticulturae10101112

MOj udziat w przygotowaniu tej publikacji wynosit 20 % i polegat na opracowaniu danych,
prowadzeniu analiz, udziale w napisaniu oryginalnego tekstu publika‘cji, redakcji publikacji .

*naleZy opisowo przedstawic¢ udziat osoby sktadajqcej oswiadczenie w danej publikacji

(podpis osoby sktddajqcej oswiadczenie)

datazuogzozs;\ ( J\‘L%\MC/
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Zatgcznik 2

Oswiadczenie wspotautora publikacji doktoranta

dr hab. Aleksandra Ukalska - Jaruga
Zaktad Gleboznawstwa i Analiz Srodowiskowych
Instytut Uprawy Nawozenia i Gleboznawstwa — Panstwowy Instytut Badawczy

W zwigzku z ubieganiem sie mgr Matgorzaty Nakielskiej o stopien doktora nauk rolniczych

os$wiadczam, ze jestem wspotautorem publikacji:

Nakielska M., Feledyn-Szewczyk B., Berbe¢ A.K., Ukalska-Jaruga A., Frgc M. 2025. The Effect of Newly
Developed Microbial Biopreparations on the Chemical Composition of Strawberry (Fragaria x
ananassa Duch.) Fruit Grown in Organic Farming System. Sustainability 17, 2571, 1-20.
https://doi.org/10.3390/su17062571

Moj udziat w przygotowaniu tej publikacji wynosit 4 % i polegat na opracowaniu metodyki,
prowadzeniu badan laboratoryjnych, przeprowadzeniu walidacji, udziale w przygotowaniu tekstu
publikacji, przegladzie i redakcji publikacji.

*nalezy opisowo przedstawic udziat osoby sktadajgcej oswiadczenie w danej publikacji

P

daad5.06. W05 Maolsbe 1o o Alelessuola
(podpls osoby sk}bda,(qce/ oswiadczenie)

\i
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3. Wstep i przeglad literatury

3.1. Charakterystyka gatunku Fragaria x ananassa Duch. ze szczegdolnym
uwzglednieniem odmian uzytych w badaniu

Historia gatunku truskawki sigga XVIII wieku, kiedy w Europie przypadkowo
skrzyzowano poziomke chilijskag (Fragaria chiloensis Ehrh.) z poziomka wirginijska
(Fragaria virginiana Duch.). Mieszance powstale z tego potaczenia daty poczatek gatunkowi
truskawki (Fragaria x ananassa Duch). W literaturze spotykana jest rowniez nazwa Fragaria
grandiflora Duch. czyli poziomka wielokwiatowa [Masny i Zurawicz 2013]. Truskawka
nalezy do gatunkow o istotnym znaczeniu gospodarczym. W 2020 roku globalna produkcja
tych owocow wynosita 8,8 miliona ton [Wéjcik i in. 2021]. Polska jest jednym z czotowych
producentéw truskawek - zajmuje drugie miejsce w Europie 1 dziesigte na $wiecie
[Kaczmarska i in. 2008; Rochalska i in. 2011; Wojcik i in. 2021]. W 2021 roku powierzchnia
uprawy truskawki na $wiecie wynosita 389,7 tys. hektarow, z czego 33,9 tys. hektarow
przypadalo na  Polske = [FAOSTAT -  7Zrodla  internetowe  pozycja  1].
W 2020 roku Polska byta liderem w Unii Europejskiej w produkcji truskawki w systemie
ekologicznym - zarowno pod wzgledem areatu (1048 ha), jak i wielkosci zbiorow (8013 ton)
[EUROSTAT - zrodta internetowe pozycja 2].

Owoce truskawki ciesza si¢ duzym uznaniem konsumentéw nie tylko ze wzglgdu na
smak, lecz takze na liczne wiasciwosci prozdrowotne wynikajace z obecnosci zwigzkow
bioaktywnych, takich jak witamina A i C, zwigzki fenolowe, aminokwasy, zelazo, wapn,
potas, fosfor, a takze karotenoidy, pektyny, btonnik oraz glutation [Kumra i in. 2018; Sharma
i Negi 2019; Khunte i in. 2020; Katel i in. 2022; Kilic 2023]. Pukszta i Platta (2017)
podkreslaja, ze polifenole obecne w truskawkach, zwlaszcza antocyjany, oraz witamina C
wykazujg liczne Kkorzystne wlasciwosci, takie jak: dziatanie przeciwzapalne,
przeciwbakteryjne, przeciwwirusowe i przeciwnowotworowe. Ponadto moga tagodzi¢ reakcje
alergiczne, obniza¢ poziom cholesterolu we krwi oraz dziata¢ przeciwmiazdzycowo
I przeciwzakrzepowo [Pukszta i Platta 2017]. Owoce truskawki znajduja szerokie
zastosowanie w przemysle spozywczym do produkcji przetworow, takich jak dzemy, soki
I napoje. W procesie tym powstaja wytloki bedace odpadem, zawierajace nasiona bogate
w kwas a-linolenowy oraz elagotianiny. Wytloki z owocow truskawek sg takze zrodtem
licznych zwigzkow bioaktywnych, m. in. kwasow ttuszczowych, cukréw, biatek, tokoferoli,
fenoli i fitosteroli, co sprawia, ze znajduja one zastosowanie w przemysSle spozywczym,
kosmetycznym i farmaceutycznym [Wojciak i in. 2024]. Zawarte w owocach zwigzki
bioaktywne aktywuja komoérkowa ochrone antyoksydacyjna, hamuja ekspresje genow
zapalnych, neutralizujg wolne rodniki, a przez to chronig komorki przed uszkodzeniami
spowodowanymi stanami zapalnymi i stresem oksydacyjnym. Z tego wzgledu uznaje si¢ je za
cenny skladnik diety prewencyjnej w konteks$cie chorob przewlektych, takich jak:
nowotwory, choroby sercowo-naczyniowe, depresja i choroba Alzheimera [Miller i in. 2019].

W badaniach uwzgledniono trzy odmiany truskawki zaliczane do odmian wczesnych
(pierwsze owoce dojrzewaja na przetlomie maja i czerwca), o zréznicowanych cechach
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morfologicznych i odporno$ci na patogeny grzybowe. Odmiany te sg polecane do upraw
ekologicznych.

Odmiana ‘Honeoye’ zostala wyhodowana w USA przez Cornell University
w wyniku skrzyzowania odmiany ‘Vibrant’ z odmiang ‘Holiday’. Rosliny tej odmiany
charakteryzuja si¢ niezbyt zwartym, raczej wzniesionym pokrojem oraz silnym wzrostem
i duza odporno$cia na przemarzanie. Owoce odmiany ‘Honeoye’ sa przewaznie duzej
1 $redniej wielkosci z niewielkg tendencja do drobnienia, a ich ksztalt jest stozkowaty
z intensywnie czerwong skorkg o silnym potysku. Migzsz owocow jest jasnoczerwony, jedrny
soczysty i aromatyczny. Odmiana ‘Honeoye’ wykazuje odpornos¢ na biatg plamistos¢ lisci
oraz czerwong plamistos$¢ lisci, a takze matg podatnos¢ na maczniaka prawdziwego 1 szarg
plesn. Jest natomiast $rednio podatna na zgnilizng korony truskawki i bardzo podatna na
werticilioz¢ [Kupczak 2013].

‘Rumba’ to holenderska odmiana truskawki pochodzaca z programu hodowlanego
Fresh Forward BV (status CPVR). Jej rodowdd jest zastrzezony. Rosliny tej odmiany maja
srednio zwartg budowe i charakteryzuja si¢ bujnym wzrostem, dlatego zaleca si¢ sadzenie ich
w odstepach co 35 cm. Odmiana ta wykazuje wysoka odpornos¢ na niskie temperatury.
Owoce sg duze (21-23 @), smaczne i aromatyczne. Skorka jest jednolicie jasnoczerwona
z wyraznym potyskiem, a migzsz jedrny i stodki. Odmiana ‘Rumba’ wyrdznia si¢ dobra
odpornoscig na szereg chordb istotnych w uprawie truskawki: biatg i czerwong plamistos¢
lisci, maczniaka prawdziwego oraz zgnilizng¢ korony truskawki, a takze wykazuje matg
podatnos¢ na werticiliozg i szarg plesn [Kupczak 2013; Labanowska-Bury 2024]. Owoce
dobrze znosza przechowywanie. Rosliny tej odmiany dobrze sprawdzajg si¢ zar6wno
w uprawie gruntowej, jak i w tunelach. Daje bardzo wysokie plony, przekraczajace nawet 900
g/rosline [Labanowska-Bury 2024].

Odmiana ‘Vibrant’ zostala wyhodowana w Stacji Hodowlanej East Malling Research/
Meiosis Ltd. w Anglii. Ro$liny tej odmiany charakteryzuja si¢ wzniesionym pokrojem oraz
$rednio silnym wzrostem, a takze wykazuja odpornos¢ na mroz [Kupczak 2013; Labanowska-
Bury 2024]. Na podstawie obserwacji whasnych stwierdzono jednak, ze taki pokroj roslin oraz
kwiatostany wzniesione ponad liscie zwigkszaja podatno$¢ na uszkodzenia spowodowane
przymrozkami oraz uszkodzenia mechaniczne wynikajace ze stosowania agrotkaniny do
zabezpieczenia roslin przed przymrozkami. Zjawiska te sa szczegolnie istotne W pierwszej
potowie maja, kiedy truskawka znajduje si¢ w fazie kwitnienia [Nakielska i in. 2024a].
Owoce odmiany ‘Vibrant’ sg duze lub bardzo duze, maja ksztalt sercowaty badz stozkowaty.
Skorka jest jednolicie jasnoczerwona z silnym potyskiem, a migzsz stodkawy, soczysty
i jedrny. Odmiana ‘Vibrant’ rozpoczyna owocowanie nieco wczesniej niz ‘Honeoye’
i charakteryzuje si¢ wyzszym plonowaniem. W ocenie trwatosci pozbiorczej wypada roéwniez
korzystniej od odmiany ‘Honeoye’. Dobrze wyeksponowane owoce na roslinie sprawiaja, ze
zbior jest szybszy 1 latwiejszy. ‘Vibrant’ wykazuje wysoka odporno$¢ na wigkszo$¢
najwazniejszych choréb truskawki, takich jak: biata plamisto$¢ lisci, czerwona plamistos¢
lisci, maczniak prawdziwy, zgnilizna korony truskawki oraz szara plesn owocow truskawki.
Jest natomiast $rednio podatny na werticilioz¢ [Kupczak 2013; Labanowska-Bury 2024].
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3.2. Najczesciej wystepujace choroby grzybowe owocow truskawek

3.2.1. Antraknoza truskawki (Colletotrichum acutatum)

Grzyby z rodzaju Colletotrichum spp. z uwagi na czgstotliwo$¢ wystepowania zajmuja
0sma pozycje w zestawieniu najwazniejszych grzybow patogenicznych roslin [Dean i in.
2012]. Antraknoza powodowana jest przez grzyb z gatunku Colletotrichum acutatum.
Rozwojowi choroby sprzyja wysoka wilgotno$¢ powietrza i temperatura przekraczajaca 20°C.
Do charakterystycznych objawow nalezg gnilne plamy na dojrzatych owocach. Na wszystkich
etapach wystepowania choroby pojawiajg si¢ jasnobrgzowe wodniste plamy, ktore z czasem
staja si¢ ciemnobragzowe o nieregularnym okraglym ksztalcie. Przy podwyzszonej
wilgotnosci powietrza na powierzchni plam pojawiaja si¢ kremowo-tososiowe skupiska
zarodnikow. Kwiaty oraz paki kwiatowe sa szczegdlnie podatne na porazenie przez
Colletotrichum acutatum - ciemnieja, zasychaja a nast¢pnie zamierajg. Objawy chorobowe
mogg wystepowac takze na ogonkach liSciowych, roztogach i szyputkach w postaci
wydluzonych ciemnobrazowych, delikatnie zaglebionych w zainfekowanej tkance plam
gnilnych. Na przekroju korony zainfekowanej rosliny widoczne sg czerwonobragzowe smugi
oraz ogniska nekrotyczne [Labanowska-Bury 2024].

3.2.2. SKkorzasta zgnilizna owocéw truskawki (Phytophthora cactorum)

Skorzasta zgnilizna owocoéw truskawki to choroba wywolywana przez grzyb
Phytophthora cactorum. Jej rozwojowi sprzyjaja ciepte i wilgotne warunki pogodowe, a takze
gleby zwiezte i stabo przepuszczalne. Choroba ma charakter lokalny, a czestotliwos¢ jej
wystgpowania zalezy gtownie od warunkoéw atmosferycznych, kondycji roslin oraz potencjatu
inokulacyjnego patogenu. Do charakterystycznych objawdw tej choroby nalezy pojawienie
si¢ poczatkowo jasnobrgzowych, a nastepnie brgzowych, suchych, plam gnilnych, ktore
w niektorych przypadkach moga si¢ rozprzestrzeni¢ na powierzchni¢ catego owocu. Na
owocach dojrzatych infekcja objawia si¢ w postaci szarozottych, rzadziej fioletowych plam.
W przekroju zainfekowanych owocow w jasnobrgzowym migzszu widoczne sg ciemniejsze
wigzki naczyniowe. Porazone owoce maja charakterystyczny, nieprzyjemny zapach i gorzki
smak i nie nadaja si¢ do spozycia. Phytophthora cactorum moze poraza¢ zarowno kwiaty, jak
I owoce w kazdym stadium rozwoju [Labanowska-Bury 2024].

3.2.3. Szara plesn truskawki (Botrytis cinerea)

Choroba wywotywana przez Botrytis cinerea wystepuje u ponad 200 gatunkow roslin
[Stachowiak i Ratajkiewicz 2021], a zdaniem innych autoréw nawet U ponad 500 réznych
gatunkow roslin [Hua i in. 2018]. Z uwagi na skale strat ekonomicznych powodowanych
przez B. cinerea grzyb ten jest czg¢sto przedmiotem badan. B. cinerea jest uwazany za drugi
najwazniejszy po Magnaporthe oryzae grzyb patogeniczny roslin w skali $wiata [Dean i in.
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2012, Hua i in. 2018]. W Polsce powoduje znaczne straty w uprawach warzyw, roslin
przemystowych, ozdobnych, a takze na plantacjach krzewoéw owocowych. Szczegdlnie
podatne na infekcje sa m.in. truskawka, porzeczka, fasola, satata i pomidory [Hua i in., 2018;
Stachowiak i Ratajkiewicz 2021].

Szara plesn powoduje stosunkowo duze straty na plantacjach truskawki [Felczak-
Konarska 2021], ktére w warunkach braku ochrony chemicznej moga dochodzi¢ do 50-70%,
a w sprzyjajacych warunkach nawet do 80% plonu [Labanowska-Bury 2024]. WarunkKi
klimatyczne w trakcie sezonu wegetacyjnego w istotnym stopniu wplywaja na nasilenie i
przebieg choroby. Patogen rozwija si¢ szczegodlnie intensywnie przy wysokiej wilgotno$ci
powietrza i gleby, ograniczonej cyrkulacji powietrza na plantacji, zbyt gesto rosngcych
ros$linach, a takze przy niedostatecznym dostgpie $wiatta, zwlaszcza w uprawach pod
ostonami [Felczak-Konarska 2021]. Objawy chorobowe moga wystepowaé we wszystkich
fazach rozwojowych rosliny na li§ciach, pgdach, szyjce korzeniowej, pakach, kwiatach oraz
owocach. Mozna do nich zaliczy¢: charakterystyczny szaro-biaty nalot, brunatne plamy
gnilne, nekrozy i lokalne zgorzele. Zmiany chorobowe moga wystapi¢c w roznej fazie
rozwojowej 1 sg widoczne glownie na kwiatach i owocach. Grzyb przerastajacy z
zainfekowanych kwiatow do szypulki owocu moze prowadzi¢ do zamierania calych
kwiatostanow. Niedojrzate zielone owoce czesto zasychaja, a na dojrzatych tworzy sig
puszysta grzybnia i szary pylacy nalot [Labanowska-Bury 2024]. Zarodniki powstaja na
obumartych resztkach roslinnych oraz porazonych organach i z tatwoscig rozprzestrzeniajg si¢
z kroplami wody (deszcz lub deszczowanie plantacji), a takze przez prady powietrza.
Sprzyjajace warunki moga doprowadzi¢ do dynamicznego rozprzestrzeniania si¢ tej choroby
[Felczak-Konarska 2021].

3.3. Rolnictwo ekologiczne w Polsce

Dynamiczny rozwdj intensywnego rolnictwa konwencjonalnego w Europie pod koniec
XX wieku przynioést szereg negatywnych skutkow, ktore dotkngty wigkszo$¢ krajow. Do
najwazniejszych naleza: zmniejszenie rdznorodnosci biologicznej, wyczerpywanie sie
zasobow naturalnych, nasilajaca sie erozja i spadek naturalnej zyznos$ci gleb, wzrost zagrozen
ze strony nowych chordb i1 szkodnikow, a takze niedobory wody [Kapela i Majchrowska-
Safaryan 2024].

Rownolegle w ostatnich trzech dekadach rosnie znaczenie rolnictwa ekologicznego —
systemu prawnie uregulowanego w Unii Europejskiej [Regulation 2018]. Zjawisko to jest
Scisle zwigzane z rosngcym zainteresowaniem zdrowa zywnos$cia wysokiej jakosci [Golik
i Zmija 2017], postrzegang jako zdrowsza i bedaca zrodtem skladnikow bioaktywnych, ktore
odgrywaja kluczowa role w zapobieganiu chorobom cywilizacyjnym [Piotrowska i in. 2013].
Rozwdj rynku zywnosci ckologicznej zalezy w duzej mierze od poziomu $wiadomoSci
ekologicznej spoteczenstwa oraz preferencji konsumentéw, w tym gotowosci do ponoszenia
wyzszych cen zakupu produktéw pochodzacych z upraw ekologicznych [Brzozowski
i Zmarlicki 2015]. Jednym z najwazniejszych wyzwan stojagcych przed rolnictwem
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ekologicznym jest zapewnienie wysokiej jakosci plonow przy jednoczesnym wykluczeniu
stosowania chemicznych $rodkéw ochrony ro$lin [Zmarlicki i Brzozowski 2013]. Dalszy
rozwoj tego sektora zalezy od jego dochodowosci oraz konkurencyjnosci w stosunku do
innych systeméw rolniczych. Polska ze wzgledu na korzystne warunki glebowe oraz
klimatyczne posiada relatywnie wysoki potencjat w sektorze rolnictwa [Paszko 2009]. Nalezy
tez do czotowych producentéw owocdéw jagodowych, zajmujac wysoka, druga pozycje
w Europie i dziesigtg w skali $wiata [Paszko i in. 2014; Pawlak i in. 2022].

Rosngce zainteresowanie konsumentow jakoScig zywnosci oraz wzrastajgca Swiadomosé
ekologiczna spoteczenstwa stanowig gltéwne czynniki sprzyjajagce rozwojowi rolnictwa
ekologicznego [Staniek i Krejpcio 2013; Zydlik i Zydlik 2016]. W tym systemie produkcji
stosuje si¢ zroznicowane plodozmiany, rezygnujac jednoczesnie z chemicznych $rodkow
ochrony ro$lin pochodzacych z przemystowej syntezy oraz syntetycznych nawozow
mineralnych [Feledyn-Szewczyk i in. 2020]. Rekomenduje si¢ stosowanie naturalnych
srodkow produkcji, ktore korzystnie wptywaja na zyzno$¢ gleby oraz umozliwiajg uzyskanie
plondéw o wysokiej jakosci biologicznej [Staniak 2014].

Z uwagi na wykluczenie stosowania chemicznych §rodkéw ochrony roslin w uprawach
ekologicznych [Regulation 2018] konieczne jest poszukiwanie alternatywnych metod
ochrony, w tym preparatow biologicznych, ktore nie tylko zabezpiecza ro$liny przed
patogenami i szkodnikami, ale rowniez wzmocnig ich odporno$¢ na niekorzystne czynniki
srodowiskowe, ktére moga utrudnia¢ prawidlowy wzrost w czasie sezonu wegetacyjnego.
Roéwniez strategie Wspolnej Polityki Rolnej UE zmierzaja do ograniczenia zuzycia
chemicznych $rodkow produkcji, w zwigzku z czym wzrasta znaczenie agrotechnicznych,
mechanicznych oraz biologicznych metod ochrony roslin [Kapela i Majchrowska-Safaryan
2024]. Podejmowana w tej rozprawie tematyka badawcza stanowi zatem odpowiedZ na
aktualne potrzeby rolnictwa ekologicznego i zrbwnowazonego.

3.4. Rynek biopreparatow w Polsce

Stosowanie pestycydow niesie ze soba ryzyko dla srodowiska naturalnego, ale takze ludzi
1 zwierzat z uwagi na wysoka toksycznos$¢ wielu substancji aktywnych oraz powolne tempo
degradacji [Moton i Durak 2018]. Potrzeba ochrony srodowiska naturalnego oraz zwigkszenie
popytu na preparaty biologiczne we wspotczesnym rolnictwie sprawiaja, ze opracowywane sa
nowe, a zarazem bezpieczne srodki ochrony roslin [Pickutowska 2017]. Jak zauwaza Florczak
(2024), wzrost zainteresowania biologicznymi metodami zwalczania agrofagow wynika
zarowno z coraz wickszej $wiadomosci spotecznej dotyczacej negatywnych skutkow
nadmiernego stosowania chemicznych $rodkéw ochrony roslin, jak i z obowigzujacych
przepisow prawnych w zakresie ich zrownowazonego stosowania. Dodatkowym powodem
poszukiwania nowych metod i narzedzi do zwalczania agrofagéw roslin uprawnych jest
narastajaca odpornos$¢ patogenoéw i szkodnikow na obecnie stosowane substancje aktywne
[Barbas i in. 2023].
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Galaz gospodarki zajmujaca si¢ opracowywaniem 1 Wwytwarzaniem preparatow
mikrobiologicznych jest obecnie jednym z najprezniej rozwijajacych sie segmentéw rynku
rolno - spozywczego [Gatazka 2024]. Aktualnie w Polsce do stosowania w rolnictwie
ekologicznym dopuszczonych jest 92 $rodki ochrony roslin, z czego niemal 73%
zarejestrowano w ciggu ostatnich dwoch lat (2023-2024) [zrodta internetowe pozycja 3]. Inne
grupy biopreparatow stosowanych w produkcji ekologicznej obejmujg nawozy, s$rodki
poprawiajgce wiasciwosci gleby, produkty naturalne oraz mikrobiologiczne preparaty
nawozowe, ktore wspierajag Wzrost, rozwdj, kondycje i zdrowotnos¢ roslin, zwigkszajac ich
odporno$¢ na stresy abiotyczne i biotyczne [zrodia internetowe pozycja 4].

Srodki ochrony roglin pochodzenia naturalnego moga by¢ stosowane nie tylko w systemie
ekologicznym, ale réwniez w rolnictwie integrowanym i konwencjonalnym, gdzie ich
zastosowanie ma na celu ograniczenie liczby zabiegéw z uzyciem chemicznych $rodkow
ochrony [Piekutowska 2017]. W wielu krajach realizowane sg obecnie badania nad
poszukiwaniem nowych oraz efektywnym wykorzystaniem juz znanych pozytecznych
mikroorganizméw w rolnictwie, ktoére oprécz poprawy kondycji 1 zdrowotnosci roslin
wspierajg bioréznorodnos¢ i aktywno$¢ biologiczna gleb [Gatazka 2024]. Przyktadem takich
prac s3 badania podjete 1 opisane w niniejszej rozprawie doktorskie;j.

3.5. Wplyw wybranych preparatow mikrobiologicznych i roslinnych na
wzrost, zdrowotnosc i plonowanie roslin uprawnych
ze szczegOlnym uwzglednieniem roslin jagodowych

Na przestrzeni ostatnich lat produkty naturalne pochodzenia roslinnego wzbudzaja
coraz wigksze zainteresowanie badaczy jako potencjalne srodki w biologicznym ograniczaniu
chorob grzybowych roslin, z uwagi na wlasciwosci przeciwgrzybicze niektorych gatunkow
roslin [Ons i in. 2020; Jiang i in. 2023]. W wielu badaniach podejmowany jest rOwniez temat
zastosowania olejkow eterycznych w ochronie truskawki, m.in. z krwawnika pospolitego
(Achillea millefolium) i miety dtugolistnej (Mentha longifolia) do zwalczania antraknozy
truskawki [Hosseni 1 in. 2020]. Analizowano takze wplyw olejku tymiankowego na
zdrowotno$¢ roslin truskawki, plonowanie oraz wybrane cechy sensoryczne owocow [Cato
I in. 2024]. Ponadto Déné i in. (2023) oceniali skuteczno$é¢ ekstraktu z kolendry oraz olejku
eterycznego z nasion kolendry w ograniczaniu wystepowania szarej plesni truskawki.

W nowoczesnej ochronie roslin coraz wigkszy nacisk kladzie si¢ na indukowanie
naturalnych mechanizméw obronnych. Jedna z gtownych korzysci stosowania induktoréw
odpornosci systemicznej jest ich nieszkodliwos¢, co jest szczegolnie istotne w przypadku
roslin przeznaczonych do spozycia. Biopreparaty cechuje wigksze bezpieczenstwo zarowno
dla srodowiska, jak i ludzi, oraz os6b wykonujacych zabiegi ochrony, Szybciej ulegaja
biodegradacji i zwykle sa mniej kosztowne w produkcji [Moton i Durak 2018].

Preparaty mikrobiologiczne, ktére nie sg klasyfikowane jako srodki ochrony roslin,
zazwyczaj opieraja swoje dzialanie na zasadzie antagonizmu pomigdzy patogenem
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a aplikowanym mikroorganizmem pozytecznym [Kowalska i Remlain-Starosta 2013]. Tego
typu biopreparaty zawieraja w swoim skladzie pozyteczne bakterie, grzyby, ekstrakty
roslinne, polisacharydy oraz substancje humusowe [Pylak i in. 2019]. Do tej grupy mozna
zaliczy¢ biostymulatory ro$lin znane rdéwniez jako bionawozy, odzywki glebowe,
wzmacniacze upraw, fitostymulatory. Ich podstawowym zadaniem jest stymulowanie
procesow fizjologicznych i metabolicznych roslin, niezaleznie od zawarto$ci sktadnikow
pokarmowych, w celu poprawy ich ogolnej kondycji. Preparaty te stosuje si¢ najczesciej do
materiatu nasadzeniowego, podtozy uprawowych oraz w formie aplikacji nalistnych [Tarigan
I in. 2022]. Wykazuja one zdolnos¢ do modyfikowania procesow fizjologicznych roslin, co
przeklada si¢ na lepsze pobieranie i wykorzystanie sktadnikéw odzywczych, intensywniejszy
wzrost, a takze wigksza odporno$¢é na czynniki stresowe [Yakhin i in 2017; Tarigan i in.
2022]. W literaturze mozna spotka¢ badania innych autorow nad wykorzystaniem bakterii
Bacillus sp. [Sas-Paszt i in. 2020; Sas-Paszt i in. 2023; Furtak 2024], Bacillus
amyloliquefaciens [Es-Soufi i in. 2020; Sas- Paszt i in. 2020; Sas-Paszt i in. 2023], Bacillus
licheniformis [Tarigan i in. 2022], Bacillus thuringiensis [Florczak 2024], Paenibacillus
polymyxa [Sas-Paszt i in. 2020; Sas-Paszt i in. 2023], Bacillus subtilis [Zhang i in. 2012;
Vehapi i in. 2023], Bacillus safensis [Li i in. 2021], Bacillus velezensis [Hyeon i in. 2009;
Popescu i in. 2024] i Pseudomonas azotoformans [Popescu i in. 2024], grzyba Trichoderma
harzianum [Es-Soufi i in. 2020], Aspergillus niger i Purpureocillum lilacinum [Sas-Paszt i in.
2020] do stymulacji wzrostu i rozwoju oraz poprawy zdrowotno$ci réznych gatunkow roslin
uprawnych, w tym sadowniczych [Sas-Paszt i in. 2020; Sas-Paszt i in. 2023].
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4. Hipotezai cel badan

Hipoteza badawcza =zakladata, ze nowe biopreparaty mikrobiologiczne wzbogacone
0 ekstrakty ziotowe wplywaja pozytywnie na wzrost, zdrowotno$¢, plonowanie i jako$¢
owocow oraz optacalno$¢ ekonomiczng produkcji truskawki w systemie ekologicznym.

Celem badan bylo okreslenie wpltywu nowych biopreparatow wytworzonych w projekcie
EcoFruits  (finansowany  przez ~ Narodowe  Centrum  Badan i  Rozwoju,
BIOSTRATEG3/344433/16/NCBR/2018), zawierajacych mikroorganizmy pozyteczne
i wyciagi ro$linne (preparaty objete zgloszeniem patentowym, w trakcie procesu
komercjalizacji) na:

- wzrost roslin 1 wielko$¢ plonu owocow,

- zdrowotno$¢ owocOw, w tym ograniczenie wystgpowania kluczowych patogenow
grzybowych truskawki w uprawie ekologicznej, takich jak: Botrytis cinerea (szara plesn
owocow truskawki), Phytophthora cactorum (skorzasta zgnilizna owocow truskawki)
i Colletotrichum acutatum (antraknoza truskawki),

- efektywno$¢ ekonomiczng produkcji  ekologicznej w wariancie nawadnianym
i nienawadnianym,

- zawarto$¢ makroelementow 1 mikroelementéw oraz metali cigzkich w owocach truskawki.
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5. Materiat i metody badawcze

5.1. Charakterystyka doswiadczenia polowego

Doswiadczenie polowe z uprawa truskawki (fot. 1) w systemie ekologicznym zatozono na
certyfikowanym polu Rolniczego Zaktadu Do$wiadczalnego IUNG-PIB w Grabowie nad
Wislg (wojewodztwo mazowieckie, powiat zwolenski) [51°21°17.1” N; 21°39°14.0” E].
Plantacja sktadala si¢ z dwodch identycznych obiektow, z ktorych jeden byt nawadniany,
a drugi nie nawadniany. Ro$liny posadzono w dniach 27 - 29 maja 2019 roku na glebie
ptowej wytworzonej z piasku gliniastego mocnego na glinie, kompleksu przydatnosci
rolniczej zytniego bardzo dobrego. Do nasadzen wykorzystano sadzonki truskawki typu frigo,
pochodzace ze szkotki ogrodniczej Agronom Plants (Zienki 14, 21-230 Sosnowica).
Truskawki byly $cidtkowane czarng agrotkaning w celu ograniczenia zachwaszczenia oraz
parowania wody z gleby. Przedplonem dla truskawki byta koniczyna czerwona (Trifolium
pratense L.).

Fot. 1. Plantacja doswiadczalna truskawki w systemie ekologicznym w Rolniczym Zaktadzie
IUNG-PIB w Grabowie nad Wistg (fot. M. Nakielska)

Obiekt doswiadczalny z nawadnianiem, jak i bez nawadniania miaty powierzchni¢ po
11,5 a, przy obsadzie 30 052 roslin/ha. Odstepy miedzy rzedami wynosity 1 m, rozstawa
roslin w rzedzie 30 cm. Oba doswiadczenia zatozono na tym samym polu, co zapewnito
identyczne warunki glebowe i pogodowe. Obiekty oddzielono od siebie dwumetrowej
szeroko$ci pasem kwietnym, na ktérym wysiano ro$liny przyciagajace pozyteczne owady.
Kazdy z obiektow skladat sie z 72 poletek o powierzchni 16 m?, przy obsadzie 48 roslin na
poletku (rys. 1)
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Rys. 1. Schemat doswiadczenia z testowaniem biopreparatow w uprawie truskawki

w systemie ekologicznym w wariancie nawadnianym i nienawadnianym:

K1 - kontrola bez stosowania biopreparatéw, K2-K6 — kombinacje biopreparatow,

Czynnikami do§wiadczenia byty:

1) kombinacje preparatow opracowanych w ramach projektu EcoFruits (5 kombinacji

numery 1-144 — kolejne numery poletek.

K2-K6 oraz obiekt kontrolny K1);
2) odmiany truskawek: ‘Honeoye’, ‘Rumba’, ‘Vibrant’.

Preparaty zawierajace pozyteczne mikroorganizmy i wyciagi roslinne stosowano przez
trzy sezony wegetacyjne - od 2020 do 2022 roku (tab. 1). W pierwszym roku badan preparaty
byly stosowane dwukrotnie (29 maja i 29 czerwca 2020 roku) w dawce 35 kg-ha™, natomiast
w kolejnych latach trzykrotnie w ciggu sezonu wegetacyjnego (13, 21, 28 maja 2021 roku
oraz 26 kwietnia, 12 i 24 maja 2022 roku) w dawce 50 kg-ha™. Preparaty mieszano z woda w

iloci 700 1-ha™ i aplikowano za pomoca opryskiwacza z belka typu Fragaria (fot. 2).
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Tabela 1. Sktad oraz nazwy preparatow na poszczegdlnych etapach ich opracowywania
I trwania projektu.

Nazwa
Nazwa preparatow
to stosowana w
preparatoW | \azwa handlowa . Skilad
stosowana w czasie ich
publikacjach opracowywania
i testowania
K1 - - Obiekt kontrolny (woda)
Bacillus sp. AF75BC i Bacillus subtilis AF75AB2 na no$niku
K2 BacilRoots p7 skia}daja}cym si¢ z .such.ych k\jvas.()w humusowych, .gorczycy,
oleju rzepakowego i olejku gozdzikowego w mikronizowanym
dolomicie (10° CFU/ro$ling)
Bacillus sp. AF75BC i Bacillus subtilis AF75AB2 na nos$niku
sktadajacym sie¢ z suchych kwasow humusowych, gorczycy,
oleju rzepakowego i olejku gozdzikowego w mikronizowanym
K3 BacilRoots + P74P8 dolomicie (10° CFU/rosling), i Bacillus subtilis AF75AB2
BacilExtra i Bacillus sp. Spl15AD na no$niku skfadajagcym si¢

z ekstraktow ro$linnych (pokrzywa, skrzyp, nagietek) oraz
kwasow  humsowych ~w  mikronizowanym  dolomicie
(10° CFU/cm?)

Bacillus sp. AF75BC i Bacillus subtilis AF75AB2 na no$niku
sktadajacym si¢ z suchych kwaséw humusowych, gorczycy,
BacilRoots + oleju r-ze?pako“;ego i olejk.u goz’dziko.wego w mikronizowanym
K4 BacilHumus P7+P9 dolomicie (10° CFU/rosling), a takze Bacillus sp. Sp116AC*,

Bacillus sp. Spl15AD, kwasy humusowe oraz odciek
po produkcji drozdzy w mikronizowanym dolomicie
(10° CFU/cm?)

Bacillus sp. AF75BC i Bacillus subtilis AF75AB2 na no$niku
sktadajacym si¢ z suchych kwaséw humusowych, gorczycy,
oleju rzepakowego i oleju gozdzikowego w mikronizowanym
dolomicie (10° CFU/rosline), i Bacillus subtilis AF75AB2
i Bacillus sp. Spl15AD na nosniku skladajacym sie
z ekstraktow ro$linnych (pokrzywa, skrzyp, nagietek) oraz
kwasé6w  humusowych w  mikronizowanym dolomicie
(10° CFU/cm?), a takze Bacillus sp. Sp116AC*, Bacillus sp.
Sp115AD, kwasy humusowe oraz odciek po produkcji drozdzy
w mikronizowanym dolomicie (10° CFU/cm?)

BacilRoots +
K5 BacilExtra + P7+P8+P9
BacilHumus

Bacillus subtilis AF75AB2 i Bacillus sp. Sp115AD na nosniku
sktadajacym si¢ z ekstraktow roslinnych (pokrzywa, skrzyp,
. nagietek) oraz kwasow humusowych w mikronizowanym
BacilExtra + L. 5 2 . .
K6 BacilHumus P8+P9 dolomicie (10° CFU/cm?), a takze Bacillus sp. Sp116AC*,
Bacillus sp. Spl15AD, kwasy humusowe oraz odciek po
produkcji  drozdzy w  mikronizowanym  dolomicie
(10° CFU/cm?)

Zrodto: Nakielska i in. 2025 (zmodyfikowane)
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Fot. 2. Aplikacja biopreparatow przy pomocy opryskiwacza z belka typu Fragaria (fot. M. Nedzi)

Oprocz testowanych biopreparatow na plantacji truskawki stosowano nawozenie
srodkami dopuszczonymi do stosowania w rolnictwie ekologicznym (tab. 2).

Tabela 2. Preparaty i nawozy stosowane dodatkowo na catosci plantacji truskawki

Termin aplikacji | Preparat \ Dawka

2018

16.11.2018 Siarczan potasu 250 kg-ha™

16.11.2018 Sél potasowa 100 kg-ha™

19.11.2018 Obornik bydlecy 30,0 t-ha™
2019

11.04.2019 Bioilsa 150 kg-ha™

17.04.2019 Microcat GOLD 1,0 I'ha™”
2020

29.04.2020 Redarom Activstart 2,0 I'ha™

29.04.2020 Olibio 2,01-ha™

05.08.2020 Siarczan potasu 150 kg-ha™

21.07.2020 Aminosol 2,0 'ha’
2021

30.04.2021 Redarom Activstart 1,5 'ha™

30.04.2021 Olibio 2,0 I'ha™

07.05.2021 Aminosol 3,01-ha”

*

07.07.2021 (jednorazowl\ldiq)gfagglﬁavglgr?tggj?po gradobiciu) 09 1/100 I wody

20.07.2021 Aminosol 2,0 I'ha™

20.07.2021 Redarom Activstart 1,5 1'ha™

20.07.2021 Olibio 2,0 I'ha™

29.09.2021 Siarczan potasu 250 kg-ha™

29.09.2021 S6l potasowa 60 kg-ha™

29.09.2021 Wapno Polcalc 500 kg-ha™
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5.2. Warunki pogodowe

Dane dotyczace opadow i temperatury pochodza ze stacji meteorologicznej [IUNG-PIB
w Grabowie zlokalizowanej kilkaset metrow od obiektu do$wiadczalnego. Srednie opady
w okresie od poczatku kwietnia do konca lipca byly w kazdym roku trwania eksperymentu
nizsze niz $rednia z wielolecia dla tego okresu. Szczegdlnie suchymi sezonami byty lata 2021
i 2022. W 2020 roku opady w maju i czerwcu byly wyzsze niz $rednia z wiclolecia
(odpowiednio 53,0 mm i 110,0 mm) i wynosity odpowiednio 76,5 mm i 157,8 mm (tab. 3).
Zwiekszone opady mogly z jednej strony korzystnie wptyng¢ na wysokos¢ plonu, jednak
z drugiej strony, przy temperaturze w czerwcu wyzszej o 1,6 °C od $redniej mogly sprzyjaé
wigkszej presji chorob grzybowych. W latach 2021 i 2022 wystapity niedobory opadow,
zwlaszcza w trzecim roku badan (2022). Temperatury w kwietniu 2021 i 2022 byty $rednio
0 1°C nizsze niz $rednia z wielolecia, natomiast w pozostalych miesigcach
(z wyjatkiem maja 2020 r.) temperatury przekraczaty srednie warto$ci z wielolecia.

Przymrozki w okresie kwitnienia truskawek stanowily istotny problem jedynie
w pierwszym roku badan. U odmiany ‘Vibrant’, ze wzgledu na wzniesiony pokroj roslin
i kwiatostany wyrastajace ponad liscie, czg$¢ kwiatow uleglta uszkodzeniu na skutek
przymrozkow oraz uszkodzen mechanicznych. Zjawisko to miato miejsce w potowie maja,
gdy rosliny byly zabezpieczone biata agrowlokning przed nocnymi spadkami temperatur.
Tarcie materiatu ostaniajacego o kwiatostany pod wptywem wiatru powodowato dodatkowe
uszkodzenia. W rezultacie czgs¢ owocow nie wyksztalcita si¢ prawidtowo lub byta
zdeformowana. Natomiast w drugim roku badan, wystapit gwaltowny opad gradu w dniu
24 czerwca, ktory zniszcezyt czgsci nadziemne roslin wraz z owocami. Szacowane straty plonu
wyniosty niemal 100%, co w praktyce oznaczato koniecznos¢ zakonczenia zbiorow w tym
sezonie.

Tabela 3. Warunki pogodowe w latach 2020-2022 w miesigcach od kwietnia do lipca

miesiac 2020 2021 2022 Srednia z
wielolecia
Opady [mm]
kwiecien 15,6 51,2 42,4 42,0
maj 76,5 49,9 23,3 53,0
czerwiec 157,8 70,1* 31,5 110,0
lipiec 38,3 61,7* 80,6 105,0
Temperatura [°C]
kwiecien 8,6 6,4 6,5 7,5
maj 11,3 12,5 14,4 12,4
czerwiec 18,3 19,5 19,5 16,7
lipiec 18,6 21,8 19,1 17,8

*wartosci opadow moga odbiegaé od rzeczywistych z powodu uszkodzenia deszczomierza w czerwcu 2021

roku.
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5.3. Analizy roslinne [Nakielska i in. 2024a]

Zbiory owocOw rozpoczynaly si¢ na przetlomie maja i czerwca, a konczylty w pierwszej
dekadzie lipca (facznie 10 termindéw zbiordw), z wyjatkiem roku 2021, kiedy 24 czerwca
wystapity opady gradu, ktére spowodowaty zakonczenie zbiorow w tym sezonie (7 termindw
zbiorow). Owoce truskawki byly zbierane sukcesywnie, co 2-4 dni, zawsze z tych samych
8 wyznaczonych ro$lin z kazdego poletka. Zbierane owoce liczono, wazono oraz oceniano
plon z rosliny i w przeliczeniu na hektar.

Dodatkowo analizowano porazenie owocOéw przez patogeny wywolujace trzy wazne
choroby grzybowe truskawki: szarg plesn truskawki (Botrytis cinerea), antraknoz¢ owocow
truskawki (Colletotrichum acutatum) oraz skorzasta zgnilizng owocow truskawki
(Phytophthora cactorum). Przy kazdym zbiorze okre$lano udziat owocoéw porazonych przez
poszczegolne patogeny. Ocene przeprowadzal zespol 6 przeszkolonych osob, zgodnie z
wytycznymi zawartymi w ,,Metodyce integrowanej ochrony truskawki” (zrodta internetowe
pozycja 5) oraz ,,Poradniku sygnalizatora ochrony truskawki” wydane przez Instytut
Ogrodnictwa w Skierniewicach (zrodta internetowe pozycja 6).

Po zakonczeniu owocowania z kazdego z poletek pobierano losowo 5 roslin (tacznie
cze$¢ nadziemng 1 korzen). Czgéci nadziemne oddzielano od podziemnych i wazono, aby
okresli¢ ich §wieza mase. Nastepnie pakowano je osobno do papierowych torebek i suszono w
suszarce (fot. 3) przez 7 dni w temperaturze ok. 40°C. Po wysuszeniu probki ponownie
wazono w celu okreslenia ich powietrznie suchej masy. Dodatkowo okreslono liczbe koron i
roztogow dla kazdej rosliny.

| wEeONad ““‘ .‘

Fot. 3. Suszenie roslin truskawki (fot. M. Nakielska)
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5.4. Analizy laboratoryjne [Nakielska i in. 2025]

W kazdym roku badan probki owocoéw byly zamrazane, a nastepnic przekazywane do
analiz laboratoryjnych wykonywanych w Zaktadzie Gleboznawstwa Erozji i Ochrony
Gruntéw (obecnie Zaktad Gleboznawstwa i Analiz Srodowiskowych) IUNG-PIB w celu
oznaczenia zawarto$ci makroelementow (Na, Mg, K, Ca, P) oraz wybranych mikroelementow
(Mn, Fe) i metali ciezkich (Cd, Pb, Cu, Zn). Zamrozone owoce poddawano liofilizacji przy
uzyciu liofilizatora CHRIST Gamma 2-16 LSC. Proces ten polegal na sublimacyjnym
usuni¢ciu wody z owocow truskawek w warunkach obnizonego cisnienia i temperatury.
Nastepnie przeprowadzono analizy chemiczne z wykorzystaniem spektrometru ICP-MS
(firmy Agilent quadrupole 7500CE ICP-MS; Santa Clara, CA 95051 United States) w celu
oznaczenia zawartosci metali, a takze analizatora TOC/TN (vario Macro cube CN elementar
analyser; Elementar Analysensysteme GmbH; Langenselbold, Germany) do oznaczenia
zawarto$ci wegla 1 azotu. Ekstrakty zostaly przygotowane w stezonym kwasie azotowym w
wyniku trawienia mikrofalowego. W celu weryfikacji poprawnosci calego procesu
analitycznego analizy przeprowadzono z uwzglednieniem proby Slepej (proby ta), a takze
certyfikowanego materialu odniesienia (NIST1400 i CRMO028-050). Walidacja metod
analitycznych obejmowata oceng odzysku (90 do 97%) oraz doktadno$ci oznaczen, wyrazonej
jako wzgledne odchylenie standardowe (< 3%). Granica wykrywalnosci (LOD) dla
poszczegolnych pierwiastkow miescita sie w zakresie 0,007 - 0,099 mg-kg™.

5.5. Analizy statystyczne

Analizy statystyczne przeprowadzono przy uzyciu programu STATISTICA (Statistica
v.10 Statsoft Inc., USA). Dla danych pochodzacych z obiektu nienawadnianego (publikacja 1
i 3) zastosowano dwuczynnikowg analiz¢ wariancji (ANOVA), w ktorej czynnikiem I rzedu
bylo stosowanie biopreparatow, a czynnikiem II rzedu odmiana truskawki. Réznice migdzy
srednimi okreslono za pomoca testu Fishera, przy poziomie istotnosci p < 0,05. Dane
dotyczace plonowania oraz porazenia owocOw przez patogeny grzybowe analizowano dla
kazdego roku oddzielnie z uwagi na r6zng liczbe zabiegéw w latach i niewielkie modyfikacje
sktadu biopreparatow w poszczegodlnych sezonach, wynikajace z potrzeby ich dopracowania.
Dla danych dotyczacych zawartosci makro- i mikroelementow oraz metali cigzkich
w owocach truskawki (publikacja 3) nie stwierdzono istotnych r6znic pomigdzy latami badan,
dlatego wyniki przedstawiono jako srednie z dwoch sezonéw (2021 i 2022). Przeprowadzono
rowniez analiz¢ skltadowych gtownych PCA  (Principal Component Analysis)
z wykorzystaniem oprogramowania STATISTICA (Statistica v.10 Statsoft Inc., USA).
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5.6. Ocena oplacalnosci ekonomicznej stosowania biopreparatow
[Nakielska i in. 2024b]

Analiz¢ ekonomiczng oplacalno$ci stosowania nowo opracowanych preparatow
w ekologicznej uprawie truskawki przeprowadzono dla sezonu 2021, oddzielnie dla
doswiadczenia nawadnianego i nienawadnianego. W zatozeniach analizy uwzgledniono:
koszty pracy, zuzycia paliwa, zabiegdw agrotechnicznych, naklady roboczogodzin
1 ciggnikogodzin, zuzycie i ceny nawozow, koszt biopreparatow, koszt wody zuzytej do
opryskow biopreparatami oraz nawadniania (dla obiektu nawadnianego), a takze warto$¢
produkcji. Koszt instalacji nawodnieniowej roztozono na cztery lata, czyli czas, po ktérym
zazwyczaj plantacja jest likwidowana. Obliczono réwniez wskaznik nadwyzki bezposredniej
oraz wskaznik optacalnosci produkcji. Nie uwzgledniono natomiast kosztu zakupu maszyn.

W obliczeniach uwzgledniono minimalne wynagrodzenie netto z 2021 roku, przeliczone
na wymiar pracy wynoszacy 2200 rbh/rok (wg IERIGZ), co dato koszt roboczogodziny
w wysokosci 11,01 zl/rbh. Koszty zuzycia paliwa oszacowano dla ciaggnika Ursus 4512
(44,5kW) na poziomie 31,87 z¥/cnh zgodnie z Harasim (2006), przy $redniej cenie oleju
napedowego W okresie od stycznia do pazdziernika 2021 roku wynoszacej 5,30 ztI™. Koszty
zabiegéw agrotechnicznych oraz naktady roboczo i ciaggnikogodzin oraz zuzycie nawozow,
okreslono na podstawie karty dokumentacyjnej do§wiadczenia, uwzgledniajac ceny zakupu
z danego okresu. Koszt wody przyjeto na poziomie 3,66 zt-m™ (zgodnie z rozporzadzeniem
gminy Przylek odnosnie ceny wody w celu zaopatrzenia ludnosci na 2021 rok). Koszt
biopreparatadw 0szacowano na 400 zh-ha® za jeden zabieg, przy rekomendowanej liczbie
trzech zabiegobw w sezonie (tacznie 1200 zt/ha/rok). Koszt preparatow byt taki sam we
wszystkich kombinacjach doswiadczenia. Warto$¢ produkcji ustalono na podstawie $redniej
ceny skupu netto truskawki deserowej (przeznaczonej do bezposredniego spozycia)
w wojewodztwie mazowieckim w 2021 roku (region, w ktorym znajdowal si¢ obiekt
doswiadczalny) wynoszacej 4,80 zt-kg™.

Oceng ekonomiczng produkcji truskawki przeprowadzono zgodnie z metodyka IERGiZ-
PIB [Skarzynska i in. 2017; Zekato 2016], uwzgledniajac: warto$é produkcji, koszty
bezposrednie, nadwyzke bezposredniag oraz wskaznik oplacalnosci. Warto$¢ produkcji
obliczono jako iloczyn masy zebranych owocoéw i1 ceny skupu owocoéw. Nadwyzke
bezposrednig obliczono jako roznice warto$ci plonu (dochdd ze sprzedazy owocow)
I warto$ci kosztow bezposrednich, na ktore sktadaty si¢ koszty sadzonek, nawozow, srodkow
ochrony ro$lin oraz wybranych kosztow posrednich (paliwo zuzyte przy wykonywaniu
aplikacji preparatow). Wskaznik optacalnosci produkcji obliczono jako iloraz przychodéw
1 kosztow bezposrednich wyrazony w procentach.
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6. Wyniki badan
6.1. Wplyw testowanych biopreparatow na plonowanie truskawki
w systemie ekologicznym

Wyniki badan przeprowadzonych na obiekcie nienawadnianym (fot. 4-5) wykazaty, ze
w 2020 roku sposrod trzech testowanych odmian truskawki jedynie ‘Honeoye’ zareagowata
istotnym wzrostem plonu (0 119,4%) na zastosowanie kombinacji biopreparatow K4
w porownaniu z obiektem kontrolnym (tab. 4). Odmiana ‘Rumba’ charakteryzowata sie¢
istotnie wyzszym plonem ($rednio 504,2 groéling” tj. 15,2 tha') w poréwnaniu do
‘Honeoye’ (383,2 groéling™; tj. 11,5 tha™) i ‘Vibrant’ (320,9 grosling™ tj. 9,6 t-ha™).
W przypadku odmiany ‘Vibrant’, ktorej kwiatostany wystaja ponad powierzchnig lisci, nizszy
plon niz u pozostalych odmian byt spowodowany uszkodzeniem kwiatow przez wiosenne
przymrozki. Srednie plony owocoéw wszystkich odmian truskawki wahaty sic¢ od 271,5
g-rosline™ po zastosowaniu preparatu K2 do 477,5 g-rosling™ po aplikacji K4.

W 2021 roku odnotowano wzrost plonéw odmian ‘Honeoye’ i ‘Rumba’ po zastosowaniu
kombinacji preparatow K4 - odpowiednio o 79% i 49% w stosunku do kontroli (tab. 4).
Chociaz u odmiany ‘Honeoye’ roznice te nie byly statystycznie istotne, zauwazono tendencje
zwigkszenia plonow rowniez po aplikacji pozostatych biopreparatow (K2, K3, K5 i K6).

Tabela. 4. Wptyw badanych biopreparatdw na plon owocéow truskawki (g-roslina™) na
obiekcie nienawadnianym

Lata i kombinacje preparatow

2020
odmiany K1 K2 K3 K4 K5 K6 srednia
Honeoyer| 240220 227,30 a 440,2 ab 5272 b 373,6 ab 4191ab | 3832A
(21,2) (65,2) (79,0) (184,0) (157,6) #2604) | (1761
Rumba | 210D 3706 a 3743a 512,4 ab 599,0 b 606,6 b 504,2 B
(0,70) (108,2) (58,6) (*132,4) (+129,1) @111,1) | (143,0)
Nibrane | 3891 ab 216,6a 341,7 ab 393,0b 358,5 ab 260,7ab | 3209A
(£255,2) (#25,2) (*72,2) (£54,3) (+134,5) (62,4) (£109,7)
.| 4168ab 2715a 385,4 ab 4775b 4437 b 4288b 402,8
srednia | 506,3) (£99,5) (+76,7) (+137,0) (*171,6) @2114) | (+162,5)
2021
odmiany K1 K2 K3 K4 K5 K6 $rednia
Honeoye!| 2572 519,3 ab 588,8 ab 660,6 b 496,8 ab 590,6ab | 552,8 A
(32,8) (£56,6) (+136,1) (33,8) (+188,3) *1482) | (1352)
Rumbay | 44392 578,8 ab 574,9 ab 661,1b 560,1 ab 602,3ab | 581,7A
(25,8) (89,2) (+77,4) (*119,4) 77,7) (£84,5) (295,6)
Nibrany | 6632 576,2 ab 688,5b 6499ab | 6222ab 5035a 6131 A
(£137,6) (83,2) (+49,0) *122,7) (£104,0) *1217) | (1104)
crednia | 49202 558,1 ab 617,4 be 657,2 ¢ 559,7 ab 565,5 ab 582,5
(151,1) (+75,9) (+100,7) (91,3) (+130,9) *1187) | («1158)

Interakcja biopreparat x odmiana — n.i. Warto$ci oznaczone réznymi matymi literami oznaczaja istotne rdznice migdzy
kombinacjami preparatow, a warto$ci oznaczone roéznymi duzymi literami oznaczajg istotne roéznice migdzy odmianami.
Wartosci w nawiasach oznaczaja odchylenie standardowe (SD). Zrodto: Nakielska i in. (2024a)

Zarébwno w pierwszym jak 1 w drugim roku badan odmiana ‘Honeoye’ zareagowata
najwickszg zwyzka plonu na zastosowane preparaty, a w szczegdlnosci na kombinacje
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preparatow K4. Sredni plon owocoéw wszystkich odmian w 2021 roku wynosit od 4920
g-rosling™ na obiekcie kontrolnym do 657,2 g-rosling” po zastosowaniu kombinacji K4
(tab. 4).

Fot. 5. Plantacja w fazie owocowania (fot. M. Nakielska)

Wyniki tych badan sg szczegétowo opisane w publikacji 1 sktadajacej si¢ na niniejsza
rozprawe doktorska [Nakielska i in. 2024a].

6.2. Wplyw testowanych biopreparatow na choroby grzybowe
truskawki

Ocena wptywu nowych biopreparatow na zdrowotno$¢ owocow truskawki na obiekcie
nienawadnianym wykazata, ze Skuteczno$¢ stosowanych biopreparatbw w ograniczaniu
wystepowania sprawcOéw szarej plesni (Botrytis cinerea), antraknozy (Colletotrichum
acutatum) i skorzastej zgnilizny owocow (Phytophthora cactorum) zalezata zaréwno od
odmiany truskawki, jak i od warunkéw pogodowych w danym roku.
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W 2020 r. porazenie owocow truskawki przez Botrytis cinerea utrzymywato si¢ na niskim
poziomie - $rednio 3,32% dla calego obiektu doswiadczalnego nienawadnianego.
Zaobserwowano tendencje zmniejszenia wystgpowania objawow chorobowych po
zastosowaniu biopreparatow, zwtaszcza kombinacji K6 (o 29% mniej owocow z objawami
szarej plesni w poréwnaniu do obiektu kontrolnego). Roznice te nie byly jednak istotne
statystycznie, co moglo wynika¢ z duzej zmiennosci wynikow. U odmiany ‘Rumba’
w sezonie 2020 zaobserwowano pozytywny trend w ograniczaniu wyst¢gpowania objawow
chorobowych szarej plesni na owocach truskawki po zastosowaniu kazdej z kombinacji
preparatow. W drugim roku badan (2021) porazenie owocoOw przez patogen wywotujacy szarg
plesn bylo rowniez na bardzo niskim poziomie - $rednio 0,42%. U odmiany ‘Honeoye’
zauwazono tendencje ograniczenia objawow chorobowych po zastosowaniu kazdej
z kombinacji preparatow, cho¢ roznice te rowniez nie osiaggnely poziomu istotno$ci
statystycznej.

W przypadku antraknozy truskawki w 2020 roku nie odnotowano istotnych réznic
w stopniu porazenia owocoéw pomigdzy poszczegdlnymi kombinacjami biopreparatow.
Najmniej podatna na porazenie byta odmiana ‘Honeoye’ (okoto 7% owocow z objawami
chorobowymi), natomiast dla pozostatych dwoch odmian udziat owocoéw prazonych byt okoto
trzykrotnie wigkszy. W 2021 roku u odmiany ‘Vibrant’ zaobserwowano tendencje
mniejszego porazenia owocOw po zastosowaniu kazdej z testowanych kombinacji
w porownaniu do obiektu kontrolnego, przy czym najlepszy efekt uzyskano po aplikacji
preparatu K5 (0 55,5% nizsze porazenie niz na obiekcie kontrolnym).

W obu latach badan kombinacja preparatéw K3 okazala si¢ skuteczna w ograniczaniu
objawow skorzastej zgnilizny owocow. W 2020 roku udzial porazonych owocoéw byt
mniejszy o 46%, a w 2021 roku - o 27% w poréwnaniu do kontroli nie traktowanej
biopreparatami (przy czym nie byly to rdznice istotne statystyczne). W 2021 roku
skuteczno$¢ w ograniczaniu objawow chorobowych wykazaty rowniez kombinacje K2 i K6
(Srednio o 25,6 do 30% mniej porazonych owocow niz na obiekcie kontrolnym). Najmniejsza
podatno$¢ na porazenie przez Phytophthora cactorum w 2020 roku wykazata odmiana
‘Honeoye’, natomiast w 2021 roku odmiana ‘Rumba’. W obu sezonach zaobserwowano
wigksze rdznice w stopniu porazenia owocoOw pomiedzy odmianami niz pomiedzy
stosowanymi kombinacjami biopreparatow.

Wiyniki tych badan sg opisane w publikacji 1 [Nakielska i in. 2024a].

6.3. Wplyw testowanych biopreparatéow na wzrost i rozwoj roslin
truskawki

Na doswiadczeniu nienawadnianym w 2020 roku wszystkie testowane kombinacje
biopreparatow, a w 2021 wszystkie z wyjatkiem K2 sprzyjaty zwiekszeniu liczby koron na
ros§linie W poréwnaniu z obiektem kontrolnym. Ze wzgledu na duza zmienno$¢ migdzy
powtorzeniami roznice te nie byly jednak istotne statystycznie. W pierwszym roku badan
zaobserwowano tendencje wzrostu suchej masy czgsci nadziemnych roélin truskawki
w wariantach, gdzie stosowano preparaty w poroéwnaniu do roslin z obiektu kontrolnego.
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W 2021 roku efekt ten byl zroznicowany w zaleznosci od odmiany oraz zastosowanej
kombinacji preparatow (fot. 6-8).

Fot. 8. Krzew truskawki odmiany ‘Vibrant’ (fot. B. Feledyn-Szewczyk)

Wyniki tych badan sa opisane w publikacji 1 sktadajacej si¢ na rozprawe doktorska
[Nakielska i in. 2024a].
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6.4. Porownanie produkcyjnosci i oplacalnosci ekonomicznej
stosowania testowanych biopreparatow w uprawie truskawki
nawadnianej i nienawadnianej

Ocene ekonomiczng produkcji truskawki w systemie ekologicznym przeprowadzono
zaréwno dla do$wiadczenia nawadnianego, jak i bez nawadniania w sezonie 2021. Sredni
plon owocéw na obickcie nawadnianym wynosit 18,51 t-ha™, natomiast na obiekcie bez
nawadniania byt nizszy o okoto 7% i wynosit 17,28 t-ha™ (rys. 2-3, tab. 5).

mK1

m K2
m K3
m K4
m K5
m K6

HONEOYE RUMBA VIBRANT average

Rys. 2. Wplyw testowanych biopreparatéw na plon owocéw odmian ‘Honeoye’, ‘Rumba’,

“Vibrant’ na obiekcie nawadnianym w 2021 roku.
Duze litery oznaczaja réznice migdzy odmianami. Mate litery oznaczaja istotne réznice mi¢dzy testowanymi biopreparatami.
Interakcja biopreparat x odmiana — n.s.

m K1

mK2
mK3
m K4
m K5
m K6

HONEOYE RUMBA VIBRANT average

Rys. 3. Wplyw testowanych biopreparatéw na plon owocéw odmian ‘Honeoye’, ‘Rumba’,

‘Vibrant’, na obiekcie nienawadnianym w 2021 roku.
Duze litery oznaczaja réznice miedzy odmianami. Mate litery oznaczajg istotne roznice migdzy testowanymi biopreparatami.
Interakcja biopreparat x odmiana — n.s.

Wartoéé plonu na obiekcie nienawadnianym wynosita $rednio 82 849,50 zt-ha™.
W zalezno$ci od zastosowanej kombinacji biopreparatow, warto$¢ ta ksztattowata sie od
70918 zt-ha™ (kontrola) do 94 701 zt-ha™ (kombinacja K4), a po zastosowaniu K3 osiagata
88947 zh-ha™. Sposrod testowanych odmian, najwyzsza warto$¢ plonu uzyskano dla
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‘Vibranta’> — 88 947,20 zh-ha®, natomiast najnizsza dla ‘Honeoye’ 77 455,30 ztha™.
Zdecydowanie najwyzsza warto$¢ plonu (99 209 zt-ha™) odnotowano dla owocéw odmiany
‘Vibrant’ po zastosowaniu preparatow K3 (tab. 5).

Tabela 5. Warto$¢ plonu i nadwyzki bezposredniej dla trzech odmian truskawki
traktowanych r6znymi kombinacjami biopreparatow (2021)

Kombinacje preparatéw

specyfikacja

Ki | K2 | K3 | K4 | K5 | K6 |sérednia
Obiekt nienawadniany
Plon ($rednia, t-ha ') 14,79 16,77 18,55 19,75 16,82 16,99 17,28
Warto$¢ plonu (PLN)

‘Honeoye’ 53 177 74 850 84 824 95181 71 589 85111 |77 4553
‘Rumba’ 63 965 83 385 82 858 95 277 80 700 86 790 |82162,5
‘Vibrant’ 95 564 83 049 99 209 93 646 89 667 72548 |88947,2

$rednia 70918 80412 88 947 94 701 80 652 81 467 |82849,5

Koszty bezposrednie 54783 | 56098 | 56098 | 56098 | 56098 | 56098 |55878,8

(PLN)
Nadwyzka bezposrednia
(PLN)

‘Honeoye’ —1606 18 752 28 726 39 083 15 492 29013 |21576,7
‘Rumba’ 9182 27 287 26 760 39179 24 602 30692 |26 283,7
‘Vibrant’ 40 781 26 952 43111 37 549 33 569 16451 | 33068,8

$rednia 16 135 24 314 32 849 38 603 24 554 25369 |26970,7

Srednia nadwyzka

\ . . .| 19010 27189 35724 41 478 27 429 28 244 |29 845,7
bezposrednia z dotacjami

Obiekt nawadniany

Plon ($rednia, t-ha ') 16,03 19,03 21,81 16,65 20,18 17,37 18,51
'Wartosc plonu (PLN)

‘Honeoye’ 79 118 91105 | 108367 | 76241 80 077 79597 |85750,8
‘Rumba’ 69 048 94941 | 102613 | 85831 | 105970 | 83433 |90 306,0
‘Vibrant’ 82 474 87749 | 102613 | 77200 | 104052 | 86790 |90 146,3

$rednia 76 720 91105 | 104531 | 79597 96 859 83433 |88707,5

Koszty bezposrednie 60271 | 61586 | 61586 | 61586 | 61586 | 61586 |61366,8

(PLN)
INadwyzka bezposrednia
(PLN)

‘Honeoye’ 18 846 29519 46 781 14 654 18 490 18011 |24 383,55
‘Rumba’ 8777 33 355 41 027 24 244 44 383 21847 |28938,8
‘Vibrant’ 22 203 26 162 41 027 15613 42 465 25203 |28778,8

Srednia 16 449 29519 42 945 18 011 35 273 21847 |27 340,7

Srednia nadwyzka

, . . .| 19323 32394 45 820 20 886 38 148 24722 1302155
bezposrednia z dotacjami

Zrodto: Nakielska i in. 2024b (zmodyfikowane)

Na obiekcie nawadnianym $rednia warto$¢ plonu wynosita 88 707,50 zthat i byta
wyzsza niz na obiekcie bez nawadniania (tab. 5). Warto$¢ ta, w zalezno$ci od kombinacji,
miescita sie w przedziale od 76 720 zt-ha™ (kontrola) do 104 531 zt-ha’ (kombinacja K3).
Podobnie jak na obiekcie nienawadnianym, dla odmiany ‘Honeoye’ odnotowano nizsza
$rednig warto$¢ plonu (85 750,80 zt-ha™) w poréwnaniu do pozostatych odmian. Jednakze po
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zastosowaniu kombinacji preparatow K3 uzyskano rekordowg wartos¢ plonu dla ‘Honeoye’ -
108 367 zi-ha™ (tab. 5).

Koszty bezposrednie na 1 ha byty nizsze w uprawie nienawadnianej - od 54 783 zt
(kontrola) do 56 098 zt, (dla kazdej z kombinacji) niz w uprawie nawadnianej, gdzie wynosity
od 60271 zt do 61 586 zt. Roznica ta wynikala gtownie z kosztow zuzycia wody oraz jej
transportu z gospodarstwa na plantacje.

Srednia warto$é nadwyzki bezposredniej dla catego obiektu nienawadnianego wynosita
26 970,70 ztha', a po uwzglednieniu doplat - 29 84570 ztha'. W zaleznoéci od
zastosowanej kombinacji biopreparatéw, nadwyzka bezposrednia miescita si¢ w przedziale od
16 135 zt (K1) do 38 603 zt (K4). Bioragc pod uwage poszczegdlne odmiany, najwyzsza
nadwyzke osiggnig¢to dla ‘Vibranta’ - 33 068,80 zi, a najnizsza dla odmiany ‘Honeoye’ -
21 576,70 zi, natomiast dla ‘Rumby‘- 26 283,70 zl. Przy braku stosowania preparatow dla
‘Honeoye’ odnotowano ujemng nadwyzke na poziomie - 1606 zt i byt to jedyny obiekt, na
ktoérym uprawa truskawki byta nieoptacalna (tab. 5).

Na obiekcie nawadnianym $rednia nadwyzka bezposrednia wynosita 27 340,70 zl, a z
doptatami 30 215,50 zt. W zalezno$ci od zastosowanego wariantu wynosita od 16 449 zt (K1)
do 42 945 zt (K3). Rowniez tutaj ‘Honeoye’ charakteryzowala si¢ nizsza optacalnoscig niz
pozostale odmiany - $rednia nadwyzka wynosita 24 383,50 zt. Na plantacji bez nawadniania
najwieksza oplacalno$¢ osiggnigto po zastosowaniu biopreparatow K4 1 K3 natomiast w
uprawie nawadnianej - K3 i K5. Na tej podstawie mozna stwierdzi¢, Ze najbardziej
uniwersalnym i skutecznym ekonomicznie biopreparatem dajacym zadowalajace efekty w
postaci nadwyzki bezposredniej (bez wzgledu na to czy plantacja jest nawadniana czy tez nie)
byt wariant K3.

Sredni wskaznik optacalnosci uprawy przy braku stosowania biopreparatéw wynosit
130% dla obiektu nienawadnianego i 127% na plantacji nawadnianej (tab. 6). Zastosowane
mikrobiologicznych produktéw nawozowych spowodowalo wzrost wskaznika optacalnosci
do poziomu 143% - 169% w uprawie bez nawadniania oraz 129% - 170% dla plantacji
nawadniane;.

Zadowalajace efekty ekonomiczne dla szerokich warunkéw uprawy, czyli dla kazdej
z testowanych odmian zaréwno na obiekcie nawadnianym, jak i bez nawadniania dawato
stosowanie kombinacji preparatow K3. W przypadku uprawy bez nawadniania pozytywnie
wyrozniata si¢ rowniez kombinacja K4, ktéra moze by¢ polecana do uprawy truskawki bez
nawadniania. Natomiast wariant K6, mimo pewnych pozytywnych tendencji nie przynosit
zadowalajacych rezultatow, odnotowano w tym przypadku niewielki wzrost nadwyzki
bezposredniej bez wzgledu na odmiang. Minimalny plon owocow, potrzebny do pokrycia
bezposrednich kosztow zastosowania preparatow K2-K6, wynosit 12,8 t-ha™ na obiekcie
nawadnianym, i 11,7 t-ha™ na obiekcie bez nawadniania (tab. 6).
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Tabela 6. Wskaznik optacalnosci (%) i plon kompensujacy koszty bezposrednie w zaleznosci
od kombinacji stosowanych preparatow, nawadniania oraz odmiany truskawKki

Kombinacja preparatow
specyfikacja
K1 K2 K3 K4 K5 K6
Obiekt nienawadniany
‘Honeoye’ 97 133 151 170 128 152
‘Rumba’ 117 149 148 170 144 155
“Vibrant’ 174 148 177 167 160 129
srednia 130 143 159 169 144 145
Zyski kompensujace koszty 11,4 11,7 117 | 11,7 | 117 | 117
bezposrednie (t)
Obiekt nawadniany
‘Honeoye’ 131 148 176 124 130 129
‘Rumba’ 115 154 167 139 172 136
‘Vibrant’ 137 142 167 125 169 141
srednia 127 148 170 129 157 136

Zyski kompensujace koszty

bezposrednie (t) 126 12,8 128 | 128 | 128 | 128

Zrodto: Nakielska i in. 2024b (zmodyfikowane)

Wiyniki tych badan sg opisane szczegdétowo w publikacji 2 [Nakielska i in. 2024b].

6.5. Wplyw testowanych biopreparatow na zawartos¢
makroelementow i mikroelementéw oraz metali ciezkich w owocach
truskawki

Wyniki badan wykazaty, ze zastosowanie testowanych biopreparatow nie miato istotnego
wplywu na zawarto$¢ wegla w owocach truskawki w do$wiadczeniu bez nawadniania. Dla
wigkszosci analizowanych pierwiastkow odnotowano zrdéznicowana reakcje odmian na
aplikowane biopreparaty. Zawarto$¢ azotu catkowitego (tab. 7) byta generalnie wieksza w
owocach pochodzacych z obiektow, na ktorych stosowano biopreparaty. Niektore z nich
wykazaly istotne dziatanie: u odmiany ‘Honeoye’ preparat K2 przyczynit si¢ do zwigkszenia
zawartosci suchej masy w poréwnaniu do kontroli natomiast u odmiany ‘Vibrant” preparaty
K3-K6 spowodowaly wzrost zawarto$ci azotu W owocach (tab. 7).
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Tabela 7. Zawarto$¢ azotu catkowitego w owocach truskawki [g-kg™].
Zrédto: Nakielska i in. 2025 (zmodyfikowane)

) Biopreparaty
Odmiany y :
K1 K2 K3 K4 K5 K6 Srednia
Honeove’ 14,8a* 16,7a 18,3a 18,2a 17,1a 16,9a 17,1B
Y =13 | <22 | @23 (+1,7) 17 | @16 | @07
18,6a 17,6a 19,3a 19,2a 18,4a 19,8a 18,8C
‘Rumba’
(£2,4) (£2,1) (=1,2) (£2,1) (=1,5) (=2,4) (%0,7)
s , 13,8a 15,2ab 16,3b 16,0b 16,3b 16,2b 15,7A
Vibrant
(x0,7) (£1,5) (£2,3) (£1,6) (£1,6) (£1,5) (£0,7)
Srednia 15,7a 16,5ab 18,0b 17,8ab 17,3ab 17,7ab 17,2
1L | @ | e (+1,0) #09) | @11) | (04

*Mate litery oznaczajg istotne roznice migdzy biopreparatami, duze litery r6znice migdzy odmianami. Interakcje
biopreparat x odmiana nie byly statystycznie istotne przy p<0,05. Wartosci w nawiasach to blad standardowy
$redniej (SEM).

U ‘Rumby’ zastosowanie kombinacji K5 skutkowato nizszg zawarto$cia zelaza (tab. 12),
natomiast dla odmiany ‘Vibrant’ biopreparaty K2 i K3 ograniczyly akumulacje miedzi
wzgledem kontroli (rys. 4). Zastosowanie kombinacji preparatow K6 i K5 obnizylo takze
zawarto$¢ otowiu w owocach odmiany ‘Vibrant’ (rys. 5). Wyniki te wskazuja na potencjat
selektywnego wptywu biopreparatow na gospodarke makro- i mikroelementami w ro$linie.
Odmiana ‘Vibrant’ istotnie zareagowata na zastosowanie biopreparatow wzrostem zawartosci
azotu catkowitego z 13,8 g-kg™ (kontrola) do 15,2 g-kg™ po zastosowaniu preparatu K2,
a nawet 16,3 g-kg™ po zastosowaniu kombinacji K3 i K5, czyli 0 10-18% wzgledem kontroli.
Zastosowanie preparatow K3 1 K5 przyczynito si¢ do istotnego spadku zawartosci zelaza
w owocach - odpowiednio o 16,1% oraz 17,9% w poréwnaniu do obiektu kontrolnego.
Najwyzsze poziomy zelaza, miedzi, cynku stwierdzono w owocach truskawki ‘Vibrant’
pochodzacych z obiektu kontrolnego, gdzie stosowano jedynie oprysk woda (tab. 12, rys. 4).
Zastosowanie biopreparatow nie wptyngto istotnie na zawarto§¢ magnezu, wapnia, sodu ani
fosforu (tab. 8-11).

Tabela 8. Zawarto$¢ magnezu w owocach truskawki [mg-kg™].
Zrédto: Nakielska i in. 2025 (zmodyfikowane)

. Biopreparaty
Odmiany K1 K2 K3 K4 K5 K6 | Srednia
1488a* 1437a 1432a 1467a 1422a 1388a 1436A
‘Honeoye’
(£109) *97) | (+100) (81) (+102) +104) | (+38)
‘Rumba’ 1793a 1613a 1720a 1695a 1573a 1632a 1664B
*130) | (125) | (x179) (+135) (+47) (+64) (+47)
Vibrant’ 1912a 1798a 1582a 1794a 1856a 1951a 1810C
*113) | (x148) | (x104) (+158) (+105) *111) | (#52)
Srednia 1731a 1616a 1578a 1652a 1617a 1657a 1637
(82) «77) | 77) (77) (£65) (£76) (+31)

*Male litery oznaczaja roznice mig¢dzy biopreparatami, duze litery réznice migdzy odmianami. Interakcje
biopreparat x odmiana nie byly statystycznie istotne przy p<0,05. Wartosci w nawiasach to blad standardowy
sredniej (SEM).
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Tabela 9. Zawarto$¢ wapnia w owocach truskawek [mg-kg™].
Zrédto: Nakielska i in. 2025 (zmodyfikowane)

) Biopreparaty
Odmiany - :
K1 K2 K3 K4 K5 K6 Srednia

‘Honeoye’ 2899a * 2536a 2575a 3176a 2935a 2792a 2814A
(£142) (£264) (£263) (£106) (£222) (£381) (£105)
Rumba’ 3092a 2542a 2604a 2470a 2796a 2824a 2700A
(+434) (£182) (£351) (£261) (£369) (£109) (£115)
Vibrant’ 3792a 3507a 3014a 3487a 3861a 3905a 3583B
(+406) (£269) (£166) (£352) (£381) (£329) (£132)

$rednia 3261a 2862a 2731a 3045a 3198a 3174a 3032

(£217) (£172) (£155) (£175) (£213) (£204) (£78)

*Matle litery oznaczaja réznice miedzy biopreparatami, duze litery réznice migdzy odmianami. Interakcje
biopreparat x odmiana nie byly statystycznie istotne przy p<0,05. Wartosci w nawiasach to btad standardowy

$redniej (SEM).

Tabela 10. Zawarto$¢ sodu w owocach truskawki [mg-kg™].
Zrédto: Nakielska i in. 2025 (zmodyfikowane)

) Biopreparaty

Odmiany . :

K1 K2 K3 K4 K5 K6 Srednia

Homeove! 13,2a * 14,2a | 132a 18,5a 16,0a 14,9a 15,1A

oneoy (x2,1) (x2,4) (x2,1) (£3,4) (=1,5) (£1,8) (0,9)

, , 33,9a 24,3a 34,0a 24,7a 24,3a 31,4a 28,5C
Rumba

(#4,1) (£2,1) (£7,4) (x6,2) (£2,8) (#5,9) (£2,1)

o , 31,2a 26,9a 21,3a 21,9a 21,2a 24,8a 24,2B
Vibrant

(£10,0) (4,7) (£2,8) (£1,8) (£2,5) (#4,2) (%1,7)

p . 26,1a 21,8a 22,9a 21,7a 20,5a 23,7a 22,6
Srednia

(4,3) (£2,2) (£3,3) (£2,3) (=1,5) (£2,9) (1,1)

*Mate litery oznaczaja réznice miedzy biopreparatami, duze litery réznice migdzy odmianami. Interakcje
biopreparat x odmiana nie byty statystycznie istotne przy p<0,05. Warto$ci w nawiasach to btad standardowy

$redniej (SEM).

Tabela 11. Zawartos¢ fosforu w owocach truskawki [mg-kg™].
Zrédto: Nakielska i in. 2025 (zmodyfikowane)

. Biopreparaty
Odmiany p "
K1 K2 K3 K4 K5 Ké6 Srednia
, , 2074a* 2339a 2112a 2234a 2122a 2003a | 2152A
Honeoye
(£111) (£340) (£119) (£221) (£227) (£123) (84)
Rumba’ 2310a 2498a 2579a 2647a 2741a 2457a 2552B
(£331) (£244) (£277) (£331) (£349) (£281) (£117)
Vibrant’ 2284ab 2285ab | 1905a 2150ab 2252ab 2518b | 2229A
(£336) (£176) (£164) (£193) (£264) (£278) (£94)
Sredni 2223a 2374a 2199a 2343a 2372a 2326a 2311
camia (£150) (£144) (£127) (£148) (£167) (£141) (£59)

*Matle litery oznaczajg roznice miedzy biopreparatami, duze litery roéznice migdzy odmianami. Interakcje
biopreparat x odmiana nie byly statystycznie istotne przy p<0,05. Wartosci w nawiasach to btad standardowy

sredniej (SEM).
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Tabela 12. Zawartos¢ zelaza w owocach truskawki [mg-kg™].
Zrédto: Nakielska i in. 2025 (zmodyfikowane)

. Biopreparaty
Odmiany p :
K1 K2 K3 K4 K5 K6 Srednia

Honeove’ 32,7a* 34,1a 31,3a 34,6a 30,4a 34,7a 33,0A
y (£3,4) (x4,7) (x0,4) (x4,5) (1,3) (£1,6) (£1,2)
Rumba’ 38,4b 32,4ab | 36,6ab 35,3ab 30,6a 37,2ab 34,9A
(£5,6) (£2,2) (24,6) (£3,5) (£1,5) (£1,5) (£1,3)
Vibrant’ 46,4b 35,4 ab 30,5a 35,7ab 35,3ab 34,9ab 35,8A
(x11,1) (+4,8) (£1,6) (£2,4) (£1,2) (x2,4) (£1,7)

Srednia 39,1b 33,9ab 32,8a 35,2ab 32,1a 35,6ab 34,5
#42) | (22 | @17 | @) #09) | @L1) | =08

*Matle litery oznaczaja réznice migdzy biopreparatami, duze litery réznice miedzy odmianami. Interakcje

biopreparat x odmiana nie byly statystycznie istotne przy p<0,05. Wartosci w nawiasach to blad standardowy
$redniej (SEM).

W zadnej z analizowanych probek nie stwierdzono przekroczenia dopuszczalnych
norm dla zawarto$ci metali cigzkich w owocach (rys. 4-5). Podsumowujac wpltyw
testowanych biopreparatdow na zawarto$¢ wybranych mikro- i makroelementéw w owocach

byt on uzalezniony od odmiany i zastosowanej kombinacji preparatow, bez wyraznej ogolnej
tendenciji.

ko1
mg-kg 18

16 b

14

12 a

10

HONEOYE

VIBRANT

Rys. 4. Zawarto$¢ cynku i miedzi w owocach truskawki [mg-kg™].

Mate litery (a, b, ¢) oznaczaja istotne réznice miedzy biopreparatami [Zrédto: Nakielska i in. 2025].
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Rys. 5. Zawarto$¢ kadmu i ofowiu w owocach truskawki [mg-kg™].

Mate litery (a, b, ¢) oznaczajg istotne réznice migdzy biopreparatami [zrodto: Nakielska i in. 2025].

Wiyniki tych badan sg opisane szczegotowo w publikacji 3 [Nakielska i in. 2025]
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7. DysKkusja

Cykl publikacji sktadajacy sie na niniejszg rozprawe doktorskg dotyczy aktualnego
i istotnego zagadnienia dotyczacego poszukiwania bezpiecznych biopreparatow do
zastosowania w uprawie roslin jagodowych, ze szczegélnym uwzglednieniem truskawki.
Regularne spozywanie ro$lin jagodowych moze przynies¢ szereg korzysci zdrowotnych, co
uzasadnia potrzebe intensyfikacji badan nad rozwigzaniami wspierajacymi ich uprawe,
zwlaszcza w systemie ekologicznym, w ktérym nie stosuje si¢ syntetycznych nawozow
mineralnych i1 chemicznych $rodkéw ochrony roslin. Przeprowadzone badania wlasne
pozwolity zweryfikowaé skuteczno$¢ testowanych nowych biopreparatow wytworzonych
w projekcie EcoFruits oraz daty mozliwo$¢ ich udoskonalenia w trakcie realizacji projektu.
W rezultacie potwierdzono zasadno$¢ ich dalszego rozwoju oraz przygotowania do
komercjalizacji. Kombinacje preparatow oznaczone jako K2-K6, zawierajace
wyselekcjonowane szczepy bakterii z rodzaju Bacillus spp., ekstrakty roslinne oraz
mikronizowany dolomit, zostaly objete zgloszeniem patentowym, przypisano im tez nazwy
handlowe i znajdujg sg na etapie przygotowania do wprowadzenia na rynek. Seria trzech
publikacji powstatych jako efekt realizacji projektu EcoFruits i sktadajgcych si¢ na rozprawe
doktorska zawiera wyniki badan polowych i laboratoryjnych, w ktorych testowano wptyw
nowo opracowanych biopreparatbw na plon i zdrowotno$¢ owocoéw truskawki, sktad
chemiczny owocow oraz efektywno$¢ ekonomiczng produkcji.

Pierwsza z publikacji [Nakielska i in. 2024a] koncentruje si¢ na ocenie wptywu badanych
biopreparatdéw na plonowanie Oraz wystgpowanie chordéb grzybowych, stanowiacych gtéwne
zagrozenie dla uprawy truskawki, takich jak szara ples$n, skorzasta zgnilizna oraz antraknoza
owocow truskawki. Ocenie poddano rowniez cechy biometryczne roslin, w tym mase czesci
nadziemnych oraz liczb¢ koron na roslinie. Artykut ten odnosi si¢ do jednej z hipotez
przyjetych w pracy, zgodnie z ktérg nowe biopreparaty mikrobiologiczne wzbogacone
o ekstrakty roslinne z zi6t wplywaja korzystnie na wzrost, zdrowotno$¢, plon i jakos¢
OWOCOW.

W badaniu wlasnym najwyzszy, statystycznie istotny wzrost plonu owocow truskawki
(33% wyzsze plony w poréwnaniu do kontroli) odnotowano w drugim roku badan (2021) po
zastosowaniu kombinacji K4, zawierajacej m.in.: ptynne i suche kwasy humusowe, odciek
z hodowli drozdzy, mikronizowany dolomit, gorczyce, olej rzepakowy oraz bakterie: Bacillus
sp. Sp116AC*, Bacillus sp.115AD, Bacillus sp. AF75BC oraz Bacillus subtilis AF75AB2.
Szczegodlnie korzystng reakcj¢ na zastosowane preparaty wykazata odmiana ‘Honeoye’,
u ktorej zaobserwowano istotny wzrost plonowania [Nakielska i in. 2024a]. Na podstawie
przeprowadzonych analiz mozna wnioskowaé, ze pozytywny wplyw testowanych
biopreparatow moze si¢ kumulowaé w czasie, sprzyjajac stabilizacji zespotow
mikroorganizméw 1 utrwaleniu korzystnej struktury mikroflory glebowej. Warto réwniez
zaznaczy¢, ze w sezonie 2021 zwigkszono zaré6wno dawki, jak i czestotliwos$¢ aplikacji
biopreparatéw w porownaniu do wczesniejszego sezonu [Nakielska i in 2024a]. Badania
0 podobnej tematyce prowadzili Mikciuk i in. (2019), ktorzy odnotowali korzystny wptyw
stosowania biopreparatow mikoryzowych na wielko§¢ plonow truskawek oraz maseg
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pojedynczych owocow. Apu i in. (2022) w badaniach nad wptywem dodatkow organicznych
(wermikompost, biowegiel) oraz arbuskularnych grzybéw mikoryzowych (AMF) na
truskawke odmiany BARI Strawberry-2 stwierdzili, ze najlepsze efekty uzyskano w wariancie
T6 (162 g wermikompostu + 162 g AMF), ktory istotnie zwigkszal plon, mase pojedynczych
owocow, liczbe kwiatow 1 owocow, wysokosci roslin, liczbe lisci na roslinie oraz ich
powierzchnig, dtugos¢ i mase korzeni (Swiezg i suchg), a takze mase cze$ci nadziemnych
rosliny. Ten sam wariant powodowal rowniez zwigkszenie w owocach zawartosci wapnia,
magnezu i potasu, a takze kwasu askorbinowego i cukréw ogotem [Apu i in. 2022]. Wedtug
Déné i1 in. (2023) naturalne substancje o dziataniu hamujagcym rozwodj grzybow
patogenicznych odgrywaja istotng rolg w zwalczaniu patogenéw o duzym znaczeniu
gospodarczym do ktérych zalicza si¢ miedzy innymi grzyb wywotujacy szarg plesn — Botrytis
cinerea. W swoich badaniach autorzy wykorzystali olejek eteryczny z nasion kolendry oraz
ekstrakt z kolendry. Najlepsze efekty przeciwgrzybicze, zarbwno w warunkach in vitro, jak
i na roslinach truskawki uzyskano po zastosowaniu olejku eterycznego [Déné i in. 2023].

W badaniach wtasnych [Nakielska i in. 2024a] na owocach truskawki odmiany ‘Vibrant’
odnotowano ograniczenie objawow skorzastej zgnilizny owocOw po zastosowaniu NOWO
wyprodukowanych w projekcie EcoFruits biopreparatbw W poroéwnaniu do kontroli, przy
czym najlepsze efekty uzyskano po zastosowaniu kombinacji K3 w 2020 r. Podobne badania
prowadzita Kowalska (2011), oceniajac efektywno$¢ grzyba Trichoderma asperellum [T1]
w ekologicznej uprawie truskawki. Po zastosowaniu preparatu handlowego zawierajacego
T. asperellum trzykrotnie w ciggu sezonu wegetacyjnego juz w pierwszym roku badan
zaobserwowano zwiekszony przyrost biomasy czg¢éci nadziemnych roslin. Objawy szarej
plesni zarowno na roslinach, jak i owocach wystepowaty sporadycznie. W drugim roku
eksperymentu odnotowano istotny, 30% wzrost plonéw owocow truskawki w poréwnaniu do
obiektu kontrolnego, co jest zbiezne z wynikami badan wlasnych zawartych w niniejszej
rozprawie doktorskiej. Ponadto rosliny wytwarzaly wiecej rozlogéow, a masa czgsci
nadziemnych byta o 24% wicksza w porownaniu do kontroli [Kowalska 2011]. Zblizone
tematycznie badania przeprowadzity rowniez Kowalska i Remlain-Starosta (2013), oceniajac
wplyw Efektywnych Mikroorganizméw (EM) na truskawke odmiany ‘Honeoye’ (ta sama
odmiana zostala uzyta w badaniu wlasnym). Szesciokrotna nalistna aplikacja 5% roztworu
EM powodowata znaczacy wzrost masy cze$ci nadziemnych ro$lin truskawki, natomiast
zwigkszenie liczby zabiegow do 10 aplikacji lub podwyzszenie stezenia preparatu nie
wplyneto korzystnie na rozwdj ros§lin. W badaniu wlasnym dla tej samej odmiany
stwierdzono tendencj¢ pozytywnego dzialania preparatow K3-K6. Zwlaszcza preparat K5
spowodowat zwickszenie suchej masy czgéci nadziemnych roslin truskawki o okoto 90%
w poroéwnaniu do ro$lin z obiektu kontrolnego. Réznice te, mimo wyraznej tendencji, nie byty
jednak istotne statystycznie [Nakielska i in. 2024a].

W badaniach przeprowadzonych przez tych samych autoréw (Kowalska i Remlein-
Starosta 2013) sprawdzono rolniczg przydatno$¢ dostepnych na rynku biopreparatow
zawierajagcych ~ Trichoderma asperellum, Cryptoccocus albidus, ProBioEM oraz
Aureobasidium pullans. Badania nad wykorzystaniem Trichoderma asperellum
w ekologicznej uprawie truskawek odmiany ‘Senga-Sengana’ oraz ‘Honeoye’ (odmiana uzyta
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w badaniu wlasnym) wykazali, ze 0,5% roztwor preparatu zawierajacego T. asperellum
stymulowat wzrost roslin oraz poprawiatl ich zdolno$¢ do przezimowania. Najlepsze rezultaty
uzyskano, gdy mikroorganizm aplikowano na etapie zaktadania plantacji, a nast¢pnie
regularnie nanoszono go na liScie w czasie sezonu wegetacyjnego [Kowalska i in. 2012].

Druga publikacja [Nakielska i in. 2024b] miata na celu oceng efektywnosci ekonomicznej
testowanych biopreparatow W ekologicznej uprawie truskawki. Optacalnos¢ ekonomiczna
upraw, a tym samym decyzje dotyczace doboru gatunkow, czasu trwania uprawy,
zastosowanych metod i srodkow produkcji, majg podstawowe znaczenie dla przetrwania
i rozwoju gospodarstwa. W obecnych czasach rolnik musi funkcjonowa¢ w duzej mierze jako
przedsigbiorca, ktory przed podjeciem kluczowych decyzji produkcyjnych powinien dokonac
analizy ich optacalno$ci. W badaniach wlasnych [Nakielska i in. 2024b] sposrod wszystkich
testowanych kombinacji nieoptacalna byta jedynie uprawa odmiany ‘Honeoye’ na obiekcie
kontrolnym (K1) bez nawadniania i bez aplikacji biopreparatow. Na plantacji nienawadnianej
najwyzszy wskaznik optacalnosci $rednio dla zabiegéw uzyskano po zastosowaniu preparatu
K3 (159%) oraz K4 (169%). Z kolei na plantacji nawadnianej najbardziej dochodowe byty
zabiegi K3 oraz K5, dla ktorych $redni wskaznik optacalnosci wynosit odpowiednio 170% i
157%. Dla porownania, W przypadku braku stosowania biopreparatow (K1), wskaznik
optacalno$ci wynosit 127% .

Pod wzglgdem ekonomicznym jabtka i truskawki stanowig dwa kluczowe gatunki upraw
sadowniczych w Polsce. Roznice w cenach sprzedazy pomigdzy owocami pochodzacymi
z upraw ekologicznych i konwencjonalnych moga zacheca¢ producentow do przej$cia na
ekologiczny system produkcji [Brzozowski i Zmarlicki 2012]. Dubey i in. (2020) oraz
KuzZniar i in. (2021) podkreslaja, ze wyniki badan nad zastosowaniem mikroorganizmow
w technologiach agroekologicznych moga sprzyjaé osigganiu wysokiej efektywnosci
produkcji przy jednoczesnej dbatosci o srodowisko naturalne [Dubey i in. 2020; Kuzniar i in.
2021].

Trzecia publikacja [Nakielska i in. 2025] dotyczy wptywu testowanych preparatow na
sktad chemiczny owocow truskawki. Gtownym celem badan bylo okreslenie, czy
zastosowanie biopreparatéw nie ma negatywnego wptywu na jakos¢ tych owocow, w tym czy
nie prowadzi do akumulacji metali cigzkich. Podobne badania przeprowadzili Bebek
Markovinovi¢ i in. (2022), analizujac zawarto$¢ mikroelementow w owocach truskawki
odmiany ‘Albion’, soku z nich otrzymanym, a takze w produktach ubocznych powstatych
podczas produkcji tego soku. Stezenia oznaczanych pierwiastkow wynosity odpowiednio: Cu
0,077-0,415 mg-kg™?, Zn - 0,988-3,12 mg-kg™, Pb — ponizej 0,03 do 0,076 mg-kg™ [Bebek
Markovinovi¢ i in. 2022]. W badaniach wlasnych odnotowano wyzsze wartoSci tych
pierwiastkow: zawarto$¢ Cu miescita sic w zakresie od 1,95 mg-kg™ (K4 Rumba) do 4,66
mg-kg™ (K1 Vibrant), Zn od 6,08 mg-kg™ (K5 Rumba) do 15,30 mg-kg™ (K1 Vibrant), Pb od
0,008 mg-kg™ (K1, K2, K3 Rumba) do 0,042 mg-kg™ (K1 Vibrant) [Nakielska i in 2025].
Badania o podobnej tematyce przeprowadzili Hallmann i in. (2016), ktoérzy oceniali wptyw
efektywnych mikroorganizmow w ekologicznej uprawie truskawek odmiany ‘Honeoye’
I stwierdzili, ze zastosowanie preparatow istotnic wplyneto na zawartos¢ kwasu kawowego i
p-kumarynowego, a takze luteiny, kwercetyny i jej glukozydu [Hallmann i in. 2016].
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Kowalska i Remlein-Starosta (2013) zwracaja uwagg na praktyczne ograniczenia produktow
opartych na mikroorganizmach, takie jak: brak szybkiego efektu, potrzebe wielokrotnego
powtarzania zabiegéw, Kkonieczno$¢ prowadzenia nadzoru upraw, stadidw rozwoju
szkodnikow oraz bezwzglednego przestrzegania termindéw ich zastosowania. Ponadto ich
skuteczno$¢ jest uzalezniona od warunkow pogodowych: silne opady deszczu mogg
prowadzi¢ do wyplukania mikroorganizméw, a niskie temperatury hamujg ich aktywno$¢
biologiczng [Kowalska i Remlein-Starosta 2013].

Uzyskane wyniki wskazujg, ze cho¢ biopreparaty mikrobiologiczne mogg mie¢ wptyw na
parametry jako$ciowe oraz zawarto$¢ poszczeg6lnych sktadnikow w owocach truskawek, to
efekt ich dziatania jest w duzej mierze uzalezniony od odmiany. Zaobserwowano pewne
tendencje, jednak efekty w wickszosci przypadkow nie byly jednolite we wszystkich
odmianach i wariantach zabiegéw. Obrazuje to zlozone mechanizmy interakcji pomiedzy
biopreparatami, genotypem ros§liny a warunkami $rodowiskowymi w uprawach
ekologicznych. Brak jednoznacznych wzorcéw wskazuje na potrzebe kontynuacji badan w
celu wyjasnienia mechanizméw odpowiadajacych za zmienne reakcje odmian i sktadu
preparatow oraz optymalizacji stosowania biopreparatow mikrobiologicznych w uprawach
ekologicznych. Warto, aby badania poszerzono o dodatkowe odmiany truskawek najczesciej
uprawianych w Polsce oraz by przeprowadzono je w réznych lokalizacjach oraz warunkach
glebowych i siedliskowych. Istotne byloby takze wydluzenie okresu testowania do czterech
sezonOwW, poniewaz pewne obserwacje wykazuja, ze korzystne efekty wynikajace ze
stosowania biopreparatow mikrobiologicznych mogg narasta¢ w czasie. Zasadne bytoby
rOwniez zbadanie potencjalnego zastosowania tych preparatow w  uprawach
konwencjonalnych i integrowanych, jako elementu ograniczajacego ilo$¢ lub czestotliwosc
stosowania innych konwencjonalnych preparatow.

44



8. Podsumowanie i wnioski

1. Testowane odmiany truskawki (‘Honeoye’, ‘Vibrant’ i ‘Rumba’) reagowaty w rézny
sposOb na zastosowane nowo oOpracowane biopreparaty, zawierajace pozyteczne
mikroorganizmy oraz ekstrakty roslinne, zar6wno pod wzgledem plonowania, jak
1 podatnosci na patogeny grzybowe.

2. Odmiana ‘Honeoye’ najlepiej reagowata na testowane biopreparaty mikrobiologiczne
w postaci zwickszenia plonowania. Wykazywata tez najwicksza odpornos¢ na
Colletotrichum acutatum, sprawce antraknozy truskawki.

3. Najwigkszy wzrost plonu ($rednio o 33%) zaobserwowano w 2021 roku na plantacji
nie nawadnianej po zastosowaniu biopreparatu K4, zawierajacego szczepy bakterii:
Bacillus sp. AF75BC i Bacillus subtilis AF75AB2 na nosniku sktadajagcym si¢
z suchych kwaséw humusowych, gorczycy, oleju rzepakowego i olejku gozdzikowego
w mikronizowanym dolomicie, a takze Bacillus sp. Spl16AC*, Bacillus sp.
Spl115AD, kwasy humusowe oraz odciek po produkcji drozdzy w mikronizowanym
dolomicie.

4. Skuteczno$¢ biopreparatbw w ograniczaniu wystgpowania objawdéw chorob
grzybowych owocow truskawki zalezata od odmiany oraz warunkoéw pogodowych w
danym sezonie wegetacyjnym. W 2020 roku zastosowanie kombinacji preparatow K6
ograniczyto wystepowanie szarej ple$ni (Botrytis cinerea) na owocach truskawki. Dla
odmiany ‘Vibrant’ stwierdzono zmniejszenie porazenia owocoOw przez patogena
wywolujgcego skorzastg zgnilizne owocow truskawki (Phytophthora cactorum),
szczegolnie po zastosowaniu kombinacji K3. W 2021 roku zaobserwowano
zmniejszenie objawow tej choroby po zastosowaniu kombinacji K2, K3 i K6 o 26-
30% w stosunku do kontroli.

5. Wickszos$¢ zastosowanych kombinacji biopreparatow (z wyjatkiem K2 w 2021 r.)
sprzyjato zwigkszeniu liczby koron na roslinach truskawki w poréwnaniu do kontroli,
co wskazuje posrednio na znaczenie biopreparatow w Stymulowaniu wzrostu
I rozwoju.

6. Zastosowanie biopreparatow wplyngto na zwigkszenie optacalnosci produkcji. Na
plantacjach nienawadnianych wartos¢ tego wskaznika wzrosta $rednio z 130% dla
kontroli do 143-169% po aplikacji biopreparatow, a na plantacjach nawadnianych
odpowiednio z 127% do 129-170% w zaleznosci od zastosowanej kombinacji
preparatow.

7. Efektywnos¢ dzialania biopreparatéw moze by¢ modyfikowana przez obecnosé
nawadniania. Kombinacja biopreparatow K3 zapewnita korzystne efekty ekonomiczne
dla wszystkich badanych odmian w szerokich warunkach uprawy, zaré6wno na
plantacji nawadnianej, jak i bez nawaniania, co wskazuje na jej uniwersalny charakter.
Kombinacja biopreparatow K4 przyniosta wysoka efektywnoscig ekonomiczng
w uprawie truskawki bez nawadniania, co pozwala rekomendowa¢ go do tego typu
plantacji.
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8.

10.

11.

Zastosowane biopreparaty mikrobiologiczne wptyngty na sktad chemiczny owocow
truskawki (zawarto$¢ suchej masy oraz azotu, zelaza, manganu, miedzi, cynku,
kadmu, otowiu). Biopreparaty nie wplynety natomiast istotnie na zawartos¢ wapnia,
magnezu i sodu w owocach truskawki. W zadnej z analizowanych prob nie
stwierdzono przekroczenia dopuszczalnych zawartosci metali cigzkich.

Stwierdzono istotne rdéznice w zawartos$ci pierwiastkow: N, Mn, Na, Mg, Ca, K, P
oraz metali ci¢gzkich: Cu, Zn, Pb, Cd w owocach truskawki migdzy odmianami.
Odmiana ‘Honeoye’ cechowata si¢ mniejszg zawartoscia Na, K, P, Mg, Mn
w owocach w porownaniu do pozostalych odmian. Natomiast odmiana ‘Vibrant’
charakteryzowata si¢ wyzsza zawartoscia Mg, Zn, Mn, Ca, Cd i Pb niz pozostate
odmiany. Z kolei w owocach odmiany ‘Rumba’ stwierdzono najnizsze poziomy
zawartosci metali ciezkich: Cu, Zn, Pb, oraz wapnia, a jednoczes$nie najwyzsza
zawartos¢ N catkowitego, K, P, Na w poréwnaniu do pozostatych odmian.

Wyniki badan wskazuja, Ze stosowanie biopreparatdw, zawierajagcych pozyteczne
mikroorganizmy 1 wyciagi roslinne, moze korzystnie wptywa¢ na plonowanie oraz
efektywnos¢ ekonomiczng uprawy truskawki w systemie ekologicznym. Jednak przy
doborze preparatu nalezy uwzglgdni¢ zarowno specyfik¢ odmiany, jak i warunki
prowadzenia plantacji (nawadnianie lub jego brak).

Testowane biopreparaty maja potencjal do poprawy jakosci owocow truskawki
w rolnictwie ekologicznym, ale na podstawie przeprowadzonych badan stwierdzono,
ze ich stosowanie wymaga dopasowania do warunkow uprawy 1 konkretnej odmiany.
Zaobserwowano pewne tendencje, jednak wigkszo$¢ efektow nie byla jednoznaczna
ani powtarzalna we wszystkich wariantach czy odmianach. Potwierdza to ztozonos¢
interakcji pomigdzy preparatami mikrobiologicznymi, genotypem ro$liny a
warunkami $rodowiskowymi w uprawach ekologicznych. Brak jednoznacznych
zaleznosci wskazuje na potrzebe kontynuacji badan w celu poznania mechanizméow
odpowiedzialnych za zréznicowane reakcje odmian oraz dopracowania optymalnych
strategii stosowania biopreparatow.
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11. Streszczenie rozprawy doktorskiej w jezyku polskim

Wplyw biopreparatéow na zdrowotnosé, wybrane cechy morfologiczne i plonowanie
truskawki (Fragaria x ananassa Duchesne) uprawianej w systemie ekologicznym

Truskawka to gatunek o duzym znaczeniu gospodarczym szczegodlnie w Polsce, ktora
nalezy do czolowych producentéw tych owocow w Unii Europejskiej i jest liderem w ich
produkcji w systemie ekologicznym. Obowigzujace strategic Unii Europejskiej w zakresie
polityki rolnej zmierzaja do ograniczenia stosowania chemicznych $rodkow ochrony roslin
I syntetycznych nawozow, €0 sprzyja rozwojowi niechemiczych metod ochrony roslin, w tym
opartych na biopreparatach.

Celem podjetych badan byta ocena wplywu nowo opracowanych biopreparatdéw,
opartych na pozytecznych mikroorganizmach i wyciggach ros§linnych, na wielko$¢ plonu
owocow truskawki, wystgpowanie chorob grzybowych (szara plesn, skorzasta zgnilizna
owocOw truskawki 1 antraknoza), cechy biometryczne roslin, jak rowniez oplacalno$¢
ekonomiczng stosowania biopreparatow i ich wplyw na zawarto§¢ makroelementow
1 mikroelementéw oraz metali cigzkich w owocach.

Badania przeprowadzono w latach 2020-2022 na certyfikowanym polu ekologicznym
nalezacym do Rolniczego Zakladu Doswiadczalnego IUNG-PIB w Grabowie nad Wista.
Doswiadczenie z uprawg truskawki o tgcznej powierzchni 23a podzielono na dwa obiekty:
nawadniany i bez nawadniania. Uwzgledniono pig¢ kombinacji biopreparatow (K2-KG6)
zawierajagcych szczepy bakterii z rodzaju Bacillus spp. oraz ekstrakty roslinne oraz trzy
odmiany truskawki (‘Honeoye’, ‘Rumba’ i ‘Vibrant’).

Testowane odmiany truskawki (‘Honeoye’, ‘Vibrant’ i ‘Rumba’) reagowaty w rozny
sposob na zastosowane nowo opracowane biopreparaty, zawierajace pozyteczne
mikroorganizmy oraz ekstrakty roslinne, zaréwno pod wzgledem plonowania, jak
i podatnosci na patogeny grzybowe. Odmiana ‘Honeoye’ najlepiej reagowata na testowane
biopreparaty mikrobiologiczne w postaci zwigkszenia plonowania. Wykazywala tez
najwiekszg odpornos¢ na Colletotrichum acutatum, sprawce antraknozy truskawki.
Najwigkszy wzrost plonu w sezonie 2021 ($rednio o 33%) zaobserwowano po zastosowaniu
biopreparatu K4, zawierajacego szczepy bakterii: Bacillus sp. AF75BC i Bacillus subtilis
AF75AB2 na nos$niku skladajacym si¢ z suchych kwasow humusowych, gorczycy, oleju
rzepakowego i olejku gozdzikowego w mikronizowanym dolomicie, a takze Bacillus sp.
Sp116AC*, Bacillus sp. Sp115AD, kwasy humusowe oraz odciek po produkcji drozdzy w
mikronizowanym dolomicie. Skuteczno$¢ biopreparatbw w ograniczaniu wystepowania
objawéw chorob grzybowych owocoéw truskawki zalezalta od odmiany oraz warunkoéw
pogodowych w danym sezonie wegetacyjnym. W 2020 roku zastosowanie kombinacji
preparatow K6 ograniczyto wystepowanie szarej pleSni (Botrytis cinerea) na owocach
truskawki. W odmianie ‘Vibrant’ natomiast stwierdzono zmniejszenie porazenia OwocOwW
przez patogena wywolujacego skorzasta zgnilizng owocoéw truskawki (Phytophthora
cactorum), szczegdlnie po zastosowaniu kombinacji K3. W 2021 roku zaobserwowano
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zmniejszenie objawow tej choroby po zastosowaniu kombinacji K2, K3 i K6 0 26 - 30% w
stosunku do kontroli.

Wigkszo$¢ zastosowanych kombinacji biopreparatow (z wyjatkiem K2 w 2021 r.),
sprzyjaly zwigkszeniu liczby koron na roslinach truskawki w poréownaniu do kontroli, co
wskazuje posrednio na znaczenie biopreparatow w Sstymulowaniu wzrostu i rozwoju
krzewow.

Na podstawie uzyskanych wynikéw stwierdzono, ze efektywnos¢ dziatania
biopreparatbw mogta by¢ modyfikowana przez obecno$¢ nawadniania. Kombinacja
biopreparatow K3 zapewnita korzystne efekty ekonomiczne dla wszystkich badanych odmian
w szerokich warunkach uprawy, zarowno na plantacji nawadnianej, jak i bez nawaniania, co
wskazuje na jej uniwersalny charakter. Kombinacja biopreparatow K4 przyniosta wysoka
efektywno$¢ ekonomiczng w uprawie truskawki bez nawadniania, co pozwala rekomendowaé
go do tego typu plantaciji.

Zastosowane biopreparaty mikrobiologiczne wplynety na sktad chemiczny owocow
truskawki (zawarto$¢ suchej masy oraz azotu, zelaza, manganu, miedzi, cynku, kadmu,
otowiu), a ich dziatanie bylo uzaleznione od odmiany. Biopreparaty nie wptynety natomiast
istotnie na zawarto§¢ wapnia, magnezu i sodu w owocach truskawki. W zadnej
z analizowanych prob nie stwierdzono przekroczenia dopuszczalnych zawarto$ci metali
cigzkich. Stwierdzono istotne réznice w zawartosci pierwiastkow: N, Mn, Na, Mg, Ca, K, P
oraz metali cigzkich: Cu, Zn, Pb, Cd w owocach truskawki migdzy odmianami. Odmiana
‘Honeoye’ cechowata si¢ mniejszg zawartoscia Na, K, P, Mg, Mn, Fe w owocach
w poréwnaniu do pozostalych odmian. Natomiast odmiana ‘Vibrant’ charakteryzowata sig¢
wyzsza zawartoscia Mg, Zn, Mn i Pb, Cd, Ca niz pozostale odmiany. Z kolei w owocach
odmiany ‘Rumba’ stwierdzono najnizsze poziomy zawarto$ci metali cigzkich: Cu, Zn, Pb
oraz wapnia, a jednoczes$nie najwyzsza zawarto$¢ N catkowitego, K, P, Na w poréwnaniu do
pozostatych odmian. Nie stwierdzono jednakowej tendencji dziatania biopreparatow, co
swiadczy o ztozonosci interakcji pomigdzy odmiang, biopreparatem a warunkami srodowiska.

Wyniki badan wskazuja, ze stosowanie biopreparatéw, zawierajagcych pozyteczne
mikroorganizmy 1 wyciagi roslinne, moze korzystnie wptywaé¢ na plonowanie oraz
efektywno$¢ ekonomiczng uprawy truskawki w systemie ekologicznym. Jednak przy doborze
preparatu nalezy uwzgledni¢ zaréwno odmiang, jak i warunki prowadzenia plantacji
(nawadnianie lub jego brak). Biopreparaty maja potencjal do poprawy jakosci owocow
w rolnictwie ekologicznym, ale ich stosowanie wymaga indywidualnego dopasowania do
warunkow uprawy i konkretnej odmiany.

Stowa kluczowe: biopreparaty, rolnictwo ekologiczne, patogeny grzybowe, mikrobiologiczne
preparaty nawozowe , makroelementy, mikroelementy, metale cigzkie, efektywnos¢
ekonomiczna, wskaznik optacalnosci, truskawka, plon
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12. Streszczenie rozprawy doktorskiej w jezyku angielskim

The Influence of Biopreparations on Plant Health, Selected Morphological Traits, and
Yield of Strawberry (Fragaria x ananassa Duchesne) Cultivated Under Organic
Farming Conditions

Strawberries are a crop of significant economic importance, particularly in Poland, one
of the leading producers of this fruit within the European Union and the foremost in organic
strawberry production. Current EU agricultural policies aim to reduce the use of chemical
plant protection products and synthetic fertilizers, which supports the development of non-
chemical crop protection methods, including those based on biopreparations.

The objective of this study was to evaluate the effects of newly developed
biopreparations — based on beneficial microorganisms and plant extracts — on strawberry fruit
yield, incidence of fungal diseases (gray mold, leather rot, and anthracnose), plant biometric
traits, as well as the economic viability of their application and their influence on the content
of macro- and micronutrients and heavy metals in the fruit.

The research was conducted between 2020 and 2022 on a certified organic field at the
Agricultural Experimental Station of IUNG-PIB in Grabow nad Wista. The strawberry trial,
covering a total area of 2,300 m?, was divided into two treatment groups: irrigated and non-
irrigated. Five biopreparation combinations (K2-K6) containing strains of Bacillus spp. and
various plant extracts were applied, and three strawberry cultivars — ‘Honeoye’, ‘Rumba’,
and ‘Vibrant” — were included in the experiment.

The tested cultivars responded differently to the applied biopreparations, both in terms
of yield and susceptibility to fungal pathogens. ‘Honeoye’ showed the most positive response,
with a notable increase in yield and the highest resistance to Colletotrichum acutatum, the
causal agent of anthracnose. The highest yield increase in the 2021 season (on average by
33%) was observed following the application of the K4 formulation, which contained
bacterial strains Bacillus sp. AF75BC and Bacillus subtilis AF75AB2 on carrier contained dry
humic acids, mustard, rapeseed oil and clove oil in micronized dolomite, as well as Bacillus
sp. Sp116AC*, Bacillus sp. Sp115AD, humic acids and yeast culture filtrate in micronized
dolomite.

The effectiveness of the biopreparations in reducing the incidence of fungal disease in
strawberry fruit depended on the cultivar and weather conditions during the growing season.
In 2020, the K6 preparation combination effectively limited the occurrence of gray mold
(Botrytis cinerea) on strawberry fruit. In the cultivar ‘Vibrant’, a reduction in fruit infection
caused by the pathogen responsible for leather rot (Phytophthora cactorum) was noted,
particularly after treatment with the K3 combination. In 2021, a reduction in disease
symptoms ranging from 26% to 30% compared to the control was observed after applying
combinations K2, K3, and K®6.

Most of the biopreparation combinations used (with the exception of K2 in 2021)
promoted an increase in the number of crowns per plant compared to the control, indirectly
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indicating the stimulatory effect of these preparations on strawberry plant growth and
development.

The results suggest that the effectiveness of biopreparations may have been influenced
by the presence or absence of irrigation. The K3 combination proved to deliver consistent
economic benefits across all tested cultivars and under both irrigated and non-irrigated
conditions, highlighting its broad applicability. The K4 combination showed high economic
effectiveness specially under non-irrigated conditions, supporting its recommendation for use
in such cultivation systems.

The microbial biopreparations applied also influenced the chemical composition of
strawberry fruit, including dry matter content and the levels of nitrogen, iron, manganese,
copper, zinc, cadmium, and lead. These effects were cultivar-dependent. However, no
significant changes were noted in the calcium, magnesium, or sodium content of the fruit.
None of the tested samples exceeded permissible levels for heavy metals. Significant
differences in the concentration of elements- N, Mn, Na, Mg, Ca, K, P-and heavy metals -
Cu, Zn, Pb, Cd - were found among the cultivars. The ‘Honeoye’ cultivar had lower levels of
Na, K, P, Mg, Mn, and Fe in its fruit compared to the others. In contrast, ‘Vibrant’ showed
higher concentrations of Mg, Zn, Mn, Pb, Cd and Ca. Meanwhile, the ‘Rumba’ cultivar
exhibited the lowest levels of heavy metals (Cu, Zn, Pb) and calcium, but the highest content
of total nitrogen, K, P, and Na. No uniform pattern in the effects of biopreparations was
observed, underscoring the complexity of interactions between cultivar, biopreparation, and
environmental conditions.

Overall, the results indicate that the use of biopreparations containing beneficial
microorganisms and plant extracts can have a positive impact on yield and economic
performance of organic strawberry production. However, the choice of preparation should
take into account both the cultivar and cultivation conditions (presence or absence of
irrigation). Biopreparations show potential for improving fruit quality in organic farming
systems, but their use requires careful adaptation to specific growing conditions and cultivar
characteristics.

Keywords: biopreparations, organic farming, fungal pathogens, microbial biofertilizers,
macronutrients, micronutrients, heavy metals, economic efficiency, profitability index,
strawberry, yield.
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Abstract: Growing consumer awareness of the importance of food quality on their health is the main
driving force for increasing the market for sustainable agricultural products. This makes sustainable,
environmentally friendly production methods into non-chemical plant protection products against
pathogens, including microbial biopreparations, increasingly important among farmers. Strawberry
fruits (Fragaria x ananassa Duch.) are often negatively affected by fungal pathogens. The aim of this
study was to evaluate the impact of five combinations of newly developed microbial biopreparations
(from K2 to K6) on fungal pathogens and the yield of three strawberry cultivars. The research was
conducted on a certified organic strawberry plantation in Poland in 2020-2021. In the first year of the
study, no statistically significant positive impact of tested treatments on strawberry yields have been
found. At the same time, yields of ‘Honeoye’ treated with K4 combination showed a tendency (with
no statistical significance) to have higher yields than the control object by about 33%. In the second
year of the study, yields of ‘Honeoye” and ‘Rumba’ treated with K4 combination (containing Bacillus
sp. Sp116AC*, Bacillus sp. Sp115AD, Bacillus sp. AF75BC and Bacillus subtilis AF75AB2, humic acids,
yeast culture effluent, micronized dolomite, and mustard and rapeseed oil) significantly increased by
79% and 49%, respectively. Fruit infestation by fungal pathogens was reduced under some microbial
treatments; however, the effect varied between years, cultivars, and tested biopreparations. The K2
combination showed a tendency (with no statistical significance) to limit B. cinerea infestation rate by
23% in 2020 and 21% in 2021, C. acutatum by 16% in 2021, and P. cactorum infestation rate by 30% in
2021. Tested microbial biopreparations showed a positive impact on the yield of strawberries and (to
some extent) on disease infestation, with an impact on pathogen infestation strongly dependent on
the year, variety, and biopreparation tested.

Keywords: microbial pathogens; organic agriculture; plant health; productivity

1. Introduction

The strawberry (Fragaria x ananassa Duch.) is a species that originated about 250 years
ago after crossing the Fragaria chiloensis L. with Fragaria virginana Duch. [1]. It is culti-
vated mostly in temperate and cool, sometimes in subtropical, climates. It grows best
and has the highest yield on fertile soils with regulated water relations, in well-sunned
sites [1]. The quality of strawberry fruits is reflected by the presence of health-promoting
active substances [2,3]. Flavonols, flavonoids (responsible for fruits’ aroma), phenols,
ellagic acid, and anthocyanins [4-8] can contribute to the anti-inflammatory [5,9,10], anti-
neurodegenerative [5], and anticancer [6,8,10-13] properties of strawberry fruits. The global
production of strawberries reached 8.8 million tons in 2020 [14]. Currently, Poland is the
second largest producer of strawberries in the EU and is among the top ten producers
worldwide [1,14,15]. Globally, nearly 10% of all strawberry plantations are located in
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Poland [14]. The high volume of production as well as the crop value makes it one of
the most important berry crops in the country [16-18]. In 2021, there were 389.7 thou-
sand hectares of strawberry plantations worldwide, while in Poland, they were grown on
33.9 thousand hectares. Moreover, the importance of strawberries in Poland seems to be
increasing, as in 2021, the cultivated area increased year by year by 900 hectares [19]. In
2022, the harvest of strawberries was 185.1 thousand tons. In the same year, the largest
cultivation area of strawberries was found in the Mazowieckie voivodeship (15.8 thousand
ha), which is the region were the present study has been carried out. The second largest
strawberry producer was Lubelskie region (3.8 thousand ha) [20,21]. Lubelskie is one of
the regions with the highest yields of strawberries, reaching an average of 8.21 tha—! in
2020 [22]. According to PIORIN (Table 1) data [23], the most popular certified strawberry
cultivars in 2021 included ‘Camarosa’, ‘Nabila’, ‘Flair’, ‘'Honeoye’, and ‘Grandarosa’. More-
over, Poland was the largest producer of certified organic strawberries in the European
Union in 2020 in terms of both the cultivated area (1048 ha) and production volume of
organic strawberries (8013 tons) [24].

Table 1. A list of acronym names used in the text.

Acronym Names  Explanation

EM Effective microorganisms
GA3 Gibbelleric acid
K1 Control
K2 Combination with P3 preparation only
K3 Combination of preparations P3 and P1
K4 Combination of preparations P3 and P2
K5 Combination of preparations P3 and P1 and P2
Ké Combination of preparations P1 and P2
ns. Non-significant

Preparation containing: Bacillus subtilis
AF75AB2 and Bacillus sp. Sp115AD,

P1 on a carrier consists of plant extracts (nettle, horsetail, calendula), humic
acids in liquid formulation in 2020 and in micronized dolomite (Inco S.A.)
in 2021,
Preparation containing: Bacillus sp. Sp116AC¥,

P2 Bacillus sp. Sp115AD, humic acids, yeast culture effluent in liquid

formulation in 2020 and in micronized dolomite (Inco S.A.) in 2021,
Preparation containing: In 2020: Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2, on a carrier consists of wheat bran, dry humic acids, mustard,

P3 rapeseed oil, clove oil in a pellet formulation and on micronized dolomite
(Inco S.A.) instead of wheat bran in 2021.
PIORIN Plant Health and Seed Inspection Service
SD Standard deviation

The growing ecological awareness of the society, as well as the increasing demands of
consumers regarding food quality, are important reasons for the development of sustainable
agricultural management strategies, like organic farming system [25,26]. Organic farming
is a production system based on few environmentally friendly principles, including the use
of diversified crop rotation, the abandonment of the use of synthetic mineral fertilizers, and
chemical plant protection products [27]. Biodiversity conservation, protection of the envi-
ronment, and the prevention of water, soil, and air pollution are also important goals of the
organic agriculture [28]. Under this system, the use of natural, technologically unprocessed
inputs that create a positive impact on soil fertility and ensure yields of high biological qual-
ity is preferred [29]. Preventive measures to reduce the occurrence of diseases, pests, and
weeds are also recommended. Certified plant protection products, which are based on the
natural substances, are allowed to be used if other means are unsuccessful [30,31]. Organic
agriculture is gaining importance as an alternative, sustainable food source due to its ability
to improve ecosystem service delivery, reduce environmental pollution, lower carbon foot-
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prints, mitigate greenhouse gas emissions, and produce safe food of high quality [32,33].
Studies have shown that organic agriculture is in line with sustainable development prin-
ciples by providing not only private goods, such as organic food, but also environmental
public goods, such as landscape preservation and biodiversity conservation [34]. In 2022,
the total number of organic farms in Poland (both in conversion process and certified) was
21,193, and the total area of organic farmlands reached 554,632 hectares [20].

Organic food is gaining importance because of its high nutritional value, which can be
beneficial for human health due to higher content of bioactive substances (polyphenols,
antioxidants) compared to fruits cultivated on conventional plantations [35-37]. Organic
farming principles excludes the use of chemical plant protection products [31], so farmers
have to look for new management strategies, including biological preparations (bioprepa-
rations), to maintain plantation quality and control pathogen infestations. Biopreparations
are products that contain natural microorganisms and/or naturally occurring compounds
to support agricultural production. Grzyb et al. [38] defines biopreparations as ‘consortia
of microorganisms with species composition and activity adapted to carry out a specific process’.
According to Pylak et al. [39], biopreparations may contain plant extracts, polysaccharides,
humic substances, and beneficial bacteria and fungi.

Microbial biopreparations can be utilized as a measure to lower the risk of pathogenic
bacteria or fungi infection; however, they are not always registered as plant protection
products (PPPs). Such products can still have a beneficial impact on plant growth and
development and hence lower the risk of the pathogen infestation of plantations [40].
Recently, the use of this type of product in integrated and conventional agriculture has
also been increasing due to the restrictions introduced by the EU to the list of authorized
active substances of PPPs and the significant increase in the price of mineral fertilizers
and chemical plant protection products. This resulted in a greater demand for alternative
products [41,42].

According to Pylak et al. [39], in many cases, biopreparations can be at least as effective
as commercially available chemical PPPs; however, their effectiveness varies and is highly
dependent on environmental factors such as precipitation, soil moisture content, and
air humidity. Kosicka et al. [43] states numerous advantages of using biopreparations,
such as improvements in the humus-forming capacity, a reduction in decay processes,
improvements in the growth and quality of agricultural crops, and an increase in the
availability of hard-to-access nutrients for plants and the elimination of pathogens. All this
makes microbial preparations highly effective in improving the overall quality of fruits.
In the last two decades, numerous scientific articles have been published on strawberry
cultivation and pest control, including those concerning the effect of microbial fertilizers
on the vegetative growth of strawberry [44,45]; applications of nanofertilizers [46] and
nanotechnology in strawberry cultivation [47]; the effects of the composition of the growing
medium enriched with biofertilizer on the growth and quality of strawberry plants [48];
the effect of growing media on growth, flowering, and fruit weight of strawberry [49];
the effect of zinc preparations on strawberry biomass [50,51]; and silicon preparations on
growth and yield [52]. Moreover, some authors studied the effects of biostimulants [53],
biopreparations and biocontrol agents [54-58], protective and stimulating effects of selected
microorganisms [59], the nutrient and health-promoting content of strawberry fruits [1,60],
and leaf diseases [54,55] in strawberry cultivation. At the same time, relatively few papers
deal with organic strawberry cultivation [61-63]. According to Feledyn-Szewczyk et al. [64],
one of the most important factors influencing both the quantity and quality of the crop yield
in an organic system is the selection of cultivars (crop genotype). This is also the reason why
the selection of the best possible genotype has an impact on farmers’ agricultural income
and food security. The development and testing of new formulations of biopreparations
can help farmers to increase the yields and provide consumers with healthy and safe food.
The aim of the research was to determine the effect of newly developed biopreparations
containing beneficial microorganisms and plant extracts on the yield and health of selected
strawberry cultivars grown under the organic farming system conditions. In addition, the
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authors wanted to investigate whether there is an interaction between biopreparations
and cultivars.

While previous studies have evaluated multiple aspects of strawberry cultivation and
the use of microbial preparations, there is still a gap in our understanding of how the newly
developed microbial biopreparations affect organic strawberry production, particularly in
terms of the yield and pathogen infestation of different cultivars. It was hypothesized that
the newly developed microbial biopreparations will significantly improve the strawberry
yield and reduce pathogen infestation under organic farming conditions, with effects
varying among cultivars. This study is unique in that it focuses on organic farming
practices, the specific combination of beneficial microorganisms and plant extracts in our
biopreparations, and the study of cultivar-specific responses.

2. Materials and Methods
2.1. Characteristics of the Experiment

The field study was conducted at the Institute of Soil Science and Plant Cultivation-
State Research Institute in Putawy at the Agricultural Experimental Station in Grabow
(51°21'17.1" N 21°39'14.0” E) (Poland, Mazowieckie region). The experiment with straw-
berry cultivation was established in 2019 on a certified organic field with area of 1150 m?.
The experimental factors were (1) combinations of biopreparations with beneficial microor-
ganisms and plant extracts and (2) three strawberry cultivars with different susceptibility
to fungal pathogens: ‘Honeoye’, “Vibrant’, and ‘Rumba’. The experiment was set up in
a split-block design in 4 replication (3 cultivars x 6 combination of biopreparations X
4 replications, n = 72 plots). The experiment was set up on Luvisols on a gray-brown
podzolic soil made of strong loamy sands on light loam. The forecrop for strawberries
was red clover (Trifolium pratense L.). The experiment was set up in the third decade of
May 2019. The experimental area was covered with fleece to reduce weed growth and
evaporation, and no irrigation was used in this part of the experiment. Plants were planted
at 30 cm x 100 cm spacing at a density of 30,000 plants-ha~!. The area of each single plot
of strawberries was 16 m? (4 x 4 m) and 48 strawberry plants were planted on it. Certified
frigo strawberry seedlings from the professional Agronom Plants horticultural and nursery
farm were grown. In addition to the tested biopreparations, fertilizers approved for organic
farming were applied before (2018-2019) and during the years of research (2020-2021)
(Table 2).

Table 2. Fertilizers and other means of production used on strawberry plantation in organic system.

Trade Name

Manufacturer Chemical Composition Application Date Dose Applied

2018

Cattle manure

. - 19,11,2018 30 tha!

Patentkali®

K+S Polska Sp. z 0.0.,

Potassium sulphate with
magnesium: SO3 42.5%, K,O 16,11,2018 250 kg~hef1

Poland 30% water-soluble potassium
K+S Minerals and
Potassium salt Agriculture GmbH, 60% K,O 16,11,2018 100 kg~hef1
Germany

2019

Bioilsa N 12.5

NaturalCrop Poland Sp. 100 mg-kg~!, Zn 61 mg-kg~!,

12.5% organic nitrogen, 40%
organic carbon, SO3 4.4%, B
a1
z 0.0., Poland Cu20 mg-kg™!, Mn 18 mg-kg !, 11,04,2019 150 kg-ha
other mineral compounds (P, K,
Ca, Mg, Fe)
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Table 2. Cont.
Trade Name Manufacturer Chemical Composition Application Date Dose Applied
2020
Biodevas Laboratoires ~ Aromatic plant extract. Mixture
Redarom Activstart ZA del L'Epine, of micronutrients, guaranteed 29,04,2020 1.5Lha!
France, zinc content 0.7%.
Silicon extracts from field
Biodevas Labgratoires horsetail (Equisetum arvense)
Olibio ZA del LEpine, and nettle (Urtica dioica): B 29,04,2020 2.0 L-ha?
France 0.02%, Cu 0.5%, Fe 0.5%, Mn
0.5%, Mo 0.1%
Potassium sulphate with
Patentkali® K#SPolskaSp.zo.0, oo esium: SO 42.5%, K,0 05,08,2020 150 kg-ha ™!
Poland .
30% water-soluble potassium
N 9.4%, K,0 1.1 %, S 0.25%, Na
. AZELIS POLAND Sp. 1.28%, 66.3% organic matter 1
Aminosol z 0. 0., Poland (56-58% aminoacids and 21,07,2020 201L-ha
peptides)
2021
Biodevas Labgratoires Aromatic plant extract. Mixture
Redarom Activstart ZA del L'Epine, of micronutrients, guaranteed 30,04,2021 1.5L-ha~!
France, zinc content 0.7%.
Silicon extracts from field
Biodevas Labgratoires horsetail (Equisetum arvense)
Olibio ZA del L'Epine, and nettle (Urtica dioica): B 30,04,2021 2.0L-ha"!
France 0.02%, Cu 0.5%, Fe 0.5%, Mn
0.5%, Mo 0.1%
N 9.4%, K,O 1.1%, S 0.25%, Na
Aminosol AZELIS POLAND Sp. 1.28%, 66.3% organic matter 07,05,2021 30L-ha-1

(56-58% aminoacids and
peptides)

z 0. 0., Poland

Table prepared on the basis of product/fertilizer labels and IUNG-PIB fertilizer search engine.

2.2. Biopreparations

The strawberries were treated with five organic biopreparations containing bene-
ficial microorganisms and plant extracts, established as a result of ECOFRUITS project
(BIOSTRATEG3/344433/16/NCBR/2018) (Table 3).

The P3 preparation was applied to the treatments: K2, K3, K4, and K5. Bioprepara-
tion P1 was applied in treatments K3, K5, and K6, while biopreparation P2 was used in
treatments K4, K5, and K6 by spraying the plants. On the same dates, plants in control
objects were sprayed with water (K1) at a rate equivalent to the water used to dissolve
the biopreparations. In 2021, the biopreparations were improved compared to 2020 (the
carrier was changed from organic (bran) to mineral (dolomite)). In 2020, growing season
biopreparations were used twice during the growing season, whereas in 2021, they were
used three times to increase the effect. In 2020, the preparations were applied at a rate of
35 kg-ha~! of preparation diluted in 700 L-ha~! of water, whereas in 2021, the preparations
were applied at a rate of 50 kg-ha~! of preparation dissolved in 700 L-ha~! of water to
improve the effect on plants. On the next development stage of the products, market
product will be 10 times more concentrated for ease of use by farmers. The tested products
were applied using a tractor sprayer with a Fragaria type boom (spraying both from above
and from sides).
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Table 3. Composition of biopreparations. Source: Drobek et al., modified [65].
Components Biopreparation Combinations Used in the Experiment
K1 K2 K3 K4 K5 K6
Control
(sprayed with
water)
(P1) Bacillus subtilis

AF75AB2 and Bacillus sp. Sp115AD,

on a carrier consists of plant extracts (nettle, horsetail, X X X
calendula), humic acids in liquid formulation in 2020

and in micronized dolomite in 2021.

(P2) Bacillus sp. Sp116AC*.
Bacillus sp. Sp115AD, humic acids, yeast culture

effluent in liquid formulation in 2020 and in

micronized dolomite in 2021.

(P3) In 2020: Bacillus sp. AF75BC and Bacillus subtilis

AF75AB2, on a carrier consists of wheat bran, dry

humic acids, mustard, rapeseed oil, clove oil in a pellet X X X X
formulation and on micronized dolomite instead of

wheat bran in 2021.

The “x” sign indicates the presence of the preparation component.

2.3. Strawberry Fruit Analysis

Strawberry fruits were harvested during the second (2020) and third (2021) seasons of
strawberry growth. Fruits were picked up successively every 3—4 days from the marked
8 plants in each plot. The fruits from each plot were counted and weighed. Total yield of
strawberries was calculated per plant and per 1 ha.

At each harvest, an assessment of fruit infection by fungal pathogens, such as straw-
berry fruit leathery rot (Phytophthora cactorum), strawberry fruit gray mold (Botrytis cinerea),
and strawberry anthracnose (Colletotrichum acutatum), was carried out. The percentage
share of infested fruits in each combination was calculated. The percentage of fruit infected
by individual pathogens was determined in each sample. Four train people were assigned
to carry out fruit infestation assessment. The training took place directly before 1st season of
harvest and 2nd season of harvest (2020 and 2021). No other inter-rater reliability measures
have been undertaken.

2.4. Analysis of Biometric Parameters of Strawberry Plants

The assessment of the impact of tested biopreparations on the selected morphological
features and biometric parameters of strawberry plants were carried out. This included the
determination of the number of crowns developed by strawberry plants and dry weight of
aboveground parts of plants. The analyses were conducted postharvest, in the first decade,
in July of each year of the study. The measurement was performed on 5 randomly selected
plants collected from each of 72 plots tested.

2.5. Meteorological Conditions

Average monthly temperatures in spring (April and May) in both years of the study
were close to the multi-year average, while average temperatures for June and July were
above the multi-year average (Table 4). Year 2020 was characterized by an uneven distribu-
tion of the precipitation. Rainfall in May and June was higher compared to the multi-year
average and 2021 season, while April and July 2020 were dry with a precipitation of about
37% and 36.5% of average multiannual precipitation. July 2021 was especially warm, with
a mean temperature 4 °C higher than the multi-year average. With the exception of April,
the 2021 season was warmer than the 2020.



Sustainability 2024, 16, 7559 7 of 23
Table 4. Meteorological conditions at experiment location in 2020-2021 growing seasons.
Month Average Temperature [°C] Precipitation [mm]
2020 2021 Multi-Annual 2020 2021 Multi-Annual
Average Average
April 8.6 6.4 7.5 15.6 51.2 42.0
May 11.3 12.5 124 76.5 49.9 53.0
June 18.3 19.5 16.7 157.8 70.1 110.0
July 18.6 21.8 17.8 38.3 61.7 105.0

2.6. Statistical Analysis

The data were analyzed using STATISTICA software (Statistica v.10, Statsoft Inc., Tulsa,
OK, USA). In order to compare the influence of biopreparations (n = 6) and cultivars (n = 3)
and their interaction effects on strawberry yield and health status, a one-way analysis of
variance ANOVA was made. The significance of the mean differences of the study factors
was evaluated using a post hoc Fisher’s test at a significance level of & = 0.05.

In order to check the normality of the distributions, the Shapiro-Wilk test was used.
Since the data on pathogen infestation did not meet the requirements for parametric tests,
a logarithmic transformation log (x + 0.1) of the data was carried out before the analysis
of variance.

For the purpose of this study, no method was used to fill in missing data (there were
no missing data for all included parameters).

3. Results and Discussion
3.1. The Influence of Biopreparations on Strawberry Yielding

Among three tested strawberry cultivars in 2020, only ‘Honeoye’ responded positively
by increasing the fruit yield under the K4 combination treatment; the yield was 119.4%
higher when compared to the control (Table 5). On average, ‘Rumba’ yielded significantly
higher (504.2 g-plant’l; i.e., 15.2 ttha~!) than ‘Honeoye’ (383.2 g-plant’l; ie,115tha™ 1)
and ‘Vibrant’ (320.9 g-plant!; 9.6 t-ha~!). A low level of the ‘Vibrant’ yield was linked
with flower damage by frost in May 2020. ‘Vibrant’ flowers raised high above the plant
resulted in a high risk of direct contact with frost on the surface of the white agro-textile
that covered the field to protect it from local spring frost damage. Interestingly, K2 and
K3 treatment in the ‘Rumba’ cultivar resulted in a significant yield loss compared to the
control object.

In 2021, the "Honeoye’ and ‘Rumba’ cultivars yielded significantly higher when treated
with the K4 biopreparations (by 79% and 49% higher than the control) (Table 5). Although
there was no significant impact, a tendency was visible for the ‘Honeoye’ cultivar to have
higher yields when treated with the K3 and K6 biopreparations. In 2021, the impact of the
tested combinations of biopreparations on the strawberry yield of the tested cultivars was
positive or, at the worst, neutral (there was no negative impact on the yield for any of the
tested treatments). In both years of the study, ‘Honeoye” was the cultivar that was under
the strongest positive influence of biopreparation, with significant yield increases for the
K4 combination in 2021 and a visible tendency for a yield increase (however, not proven
statistically) for the other tested treatments.

The results correspond with Kus et al.’s [66] research, who found that using effective,
beneficial microorganisms (EM biopreparations) resulted in an increase in the winter wheat
yield in a conventional monoculture, whereas in an organic system, the effect of EM prepa-
rations was insignificant. It suggests that biopreparations with beneficial microorganisms
work best in difficult, problematic habitats. An organic farming system may have higher
initial biodiversity than other farming systems, and thus, the impact of introduced bio-
preparations might be lower compared to the conventional system. Soltaniband et al. [3],
comparing the performance of six biostimulants under conventional cultivation in a high
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tunnel and greenhouse and in organic greenhouse conditions found that biostimulant use
resulted in an increased productivity in the conventional high tunnel, while the highest
yields were obtained in the conventional greenhouse after the application of citric acid. The
authors hypothesized that the different impacts of biopreparations in 2020 and 2021 may be
due to habitat stabilization, as the positive impact of microbial-based biopreparations can
build up over time, stabilizing the microbial community. Moreover, the doses of bioprepa-
rations and the frequency of usage were increased in 2021 compared with 2020. Similarly,
Mikiciuk et al. [67] reported a positive effect of the tested mycorrhizal biopreparations on
the strawberry yield and fruit weight.

Table 5. The influence of the tested biopreparations on yields (g-plant1).

Years and Combinations

2020

K1 K2 K3 K4 K5 Ke Average
‘Honeove’ 240.2 ab 22730 a 440.2 ab 5272b 373.6 ab 419.1ab 383.2 A
y (£21.2) (£65.2) (£79.0) (£184.0) (£157.6) (£260.4) (£176.1)
‘Rumba’ 621.0b 370.6 a 3743 a 512.4 ab 599.0 b 606.6 b 504.2 B
(£0.70) (+108.2) (£58.6) (£132.4) (+£129.1) (£111.1) (+143.0)
Vibrant’ 389.1 ab 216.6 a 341.7 ab 393.0b 358.5ab 260.7 ab 3209 A
(£255.2) (£25.2) (£72.2) (£54.3) (£134.5) (£62.4) (£109.7)

average 416.8 ab 271.5a 385.4 ab 477.5Db 443.7b 428.8Db 402.8
& (£206.3) (£99.5) (£76.7) (£137.0) (£171.6) (£211.4) (£162.5)

2021

K1 K2 K3 K4 K5 K6 average
‘Honeove’ 368.9 a 519.3 ab 588.8 ab 660.6 b 496.8 ab 590.6 ab 552.8 A
y (£32.8) (£56.6) (£136.1) (£33.8) (+188.3) (+148.2) (£135.2)
‘Rumba’ 4439 a 578.8 ab 574.9 ab 661.1b 560.1 ab 602.3 ab 581.7 A
(£25.8) (+89.2) (£77.4) (£119.4) (£77.7) (:84.5) (£95.6)
Vibrant 663.2 ab 576.2 ab 688.5b 649.9 ab 622.2 ab 503.5 a 613.1 A
a (+137.6) (+83.2) (+49.0) (£122.7) (£104.0) (£121.7) (+110.4)

average 492.0 a 558.1 ab 617.4 bc 657.2 ¢ 559.7 ab 565.5 ab 582.5
& (£151.1) (£75.9) (£100.7) (£91.3) (£130.9) (£118.7) (£115.8)

Biopreparation x cultivar interaction—mn.s. Values marked with different lowercase letters indicate significant
differences between combinations. Values marked with uppercase letters indicate significant differences between
cultivars. Values in brackets indicated standard deviation (SD).

According to Mohamed et al. [68], the yield of strawberries and its quality depends
on nutrient provision, soil fertility, and water availability during the growing season.
Hindersah et al. [48] cite growth media compositions among the factors affecting yield,
which while influencing seedling quality, also affect the yield. Ahmed et al. [69], in a
3-year study conducted in Bangladesh, obtained yields averaging from 6.88 to 9.59 t-ha~!
depending on the fertilization rate when grown in a conventional farming system. Those
yields were lower than the results obtained in the present study in organic conditions
(average yields of 12.1 t-ha~! in 2020 and 17.3 t-ha~! in 2021), which suggest that the level
of crop yields in an organic system can reach or even increase the yield of conventional
crops [70]. Mohamed et al. [68] indicated significantly higher yields (65.5 t-ha~1) after the
application of 50% mineral N + 100% organic N and the foliar spray of Ca+B in comparison
to the control (44 t-ha!). You et al. [71] obtained a 40% increase in yield as well as
a prolongation of fruiting time and an increase in the share of high quality fruits after
the application of a fermented biofertilizer containing straw, cattle manure, antagonistic
actinomycetes, and solar disinfection.
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Yields per plant in 2020 ranged from about 271.5 g per plant (K2) to 477.5 g (K4),
while in 2021, they ranged from 492.0 g (control) to 657.2 g (K4) (Table 5). In both years
of the study, the highest yields were obtained in the combination with the K4 formulation
(477.5 g-plant~! and 657.2 g-plant ! on average for all cultivars). Interestingly, the yield
of the control treatment in 2021 was greater than the yield of the best treatments of 2021.
This shows the importance of local weather conditions for strawberry productivity. Wojcik-
Seliga et al. [18] assessed the production potential of 23 strawberry cultivars and average
yields for individual cultivars ranging from 45 g-plant™! for the ‘Plahuelfre’ cultivar to
580 g-plant~! for the ‘Alfa Centauri’ cultivar. ‘Honeoye’ yields were on average
320 g-plant~!. In the present study, ‘Honeoye’ yielded, on average for all combinations,
383.2 g-plant ! in 2020 and 552.8 g-plant~! in 2021. ‘Honeoye’ yielded the highest when
treated with K4, 660.6 g-plant ™! in 2021.

Similar levels of yields were obtained by Sener and Turemis [72], who studied the effect
of different types of mulch on the yield of several strawberry cultivars grown under organic
farming conditions. The authors observed the highest yields from plants mulched with
agro-textile (486.11 g-plant_l), while among the cultivars, ‘Monterey’ yielded significantly
the highest (696.90 g-plant™1).

Kalnina et al. [73] in a field experiment conducted in Latvia obtained ‘Rumba’ cultivar
yields of 245.9 g-plant~! (2010), 710.7 g-plant~! (2011), and 433.0 g-plant~! (2012). In the
present experiment with the same cultivar, the average yield for all tested bioformulations
was at 504.2 g-plant~! in 2020 and 581.7 g-plant~! in 2021. In contrast, in the experiment
described in the same paper [73] conducted in 2015 in Germany in a tunnel where straw-
berry plants were mulched with black plastic mulch, yields of 249.3 g-plant~! for ‘Honeoye’
and 208.1 g-plant~! for ‘Rumba’ were obtained. Those yields were lower than obtained in
the present study for both "Honeoye” and ‘Rumba’ under organic conditions in both the
years of the study (Table 5).

Kilic et al. [74] tested the effect of different fertilizers on strawberries grown under an
organic system and reported lower levels of strawberry yields than in the present experi-
ment. The highest yield of 190.61 g-plant~! was obtained after vermicompost application
and slightly lower after humic—fulvic acid application (182.92 g-plant~!), while a signifi-
cantly lower yield was obtained after manure application (95.30 g-plant™!). The authors
concluded that the fertilization with vermicompost and humic—fulvic acids in organic
strawberry cultivation had a positive effect on yields. Develi et al. [75] recorded that after
the application of vermicompost at a rate of 45 g per plant, strawberries yielded 972.8 g,
which was 153.2% higher than the control (384.2 g). Filipczak et al. [52] obtained the highest
increase in strawberry yielding after the application of silicic acid on plants of the ‘Elkat’
cultivar (1300 g of fruit per plant—15% more than the control), while the ‘Elsanta’ cultivar
yielded 850 g per plant after the application of calcium silicate (70% more than the control).

In comparison to organic systems, Khunte et al. [12] recorded the highest yields of
strawberries in the conventional system—330.18 g-plant~! after the application of poultry
manure at 5.50 t-ha~! and triacontanol (150 ppm). Singh et al. [50] found that three
applications of 0.2% FeSOy + 0.3% ZnSOy4 at monthly intervals on the strawberry cultivar
‘Chandler’ resulted in the highest total yield of 236.57 g-plant~!.

Some authors studied the effect of gibberellic acid application on the yield and straw-
berry fruit quality. Sharma and Singh [76] reported a decrease in the number of deformed
fruits and increase in the total yield and marketable yield in relation to the control. Treat-
ment with GAj resulted in yields of 529.2 g-plant~!, which was 256% more than yields on
the control object. Similarly, Saima et al. [77], who tested the effect of plant bioregulators on
strawberry yield traits, noted that the ‘Chandler’ cultivar yielded the most after the applica-
tion of GA3 in an amount of 75mg L~! (356.56 g-plant~!). According to Kosicka et al. [43],
biopreparations are less effective and take longer to act on pathogens than pesticides, but
unlike pesticides, they do not cause biotic imbalances and improve the humus-forming
properties of the soil, resulting in higher crop yields.
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3.2. The Influence of Biopreparations on Fungus Infestation of Strawberry Fruits

Strawberry yields, as any crop, are significantly influenced by various pathogens.
The impact of a pathogen infestation can cause a major yield loss in strawberry fruits.
The primary pathogens affecting strawberry plants include fungi such as Botritis cinerea,
Colletotrichum acutatum, Phytophtora cactorum, Fusarium oxysporum, and Verticillium dahliae,
which are known to cause diseases that can reduce yields by as much as 20-80% depend-
ing on the pathogen and environmental conditions [78-81]. Most fungal pathogens can
accumulate in the soil on plantations where strawberries are grown repeatedly in the same
location for a long time, leading to increased disease pressure, reduced plant health, and,
in turn, yield and economic losses [82,83]. Plant diseases caused by some fungus species
are recognized as one of the most important drivers of yield losses worldwide, including
strawberry plantations. Depending on the region, host plant or fungus species, losses range
from 8 to as much as 41% [78]. Ziedan [84] reports that crop losses of even up to 50-75%
are due to soil-borne pathogenic fungi, such as Rhizoctonia spp., Fusarium spp., Verticillum
spp., Sclerotinia spp., Phytium spp., and Phytophtora spp. The most common strawberry
pathogens are fungi of the genera: Botrytis, Verticillium, Phytophthora, Colletotrichum, Penicil-
lium, Alternaria, Cladosporium, Rhizopus, Aureobasidium, and Cryptococcus [85]. Infections of
fruit leading to rotting can occur between flowering and maturity or even at the harvest
stage. The use of microorganisms for plant protection requires the disruption of one of the
stages of the disease or the life cycle of the pathogen. This mostly means the prevention of
infection by the reduction of cell colonization or sporulation and survival of the pathogen.
In order to effectively prevent infection by phytopathogenic fungi, the antagonist should
be on the surface before the infection occurs [86].

A review of the literature shows that some biopreparations, especially those con-
taining microorganisms, have a potential to improve the health of strawberry plants and
fruits [52,87-90]. In the present study, preparations containing Bacillus spp., Paenibacillus
spp. bacterial strains, plant extracts, humic acids, ground mustard, xanthan gum, bran, and
vegetable oils were tested to improve the health of strawberry fruits in an organic system.

In the present study, on average for all tested cultivars, there was no positive effect on
decreasing significantly the infestation rate of Botritis cinerea, Colletotrichum acutatum, or
Phytophthora cactorum in relation to the control treatment. The effectiveness of the tested
combinations in relation to each other depended significantly on both used combinations,
the tested cultivar, and the year of the experiment. Although the results of the statistical
analysis did not show a statistically significant effect on the reduction of disease infestation,
some trends were visible on their impact on the reduction of the infestation rate. Some of
the tested treatments showed trends (statistically non-significant) of the reduction of the
infestation rate often exceeding 30% compared to the control object.

3.2.1. Botrytis cinerea (Gray Mold)

Botrytis cinerea, commonly known as gray mold, is one of the most common fungal
pathogens of many crops. This pathogen is notorious for causing extensive damage to
strawberries, both the plant and the flowers and fruits. It also can damage fruits during
postharvest storage, leading to substantial economic losses for producers. Nutrient-rich
strawberry fruits, with high moisture content, make strawberries an ideal host for the
pathogen [91-94]. The pathogen’s high reproduction capabilities are reflected by its ability
to produce a large number of conidia. In turn, its genetic variability contributes to its
general resilience and capacity to develop resistance to fungicides—which makes effective
management an issue [95,96].

In 2020, there was a tendency to reduce the incidence of Botrytis cinerea on strawberry
fruits by the tested microbiological preparations, especially in combination of K6 (by 29.5%
in comparison with the control), but the differences were not significant (Table 6). In 2020,
Botrytis cinerea remained at a low level, with an average of 3.32% for the experiment. A
positive trend in reducing the infestation of fruit by gray mold for the ‘Rumba’ cultivar
after using all combinations of preparations was found. In 2021, there was no clear effect of
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biopreparations in reducing fruit infestation by Botrytis cinerea, with a generally very low
pressure of this pathogen at an average of 0.42% for the whole experimental site (Table 6).
A positive trend of all tested biopreparations on protection against this pathogen was
observed on the ‘Honeoye’ plantation, but the differences were not significant.

Table 6. The influence of biopreparations on the Botrytis cinerea (gray mold) infestation rate (% of
fruit infected).

Years and Combinations

2020
K1 K2 K3 K4 K5 K6 Average
Homeove' 149a 2.07a 447 a 279a 319a 1.93a 276 A
y (£0.98) (£1.34) (£3.75) (£0.60) (£3.11) (£2.21) (£2.33)
Rumba’ 485a 2.80a 449 a 338a 403 a 358a 377 A
(£3.22) (£2.54) (£2.28) (£1.00) (+£1.84) (£2.97) (£2.12)
Nibrant’ 443 ab 3.48 ab 5.10b 2.69 ab 3.33ab 2.08a 344 A
(£1.13) (£1.41) (£3.20) (£0.82) (£1.53) (£1.63) (£1.93)
verase 3.59 ab 278 a 469b 2.96a 3.52ab 253a 3.32
& (£2.28) (£1.78) (£2.85) (+£0.81) (£2.09) (£2.25) (£2.14)
2021
K1 K2 K3 K4 K5 K6 average
Honeove! 1.10 ab 0.13a 0.29 ab 1.06b 0.17 ab 0.26 ab 045 A
y (£1.55) (£0.15) (£0.28) (£1.00) (£0.14) (£0.32) (£0.67)
S 0.12a 0.50 a 0.20 a 0.15a 0.30 a 0.31a 0.28 A
(£0.17) (£0.56) (£0.07) (:£0.19) (£0.32) (£0.22) (£0.30)
Nibrant’ 0.20 a 0.49 a 0.36 a 0.74 a 0.57 a 0.69 a 0.54 A
(£0.28) (£0.56) (£0.59) (£0.69) (£0.93) (£0.86) (£0.65)
047 a 037a 0.28a 0.65a 034a 042a
average (+0.86) (£0.46) (+£0.35) (+£0.75) (+£0.55) (+£0.53) 0.42 (+£0.57)

Biopreparation x cultivar interaction—mn.s. Values marked with different lowercase letters indicate significant
differences between combinations. Values marked with uppercase letters indicate significant differences between
cultivars. Values in brackets indicated standard deviation (SD).

Due to the high variability of the results, there were few significant statistical differ-
ences in terms of the ability of the tested combinations of biopreparations to reduce the
Botritis cinerea infestation. At the same time, some of the tested combinations may have the
potential to reduce this infestation—which is indicated by the percentage of reduced infes-
tation rate compared to the control object: the Botritis cinerea infestation rate was reduced by
29% by the K6 treatment in 2020 (11% in 2021), while in 2021, the use of the K3 combination
resulted in a 40% decrease in the infestation rate of Botritis cinereal (interestingly, the K3
treatment in 2020 resulted in an increase in the infestation rate of 31%; however, in this year,
the infestation of Botritis cineral on the whole field was very low, with an average of only
0.42%). The use of the K2 combination resulted in a decreased infestation rate of Botritis
cinerea of 23% in 2020 and 21% in 2021. This shows how important the weather conditions
of a given year are for the development of pathogens and the effectiveness of their control
by microbiological agents.

According to Stachowiak and Ratajczyk [78], gray mold can cause up to a 60% loss
in the strawberry yield. The authors noticed that the growth of phytopathogens in the
presence of cultures and Bacillus circulans supernatants added to the nutrient solution was
reduced by 53% to almost 90%. This leads to the conclusion that B. circulans may prove
to be a promising alternative to chemical fungicides [78]. In a study by Kowalska [87], a
preparation containing a strain of Trichoderma asperellum was tested for the protection of
strawberries grown in an organic system and the symptoms of gray mold on the harvested
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and stored fruits as well as the plants itself were found sporadically. In the second year
of the experiment, significantly higher yields were recorded on the objects where the
preparation of T. asperellum was applied compared to the control object. According to
Kowalska [87], biopreparations with Trichoderma spp. may be useful to organic processors
and producers as an alternative to synthetic protection agents, the use of which is prohibited
in certified organic farms.

Laboratory studies on the effect of Bacillus subtilis BS-2 and peppermint oil as a
biocontrol agent against the pathogen Botrytis cinerea showed that supernatants obtained
from Bacillus subtilis BS-2 inhibited the mycelial growth of B. cinerea by up to 57%, while the
application of peppermint oil at the highest concentration (4%) reduced mycelial growth
by 32% [57]. Biological methods of protection against Botrytis sp., such as the use of
microorganisms or metabolites as well as plant extracts or essential oils, can be an effective
alternative or supplement to conventional disease control methods [57]. In a study by
Meszka and Bielenin [88] laminarin, a compound extracted from the brown alga Laminaria
digitata used to stimulate plant resistance reduced the severity of strawberry gray mold by
up to 50 to 80%, depending on the severity of the disease. In a study by Filipczak et al. [52],
it was shown that the soil application of silicic acid also inhibited Botritis cinerea. The
authors concluded that fertilization with silicic acid preparations is economically viable,
effective, and safe in strawberry cultivation. The study of Wachowska et al. [89] showed
that all of the preparations, Signum 33 WG, Vaxiplant SL, and a solution of cells of the
fungus Aureobasidium pullulans, reduced the infestation of flowers by Botrytis cinerea. The
application of Vaxiplant SL also reduced leaf infestation. In contrast, none of the tested
preparations significantly reduced the infestation of strawberry fruits and had no effect
on the increase in plant yields. On the other hand, Oliveira Filho et al. [90] found that an
inhibition of Botrytis cinerea on strawberries of up to 100% and 83% after the application of
M. spicata and C. martini essential oils, respectively. Aquilar-Gonzalez et al. [97], when they
tested the antifungal activity of mustard (Brassica nigra) and clove (Syzygium aromaticum)
essential oils against gray mold on strawberry fruits, found that the application of vapors
of these oils together or individually inhibited the growth of B. cinerea both in vitro and
in vivo. At the same time, they found that the combined use of clove and mustard oil
produced a synergistic antifungal effect. The combined use of these two oils may be an
alternative to synthetic antimicrobials.

3.2.2. Colletotrichum acutatum (Anthracnose of Strawberry, Black Spot of Strawberry)

Colletotrichum acutatum can cause anthracnose disease across a cultivar of crops, includ-
ing strawberries. This pathogen is particularly notorious for its ability to induce severe fruit
rot, root necrosis, and crown rot [98-100]. The disease manifests as black spots on leaves
and brown, collapsed spots on the fruits, which can severely affect both the yield amount
and marketability of fruits [99,101]. Effective management strategies for C. acutatum include
the use of plant protection products and management practices aimed at reducing humidity
and improving air circulation around the plants [102,103].

Anthracnose of strawberries is caused by three fungi of the species Colletotrichum: C.
acutatum J.H. Simmonds, C. fragariae A.N. Brooks, and C. Gloeosporoides (Penz.) Penz. and
Sacc [101]. It manifests itself by the appearance of brown dry or rot spots on the fruit and
by the browning and drying of the flowers and shoots [104,105]. According to Miller-Butler
et al. [101], the cultivation of cultivars resistant to anthracnose is a promising way to reduce
fungicides on strawberry plantations, especially in organic farming.

Colletotrichum acutatum was, in general, poorly controlled by tested combinations in
both years of the study. However, in 2021, the K5 treatment shows a tendency to limit by
a 27% infestation rate of C. acutatum. However, in 2020, the same combination showed
a 20% increase in the infestation rate (average for all tested cultivars). The use of the K4
combination resulted in moderately good results with a 12% increase in the infestation rate
(2nd best score of the year) in 2020 and a 16% decrease in the infestation rate of C. acutatum
in 2021.
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In 2020, there were no significant differences in infestation between different com-
binations (Table 7). In 2020, the least infected cultivar was ‘Honeoye’ (6.7% of infected
fruit), whereas the infestation rate of ‘Vibrant’ and ‘Rumba’ was about three times higher
than ‘Honeoye’. In 2021, ‘Vibrant” was the only cultivar to show a trend of reduction in the
infestation for all tested combinations in relation to the control. The lowest infection rate
was recorded after the K5 treatment; on the ‘Vibrant” plantation, a 55.5% lower infection
was noted after the K5 application compared to the control. Similarly, on average for all
cultivars, formulation K5 was the most effective in reducing anthracnose infection (27.1%
lower than in the control).

Table 7. The influence of biopreparations on the Colletotrichum acutatum (anthracnose) infestation rate
(% of fruit infested).

Years and Combinations

2020
K1 K2 K3 K4 K5 Keé Average

H , 3.0a 7.7 a 8.0a 9.4 a 48a 54a 6.7 A
oneoye (£4.24) (£11.26) (£3.90) (£8.45) (£2.93) (£7.44) (£6.68)

Rueaba’ 17.0 ab 265b 18.7 ab 142a 18.9 ab 11.8a 17.9B
(+£0.01) (+£10.83) (+7.16) (£9.15) (+£3.61) (£3.80) (£8.00)

Vibrant’ 16.2 a 214 a 16.0 a 172 a 20.0 a 18.6 a 18.4B
a (£0.58) (£8.37) (£3.75) (£2.96) (£7.80) (£5.91) (£5.57)

121a 185a 142a 13.6a 146a 11.9a 14.3
average (£7.29) (+£12.42) (£6.67) (£7.48) (£8.64) (£7.74) (£8.65)
2021

K1 K2 K3 K4 K5 Ke average

Hon , 74 a 94a 55a 4.7 a 40a 9.0a 6.6 A
oneoye (£7.12) (+£4.17) (£3.66) (+£1.83) (£2.10) (£5.50) (+4.13)

Rummba’ 80a 11.7a 13.0a 9.1a 10.0a 9.8a 105B
umba (£0.24) (£5.19) (£4.77) (£1.99) (£2.34) (£2.18) (+£3.41)
Nibrant’ 10.1ab 9.7b 9.7b 7.4 ab 45a 99b 8.4 AB
(£2.29) (£2.29) (+£3.92) (£2.21) (+£1.34) (+£4.59) (+£3.38)

average 8.5 abc 10.2b 9.4 bc 7.1ac 6.2a 9.6 bc 8.5

& (£3.57) (£3.83) (+£4.94) (£2.61) (£3.33) (£3.93) (£3.94)

Biopreparation x cultivar interaction—n.s. Values marked with different lowercase letters indicate significant
differences between combinations. Values marked with uppercase letters indicate significant differences between
cultivars. Values in brackets indicated standard deviation (SD).

According to Marian et al. [106], anthracnose is considered one of the most important
and, unfortunately, also most common diseases of strawberries, causing more than 50% of
yield losses in production plantations and even up to 80% of strawberry plant deaths in
nurseries. The authors concluded that the Streptomyces sp. MBFA-172 isolate has a great
potential for use as an alternative or complement to conventional chemical fungicides in
the protection of strawberries against anthracnose. The application of the Streptomyces sp.
MBFA—172 isolates resulted in a significant reduction in the frequency and severity of
strawberry anthracnose, and the results obtained were statistically comparable to those
obtained after the application of the chemical fungicide Propineb [106]. Alijjani et al. [107]
reported a positive effect of Bacillus spp. bacterial isolates in reducing postharvest fruit
anthracnose, with the highest inhibition found for the isolate MarD40 (86% of reduction)
and MarD35 (82% of reduction).
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3.2.3. Phytophthora cactorum (Leather Rot)

Phytophthora cactorum, a fungal-like oomycete pathogen, can infect various parts of
the strawberry plant, including roots, crowns, and fruits [108,109]. The disease often mani-
fests rapidly as wilting, stunting, and ultimately plant collapse, particularly in susceptible
cultivars [110,111]. The pathogen’s adaptability and ability to overcome host defenses com-
plicate management strategies, making an integrated approach—including the utilization
of resistant cultivars, effective plant protection, and soil and water management—a key in
controlling this pathogen in strawberry cultivation [112,113].

Phytophtora cactorum (Lebert and Cohn) J. Schrét. is one of the most important
pathogens in strawberry cultivation [114]. The appearance of this pathogen in the planta-
tion can result in a significant yield and economic losses. Meszka and Michalecka [115]
concluded that the P. cactorum is the most common accidental infection agent of strawber-
ries in Poland. At temperatures above 20 °C and high humidity, it causes whole-plant rot
and significant losses in strawberry fruit yields.

Phytophthora cactorum infestation showed a tendency to be well managed by K3 treat-
ment in both years of the study. The infestation rate was reduced by this treatment by 46%
in 2020 and 27% in 2021. Moreover, the K2 combination showed a tendency to limit the
P. cactorum infestation rate by 30% in 2021 (and to increase the infestation rate by 17% in
2020). In 2020, the most effective combination in reducing P. cactorum on strawberry fruits
was K3 (Table 8). In 2021, the combination K2, K3, and K6 were found to be highly effec-
tive in reducing the infestation of strawberry fruits by P. cactorum (by 26-30% on average
compared to the control). Although in both years of the study there were no significant
differences between combinations of tested biopreparations and control object, generally,
the infestation level was low (below 5.5% of infested fruits). The least infested cultivar was
‘Honeoye’ in 2020 and ‘Rumba’” in 2021.

Table 8. The influence of biopreparations on the Phytophthora cactorum (leather rot) infestation rate (%
of fruit infested).

Years and Combinations

2020
K1 K2 K3 K4 K5 Ke Average

Homeove! 1.84a 233a 0.92a 2.01a 1.80a 137a 170 A
oneoye (£1.03) (£2.64) (+£1.21) (£2.07) (+1.84) (£1.38) (+£1.69)

Rumba’ 370a 5.38a 3.07a 346a 3.09a 411a 381B
umba (£2.02) (£1.64) (£1.92) (£0.40) (£2.10) (£2.36) (+£1.81)

Nibrant’ 499a 458a 1.68a 299a 245a 453a 3.40B
(£4.07) (£3.41) (£1.38) (£1.58) (£2.96) (£4.85) (£3.03)

ver 3.51ab 410b 1.89a 2.82 ab 2.45ab 334 ab 2.97
average (£2.52) (£2.76) (+£1.67) (£1.51) (£2.20) (£3.25) (+£2.41)
2021

K1 K2 K3 K4 K5 K6 average

Homeove! 3.29 ab 2.05 ab 134a 1.95 ab 3.96b 2.35ab 2.42B
oneoye (£2.29) (£0.70) (£1.24) (£1.18) (£0.90) (£2.12) (£1.52)
Rumba’ 2.00 a 1.02a 1.16a 1.89a 195a 112a 148 A
(£0.97) (£0.69) (£1.05) (£2.21) (£1.36) (£1.01) (£1.25)

Nibrant’ 2.83ab 2.60a 3.40 ab 467b 2.78a 257a 3.17B
(£0.38) (£0.36) (£0.55) (£2.32) (£0.49) (£1.15) (£1.29)

vera 270a 1.89a 197a 2.84a 290a 20la 2.36

verage (£1.27) (+£0.87) (£1.39) (£2.24) (£1.24) (£1.52) (+£1.51)

Biopreparation x cultivar interaction—mn.s. Values marked with different lowercase letters indicate significant
differences between combinations. Values marked with uppercase letters indicate significant differences between
cultivars. Values in brackets indicated standard deviation (SD).
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The combinations of microbial biopreparations tested in this study included Bacil-
lus spp., particularly Bacillus subtilis; humic acids; and some other organic compounds
(Table 3). All of those were present in the K4 combination, which proved to be one of the
most universal combinations among the tested ones. Bacillus species are recognized for
their plant growth-promoting properties, among them, enhancing the nutrient availability,
stimulating root development, and releasing phytohormones (indole-3-acetic acid and
gibberellins) [116,117]. These mechanisms can positively impact not only plant flowering
but also fruit size and, in turn, the overall yield of strawberries [118,119]. Bacillus spp.
have been proven to have the potential to control Botrytis cinerea and Phytophthora cac-
torum, which are the major threats to strawberry crops. The antimicrobial properties of
Bacillus, attributed to the production of secondary metabolites and enzymes, help suppress
these pathogens, thereby reducing disease incidence and enhancing plant health [120,121].
Humic acids can positively impact strawberries by improving the soil structure, enhanc-
ing the nutrient uptake, and stimulating the microbial activity in the rhizosphere [122].
The synergistic effect of Bacillus spp. and humic acids can lead to improved resilience
against environmental stresses and pathogens to promote the yield quantity and better
fruit quality [117].

Other authors have investigated the efficacy of preparations containing Bacillus strains
on strawberry plant diseases. Pastrana et al.’s [123] study showed that two commercial
microbial-based preparations: the Prodygy® (AMC Chemical, Sevilla, Spain) formulation
with Trichoderma asperellum T18 and the Fusbact® (AMC Chemical, Sevilla, Spain) formu-
lation with two strains of the Bacillus (B. megaterium and B. laterosporus) were found to be
effective in controlling strawberry sclerotial rot (charcoal rot). Dipping strawberry roots in
the formulation with T. asperellum reduced the incidence of crown and root rot caused by
Fusarium solani by 81% under field conditions and even up to 100% in the greenhouse.

Filipczak et al. [53] concluded that biostimulators can be used as an effective, safe,
and economically viable alternative to mineral nitrogen fertilization and plant protection
measures against pathogenic microorganisms such as Salmonella sp., Escherichia coli, and
Listeria monocytogenes, which pose a direct threat to human health.

3.3. The Influence of Biopreparations on Biometric Parameters of Strawberry Plants

All treatment combinations showed a positive trend to increase the number of crowns
per plant compared to the control in both years of the study (with the exception of the
K2 treatment in 2021), but due to high variability between replications, this effect was not
statistically significant when compared to the control (Table 9).

In the first year of the experiment, the use of all the tested biopreparations resulted
in a trend towards the increased dry weight of the aboveground parts of strawberries in
relation to the control, but due to high variability between replications, this effect was not
statistically significant (Table 10). In the second year, this effect was highly dependent on
the cultivar and biopreparation used. This can be important information, as the observed
increase in strawberry fruit yields may have been supported by a higher crown number
and weight of the aboveground parts of the strawberry.

The present study corresponds with the results of Kowalska [87], which noted that
an increased biomass of the plants was recorded after the application of a preparation
containing a strain of Trichoderma asperellum. Jamiotkowska et al. [124] reported an increase
of 11-15% in the number of tomato leaves per plant after root inoculation with mycorrhizal
fungi (Rhizophagus intraradices, Claroideoglomus etunicatum). The authors found that the
treatments applied did not have a significant effect on marketable yields but, by improving
plant health, reduced the share (ratio) of infested fruits [124]. In recent years, there has been
a growing interest among both scientists and farmers in natural, pro-ecological methods
of cultivation and plant protection, with an emphasis on increasing plant resistance to
pathogens, pests, and stress conditions caused by unfavorable weather conditions, drought,
or frosts. This is due to the growing awareness and demands of consumers to use the best
quality products [125-127] with positive impacts on human health [125,126]. It is believed
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that quality food is supposed to provide consumers with their energy needs, but it is also
supposed to provide the necessary macro- and micronutrients and keep consumers healthy
without the need for the additional supplementation of essential vitamins and minerals
in the form of tablets. Food should also be safe and therefore not contain residues of
chemical pesticides or fertilizers used during plant cultivation, which could then negatively
affect the health and longevity of consumers. In addition, the increased interest in seeking
more natural, often innovative solutions for agriculture and horticulture is linked to the
adoption of the European Green Deal strategy by the European Commission, and the
consequent introduction of measures in member states aimed at increasing care for the
environment and climate as well as increasing the share of organic farming [128]. The list
of active substances permitted for use in agriculture has also been reduced, which creates
the need to look for new solutions, substances, preparations, and fertilizers that will enable
farmers to produce food that is healthy and safe for consumers while at the same time
being economically viable [129-131].

Table 9. The effect of biopreparations on the number of crowns developed by strawberry plants.

Years and Combinations

2020
K1 K2 K3 K4 K5 Keé Average
‘Honeove’ 45a 45a 48a 75a 58a 53a 55A
y (£0.71) (£1.00) (£1.50) (£3.00) (£2.75) (£2.06) (£2.15)
‘Rumba’ 7.5a 8.5a 95a 6.3a 6.3a 58a 7.3B
(£3.54) (+4.36) (£6.24) (£2.50) (£1.50) (£2.22) (£3.59)
Vibrant 50a 7.8a 6.5a 53a 58a 6.5a 6.2 AB
(£1.41) (£0.96) (£2.08) (£1.89) (£2.22) (£1.29) (£1.77)
average 57a 69 a 6.9 a 6.3 a 59a 58a 6.3
& (£2.25) (£3.00) (+4.08) (£2.46) (£2.02) (£1.80) (£2.69)
2021
K1 K2 K3 K4 K5 Keé average
‘Honeove’ 6.5 ab 45a 7.8 ab 9.8b 6.0a 6.8 ab 6.9B
y (£2.12) (£2.08) (£1.71) (£2.63) (£1.83) (£3.50) (£2.72)
‘Rumba’ 35a 53a 58a 75a 6.3a 55a 5.8 AB
(£0.71) (£2.63) (£2.22) (£3.11) (£1.89) (£1.91) (£2.30)
Vibrant’ 6.5a 53a 50a 45a 55a 55a 53A
(£2.12) (£1.89) (£3.46) (£0.58) (£1.91) (£2.52) (£2.05)
average 5.5 ab 5.0a 6.2 ab 7.3b 5.9 ab 59 ab 6.0
& (£2.07) (£2.04) (£2.62) (£3.11) (£1.73) (£2.54) (+2.44)
Biopreparation x cultivar interaction—n.s. Values marked with different lowercase letters indicate significant
differences between combinations. Values marked with uppercase letters indicate significant differences between
cultivars. Values in brackets indicated standard deviation (SD).
Table 10. Effect of biopreparations on dry weight of aboveground parts of plants (g-plant™!).
Years and Combinations
2020
K1 K2 K3 K4 K5 K6 Average
‘Honeove’ 615a 59.5a 81.5a 108.1 a 1169 a 106.9 a 91.6 A
y (£13.08) (£14.95) (+43.86) (£59.31) (£86.11) (+49.69) (£52.43)
‘Rumba’ 1134 a 115.0a 118.8 a 105.0 a 133.6 a 146.0 a 122.7B
(+45.32) (£64.96) (£58.65) (£34.16) (£58.14) (+61.24) (£50.85)
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Nibrant’ 1004 a 112.0 a 126.7 a 1183 a 102.1a 96.8 a 110.2 AB
(£22.84) (+£40.19) (£51.37) (£30.03) (£42.98) (£27.15) (£35.38)
vera 91.7a 955a 109.0 a 1105 a 1175a 116.6 a 108.2
verage (£33.66) (£48.58) (£51.05) (£39.49) (£60.24) (£48.86) (+47.90)
2021
K1 K2 K3 K4 K5 Keé average
Honeove’ 355a 31.6a 449a 481a 315a 355a 38.1B
y (+£14.59) (£12.03) (+15.77) (+£12.16) (+£6.05) (£10.16) (£12.40)
Rumba’ 34.1ab 51.1b 32.4ab 478b 33.6ab 265a 379B
(£11.42) (£23.52) (+£10.57) (£2.09) (£12.95) (£10.09) (£15.10)
Nibrant’ 385a 22.0a 26.1a 236a 27.5a 23a 25.6 A
(£23.20) (£8.44) (£11.64) (£3.62) (£7.62) (£3.84) (£9.46)
verase 36.0 ab 349 ab 345ab 39.8b 30.9 ab 28.1a 33.8
& (+£13.43) (£19.23) (+£14.22) (+£13.74) (£8.85) (£9.64) (£13.67)

Biopreparation x cultivar interaction—n.s. Values marked with different lowercase letters indicate significant
differences between combinations. Values marked with uppercase letters indicate significant differences between
cultivars. Values in brackets indicated standard deviation (SD).

4. Conclusions

The cultivars of strawberries reacted differently to the tested biopreparations in terms
of the yield and infestation rate. The largest significant increase in the strawberry fruit yield
was obtained in 2021 with the combination of K4 containing Bacillus sp. Sp116 AC*, Bacillus
sp. Sp115AD, Bacillus sp. AF75BC and Bacillus subtilis AF75AB2, liquid and dry humic
acids, yeast culture effluent, micronized dolomite, mustard, and rapeseed oil (33% higher
yield compared to the control). Yields of the ‘Honeoye’ cultivar were showing the increase
when treated with microbial biopreparations. ‘Honeoye” was also the most resistant to
Colletotrichum acutatum (anthracnose) in both years of the study. With the exception of the
K2 and K3 treatments in ‘Rumba’ in 2020, none of the tested bioformulations caused a
significant decrease in strawberry yields. In 2020, all biopreparation combinations reduced
infestation by the fruit leathery rot pathogen of the “Vibrant” cultivar in relation to the
control, with the K3 combination being the most effective. All treatment combinations
showed a positive trend to increase the number of crowns per plant compared to the control
in both years of the study, with the exception of the K2 treatment in 2021. The research
on microbial organic biopreparations needs to be continued in subsequent years in order
to select the combination of preparations with the most beneficial effect on plant health
and yields to support sustainable food production. Future studies should be carried out
with more years included and with verification of how microbial preparations affect the
diversity of microorganisms in the soil, especially in the root zone of plants.
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Abstract: Poland is a major producer of various fruits, including strawberries. As growing con-
sumer awareness of food quality, health, and wellbeing is increasing, farmers are receiving a new
market opportunity for organic products of good quality. The integration of microbial solutions
into agricultural practices can foster the transition of agricultural farms towards more resilient and
sustainable production of quality food. The objective of this study was to assess the influence of
novel microbial biopreparations (microbial fertilizing products) containing Bacillus sp., humic acids,
and other organic compounds on the economic viability of three strawberry cultivars (‘Honeoye’,
‘Vibrant’, and ‘Rumba’) under organic farming conditions. This study was conducted in 2021 as a
field experiment. Irrigated and non-irrigated strawberries were treated with five microbial fertilizing
products (K2-K6). The single plot area was 16 m?, with a total of 144 plots. The adopted planting
density of strawberries was 30,052 per hectare. K3 treatment was found to be the most universal
microbial treatment in terms of positive impact on yields, with significant yield increase on both the
non-irrigated (yield increase of 3.76 t-ha~!) and irrigated experiments (yield increase of 5.78 t-ha™1).
The K4 treatment on the non-irrigated strawberries resulted in a yield increase of 4.96 tha~1, which
at the same time had no effect on the yield of the irrigated experiment. On average, application of the
K2-K6 combinations on the non-irrigated strawberries resulted in a yield increase from 13.4% (K2)
to 33.5% (K4). The irrigated strawberries showed a yield increase from 3.9% (K4—non-significant
yield increase) to as much as 36.1% (K3). The highest direct surplus for the non-irrigated strawber-
ries was recorded for the K4 treatment (38,603 PLN-ha—1) and for K3 for the irrigated experiment
(42,945 PLN-ha~!). The direct surplus for ‘Rumba’ and ‘Vibrant’ was higher than for ‘Honeoye’
on both the irrigated (22% and 53%, respectively) and non-irrigated (19% and 18%, respectively)
experiments. The average profitability index for all tested non-irrigated and irrigated varieties im-
proved when treated with microbial fertilizer products, with profitability indexes of 143.3-168.8%
on the non-irrigated plantation and 129.2-169.7% on the irrigated plantation. The tested microbial
fertilizing products proved to be valuable products to improve the productivity and economic effec-
tiveness of organic strawberry production. At the same time, their use needs to be adapted to local
plantation conditions.

Keywords: direct surplus; economic efficiency; microbial fertilizers; Bacillus sp.; humic acids

1. Introduction

Organic farming, an environmentally friendly agricultural farming system, is one
of the EU’s integral strategies to create a sustainable and resilient agricultural future.
Environmental sustainability, consumer health and safety, animal welfare, sustainable rural
development, and satisfying market demands are ambitious targets for organic farming,
which are also reflected in the EU’s Green Deal [1] and Farm-to-Fork [2] strategies. One of
the goals of the current EU strategy is to have 25% of its agricultural land under organic
farming principles.
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According to Parlifiska et al. [3], the European Green Deal strategy is almost entirely
directly or indirectly related to agriculture. It mostly deals with crop production and
processing, but also with the use of ecosystem services, climate change, and carbon seques-
tration, as well as efficient food management. Organic farming can support the objectives
of the European Green Deal. The development of this farming system is influenced by
increasing demand and interest in healthy food of improved quality [4]. The aim of organic
farming is to produce high-quality food and protect the natural environment [5]. Nacht-
man [6] defines organic farming as “a system of agricultural production that ensures the
production of food under environmentally sound conditions”. Greenhouse gas emissions,
as well as air-polluting chemical emissions from organic farming are low; thereby this
system counteracts the negative effects of climate change and helps to maintain water and
soil quality [7]. According to Brzozowski and Zmarlicki [8], the development of organic
production is largely determined by consumer preferences, as their willingness to pay
higher prices for organic products is the main driving force behind the development of the
organic market.

According to Zmarlicki and Brzozowski [9], the main source of income for the Eu-
ropean organic food sector is organic fruits and vegetables. One of the challenges for
organic farming is to meet consumer demands regarding food quality without the use of
chemical plant protection products. According to Rahmann et al. [10], organic farming
should be supported by multidisciplinary research to find solutions to the technical and
socio-economic challenges. Meeting these objectives requires the development of new,
non-chemical methods of production, including the use of biopreparations (microbial
fertilizing products).

The current and future development of organic farming is closely linked to its prof-
itability and competitiveness with other farming systems. Currently, EU agriculture is
influenced by new strategies such as the European Green Deal, the Farm-to-Fork Strategy,
the European Biodiversity Strategy for 2030, and the Adaptation Strategy: Climate Resilient
EU, which commit countries to a significant shift towards more sustainable farming and an
increase in organic areas (up to 25% of agricultural land by 2030) [1,11,12]. The increase in
both the number of certified organic farms and the area under certified organic cultivation
in Poland is related to the growing demand for organic food and also by the support
instruments for organic farming under the Common Agricultural Policy (CAP—Table 1) of
the European Union [13,14].

Table 1. Index of abbreviations used in the text.

Abbreviation Expansion of the Abbreviation
CAP Common Agricultural Policy
CFU Colony-forming unit

K1 Control

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
K2 AF75AB2 on a carrier consisting of dry humic acids, mustard, rapeseed
oil, and clove oil on micorized dolomite (10° CFU/ plant)

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2 on a carrier consisting of dry humic acids, mustard, rapeseed
oil, and clove oil on micorized dolomite (10° CFU/ plant), and Bacillus
subtilis AF75AB2 and Bacillus sp. Sp115AD on a carrier consisting of
plant extracts (nettle, horsetail, and calendula) and humic acids in
micorized dolomite (10° CFU/cm?)

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2 on a carrier consisting of dry humic acids, mustard, rapeseed

K4 oil, and clove oil on micorized dolomite (10° CFU/ plant), and Bacillus
sp. Sp116AC*, Bacillus sp. Sp115AD, humic acids, and yeast culture
effluent in micorized dolomite (10° CFU/cm?)

K3
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Table 1. Cont.

Abbreviation Expansion of the Abbreviation

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2 on a carrier consisting of dry humic acids, mustard, rapeseed
oil, and clove oil on micorized dolomite (10° CFU/ plant) and Bacillus
subtilis AF75AB2 and Bacillus sp. Sp115AD on a carrier consisting of
plant extracts (nettle, horsetail, and calendula) and humic acids in
micorized dolomite (10° CFU/cm?), and Bacillus sp. Sp116AC*, Bacillus
sp. Sp115AD, humic acids, and yeast culture effluent in micorized
dolomite (10° CFU/cm?)

Preparation containing Bacillus subtilis AF75AB2 and Bacillus sp.
Sp115AD on a carrier consisting of plant extracts (nettle, horsetail, and
K6 calendula), and humic acids in micorized dolomite (10° CFU/cm?), and
Bacillus sp. Sp116 AC*, Bacillus sp. Sp115AD, humic acids, and yeast
culture effluent in micorized dolomite (10° CFU/cm?)
Source: Drobek et al. [15] and Nakielska et al. [16], modified.

K5

Poland has a relatively large agricultural economic potential, as well as favorable
soil and climatic conditions, to be an important and competitive exporter of dessert and
industrial strawberries to the European and world markets [17]. According to Paszko
et al. [18], the market competitiveness of farms specialized in berry production is mainly
based on the continuous improvement of productivity and quality by implementing new
technologies. Currently, Poland is among the largest European and global producers of
berries. It is the second largest European producer of strawberries [19,20], and it ranks fifth
worldwide [20]. The quantity and quality of strawberry yields can be influenced by natural
(mostly climatic and soil) conditions, as well as the age of the plantation, field location,
and cultivar and agricultural management strategies [20], with irrigation, fertilization, and
crop protection as the main influencing forces [19]. Strawberry yields can also be under the
strong influence of genotype and planting season characteristics [21].

One of the main challenges of European agriculture, reflected in the European Green
Deal strategy, emphasizes the need for development of sustainable agricultural practices
to mitigate climate change and biodiversity loss. The integration of microbial solutions
into agricultural practices represents a potential avenue for fostering a transition towards
a more resilient and sustainable food system. This approach aligns with the objectives of
the Green Deal and offers a means of addressing the pressing challenges of climate change
and food security. The development of new microbial products has the potential to address
the existing research gaps of microbial consortia’s impact on plant health and productivity,
which remains an under-explored area [22,23]. Research initiatives funded under Horizon
Europe have the potential to drive innovation in this area, with a particular focus on the
development of microbial products that enhance crop yield and quality while minimizing
environmental impacts [24,25].

The aim of this study was to compare the productivity and economic profitability of
cultivation of three strawberry cultivars (‘Honeoye’, ‘Vibrant’, and ‘Rumba’) in an organic
farming system with the use of newly developed microbial enriched biopreparations
(microbial fertilizing products) under irrigated and non-irrigated plantation conditions.

2. Materials and Methods
2.1. Strawberry Productivity Assessment
2.1.1. Experimental Site

The research was conducted in 2021 on a strawberry plantation established in 2019 as
a certified organic strawberry field at the Agricultural Experimental Station of IUNG-PIB
(Institute of Soil Science and Plant Cultivation State Research Institute) in Grabow nad
Wista (Mazowieckie region). The area of the plantation was 23 a, and it was divided into
two objects: non-irrigated (11.5 a) and irrigated (11.5 a). The experiment was established in
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a system of equivalent blocks on a loessive soil made up of strong loamy sands on light
loam. The pre-crop for the strawberry was red clover (tilled in 2019).

2.1.2. Factors of Experiments

The experimental factors on both irrigated and non-irrigated experiments were:

I. Microbial biopreparations (microbial fertilizing products) based on beneficial mi-
croorganisms and plant extracts, including Bacillus sp., humic acids, yeast culture effluent,
micronized dolomite, mustard, and rapeseed oil (the tested products were newly devel-
oped and first tested in field conditions in the present study). Six levels of this factor were
studied: 1—water treated K1 (control object), 2—preparation K2 (trade name: BacilRoots),
3—preparation K3 (trade names: BacilRoots + BacilExtra), 4—preparation K4 (trade names:
BacilRoots + BacilHumus), 5—preparation K5 (trade names: BacilRoots + BacilExtra +
BacilHumus), and 6—preparation K6 (trade names: BacilExtra + BacilHumus).

II. Strawberry cultivars. Three levels of this factor were studied: “‘Honeoye’, ‘Vibrant’
and ‘Rumba’.

The study had a design with four replications, which included 72 plots per both irrigated
and non-irrigated fields (6 preparation combinations x 3 cultivars x 4 replicates = 72 plots
per irrigated /non-irrigated experiments). The biopreparations were developed under the
EcoFruits project (NCBiR, BIOSTRATEG3/344433/16/NCBR/2018). The experiment was
set up using black agrotextile as soil cover (sheet) at a plant density of 30,000 plants ha~!
(48 plants per plot, each with an area of 16 m?). Biopreparations were applied by spraying
three times during the growing season (13, 21, and 28 May 2021) at a rate of 35 kg-ha~!
dissolved in 400 L of water per hectare. The control site was sprayed with water alone at
the same rate (400 L water per 1 ha).

The site was drip irrigated three times during the growing season: 14th of May, 25th
of May, and 11th of June at a rate of 7000 L-ha~! (7 mm of rainfall equivalent).

2.1.3. Weather Conditions

The weather during the key months of strawberry growth, broken down by decade of
the month, is given in Table 2.

Table 2. Weather conditions during the 2021 growing season.

Month 1st Decade  2nd Decade 3rd Decade Total Multi-Year Average

Precipitation (mm)

April 43 429 4.0 51.2 42.0

May 14.3 15.0 20.6 49.9 53.0

June 0.8 2.0 67.61 7041 110.0

July 30.01 2161 10.11 61.7 1 105.0
Temperature (°C)

April 5.6 7.2 7.0 6.6 7.5

May 10.0 14.5 12.9 12.5 12.4

June 17.3 19.4 21.7 19.5 16.7

July 21.2 22.7 21.5 21.8 17.8

1 The amount of precipitation in the third decade of June and July may deviate from the actual amount due to the
failure of the measuring system at the meteorological station.

2.1.4. Agricultural Management and Fruit Harvest

The experimental field was managed according to certified organic farming principles
with the use of certified organic fertilizers and plant protection products.

The details of treatments are given in Table 3. The strawberry fruit yield was deter-
mined cumulatively over successive harvests from 2 to 24 June 2021 (seven harvests in
total). Fruits were harvested by hand on each of the 144 plots. Eight plants of each plot were
randomly selected, from which fruits were harvested, counted, and weighed. At the end of
the season, the total weight of fruit harvested from each plot was summed and converted to
average single plant yield (in g/plant) and average 1 hectare yield (in t-h~!). To do so, the
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average weight from a single plant was multiplied by 30,052 plants per hectare (planting
density), and the resulting weight was converted to tonnes. The final result included the
density reduction factor (percentage of plants that were missing from the plot).

Table 3. Agricultural treatments (fertilization and plant protection) on experimental site in 2021.

Treatment Type Product and/or Formulation Manufacturer ?{oes;aprzr ,11\,1 2:3:;:::
Biodevas Laboratoires
Redarom Activstart ZA del L’Epine, 15L 2
Savigné-1'Evéque, France,
. Biodevas Laboratoires
Fertilization Olibio ZA del L’Epine, 2L 2
Savigné—l’Evéque, France
Aminosol (N) AZELIS POLAND Sp. 3L 2
z 0.0., Poznan, Poland
Potassium sulfate Patent Kali K+S POISlfa Sp- 2 0.0, 250 kg 1
Poznan, Poland
K+S Minerals and
Potassium salt Agriculture GmbH, 60 kg 1
Kassel, Germany
Polcalc Nawozy Wapniowe
Carbonate lime Polcalc Sp. z 0.0., Przemyslowa, 500 kg 1
Poland
K2 (BacilRoots) Bac;‘;'ieffﬁpifl’; Do 50 kg 3
K3 (BacilRoots + BacilExtra) Bacto-Te/ch Sp- 2 0.0, 50 kg 3
. . Torun, Poland
]'310pr.eparat1.o'n's . . Bacto-Tech Sp. z o.o.
(microbial fertilizing K4 (BacilRoots + BacilHumus) Torus ! 50 kg 3
roducts) . . orun, Poland
p K5 (BacilRoots + BacilExtra + Bacto-Tech Sp. z o0.0., 50 k 3
BacilHumus) Toruni, Poland &
K6 . . Bacto-Tech Sp. z o.0.,
(BacilExtra + BacilHumus) 50 kg 3

Torun, Poland

2.2. Economic Efficiency of Organic Strawberry Production
2.2.1. Methodology of Economic Assessment

The primary source of data for the economic analyses was the technology sheets of
the experiment for 2021. They included the characteristics of the individual agrotechnical
treatments, the amount of input of production inputs, and the production volume (yield).
The economic evaluation of the strawberry production was carried out according to the
methodology of IERiGZ—PIB (Institute of Agricultural and Food Economics—National
Research Institute), taking into account the first income category—direct surplus [26,27].

In the analysis, two indicators were calculated: a standard direct surplus and a
profitability index. The direct surplus was the difference between the value of the yield
(income from the sale of strawberries) and the direct costs (seedling consumption, fertilizers,
and plant protection products) and the selected indirect costs (fuel used for the application
of biopreparations) according to the following formula: VALUE OF PRODUCTION —
DIRECT COSTS — INDIRECT COSTS = DIRECT SURPLUS. The value of production was
assessed on the basis of the weight of the harvested strawberry fruits (Section 2.1.4) and
strawberry fruit prices (Section 2.2.2).

In order to compare the different variants in terms of production profitability, a
profitability index was also calculated. The Productivity Index is a measure that evaluates
the efficiency with which resources are used in the production of agricultural goods. It was
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expressed as a percentage and calculated by comparing the value of the production to the
value of the costs (value of resources used in production), as follows:

value of production
value of costs

productivity index = ( > -100%

2.2.2. Strawberry Fruit Prices and Direct Costs Evaluation

To calculate the production value, the average purchase price of strawberries intended
for direct consumption from the area of Mazowieckie Voivodeship (region where the study
was carried out) for 2021 (4.80 PLN-kg 1) was adopted.

In the evaluated technologies of plant production, the following were classified as
(annual) direct costs: the cost of hired labor, seedling costs (1/4 of the purchase costs as
strawberry plantations should last 4 years), the cost of applied fertilizers and plant protec-
tion products certified for use in organic farming, and the cost of applied biopreparations
(microbiologically enriched fertilizers) in the form of foliar spraying of plants.

The labor and tractor-hour inputs were assessed according to the documentation sheet
of the experiment. Fertilizer and plant protection product costs were calculated based on
the consumption and purchase prices in Q1 2021 included in the experiment documentation
sheet. The cost of biopreparations was the same for each combination and amounted to
400 PLN-ha~! per 1 treatment.

The cost of fuel consumption for the Ursus 4512 tractor (44.5 kW) was assumed to
be 31.87 PLN per 1 h, according to the methodology described by Harasim [28], assum-
ing an average diesel price for the period 1-10 2021 of 5.30 PLN~!. The water price of
3.66 PLN-m 3 was adopted on the basis of the 2021 ordinance of the municipality of Przytek.

To calculate the labor costs, the cost of one man-hour of 11.01 PLN-h~! was adopted,
calculated on the basis of the minimum net wage in 2021 converted into the annual work-
ing hours of a full-time person working in agriculture (2120 h per year according to
IERiGZ-PIB).

The economic calculation did not include the cost of the machinery and tractors.
However, 1/8 of the cost of the irrigation system was taken into account (as installation is
expected to be functional for at least 8 years), which in the case of the experiment in Grabow
amounted to approximately 40,000 PLN per ha (total cost of the drip irrigation system).

2.2.3. Statistical Analysis

The data on strawberry yields were analyzed using STATISTICA software (Statistica
v. 10, Statsoft Inc., Tulsa, OK, USA). The data were analyzed using a two-way analysis of
variance (ANOVA) followed by a post hoc Fisher’s test. The significance of differences was
determined at p < 0.05.

Descriptive statistics were used to characterize the economic efficiency of the straw-
berry production. The economic results were not subjected to a statistical analysis of the
significance of the differences, as economic efficiency results are directly linked to yields.
For the statistical analysis, the irrigated and non-irrigated plantations were treated as two
separate experiments.

3. Results and Discussion
3.1. Strawberry Yields

The biopreparations (microbial fertilizing products) and cultivars had a significant
impact on yield (Table 4). The average fruit yield from the irrigated experiment was
18.74 t-ha~!, while the average fruit yield from the non-irrigated plantation was more than
a tonne lower (7%) (17.51 t-ha™1).

In the non-irrigated experiment, the K4 combination had the highest yields for all
three tested cultivars (19.75 t-ha~!). Interestingly, the non-irrigated ‘Vibrant’ had a yield
level similar to most of the tested treatments, including the control (K1, K2, K4, K5), with
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yields significantly lower from the K6 treatment (15.13 t-ha—1!). ‘Vibrant’ treated with K3
was the highest yielder in the non-irrigated part of the experiment (20.69 t-ha~!) (Table 4).

Table 4. Yield of strawberries (t-ha~!) in the organic system on an irrigated and non-irrigated site
depending on the cultivar and biopreparations used.

Treatment

Specification K1 K2 K3 K4 K5 K6 Average

Non-irrigated
‘Honeoye’ 11.09 a 15.61ab  17.69 ab 19.85b 1493ab  17.75ab 16.61

‘Rumba’ 1334 a 17.39ab  17.28 ab 19.87b 16.83ab  18.10 ab 17.48
‘Vibrant’ 19.93 ab 17.32 ab 20.69 b 19.53 ab 18.70 ab 15.13 a 18.42
Average 14.79 16.77 18.55 19.75 16.82 16.99 17.51
Irrigated
‘Honeoye’ 16.53 a 18.96 a 22,64 a 15.88 a 16.74 a 16.57 a 18.01
‘Rumba’ 14.37 a 19.80 ab 21.37b 17.94 ab 22.07b 17.41 ab 19.23
‘Vibrant’ 17.18 a 1831 a 2141 a 16.12 a 21.72a 18.14 a 18.96
Average 16.03 19.03 21.81 16.65 20.18 17.37 18.74

Lowercase letters indicate significant differences between tested biopreparations (microbial fertilizing products).

In the irrigated experiment, the K3 and K5 treatments had the best positive effect
on strawberry yields (21.81 and 20.18 t-ha~!, respectively). There was no statistically
significant impact of the tested treatments on the ‘Honeoye” and “Vibrant’ cultivars. The
yields of ‘Rumba’ were positively affected by the K3 and K5 treatments with a yield increase
of more than 7 t-ha~! (21.37 and 22.07 t-ha~!, respectively) compared to the control object
K1 (14.37 t-ha—!) (Table 4).

On average, in all combinations in both the irrigated and non-irrigated experiments,
all three cultivars yielded similar levels. The average yields of the irrigated experiment
(18.74 t-ha—!) were 7% higher compared to the non-irrigated one (17.51 t-ha™1) (Table 4).
The spread of results between the lowest yielding and highest yielding objects was large
in both the non-irrigated and irrigated experiments and was 9.6 t-ha~! (11.09 t-ha~! to
20.69 t-ha~!) for the non-irrigated experiment and 8.27 t-ha=! (14.37 t-ha—! to 22.64 t-ha™!)
for the irrigated experiment (Table 4).

In a study conducted by Brzozowski and Zmarlicki [29], organic strawberries yielded
an average of about 8 tonnes per hectare, which was 15% (1.2 t-ha—!) lower than the yields
of conventional strawberries. This was considerably lower than in the present study, where
yields ranged from 11.09 t-ha! for ‘Honeoye” in the non-irrigated experiment (control
plot with no microbial fertilizing products added) to as much as 22.64 t-ha~! for the same
variety in the plot where the K3 combination was used on the irrigated part. Yields similar
to those reported in the present study were recorded by Pawlak et al. [20], who found yields
of organic strawberries to be higher than those of conventional strawberries. The authors
found organic strawberry yields of 17.24 t-ha~! (ranging from 15.42 t-ha~! to 18.41 t-ha™!
and yields of conventional strawberries of 15.87 t-ha~! (ranging from 13.37 t-ha~! to
18.79 tha~1!). The authors found yields of organic ‘Honeoye’ higher by 0.94 t-ha~! to
1.94 t-ha~! than conventional strawberries, depending on the year of the study. Paszko [17]
reported yields of strawberries at a lower level of 8.2 t-ha~! for conventional strawberries
and 12.7 t-ha~! for dessert strawberries in his 2001-2007 study. Seufert et al. [30], on
the basis of a meta-analysis of organic and conventional farming, concluded that yields
obtained in an organic farming system match the yield from conventional farming if the
organic farm is managed properly with the best agricultural practices and crop types
selected for the organic farming system and local conditions.

The use of K3 showed a consistent positive effect on yields, which was probably due
to the composition of this combination of preparations. The K3 formulation consisted of
(1) Bacillus sp. AF75BC and Bacillus subtilis AF75AB2 on a carrier consisting of dry humic
acids, mustard, rapeseed oil, and clove oil on micorized dolomite (109 CFU/plant)), and (2)
Bacillus subtilis AF75AB2 and Bacillus sp. Sp115AD on a carrier consisting of plant extracts
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(nettle, horsetail, and calendula) and humic acids in micorized dolomite (105 CFU/cm?).
It is likely that the beneficial effect was due to the high concentration of Bacillus subtilis
in this specific combination, the addition of both Bacillus sp. AF75BC and Bacillus sp.
Sp115AD, and the effect of the addition of plant extracts (nettle, horsetail, and calendula)
to this particular combination of microorganisms. K3 showed the most consistent positive
effect in both the irrigated and non-irrigated experiments. The positive effect of beneficial
soil organisms, including Bacillus sp., has been confirmed by Sas-Paszt et al. [31], Drobek
et al. [32], and Mikiciuk et al. [33].

3.2. Economic Efficiency
3.2.1. Direct Costs

Labor inputs and machinery working time were lower for the non-irrigated system
than for the irrigated system. This was due to the nature of the irrigation system used,
which required the preparation and transport of water from the farm to the field in order to
work (there was no on-field water source). The difference between the two systems was
about 50 h in man-hours and about 10.5 h in tractor-hours (Table 5). In both systems, the
control object had lower labor inputs than the objects on which the tested biopreparations
were used. The difference of about five man-hours and 3.6 tractor-hours was due to the
need to prepare, transport, and use the biopreparations.

Table 5. Man-hour and tractor-hour inputs for irrigated and non-irrigated experiments.

Specification Treatment

K1 K2 K3 K4 K5 Ko

Non-irrigated
Man-hours 3375.9 3380.4 3380.4 3380.4 3380.4 3380.4
Tractor-hours 2.6 6.2 6.2 6.2 6.2 6.2
Irrigated

Man-hours 3422.1 3426.6 3426.6 3426.6 3426.6 3426.6
Tractor-hours 13.1 16.7 16.7 16.7 16.7 16.7

Most of the labor was related to the harvesting process of the strawberries. Detailed
worksheets were not kept for each plot (each combination); harvest time was recorded for
the whole experiment (Table 5). For the purpose of the preliminary study, it was assumed
that the labor time required for harvesting was equal for each plot (total harvesting time
the same regardless of the yield from the test plot).

Strawberry field production, whether in an irrigated or a non-irrigated system, requires
high inputs of manual work (labor input), mainly during the harvest and maintenance
work on the plantations of strawberries. The implementation of efficient irrigation practices
is crucial for enhancing productivity and reducing labor costs in irrigated strawberry
production. Water application and automation technologies can optimize irrigation process,
limit water use, and reduce the labor costs of cultivation [34]. This indicates that advanced
irrigation technologies can streamline the irrigation process, potentially reducing the labor
requirement for manual irrigation management. In the present study, as the irrigation
system was manually operated, and water had to be transported to the field plantation
(no source of water on plantation), the labor needed on the irrigated plantation (treated
with the tested biopreparations) was slightly higher (by approx. 46.2 h and 1%) in terms
of man-hours and approx. 2.7 times higher in terms of tractor-hours (by approx. 10.5 h).
Ariza et al. [35] discussed the influence of different irrigation regimes on the yield and
fruit quality of strawberry cultivars, highlighting the importance of water-saving strategies,
such as using low water-consuming cultivars or implementing deficit irrigation strategies,
to increase water productivity [35].

In non-irrigated strawberry production, labor inputs may increase substantially if
additional irrigation is needed during dry periods for saving not only the strawberry
harvest but also the plantation itself from drought damage. Studies have shown that
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irrigation of strawberries during transplant establishment and frost protection can be crucial
also for non-irrigated systems [36]. This suggests that labor inputs in non-irrigated systems
may include tasks related to monitoring weather conditions and providing supplemental
irrigation when needed to support plant growth and prevent plantations from critical
damage. In the present study, the non-irrigated plantation had an irrigation system installed,
but it was never used. The system was installed as a risk management measure in case of
catastrophic drought and the risk of strawberry plants drying out. In the present study,
irrigation of the plantation was set to start when soil moisture dropped below a field
water capacity of 75%. The field was irrigated to reach field water capacity. This was
far from an optimal water irrigation technique; however, due to technical limitations (the
need to transport water to the plantation), this strategy was chosen and implemented on
the irrigated field. Even such a technique showed positive effects on both the yield and
economic efficiency of strawberry production (Table 6).

Table 6. Yield value and direct surplus of the different cultivars of strawberry treated with different

biopreparations.

Specification Treatment

K1 K2 K3 K4 K5 K6 Average

Non-irrigated
Direct costs (PLN) 54,783 56,098 56,098 56,098 56,098 56,098 55,878.8
Yield (average, tha~1) 14.79 16.77 18.55 19.75 16.82 16.99 17.28
Yield value (PLN)
“Honeoye’ 53,177 74,850 84,824 95,181 71,589 85,111 77,455.3
‘Rumba’ 63,965 83,385 82,858 95,277 80,700 86,790 82,162.5
“Vibrant’ 95,564 83,049 99,209 93,646 89,667 72,548 88,947.2
Average 70,918 80,412 88,947 94,701 80,652 81,467 82,849.5
Direct surplus (PLN)
‘Honeoye’ —1606 18,752 28,726 39,083 15,492 29,013 21,576.7
‘Rumba’ 9182 27,287 26,760 39,179 24,602 30,692 26,283.7
“Vibrant’ 40,781 26,952 43,111 37,549 33,569 16,451 33,068.8
Average 16,135 24,314 32,849 38,603 24,554 25,369 26,970.7
Average direct surplus with subsidies 19,010 27,189 35,724 41,478 27,429 28,244 29,845.7
Irrigated

Direct costs (PLN) 60,271 61,586 61,586 61,586 61,586 61,586 61,366.8
Yield (average, tha~1) 16.03 19.03 21.81 16.65 20.18 17.37 18.51
Yield value (PLN)
“Honeoye’ 79,118 91,105 108,367 76,241 80,077 79,597 85,750.8
‘Rumba’ 69,048 94,941 102,613 85,831 105,970 83,433 90,306.0
‘Vibrant’ 82,474 87,749 102,613 77,200 104,052 86,790 90,146.3
Medium 76,720 91,105 104,531 79,597 96,859 83,433 88,707.5
Direct surplus (PLN)
‘Honeoye’ 18,846 29,519 46,781 14,654 18,490 18,011 24,383.5
‘Rumba’ 8777 33,355 41,027 24,244 44,383 21,847 28,938.8
“Vibrant’ 22,203 26,162 41,027 15,613 42,465 25,203 28,778.8
Average 16,449 29,519 42,945 18,011 35,273 21,847 27,340.7
Average direct surplus with subsidies 19,323 32,394 45,820 20,886 38,148 24,722 30,215.5

Source: own calculations.

The type of soil on which strawberries are cultivated also affects the needed labor
inputs. Depardieu et al. [37] discussed the use of sawdust and bark-based matter as
substrates for soilless strawberry production, highlighting the importance of managing
irrigation to ensure water use efficiency and crop quality. Irrigated strawberry plantations
need proper timing of irrigation, which can be determined, for instance, on the basis of
tensiometer irrigation scheduling [38]. The quality of water used for irrigation can also
influence labor inputs. Use of water of poor quality (e.g., wastewater) can have a negative
impact on strawberry productivity and fruit quality [39,40]. Labor inputs related with
water management of production fields may include additional tasks related to water
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treatment, monitoring water quality parameters, and ensuring compliance with safety
regulations to protect crop health and productivity. In the present study, these aspects
of strawberry production were not assessed. Both plantations were covered in black
agrotextile to reduce the inputs needed for weed control, and tap water was used to reduce
the risk of contamination of the irrigated field with microbes from, e.g., farms, ponds, or
other water sources.

Direct costs were lower for the non-irrigated system compared to the irrigated system
(Table 7). This was due to the cost of the water itself but also the cost of preparing
and transporting the water. The direct costs in the case of the irrigated plantation were
61,586 PLN per hectare, and 67.4% of these costs were the cost of hired labor. This was
followed by fertilizers accounting for about 2.7% of the costs, biopreparations for 1.9%, fuel
for 3.1%, and water for 0.2% of the costs. In the case of the control object, lower direct costs
resulted from the non-application of biopreparations (lower costs of preparations and labor
necessary for their application) (Table 7).

Table 7. Direct costs and their structure depending on the combination of formulations and irriga-

tion used.
Specification Treatment
K1 K2 K3 K4 K5 K6
Non-irrigated
Direct costs (PLN) 54,783 56,098 56,098 56,098 56,098 56,098
Cost structure (%)
Materials total: 21.6 23.2 23.2 23.2 232 232
Seedlings 8.2 8.0 8.0 8.0 8.0 8.0
Fertilizers 3.1 3.0 3.0 3.0 3.0 3.0
Biopreparations 0.0 2.1 2.1 2.1 2.1 2.1
Water 0.0 0.0 0.0 0.0 0.0 0.0
Other 10.3 10.1 10.1 10.1 10.1 10.1
Fuel 2.7 2.8 2.8 2.8 2.8 2.8
Labor (hired) 75.7 73.9 73.9 73.9 73.9 73.9
Irrigated
Direct costs (PLN) 60,271 61,586 61,586 61,586 61,586 61,586
Cost structure (%)
Material total 28.2 29.5 29.5 29.5 29.5 29.5
Seedlings 7.5 7.3 7.3 7.3 7.3 7.3
Fertilizers 2.8 2.7 2.7 2.7 2.7 2.7
Biopreparations 0.0 1.9 1.9 1.9 1.9 1.9
Water 0.3 0.2 0.2 0.2 0.2 0.2
Other 17.7 17.3 17.3 17.3 17.3 17.3
Fuel 3.0 3.1 3.1 3.1 3.1 3.1
Labor (hired) 68.8 67.4 67.4 67.4 67.4 67.4

In the system without irrigation, direct costs in the combinations with biopreparations
were lower by 5488 PLN than in the irrigated system. Here too, labor accounted for the
majority of costs (73.9%), followed by fertilizers (3.0%), biopreparations (2.1%), and fuel
(2.8%) (Table 7).

Manual labor in strawberry cultivation is often the most important element of the cost
structure. This is linked to the nature of the crop, where mechanization of crucial manage-
ment practices (particularly harvesting and plantation maintenance) is low. Most of the
labor is related to planting, weeding, pruning, harvesting, and general field maintenance.
Achieving a high economic efficiency of the production of strawberries in Poland can be
supported by its local natural, climatic, and soil conditions [20]. One of the limiting factors
affecting strawberries is pathogens. Strawberry plants can be negatively affected by fungi
such as Botritis cinerea, Colletotrichum acutatum, Phytophtora cactorum, Fusarium oxysporum,
and Verticillium dahlia. Disease and pest prevention and control measures, including bio-
logical measures, are essential for keeping crop productivity [41,42]. In the present study,
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the tested biopreparations included different organic compounds, including Bacillus sp.,
humic acids, yeast culture effluent, micronized dolomite, mustard, and rapeseed oil, which
provided some nutrients but could also be beneficial in terms of supporting biological pest
control. The direct costs of the use of the tested biopreparations were the same for each
tested combination, as the cost for each of the newly developed biopreparations was the
same (the doses per hectare were also the same). However, the potential for yield promotion
of the tested treatments was different and strongly influenced yield quantity (Table 4). Ade-
quate plant nutrition is a factor that often determines the yield. In the case of strawberries,
as with many other plants, nitrogen supply is crucial. Calcium and micro-nutrients are
also important to support the quality of strawberries [43]. Nutrient management based
on growth stages can help promote yield and quality, potentially offsetting indirect costs
associated with suboptimal nutrient management practices [44].

The direct costs of organic strawberry production in the research conducted by Brzo-
zowski and Zmarlicki [29] were 14,280 PLN-ha~!, with direct costs lower by 1550 PLN-ha~!
in conventional farms. The difference was due to higher expenditures on manual work
in organic farming systems. The authors found that fruit harvesting (labor) was the most
expensive cost of strawberry production. Labor costs were assessed at 43.2% in conven-
tional cultivation and at 57.5% of the total direct costs, while in the present study, those
costs were higher, reaching about 67.4% in the irrigated experiment compared to 73.9% in
the non-irrigated experiment. On the other hand, Brzozowski and Zmarlicki [8], on the
basis of their research, found that for the profitability of organic strawberry production,
human labor costs were the most important factor, accounting for more than 90% of the
determined direct costs, which is very similar to findings of the present study. According
to Brzozowski and Zmarlicki [8] organic strawberry labor productivity can be increased
(reduced labor costs) by utilizing equipment and machinery to remove runners and weeds.
In the present study, both runners and weeds were removed manually. Brzozowski and
Zmarlicki [8] also found the costs of strawberry production with organic methods to be
about 9% higher than conventional production when only the surface of the plantation is
taken into consideration and about 30% higher for 1 kg of fruits.

In Paszko’s [45] study of strawberry harvesting costs, depending on the direction of
production, harvesting dessert fruit was on average twice as expensive as fruit for process-
ing. Picking costs accounted for between 46.0 and 53.9% of total strawberry harvesting costs.
According to Paszko [45], strawberry cultivation is characterized by high labor intensity, of
which fruit harvesting is the most expensive. According to Gotebiewska and Sobczak [46],
the level of profitability of strawberry production depends on the intensity and destination
of production (direct consumption or processing), the yield, and the selling prices. The
profitability of strawberry production can be increased by extending the harvesting period,
but this requires the selection of suitable cultivars and the use of modern technologies [47]
Moreover, Paszko et al. [19] found a possibility of increasing the productivity of strawberry
plantations by the introduction of new, more productive cultivars or the use of modern
production technologies.

3.2.2. Yield Value and Direct Surplus

Yields are a critical determinant of both economic efficiency and direct surplus. Higher
yields lead to greater efficiency and surpluses. In the present study, for the non-irrigated
system, a high direct surplus was observed for the application of the K4 formulation
combination (for all cultivars), which reached about 38.6 thousand PLN-ha~! (Table 6).
Higher values of direct surplus for this system were observed for ‘Vibrant” in the case of the
application of K3 (43.1 thousand PLN-ha~!) and, surprisingly, in the case of no application
of preparations (40.8 thousand PLN-ha~1).

In the irrigated system, the best economic effect expressed in terms of direct surplus
was found for the combination of K3 (direct surplus from 41.0 thousand PLN to 46.8
thousand PLN-ha~! depending on the cultivar) (Table 6). A similar direct surplus was
recorded for the combination of K5 for the ‘Rumba’ and ‘Vibrant” cultivars (approximately
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PLN 44.4-42.5 thousand ha~!). However, at the same time, one of the worst economic
efficiencies was observed for this formulation for the cultivar ‘Honeoye” (18.5 thousand
PLN-ha—1).

The lowest direct surplus values in the irrigated system were found for the control
(without biopreparations) and the biopreparation combination K4 (16.4 and 18.0 thousand
PLN-ha—1, respectively) (Table 6).

The lowest values of direct surpluses in the non-irrigated system were recorded for
the control (16.1 thousand PLN-ha~!) and, among the sites with biopreparation applica-
tions, for K2 and K5 (about 24.3 and 24.6 thousand PLN-ha~!) (Table 6). Brzozowski and
Zmarlicki [29], on the basis of their research on the economics of organic apple, cherry,
and strawberry production found that strawberry production in the organic system was
more profitable than conventional strawberry production. Similarly, Pawlak et al. [20]
reported higher or comparable economic efficiency for organic crops compared to conven-
tional crops, which was also due to 17-23% higher fruit selling prices and higher yields in
the organic farming system. In the present study, the profitability of production of three
strawberry cultivars did not receive an organic “price premium” (higher price for organic
fruits), as there is basically no large purchaser of organic strawberries in the area. In the
present study, no organic price premium was adopted to calculate the economic efficiency
of strawberry production. Prices for conventional strawberry were used, as most probably
it would be difficult to sell organic strawberries at higher prices on the local market. Other
authors, like Sredojev¢ et al. [48], on the basis of a survey study, found organic strawberry
production more profitable than conventional cultivation. According to Paszko et al. [49],
in countries where berries are produced mainly for the fresh (dessert) market, the stability
of farmgate prices is higher. This shows that the profitability of organic and conventional
production is dependent on (local) market conditions.

An important element for the profitability of agricultural production is the effective-
ness of the pest management used [50]. A study by Vultaggio et al. [51] investigated
the combined effect of Trichoderma atroviride and a plant-derived protein hydrolysate in
forest strawberry production. The results showed that the application of microbial and
non-microbial biostimulants significantly improved the yields, fruit quality, and economic
profitability of strawberry cultivation. Moreover, the integration of microbial communities
into plant nutritional regimes can influence post-harvest characteristics and economic
aspects of strawberry production. The application of different classes of biostimulants
on strawberry plants has been shown to enhance growth, yield, and fruit quality under
nutrient limitation conditions, as demonstrated by Soppelsa et al. [52]. Furthermore, Soltani-
band et al. [53] found that various biostimulants can promote plant development, crop
productivity, and fruit quality in protected strawberries, ultimately impacting the economic
efficiency of cultivation.

Valentinuzzi et al. [54] studied the epiphytic microbial community and post-harvest
characteristics of strawberry fruit under a plant nutrition regime supplemented with
silicon. The study identified the presence of probiotic bacteria, such as Bacillus breve, in the
microbial community associated with strawberries. These probiotic bacteria were found to
offer technological benefits and potentially increase the economic efficiency of strawberry
cultivation by improving fruit quality and post-harvest characteristics [54].

According to Seufert et al. [30], organic systems are often nutrient-limited, and, for
this reason, probably have a weaker response to irrigation than a conventional system. This
was partially confirmed by the present study, where the yields of non-irrigated strawberries
were at the level of 93% of the irrigated strawberries.

According to Zmarlicki and Brzozowski [9], in economic terms, apples and strawber-
ries are the two most important orchard species in Poland. The price relationship between
organic and conventional fruit could convince many Polish fruit growers to switch from
conventional to organic production [9]. According to the Institute of Agricultural and Food
Economics—PIB in Warsaw, the parity payment rate for the labor input of a farmer and his
family members is estimated at PLN 21.39 per hour [55].
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The direct surplus per hour worked in the non-irrigated experiment was the high-
est for the K4 treatment and reached 11.42 PLN-h~! on average without subsidies and
12.27 PLN-h~!. The direct surplus per hour worked reached 12.75 PLN h~! for ‘Vibrant’
treated with K3. Interestingly, “Vibrant” treated with water (control—K1) showed a di-
rect surplus at a very high level of 12.08 PLN-ha~!. The direct surpluses in the irrigated
experiment were generally higher than those in the non-irrigated experiment. However,
treatment K4 showed rather poor performance in terms of direct surplus per hour worked,
reaching on average 5.26 and 6.10 PLN-h~! without and with subsidies, respectively. A
direct surplus of 12.53 and 13.37 PLN-h~! without and with subsidies was found for the
K3 treatment (average for three cultivars) (Table 8).

Table 8. Direct surplus (PLN per working hour) according to the combination of preparations used,
irrigation, and strawberry cultivars.

Specification Treatment

K1 K2 K3 K4 K5 K6

Non-irrigated
“Honeoye’ —0.48 5.55 8.50 11.56 4.58 8.58
‘Rumba’ 2.72 8.07 7.92 11.59 7.28 9.08
‘Vibrant’ 12.08 7.97 12.75 11.11 9.93 4.87
Average 4.78 7.19 9.72 11.42 7.26 7.50
Average with subsidies 5.63 8.04 10.57 12.27 8.11 8.36
Irrigated

"Honeoye’ 5.51 8.61 13.65 4.28 5.40 5.26
‘Rumba’ 2.56 9.73 11.97 7.08 12.95 6.38
‘Vibrant’ 6.49 7.64 11.97 4.56 12.39 7.36
Average 4.81 8.61 12.53 5.26 10.29 6.38
Average with subsidies 5.65 9.45 13.37 6.10 11.13 7.21

On average, for all combinations, the “Vibrant’ cultivar reached a direct surplus of
33,068.8 PLN per hectare in the non-irrigated part, while ‘Rumba’ reached 28,938.8 PLN
per hectare in the irrigated one. The non-irrigated ‘Rumba’ and “Vibrant” showed direct
surpluses higher than that of ‘"Honeoye’ by 21.8% and 53.3%, respectively. In the irrigated
experiment, those differences were 18.7% for ‘Rumba’ and 18% for ‘Vibrant'.

3.2.3. Profitability Index

The profitability index in strawberry cultivation is a measure of the profitability
of growing strawberries, calculated by comparing the costs incurred in cultivation to the
returns generated from the sale of the strawberries. In the present study, only the cultivation
of the non-irrigated ‘Honeoye” with no biopreparation added was unprofitable (profitability
index of 97.1%) (Table 9). The highest profitability index for the non-irrigated plantation
was found, on average, for the K3 (158.6%) and K4 treatments (168.8%), with “Vibrant’
treated with K3 as the most profitable unirrigated cultivar. The non-irrigated ‘Vibrant” with
no microbial treatment had one of the highest profitability indexes at 174.4%. The yield
offsetting the direct costs for tested treatments on the non-irrigated plantation was 11.7 t,
while the untreated plantation needed 11.4 t to offset the direct costs of production.

The irrigated strawberry plantation showed a profitability index above 100% for all
tested treatments and also for the control object. The K3 and K5 treatments were, on average,
the most profitable ones, with profitability indices of 169.7% and 157.3%, respectively. The
object with no biopreparation treatment was least profitable on the irrigated strawberry
plantation, followed by the K4 object (127.3% and 129.2, respectively). The yield offsetting
the direct costs on the irrigated plantation was higher than on the non-irrigated plantation
and reached 12.8 t, while the untreated plantation needed 12.6 t to offset the direct costs
of production. Chaulagain et al. [56] highlighted that growing strawberries is a profitable
enterprise, as the returns are greater than the costs incurred. This indicates that the
profitability index in strawberry cultivation can be positive, making it a financially viable
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agricultural activity. The profitability of production can also be influenced by the yield
stability over time and quality of the strawberries produced [57]. Those two factors were
not taken into account in the present study; however, only fruits with no visible pathogen
infestation were harvested. The yields achieved in organic farming are often at a lower
level than in conventional farming. At the same time, organic strawberries are perceived
as a wholesome, high-quality product, and therefore the price of the crop is often higher.
Economic analyses have shown that differences in organic and conventional yield can be
offset by the higher retail price of organic strawberries, leading to superior profitability
of organic production [58]. The share of yield classified as commercial produce is also
important for the profitability of strawberry cultivation [59].

Table 9. Profitability index (%) and yield offsetting direct costs depending on the combination of
preparations used, irrigation, and strawberry cultivars.

Specification Treatment
K1 K2 K3 K4 K5 Keé
Non-irrigated
“Honeoye’ 97.1 1334 151.2 169.7 127.6 151.7
‘Rumba’ 116.8 148.6 147.7 169.8 143.9 154.7
“Vibrant’ 174.4 148.0 176.8 166.9 159.8 129.3
Average 129.5 143.3 158.6 168.8 143.8 1452
Yield offsetting direct costs (t) 11.4 11.7 11.7 11.7 11.7 11.7
Irrigated

"Honeoye’ 131.3 147.9 176.0 123.8 130.0 129.2
‘Rumba’ 114.6 154.2 166.6 1394 172.1 135.5
“Vibrant’ 136.8 142.5 166.6 1254 169.0 140.9
Average 127.3 147.9 169.7 129.2 157.3 1355
Yield offsetting direct costs (t) 12.6 12.8 12.8 12.8 12.8 12.8

Source: own calculations.

4. Summary and Conclusions

The irrigated strawberries yielded a similar (18.74 t-ha~!) level as the non-irrigated
objects (17.51 t-ha—1). Some of the tested cultivars in both the irrigated and non-irrigated
experiments showed statistically higher yields when treated with tested microbial fertilizing
products; for the others, this was not proven statistically. Direct costs per hectare in the
present experiments were lower in the non-irrigated system (ranging from 54,783 PLN to
56,089 PLN) compared to the irrigated system (ranging from 60,271 PLN to 61,586). This
was to a large extent due to the water costs and also the limitations of the experimental site,
where water had to be transported in tanks to the experiment.

The average profitability index for all tested non-irrigated and irrigated cultivars (aver-
age) with no microbial fertilizers added was 129.5% and 127.3%, respectively. The addition of
tested microbial fertilizing products improved the profitability index to 143.3-168.8% on the
non-irrigated site and to 129.2-169.7% on the irrigated plantation.

Of the biopreparations tested, the economic effects of the K3 combination were satisfy-
ing for the broad growing conditions, i.e., its use gave a relatively good economic result
for all cultivars, both in the irrigated and non-irrigated systems. The K4 treatment in the
non-irrigated experiment also showed a very positive economic effect and can be recom-
mended for strawberry cultivation without irrigation. Of the biopreparations tested, the
economic effects of the K6 combination were unsatisfying for broad cultivation conditions
(i.e., it produced a relatively small increase in direct surplus for all cultivars, both in the
irrigated and non-irrigated systems), although for some cultivars, the effectiveness of the
K6 treatment was at a moderate level.

This study showed that different cultivars respond differently to microbial fertilizers.
Also, its effectiveness can be affected by management practices (irrigated vs. non-irrigated
fields). Future studies should include different cultivars, such as ‘Elsanta’, ‘Senga Sen-
gana’, ‘Polka’, ‘Roxana’, ‘Marmolada’, ‘Pegasus’, ‘Kent’, ‘Florence’, or “Albion’ to check
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the response of different cultivars to microbial products and to search for recommenda-
tions of different products for the specific cultivars (and cultivation conditions). It would
also be interesting to test the performance of the tested formulations in integrated and
conventional plantations, as tested treatments can be used alongside other conventional
treatments. Longer studies (e.g., over four consecutive growing seasons), including other
soft fruit species (e.g., raspberries) could result in a cumulative effect of microbial commu-
nity establishment in soil over time. The rested microbial fertilizing products showed that
they can be valuable products to improve the productivity and economic effectiveness of
organic strawberry production. At the same time, their use has to be adapted to plantation
conditions (e.g., cultivar and/or irrigation practices).
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Abstract: Non-chemical methods of fertilisation and protection have been gaining im-
portance in recent years. This trend is closely linked to current European Union (EU)
agricultural policy and the growing consumer awareness of the impact of nutrition on
health. Newly developed biopreparations have to be tested for their agricultural efficiency
alongside a quality assessment of the resulting food. The aim of this study was to determine
whether the use of newly developed microbially enriched fertilisers in organic strawberry
cultivation had an effect on fruit chemical composition and heavy metal accumulation. In
the research, five biopreparations (K2-K6 combinations) containing selected Bacillus strains
and plant extracts were tested in 2021 and 2022 on three strawberry cultivars: ‘Honeoye’,
‘Rumba’, and “Vibrant’. After the vegetation period, the collected fruit samples were frozen,
freeze-dried, and subjected to chemical analyses to determine the total carbon and nitrogen
content, as well as the concentration of microelements (Mn, Fe), macroelements (Na, Mg, K,
Ca, P) and heavy metals (Cd, Pb, Cu, and Zn). The application of the tested biopreparations
did not significantly impact the total carbon content of strawberry fruit. For most of the
tested traits, cultivars reacted differently to the tested preparations. A higher total nitrogen
content was found for treatments treated with biopreparations, especially for the ‘Vibrant’
cultivar—ranging from 15.2 g-kg~! K2 (BacilRoots) to 16.3 g-kg~! K3 (BacilRoots + BacilEx-
tra) and K5 (BacilRoots + BacilExtra + BacilHumus)—being about 10-18% higher than on
the control object (K1). The content of sodium, phosphorus, calcium, and magnesium did
not change significantly under the influence of biopreparations. The use of the K3 and
KS5 treatment resulted in significantly lower iron contents when compared to those of the
control (strawberries sprayed with water with no biopreparations added)—respectively,
by 16.1% and 17.9%. “Vibrant’ treated with water (control treatment) showed the highest
contents of iron, copper, and zinc when compared to those treated with biopreparations.
No exceedances of the permissible heavy metal content were found in the samples tested.

Keywords: macroelements; microelements; organic system; non-chemical plant protection;
microbial fertilising products
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1. Introduction

A review of the international literature reveals an increasing awareness among farmers
of the necessity to reduce the use of chemical inputs in plant cultivation and to introduce
organic products instead [1]. This fact facilitates the development of biological alternatives
based on, among others, beneficial microorganisms that can protect plants from diseases,
stimulate their growth and development, provide the necessary mineral nutrients, and
improve soil quality [2].

The negative effects of excessive chemical input have led to a necessity for the replace-
ment of these inputs with organic alternatives that do not pose a risk to human health and
the environment [1]. One method of reducing the utilisation of fertilisers is to enhance their
efficacy through the incorporation of beneficial microorganisms, which may encompass
filamentous and arbuscular fungi (AMF), in addition to bacteria that facilitate the growth
and physiological condition of plants. These microorganisms can also contribute to soil
quality improvement and to the protection of plants from diseases and pests [1]. The
limited availability of manure, as the majority of both conventional and organic farms do
not keep livestock, is often a significant challenge, especially for organic farming. This
is why organic farmers are searching for alternatives that can effectively fulfil the role of
mineral fertilisers [2]. Sener and Cantemur [3] found that the consumer interest in premium
foodstuffs being produced in an environmentally conscious manner can be attributed to
a heightened environmental awareness and also a decline in consumer confidence in the
quality and safety of mass-produced foodstuffs, which are often contaminated with dioxins,
bacterial pathogens, and heavy metals.

A diet based on food from conventional, intensive agriculture can be contaminated
with plant protection product (PPP) residues. This can translate into an increased incidence
of cancer and chronic diseases among consumers. Therefore, it is important to provide
farmers with solutions, including safe formulations for fertilisation and plant health im-
provement, that will promote yield quantity and food quality and are safe for consumers.

Strawberry fruits, derived from Fragaria chiloensis and Fragaria virginiana, date back
to the 18th century. Currently, these are of great interest to consumers, mainly for their
tastiness, but especially for their numerous health-promoting properties and high content
of bioactive compounds [4-6].

The high content of phenolic compounds in strawberries, including anthocyanins,
flavonols, and derivatives of hydroxycinnamic acid and ellagic acid, contributes to their
antioxidant activity [7]. Additionally, strawberries are rich in amino acids, which pro-
vide health benefits such as antimutagenicity, a reduction in blood sugar, and a de-
crease in coronary heart diseases [8,9]. They are a source of minerals (iron, potassium,
calcium, phosphorus) and vitamins A and C [10-14]. They also contain pectin, fibre,
carotenoids [10,12,15-17], and glutathione [10].

Camargo et al. [18] found that organic strawberries had a higher anthocyanin content
than that of conventional ones. Organic products are often considered safer as they contain
lower levels or are completely free of pesticide residues, making them a preferred choice
for consumers concerned about food safety and health [19-21]. On the other hand, some
authors showed that organic crops are more likely to be contaminated by mycotoxins [22,23],
while Brodal et al. [24], on the basis of a literature study, concluded that a farming system
itself does not increase the risk of mycotoxin contamination. Organic products were also
chosen by consumers as they had better sensory attributes, such as taste, texture, and
aroma [25,26]. Consumer perception and willingness to pay also play a significant role in
the preference for organic fruits. Some consumers are willing to pay a premium for organic
fruits due to their perceived environmental benefits, such as reduced chemical input and
support for sustainable agricultural practices [27,28].
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According to Jamiotkowska and Hetman [29], increasing consumer demands for the
quality of food consumed as well as a growing interest in environmental issues are the main
causes of the increasing share of alternative, sustainable production methods in agriculture.
Currently, the safety of plant protection products and promotion of biological and other
non-chemical methods to improve plant health are of great interest both to agricultural
scientists and farmers [29,30].

As a safer alternative, it is recommended to use PGPR—plant-growth-promoting
rhizobacteria—which positively affect plant health and growth by suppressing pathogenic
organisms and accelerating nutrient availability and assimilation [31]. In contrast, Mynett
et al. [32] emphasise the importance of PGPMs (plant-growth-promoting microorganisms),
which stimulate the growth of young plants, enhance root system development, and
improve their resistance to abiotic and biotic stresses. PGPMs include, among others,
Trichoderma harzianum, Bacillus amyloliquefaciens, Serenolipita indica, and Gliocladium virens,
which are used in bioprotection against numerous fungal diseases.

According to Schonbichler et al. [33], the intensive use of chemical plant protection
products has led to substantial environmental pollution, which poses a significant threat
to human and animal health. This is mostly due to the translocation of pesticides” active
substances through food chains, which can ultimately risk the health of people. As an
alternative, synthetic crop protection products could be replaced by rhizobacteria, which
naturally stimulate the growth and health of certain groups of plants [33]. Grzegorczyk
et al. [34] highlighted two main advantages of biological plant protection: the increased
nutritional value of crops and possibility to utilise pathogen antagonists to degrade myco-
toxins. Such activities are in line with the Sustainable Development Goals of soil and food
conservation, as well as the implementation of the Farm-to-Table Strategy and thus the
European Green Deal.

According to these principles, accelerating the EU’s transformation to a sustainable
food system involves the production of healthy and quality food products. Thus, the heavy
metal content of strawberries can be a serious concern due to the potential health risks asso-
ciated with their consumption. Heavy metals such as lead (Pb), cadmium (Cd), copper (Cu),
and zinc (Zn) can accumulate in strawberry fruit, posing a risk to human health. Moreover,
heavy metals accumulated in food can be toxic even in low concentrations [3,35] due to
their direct absorption through the gastrointestinal tract. The chosen farm management
strategy as well as the choice of the production method can affect the chemical composition
of fruit. An organic farming system might have some advantages here, as it does not rely
strongly on industrial inputs, which conventional farming does. A study by Sener [3]
highlighted that strawberries grown in a conventional system had higher concentrations of
heavy metals compared to those grown organically, suggesting that farming practices have
a significant impact on strawberry fruit safety and quality.

In view of the increasing number of newly discovered microorganisms and their
potential different co-interaction, it is necessary to continue research that will enable the
development of effective biopreparations. Their performance will be thoroughly and
succinctly tested by scientific bodies, and then, after passing this stage, they will be put on
the market [36].

A review of the existing literature reveals a deficit in the research findings exploring
the impact of biopreparations on the quality of plant products, including their macro- and
micronutrient composition, which is related to their direct nutritional value. Therefore,
the aim of this study was to investigate the potential influence of newly developed bio-
preparations enriched with beneficial microbes and plant extracts on strawberry chemical
composition, with the aim of enhancing fruit quality.
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2. Materials and Methods
2.1. Experimental Study

The field experiment was set up at the Agricultural Experimental Station of the
Institute of Soil Science and Plant Cultivation, State Research Institute in Putawy, located
in Grabéw nad Wista (Mazowieckie region, Poland: 51°21'18.7” N 21°39'22.2” E) in May
2019 on a certified organic field on Luvisolstype soil on a grey-brown podzolic soil created
from strong loamy sands on light loam. The frigo strawberry seedlings were delivered by
the Agronom Plants (Zienki 14, 21-230 Sosnowica, Poland) company. The experimental
site had an area of 11.5a and was divided into 72 plots, each with an area of 16 m? and
with 48 plants cultivated. The pre-crop for the strawberry was red clover. In the first year
(2019), the flowers from the strawberry plants were removed in order to strengthen the
aboveground parts and roots of the strawberry for the coming seasons. The experimental
site was divided into six strips: control (K1) and five strips where the preparations were
applied (K2-K6). The formulations tested were developed from locally sourced microbial
strains and tested as part of wider study. Furthermore, the microbial products tested in
this research are currently undergoing the patenting process and are slated for market
introduction as microbial fertilising products. The detailed composition and trade names of
the newly developed preparations patented by Bacto-tech Sp. z 0.0. are detailed in Table 1.

Table 1. Details of tested biopreparations.

Abbreviation

Trade Name Details

K1

- Control object

K2

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
BacilRoots AF75AB2 on a carrier that consists of dry humic acids, mustard,
rapeseed oil, and clove oil in micronised dolomite (10° CFU/plant)

K3

BacilRoots + BacilExtra

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2 on a carrier that consists of dry humic acids, mustard,
rapeseed oil, and clove oil in micronised dolomite (10° CFU /plant), and
Bacillus subtilis AF75AB2 and Bacillus sp. Sp115AD on a carrier that
consists of plant extracts (nettle, horsetail, calendula) and humic acids
in micronised dolomite (10°> CFU/cm?)

K4

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2 on a carrier that consists of dry humic acids, mustard,

BacilRoots + BacilHumus rapeseed oil, and clove oil in micronised dolomite (10° CFU/ plant), as

well as Bacillus sp. Sp116 AC*, Bacillus sp. Sp115AD, humic acids, and
yeast culture effluent in micronised dolomite (10° CFU/cm?)

K5

BacilRoots + BacilExtra + BacilHumus

Preparation containing Bacillus sp. AF75BC and Bacillus subtilis
AF75AB2 on a carrier that consists of dry humic acids, mustard,
rapeseed oil, and clove oil in micronised dolomite (10° CFU/ plant), and
Bacillus subtilis AF75AB2 and Bacillus sp. Sp115AD on a carrier that
consists of plant extracts (nettle, horsetail, calendula) and humic acids
in micronised dolomite (10° CFU/cm?), as well as Bacillus sp.
Sp116AC*, Bacillus sp. Sp115AD, humic acids, and yeast culture effluent
in micronised dolomite (10° CFU/cm?)

K6

Preparation containing Bacillus subtilis AF75AB2 and Bacillus sp.
Sp115AD on a carrier that consists of plant extracts (nettle, horsetail,

BacilExtra + BacilHumus calendula) and humic acids in micronised dolomite (10° CFU/cm?), as

well as Bacillus sp. Sp116AC*, Bacillus sp. Sp115AD, humic acids, and
yeast culture effluent in micronised dolomite (10° CFU/cm?)

Source: Nakielska et al. [37], modified.

According to current Polish marketing criteria, the preparations that were used were
classified as microbial fertilising products. This implies they have not been registered as
biostimulators; however, their composition suggests effects beyond plant health promotion.
Additionally, other fertilisers and products approved for organic farming were used to
keep the nutrient content of soil at an optimal level (Table 2).
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Table 2. Applied bioformulations and fertilisers during 2021 and 2022 seasons.

Treatment Type

Product and/or Formulation Manufacturer Dose per Hectare Number of Treatments

Biodevas Laboratoires

Redarom Activstart . foA 15L 2
Savigné-1” Evéque, France
Fertilisation Olibio S Biodevas Laboratoires 2L 2
avigné-1’ Evéque, France

. AZELIS POLAND Sp.
Aminosol (N) z 0. 0., Poznan, Poland 3L 2

. . K+S Polska Sp. z o.0.

® P s
Potassium sulphate Patentkali Poznati, Poland 250 kg 1

K+S Minerals and
Fertilisation Potassium salt Agriculture GmbH, 60 kg 1
Kassel, Germany

Carbonate lime Polcalc Polcale Nawozy Wapniowe Sp. 500 kg 1

7 0.0., Warsaw Poland
K2 (BacilRoots) B“}g’rﬁhpiij 00 50 kg 3
K3 (BacilRoots + BacilExtra) Bac{%gﬁ:hpsoij d()‘o., 50 kg 3

Biopreparations (microbial . . Bacto-Tec/h Sp. zo.0.,
fertilising products) K4 (BacilRoots + BacilHumus) Torun, Poland 50 kg 3
K5 (BacilRoots + BacilExtra + BacilHumus) Bacto-Te,c h Sp. z 0.0, 50 kg 3

Torun, Poland

K6 (BacilExtra + BacilHumus) Bacto-Tech Sp. z 0.0, 50 kg 3

Torun, Poland

Source: Nakielska et al. [37].

The experimental factors of the experiments were as follows: (1) the recently developed
K2-K6 preparations and (2) three strawberry varieties (‘Honeoye’ (Figure 1), ‘Rumba’
(Figure 2), and “Vibrant’ (Figure 3)). These are early varieties recommended for organic
cultivation. ‘Rumba’ shows fairly good resistance to leathery rot and verticilliosis, as
well as the powdery mildew of strawberries. It is considered one of the most popular
early varieties due to its high resistance to most diseases, frost resistance, as well as good
fruit quality and flavour. [38]. ‘Vibrant’ is a dessert variety with large fruits. It is valued
for its flavour, high yielding potential, and long post-harvest shelf life. The variety is
moderately resistant to powdery mildew, leathery fruit rot, and strawberry crown rot.
An additional advantage is easy and fast harvesting due to the plant height and large
fruits [39]. "Honeoye’ is a variety showing good resistance to grey mould and leaf diseases,
but it is quite sensitive to verticilliosis and has low frost resistance. It is prized for its juicy
and very sweet fruits, which are recommended for processing [40]. The plantation under
investigation was not irrigated.

The formulations were applied three times throughout the growing season via a Fra-
garia boom sprayer (Figure 4). The dose per treatment was 50 kg-ha~! of formulation,
dissolved in 700 L of water. The formulation used was a prototype; the target formulations
for the market are 10 times more concentrated. The results presented herein are for the 2021
and 2022 harvest seasons, which represent the second and third years of plantation fruiting,
respectively. The strawberry fruits were harvested at intervals of 2-3 days. Chemical
analyses were conducted on the fruit harvested on 14 June 2021 and 13 June 2022. The
fruits were harvested from the same eight plants on each harvest date. Following har-
vesting, the fruits were frozen and then freeze-dried (lyophilised). The chemical analysis
with an ICP-MS spectrometer (for metal content analysis) and a TOC/TN analyser (vario
Macro cube CN elementary analyser (Elementar Analysensysteme GmbH; Langenselbold,
Germany)) (for carbon and nitrogen content analysis) was used. The analysis of metal
concentration was conducted using inductively coupled plasma mass spectrometry (Agi-
lent quadrupole 7500CE ICP-MS; Santa Clara, CA, USA). The extracts were prepared in
concentrated nitric acid by microwave digestion. A blank sample and certified reference
material (NIST1400 and CRM028-050) were included in the analyses for quality control of
the entire analytical process. The basic validation of the parameters included the recogni-
tion of recovery, ranging from 90 to 97% for the analysed metals, and precision, defined as
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a relative standard deviation < 3%. The limit of detection (LOD) ranged from 0.007 mg/kg
t0 0.099 mg/kg.

Figure 4. Application using a Fragaria boom sprayer.

2.2. Meteorological Conditions

Both the years of the study, with the exception of April, were quite dry and warm
compared to the multi-year average (Table 3). In particular, May and June 2022 had
significantly lower rainfall than the multi-year average for these months.
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Table 3. Weather conditions during the 2021 and 2022 growing seasons.
Precipitation [mm] Temperature [°C]
Month i- i-
2021 2022 Multi-Annual 2021 2022 Multi-Annual
Average Average
April 51.2 42.4 42.0 6.4 6.5 7.5
May 49.9 23.3 53.0 125 144 12.4
June 70.1*% 31.5 110.0 19.5 19.5 16.7
July 61.7 * 80.6 105.0 21.8 19.1 17.8

* The rainfall values may deviate from the actual ones due to hail damage to the rain gauge.

2.3. Statistical Analysis

Basic statistical analyses were performed to reject random and coarse errors and to
create a database of analysed variables. The data were analysed using two-way analysis
of variance (ANOVA) followed by a post hoc Fisher’s test. The significant differences
between the groups of variables were determined at p < 0.05. As there were no significant
differences between years or interactions of years x biopreparation combinations, the
results for the individual traits are presented as an average of 2021-2022. In order to classify
the varieties and treatments based on the element content in the strawberry fruits, Principal
Component Analysis (PCA) was used to perform ordination. The data were analysed using
STATISTICA software (Statistica v. 10, Statsoft Inc., Tulsa, OK, USA).

3. Results and Discussion

The tested biopreparations developed under the EcoFruits project were created in
response to the needs of organic strawberry and raspberry farmers. A positive effect
of the selected preparation combinations on the strawberry fruit yield was observed on
the same experimental site as in the present study (paper by Nakielska et al. [37]). The
tested products contained bacteria of the genus Bacillus, which when used as biocontrol
agents have a positive effect on plants by improving nitrogen fixation; solubilising soil
phosphorus; and producing numerous secondary metabolites, such as antioxidants and cell
wall-degrading enzymes, which directly support plant resistance against pathogens [33].
Previous research indicates that tested microbial biostimulants affect the development
of pathogenic microorganisms and the quality of fresh strawberries that have beneficial
influences on fruits. Although the presence of bacteria and fungi in strawberries fruit was
observed, the phytopathogens were not present, which may have been a consequence of
the application of the tested carriers and microbial preparations [41].

The tested microbial preparations also contained humic acids, which, according to
Mynett et al. [32], can change plant metabolism and increase the permeability of cell
membranes, which results in the faster transport of mineral compounds in the plant, which
in turn increases the intensity of cell respiration and enhances cell division processes.

Sas-Paszt et al. [1] and Mynett et al. [32] found that intensive mineral fertilisation
does not always have a positive effect on plant growth. On the other hand, the use of
microbial preparations containing the strains Bacillus sp. and Bacillus amyloliquefaciens,
Paenibacillus can significantly reduce the use of mineral fertilisers [1,32]. The introduction
of natural plant breeding technologies and the use of biofertilisers is an ideal alternative to
intensive mineral fertilisation, which increases production costs and negatively impacts the
environment [1].

Ayaz et al. [42] emphasise that an integrated approach combining breeding with
biological control agents is crucial to maintain biodiversity and ecosystem health from
further depletion and to maintain sustainable agricultural practices. The authors note the
need for further research on, inter alia, the development of potential biological conservation
agents and the use of biotechnology and ‘omics’ techniques to improve biological control
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measures [42]. In contrast, Grzegorczyk et al. [34] emphasise that an important direction of
research is the search for other positive mechanisms involved in biological plant protection.

Macro- and micronutrients are essential for human health. Ca, P, Mg, S, and F are the
building materials of the human body. Na, K, Ca, and Mg are important for the maintenance
of osmotic pressure and acid-base balance; Fe and Zn are part of compounds that are crucial
for metabolic processes, while Mg and Ca are important for maintaining normal muscle
contractility. Strawberry plants are able to easily uptake minerals from the soil, resulting in
relatively a high content of minerals in fruits [43].

According to Bojarska et al. [43], strawberry plants readily take up minerals from the
soil, so their fruit contains a fairly high amount of these elements.

One of the basic parameters for assessing the quality of an agricultural product, along
with an assessment of the impact of the fertiliser product, is the dry weight. The dry matter
content of the strawberry fruit differed significantly between cultivars. On average, the
highest dry matter content was found in “Honeoye’ (11.18%) and the lowest in ‘Vibrant’
(8.75%) (Table 4). The effect of biopreparations on the dry matter content was found only
for the cultivar ‘Honeoye’ (higher dry matter content in fruit treated with K2 (11.58%)
compared to the control with the lowest dry matter content of 10.64%). For the other two
cultivars, a trend towards a positive effect of the biopreparations on the increase in the
dry matter content of strawberry fruit was also found, to the greatest extent with the K4
combination, but this could not be confirmed statistically. Kilic [14], on the basis of her
research on strawberry cultivars ‘Monterey’ and “Albion’, found that the application of
fertilisers containing beneficial bacteria (including Bacillus subtilis, Bacillus amyloliquefaciens,
Bacillus licheniformis, Bacillus mucilaginosus) and mycorrhiza can result in increased yields,
as well as a positive effect on fruit quality due to the improved uptake rate of nutrients from
the soil [14]. The positive effect of the tested microbial biopreparation on the strawberry
yield was also confirmed by our research conducted on the same experiment [37].

Table 4. Dry matter content of strawberry fruit [%].

Biopreparations
Varieties
K1 K2 K3 K4 K5 Ke Average
‘Honeoye’ 10.64a * 11.58 b 11.06 ab 11.44 ab 10.95 ab 11.24 ab 11.18C
(£0.50) (£0.56) (£0.92) (£1.38) (£0.77) (£1.04) (£0.36)
Rumba’ 8.78 a 9.04a 9.81a 10.02a 9.78 a 9.83a 9.59 B
(+0.42) (+0.61) (£0.62) (£0.78) (£1.03) (£1.05) (£0.32)
Vibrant’ 8.07 a 893 a 9.28 a 8.99 a 8.70 a 8.31a 875A
(£0.46) (£0.45) (£0.47) (£0.81) (£0.75) (£0.51) (£0.24)
Average 917 a 9.85a 10.05a 10.15a 98la 9.79 a 9.84
(£0.41) (£0.42) (£0.42) (£0.61) (£0.52) (£0.57) (£0.20)

* The different lowercase letters in the rows indicate significant differences between biopreparations, and the differ-
ent capital letters in the last column indicate significant differences between cultivars tested. The biopreparations
x cultivar interactions were also not statistically significant at p < 0.05.

Cakmakg¢i and Cakmakgi [44], based on review studies, pointed out that organic food
has a higher content of nutrients and flavour compounds especially, including compounds
such as sugars whose main component is carbon. Nevertheless, no statistically significant
differences were found in the total carbon content of strawberries in the tested combina-
tions (Table 5). Despite the lack of significant differences, fruit that was not treated with
biopreparations had an average 2.3% lower carbon content (446.3 g-kg~!) compared to that
of fruit treated with biopreparation K5 (456.5 g-kg ~!), which may indicate the occurrence
of a certain trend of difference. According to Ding et al. [45], the variety of the crop could be
the most important factor that determines its nutritional quality; however, in the conducted
studies, this effect was not visible.
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Table 5. Total carbon content of strawberry fruit [g-kgfl].
Biopreparations
Varieties
K1 K2 K3 K4 K5 Keé Average
‘Hon , 446.6a* 455.1 a 452.6 a 458.0 a 459.3 a 4369 a 451.7 A
oneoye (£20.0) (£14.0) (+£13.8) (£15.6) (+£13.4) (£7.7) (£5.4)
‘Rumba’ 4524 a 447.6 a 4629 a 448.7 a 455.6 a 4619 a 455.0 A
umba (£19.5) (£16.3) (£15.7) (£12.2) (+£18.0) (£18.5) (£6.4)
Vibrant 4399 a 459.2 a 4494 a 456.1 a 454.7 a 452.7 a 452.7 A
(£9.2) (£17.5) (£15.5) (£14.9) (£13.7) (+15.6) (45.8)
Aver 446.3 a 454.0a 4549 a 4543 a 456.5 a 450.5 a 453.1
crage (£9.0) (+£8.7) (£8.3) (£7.8) (£8.2) (£8.3) (£3.4)
* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations X cultivar interactions were not statistically significant at p < 0.05.

The growing season and the region of origin of the plants have been found to have
minimal influence on the average metal content of strawberries [43].

The results for nitrogen content were slightly different where no statistically significant
differences were found for the total nitrogen content in ‘"Honeoye” and ‘Rumba’ treated
with biopreparations, while ‘Vibrant” exhibited lower total nitrogen content compared to
that of other varieties. Significant differences in the total nitrogen content were also found
between cultivars. ‘Rumba’ fruits had the highest (on average 18.8 g-kg~!) and ‘Vibrant’
fruits the lowest (15.7 g-kg~!) total nitrogen content (Table 6). The presence of nitrogen in
the form of nitrates in the fruit of crops is a consequence of feeding plants with nitrogen, as
well as the result of the natural circulation of nitrogen in the soil-plant trace. Nitrates are
taken up by plants for protein synthesis. Their levels in plants are influenced by both the
geochemical composition of the environment and ecological characteristics [46,47].

Table 6. Total nitrogen content in strawberry fruit [g-kg_l].
Biopreparations
Varieties
K1 K2 K3 K4 K5 Keé Average

H , 14.8a* 16.7 a 183 a 18.2a 17.1a 16.9 a 171B
oneoye (£1.3) (*2.2) (£2.3) (*1.7) (£1.7) (£1.6) (£0.7)
‘Rumba’ 18.6 a 17.6 a 193 a 19.2a 18.4a 19.8 a 18.8C
(£2.4) (£2.1) (£1.2) (£2.1) (£1.5) (£2.4) (£0.7)
Vibrant 13.8a 15.2 ab 16.3 b 16.0b 16.3 b 16.2Db 15.7 A
(£0.7) (£1.5) (£2.3) (£1.6) (£1.6) (£1.5) (£0.7)

A 15.7 a 16.5 ab 18.0b 17.8 ab 17.3 ab 17.7 ab 17.2
verage (£1.1) (*1.1) (£1.1) (£1.0) (£0.9) (£1.1) (£0.4)

* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations x cultivar interactions were not statistically significant at p < 0.05.

Kope¢ et al. [48] listed fertilisation, soil pH, and meteorological conditions as well
as water deficit during the growing season among the factors modifying the chemical
composition of strawberries, in addition to the cultivar. This was supported by Shrestha
et al. [49] who concluded that there are clear differences in the chemical properties of
different strawberry varieties. Additionally, the build-up of trace elements in the soil
can result in their accumulation in edible crops. Consumption of these crops by animals
and humans can subsequently lead to the development of diseases such as cancer [50].
According to Sener and Cantemur [3], a significant amount of heavy metals that penetrate
into living organisms with food through the skin or respiratory system and cannot be
excreted through the lungs, skin, kidneys, liver, or intestines can accumulate in the bodies
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of humans and animals. Accumulation of these metals in organisms can lead to thyroid
disease, infertility, neurological diseases, autism, and even death [3]. In our research, the
heavy metal content in none of the samples exceeded the permissible content.

Cadmium toxicity causes molecular, and physiological changes in plants, affecting
photosynthesis, gas exchange, plant growth, water balance, and also mineral uptake. High
cadmium levels lead to plant DNA damage and rapid changes in gene expression in the
nucleus and chloroplasts [51]. Cadmium antagonises the effects of Ca, K, Mn, Mg, and Fe
as a result of disturbances in carbohydrate metabolism and mineral nutrition, as well as
slowing plant growth [51]. Due to its good water solubility, cadmium easily penetrates
plant tissues, leading to reduced photosynthesis and transpiration and reduced plant root
growth [51].

The highest manganese content of 41.8 mg-kg ! was found for ‘Vibrant’, 24.4% higher
than ‘Rumba’ (33.6 mg-kg~!). Significantly, the lowest manganese content was found
for the ‘Honeoye’ cultivar (29.2 mg-kg~!) (Table 7). The manganese content of the fruit
ranged from 24.6 mg-kg~! (preparation K5 cultivar ‘Rumba’) to 45.3 mg-kg ! (preparation
K6 cultivar ‘Vibrant’). On average, lower fruit manganese contents (29.0 mg-kg~!) were
recorded for all cultivars after application of the K5 combination compared to those for
strawberries from sites where K2 (37.5 mg-kg 1), K4 (37.1 mg-kg '), and K6 (36.2 mg-kg 1)
were applied. Hattab et al. [50] found the manganese content at a level of 0.387 pg-g~?,
while in the present study the manganese content ranged from 26.3 mg-kg~! for ‘Honeoye’
fruits treated with K5 to 45.3 mg-kg ™! for ‘Vibrant’ fruits treated with the K6 biopreparation.
Moreover, in a study conducted by Hattab et al. [50], the content of selected microelements
and heavy metals (Fe, Mg, Mn, K, Ca, Na, Zn, Cu, Ni, Cd) in ‘Sabrina’ strawberry fruits
cultivated under organic and conventional farming systems were analysed, and the results
demonstrated significantly higher concentrations of micronutrients in organically cultivated
fruits in comparison to in their conventionally grown counterparts. In the case of heavy
metals Cd, Cu, and Zn, no significant differences were identified in the content of these
elements between organic and conventional fruits. A significantly higher concentration
of copper was observed in conventional fruits (0.62 ug-g~! dry weight) compared to in
organic fruits (0.48 pg-g~! dry weight) [50]. In the present study, the mean copper content
in organic strawberries was 2.57 mg-kg ! for the K2 treated object and 3.52 mg-kg ! for
the control (K1).

Table 7. Manganese content of strawberry fruit [mg~kg_1].

Biopreparations
Varieties
K1 K2 K3 K4 K5 Keé Average
‘Honeoye’ 28.7a* 33.3a 30.1a 30.0a 26.3a 26.7 a 29.2 A
(£3.2) (+4.3) (£2.9) (£3.4) (£2.9) (£2.3) (£1.3)
Rumba’ 34.6b 340b 349b 37.3b 24.6a 36.5b 33.6 B
(£2.9) (£4.4) (£3.5) (£2.7) (£1.7) (£2.7) (£1.4)
Vibrant 40.8a 452a 389a 440a 36.2a 453a 418C
(+4.3) (£3.9) (£6.1) (+4.4) (£2.2) (£2.1) (£1.7)
Average 34.7 ab 37.5b 34.7 ab 37.1b 29.0a 36.2b 34.9
(£2.4) (£2.6) (£2.5) (£2.4) (£1.8) (£2.3) (£1.0)

* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations X cultivar interactions were not statistically significant at p < 0.05.

The iron content in strawberry fruit on average for the tested cultivars remained
at similar levels, from 33.0 mg-kg~! for ‘Honeoye’ to 35.8 mg-kg~! for ‘Vibrant’, and it
did not differ significantly (Table 8). Fruit sprayed with combinations of the K3 and K5
preparations had a significantly lower iron content than in the control. The iron content of
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strawberries in present study ranged from 30.4 mg-kg~! for ‘Honeoye’ strawberries from
treatment K5 to 46.4 mg-kg ! for “Vibrant’ fruits from the control treatment (K1), while in
the study of Hattab et al. [50] it was 43.26 ug-g~!.

Table 8. Iron content of strawberry fruit [mg‘kg_l].

Biopreparations
Varieties
K1 K2 K3 K4 K5 Keé Average
‘Honeoye’ 327a* 341a 313a 34.6a 304a 34.7 a 33.0 A
(£3.4) (£4.7) (£0.4) (£4.5) (£1.3) (£1.6) (£1.2)
Rumba’ 384b 324 ab 36.6 ab 35.3 ab 30.6 a 37.2ab 349 A
(£5.6) (£2.2) (£4.6) (£3.5) (£1.5) (£1.5) (£1.3)
Vibrant’ 46.4Db 35.4 ab 30.5a 35.7 ab 35.3 ab 34.9 ab 358 A
(£11.1) (£4.8) (£1.6) (£2.4) (£1.2) (£2.4) (£1.7)
Average 39.1b 33.9 ab 32.8a 35.2 ab 321a 35.6 ab 34.5
(+4.2) (£2.2) (£1.7) (£1.9) (£0.9) (£1.1) (£0.8)

* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations X cultivar interactions were not statistically significant at p < 0.05.

On average, for all cultivars, the significantly highest copper content was found in
fruit from the K1 control (3.52 mg-kg ') and the significantly lowest in fruit sprayed with
K2 (2.57 mg-kg~!) (Figure 1). On average, there was significantly less copper in ‘Rumba’
fruits than in the ‘Honeoye’ and "Vibrant’ fruits. For the ‘Vibrant’ cultivar, as with iron, the
copper content of the fruit from the control (K1) was compared to that of strawberries from
sites where K3 and K2 were applied.

Similarly, as in the case of copper, the zinc content in ‘Rumba’ fruit was signifi-
cantly lower (7.37 mg-kg™!) than in ‘Vibrant’ (9.66 mg-kg~!) (Figure 5). The control
treatment of "Vibrant’ had a significantly higher zinc content than that of the K3 treatment
(by 115.5%). ‘Rumba’ fruits from the K4 treatment were characterised by a significantly
higher (by 55.8%) Zn content than for the K5 treatment. Hattab et al. [50] reported a zinc
content of 0.98 mg-kg~! for organic strawberries. However, the present study found a
higher content of zinc, with levels ranging from 6.08 mg-kg ! for the ‘Rumba’ K5 treatment
to as high as 15.30 mg-kg ! for the “Vibrant’ fruits from the control object (K1). In Hattab
et al.’s [50] study, the sodium content in fruits ranged from 125.8 ug-g~!, while in present
study it varied a lot, with values ranging from 13.2 mg-kg~! for the ‘Honeoye’ control
object (K1) to 34.0 mg-kg~! for the ‘Rumba’ K3 treatment.

mg~kg'11 8

16 b

14

12

10

VIBRANT ‘

HONEOVYE ‘

Figure 5. Zinc and copper content of strawberry fruit [mg-kg™]. The different small letters (a, b) in
the rows mean significant differences between biopreparations.
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Fresh strawberries contain about 90% water [52]. The limit values for cadmium
(Commission Regulation (EU) 2023/915 of 25 April 2023) [53], which are 0.030 mg-kg !,
are given for the content in fresh fruit mass. Given that in the tested study freeze-dried
(lyophilised) fruits were used, the limit values were not exceeded in any sample (Figure 6).
Fruits of the cultivars ‘Honeoye” and ‘Rumba’ had a significantly lower cadmium content
compared to that of “Vibrant’. On average, for all cultivars, a significantly lower cadmium
content (0.03 mg-kg~!) was recorded at site K5 compared to at site K2 (0.06 mg-kg™1).

me-kg? 009 .

0.08

0.07

0.06

0.05

0.04 -

0.03 -

0.02 -

0.01 -

HONEOYE ‘ RUMBA ‘ VIBRANT ‘

Figure 6. Cadmium and lead content of strawberry fruit [mg'kg_l]. The different small letters (a, b, )
in the rows mean significant differences between biopreparations.

As in the case of cadmium, there were no exceedances of the permissible amounts of
lead (0.10 mg-kg ! fruit) in strawberry fruit for any of the combinations tested (Commission
Regulation (EU) 2023/915 of 25 April 2023 [53] (Figure 6). As in the case of cadmium, fruit
of the Rumba cultivar had a lower lead content (0.013 mg-kg™!) than that of fruit of the
“Vibrant’ cultivar (0.029 mg-kg~!). In the control treatment K1 of the ‘Vibrant’ cultivar, fruits
were characterised by a significantly higher lead content (0.42 mg-kg 1) compared to that of
treatments sprayed with the biopreparation K6 (0.018 mg-kg~!) and K5 (0.023 mg-kg1).

The biopreparations used did not significantly differentiate the sodium content of
the strawberry fruit (Table 9). Significant differences were only found between culti-
vars. ‘Rumba’ fruits had the highest sodium content (on average 28.5 mg-kg 1), ‘Vibrant’
15.1% less (24.2 mg-kg 1), while ‘Honeoye’ showed 47% lower sodium content than that
of ‘Rumba’ (15.1 mg-kg™!). In a study by Bojarska et al. [43] conducted on 11 strawberry
cultivars, the Na content of the fruit of the cultivar ‘Honeoye’ was 4.08 + 0.11 mg-100 g~
of the dry weight and was more than double that recorded in their own study for the same
cultivar for each combination.

The use of biopreparations significantly differentiated the potassium content of “Vibrant’
fruit, with treatments with biopreparation K2 having a higher content (21,033 mg-kg~!) com-
pared to with K3 (17,493 mg-kg_l) (Table 10). Similarly to the sodium and magnesium
contents, ‘Honeoye’ fruit had significantly less potassium (17,640 mg-kg ') than that of the
other two cultivars. ‘Vibrant’ fruit had 8.5% and ‘Rumba’ fruit had 14.3% higher potassium
content than that of ‘Honeoye’ fruit. In the study conducted by Hattab et al. [50], the
potassium content of the ‘Sabrina’ strawberries was found to be at a level of 15,415 pg-g~ 1.
In contrast, Bojarska et al. [43] found a potassium content of 1656 4+ 37 mg-100 g~! dry
weight in the fruit of ‘Honeoye’. In the present study, the potassium content was higher for
most treatments (with the exception of K5 treatment). The results of our study indicated
a higher concentration of potassium, with values ranging from 16,107 mg-kg~! for K5
‘Honeoye’ to 21,953 mg-kg ! for ‘Rumba’ fruits with K3 treatment.
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The biopreparations used did not differentiate the calcium content of strawberry fruits
for any of the varieties tested (Table 11). Statistically significant differences were only
found between cultivars; ‘Vibrant” fruit had on average a significantly higher calcium
content (3582 mg-kg '), being 24.6% higher compared to that of ‘Rumba’ (2700 mg-kg 1)
and 21.4% higher compared to that of ‘Honeoye’ (2814 mg-kg~!). Despite the lack of
significant differences, a trend towards higher calcium content was found in the control
treatment K1 (3261 mg-kg~!) compared to in the treatments where biopreparations were
applied (K3—2731 mg-kg~!; K5—3198 mg-kg ') on average for all cultivars. The calcium
content in the present study ranged from 2470 mg-kg~! for ‘Rumba’ fruit from site K4 to
3905 mg-kg ! for ‘Vibrant’ strawberries from site K6. In contrast, Hattab et al. [50] reported
a significantly lower calcium content in the fruit, at a 1762 mg-kg ! level. Similarly, in the
study by Bojarska et al. [43], a lower Ca content of 207.3 + 15.4 mg-100 g~ of dry weight
was recorded for the ‘Honeoye’ fruit than in the present study (2536-3176 mg-kg™1).

Table 9. Sodium content of strawberry fruit [mg-kg~!].

Biopreparations
Varieties
K1 K2 K3 K4 K5 Ke Average
‘Honeoye’ 132a* 14.2 a 132a 185a 16.0a 149a 151 A
(£2.1) (£2.4) (£2.1) (£3.4) (£1.5) (£1.8) (£0.9)
‘Rumba’ 339a 243a 34.0a 24.7 a 243 a 3l4a 28.5C
(+4.1) (£2.1) (£7.4) (£6.2) (£2.8) (£5.9) (£2.1)
Vibrant 3l12a 269a 21.3a 219a 21.2a 248a 242 B
(£10.0) (£4.7) (£2.8) (£1.8) (£2.5) (+4.2) (£1.7)
26.1a 21.8a 229a 21.7a 20.5a 23.7 a 22.6
Average
(+4.3) (£2.2) (£3.3) (£2.3) (£1.5) (£2.9) (£1.1)
* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations X cultivar interactions were not statistically significant at p < 0.05.
Table 10. Potassium content of strawberry fruit [mg-kg~'].
Biopreparations
Varieties
K1 K2 K3 K4 K5 K6 Average
‘Honeoye’ 18,381 a * 18,828 a 17,686 a 18,322 a 16,107 a 16,763 a 17,640 A
(£1718) (£1568) (£1257) (£1464) (£631) (£795) (£503)
‘Rumba’ 19,609 a 20,326 a 21,953 a 19,974 a 19,509 a 19,392 a 20,158 B
(£590) (£1252) (£2024) (£1770) (£917) (689) (£546)
Vibrant’ 20,099 ab 21,033 b 17,493 a 17,757 ab 18,286 ab 20,469 ab 19,136 B
(£816) (£1531) (£1420) (£923) (+964) (£1390) (£532)
Average 19,363 a 20,062 a 19,044 a 18,684 a 17,968 a 18,874 a 18,978
(£639) (£821) (£1002) (808) (£574) (+664) (£319)

* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations X cultivar interactions were not statistically significant at p < 0.05.

As in the case of sodium and calcium, the biopreparations used did not signifi-
cantly differentiate the magnesium content of strawberry fruit (Table 12). The magne-
sium content of strawberry fruits differed significantly among the cultivars tested. As
in the case of the sodium content, ‘Honeoye’ fruit contained the least magnesium on
average for all combinations (1436.0 mg-kg™!). “Vibrant’ fruit had significantly higher
magnesium content (1810.1 mg-kg~!) than that of the other two cultivars. Despite the
lack of significant differences, on average the control treatment had the highest magne-
sium content—1731.2 mg-kg~!—while in the treatments where biopreparations were used,
the magnesium content ranged from 1577.7 mg-kg ! (preparation K3) to 1657.1 mg-kg !
(preparation K6). Hattab et al. [50] recorded a magnesium content of 1531.52 pg~g’1
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in organic strawberries, while in the present study the content of this element ranged
from 1387.6 mg-kg ! for ‘Honeoye’ fruits treated with K6 to 1912.4 mg-kg ! for the "Vi-
brant” control (K1) treatment. In contrast, Bojarska et al. [43] found a Mg content of
122.7 £ 3.1 mg-100 g~ ! of dry weight in the fruit of the cultivar ‘Honeoye’, which was
lower than the Mg content found for the same cultivar in the present study.

Table 11. Calcium content of strawberry fruit [mg-kg~!].

Biopreparations
Varieties
K1 K2 K3 K4 K5 K6 Average
‘Honeoye’ 2899 a * 2536 a 2575 a 3176 a 2935 a 2792 a 2814 A
(+£142) (+264) (£263) (£106) (£222) (£381) (£105)
‘Rumba’ 3092 a 2542 a 2604 a 2470 a 2796 a 2824 a 2700 A
(+434) (+182) (£351) (£261) (£369) (£109) (£115)
Vibrant’ 3792 a 3507 a 3014 a 3487 a 3861 a 3905 a 3583 B
(£406) (£269) (£166) (£352) (£381) (£329) (£132)
Average 3261 a 2862 a 2731 a 3045 a 3198 a 3174 a 3032
(£217) (£172) (£155) (£175) (£213) (£204) (£78)
* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations X cultivar interactions were not statistically significant at p < 0.05.
Table 12. Magnesium content of strawberry fruit [mg-kg_l].
Biopreparations
Varieties
K1 K2 K3 K4 K5 K6 Average
‘Honeoye’ 1488 a * 1437 a 1432 a 1467 a 1422 a 1388 a 1436 A
(£109) (£97) (£100) (£81) (£102) (+£104) (£38)
‘Rumba’ 1793 a 1613 a 1720 a 1695 a 1573 a 1632 a 1664 B
(£130) (£125) (£179) (£135) (+47) (+64) (+47)
Vibrant’ 1912 a 1798 a 1582 a 1794 a 1856 a 1951 a 1810 C
(£113) (+148) (£104) (£158) (£105) (£111) (£52)
Average 1731 a 1616 a 1578 a 1652 a 1617 a 1657 a 1637
(£82) (£77) (£77) (£77) (£65) (£76) (£31)

* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations x cultivar interactions were not statistically significant at p < 0.05.

The application of biopreparations significantly differentiated the phosphorus content
only in ‘Vibrant’ fruits (Table 13); the phosphorus content of fruit from treatment K6
(2518 mg-kg~!) was significantly higher than that of K3 (1905 mg-kg~!). Fruits of the
‘Rumba’ cultivar contained significantly more phosphorus (2552 mg-kg~!) compared to
that of the ‘Honeoye’ (2152 mg-kg ') and ‘Vibrant’ (2229 mg-kg~!) cultivars. ‘Honeoye’
fruit had a 15.7% and “Vibrant” a 12.7% lower phosphorus content compared to that of
‘Rumba’ fruit. In a study conducted by Bojarska et al. [43], the phosphorus content of the
fruit of the cultivar ‘Honeoye’ was found to be 232.9 + 11.0 mg-100 g~ ! of the dry weight,
a result that is comparable to that obtained in the present study for the K2 treatment. As
reported by Kumar et al. [51], phosphorus is crucial in reducing the uptake and translocation
of cadmium through processes related to the binding of cadmium to the plant cell wall and
the formation of cadmium phosphate complexes. Zinc, boron, and iron play an important
rol in growth, flowering, and fruiting, which affects the quality of strawberries grown in
the field [48,54].

Bebek Markovinovié et al. [55] assessed the microelement content of strawberries
of the “Albion” cultivar and the juice produced from them, as well as the by-products
from strawberry juice production, and they ranged as follows: Cu 0.077-0.415 mg-kg !,
Zn 0.988-3.12 mg-kg !, and Pb < 0.03-0.076 mg-kg~!. In our study, the values for these
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elements ranged as follows: Cu from 1.95 mg-kg ~1 (K4, ‘Rumba’) to 4.66 mg~kg’1 (K1,
‘Vibrant’), Zn from 6.08 mg-kg~! (K5, ‘Rumba’) to 15.30 mg-kg~! (K1, ‘Vibrant’), and Pb
from 0.008 mg-kg ! (K1, K2, K3, ‘Rumba’) to 0.042 mg-kg~! (K1, “Vibrant’).

Table 13. Phosphorus content of strawberry fruit [mg~kg_1].

Biopreparations
Varieties
K1 K2 K3 K4 K5 Keé Average
‘Honeoye’ 2074 a* 2339 a 2112 a 2234 a 2122 a 2003 a 2152 A
(£111) (£340) (£119) (£221) (£227) (£123) (+84)
Rumba’ 2310 a 2498 a 2579 a 2647 a 2741 a 2457 a 2552 B
(£331) (£244) (£277) (£331) (£349) (£281) (£117)
Vibrant’ 2284 ab 2285 ab 1905 a 2150 ab 2252 ab 2518 b 2229 A
(£336) (£176) (£164) (£193) (+264) (£278) (+94)
Average 2223 a 2374 a 2199 a 2343 a 2372 a 2326 a 2311
(£150) (+144) (£127) (+148) (£167) (+£141) (£59)

* The different lowercase letters in the rows indicate significant differences between the biopreparations, while
the different capital letters in the last column indicate significant differences between cultivars tested. The
biopreparations x cultivar interactions were not statistically significant at p < 0.05.

In order to confirm the relationship between the macroelement and microelement
content and the tested varieties and treatments, the ordination method of PCA (Principal
Component Analysis) was used (Figures 7 and 8). The PCA analysis showed that the points
corresponding to the tested varieties generally grouped together, indicating that the variety
had a greater effect than that of the biopreparations on the chemical composition of the
strawberry fruits. The points corresponding to the variety Honeoye are grouped together in
the graph in Figure 8 at the position corresponding to the dry weight of the fruit in Figure 7.
The points corresponding to the variety Rumba in Figure 8 are correlated with the contents
of C, N, P, K, and Na in Figure 7. The highest content of micronutrients and heavy metals
in the fruit is correlated with the position of the points corresponding to the variety Vibrant
(Figure 8): Mg, Fe, Mn, Zn, Ca, Cd, Cu, and Pb (Figure 7).

projection of variables onto the factor plane ( 1x 2)

factor 2:17.97%

K 0 ]

factor 1: 38.02% °

Figure 7. Ordination diagram of dry matter and element content in strawberry fruits in relation to
first and second axes of PCA.
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Figure 8. Ordination diagram of objects (varieties and biopreparation treatments) in relation to first
and second axes of PCA (n = 3).

Research conducted by Bojarska et al. [43] on 11 strawberry cultivars confirms that
the fruit of this species differs in terms of the macronutrient content depending on the
cultivar. Of the 11 varieties tested, the fruit of the ‘Honeoye’ variety was the most abundant
in magnesium, sodium, calcium, phosphorus, and potassium. In contrast, in the present
study, the same cultivar had a lower content of Mn, Na, Mg, K, and P than that of the
cultivars ‘Vibrant” and ‘Rumba’. The effectiveness of microorganisms in biopreparations
and their effect on the growth, development, and yield of the cultivated plant are often
determined by the method of inoculation. Foliar application increases the growth of the
aboveground parts of the plant, while soil application stimulates growth mainly in the
roots [1,56]. The efficacy of biopreparations is contingent upon the utilisation of organic
matter by the constituent microorganisms as a source of energy, carbon, and electrolytes.
This enables the microorganisms to proliferate and reproduce, while the organic matter is
gradually biodegraded into innocuous end products. Biopreparations typically comprise
bacteria, nutrients, a carrier, and, optionally, enzymes [36]. Babalola [31] mentions, among
the advantages of the use of PGPR, the compensation of the decline in plant growth caused
by heavy metals, weeds, drought, and salinity [31].

Excessive use of synthetic fertilisers contributes to the toxic accumulation of heavy
metals, soil acidification, and the formation of soil crust, which lead to a decrease in soil
organic matter and humus substance. In turn, soil acidification leads to an increase in
the concentration of harmful ions in the soil, limits plant growth, and also reduces the
uptake of phosphate by plants [57,58]. As disadvantages of the use of synthetic fertilisers,
Babalola [31] lists the pollution of water bodies and the destruction of microorganisms and
beneficial insects, which make crops more susceptible to diseases. In the long run, synthetic
fertilisers can also reduce natural soil fertility, which leads to irreversible damage to the
entire ecosystem.

The use of microbiological preparations may become a necessity to face current agro-
nomic challenges. A crucial strategy for mitigating the negative effects of external factors,
like climate change’s negative impact, is plant biostimulation, which enhances plant re-
silience disturbances, accelerates physiological processes, and promotes the growth and
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development of plants. This approach is particularly effective when bacterial or bacterial-
fungal consortia are incorporated into biopreparations [59].

Among such products are microbiological fertiliser preparations, exemplified by the
K2-K6 formulations tested in the experiment described in this study. These preparations
contained bacteria from the Bacillus genus. According to Furtak [60], products containing
Bacillus species can positively influence seed germination, enhance root system develop-
ment, improve plant resilience to prolonged stress conditions, and ultimately contribute to
higher crop yields [60].

4. Summary and Conclusions

The present study investigated the effects of newly developed microbial bioprepa-
rations on the quality and chemical composition of strawberries grown under organic
farming conditions. While there was a trend towards the increased total carbon content
in strawberries from plots treated with biopreparations, this effect was not statistically
significant. The biopreparations also did not result in significant differences in sodium,
magnesium, and calcium levels. However, notable cultivar-specific responses to bioprepa-
rations were observed, especially in terms of the dry matter; total nitrogen; and several
elements, including heavy metals.

Among the strawberry cultivars tested, significant differences were found for dry
matter and the content of elements, such as nitrogen, manganese, copper, zinc, cadmium,
lead, sodium, magnesium, potassium, calcium, and phosphorus. The ‘Honeoye’ cultivar
showed the lowest levels of manganese, sodium, magnesium, potassium, and phosphorus,
while “Vibrant” had the highest manganese, zinc, lead, and magnesium content. ‘Rumba’
exhibited the lowest levels of heavy metals (copper, zinc, cadmium, and lead) and calcium,
alongside the highest levels of total nitrogen, sodium, potassium, and phosphorus. The
biopreparations notably influenced the dry matter content in ‘Honeoye’, total nitrogen in
“Vibrant’, and several other elements across different cultivars.

Specific combinations of biopreparations had significant effects. For instance, applica-
tion of the K2 preparation increased the dry matter in ‘Honeoye’, while K3-K6 enhanced the
total nitrogen content in ‘Vibrant’. The K5 preparation increased the iron content in Rumba,
and K2-K3 reduced copper accumulation in ‘Vibrant’. Furthermore, K6 and K5 reduced
lead accumulation in “Vibrant’, indicating potential for selective nutrient management
through biopreparation application.

These findings suggest that while microbial biopreparations can influence specific
nutrient levels and quality parameters in strawberries, their effects are largely cultivar-
dependent. This study showed that the effects of microbial biopreparations on the chemical
composition of strawberry fruits varied widely among cultivars and treatments, with no
clear or uniform pattern emerging across all the tested combinations. While certain trends
were observed, such as the increased nitrogen content in “Vibrant’ fruits treated with K4, K5,
and K6, or the reduced heavy metal content in specific treatments, these effects were not
consistent across all cultivars or treatments. This shows the complex interactions between
the biopreparations, plant genotype, and environmental conditions in organic farming
systems. Further optimisation of biopreparation applications to specific cultivars and
farming contexts can optimise their benefits. No clear pattern suggests that further research
is needed to understand the mechanisms underlying these variable responses and to refine
the use of microbial biopreparations in organic agriculture. This also includes further
studies needed to test the effect of the preparations in other locations with soil conditions
and on other varieties as well as to confirm the effectiveness of the tested biopreparations
for different cultivation conditions. Future studies should expand to include a wider range
of strawberry varieties commonly cultivated in Poland to assess the universality of these
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biopreparations. Additionally, testing across varied geographic locations and soil types
would be valuable to determine how these factors influence the uptake and accumulation
of nutrients, efficacy of biopreparations, and microbial survival in soil over time, thereby
providing more targeted recommendations for organic strawberry production.
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Zalgceznik 4

prof. dr hab. Beata Feledyn - Szewczyk
Zaktad Agroekologii i Ekonomiki

IUNG — PIB w Putawach

ul. Czartoryskich 8

24-100 Putawy

Oswiadczenie promotora rozprawy doktorskiej

Oswiadczam, ze niniejsza rozprawa doktorska pt.: ,,Wplyw biopreparatow na
zdrowotno$¢, wybrane cechy morfologiczne i plonowanie truskawki (Fragaria x
ananassa Duchesne) uprawianej w systemie ekologicznym” zostala przygotowana pod
moim kierunkiem i stwierdzam, ze speinia ona warunki do przedstawienia jej w postgpowaniu

o nadanie stopnia naukowego doktora nauk rolniczych.
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Zatgcznik 5

dr inz. Adam Kleofas Berbe¢
Zaktad Agroekologii i Ekonomiki
IUNG — PIB w Putawach

ul. Czartoryskich 8

24-100 Putawy

Oswiadczenie promotora pomocniczego rozprawy doktorskiej

Oswiadczam, ze niniejsza rozprawa doktorska pt.. ,,Wplyw biopreparatéw na
zdrowotno$¢, wybrane cechy morfologiczne i plonowanie truskawki (Fragaria X
ananassa Duchesne) uprawianej w systemie ekologicznym” zostata przygotowana z moim
udziatem w procesie planowania badan, ich realizacji i analizy wynikdéw oraz stwierdzam, ze
spelnia ona warunki do przedstawienia jej w postgpowaniu o nadanie stopnia naukowego

doktora nauk rolniczych.

(podpis promotora pracy

120



Zalgcznik 6

mgr Matgorzata Katarzyna Nakielska
Zaktad Agroekologii i Ekonomiki
IUNG — PIB w Putawach

Ul. Czartoryskich 8

24-100 Putawy

Oswiadczenie autora rozprawy doktorskiej

Swiadoma odpowiedzialnosci prawnej oswiadczam, ze rozprawa doktorska pt.:
»Wplyw biopreparatow na zdrowotno$é, wybrane cechy morfologiczne i plonowanie
truskawki (Fragaria x ananassa Duchesne) uprawianej w systemie ekologicznym”
przygotowana przeze mnie nie zawiera tresci uzyskanych ~ w sposob niezgodny
z obowigzujacymi przepisami.

Oswiadczam réwniez, ze przedstawiona rozprawa nie byla wczesniej przedmiotem procedur
zwigzanych z uzyskaniem stopnia naukowego w wyzszej uczelni lub innej uprawnionej
instytucji naukowe;. |

Oswiadczam ponadto, ze niniejsza wersja rozprawy jest identyczna z zalgczong wersja

elektroniczna.
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