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1. WSTEP

Wyniki niniejszej pracy dowodza, ze ro$liny oleiste takie jak soja i konopie moga by¢
z powodzeniem uprawiane w Polsce i przetwarzane na cele konsumpcyjne oraz paszowe.
Przedmiotem pracy byta zard6wno poprawa ogniw agrotechnicznych wymienionych gatunkow,
jak rbwniez sposob przetworzenia plonu nasion, tak, aby produkty gtéwne tj. olej czy poboczne
tj. makuch stanowily cenne uzupekienie mi¢dzy innymi ludzkiej diety. Hipoteza badawcza
zaktadata, ze ekologizacja sposobu uprawy tych gatunkoéw nie wpltywa negatywnie na ilos¢
1 jako$¢ osigganego plonu nasion. W czeéci agrotechnicznej osiggni¢to wyznaczone cele:
1. Usprawnienie technologii zbioru mechanicznego niskich odmian konopi jednopiennych.
2. Samoregulacje¢ zachwaszczenia konopi poprzez wzrost zaggszczenia tanu. 3. Ograniczenie
zabiegow herbicydowych w soi za pomocg pielenia mechanicznego. 4. Zwigkszenie ilosci zbie-
ranego plonu soi przy zastosowaniu hederu z kosg ptywajaca, kopiujaca podtoze pola. W czesci
dotyczacej przetworstwa nasion osiggni¢to wyznaczone cele: 1. Rozpoznanie i porownanie
wlasciwos$ci spozywcezych produktow konopnych tj. oleju zimno ttoczonego i makuchu konop-
nego pochodzacych z surowca obtuszczonego i1 nieobtuszczonego. 2. Rozpoznanie i porowna-
nie wlasciwosci spozywcezych produktow sojowych tj. oleju zimno tloczonego, ekspandowa-
nego makuchu sojowego i pelnottustej soi pochodzacych z surowca w opracowanej technologii
uprawy.

W dostepne;j literaturze przedmiotu brak jest jasnych wytycznych co do zbioru jednoeta-
powego konopi siewnych kombajnem zbozowym. Wynikiem dos§wiadczen polowych jest in-
nowacyjna technologia — sposob (know-how) uprawy i zbioru zarowno konopi jednopiennej
niskiej oraz konwencjonalnej, nGM soi w systemie proekologicznym. Kolejnym wynikiem
prac badawczych sa produkty-wytwory pochodzace z przetworstwa surowcow roslinnych wy-
tworzonych we wspomnianych technologiach przeznaczone do spozycia przez ludzi i zwie-
rz¢ta. Omawiane w pracy gatunki sa roslinami zakwalifikowanymi jako maloobszarowe, dla
ktorych trudno jest uzyskac jednoznaczne rekomendacje co do uprawy i ochrony herbicydowe;j.
Polskie rolnictwo jest nie tylko ubogie w produkcje biatka pochodzacego z soi, ale i uwstecz-
nione w produkcji biatka konopnego, ktorego moze by¢ liderem na skale europejska. Dostep-
no$¢ zdywersyfikowanych zrodet biatka roslinnego pochodzacego z plantacji zrownowazonych
jest wymagana przez nowo obserwowany trend konsumencki. Sprzyja mu rowniez nowa stra-
tegia Wspdlnej Polityki Rolnej od pola do stotu. Ze wzgledu na ograniczenia technologiczne
W uprawie gatunkow soi 1 konopi nalezato dokona¢ modyfikacji ogniw agrotechnicznych tak,
aby byta ona latwiejsza, bardziej ergonomiczna i zachgcajaca innych plantatorow do uprawy
tych wartosciowych gatunkow. Zarowno soja jak 1 konopie sg gatunkami ekologizujagcymi pto-
dozmian. Nie wymagaja nadmiernego nawozenia azotowego, pozostawiaja po sobie dobre sta-
nowisko dla roslin nastepczych jak rowniez dobrze znosza upraw¢ w monokulturze. Dzigki
temu sg dobrymi ros§linami do przeprowadzenia konwersji w kierunku rolnictwa ekologicznego.
Wzrost areatu upraw ekologicznych jest kolejnym z postulatow WPR 1 powinien wynie$¢ przy-
najmniej 25% uzytkoéw rolnych jak donosi Plan Strategiczny na lata 2023-2027. W najblizszym
czasie polscy rolnicy beda zatem potrzebowali gotowych rozwigzan na poprawe zar6wno
bilansu biatkowego w strukturze ich produkcji jak 1 wiedzy na temat prowadzenia plantacji
W sposob zrownowazony a wrecz ekologiczny niosacy ze sobg zminimalizowany lub wregcz
ujemny slad weglowy dla uzyskanego plonu. Dlatego przedmiotem badan objete zostaly
gatunki o wysokim potencjale spelnienia oczekiwan zarowno Wspdlnej Polityki Rolnej jak
1 wymagan konsumenckich.

Istotnym uzasadnieniem podjecia problematyki badawczej jest znaczenie omawianych ga-
tunkow dla strategii Europejskiego Zielonego Ladu, ktorego zalozeniem jest ograniczenie che-
mizacji rolnictwa oraz promowanie lokalnych zrodet biatka roslinnego. Aktualnie zaledwie 2%
globalnej produkcji soi przeznacza si¢ na cele spozywcze [Goldsmith 2008], podczas gdy jej
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unikalny sktad chemiczny — 18-22% thuszczu i 33—35% biatka o wysokiej zawarto$ci amino-
kwasow egzogennych — czyni jg surowcem szczegolnie wartosciowym zywieniowo. Spozycie
50 g produktéw sojowych moze odpowiadaé spozyciu biatka zawartego w 150 g migsa woto-
wego. Wedlug zalecen [Cordle 2004] [Hartman et al. 2011] dzienna porcja 25 g biatka
sojowego wptywa korzystnie na zdrowie metaboliczne.

W podobny sposéb postrzegane sg konopie jednopienne jako surowiec wielofunkcyjny,
z ktérego otrzymuje si¢ nasiona, olej, makuch i mgke o wysokiej wartosci uzytkowej. Oba ga-
tunki charakteryzujg si¢ wtasciwosciami ekologizujacymi — nie wymagajg nadmiernego nawo-
zenia azotowego, poprawiaja strukture¢ gleby i sa doskonatymi ro$linami do przeprowadzenia
konwersji w kierunku rolnictwa ekologicznego.

Badania prowadzono we wspotpracy z Zaktadem Uszlachetniania Biatka Roslinnego
(ZUBR Agrolok, Osiek), ktory wdraza innowacyjne komponenty paszowe i obserwuje poten-
cjat produktow spozywczych opartych na krajowym biatku roslinnym. Przedsigwzigcie ma
wymiar praktyczny i gospodarczy — jego celem jest zwigkszenie podazy surowca oraz wpro-
wadzenie makuchow i olejow roslinnych (w tym konopnych) do przemystowej produkcji zyw-
no$ci. Wdrozenie obejmuje zar6wno opracowang technologi¢ agrotechniczna, jak i kompo-
nenty koncowe, co odpowiada na rosngce potrzeby rynku krajowego i europejskiego w zakresie
dostepnosci alternatywnych zrodet biatka.
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. WYKAZ ARTYKULOW NAUKOWYCH STANOWIACYCH CYKL
PUBLIKACJI ROZPRAWY DOKTORSKIEJ

. Wenda-Piesik, A.; Ambroziak, K. The Choice of Soybean Cultivar Alters the Underyield-
ing of Protein and Oil under Drought Conditions in Central Poland. Applied Sciences 2022,
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Jelem.2023.28.3.2425, pkt. MniSW 140, Impact Factor 0.923

. Ambroziak, K.; Wenda-Piesik, A. Comparative Characterization of Hemp Seed Cakes from
Dehulled and Hulled Cannabis sativa L. var. oleifera cv. ‘Henola’: Nutritional, Functional and
Storage Stability Insights. Foods 2025, 14, 1605, https://doi.org/10.3390/foods14091605,
pkt. MniSW 100, Impact Factor 5,1

. Ambroziak, K.; Wenda-Piesik, A. Dual Production of Full-Fat Soy and Expanded Soybean
Cake from Non-GMO Soybeans: Agronomic and Nutritional Insights Under Semi-Organic
Cultivation. Appl. Sci. 2025, 15(15), 8154 https://doi.org/10.3390/appl5158154,
pkt. MniSW 100, Impact Factor 2,7

. Wenda-Piesik, A.; Ambroziak, K. Weed Suppression and Yield Stability of Oilseed Hemp
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3. UZASADNIENIE SPOJNOSCI TEMATYCZNEJ CYKLU
PUBLIKACJI ROZPRAWY DOKTORSKIEJ

Pierwszy artykul — The Choice of Soybean Cultivar Alters the Underyielding of Protein
and Oil under Drought Conditions in Central Poland (Wenda-Piesik, Ambroziak, 2022) — do-
tyczy plonowania i jakosci soi w warunkach stresu wodnego w Polsce Centralnej. Autorzy ana-
lizujg wptyw doboru odmian na zawarto$¢ biatka i1 thuszczu w nasionach przy zastosowaniu
systemow orkowego i1 bezorkowego. Wyniki te sg istotne z punktu widzenia adaptacji uprawy
soi do zmieniajacych si¢ warunkow klimatycznych oraz doboru strategii agrotechnicznych
umozliwiajacych stabilizacje plonow i jako$ci surowca. Na podstawie uzyskanych danych wy-
brano lokalizacj¢ doswiadczen oraz odmiang soi zwyczajnej ‘Abaca’, ktora zostata przezna-
czona do poglebionych badan nad monokulturg soi uprawianej w proekologicznym systemie
orkowym. Wyniki badan z lat 2021-2024 stanowig integralny element rozprawy doktorskie;j,
spojny z Indywidualnym Planem Badawczym doktoranta.

Drugi artykut — Regulating the Plant Density Influences the Weed Infestation, Productivity
and Chemical Composition of Seeds of True Hemp Cannabis sativa L. (Ambroziak, Wenda-
Piesik, Kozera, 2023) — prezentuje wyniki badan dotyczacych wptywu gestosci siewu oraz sto-
sowania herbicydu na zachwaszczenie, parametry wzrostu i sktad chemiczny nasion konopi
siewnych. Wskazuje on na istotng rol¢ regulacji obsady w efektywnym ograniczaniu presji
chwastoéw oraz poprawie jakosci plonu, co wpisuje si¢ w zagadnienia zwigzane z optymalizacja
technologii uprawy roslin oleistych dla przemystu spozywczego. Uzyskane wyniki postuzyty
do zaplanowania czteroletniego doswiadczenia z monokulturg wybranej odmiany konopi siew-
nej ‘Henola’. Wyniki te stanowia jedna z glownych osi badawczych niniejszej dysertacji.

Trzeci artykul — Comparative Characterization of Hemp Seed Cakes from Dehulled and
Hulled Cannabis sativa L. var. oleifera cv. ‘Henola’: Nutritional, Functional and Storage Stabi-
lity Insights (Ambroziak, Wenda-Piesik, 2025) — obejmuje oceng wartosci odzywczej, wlasciwo-
sci funkcjonalnych oraz trwatos$ci przechowalniczej oleju i makuchéw konopnych. Analizie pod-
dano produkty otrzymane z nasion konopi siewnych ‘Henola’ w dwoch wariantach
przetwarzania: z tuskg oraz po obtuszczeniu. Badania te sa elementem szerszego cyklu ekspery-
mentalnego dotyczacego wykorzystania petnothustych oraz ttoczonych produktow z konopi siew-
nych jako potencjalnych sktadnikow paszowych i spozywczych. Praca ta rozwija watki zwiazane
z przetwarzaniem surowcow roslinnych w kierunku zywieniowym, w tym zagadnienia zwigzane
z ich jakoscig sensoryczna, stabilnoscia oksydacyjng oraz zawarto$cig substancji antyodzyw-
czych.

Czwarta publikacja — Dual Production of Full-Fat Soy and Expanded Soybean Cake from
Non-GMO Soybeans: Agronomic and Nutritional Insights Under Semi-Organic Cultivation
(Ambroziak, Wenda-Piesik, 2025) — koncentruje si¢ na ocenie wptywu ekspandowania oraz
mechanicznego ttoczenia petlotlustej soi na sktad chemiczny 1 funkcjonalno$¢ produktow.
Artykut zawiera analizg biatka, thuszczu, sktadnikow antyodzywczych oraz stabilnosci oksyda-
cyjnej 1 mikrobiologicznej produktoéw otrzymywanych z soi odmiany ‘Abaca’. Jest to rozsze-
rzenie badan zapoczatkowanych w pierwszym artykule i dopelnienie aspektéw zaro6wno zadan
badawczych zwigzanych z agrotechnika, jak 1 mozliwosci przetworczych analizowanych su-
rOWCcoOw.

Wszystkie cztery publikacje tworza spdjny cykl badawczy, obejmujacy zaréwno aspekty pro-
dukcyjne, jak i przetworcze zwigzane z uprawg soi 1 konopi siewnych. Zawarte w nich dane fakto-
graficzne sg wzajemnie powigzane poprzez wspélne zatozenia eksperymentalne, jednolitg meto-
dyke doswiadczalnictwa polowego, normatywng laboratoryjng analityke dla komponentow
zywnos$ci oraz zbieznos¢ celow badawczych ukierunkowanych na zwigkszenie samowystarczalno-
Sci biatkowej w oparciu o krajowe zrodla roslinne. Zestawienie wynikow z roéznych etapéw
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produkcji — od pola do produktu koncowego — umozliwia kompleksowg oceng wartosci uzytkowej
tych roslin w konteks$cie aktualnych wyzwan klimatycznych, ekonomicznych i technologicznych.

3.1. HIPOTEZA BADAWCZA I CELE BADAN

Glowna hipoteza badawcza jest zatozenie, Ze ro$liny oleiste takie jak soja (Glycine max
(L.) Merill) niemodyfikowana genetycznie (hnGMO) oraz konopie siewne (Cannabis sativa L.)
moga by¢ z powodzeniem uprawiane w warunkach klimatycznych Polski w celu pozyskania
wysokiej jakosci surowca spozywczego. Hipoteza ta opiera si¢ na zatozeniu, ze odpowiednio
dobrane praktyki agrotechniczne, zmierzajace do ekologizacji tych upraw, oraz technologie
przetworcze umozliwig uzyskanie komponentow odzywczych o wysokiej strawnosci 1 stabil-
nosci, bez negatywnego wptywu na srodowisko naturalne.

W badaniach przyjeto hipotezy szczegélowe:

i) Postep w hodowli odmian soi (Glycine max (L.) Merrill), uwzgledniajacy przystosowanie
do warunkoéw agroklimatycznych Polski centralnej, pozwala uzyskac istotne efekty plono-
tworcze i jakoSciowe (zawarto$¢ biatka i oleju) zar6wno w systemie uprawy pluznej,
jak i bezorkowej, przy jednoczesnym ograniczeniu negatywnego wptywu suszy.

i) Rozwoj wegetatywny soi ‘Abaca’ i konopi siewnych ‘Henola’, wydajnos$¢ ich nasion wraz
z elementami struktury plonu oraz zawartos$ci makro- i mikroelementow w nasionach pod-
legaja optymalizacji po zastosowaniu technologii zbioru jednoetapowego z wykorzysta-
niem kosy typu flex w soi i kombajnu zbozowego klawiszowego dla konopi siewnych.

Iii) Zwiegkszenie gestosci siewu konopi siewnych (Cannabis sativa L.) oraz ograniczenie sto-
sowania lub czgéciowa rezygnacja z herbicydow i zastosowanie mechanicznego odchwasz-
czania w soi (Glycine max (L.) Merrill) istotnie wptywajg na ograniczenie zachwaszczenia
plantacji.

Iv) Przetwarzanie nasion konopi siewnych poprzez tuskanie i warunki ttoczenia na zimno
istotnie wptywa na warto$¢ odzywcza, profil funkcjonalny, zawarto$¢ czynnikow anty
zywieniowych, stabilno$¢ oksydacyjng oraz mikrobiologiczne bezpieczenstwo makuchow,
determinujac ich przydatnos¢ jako surowca do zywnosci funkcjonalnej 1 pasz wysokobiat-
kowych w czasie przechowywania.

V) Barotermiczne przetwarzanie nasion soi pozwala uzyskac stabilne, wartosciowe pod
wzgledem odzywczym sktadniki sojowe zaréwno pelnotluste jak i odtluszczone, ktore
beda odpowiednie do zastosowan w cyrkularnych systemach zywnosci 1 pasz zgodnych
z zatlozeniami Europejskiego Zielonego tadu.

vi) Potaczenie uprawy soi w systemie proekologiczym (z mechaniczng regulacjg zachwasz-
czenia) oraz ekologicznej uprawy konopi moze stanowi¢ wazny czion zmianowania
w uprawie i pozwoli uzyskac¢ stabilne, wartosciowe pod wzgledem odzywczym sktadniki
sojowe i konopne, odpowiednie do cyrkularnych systemoéw zywnosciowych i paszowych,
zgodnych z priorytetami Europejskiego Zielonego Ladu.

Realizacji hipotez towarzyszyly nast¢pujace cele naukowe:

1. Okreslenie wptywu dtugosci okresu wegetacji oraz wskaznika hydrotermicznego na plono-
wanie 1 jako$¢ nasion soi w warunkach Polski centralnej, z uwzglednieniem rdznic pomiedzy
systemami uprawy ptuznej i bezorkowe;.
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2. Okreslenie wplywu proekologicznego systemu uprawy soi ‘Abaca’ z zastgpieniem herbicy-
dowej ochrony odchwaszczaniem mechanicznym na wzrost i rozw9j roslin oraz na wielkos$¢
plonowania nasion.

3. Ocena wplywu zwigkszenia gestosci siewu, stosowania / braku stosowania herbicydow na
presje zachwaszczenia, cechy morfologiczne roslin konopi ‘Henola’, plon, elementy struk-
tury plonu oraz na sktad mineralny nasion konopi siewnych jednopiennych.

4. Okreslenie wptywu obrobki nasion i warunkow ttoczenia oleju na warto§¢ odzywcza, profil
kwasow thuszczowych, zawarto$¢ substancji antyodzywczych, stabilno$¢ oksydacyjng i bez-
pieczenstwo mikrobiologiczne makuchoéw konopnych i sojowych podczas przechowywania.

5. Ocena technicznej wykonalno$ci i warto$ci odzywczej produkeji dwéch sktadnikow sojo-
wych: petnottustej soi (Full Fat Soy, FFS) 1 tloczonego ekspandatu sojowego (Expanded
Soybean Cake, ESC) w systemie ciggltego przetwarzania barotermicznego, z wykorzysta-
niem soi niemodyfikowanej genetycznie ‘Abaca’ uprawianej w warunkach proekoogicznych
w Polsce centralnej.

6. Ocena agronomiczne;j i ekologicznej efektywno$ci odmiany ‘Henola’ w trakcie trzyletniego
okresu konwersji z uprawy konwencjonalnej na certyfikowang ekologiczna.

3.2. MATERIALY I METODY BADAN

3.2.1. Lokalizacja

Badania oparto na do§wiadczeniach polowych prowadzonych w latach 2021-2024 w wo-
jewddztwie kujawsko-pomorskim, powiecie brodnickim, w miejscowosci Kozi Roég
(53.1911°N, 19.4337°E). W pierwszym roku badan (2021) przedplonem dla konopi siewnych
byty konopie siwne, natomiast dla soi — kukurydza uprawiana na ziarno. Stanowiska znajdo-
waly si¢ na glebach klasy bonitacyjnej IV o nastgpujacym sktadzie granulometrycznym:
czastki >1 mm — 5%, 1-0.1 mm — 52%, 0.1-0.02 mm — 22%, <0.02 mm — 21%. Odczyn gleby
byt uregulowany, pH w roztworze KCI wynosito 6.4-6.6.

3.2.2. Uklad doswiadczalny

Doswiadczenia prowadzono na polach produkcyjnych z wydzielonymi poletkami. Dla kaz-
dego gatunku wyznaczono 10 poletek doswiadczalnych o powierzchni 4 m? kazde, w pigciu
replikacjach (tacznie 50 poletek). Umieszczano je w srodkowej czesci tanu, w odlegtosci co
najmniej 20 m od skrajow pola oraz od uwroci poprzecznych. Poletka rozmieszczono tak, aby
kazde miescito si¢ w pojedynczym przejezdzie roboczym siewnika i opryskiwacza, z pominig-
ciem $ciezek technologicznych.

3.2.3. Uprawa konopi siewnych

Konopie siewne uprawiano w monokulturze przez cztery sezony (2021-2024). Od dru-
giego roku zwickszano norme wysiewu z 20 i 30 kg do 40 i 60 kg ha™. Jednoczesnie wyelimi-
nowano stosowanie nawozenia mineralnego i chemicznej ochrony herbicydowe;j. Teren uprawy
objeto konwersjg ekologiczng 1 uzyskat status dopuszczajacy prowadzenie produkcji ekologicz-
nej. Celem modyfikacji agrotechniki byto ograniczenie zachwaszczenia, wyeliminowanie her-
bicydow 1 uzyskanie stabilnego plonu nasion przy wysokosci roslin umozliwiajacej jednoeta-
powy zbior kombajnem.

Do siewu wykorzystano klasyczny siewnik zbozowy (rozstaw rzedow 12 cm, glebokos¢
3 cm). W 2021 r. zastosowano doglebowo herbicyd Boxer 800 EC w dawce 3 | ha* oraz na-
wozenie mineralne: N — 20 kg ha™, P.Os — 80 kg ha?, KO — 100 kg hat. Dodatkowo
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pogtéwnie podano azot (N) w formie azotanowej i amonowej w ilosci 40 kg hat. W latach
2022-2024 nie stosowano zadnych nawozow ani herbicydow.

¥

Fot. 1. Wysiew soi i konopi klasycznym siewnikiem talerzowym, Agromasz SR300 (Polska),
zrodlo: fotografia wlasna

3.2.4. Uprawa soi

Soj¢ uprawiano w klasycznym systemie orkowym, wykorzystujac siewnik talerzowy zbo-
zowy (rozstaw rzedow 24 cm, glgbokos¢ siewu 3—4,5 cm). Przez wszystkie lata badan stoso-
wano nawozenie przedsiewne P i1 K z dodatkiem wapnia, siarki i magnezu w masie lacznej
nawozow wynoszacej 350 kg ha™l, z czego: P2Os — 51 kg hat, K,O — 90 kg hat, MgO — 18 kg
ha, CaO — 45 kg ha?, SO4 — 38 kg ha. Nie stosowano dodatkowego nawozenia mikroele-
mentowego ani nawozenia azotowego.

W latach 2021-2023 ochrong herbicydowa prowadzono doglebowo do 3 dni po siewie,
stosujac mieszanine metrybuzyny 600 SC (0,33 | ha?) oraz S-metolachloru 960 EC (1 I ha™®).
W 2024 r., po zmianie przepisow rozporzadzeniem wykonawczym Komisji (UE) 2024/20
z dnia 12 grudnia 2023 r. w sprawie nieodnowienia zatwierdzenia substancji czynnej S-meto-
lachlor, zgodnie z rozporzadzeniem Parlamentu Europejskiego i Rady (WE) nr 1107/2009, oraz
w sprawie zmiany rozporzadzenia wykonawczego Komisji (UE) nr 540/2011 (Dz.U. L,
2024/20, 03.01.2024) wskazano, ze ta substancja czynna nie jest dopuszczona do stosowania
w $rodkach ochrony roslin. Zastosowano wiec metrybuzyne 600 SC (0,4 1 ha™?) i fabryczna
mieszanine petoksamidu i chlomazonu (2 | hat). W latach 2022-2024 przeprowadzano takze
zabiegi powschodowe fabryczng mieszaning bentazonu i imazamoksu 502,4 SL w dawkach
dzielonych (tacznie nieprzekraczajacych 1,25 1 ha t). We wszystkich latach stosowano mecha-
niczne pielenie brong rotacyjng dtutowg (Fot.2). Szczegdtowe zestawienie herbicydow znajduje
si¢ w Tabeli 1, w publikacji: https://doi.org/10.3390/app15158154.
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Fot. 2. Brona rotacyjna gwiazdowa stosowana do pielenia soi. Orekhovselmash BR-6g (Ukraina),
zrodho: fotografia wlasna

3.2.5. Zakres obserwacji i pomiaréw polowych na roslinach konopi siewnych

W trakcie pelnego okresu wegetacyjnego, po zakonczeniu fazy kwitnienia (BBCH 65),
prowadzono obserwacje i pomiary obejmujace: obsade roslin, wysokos¢ tanu oraz poziom za-
chwaszczenia. Ocena wysokosci roslin byta przeprowadzana na podstawie pomiaru 10 losowo
wybranych osobnikéw na kazdej parceli. Obsada byta wyrazana w szt. m na podstawie prze-
liczenia liczby roslin w catej powierzchni poletka. Zachwaszczenie oceniano w sposob szcze-
gotowy dla wybranych, dominujacych gatunkéw o potencjale konkurencyjnym w stosunku do
konopi siewnych. Monitorowano osobniki nast¢gpujacych gatunkow: Chenopodium album (L.)
(komosa biata), Echinochloa crus-galli (chwastnica jednostronna), Anthemis arvensis (L.)
(rumian polny), Fallopia convolvulus (L.) 4. Léve (rdestowka powojowata), Avena fatua (L.)
(owies gluchy) oraz Artemisia vulgaris (L.) (bylica pospolita). Rejestrowano tylko te rosliny,
ktére miaty potencjal wyksztalcenia nasion do czasu zbioru. Pozostate gatunki chwastow
uwzgledniano zbiorczo bez podziatu taksonomicznego. Dobor monitorowanych gatunkow
chwastow oparto na analizie literaturowej, wtasnych doswiadczeniach autora oraz kryteriach
praktycznych, takich jak: konkurencyjno$¢ wobec roslin uprawnych, wrazliwos$¢ na herbicyd
prosulfokarb (jedynego zarejestrowanego dla tej uprawy), wymagania co do czystosci materiatu
nasiennego oraz zdolno$¢ do kompensacji w warunkach monokultury.

Biomase chwastow oznaczano w fazie pelnego kwitnienia konopi (BBCH 65) metoda kwa-
dratow o powierzchni 1 m?, rozmieszczanych losowo w kazdym powtdrzeniu doswiadczalnym.
Wszystkie nadziemne cze$ci chwastow $cinano na powierzchni gleby, rozdrabniano i suszono
w warunkach powietrzno-suchych do uzyskania statej masy. Nastepnie materiat ro§linny o wil-
gotnosci 8—10% cieto na drobne fragmenty, odmierzano porcje po 5 g i suszono w suszarce
w temperaturze 103°C przez 4 h. Po wysuszeniu probki wazono, okreslajac suchg mas¢ chwa-
stow, zgodnie z metodyka opisang w Rozporzadzeniu Komisji (WE) nr 152/2009.

Zbior nasion prowadzono jednoetapowo przy uzyciu klasycznego kombajnu zbozowego
wyposazonego w wytrzasacze klawiszowe. Zebrany materiat poddano wstepnemu czyszczeniu
na urzadzeniu CZ Major 1 (Polska), a nastepnie suszono na suszarni podtogowej BIN SP-17-J
(Polska) z zastosowaniem zimnego powietrza do osiggni¢cia wilgotnosci koncowej na
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poziomie 10%. Po suszeniu nasiona wazono, pakowano w opakowania typu big bag i magazy-
nowano w chtodnym, suchym pomieszczeniu bez dostgpu Swiatta stonecznego az do momentu
ich przetworzenia.

3.2.6. Zakres obserwacji i pomiarow polowych soi

W trakcie sezonu wegetacyjnego prowadzono regularne lustracje plantacji soi, ze szcze-
golnym uwzglednieniem fazy rozwojowej kwitnienia (BBCH 50). W ramach obserwacji oce-
niano: powschodowa obsade roélin (szt. m™), wystepowanie uszkodzen siewek spowodowa-
nych patogenami i zerowaniem ptakow, skuteczno§¢ dziatania herbicydéw doglebowych,
dobor terminéw zabiegdw mechanicznego odchwaszczania oraz intensywnos¢ formowania
brodawek korzeniowych (w tym ich liczebno$¢ i lokalizacj¢ na systemie korzeniowym).
W razie potrzeby ustalano koniecznos$¢ 1 termin wykonania oprysku herbicydowego przy wtor-
nym zachwaszczeniu.

W fazie dojrzatosci technologicznej (BBCH 85) wykonywano oceng obsady roslin do
zbioru, wysokosci tanu, liczby stragkoéw na roslinie oraz poziomu zachwaszczenia. W sposob
szczegblowy monitorowano obecno$¢ nastepujacych gatunkow chwastéw: Chenopodium
album (komosa biata), Galium aparine (przytulia czepna), Anthemis arvensis (rumian polny),
Fallopia convolvulus (rdestoéwka powojowata), Amaranthus retroflexus (szartat szorstki) oraz
Solanum nigrum (psianka czarna). Pozostate gatunki chwastow ujeto zbiorczo, bez podziatu na
gatunki, zgodnie z przyjeta wczesniej metoda oceny zachwaszczenia w uprawie konopi.

Dobor chwastéw do szczegdélowego monitorowania oparto na ich znaczeniu ekologicznym
i agronomicznym, wynikajacym z trudno$ci zwalczania, ekspansywnosci oraz zdolnosci kom-
pensacji w warunkach monokultury.

Zbior prowadzono kombajnem zboZzowym wyposazonym w heder z kosa ptywajaca typu
flex (Claas ConvioFlex 1380, Niemcy), umozliwiajacg precyzyjne $cinanie strgkéw osadzo-
nych nisko nad powierzchnig gleby. Plon wazono i przeliczano do wilgotnosci referencyjne;
13%, a nasiona magazynowano w stalowych silosach ptaskodennych. Dla kazdego obiektu
badawczego okreslano roOwniez mase tysiaca nasion (MTN, g).

3.2.7. Zakres badan laboratoryjnych nasion konopi

Zebrane nasiona konopi siewnych poddano analizie skladu chemicznego oraz frakcji
fizycznych. Zawarto$¢ oleju surowego, biatka ogdlnego 1 wtokna surowego oznaczono metoda
spektroskopii w bliskiej podczerwieni (NIRS, ang. Near-Infrared Reflectance Spectroscopy)
z wykorzystaniem aparatu FOSS Infratec™ NOVA (Dania), dziatajacego w oparciu o metode
odbiciowa.

Masa tysigca nasion (MTN) zostata okreslona recznie na podstawie trzykrotnego wazenia
prob po 1000 nasion. Dodatkowo przeprowadzono frakcjonowanie materiatu nasiennego me-
toda sitowg standardowo stosowang dla zbdz, dzielac nasiona na grupy wielkosciowe. Na tej
podstawie wyliczono procentowy udziat poszczegdlnych frakcji w probce reprezentatywne;.
Probki nasion poddano rowniez analizie zawarto$ci makro- 1 mikroelementow: N, P, K, Ca,
Na, Mg, Mn, Fe, Zn i Cu. Oznaczenia wykonano w Laboratorium Chemii Rolnej Politechniki
Bydgoskiej zgodnie z metodyka szczegotowo opisang w artykule: https://doi.org/10.3390/
f00ds14091605.

3.2.8. Zakres badan laboratoryjnych nasion soi

Zebrane nasiona soi poddano analizie sktadu chemicznego i wybranych wtasciwosci fi-
zycznych. Oznaczenia wykonano metodg spektrometrii odbiciowej w bliskiej podczerwieni
(NIRS, ang. Near-Infrared Reflectance Spectroscopy), zgodnie z normg PN-EN ISO
12099:2017, z wykorzystaniem analizatora catoziarnowego FOSS Infratec™ NOVA (Dania).
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Analizy przeprowadzono w Laboratorium Zaktadu Uszlachetniania Biatka Roslinnego, naleza-
cym do jednostki wspotpracujacej Agrolok Sp. z o.0. Kalibracja analizatora byta walidowana
dwukrotnie w ciggu roku wzgledem metod referencyjnych, co pozwolito zrezygnowaé z row-
noleglego stosowania analiz chemicznych.

Ocenie poddano zawarto$¢ biatka ogdlnego, wilgotno$é, zawartos¢ oleju surowego oraz
gestos¢ nasypowa. Dodatkowo, nasiona badano pod katem zawarto$ci substancji antyzywie-
niowych, w tym inhibitorow trypsyny, a takze rozpuszczalnosci biatka w wodzie i w roztworze
wodorotlenku potasu. Analizy wykonano w akredytowanych laboratoriach zgodnie z metodyka
szczegolowo opisang w publikacji: Dual Production of Full-Fat Soy and Expanded Soybean
Cake from Non-GMO Soybeans: Agronomic and Nutritional Insights Under Semi-Organic
Cultivation https://doi.org/10.3390/app15158154.

3.2.9. Metoda obluszczania i przetworstwa nasion konopi siewnych (metoda wlasna)

Zebrane nasiona konopi siewnych poddano frakcjonowaniu w oparciu o typowa kalibracje
sitowa stosowang dla zbdz. Otrzymane frakcje o $rednicy >2,8 mm, 2,5-2,8 mm oraz
2,2-2,5 mm kierowano na dalsze etapy: proces obluszczania lub bezposrednie ttoczenie.
Frakcja drobna <2,2 mm (pos$lad) nie byta przedmiotem dalszych analiz.

Proces obluszczania prowadzono z wykorzystaniem urzadzenia Hemp Seeds Dehulling
Machine GG-1 (Longer Machinery, Chiny). Nasiona o jednorodnej wielko$ci podawano na trzy
rownolegte, perforowane walce gumowe o regulowanej odlegtosci wzgledem siebie, obracajace
si¢ w tym samym kierunku z predkoscig 2800 obr. min~t. W wyniku dwuetapowego kontaktu
z walcami nastepowalo mechaniczne zgniecenie tupiny i rozlupanie nasiona, po czym strumien
sprezonego powietrza separowat tuske od jadra. Frakcja tupin, oddzielona metodg aspiracyjna,
byta usuwana z procesu.

Rozhupane nasiona kierowano nast¢gpnie do mieszalnika mechanicznego GTH-MBM SD
(Grutech, Polska), wyposazonego w spiralny poziomy wal z azurowa wstega obracajaca si¢
w tozu korytowym. Mechaniczne oddzialywanie konstrukcji mieszadta umozliwiato dalsze
oddzielenie tuski od jadra nasiennego. Po zakofczeniu tego etapu mieszaning nasion i tusek
oczyszczano za pomocg laboratoryjnej wialni Pfeuffer MLN (Niemcy), wykorzystujacej
system aspiracji oraz zestaw sit do sortowania wedtug rozmiaru.

W tym celu zastosowano jednoslimakowa pras¢ ttoczacg M-22 (Miramar, Polska), wypo-
sazong w adaptowalne podzespoty umozliwiajace dostosowanie stopnia kompresji, predkosci
watu oraz temperatury procesu do zmiennej twardosci nasion. Ostateczny produkt — makuch —
charakteryzowat si¢ zroznicowang zawartoscia resztkowego oleju i widkna, zalezng od typu
zastosowanego surowca 1 warunkoéw technologicznych.

3.2.10. Metoda obluszczania i przetwdrstwa nasion soi

Nasiona soi zawieraja termolabilne substancje antyzywieniowe, dlatego nie moga by¢ spo-
Zywane w stanie surowym bez wczesniejszej obrobki termicznej. W celu ograniczenia zawar-
tosci tych substancji oraz poprawy strawnosci opracowano — we wspotpracy z podmiotem
wdrozeniowym — technologie przetwdrcza opartg na przetwarzaniu w procesie ciagglym. Etapy
tego procesu przedstawiono w schemacie 2 i tabeli 2, opisanych w publikacji: Dual Production
of Full-Fat Soy and Expanded Soybean Cake from Non-GMO Soybeans: Agronomic and Nu-
tritional Insights Under Semi-Organic Cultivation https://doi.org/10.3390/app15158154.

W procesie tym otrzymywano ekspandowang soj¢ petnottusta (Full-Fat Soya, FFS), ktorej
zawartos$¢ biatka ogélnego wynosita ok. 34%. Technologia ta opiera si¢ na obrobce termicznej
na mokro, z wykorzystaniem pary wodnej i wysokiego cisnienia. W celu ograniczenia zawar-
tosci thuszczu w produkcie koncowym, zmodyfikowano proces poprzez wprowadzenie dodat-
kowego etapu tloczenia. Po wstgpnym suszeniu, ekspandowany materiat kierowano na pras¢
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slimakowa, a nastgpnie kontynuowano suszenie i strukturyzacje. W efekcie otrzymano dwa
komponenty: olej sojowy oraz ekspandowany makuch sojowy (Expanded Soybean Cake, ESC)
o zawartos$ci biatka ogdlnego na poziomie ok. 38% i thuszczu ok. 12%. Badaniom poddano trzy
produkty: ekspandat petnotlusty, makuch odttuszczony oraz olej sojowy, zgodnie z metodolo-
gig opisang w przywolanym artykule.

3.2.11. Metody analityki laboratoryjnej makuchow i olejow zimno tloczonych

Makuchy uzyskane w procesie tloczenia zostaty rozdrobnione na mtynku Knifetec KN 295
(FOSS, Dania), przystosowanym do prob thustych i chtodzonym woda. Nastepnie material
poddano wstepnej analizie przy uzyciu analizatoréw spektroskopowych FOSS DA1650 oraz
Bruker MPA 11 (USA), z wykorzystaniem technologii NIRS zgodnie z normg PN-EN
ISO 12099:2017, w oparciu o dostgpne kalibracje fabryczne.

Zawarto$¢ bialtka ogdlnego, thuszczu surowego 1 wtdkna surowego w tych samych prob-
kach oznaczano réwniez metodami referencyjnymi (,,mokrymi”) w pracowni analityki mokrej
Laboratorium Zaktadu Uszlachetniania Biatka Roslinnego (Agrolok Sp. z 0.0.).

Wybrane probki, po wezesniejszym przebadaniu metodami NIRS i referencyjnymi, kiero-
wano do laboratoriow zewnetrznych w celu oznaczenia dodatkowych parametrow. W przy-
padku makuchéw sojowych oznaczano: poziom inhibitoréw trypsyny, rozpuszczalno$¢ biatka
w KOH oraz indeks dyspersyjnos$ci biatka (PDI). W przypadku makuchéw konopnych analizo-
wano: zawarto$¢ blonnika, fitynianéw, ligniny, kwaséw uronowych i oligosacharydow. Maku-
chy pochodzace z obu gatunkow roslin zostaly réwniez poddane analizie wartosci odzywczych,
z uwzglednieniem profilu kwasow ttuszczowych. Ponadto przeprowadzono testy starzeniowe
w celu okreslenia terminu przydatnosci do spozycia.

Uzyskane wyniki wykorzystano do opracowania kalibracji dla urzadzen wykorzystujacych
technologi¢ NIRS, co w przysztosci pozwoli ograniczy¢ czasochtonno$¢ 1 koszty laboratoryjne;j
oceny jakosci makuchow spozywczych. Widma spektroskopowe zbierane w trakcie produkcji
w trybie ciggtym stanowity istotne Zrodlo danych dla walidacji opracowywanych metod.

Szczegbdtowe opisy wykorzystanych procedur analitycznych znajdujg si¢ w artykutach:
https://doi.org/10.3390/app15158154 oraz https://doi.org/10.3390/foods14091605.

3.3. WYNIKI I DYSKUSJA
3.3.a. Konopie siewne

3.3.a.1. Wplyw gestosci siewu i sposobu odchwaszczania na plonowanie i jakos$¢
nasion konopi siewnych

Cze¢s$¢ wynikowa dotyczaca praktyk agrotechnicznych dla konopi siewnych opiera si¢ na
danych opublikowanych oraz wynikach wlasnych, dotad niepublikowanych, zgodnych z zakre-
sem Indywidualnego Planu Badawczego autora. Badania obejmowaty dwa niezalezne doswiad-
czenia polowe przeprowadzone na odmianach jednopiennych: ‘Secuieni Jubileu’ i ‘Henola’,
roéznigcych si¢ przeznaczeniem uzytkowym oraz systemem prowadzenia uprawy.

W pierwszym do$wiadczeniu, opublikowanym przez Wenda-Piesik i Ambroziak (2023)
https://doi.org/10.5601/jelem.2023.28.3.2425, analizowano wptyw gestosci siewu oraz zasto-
sowania herbicydu prosulfokarb, na wielko$¢ i jakos$¢ plonu nasion odmiany ‘Secuieni Jubileu’.
Poréwnano trzy warianty: P1 — siew 20 kg ha™* z herbicydem, P2 — siew 30 kg ha z herbicy-
dem, oraz PC — siew 30 kg ha! bez herbicydu (tab. 2). Wyniki wykazaty, ze zardbwno wyzsza
obsada, jak i stosowanie herbicydu wptywaty istotnie na obnizenie zachwaszczenia. Ggstos¢
siewu modyfikowata takze cechy morfologiczne roslin oraz strukture frakcyjna plonu nasion —
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przy wyzszej obsadzie obserwowano wyzsza srednig wysokos$¢ roslin oraz dominacje frakcji
nasion o $rednicy 2,5 mm. Zawarto$¢ makro- 1 mikroelementow w nasionach roznita si¢ istotnie
migdzy obiektami, szczegolnie pod wzglgdem zawartosci azotu, fosforu i potasu.

Drugie doswiadczenie, opracowane w ramach publikacji bedacej obecnie w recenzji
(Wenda-Piesik & Ambroziak, 2025, Industrial Crops and Products), dotyczylo odmiany
‘Henola’ uprawianej przez trzy sezony w monokulturze w warunkach konwersji ekologicznej
(zgodnie z Rozporzadzeniem UE 2018/848). Badano wptyw dwéch norm wysiewu: 40 kg ha™*
(S1) i 60 kg ha™ (S2) na parametry morfologiczne oraz stabilno$é plonowania. Przez caty okres
badan nie stosowano nawozoéw syntetycznych ani herbicydéw, a odchwaszczanie prowadzono
mechanicznie za pomocg brony rotacyjnej (model BR-6g, Orekhovselmash, Ukraina). WyniKki
wykazaly, ze zwigkszona obsada ro$lin (S2) wptywata na stabilno$¢ plonowania, pomimo
uprawy w systemie monokultury, co $wiadczy o potencjale adaptacyjnym odmiany ‘Henola’
do warunkow uprawy ekologiczne;j.

3.3.a.1.1. Architektura lanu konopnego (wyniki niepublikowane z manuskryptu
[Wenda-Piesik, Ambroziak 2025, w recenzji])

Na obsade roslin w fazie dojrzatosci technologicznej istotny wptyw mialy zaréwno
warunki siedliskowe danego roku (F = 2,47, p < 0,001), jak i zastosowana norma wysiewu
(F =42,09 p <0,001) (tab. 1). W analizowanym trzyletnim okresie $rednia gestos¢ roslin dla
wariantu S2 (60 kg ha™) wynosita 71,7 roslin m2, natomiast w wariancie S1 (40 kg ha™)
— 51,6 ro$lin m2, co stanowito wzrost obsady o 39% w wariancie z wieksza norma wysiewu (tab. 2).
Zmiennos$¢ (CV) tego parametru byta jednak znaczna, szczegolnie w sezonie 2024 (do 55,8%),
co moze wskazywac¢ na duzg podatnos¢ na siedliskowe réznice warunkoéw wzrostu.

Tabela 1. Srednie kwadraty z dwukierunkowej analizy wariancji dla cech konopi ‘Henola’ w systemie
ekologicznym

Zrédlo | pf PI(_)n Frakcja nasion MTN Zage;szgzenie Wysqkoéé
zmiennoSci nasion 22-25 | 2528 | >2,8 ro$lin rosliny
Rok 2 | 65,66***| 6,59* 13,84* [13,48*|2,474*** 1320* 3162***
Gestosé 1 | 40,56*** | 29,84*** | 26,21* | 0,12 0,047 42090*** 1341***
Rok x gestos¢ | 2 | 4,10*** | 17,86** | 6,86* 3,13 | 1,208*** 398*** 4%+
Reszta 20 0,12 1,85 3,57 3,81 0,015 41 9

Df — stopnie swobody; * — P < 0,05; ** — P < 0,01; *** - P < 0,001

Rok oraz norma wysiewu mialy rowniez istotny wptyw na wysokos¢ roslin (F = 31,62,
p < 0,001 oraz F = 13,41, p < 0,001). Rosliny uprawiane w nizszym zaggszczeniu osiagaty
srednio wieksza wysoko$¢, co mozna ttumaczy¢ ograniczong konkurencja wewnatrzgatun-
kowa. Zalezno$¢ ta zostala potwierdzona analizg regresji liniowej, ktora wykazata umiarko-
wang ujemng korelacje pomigdzy zagegszczeniem a wysokoscig roslin (r =—0,43), co odpowiada
obnizeniu wysokosci o okoto 1,07 cm na kazde 10 dodatkowych roslin m2 (rys. 1).
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Rys. 1. Zalezno$¢ miedzy gesto$cig roslin (szt. m?) — 0§ x, a wysokoscig roslin (cm) — 0§ y, konopi
‘Henola’ uprawianych w systemie ekologicznym

Tabela 2. Gestos¢ konopi (szt. m?) i wysoko$¢ ro§liny (cm) w konwencjonalnym i ekologicznym
systemie uprawy

Czynnik Zageszczenie roslin Wysoko$¢ rosliny

Rok System Srednia+ S ¢ Cv (%)@ Srednia+ S ¢ Cv (%)

P1 46,0 = 4.0 17,4 163,8 + 3,1 38

2021 P2 43,5+ 8,6 39,2 164,0 £ 2,6 31

PC 50,0 + 6,9 27,8 160,6 +2,1 2,6

2002 S1* 478 +£4,0% 18,5 154,5+4,7 6,1

S2 37,5+£53° 28,3 156,0 +2,9 3,7

2023 S1 39,5+6,2° 31,2 159,5+4,6 57

S2 53,8+2,5% 29,2 165,8 + 1,7 2,0

2024 Sl 71,5+19,9° 55,8 153,5+2,0 2,5

S2 123,8+4,6% 47,4 149,5+2,7 3,3

Ogolnie S1 51,6 +7,78 51,8 155,8+2,48 51

S2 71,7+ 11,54 55,6 157,1 1,84 3,9

*Gestos¢ wysiewu (S1) 40 kg hati (S2) 60 kg ha™
# $rednie rozne statystycznie w kolumnie pomigdzy S1 i S2, zgodnie z testem HSD Tukeya, przy p = 0,05
@ wspotczynnik zmiennosci Pearsona.
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3.3.a.1.2. Plon i dorodno$¢ nasion konopi siewnych

Analiza wariancji (dwukierunkowa ANOVA) wykazata istotny wptyw zaréwno roku,
jak 1 gestosci siewu na plon nasion odmiany ‘Henola’ w okresie konwersji organicznej,
a takze istotna interakcje zageszczenia x roku (tab. 1). Srednie plony nasion wahaty si¢ od 19,2
do 24,0 dt ha™ w ciggu trzech lat, przy czym najwyzsza produktywnos$é¢ odnotowano w pierw-
szym roku konwersji na ekologi¢ (2022). We wszystkich latach wyzsza gestos¢ siewu
(60 kg ha™; S2) skutkowala znacznie wigkszymi plonami niz w przypadku nizszej gestosci
(40 kg ha'%; S1), przy $redniej przewadze plonu wynoszacej okoto 3 dt ha™® (rys. 2A-C). Réz-
nice te byty istotne statystycznie (F = 40,56, p < 0,001), a szczegblnie wyrazne w pierwszym
roku badan. MTN wykazywala istotng zmienno$¢ na przestrzeni lat (F = 13,84, p < 0,05) oraz
istotng interakcje z gestoscig siewu (F = 6,86, p < 0,05). Najwyzsza MTN (15,1 g) odnotowano
w drugim roku (2023), natomiast najnizsze wartosci zaobserwowano w 2022 i 2024 r. Jakkol-
wiek gtowny wplyw zageszczenia siewu na MTN nie byt istotny statystycznie, to rdéznice
w obrebie poszczegdlnych lat wskazywaly na tendencje do zwigkszania MTN w gestszych ob-
sadach w 2024 r. (rys. 2D-F).
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Rys. 2. Plon nasion (dt hal) (A-C) i MTN (g) (D-F) konopi odmiany ‘Henola> w latach, dla dwoch
gestosci siewu i dla interakcji (rok x gesto$¢ siewu) w konwersji rolnictwa ekologicznego
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Podsumowujac praktyki polowe, wyniki te pokazuja, ze odmiana ‘Henola’ doskonale
nadaje si¢ do uprawy ekologicznej, wykazujgc stabilne plony i korzystng jako$¢ nasion nawet
w warunkach ciaggtej monokultury. Wyzsza gesto$¢ siewu konsekwentnie poprawiala zagesz-
czenie lanu 1 plon nasion, co sprawilo, ze jest to zalecana praktyka w ramach protokotow
rolnictwa ekologicznego.

3.3.a.1.3. Frakcje nasion konopi siewnych i zawarto$¢ oleju

Frakcjonowanie wielkos$ci nasion wykazato istotny wptyw roku (F = 6,59, p < 0,05) oraz
gestosci siewu (F = 29,84, p < 0,001) na rozmieszczenie nasion w okreslonych klasach wielko-
sci (2,2-2,5 mm, 2,5-2,8 mm, > 2,8 mm). Efekty interakcji byly rowniez istotne (F = 17,86,
p < 0,01), co sugeruje, ze warunki srodowiskowe oraz struktura fanu wspdlnie wptywaly na
rozwdj nasion (tab. 3). Wigksze nasiona (> 2,8 mm) byty liczniejsze w 2022 r., kiedy w syste-
mie S2 stosowano jeszcze nawozenie. Natomiast w 2024 r. przewazaly mniejsze frakcje (rys. 3).
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Rys. 3. Wielko$¢ nasion (mm) konopi siewnych ‘Henola’ w oddziatywaniu (rok x gestos¢ siewu) (A-C)
1 wahaniach wielkosci frakcji nasion w latach konwersji na ekologiczny system produkcji (D)

Analiza frakcji nasion i zawartosci oleju w trzyletnim okresie konwersji (2022-2024)
ujawnita spdjne wzorce w rozktadzie wielkosci nasion oraz powigzanej z nimi procentowej
zawarto$ci oleju (tab. 3). Wyrodzniono trzy klasy wielkosci nasion: 2,2-2,5 mm, 2,5-2,8 mm
1 >2,8 mm. Najwigksza frakcja (>2,8 mm), mimo ze stanowita mniejszy udziat ogétu nasion
(8,8-12,3%), konsekwentnie charakteryzowata si¢ wyzsza zawarto$cig oleju — od 29,1%
do 32,2%.
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Najmniejsza frakcja (2,2-2,5 mm) wykazywata tendencj¢ do nizszej zawartosci oleju,
mieszczacej si¢ w zakresie od 25,1% do 28,0%. Frakcja $rednia (2,5-2,8 mm), stanowigca
wigkszo$¢ nasion (~40—44%), wykazywatla posredni poziom oleju (27,1-30,1%).

Tabela 3. Zawartos$¢ oleju (%) w trzech frakcjach wielkosci nasion konopi odmiany ‘Henola’ o dwoch
gestosciach siewu podczas konwersji do rolnictwa ekologicznego (2022—-2024)

Rok Gestosé siewu 2,2-2,5mm 2,5-2,8 mm >2,8 mm
S1* 28,0 30,1 32,2
2022 S2 26,3 28,6 30,3
1 27 2
2003 S ,8 9,4 30,9
S2 25,2 27,1 29,1
2004 S1 27,0 29,0 29,9
S2 25,1 27,9 29,5

* Gesto$¢ wysiewu (S1) 40 kg ha i (S2) 60 kg ha'?

3.3.a.2. Regulacja zachwaszczenie plantacji konopi siewnych w konwersji
na system ekologiczny

Analiza zachwaszczenia wykazata silne interakcje migdzy gestoscia siewu, sezonem we-
getacyjnym i liczebnoscia specyficzng dla gatunku. Dwukierunkowa ANOVA wykazata, ze na
biomase 1 wystepowanie dominujacych gatunkoéw chwastow istotny wplyw miat rok i norma
wysiewu (tabela 4). W przypadku Chenopodium album (komosa biata), Anthemis arvensis (ru-
mian polny) i Fallopia convolvulus (rdestéwka powojowata), oba glowne efekty — rok i gestos¢
siewu — byly bardzo znaczace (odpowiednio p < 0,001 i p < 0,05), z godnymi uwagi interak-
cjami rok x gestos¢ dla Chenopodium album (F = 15,44, p < 0,01).

Tabela 4. Srednie kwadraty z dwukierunkowej analizy wariancji dla wystepowania gatunkow
chwastow w uprawach konopi cv. ‘Henola’ w systemie ekologicznym

ZZ;;;S:E Df Chenopodium | Anthemis | Artemisia | Avena | Echinochloa con\I/:S{/ISIFl)JI:(L )
. albumL. |arvensisL.| vulgarisL. |fatuaL.| crus-galli Coro '

nosci A. Love
Year 2 59,16*** 6,04*** 1,37 0,51* 0,74 6,83***

Density | 1 40,62*** 3,24* 1,36 1,74** 1,84 1,58*
Yearx | 5 | 15 gg4e 0,07 0,09 0,09 0,74 0,05

Density

Residual | 54 2,93 0,47 0,52 0,17 1,05 0,35

Df — stopnie swobody; * — P < 0,05; ** — P < 0,01; *** — P < 0,001

Suchabiomasa C. album znacznie spadta w latach 2021-2024, co sugeruje duza wrazliwos¢
na zacienianie przez konopie, szczegdlnie przy wyzszych wskaznikach wysiewu. Podobne,
cho¢ mniej wyrazne, tendencje zaobserwowano u A. arvensis i F. convolvulus. W przeciwien-
stwie do tego, gatunki wieloletnie, takie jak Artemisia vulgaris, wykazywaty bardziej stabilna
biomas¢ na przestrzeni lat i ggstosci, co prawdopodobnie odzwierciedla ich wieloletnie systemy
korzeniowe 1 zdolnos$¢ do tolerowania konkurencji (rys. 4).
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Rys. 4. Poréwnanie suchej biomasy (kg m) i udziatu dominujacych gatunkéw chwastow (% osobni-
kow m~2) w odmianie konopi ‘Henola’ w podziale na lata i gesto$é siewu (40 vs. 60 kg ha?).
Panele: gorny: biomasa sucha, dolny: % udziat indywidualny

Wsrod jednorocznych chwastow trawiastych Echinochloa crus-galli (chwastnica jedno-
stronna) utrzymywata wzglednie stala biomasg, podczas gdy Avena fatua (owies gluchy)
wykazywal niewielki wzrost liczebno$ci osobnikow przy nizszych gestosciach konopi. Porow-
nawcze redukcje suchej biomasy w latach 2021-2024 byly najbardziej wyrazne w przypadku
C. album (ok. 60-80%) i F. convolvulus (ok. 45%), co potwierdza represyjng rol¢ konopi
w tym zakresie, zwlaszcza przy gestym siewie. Najnizszg redukcje biomasy (~50%) zaobser-
wowano w przypadku A. vulgaris, co jest zgodne z jego strategig ekologiczng jako trwalego
chwastu w systemach o niskim naktadzie pracy.

Ogolnie, gesta struktura tanu konopi doprowadzita do znacznie nizszego porazenia chwa-
stami w poréwnaniu z poziomami zwykle odnotowywanymi w uprawach zb6z lub roslin olei-
stych uprawianych w warunkach ekologicznych. Wyniki te podkreslajg warto§¢ funkcjonalng
konopi w ekologicznych strategiach zwalczania chwastoéw, a takze ich rolg w zwigkszaniu roz-
norodnosci biologicznej przy jednoczesnym ttumieniu dominujacych konkurentow.

Poréwnanie struktury zbiorowisk chwastow w latach 2021 1 2024 wyrazZnie obrazuje efekty
przejscia z rolnictwa konwencjonalnego na ekologiczne w konopiach odmiany ‘Henola’.
W 2021 r., przy konwencjonalnym zarzadzaniu herbicydem i azotem mineralnym, porazenie
chwastami byto niskie i zdominowane przez kilka gatunkow nitrofilnych, gtéwnie Chenopo-
dium album i Fallopia convolvulus. Po przej$ciu na system ekologiczny (2022-2024) ogdlna
liczba osobnikow 1 biomasa chwastow zwiekszyta si¢ umiarkowanie, ale sktad gatunkowy ulegt
zroznicowaniu. Anthemis arvensis, Artemisia vulgaris i Avena fatua staty si¢ bardziej widoczne
w pozniejszych latach, szczegdlnie przy nizszym zageszczeniu siewu. Jednak pomimo braku
kontroli chemicznej, C. album wykazat znaczny spadek wzglednej liczebnosci, co sugeruje thu-
mienie przez tan konopny 1 eliminacj¢ nawozenia azotem (rys. 5).
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Rys. 5. Dynamika zasobnos$ci chwastow ($rednia liczba szt. m-?) konopi odmiany ‘Henola’ w latach
2021-2024 w rolnictwie konwencjonalnym (2021) i ekologicznym (2022-2024)

Sucha biomasa i udziat w calkowitym zbiorowisku chwastow potwierdzily, ze E. crus-galli
i A. vulgaris zachowaly stabilno$¢ ekologiczng w czasie, podczas gdy gatunki takie jak F.
convolvulus stopniowo zanikaty. Odkrycia te potwierdzajg uzyteczno$¢ gestego siewu jako na-
turalnej strategii kontroli w organicznych systemach konopnych. Tendencje specyficzne dla
danego gatunku przedstawione na rys. 5 potwierdzaja wyrazng dynamike dla kazdego gatunku
chwastow, podkreslajac ich zroznicowane reakcje na zaggszczenie tanu i przejscie na warunki
rolnictwa ekologicznego.

Stopniowe przechodzenie od uprawy konwencjonalnej do ekologicznej odmiany konopi
odmiany ‘Henola’ wykazato znaczny spadek zarowno gestosci, jak i biomasy populacji chwa-
stow. W szczegdlno$ci sucha biomasa C. album zmniejszyta si¢ o okoto 60—-80% w latach
2021-2024. Mniej wyrazne, ale nadal znaczace spadki odnotowano w przypadku Arthemis
arvensis i Fallopia convolvulus w ktérym wykazano redukcj¢ biomasy o okoto 25-45 %.
Artemisia vulgaris, jako gatunek wieloletni, utrzymywala bardziej stabilng biomase przez lata
i gestosci siewu, z najnizsza ogdlng redukcja biomasy (~50%) — prawdopodobnie
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odzwierciedlajacg jej strategi¢ trwatosci i tolerancje na konkurencje miedzygatunkowa [Jan-
kauskiene et al. 2017]. Wsrod jednorocznych chwastow trawiastych, Echinochloa crus-galli
wykazaly niewielkie zmiany w biomasie, podczas gdy Avena fatua wykazata niewielki wzrost
liczby osobnikow przy nizszych gestosciach siewu, co sugeruje wrazliwos¢ na §wiatto i1 poten-
cjal ucieczki w warunkach otwartego tanu. Obserwacje te odzwierciedlajg ustalenia [Markow-
ska et al. 2021], w ramach ktorej zwrocono uwage na specyficzng dla danego gatunku wrazli-
wos¢ na gesto$¢ wiech konopnych 1 aktywno$¢ biochemiczng pozostatosci konopi we wptywie
na zmiany w zbiorowiskach chwastow.

Ogolna zmiana populacji ujawnita spadek liczby szybko rosnacych, azotolubnych gatun-
kow, na co prawdopodobnie wptyneto zarowno wyeliminowanie doptywu azotu mineralnego,
jak i poprawa pokrycia sklepienia tanu przez wiechy konopne. Wynik ten jest zgodny z [Pan-
tovi¢, Secanski 2022], w ktorym zaobserwowano podobne zmiany funkcjonalne w zbiorowi-
skach chwastow w niskonaktadowych systemach organicznych.

Mechaniczne zwalczanie chwastow pozostaje podstawowa strategia w ekologicznej upra-
wie konopi. Techniki takie jak wczesne bronowanie Slepe i uprawa migdzyrzedowa sg sku-
teczne, jesli sg doktadnie okreslone w czasie pod katem fenologii chwastow 1 warunkoéw gle-
bowych [Pantovi¢, Secanski 2022].Wedlug wczesniejszych doniesien wielu badaczy w tym
[Rueda-Ayala et al. 2010] sukces zalezy od precyzji regulacji narzg¢dzia, struktury gleby i od-
porno$ci upraw. Sztywna todyga konopi i wezesny wigor pozwalajg na selektywne bronowanie
przy minimalnych uszkodzeniach we wczesnych fazach wzrostu. Poza strategiami mechanicz-
nymi to allelopatia staje si¢ istotnym naturalnym mechanizmem tlumienia chwastow w syste-
mach konopnych. Kilka badan potwierdza fitotoksyczny potencjat konopi. Autorzy [Shikanai,
Gage 2022] a takze [Sunoj Valiaparambil Sebastian et al. 2023] opisujg wysieki korzeniowe
1 lisciowe Cannabis sativa, ktore hamuja kietkowanie 1 wczesny wzrost konkurencyjnych ga-
tunkow. Najnowsze spostrzezenia [Koji¢ et al. 2025] potwierdzajg, ze wodne 1 ultradzwickowe
ekstrakty z liSci konopi znacznie zmniejszyty kietkowanie i zywotno$¢ badanych nasion.

Co najwazniejsze, bioaktywnos¢ byta zwigzana nie z kannabinoidami, ale z flawonoidami, ta-
kimi jak orientyna, luteolina i apigenina, podkreslajac nowe szlaki biochemiczne do naturalnego
zwalczania chwastow. Potwierdza to hipotezg, ze pozostatosci konopne, pozostawione jako Sciotka
lub stosowane w ptodozmianie, moga przyczynia¢ si¢ do ekologicznego ttumienia chwastow poza
fizyczna konkurencja [Koji¢ et al. 2025] [Markowska et al. 2021].

Wyniki badan potwierdzily, Ze ggsto$¢ siewu 1 warunki pogodowe mialy istotny wptyw na
plon nasion odmiany ‘Henola’. Najwyzsze plony uzyskano przy zageszczeniu 71,7 szt. m?, co
jest zgodne z zaleceniami dla systeméw ekologicznych, w ktérych optymalna gesto$¢ siewu
kompensuje ograniczong dostgpnos¢ sktadnikow pokarmowych [Bruce et al. 2022]. Jednocze-
$nie, zarowno w 2022, jak 1 2024 roku, plony byly poréwnywalne z 2021 r. — sezonem prowa-
dzonym przy konwencjonalnym nawozeniu mineralnym — co $wiadczy o zdolnosci ‘Henola’
do utrzymania efektywnej produktywnosci bez wktadéw syntetycznych. Maksymalny plon od-
notowany w pierwszym roku konwersji (24,0 dt hat) jest poréwnywalny z plonem zgloszonym
przez [Amaducci et al. 2015] i [Fike 2016], w ramach ktérej udokumentowano plony w zakresie
od 20 do 25 dt ha™* w przypadku konopi siewnych w warunkach konwencjonalnych i proeko-
logicznych. Pozytywna reakcja plonu na wigksza gestos¢ siewu jest zgodna z wezesniejszymi
badaniami przeprowadzonymi przez [Burczyk, Frankowski 2018], w ramach ktorej stwier-
dzono, ze zwigkszona gestos¢ roslin poprawia thumienie chwastow 1 wychwytywanie $wiatla,
zwickszajac w ten sposob biomase i plon nasion. Podobnie [Hall et al. 2014] zauwazyli,
ze gestsze obsady zmniejszajg zmienno$¢ wewnatrz rzedéw 1 sprzyjajag réwnomiernemu
dojrzewaniu, co moze wyjasnia¢ przewage plonéw zaobserwowang w przypadku ilosci wy-
siewu 60 kg ha™.

Stabilno$¢ plonowania przy ograniczonym nawozeniu moze wynika¢ z cech odmiano-
wych, takich jak gleboki system korzeniowy 1 zwarta architektura roslin, a takze z pozytywnego
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wplywu konopi na $rodowisko glebowe. Jak wykazali [Adesina et al. 2020] oraz [Basak et al.
2025], konopie wykazujg zdolnos¢ do fitoremediacji oraz wspierania aktywnosci i struktury
mikrobiologicznej gleby, skutecznie kompensujac brak intensywnego nawozenia. Inni tacy jak
[Burczyk, Oleszak 2016] zwrocili rowniez uwage na odpornos¢ ‘Henoli’ na okresowe susze
1 krotkotrwate podtopienia.

Warto$ci masy tysigca nasion (MTN) w zakresie od 14,1 do 15,1 g mieszcza si¢ w typo-
wym zakresie podawanym dla jednopiennych odmian konopi oleistych, takich jak ’Futura’
i “‘USO-31" [Struik et al. 2000]. Mi¢dzyroczna zmienno$¢ MTN prawdopodobnie odzwiercie-
dla czynniki $rodowiskowe, takie jak dostepnos¢ wody i temperatura w okresie napelniania
orzeszkow, co zostato udokumentowane przez [Citterio et al. 2003]. Warto zauwazy¢, ze brak
silnego gtownego wplywu gestosci siewu na MTN sugeruje, ze rozwoj nasion jest mniej wraz-
liwy na gesto$¢ obsady niz na sktadniki plonu, takie jak liczba i wielko$¢ roslin. Jest to zgodne
z obserwacjami przeprowadzonymi przez [Yazici, Mirze 2025] i [Bruce et al. 2022], ktorzy
poinformowali, Ze dostepno$¢ wody w fazie napelniania nasion ma duzy wptyw na MTN i sktad
frakcji nasion. Odzwierciedla to rosngce znaczenie selekcji odmian przystosowanych do zmien-
nosci klimatu. Autorzy [Tubiello et al. 2007] wykazali, ze zwigkszona czestotliwos¢ ekstremal-
nych zjawisk pogodowych stanowi powazne wyzwanie dla rolnictwa, co jeszcze bardziej uwy-
puklito znaczenie odpornych odmian, takich jak ‘Henola’.

We wszystkich latach gestsza norma wysiewu 60 kg ha™ (S2) nieznacznie zmniejszyta
udziat duzych nasion w poréwnaniu z iloécig 40 kg ha* (S1), prawdopodobnie ze wzgledu na
zwickszong konkurencje wewnatrzgatunkowa. Jednak catkowity plon oleju z hektara nie zostat
Znaczaco zagrozony, co sugeruje, ze gestsze obsady, pomimo produkeji nieco mniejszych na-
sion, zachowaty zdolno$¢ akumulacji oleju. Odzwierciedla to zdolnosci adaptacyjne i przydat-
no$¢ odmiany do przemystowej produkcji oleju w ramach zarzadzania ekologicznego.

Wyniki te sg zgodne z wczesniejszymi doniesieniami na temat jednopiennych odmian ko-
nopi siewnych, w ktorych wigkszy rozmiar nasion koreluje z wyzszg zawarto$cig oleju [Tang
et al. 2016] [Yazici, Mirze 2025]. Wzgledna stabilno$¢ zawarto$ci oleju przez trzy sezony we-
getacyjne podkresla potencjat odmiany ‘Henola’ jako rosliny przemystowej o podwojnym prze-
znaczeniu, oferujacej zarowno biomase widknistg, jak 1 wysokiej jakosci olej odpowiedni do
zastosowan kosmetycznych, spozywczych i niespozywczych, takich jak biosmary, biodiesel
I kosmetyki techniczne.

Wydajnos¢ biometryczna roslin konopi poddanych konwersji organicznej ujawnita zna-
czace wzorce adaptacji morfologicznej 1 rozwoju nasion. We wszystkich latach badania gestos¢
ro$lin 1 wysokos¢ roslin mialy istotny wpltyw na norm¢ wysiewu, przy czym wyzsza norma
siewu (60 kg ha™) skutkowata zwickszeniem populacji roslin (§rednio 71,7 szt. m™ w porow-
naniu z 51,6 szt. m~ na 40 kg hat), ale zmniejszong wysokoscig poszczegodlnych roélin (tab. 2).
Ten kompromis odzwierciedla typowa konkurencje wewnatrzgatunkowsa, w ktoérej gestsze za-
daszenia ograniczajg przenikanie swiatla, co prowadzi do zmniejszenia wydtuzenia i realokacji
zasobow roslin [Hall et al. 2013] i [Yazici 2023].

Umiarkowana ujemna korelacja miedzy zageszczeniem roslin a wysokos$cig (r = —0,43)
dodatkowo potwierdza plastyczno$¢ odmiany ‘Henola’ w odpowiedzi na stres zwigzany z za-
tloczeniem, przy czym zaobserwowano zmniejszenie o okoto 1,07 cm na kazde 10 dodatko-
wych roslin na m2. Jest to zgodne z wczesniejszymi doniesieniami na temat dostosowania mor-
fologicznego konopi w zmiennych populacjach roslin [Struik et al. 2000] [Tang et al. 2016].

Zmienno$¢ zageszezenia ro$lin (CV od 18,5% do 55,8%) byta najwyzsza w najsuchszym
roku (2024), co sugeruje, ze nierownomierna wilgotnos$¢ gleby i1 lokalna niejednorodno$¢ w wa-
runkach wschodow moga znaczaco wptywacé na jednorodnos¢ pola w gospodarce ekologiczne;.
Wyniki te podkreslajg znaczenie precyzyjnych strategii siewu i ochrony wilgoci w systemach
organicznych o zmniejszonej elastyczno$ci naktadow.
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Rozktad wielkosci nasion wykazywat duza wrazliwo$¢ zarowno na gestos¢ siewu, jak i wa-
runki sezonowe. Znaczna gestos¢ interakcji X lata wskazata, ze wigksze nasiona (>2,8 mm)
byly bardziej rozpowszechnione w 2022 r. przy wyzszych wskaznikach wysiewu, podczas gdy
mniejsze frakcje nasion (2,2-2,5 mm) dominowaly w suchych warunkach w 2024 r. Przesunie-
cia te prawdopodobnie odzwierciedlaja zroznicowany podzial asymilacyjny spowodowany ar-
chitekturg fanu i konkurencjg o zasoby podczas napetniania nasion [Tang et al. 2016] [Yazici,
Mirze 2025].

Integralno$¢ strukturalna produkcji nasion zostala zachowana, bez dowodéw na zatamanie
reprodukcyjne lub pogorszenie jako$ci nasion przez trzy kolejne lata. Ta odpornosc jest szczegdl-
nie istotna w systemach monokulturowych, w ktorych dtugotrwata presja moze wplywac na alo-
kacj¢ reprodukcyjng. Odmiana ‘Henola’, o zwartym pokroju i zrownowazonej dynamice wzrostu,
wydaje si¢ szczegdlnie odpowiednia do takich warunkoéw, wykazujac wysoki potencjat jednorod-
nosci nasion nawet w srodowisku o ograniczonych zasobach [Citterio et al. 2003].

Podsumowujac, dane empiryczne wyraznie potwierdzaja uzytecznos¢ konopi — zwlaszcza
odmiany ‘Henola’ — jako uprawy o podwdjnej funkcji, oferujacej zarowno dostateczne plony,
jak 1 naturalne mozliwosci kontroli zachwaszczenia. Jej skuteczno$¢ wynika z zamknigcia cza-
szy, interakcji allelopatycznej, kompatybilno$ci z pielegnacja mechaniczng i zdolnos$ci adapta-
cji do systeméw o niskim naktadzie wejSciowym. Polaczenie optymalnej gestosci siewu,
terminowej uprawy i potencjalnego zarzadzania pozostato$ciami allelopatycznym stanowi
solidng strategie zwalczania chwastow w ekologicznej produkcji konopi.

Glowna nowoscig tej czesci badania jest skupienie si¢ na okresie przejsciowym w certyfi-
kacji ekologicznej. Zgodnie z definicja zawarta w rozporzadzeniu UE 2018/848, a nie na sys-
temach ekologicznych w stanie ustalonym. Sledzac wydajnos¢ agronomiczna, dynamike chwa-
stow 1 jako$¢ oleju z nasion na calej osi czasu konwersji, badania dostarczaja danych
empirycznych, ktérych wczesniej brakowato w przypadku jednopiennych konopi oleistych, w
szczegllnosci odmiany ‘Henola’. W przeciwienstwie do wezesniejszych badan ograniczonych
do
warunkow krotkoterminowych lub konwencjonalnych. Ta czg$¢ pracy nad praktykami agrono-
micznymi integruje wymiar ekologiczny, regulacyjny 1 zwigzany z wydajno$cig w holistyczne
ramy. Wyniki wnosza wklad w nowe zrozumienie, w jaki sposob gestos¢ siewu moduluje za-
rowno thumienie chwastow, jak 1 jakos$¢ nasion w fazie przejsciowej, wypelniajac w ten sposob
luke miedzy agronomiag eksperymentalng a praktyczng zgodnos$cia ekologiczna.

3.3.a.3. Mozliwos$ci wykorzystania nasion konopnych w przemysle spozywczym

Material zebrany z pol produkcyjnych postuzyt do wytworzenia eksperymentalnych pro-
duktéw na bazie nasion nieobtuszczonych i obtuszczanych na stanowisku badawczym opisa-
nym w artykule Ambroziak, K.; Wenda-Piesik, A. Comparative Characterization of Hemp Seed
Cakes from Dehulled and Hulled Cannabis sativa L. var. oleifera cv. ‘Henola’: Nutritional,
Functional and Storage Stability Insights, https://doi.org/10.3390/foods14091605.

W przeprowadzonych badaniach wykazano, ze technologia obluszczania nasion konopi
wplywa znaczaco na skiad chemiczny makuchow. Makuch z nasion obtuszczonych DHC (de-
hulled hemp cake) zawierat istotnie wigcej biatka ogdlnego (do 42,2%) 1 thuszczu resztkowego
(do 37,5%) przy jednoczes$nie nizszej zawartosci btonnika (6,9-8,0%) w porownaniu do maku-
chu z nasion nieobtuszczonych HHC (hulled hemp cake), ktéry cechowat si¢ wyzsza zawarto-
$cig blonnika surowego (37—41%) oraz weglowodanow ogdtem (do 48,2%). DHC charaktery-
zowal si¢ rowniez wyzsza wartoscia energetyczna (512-540 kcal 100g™), co wynika z wigkszej
koncentracji thuszczu i przyswajalnych weglowodanow. Wskaznik Totox dla obu wariantéw po
6 miesigcach przekroczyt wartos¢ 15, co §wiadczy o postepujacej degradacji thuszczow w wa-
runkach przechowywania, mimo zastosowania opakowan barierowych. Analizy mikrobiolo-
giczne nie wykazaty przekroczen norm higienicznych, natomiast obserwowano nieco wyzsze
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poziomy drobnoustrojow w HHC, prawdopodobnie zwigzane z obecnos$cia tuski jako nosnika
mikroflory srodowiskowe;.

3.3.b. Soja

3.3.b.1. Wplyw warunkow hydrotermalnych i dlugosci wegetacji na plonowanie
nasion soi NnGMO

Wyniki wczesniejszych badan prowadzonych w warunkach Polski Centralnej nad plono-
waniem roéznych odmian soi, opisane przez Wenda-Piesik i Ambroziak (2022)
https://doi.org/10.3390/app12157830, umozliwity wytypowanie najlepiej dostosowanej do
uprawy w systemie ptuznym odmiany. Retrospektywna analiza potwierdza trafno$¢ wyboru soi
‘Abaca’, ktora od 2022 roku znajduje si¢ na LiScie Odmian Zalecanych (LOZ) dla wojewodz-
twa kujawsko-pomorskiego, gdzie kontynuowano dalsze badania nad ekologizacja technologii
uprawy soi bedace podstawa niniejszej dysertacji.

Znaczacym utatwieniem w zakresie doboru odmian dla producentéw byto wprowadzenie
przez Centralny O$rodek Badan Odmian Roslin Uprawnych (COBORU) ujednoliconej nomen-
klatury wezesnosci odmian w skali 1-9, dopasowanej do warunkow poszczegolnych regionow
Polski. Rekomendacje zawarte w LOZ, aktualizowane corocznie, wspierajg efektywny wybor
sposrod 44 krajowych odmian dostepnych w momencie opracowywania tej rozprawy. Pomimo
poszerzajacej si¢ oferty odmian, stres suszy pozostaje kluczowym czynnikiem ograniczajacym
produkcje, istotnym zardwno przy doborze odmiany, jak i terminie siewu [COBORU 2024].

W warunkach Polski Centralnej adaptacja termiczna odmian soi nie stanowi obecnie istot-
nego ograniczenia, jednak wahania opadowe, zwtaszcza deficyt wody w okresie krytycznym
dla kwitnienia i zawigzywania strgkdw, majg istotny wplyw na efektywnos$¢ produkeji. Dlatego
do oceny sezonowych warunkéw pogodowych zastosowano wspotczynnik hydrotermalny (K),
integrujacy temperature powietrza i sum¢ opadow, ktory stanowi syntetyczny wskaznik kon-
dycji agrometeorologicznej w okresie wegetacji. W literaturze krajowej przyktad zastosowania
K oraz oceny wptywu systemu uprawy przedstawili [Gaweda et al. 2020], ktorzy na podstawie
badan prowadzonych w potudniowo-wschodniej Polsce w latach 2014-2017 wykazali, ze
uprawa konwencjonalna soi (z orka) prowadzita do plonu wyzszego o 10,3% niz w uprawie
bezorkowej. Jednoczes$nie plon w monokulturze byt o 5% nizszy niz w ptodozmianie.

W badaniach wlasnych, obejmujacych szes¢ lokalizacji o zréoznicowanych warunkach gle-
bowych 1 hydrotermalnych, prowadzonych na dwudziestu odmianach soi w ptodozmianie,
zaobserwowano bardziej ztozony wzorzec zalezno$ci migdzy systemem uprawy a wartoscia
wspotczynnika K. W systemie bezorkowym plon soi wzrastat systematycznie wraz ze wzro-
stem warto$ci K (odpowiednio o 32,3% 1 22,4% w sezonach wilgotniejszych), podczas gdy
W systemie ptuznym wzrost plonéw notowano jedynie przy przejsciu z warunkéw optymalnych
do wilgotnych (wzrost o 22,1%). Wyniki te wskazuja na wigkszg elastycznos$¢ adaptacyjna
uprawy bezorkowej w obliczu zmiennych warunkéw wodnych.

W rejonach charakteryzujacych sie¢ deficytem opadow, kluczowe znaczenie maja techniki
uprawowe ograniczajgce straty wody z gleby 1 zwigkszajace efektywnos$¢ retencji. Uprawa kon-
serwujaca, polegajaca na eliminacji odwracania gleby poprzez zastosowanie narzedzi bezptuz-
nych, wykazuje duzy potencjat retencyjny. Badania wykazaty, ze praktyki takie sg szczeg6lnie
efektywne w warunkach suchych, gdzie plony bywaja porownywalne, a nawet wyzsze niz w sys-
temie konwencjonalnym [Pittelkow et al. 2015]. Postep hodowlany w zakresie plonowania od-
mian soi zostat szczegétowo opisany przez [Umburanas et al. 2022] w odniesieniu do 26 odmian
w potudniowej Brazylii. Odnotowano $rednie tempo wzrostu plonu wynoszace 45,9 kg ha™ rocz-
nie, co stanowito wzgledny przyrost na poziomie 2,1%. Wzrost ten przypisano zwigkszeniu
liczby nasion na m?, wyzszemu indeksowi zbioru, zmniejszonej podatnosci na wyleganie oraz
wypadaniu ro$lin. Z kolei badania amerykanskie wskazuja, ze glownymi czynnikami
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abiotycznymi wptywajacymi na plonowanie soi sg promieniowanie stoneczne oraz dostepno$é
wody z opadow [Salmeron, Purcell 2016]. Jednocze$nie podkresla sig, ze opdznienie terminu
siewu prowadzi do znacznych strat plonu — szacowanych od 0,09% do 1,7% dziennie. Cho¢ od-
miany uprawiane w USA 1 Brazylii nalezg do grupy GMO 1 ich cech technologicznych nie mozna
bezposrednio odnosi¢ do soi niemodyfikowanej (nGMO), to jednak niektore zjawiska fizjolo-
giczne — takie jak podatnos¢ na wyleganie czy reakcja na opdzniony siew — pozostaja wspolne.
Krajowe obserwacje polowe potwierdzaja, ze zbyt pézny termin siewu znaczaco obniza plono-
wanie rowniez w przypadku odmian nGMO uprawianych w Polsce [Serafin-Andrzejewska et al.
2021]. Z uwagi na ztozono$¢ czynnikoéw determinujacych plon soi, kontynuowano badania w la-
tach 20212024, prowadzac uprawe w systemie orkowym oraz w warunkach monokultury.
W analizie uwzgledniono liczb¢ dni wegetacji VPD oraz warto$¢ wspotczynnika K, jako czynniki
wplywajace na plonowanie soi w warunkach zmiennego przebiegu pogody w okresie wegetacyj-

nym (rys. 6).
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Rys. 6. Zalezno$¢ plonu nasion (dt hal) od dlugosci wegetacji VPD (dni) odmiany soi ‘Abaca’ w latach
2021-2024 i od wspoétczynnika hydrotermalnego K, gdzie: Y — Plon nasion, X; — VPD, X; - K

W doswiadczeniu porownano dwa systemy uprawy soi odmiany ‘Abaca’, tj. proekolo-
giczny (P1), oraz konwencjonalny (P2), oparty wytacznie na chemicznej ochronie herbicydo-
wej, bez mechanicznej regulacji zachwaszczenia.

W obu wariantach stosowano t¢ samg norme¢ wysiewu, nawozenie mineralne, oraz iden-
tyczne terminy siewu i zbioru. Szczegoty metodyczne sg opisane w publikacji Appl. Sci. 2025,
15(15), 8154, https://doi.org/10.3390/app15158154

W przeprowadzonych analizach stwierdzono wyrazng zalezno$¢ plonu nasion soi odmiany
‘Abaca’ od dlugosci okresu wegetacji (VPD) oraz od wspodtczynnika hydrotermalnego K.
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Modele regresji dla systemow P1 i P2 oraz model zbiorczy wykazaty dodatni wptyw VPD
i uyjemny wptyw K na wysokos¢ plonu.

Najwickszy wplyw VPD zaobserwowano w systemie P1, gdzie przyrost plonu wynosit
0,18 dt ha? na kazdy dodatkowy dzien wegetacji. W systemie P2 warto$é ta byla nizsza
(0,09 dt ha'l), co moze wskazywaé na mniejsza zaleznos¢ tej praktyki agrotechnicznej od dhu-
gosci sezonu. W modelu zbiorczym uogélnionym wptyw VPD wynosit $rednio 0,14 dt ha'
dziennie. Wyniki te sg spojne z wczeSniejszymi ustaleniami, gdzie dla warunkow Polski
centralnej uzyskano model regresji wielokrotnej:

Y =218 +12,0-K +0,20-VPD (R =0,67, p <0,001)

potwierdzajac istotng dodatnig korelacje pomiedzy dtugoscia sezonu wegetacyjnego a plono-
waniem soi [Wenda-Piesik, Ambroziak 2022]. Wptyw wspoétczynnika hydrotermalnego K na
plon nasion ‘Abaca’ okazal si¢ ujemny na plonowanie nasion w latach badan 2021-2024, przy
czym wicksza warto$é ujemng odnotowano w systemie P1 (-5,77 dt ha na jednostke K),
amniejsza w praktyce agrotechnicznej P2 (-3,39 dt hal) co sugeruje istotny wptyw praktyki
pielggnacji mechanicznej na przesigkalnos¢ gleby i jej mozliwe zaleganie w strefie korzeniowe;j
po intensywnych opadach W modelu ogblnionym efekt ten wynosit —4,53. Jest to wynik
odwrotny do trendu wykazanego we wczesniejszej publikacji, gdzie wartosci K w zakresie
2,5-3,5 byly dodatnio skorelowane z plonem soi [Wenda-Piesik, Ambroziak 2022]. W lokali-
zacji, gdzie prowadzono badania w latach 2021-2024 wartosci K byly wyraznie wyzsze niz
zakres optymalny: 4,25 (2021), 3,49 (2022), 2,69 (2023), 2,91 (2024). W szczegdlnosci
w latach 2021 1 2022 przekroczony zostat prog 3,5, co moze thumaczy¢ negatywny wptyw nad-
miernej wilgotnosci na plon nasion soi. Zjawiska takie jak przewilgotnienie gleby, obnizenie
natlenienia strefy korzeniowej, zahamowanie mineralizacji azotu 1 wzrost presji patogenow
moga stanowi¢ ograniczenie plonotworczosci pomimo wysokich sum opadow. Negatywny
wplyw zbyt wysokiej wilgotnosci na plon soi potwierdzaja rowniez [Ryabukha et al. 2022],
ktorzy w warunkach wschodnioeuropejskich wykazali dodatnig korelacje plonu z wilgotnos$cia
wzgledna 1 opadami, lecz jednoczesnie silng ujemng korelacj¢ z temperaturg i suma efektyw-
nych temperatur. Ich model potwierdza, ze nadmiar ciepta lub wody moze ogranicza¢ plono-
wanie soi, nawet w warunkach dobrej wilgotnos$ci atmosferycznej [Ryabukha et al. 2022]. Pod-
sumowujac te sekcje nalezy podkresli¢, ze uzyskane wyniki potwierdzaja korzystny wpltyw
dhugos$ci okresu wegetacyjnego (VPD) na plonowanie soi oraz wskazuja, ze zbyt wysokie war-
tosci wspolczynnika hydrotermalnego K moga mie¢ negatywny wplyw na plon w warunkach
klimatycznych Polski centralnej.

3.3.b.2. Produkcyjno$¢ soi nGMO uprawianej w monokulturze w zaleznoSci
od sposobu zwalczania chwastow

W badaniach plantacji soi prowadzonych w latach 2021-2024 analizowano wptyw przyje-
tego systemu uprawy na zachwaszczenie oraz morfologi¢ ro$lin i architekture fanu. Stosowanie
rezimu ochrony przeciw chwastom roznito si¢ migdzy sezonami, przy czym z kazdym rokiem
system uprawy P1 (proekologiczny) coraz bardziej opierat si¢ na mechanicznym odchwaszcza-
niu, w przeciwienstwie do systemu P2 (konwencjonalnego), w ktérym dominowaty zabiegi
chemiczne (tab. 5).

W systemie P1 zwalczanie chwastow po wschodach prowadzono mechanicznie, dwukrot-
nie w sezonie wegetacyjnym, z wykorzystaniem brony wirnikowej, zgodnie z opisem w meto-
dyce. Herbicydy stosowano wytacznie przedwschodowo oraz sporadycznie powschodowo,
zgodnie z zasadami praktyki proekologicznej. Natomiast w systemie P2 zwalczanie chwastow
polegalo na wytgcznym stosowaniu herbicydow, zaré6wno w fazie przedwschodowej, jak
1 w trakcie wegetacji, bez udzialu metod mechanicznych.
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Monitorowano zageszczenie ro$lin po wschodach i przed zbiorem (szt. m2), wysokos¢
roslin (cm) oraz liczbe¢ strgkow na roslinie. Biometryczne pomiary przeprowadzono na 10 lo-
sowo wybranych roslinach z kazdego powtoérzenia. Plon ziarna przeliczano przy standardowej
wilgotnosci 13%. Masg tysigca nasion (MTN, g) oznaczano manualnie w trzech powtorzeniach.

W obu systemach do ochrony przedwschodowej wykorzystywano metrybuzyne i S-meto-
lachlor, ktore w 2024 roku zostaty zastgpione przez petoksamid i chlomazon z uwagi na zmiany
regulacyjne. Zastosowanie herbicydéw powschodowych obejmowato kombinacje¢ bentazonu
| imazamoksu, stosowang w zaleznosci od presji chwastow (tab. 5).

Soja uprawiana w systemie P1 konsekwentnie wykazywata wigksza wysokos¢ roslin oraz
wyzsza liczbe strakow, co mozna wigzaé ze zwigkszonym rozwojem wegetatywnym wspiera-
nym przez mechaniczne odchwaszczanie oraz wczesniejszy termin siewu (tab. 5).

Tabela 5. Podsumowanie praktyk zwalczania chwastow dla uprawy soi ‘Abaca’ w latach 2021-2024,

kluczowe daty

Herbicydy Herbicydy Pielenie
Rok 3yrs;em przedwschodowe powschodowe mecha- slij/tv?] ZE?;?U
prawy (gha™) (gha™?) niczne
Metrybuzyna 200 + . L4
ot P1 S-metolachlor 960 brak 2x 11 maja |30 pazdziernika
Metrybuzyna 200 + . L4
P2 S-metolachlor 960 brak Brak 11 maja |30 pazdziernika
Metrybuzyna 200 + | 1x Bentazon 600 + . L
2022 P1 S-metolachlor 960 Imazamox 28 2x 05 maja I pazdziernika
Metrybuzyna 200 + | 1x Bentazon 600 + . L
P2 S-metolachlor 960 Imazamox 28 Brak 05 maja I pazdzierika
Metrybuzyna 200 + |2x Bentazon 300 + o -
2023 Pl S-metolachlor 960 Imazamox 14 2x 22 kwietnia | - 22 wrzesnia
Metrybuzyna 200 + |2x Bentazon 300 + o -
P2 S-metolachlor 960 Imazamox 14 Brak | 22 kwietnia | 22 wrzesnia
Metrybuzyna 240 +
P1 Klomazon 48 + 4 ﬁﬁggzrggxlgo - 2% 27 kwietnia 9 wrzesnia
Petoksamid 800
2024 Metryb 240 +
etrybuzyna
P2 Klomazon 48 + 4x Bentazon 130 + Brak | 27 kwietnia 9 wrze$nia
. Imazamox 7
Petoksamid 800

Wyniki te sg zbiezne z obserwacjami [Karges et al. 2022], ktorzy podkreslili znaczenie
dostosowania terminu siewu i dojrzatosci odmian do lokalnych warunkéw fototermicznych.
W niniejszym badaniu nie mozna wykluczy¢, ze drobne uszkodzenia mechaniczne powodo-
wane przez brony rotacyjne sprzyjaly rozwojowi kompensacyjnemu, co zostato wcze$niej za-
obserwowane przez [Toleikiene et al. 2021].
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Tabela 6. Cechy biometryczne i plonotwoércze soi ‘Abaca’ uprawianej w dwoch systemach, $rednie
z lat 2021-2024

Obsada | Obsada | Liczba strakow .. | Plon przeli-
Rok Syrs;em BBCH 50 | BBCH 85 | na roslinie X)Vsﬁfl(‘;’;") czony do wilg. | MTN (g)
UPrAWY 1 szt. m?2) | (szt.m?2) | BBCHS5 13% (dt ha't)
b1 2 55,10 50,20 29,90 74,90 30,20 223,20
2021 +220°% | +2,00° +3,05° +11,30° +0,20° +512°
- 62,30 48,80 31,00 70,50 28,60 201,30
+249° | +1,96°2 +320° +12,02° +0,20° +540°
o1 49,60 48,60 30,30 60,90 21,20 192,60
2022 +1,98% | +1,942 +2,858 +8,80° +0,14° +4,80°
5 50,20 43,80 27,10 60,30 20,40 180,70
+2,002 +1,75° +3,10° + 7,602 +0,152 +430°
o1 52,40 50,20 30,50 74,90 30,40 215,10
2023 +£2,092 | +2,00° +4,122 +7,19° +0,222 +4,80°
- 53,60 49,30 30,60 + 71,90 27,20 205,30
+214% | +1,97° 4,00° +8,30° +0,21° +4,60°
o1 58,20 57,40 36,50 87,70 35,60 220,70
2024 +232° | +£230° +3,60° +12,40° +0,20° +530°
- 62,40 57,70 34,40 81,90 33,40 215,40
+249° | +230° +3,18"° +13,10° +0,20° +5,10°

ZP1 — powschodowe mechaniczne odchwaszczanie brong wirnikows, P2 — konwencjonalne zwalczanie chwastow
na bazie herbicydow bez mechanicznego odchwaszczania. * — male litery indeksu goérnego (a, b) wskazuja na
istotne roznice miedzy P1 i P2 w ciggu kazdego roku zgodnie z testem HSD Tukeya (p = 0,05).

Chociaz w niektorych sezonach (2021 i 2024) system P2 charakteryzowat si¢ wyZzszym
zageszczeniem ro$lin po wschodach, system P1 wykazywat stabilniejsze wartosci gestosci
przed zbiorem i korzystniejsze parametry plonowania. W 2022 i 2024 roku niskie sumy opadow
w maju (odpowiednio 36,5 mm i 8,0 mm) oraz wyzsze temperatury przyczynily si¢ do zaktocen
we wcezesnym rozwoju, prawdopodobnie skracajac czas trwania faz fenologicznych R1-R7.
Ograniczyto to mozliwo$¢ gromadzenia biomasy asymilacyjnej 1 napetniania strakow. Odwrot-
nie, w 2021 1 2023 roku, chtodniejsze i bardziej wilgotne warunki sprzyjaly wydtuzeniu po-
szczegblnych faz rozwojowych, co przetozylo si¢ na wyzsze plony, szczegdlnie w systemie P1.
Najnizsze plony odnotowano w 2022 roku, co zbieglo si¢ z op6znionym siewem i susza w okre-
sie kwitnienia. Wysokie temperatury 1 deficyt wody negatywnie wptywaja na procesy nodulacji
i biologicznego wigzania azotu [He et al. 2014], [Goswami 2020]. Wyniki uzyskane w niniej-
szym badaniu potwierdzajg te obserwacje, dokumentujac spadki plondw w najbardziej krytycz-
nych fenofazach.

Z kolei w 2023 1 2024 roku zauwazono odbudowe plondéw w wyniku wczesniejszego siewu
i korzystniejszego rozktadu opadow [Kurosaki, Yumoto 2003], [Setiyono et al. 2007]. Zmienno$¢
wynikoéw plonowania w okresie 2021-2024 jednoznacznie wskazuje na dominujacy wpltyw wa-
runkow klimatycznych na rozwoj soi. Jak podkreslaja [Setiyono et al. 2007], temperatura i dtu-
go$¢ dnia sg gldéwnymi regulatorami fenologii; ich wzrost przyspiesza rozwdj 1 moze ograniczac
plon, jesli skrocone zostang fazy krytyczne, takie jak kwitnienie i wypelnianie nasion. [Matthews
et al. 2022] rowniez wskazali, ze w warunkach klimatu umiarkowanego zmienno$¢ wilgotno$ci
I temperatury wplywa istotnie na efektywno$¢ plonowania.

W analizowanych sezonach, rdznice plonow miedzy systemami P1 i P2 w latach 2021
i 2024 wynosity od 1,5 do 2,0 dt ha™* (tab. 6). Ponadto, mechaniczne odchwaszczanie w syste-
mie P1 przyczynito si¢ do uzyskania wyzszej MTN, zwlaszcza w 2024 roku — sezonie 0
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podwyzszonym deficycie wodnym. Kombinacja technik mechanicznych oraz ograniczonego,
precyzyjnego stosowania herbicydéw w systemie P1 okazata si¢ skuteczna w ograniczaniu za-
chwaszczenia. Jest to zgodne z doniesieniami [Tataridas et al. 2022] oraz [Winkler et al. 2022],
ktorzy wskazujg metody mechaniczne jako wartosciowg alternatywe dla glifosatu w kontekscie
zatozen Europejskiego Zielonego Ladu.

Perspektywicznie, rozwoj technologii opartych na sztucznej inteligencji stwarza mozliwo-
$ci automatyzacji mechanicznego odchwaszczania. Nowoczesne systemy optycznej detekcji
i eliminacji chwastow w fazie siewki za pomocg technologii laserowej moga sta¢ si¢ kluczo-
wym narz¢dziem w precyzyjnym rolnictwie przysztosci [Sun et al. 2024]. Parametry plonu oraz
wiasciwosci produktow uzyskanych z systemoéw P11 P2 zostaly szczegétowo przeanalizowane
w publikacji: https://doi.org/10.3390/app15158154.

Podsumowujac, uzyskane wyniki wskazuja, ze oba systemy uprawy umozliwiajg uzyska-
nie nasion o stabilnym sktadzie chemicznym. Istotne jest jednak, ze proekologiczny system P1,
oparty na integrowanych praktykach agrotechnicznych, wykazat potencjat do utrzymania jako-
$ci nasion przy jednoczesnym ograniczeniu chemizacji, co pozostaje spojne z zatozeniami stra-
tegii Europejskiego Zielonego Ladu 1 polityki ,,od pola do stotu”. Zbiezno$¢ uzyskanych wyni-
kow z wezesniejszymi badaniami fenotypowania polowego [Wenda-Piesik, Ambroziak 2022]
dodatkowo wzmacnia ocen¢ odmiany ‘Abaca’ jako genotypu przydatnego do uprawy non-
GMO w warunkach Europy Srodkowe;.

3.3.b.3. Regulacja zachwaszczenia w monokulturze soi nGMO w zaleznosci od
systemu ochrony przed chwastami

W badaniu poréwnano dwa systemy ochrony przed zachwaszczeniem w uprawie soi od-
miany ‘Abaca’ Obiekt P1, faczacy zabiegi chemiczne z pielenie mechanicznym, oraz obiekt
P2, oparty wytacznie na ochronie chemicznej. Analiza danych z czterech sezonow wegetacyj-
nych (2021-2024) wskazata na znaczace réznice w kontroli populacji szesciu dominujgcych
gatunkow chwastow, w tym Chenopodium album, Amaranthus retroflexus, Fallopia convolvu-
lus, Galium aparine, Solanum nigrum, okreslono réwniez w sposéb zbiorczy inne gatunki okre-
slajac je wspolnym okresleniem jako pozostale.

System uprawy P1 byl skuteczniejszy w ograniczaniu populacji wigkszo$ci analizowanych
chwastow. Srednia liczebno$é¢ komosy biatej w P1 nie przekraczata 0,9 szt. m™, podczas gdy
w P2 w 2024 osiagata 1,9 szt. m2. Podobnie rdestdwka powojowata osiggata odpowiednio
0,81 2,5szt. m2. Dla grupy ,,pozostate” chwasty w obiekcie P2 liczebnosé byta juz wielokrotnie
wyzsza niz w P1.

W systemie P1 uzyskiwano znacznie lepsza kontrole nad liczebno$cig chwastow. Obiekt
P2 byt czgsto nadmiernie zachwaszczony, szczeg6lnie w sezonach 2023-2024, co wskazuje
jednoznacznie na niedostateczng ochrong.

Jako przewage systemu P1 nalezy wskaza¢ nie tylko mechaniczne pielenie, ale takze wigk-
sza intensywnos¢ 1 lepsze dopasowanie termindow zabiegéw powschodowych. W 2023 1 2024
roku w P1 wykonano nawet cztery zabiegi chemiczne w dawkach dzielonych, podczas gdy P2
ograniczat si¢ najczgsciej do dwoch. Zastosowanie tych samych substancji czynnych, ale w roz-
nych strategiach, przyniosto znaczace rdznice w efektywnosci. Takie wyniki sg zgodne z lite-
raturg. W badaniu [Datta et al. 2017] kombinacja mechanicznego pielenia i redukowanego sto-
sowania herbicydow w uprawie soi skutkowata znacznym obnizZeniem presji chwastow przy
jednoczesnym ograniczeniu naktadu chemicznego. Podobnie [Buhler et al. 1992] udowodnili,
ze strategie zintegrowane moga zmniejszy¢ zuzycie herbicydéw o ponad 50%, zachowujac
efektywnos$¢ ochrony. W badaniach [Chetan et al. 2022] wskazano, ze tradycyjne systemy
uprawy (bez mechaniki) sg zwigzane z wyzszym zachwaszczeniem, zwlaszcza chwastow jed-
norocznych dwulisciennych, podczas gdy integracja metod zwicksza stabilno$¢ 1 skutecznosé
zwalczania chwastoéw w réznych warunkach.
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Ponadto, badanie opublikowane przez [Singh et al. 2023] jako meta-analiza 35 badan wyka-

zalo, ze zmniejszenie szerokosci rzgdow (<76 cm) w uprawie soi zmniejszato ggsto§¢ chwastow
0 42%, biomas¢ chwastow o 55% oraz zmniejszato produkcje nasion chwastow o 45%, jedno-
czesnie zwickszajac plon o ok. 12% [Singh et al. 2023]. Wskazuje to, ze zabiegi agrotechniczne
sprzyjajace szybszemu zamknigciu si¢ czaszy obsady (np. wezsze rzedy, mechaniczne pielenie),
ktére wspodlnie z herbicydami znacznie zwigkszajg skutecznos¢ ochrony.
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Wyniki te znajduja rowniez potwierdzenie w literaturze dotyczacej produkcji integrowanej
w tym zarzadzania chwastami w uprawie soi. [Gerhards et al. 2024] wykazali, ze potaczenie
zabiegéw chemicznych z mechanicznymi jest skuteczniejsze niz kazda metoda sama w sobie,
rowniez w odniesieniu do gatunkéw takich jak komosa biala 1 psianka czarna. Zintegrowane
strategie pozwalaja dodatkowo na redukcj¢ zuzycia herbicydéw o 24-60%, przy zachowaniu
plonowania poréwnywalnego do tradycyjnych systeméw chemicznych. Podobne wnioski za-
wiera recenzja [Tehulie et al. 2021], wskazujaca, ze kombinacja metod mechanicznych i che-
micznych sprzyja trwatemu ograniczeniu zachwaszczenia i umozliwia obnizenie dawek herbi-
cydow [Tehulie et al. 2021].

Rozporzadzeniem wykonawczym Komisji (UE) 2024/2806 z dnia 31 pazdziernika 2024 r.
w sprawie nieodnowienia zatwierdzenia substancji czynnej metrybuzyna substancja ta nie moze
obecnie by¢ stosowana w uprawie soi ze wzgledu na wykazanie negatywnego wptywu na uktad
hormonalny cztowieka podczas jego aplikacji i bedac pod wptywem jego ekspozycji. Majac to
na uwadze autor tej pracy do zwalczania chwastéw dwulisciennych w podobnym spekrum dzia-
tania co metrybuzyna i aplikacji doglebowej sugeruje uzywanie substancji czynnej metbromu-
ron. Jesli opisywane tu praktyki herbicydowe miatyby by¢ dalej kontynuowane dos§wadczalnie
sugerowabym wykonywac je z udzialem metrobromuronu, chlomazonu, petoksamidu, imaza-
moksu i tifensufuronu. Wymieniona substancja tifesulfuron metylowy na wniosek Stowarzy-
szenia Polska Soja otrzymata rozszerzenie do stosowania w soi z dniem 30 maja 2025 roku.
Stanowi to szersza podstawe do redukcji powschodowego zachwaszczenia wtornego w przy-
padku niepowodzenia wezesniejszych praktyk doglebowych i pielenia mechanicznego.

3.3.b.4. Mozliwos$ci wykorzystania nasion soi w przemysle spozywczym

Omawiane do$wiadczenia jednoznacznie wskazuja, ze integrowana uprawa soi ma zdol-
nos¢ do stabilizacji plonu 1 akumulacji jakosciowych sktadnikéw odzywczych w réznych
sezonach wegetacyjnych. Pokazuje to, ze potaczenie uprawy proekologicznej (P1) z kontrolo-
wanym przetwarzaniem barotermicznym moze dostarczy¢ bogate w biatko produkty sojowe,
ktére sa odporne na wahania klimatyczne. Odpornos$¢ ta jest szczegodlnie istotna w regionach
Europy Srodkowej i Wschodniej, gdzie epizody suszy przeplatane z nadmiernymi epizodycz-
nymi ulwewami oraz zmienno$¢ fototermiczna staja si¢ coraz czestsze ze wzgledu na zmiane
klimatu [Hou et al. 2025] (51).

Na poziomie hodowlanym obserwowana mi¢dzyroczna zmienno$¢ plonoéw i sktadu pod-
kresla rowniez ciagla potrzebe selekcji 1 rozwoju genotypow soi zoptymalizowanych pod katem
srodkowoeuropejskich warunkow agroklimatycznych, z cechami zaréwno dla wydajnos$ci ag-
ronomicznej, jak i stabilnosci sktadu przydatnej na cele paszowe i spozywcze [Wenda-Piesik,
Ambroziak 2022] [Qiu et al. 2013].

Reasumujac, proponowana platforma przetwarzania o obiegu zamkni¢tym stanowi skalo-
walng i przyjazng dla srodowiska alternatywe¢ dla konwencjonalnych tancuchéw dostaw soi,
faczac produkcje pierwotna, przetwarzanie funkcjonalne 1 innowacje w Zywnosci zorientowane
na zdrowie. Jego wdrozenie przynosi korzysci zardwno ekonomiczne, jak i ekologiczne, przy-
czyniajac si¢ do powstania odpornych systemow biatkowych, zdolnych do sprostania przy-
sztym globalnym wyzwaniom zwigzanym z biatkami.

Badanie to ma jednak pewne ograniczenia. Badania polowe przeprowadzono z wykorzy-
staniem pojedynczej odmiany soi ‘Abaca’, co moze ogranicza¢ mozliwo$¢ uogdlnienia wyni-
kow agronomicznych i sktadowych. Przyszite badania powinny oceni¢ wiele genotypow
w roznych warunkach agroklimatycznych, aby potwierdzi¢ solidno$¢ i skalowalnos¢ propono-
wanego modelu przetwarzania dwuproduktowego.
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3.3.c. Uzyteczno$¢ uzyskanych produktow z nasion soi i konopi siewnych

3.3.c.1. Sklad chemiczny i warto$¢ odzywcza

Produkty uzyskane w wyniku przetwarzania nasion soi i konopi, pomimo odmiennego
pochodzenia botanicznego, wykazaty poréwnywalne réznice w sktadzie chemicznym w zalez-
nosci od zastosowanej technologii. Makuch z obtuszczonych nasion konopi (DHC) zawierat
Istotnie wigcej biatka ogolnego (41,6%) 1 tluszczu resztkowego (37,5%) niz makuch z nieob-
tuszczonych nasion (HHC), ktory cechowat si¢ wyzsza zawartos$cig btonnika pokarmowego
I ogblnej zawartosci weglowodanow (41,3% 1 48,2%, odpowiednio). Podobng zalezno$¢ zaob-
serwowano w przypadku produktéw sojowych — petnottusta soja (FFS) zawierata wiecej ttusz-
czu (19,5%) 1 mniej biatka (34,5%), natomiast ekspandowany makuch sojowy (ESC) charakte-
ryzowal si¢ wigksza zawartoscig biatka (38,1%) i mniejsza iloscig thuszezu (11,7%). Cechy
sktadowe 1 funkcjonalne ESC — w szczegdlnosci jego czysty profil, wysoka zawarto$¢ biatka
i blonnika oraz stabilno$¢ oksydacyjna — sprawiaja, ze doskonale nadaje si¢ do skalowalnej
integracji ze zrbwnowazonymi tancuchami zywno$ciowymi i paszowymi.

Cechy te bezposrednio wspieraja cele polityki UE w zakresie samowystarczalno$ci biatko-
wej, zmniejszenia zalezno$ci od importu soi GMO oraz modeli biogospodarki o obiegu
zamknigtym w ramach Zielonego Ladu 1 strategii ,,od pola do stotu”. ESC wpisuje si¢ rowniez
w rosngce zapotrzebowanie branzy na funkcjonalne sktadniki pochodzenia roslinnego, ktére
umozliwiajg innowacje w zakresie analogéw migsa, Zywienia sportowcOw 1 preparatow tera-
peutycznych [Tataridas et al. 2022].

Wysoka zawarto$¢ biatka 1 stosunkowo niska zawarto$¢ btonnika w DHC oraz ESC wska-
zujg na ich potencjal jako komponentow zywieniowych, szczegdlnie w dietach mtodych zwie-
rzat i monogastrykow. W badaniach [Mendoza-Pérez et al. 2024] wykazano, ze wysokobial-
kowe produkty konopne moga stanowi¢ warto§ciowg alternatywe dla Sruty sojowej w paszach
monogastrycznych, a ich skuteczno$¢ zalezy w duzej mierze od sktadu aminokwasowego oraz
strawnosci bialka.

3.3.c.2. Profil kwasow tluszczowych i stabilnos¢ oksydacyjna

Zarowno produkty konopne (DHC, HHC), jak i sojowe (ESC, FFS) charakteryzowaty si¢
wysokim udzialem wielonienasyconych kwasow ttuszczowych (PUFA). W DHC udziat PUFA
przekraczat 70%, a stosunek n-6:n-3 miescit si¢ w przedziale 3:1-4:1, co uznaje si¢ za opty-
malne z punktu widzenia fizjologii zywienia cztowieka i zwierzat [Karabulut et al. 2023]. Profil
ten potwierdza wcze$niejsze obserwacje, ze obluszczanie konopi sprzyja uzyskaniu wiekszego
udziatu lipidoéw i korzystniejszej jakosci thuszczow dzigki redukeji frakeji wioknistych boga-
tych w zwiazki antyodzywcze [Leonard et al. 2021].

W przypadku ESC udzial PUFA byt nizszy (~60%) niz w DHC, co moze wynika¢ z obec-
nosci wigkszej frakcji biatkowo-widknistej po ttoczeniu, lecz zachowany zostat korzystny sktad
jakosciowy — szczegblnie wysoka zawarto$¢ kwasu linolowego (C18:2n-6) zgodna z wczesniej-
szymi badaniami nad produktami soi przetwarznymi termicznie [Kamle et al. 2024].

W obu grupach produktow odnotowano pogorszenie parametréw oksydacyjnych w czasie
przechowywania. Indeks Totox dla DHC i FFS po 6 miesigcach przekraczat wartos¢ 15, co
wskazuje na zaawansowany etap autooksydacji thuszczoéw. Wysoka zawartos¢ PUFA zwigksza
podatnos¢ na utlenianie, co jest zgodne z obserwacjami [Leonard et al. 2019] dotyczacymi pro-
duktow z olejem konopnym oraz z wnioskami [Dabrowski, Skrajda-Brdak 2016], ktorzy reko-
mendujg zastosowanie technologii ochronnych (np. inertyzacja, pakowanie proézniowe, dodatki
antyoksydantow naturalnych) w celu wydtuzenia trwatosci produktow o wysokiej zawartosci
thuszczow nienasyconych.
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3.3.c.3. Czynniki antyodzywcze i strawnos¢

Produkty ESC i DHC zawieraty istotnie mniej kwasu fitynowego oraz oligosacharydow
typu RFO w porownaniu do FFS 1 HHC. Zjawisko to wynika z zastosowania technologii eks-
pandowania (w przypadku ESC) oraz obtuszczania (w przypadku DHC), ktore skutecznie
redukujg frakcje antyodzywcze. W przypadku soi, proces barotermiczny prowadzony w warun-
kach parowo-cisnieniowych przy 95-98 °C przez 13,3 min, z nast¢pujaca ekspandacja, zna-
czaco obnizat aktywno$¢ inhibitoréw trypsyny oraz zawarto$¢ PA, przy jednoczesnym zacho-
waniu wysokiej warto$ci wskaznika PDI, co sprzyja poprawie strawnosci biatka.

Ekspandowanie soi, prowadzone przy umiarkowanej wilgotnosci i temperaturze powyzej
100 °C, szybko i skutecznie redukuje aktywno$¢ ureazy oraz termolabilnych inhibitoréw tryp-
syny dzieki denaturacji biatek i czgsciowej zelatynizacji skrobi. Jednocze$nie modyfikuje struk-
ture $cian komorkowych (np. poprzez rozluznienie matrycy polisacharydowej), co poprawia
biodostepnos¢ sktadnikéw odzywcezych i strawnos¢ biatka. To powoduje wzrost wskaznikow
takich jak PDI i jego przyswajalno$¢ w organizmach monogastrycznych [Kim et al. 2025] [Luo
et al. 2025].

Z kolei obluszczanie nasion konopi prowadzito do zmniejszenia udziatu frakcji widkna
surowego 1 zwigzanego z nim PA oraz RFO, a takze do wzrostu zawartosci biatka ogodlnego
I weglowodanow przyswajalnych w makuchu DHC. Wyniki te sg spdjne z wezesniejszymi do-
niesieniami wskazujacymi, ze obrobka mechaniczno-termiczna nasion roslin oleistych i stracz-
kowych — w tym prazenie, ekstruzja i ekspandowanie — prowadzi do rozktadu termolabilnych
inhibitorow enzymow, degradacji lub wyptukiwania fitynianéw, a takze do hydrolizy czesci
oligosacharydow z rodziny rafinozy. W szczeg6lnosci obtuszczanie pozwala na eliminacje
fitynianoéw 1 inhibitorow proteaz skoncentrowanych w zewnetrznych warstwach nasion, co po-
prawia strawno$¢ biatek (np. w nasionach konopi strawno$¢ biatka wzrastata z ok. 85% do
97,5% po usuni¢ciu tuski)[Mattila et al. 2018], [Burton et al. 2022].

3.3.c.4. Jako$¢ mikrobiologiczna i sensoryczna

Makuchy sojowe 1 konopne charakteryzuja si¢ dtugotrwala mikrobiologiczng stabilnoscia,
co potwierdzajg zaréwno badania wtasne (ESC, FFS, DHC, HHC), jak i wyniki innych auto-
row, wskazujace na brak patogenow (Salmonella, S. aureus, Enterobacteriaceae) oraz nie-
wielki wzrost liczby drobnoustrojow tlenowych 1 drozdzy w okresie do 6 miesigcy przechowy-
wania, mieszczacy si¢ w obowiazujacych normach jakosci zywnosci. Stabilno$¢ oksydacyjna,
potwierdzona m.in. przez [Feng et al. 2022], pozostaje na akceptowalnym poziomie w produk-
tach o umiarkowanej zawartosci oleju.

Parametry sensoryczne, takie jak barwa, tekstura i zapach, pozostaja stabilne przez okres
przechowywania, co jest zgodne z obserwacjami [Kotecka-Majchrzak et al. 2021], ktorzy wy-
kazali, ze dodatek makuchu konopnego do kotletow (0,9—7,4%) nie pogarsza, a w niektorych
wariantach poprawia akceptacje konsumencka podczas 10—-12 dni przechowywania w chiodni.

Naturalny charakter makuchow sojowych i konopnych, wynikajacy z braku dodatkow
I konserwantow, jest czynnikiem zwigkszajacym ich akceptacje przez konsumentdéw, co po-
twierdzajg badania [Roman et al. 2017], wskazujace, ze brak intensywnego przetwarzania jest
jednym z gltéwnych elementdow postrzeganej naturalnosci zywnosci, a takze analizy PBAP
(plant-based alternative products), ktore dowodzg, ze konsumenci uznajg takie produkty za
zdrowsze 1 bardziej przyjazne srodowisku [Pointke et al. 2022].

W odniesieniu do soi, Zhou i in. podkreslajg, ze jej roslinne pochodzenie i wysoka wartosé
biatkowa sprzyjaja pozytywnemu odbiorowi konsumenckiemu [Zhou et al. 2024]
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3.4. PODSUMOWANIE

Zrbznicowane strategie uprawy soi i konopi widknistych w warunkach §rodkowoeurope;j-
skich umozliwiajg optymalizacje¢ plonu, jako$ci surowca oraz stabilno$ci produkcji przy ogra-
niczeniu chemizacji. Zastosowanie proekologicznych modeli agrotechnicznych, opartych na
mechanicznym odchwaszczaniu 1 przemyslanej strategii siewu (P1), pozwalalo utrzymac¢ kon-
kurencyjne plony w poréwnaniu z uprawa konwencjonalng, przy jednoczesnym wsparciu ce-
low Europejskiego Zielonego Ladu w zakresie zréwnowazonego rolnictwa.

W badaniach nad sojg wykazano, ze decyzje odmianowe oraz wybor systemu uprawy po-
winny uwzglednia¢ zmienno$¢ warunkow agroklimatycznych i przewidywane zmiany klimatu.
Znaczenie miata zar6wno reakcja odmian na rodzaj uprawy gleby (orka vs. bezorkowo), jak
i adaptacja do lokalnych warunkow temperaturowo-wodnych, ktére wptywaly na zmienno$é
plonowania, zawarto$¢ bialka i oleju. Zintegrowane przetworstwo nasion soi i konopi pozwala
na efektywne wykorzystanie komponentéw biatkowych, lipidowych i widknistych przy jedno-
czesnym zachowaniu ich trwalo$ci i wartosci odzywczych. Produkty pochodzace z ekspando-
wanego makuchu sojowego (ESC) oraz makuchow konopnych (szczegdlnie z obtuszczanych
nasion — DHC) wykazaty korzystne wlasciwosci zywieniowe i funkcjonalne, stabilno$¢ mikro-
biologiczng oraz potencjat zastosowania w przemysle spozywczym i paszowym.

W systemach bez nawozow mineralnych i herbicydéw, konopie odmiany ‘Henola’ wyka-
zaty wysokg konkurencyjno$¢ wzgledem chwastow dzigki gestemu siewowi 1 szybkiemu zwar-
ciu tanu. Obserwowane efekty allelopatyczne, thumienie chwastéw nitrofilnych i stabilnos¢ bio-
metryczna ro$lin potwierdzajg ich przydatno$¢ w ekologicznych ptodozmianach i systemach
regeneratywnych.

Warunki przetwarzania, takie jak obtuszczanie i ttoczenie na zimno, w istotny sposob wpty-
waly na wlasciwosci makuchow konopnych, determinujgc ich koncowe zastosowanie. Obtusz-
czony makuch (DHC) byl bogatszy w biatko i olej, charakteryzowal si¢ nizsza zawarto$cia bton-
nika 1 wigkszg stabilnoscig mikrobiologiczng, podczas gdy makuch nietuskany (HHC) zawierat
wigcej blonnika i charakteryzowat si¢ lepsza odporno$cia na pierwotne utlenianie lipidow.

Opracowane modele uprawy i przetworstwa wspierajg lokalng niezaleznos¢ biatkowa
1 mogg by¢ wdrazane w formie skalowalnych, zasobooszczgdnych tancuchéw produkeji roslin-
nej 1 zywnosci funkcjonalnej. Zintegrowane podej$cie do zarzadzania surowcem roslinnym
umozliwia tworzenie wartosci dodanej w warunkach zmienno$ci pogodowej, zmniejszonego
zuzycia srodkdw chemicznych i rosngcych wymagan jakosciowych.

Uzyskane wyniki stanowia istotny wktad w rozwoj praktyk agrotechnicznych dla konopi
wloknistych, podkreslajac znaczenie gestosci siewu jako czynnika supresji chwastow oraz moz-
liwo$ci uprawy bez uzycia herbicydow. Wyniki te moga wspiera¢ strategi¢ Europejskiego Zie-
lonego Ladu oraz wpisuja si¢ w kierunek redukcji chemizacji rolnictwa 1 produkeji zywnosci
wysokiej jako$ci zgodnej z ideg ,,0d pola do stotu”.

3.5. WNIOSKI

1. Odmiana soi ‘Abaca’ wykazata wysoka adaptacyjnos¢ do warunkow Polski centralnej,
zardwno w systemie orkowym, jak i bezorkowym, co potwierdza mozliwos$¢ uzyskania plo-
now o wysokiej zawartosci biatka 1 oleju nawet przy ograniczonym nawozeniu azotowym
I w warunkach okresowych niedoborow wody.

2. Zastosowanie hederu z kosa ptywajaca typu flex w zbiorze soi oraz klasycznego kombajnu
klawiszowego w zbiorze konopi umozliwito efektywne przeprowadzenie jednoetapowego
zbioru, co stanowi istotne usprawnienie technologiczne dla niskich odmian obu gatunkow.
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. Zwigkszenie gestosci siewu konopi siewnych oraz mechaniczne pielenie soi znaczaco ogra-
niczyty zachwaszczenie plantacji, co potwierdza mozliwo$¢ prowadzenia tych upraw z ogra-
niczonym lub zerowym uzyciem herbicydow w systemach proekologicznych.

. W warunkach uprawy ekologicznej konopie odmiany ‘Henola’ wykazaty stabilno$¢ plono-
wania i zdolno$¢ do samoregulacji zachwaszczenia, co czyni je warto§ciowym gatunkiem
W ptodozmianie dla gospodarstw ekologicznych.

. Frakcjonowanie nasion konopi wykazalo istotny wpltyw wielko$ci frakcji na zawarto$¢
oleju, przy czym najwicksze nasiona (>2,8 mm) zawieraly najwi¢cej tluszczu, co moze
stanowi¢ podstawe do selekcji materialu nasiennego pod katem jako$ci przetworcze;.

. Obtuszczanie nasion konopi oraz ich tloczenie na zimno istotnie wptywaly na wartos¢
odzywcza, funkcjonalnos¢ i trwato$¢ makuchu konopnego, przy czym produkt z obtuszczo-
nych nasion wykazywat korzystniejszy profil do zastosowan spozywczych.

. Barotermiczne przetwarzanie soi pozwolito uzyska¢ dwa funkcjonalne komponenty — pet-
notlusta soje 1 ekspandowany makuch — 0 Stabilnym sktadzie biatkowo-tluszczowym i zre-
dukowanej zawarto$ci substancji antyodzywczych, co czyni je atrakcyjnymi sktadnikami
pasz 1 zywnosci funkcjonalne;.

. Uprawa soi 1 konopi w systemach ograniczajacych uzycie nawozow i srodkéw ochrony ro-
$lin, w potaczeniu z opracowanymi metodami przetworczymi, wpisuje si¢ w zatozenia Eu-
ropejskiego Zielonego Ladu oraz odpowiada na zapotrzebowanie rynku na lokalne, ro§linne
zrédta biatka o niskim $ladzie weglowym.
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6. STRESZCZENIE

Wplyw wybranych praktyk agrotechnicznych na plonowanie i jakos¢ nasion
konopi siewnych i soi przeznaczonych do przetworstwa spozywczego
i przemyslowego

mgr inz. Krystian Ambroziak

Stowa kluczowe: soja, konopie siewne, uprawa proekologiczna, biatko ro$linne,
artykuty spozywcze

Wyzwaniem dla rolnictwa zréwnowazonego jest lokalna produkcja wysokiej jakos$ci
biatka. Celem badan gatunkow soi zwyczajnej i konopi wtoknistych byto wykazanie ich przy-
datnosci jako roslin oleisto-biatkowych, ktore po przetworzeniu stanowig nowe zdywersyfiko-
wane zrddla bialka roslinnego dla zywienia czlowieka. Prace badawcze skupione byly na
poprawie ogniw agrotechnicznych, w szczegdlnos$ci regulacji zachwaszczenia i zbioru, oraz na
przetworstwie uzyskanych plonow nasion. Udowodniono, ze monokultura i ekologizacja spo-
sobu ich uprawy nie wpltywa negatywnie na wysokos$¢ i jako$¢ osigganego plonu. Badania
polowe wykazaty réwniez skuteczno$¢ hybrydowych sposoboéw odchwaszczania soi poprzez
zastosowanie pielenia mechanicznego oraz samoregulacji zachwaszczenia konopi siewnej po-
przez zwigkszenie gestosci tanu. Przetwdrstwo nasion konopi siewnej polegato na opcjonalnym
obtuszczaniu 1 tloczeniu nasion na konfigurowalnej prasie §limakowej. Nasiona soi kruszono
na miynach walcowych, kondycjonowano z uzyciem pary wodnej oraz ekspandowano 1 opcjo-
nalnie poddawano wtornemu ttoczeniu. Pelnottusta soja, ekspandowany makuch sojowy, olej
surowy zimno ttoczony 1 makuch konopny poddane byly analityce bliskiej podczerwieni, refe-
rencyjnym badaniom analitycznym, ocenie warto$ci odzywczych i probom starzeniowym
wykazujac duzag przydatnos¢ jako komponent zywnosci funkcjonalnej. Analizowane rosliny
oleiste po procesie przetworstwa staja si¢ cennym zrodtem spozywczego biatka roslinnego
I moga by¢ z powodzeniem uprawiane w Polsce na cele konsumpcyjne.
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3. Delikatna obrébka termiczna biatka
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6. ABSTRACT

The impact of selected agronomic practices on the yield and quality of hemp
and soybean seeds intended for food and industrial processing

Krystian Ambroziak, Master of Science in Agricultural Engineering

Key words: soy, hemp, ecological farming, plant protein, food products

A challenge for sustainable agriculture is the local production of high-quality protein. The
aim of the study of soybean and hemp species was to demonstrate their suitability as oil-protein
crops, which, once processed, constitute new, diversified sources of plant protein for human
nutrition. The research focused on improving agronomic processes, particularly weed control
and harvesting, as well as processing the resulting seed yields. It was proven that monoculture
and ecological cultivation methods do not negatively impact yield and quality. Field trials also
demonstrated the effectiveness of hybrid methods for soybean weed control through the use of
mechanical weeding, and self-regulation of hemp weed infestation by increasing canopy den-
sity. Hemp seed processing involved optional dehulling and pressing of the seeds using a con-
figurable screw press. Soybean seeds were crushed in roller mills, conditioned using steam,
expanded, and optionally subjected to secondary pressing. Full-Fat Soybean, expanded soybean
cake, cold-pressed crude oil, and hemp cake were subjected to near-infrared analysis, reference
analytical studies, nutritional assessment, and aging tests, demonstrating their high suitability
as functional food components. After processing, the analyzed oilseeds become a valuable
source of dietary plant protein and can be successfully cultivated for human consumption in
Poland.
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Abstract: The popularization of soybean cultivation in Central Poland is progressing due to the
European Soy Declaration signed by 13 member states in Brussels on 17 July 2017. Hence, this
research was initiated under the European Innovation Partnership on phenotyping soybean cultivars
in two regions, i.e., Kuyavian-Pomeranian and Greater Poland for integrated systems. The aim of this
study was to determine soybean potential in the agrotechnical and agroclimatic conditions, with the
selection of the most suitable cultivars for tillage and no-tillage cultivation in the region of Central
Poland. Strict field research was carried out in six locations from 2018-2020 on 20 cultivars selected
in terms of their earliness of maturation to the climatic conditions. On the basis of meteorological
data, it was found that half of the plantations suffered from drought stress, as evidenced by the
hydrothermal coefficients (K) for the growing season of soybean K < 1.2. The significant multivariate
relationship (R = 0.67; p < 0.001) between the hydrothermal coefficient K and the vegetation period
days (VPD) as the predictors of the soybean yield was determined by the regression equation
Y(yield) =21.8 +12.0 X(ky + 0.20 X(ypp). A significant multivariate relationship (R = 0.43; p < 0.01) was
also found between the seed yield, hydrothermal coefficient K and the protein content, quantified
with the regression equation Y protein) = 32.6 + 0.25 Xyielq) + 0.28 X(x). In the no-tillage system
of cultivation, the seed yield of soybean constantly increased with increasing K (+32.3% between
dry/relatively dry and optimal periods, +22.4% between optimal and humid periods), while in
the tillage system, the yield increased by 22.1% only when K rose from optimal to humid. In the
seasons with optimum and humid conditions, no-tilled soybean produced more oil, in comparison
to the season of dry conditions, and the opposite trend was found with the greater oil content in
the tillage system. Meanwhile, a higher protein content was observed in the tillage system under
humid conditions. All soybean cultivars were grouped according to the cluster analysis (k-means)
with ANOVA in terms of vegetation period in days, seed yield, oil, and protein content for tillage
and no-tillage cultivation. The study confirmed that soybean might be considered in the future as a
profitable crop in Central Poland and create perspective for a low-input source of protein and oil.

Keywords: soybean; yield; protein; oil; phenotyping

1. Introduction

The soybean plant is native to Southeast and East Asia, where its cultivation dates back
to 5000 years ago. In its home territory, soybeans are called “wonder plants” or “cows” [1]
due to their wide application in nutrition and drug production [2]. Soybean (Glycine max)
recognition as one of the most valuable crops in the world is largely due to the unique
chemical composition of its seeds (18-22% oil and 33-45% protein) [3]. Common soybean
(Glycine max (L.) Merrill), also known as veg soybean, belongs to the family Fabaceae,
subfamily Faboideae, tribe Phaseole. Soybean is commonly used in human and animal
nutrition and constitutes a raw material utilized in many industries, including biofuel and
drug production [4,5]. Global soybean production has been increasing significantly over
the last decades and is forecasted to continue increasing at least until 2030 [6,7]. The value
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of soya in livestock and human nutrition and industry has not yet been fully exploited [8,9].
In 2020, approximately 360 million tons of soybean seeds were produced worldwide. The
annual production of soybean meal is approximately 220 million tons, which constitutes
almost 70% of the total plant meal production [10]. Increasing the soybean cultivation area
in Europe, including for fodder purposes, is one of the assumptions of the European Soy
Declaration signed by 13 member states in Brussels on 17 July 2017 during the meeting of
the Council of Agriculture Ministers of the European Union [11].

In Europe, soybean is grown in 22 countries, including Poland and all the countries
adjacent to Poland. The history of soybean in Europe began in the first half of the 18th
century, where it was initially cultivated in the Paris Botanical Gardens. Soybean was
cultivated on an industrial scale in the 19th century in Austria, Germany, France and
Italy [12]. In 2021, the EU’s soybean production was 2.93 million tons, and the main
soybean producers are Italy, France, and Romania [11]. Raw soybean oil, a high-value
unsaturated fatty acid [13], accounts for over 43 million metric tons of global production.
Moreover, edible o0il amounts to 26.7% of the total and the rest of it is used for animal
feed [10,14].

Despite the long history of soybean cultivation in Poland, the crop area of its produc-
tion has been presented annually as 14-25 thousand hectares in the last decade [15]. Due
to the climatic and soil conditions, the southeastern region seems to be most suitable for
soybean cultivation in Poland [16,17]. Moreover, the cultivation of soybean follows the
trend of soil conservation made by no-tillage practices and by biochar application, which
may have serious environmental and socioeconomic impacts [18]. It consists of leaving
organic matter in the soil and reducing the intensity of soil cultivation, as well as lowering
the carbon footprint [19-21].

Climate variability is one of the most important factors that influences each year
the effects of agricultural production, even in high-input and high-technology advanced
agricultural areas [22,23]. Some studies were dedicated to determining the limitations for
soybean cultivation resulting from temporal variability of climate elements [24], aiming
to adapt particular plant cultivars to projected changes in thermal conditions and water
balances in the area of the United States [25]. The opinion that an increase in temperature
and lengthening of the vegetation period was observed all across Poland has been con-
firmed for over 10 years [26-28]. However, scenarios on the fluctuations in the amount of
precipitation in Central Europe are ambiguous [29-31].

A strong argument in favor of the popularization of soybean cultivation in Poland
has to do primarily with an increasing number of cultivars being adapted for cultivation
in our climate and, compared to other legumes, higher nutrient content and lower soil
requirements [12]. The production of native soybean in Poland remains at a relatively
low level, as a consequence of the high import rate of soybean meal for feed [17]. For
cultivar breeding, high-yielding environments contribute to maximizing the expression
of genetic yield potential, even if the yield potential is not reached under farmers’ field
conditions [32,33]. In addition, the selection of cultivars in unfavorable environments with
lower yield potential, such as low fertility and high weed incidence, helps to identify more
resilient cultivars [34], and it is largely unknown how breeding affects this performance
in modern cultivars compared to older ones, especially the response to high temperatures
and drought.

The approach for the study was planned due to the need of implemented research
by soybean consortium for Central Poland. The aim of these studies was to determine
whether soybean can be produced in the agrotechnical and agroclimatic conditions of
Central Poland and what level of yield as well as oil and protein content can be considered.
The second important goal was to select the cultivars most suitable for tillage and no-tillage
cultivation, depending on the hydrothermal conditions. The third goal was to study the
response of soybean to drought stress that accompanied half of the plantations in the
studied space-time.
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2. Material and Methods
2.1. Location of the Field Trials and Soil Conditions

Field trials were conducted at six locations in 2018-2020 in Central Poland and in two
regions, i.e., Kuyavian-Pomeranian and Greater Poland. Research and development works
were carried out under the project name ‘Moja Soja” (My Soybean), which operated on
the basis of the Consortium Agreement signed on 27 July 2017. The members form the
operational group, belonging to the European Innovation Partnership (EIP), referred to
in Art. 56 of the Regulation of the European Parliament and of the Council of Europe of
17 December 2013, for the purpose of joint implementation of the operation involving the
development and implementation of innovative solutions in selected farms cultivating
and feeding soybeans. An operation called “Soybeans in the Kuyavian-Pomeranian and
Greater Poland provinces-innovative solutions in cultivation and feeding for farms”. The
first part of the study concerns the production results of the soybean crop, protein and oil
contents based on experimental work carried out at three experimental stations (Mochelek,
Minikowo and Grocholin) and on the farms participating in the consortium (Rakowo,
Witrogoszcz, Jedrzejewo) (Table 1).

Table 1. Coordinates and soil characteristics of the study sites.

Particles (%)

. . ; 1
Site Latitude  Longitude Sand _ Silit Clay Texture N P K oM pH
Mochetek 53°20' N 17°86' E 84.7 14.3 1.1 Loamy sand 0.17 238 216 1.8 6.6
Minikowo 52°21' N 16°56' E 80.5 17.6 1.9 Loamy sand 0.45 185 235 1.6 6.9
Grocholin 52°99' N 17°42" E 56.0 23.0 21.0 Sandy (clay) loam 0.70 182 197 1.2 6.2
Rakowo 53°52' N 19°20' E 64.1 33.5 24 Sandy loam 0.12 158 196 14 6.8
Witrogoszcz 53°15' N 17°15' E 827 155 2.8 Loamy Sand 0.54 178 216 14 6.7
Jedrzejewo 52°51' N 16°36' E 585 356 59 Sandy loam 032 167 234 22 6.8

50:58714798

I N—nitrogen (%), P—phosphorus (mg kg 1), K—potassium (mg kg '), OM—organic matter (%).

Field trials were conducted on 36 square-meter experimental plots, repeated three
times at each site in blocks. Cultivar plots contained 12 rows, each 12 m long with 0.25 m
row spacing. The harvested area was limited to the 10 rows, excluding 0.5 m from the edges.

The soil conditions with particle-size distribution exhibited sandy loam at three lo-
cations (Grocholin, Rakowo and Jedrzejewo) and loamy sand at another three locations
(Mochetek, Minikowo and Witrogosz). The soil showed a neutral pH (in 1 M KCl 6.2-6.9)
(PN-ISO 10390:1997P). The soil was characterized by medium to very high availability of
phosphorus (158-238 mg P kg™! soil) (PN-R-04023:1996P) and high potassium availability
(196-235 mg K kg™ soil) (PNR-04022:1996/ Az1:2002P). The humus content was at a level
of 1.2-2.2% (KQ/PB-34), whereas the nitrogen content ranged from 0.12 to 0.70% (Table 1).
These data represent the averaged status of macronutrient content in the spring.

2.2. Cropping Practice

The twenty non-GMO soybean (Glycinia max (L.) Merrill) cultivars, originating from
the EU common catalogue of agricultural cultivars (CCA) or from the Polish catalogue
(https:/ /coboru.gov.pl, accessed on 29 July 2022), were chosen for the investigation. The
relative maturity of cultivars is classified according to both EU and Polish catalogues as very
early type (0000), named here as the 1st group-3 cultivars, mid-early type (000+), named as
the 2nd group-3 cultivars, late early type (000), named as the 3rd group-5 cultivars, late
type (00), named as the 4th group-9 cultivars (Table 2). Cultivar selection was justified by
the region’s climatic conditions and by the breeder recommendation, so soybeans should
be harvested no later than October 10th. The duration of the period from sowing to harvest
when soybean reaches the full maturity stage (BBCH 89) is written here as VPD (vegetation
period in days). Each cultivar has the same VPD range as it obtained in the years of
study. The propagation material was treated with nodulating bacteria (Bradyrhizobium
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japonicum) NPPL HiStick® BASF. Soybean was grown in an integrated system without
monocultural practices and with chemical products used for macrophage control. The most
frequent fore-crops were small cereal species (wheat, barley, and triticale) and corn (Table 3).
Two different soil practices were used in the study. Soil cultivation based on plow tillage
at three sites (Mochelek, Minikowo and Grocholin), e.g., skimming and harrowing, (in
order: autumn: plowing; spring: harrowing, NPK application, cultivation with harrowing,
seeding, harrowing). A no-tillage system was used in three other locations (Jedrzejewo,
Rakowo and Witrogoszcz) using a stubble cultivator: grubber and cage roller instead of
skimming and cultivating instead of autumn plowing); in the spring, the same agronomic
operations were carried out as under the plow tillage system. Mineral fertilization was
applied before seeding at the following rates: N 30 kg ha™!, P 40-75 kg ha™!, K 60-80 kg ha™!.
Fertilizer rates were determined based on the nutritional requirements of the crop plant
and soil nutrient availability. The dates of sowing were between 30 April in Grocholin in
2019 and 9 May in Rakowo in 2018. The decision of the term sowing depended on the soil
temperature, which must reach a minimum of 8 °C.

Table 2. Cultivar characteristics in alphabetic order used in the study.

Cultivar Origin Years of Study Earliness Group Sites of Study # Vegetation (VPD)
Abaca AT 2019, 2020 1st (0000) G,Mo,],R, W 130-135
Abelina AT 2018, 2019, 2020 2nd (000+) G, ], Mo, Mn, R, W 135-144
Aligator FR 2018, 2019, 2020 4th (00) J,RW 144-152
Amarok DE 2018, 2019, 2020 3rd (000) G, Mo 140-146
Annushka UA 2018, 2019 1st (0000) W, Mo, G 100-130
Anser RU 2018, 2019, 2020 3rd (000) G, Mn, R, W, ] 130-141
Augusta PL 2018, 2019, 2020 1st (0000) Mo, Mn, G 120-127
Aurelina AT 2019, 2020 4th (00) Mo, Mn, R, W 142-151
Bohemians Ccz 2018, 2019, 2020 3rd (000) G, Mo, ],R, W 135-142
Comandor FR 2018, 2019, 2020 4th (00) G, Mo, ] 140-151
Erica PL 2018, 2019, 2020 2nd (000+) G, Mo, Mn 127-138
Favorit RU 2018, 2019, 2020 4th (00) G, Mo, Mn 147-155
Galice CH 2018, 2019 4th (00) G, Mo 145-154
Mavka PL 2018, 2020 4th (00) W, Mn 142-145
Mayrika cz 2018, 2019 2nd (000+) G, Mo, J,W,R 130-143
Merlin AT 2018, 2019 3rd (000) J, Mo 128-135
Obelix AT 2018, 2019 4th (00) G,], Mo, W, R 138-146
Silesia Ccz 2018, 2019 4th (00) G,J,Mo, W 140-150
Sirelia AT 2018, 2019, 2020 4th (00) G, Mo, Mn 136-149
Violetta PL 2018, 2019 3rd (000) R, W 134-140

# Mo-Mochetek; Mn-Minikowo; G-Grocholin; R-Rakowo; W-Witrogoszcz; J-Jedrzejewo.

Weed control was necessary every year and site, with the first treatment performed
after sowing soybeans using metribuzine (Sencor Liquid 600 SC, 0.55 L ha~! at BBCH
00-03) or pendimetaline (Stomp Aqua 455 CS, 1.5 L ha~! at BBCH 00-05). The emergence of
soybean cultivars varied in the years and locations from DAS 13 in Witrogoszcz in 2020
to DAS 30 in Jedrzejewo in 2019. The plant density was 40-60 per m?, depending on the
year and sites (data not presented here). Each trial was monitored weekly to control plants
from the diseases and pests. The second applications of herbicides, as well as the fungicidal
and insecticidal treatments, are presented in Table 3. Methyl thiophanate (a compound
from the benzimidazole group) has been used in several places in some seasons against
septoriosis—Brown spot soybean leaf spot, application term from a developed trifoliate leaf
on the second node until the pods are fully ripe (BBCH 12-79). Acetamipride (a compound
from the group of neonicotinoids) was used to control the bean legume pest at the stage of
pod and seed development (BBCH 70).
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Table 3. Agrotechnical characteristics in the sites and years of the study.

. g Soil Sowing Emergency .. 1 s 10 .13
Site Year Pre-Crop Cultivation Date DAS # Herbicides Fungicide Insecticide
2018 Triticale Tillage 05/04 20 I-Met., II-Bent. + Imaz. - -
Mochetek 2019 Wheat Tillage 05/05 23 I-Met. + Fluf. Thioph.-methyl Acet.
2020 Triticale Tillage 05/02 24 I-Pend., Bent. + Imaz. - Acet.
2018 Seed corn Tillage 05/07 19 I-Met., [I-Bent. + Imaz. - -
Minikowo 2019 Seed corn Tillage 05/02 24 I-Met., II-Bent. + Imaz. Thioph.-methyl Acet.
2020 Triticale Tillage 05/08 24 I-Pend., II- Bent. + Imaz. Thioph.-methyl Acet.
2018 Seed corn Tillage 05/02 18 I-Met., II-Bent. + Imaz. Thioph.-methyl Acet.
Grocholin 2019 Wheat Tillage 04/30 22 I-Met., II-Bent. + Imaz. Thioph.-methyl Acet.
2020 Wheat Tillage 04/31 16 I-Pend., II- Bent. + Imaz. Thioph.-methyl Acet.
2018 Seed corn No-tillage 05/09 16 I-Met., [I-Bent. + Imaz. - -
Rakowo 2019 Seed corn  No-tillage 05/07 24 I-Met. + Fluf,, II-Clet. Thioph.-methyl Acet.
+Bent. + Imaz.
2020 Seed corn No-tillage 05/08 14 I-Pend., II- Bent. + Imaz. Thioph.-methyl Acet.
2018 Barley ~ Notillage  05/08 25 I-Met,, II-Clet. + - -
Witrogoszcz I-MeieT'FLIF EIiIZ-.Clet
2019 Silage corn No-tillage 05/07 15 +Bent. + Imaz. Thioph.-methyl Acet.
2020 Triticale No-tillage 05/05 13 I-Pend., II- Bent. + Imaz. - -
2018 Rape No-tillage 05/04 16 I-Met., II-Bent. + Imaz. - -
Jedrzejewo 5519 Barley No-tillage 04/30 30 I-Met. + Fluf,, II- II-Clet. - Acet.
+Bent. + Imaz.
2020 Wheat No-tillage 05/02 14 I-Pend., II- Bent. + Imaz. - -

52:61915684

# DAS—days after sowing; 1 Abbreviations of active substances of herbicides, commercial names, doses and stage:
I-Met. Metribuzine (Sencor Ligiud 600 SC, 0.55 L ha~! BBCH 00-03), II-Bent. + Imaz. Bentazone and imazamox
(Corum 502.4SL,1.25L ha~!, BBCH 12-25), I-Met. + Fluf. Metribuzine and flufenacet (Plateen 41.5 G, 2 kg ha’l),
I-Pend. Pendimetaline (Stomp Aqua 455 CS, 1.5L ha—! BBCH 00-05), II-Clet. Clethodim (Select Super 120 EC,
0.8-2.0 L ha~! BBCH 13-59). 2 Abbreviations of active substances of fungicide, commercial name, doses and
stage: Thioph.-methyl. Thiophanate-methyl (Topsin M 500SC, 1.5 L ha~!, BBCH 12-79). 3 Abbreviations of active
substances of insecticide, commercial name, doses and stage: Acet. Acetamipride (Mospilan 20SP, 0.2 L ha™?,
BBCH 61-70).

2.3. Measurements

Soybean was harvested with a plot-harvester Wintersteiger® AG, depending on the
cultivar earliness (Table 1). Seed moisture was determined by drying a defined quantity of
seed for 2 h at 120 °C, calculating the moisture content and using it to adjust the seed yield
(dt ha=1) to 14% moisture content. Crude protein content (%) according to PN-EN ISO
5983-1:2006 was analyzed by Kjeltec 2200 Auto Distilation® Tecator, and the oil content (%)
according to PN ISO 6492: 2005 by Soxtec system HT 1043 Extraction Unit® Tecator [35].

2.4. Weather Conditions

Weather data, i.e., precipitation and air temperature, were collected during the study
from the nearest weather stations (Table 4). The three vegetation seasons of soybean,
namely May-September, were valorized using the hydrothermal coefficient (K) according
to the equation:

K=10P/t, 1)

where P is the precipitation total and ¢t is the sum of the daily mean air temperature values.
The classification for Poland’s temperate climate is K < 1.0 dry season; 1.1-1.2 relatively dry
seasons; 1.3-1.6 optimal humid; and K > 1.7 humid season [36]. The calculated K values are
presented in Table 5.
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Table 4. Monthly sum of precipitation and monthly mean temperatures during seasons at the sites of
the study.

Precipitation (mm)

Temperature (°C)

- ° = S ° “ ° = 8 °
Month £ £ 2% ¢ § 2 T ¢ 5 8 & 3
= 4 <= o &n [ < 4 = =] &n V
2 ‘g S < S N 9 ‘g 3 = e N
= = = & = 5 < = = & = 5
= 3 © g 2 = = © g 3
2018
April 40.0 364 710 460 150 46.0 120 120 111 9.9 118 112
May 142 9.8 55 300 7.0 8.0 169  17.0 170  16.8 165  16.8
June 267 192 210 400 160 380 184 183 17.8 18.5 17.6 19.2
July 86.0 346 440 150 700 86.0 205 202 207 207 202 201
August 237 208 315 280 150 420 199 202 206 186 193 195
September  17.0 114 325 345 265 765 15.6 15.5 167  16.0 16.3 15.8
Sum 207.6 1322 2055 1935 149.5 296.5 Mean — 17.2 17.2 17.3 168 170 171
2019
April 1.5 42 90 300 450 5.0 9.3 9.3 9.1 85 8.7 8.9
May 892 582 865 950 550 39.0 12.1 12.0 135 141 150  14.6
June 177 192 335 650 750 21.0 219 216 220 215 220 223
July 24 168 450 500 150 525 18.6 18.5 19.0 19.3 19.2 18.9
August 377 362 355 610 15 450 197 197 202 203 199 205
September 985 726 765 450 195 87.0 135 132 142 142 139 146
Sum 267.0 2072 2860 346.0 211.0 2495 Mean 159 157 163 16.3 165  16.6
2020
April 0.7 3 134 565 506 267 8.2 8.2 7.9 7.5 8.0 8.1
May 346 238 356 768 674 986 10.9 10.8 10.8 10.9 11.0 10.8
June 1539 114 1230 954 876 123 179 177 176 175 18.0 17.9
July 851 786 650 756 554 657 180  18.0 179 181 177 181
August 9.0 604 768 654 788 595 19.2 19.3 19.5 19.3 190  19.1
September 712 704 675 569 677 89 144 146 15.3 14.2 14.3 14.4
Sum 4355 3472 3679 3701 3569 435.8 Mean 161 16.1 16.2 160 160  16.1

53:99815949

Table 5. Hydrothermal coefficient (K) calculated for the seasons 2018-2020 for the study sites.

Study Site 2018 Classification 2019 Classification 2020 Classification
Mochetek 0.8 Dry 15 Optimal humid 2.2 Humid
Minikowo 0.4 Dry 1.2 Rel. dry 1.7 Optimal humid
Grocholin 0.6 Dry 15 Optimal humid 19 Humid
Rakowo 0.7 Dry 15 Optimal humid 2.0 Humid
Witrogoszcz 0.6 Dry 0.8 Dry 1.9 Humid
Jedrzejewo 1.1 Rel. dry 1.2 Rel. dry 2.4 Humid

2.5. Statistical Methods

Analysis of variance (ANOVA) was determined (Table 6) using a mixed model with

cultivar and site effect as fixed and year as a random block replication model. The charac-
teristics (yield, protein, oil, VPD and K) were checked for normality by Shapiro-Wilk’s test.
The HSD Tukey’s test was used for the means significance differences (p = 0.05) and for the
visualization of the means separation on figures. The multivariate regression by the forward
method was calculated, taking yield, protein and oil as dependent attributes from year K
and VPD as independent variables. The goodness of fit of the regression parameters was
evaluated by Student’s t-test (p = 0.05). The division of soybean cultivars into groups that
differed significantly in terms of yield, protein, oil and VPD (also in tillage and no-tillage
cultivation) was made using cluster analysis (CA) with the k-means method. Confirmation
of significance between groups was performed via ANOVA with the grouping variable.

53



Appl. Sci. 2022,12, 7830

7 of 19

54:22646460

The calculations were performed in the STATISTICA 13.0 program (TIBCO Software Inc.,
Palo Alto, CA, USA).

Table 6. Mean squares from the three-way analysis of variance for the seed yield, protein content and
oil content of soybean.

Source of Variation df Yield Protein Oil
Year 2 4446 *** 130.1 *** 0.98

Site 5 430.9 *** 19.4* 1.33
Cultivar 19 151.4 *** 25.6* 1.72*

Year x site 10 33.1 12.8 0.75
Year x cultivar 25 33.3 *** 29.7 * 1.19
Site x cultivar 32 46.3 *** 1.26 0.84
Residual 314 4.07 12.6 0.68

df—degrees of freedom; *—p < 0.05; ***—p < 0.001.

3. Results
3.1. Soybean Yield

From 2018 through 2020, the seed yield for soybean cultivars planted in two regions of
Central Poland averaged 9.81 dt ha™! (cv. Augusta, at Mochelek in 2018) to 39.29 dt ha~!
(cv. Aligator, at Jedrzejewo in 2020) (data not present). The main factors, e.g., cultivar,
site and year, had individually strongly differentiating (p < 0.001) effects on yield, and
they interacted (Tables 6 and 7, Figure 1). In 2020, across the locations and cultivars, the
highest mean of soybean yield, i.e., 32.2 dt ha~!, which was higher in comparison to the
average yield in 2019 (27%) and the average yield in 2018 (40%), was noted (Table 7). In six
locations in the growing season in 2018 and in three locations in 2019, soybean plantations
received insufficient sums of precipitation, ranging from 132-207 mm. The hydrothermal
coefficient K ranged from 0.4 to 1.2, indicating that half of the plantations experienced
drought conditions during the three years of the study (Table 5). The 2020 season had
an optimal distribution of rainfall and temperature for soybeans, as both parameters are
indicated by the hydrothermal K coefficient ranging from 1.7 to 2.4, namely, optimal and
humid conditions (Table 5). The highest average yield in 2020 was noted on the sandy
loam soil (e.g., in Jedrzejewo and Rakowo) obtained from the soybean cultivars at the
3rd group of earliness (Figure 1). The interaction of soybean yield depending on the sites
and years with various precipitation was thoroughly studied by multi-regression analysis
(2). We found a significant multivariate relationship (R = 0.67; p < 0.001) between the
hydrothermal coefficient K and the vegetation period day VPD as predictors of soybean
yield. The standardized multi regression coefficient b = 0.56 (p < 0.001) was found for
the relation between K and yield, while for the VPD and yield, the standardized multi
regression b = 0.25 (p < 0.001), which can be quantified with the regression equation:

Y(yield) =21.8+12.0 Xl(K) +0.20 XZ(VPD) (2)

As producers of soybean have no influence on the K coefficient, they can decide what
type of soybean group and the cultivars they choose, which reflects VPD. Each day of VPD
from the range 100-155 increases the production of soybeans by 20 kg of seeds per ha.
Meanwhile, each unit of hydrothermal coefficient increases the yield of soybean by 1200 kg
of seeds per ha (Figure 2).
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Table 7. Seed yield, protein content and oil content in seed depending on the soybean earliness,
cultivars, and years of study. Mean + standard error from the sites of study in Central Poland.

Yield (dt ha—1) Protein (%) Oil (%)
Cultivar
2018 2019 2020 2018 2019 2020 2018 2019 2020
Earliness group 1st (0000)
Abaca 224+ 1.75 32.6 +£1.30 - 39.6 + 3.95 42.8 +1.45 21.3 +£0.10 21.8 +1.30

Annushka  925+158 128 £045 - 37.6+£024 4414145 - 20.7 £0.85  22.4 £ 0.45 —
Augusta 13.7+177 127+£073 241+072 384+025 404+280 458+0.60 21.7+177 235+1.05 21.5+045

Earliness group 2nd (000+)

Abelina 248+29 226+174 331+£044 43.0+£164 406£193 443£059 231+£022 229+£032 221+£0.20
Erica 198 £206 135+272 285+152 449+223 395+083 460+040 21.3+£0.12 220+117 228+0.23
Mayrika 25.64+093 1924+1.16 - 41.0+1.18 4354094 - 2194093 21.74+0.26 -

Earliness group 3rd (000)
Amarok 22.8 + 3.80 16.8 + 1.40 322 +1.05 38.4 + 0.50 441 +1.20 45.1 +1.20 21.9 + 0.05 20.5 + 0.50 21.8 +0.50

Anser 207+170 163+052 3314+156 385+050 403+£245 459+065 221+010 21.7+045 222+£090

Bohemians  245+3.36 20.14+332 340+£095 471+£255 4034267 462+095 227+£070 2294096 224+0.65
Merlin 22.6 £287 1894520 - 41.54+055 3944280 - 22.64+050 2314085 -
Violetta 2294+1.15 1514025 - 4324145 368+1.15 - 21.9 £0.56  22.2 4+ 0.95 -

Earliness group 4rd (00)

Aligator 31.3+087 2874325 3554095 423+080 429+260 435+£130 235+£010 223+£1.05 22.2+£1.00
Aurelina — 155+0.50 309 +2.85 - 37.94+0.10 4494070 - 229 £095 223 40.80
Comandor  224+110 190+£352 334+079 389+057 413+1.69 447+147 21.7+020 226+0.67 2264027
Favorit 21.54+09 164 +442 347+363 428+326 376+010 439+£033 222+£060 21.2+£061 21.9+£0.59
Galice 233+178 161 40.18 - 36.0 £ 055  41.6 +1.65 - 23.1+£030 229+ 0.45 -
312+115 443+1.10 449£095 199+125

Mavka 222 £1.80 - - - 19.5 + 0.65
Obelix 2224200 19.6 £1.56 - 40.8+197 404 +1.66 - 2244020 21.64+041 -
Silesia 2444+091 1624280 - 46.3 +2.08  40.8+1.90 - 225+£055  22.6 £0.29 -
Sirelia 2634+293 1714+234 31.5+£092 43.6+344 440+080 454+113 234+£025 21.3+£023 22.7+0.32

F18,350)= 2.153, p = 0.004
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Figure 1. The seed yield (dt ha~!) depending on the earliness of soybean. Means =+ confidence intervals
(p = 0.95) from cultivars planted in 2018-2020 in Central Poland. # Various letters indicate the
heterogenous groups according to the HSD Tukey’s test at p = 0.05.
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Yield =21.8 + 12.0 X; + 0.20 X,
R =0.67; F(2!133) =53.58, p <0.001
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Figure 2. The relationship between soybean yield (dt ha~!) and vegetation period in days (VPD) and
hydrothermal coefficient (K) in Central Poland.

3.2. Protein and Oil Contents

Protein content had a significant influence on the cultivar, site and year of study,
and cultivar and year interacted with the protein content (Table 6). The highest average
protein content was in 2020—44.7%, while in 2018 and 2019, the averages were significantly
lower and reached 41.7% and 41.1%, respectively (Table 7). An interaction of genetically
attributed protein content in cultivars and the years of study was found (Figure 3). In the
first quartile of the highest protein contents, eight cultivars were planted in 2020 (Amarok,
Anser, Bohemians, Erica, Sirelia, Augusta, Aurelina, and Mavka), while in 2018 three
cultivars were planted, i.e., Bohemians, Erica, and Silesia (Figure 3). Meanwhile, the oil
content depends just on the cultivar effect; it was stable over the years, as well as in the sites
of study, and showed no interaction between effects (Tables 6 and 7, Figure 4). The highest
content was obtained from the cultivars Bohemians, Galice, Merlin, Aligator and Aurelina.
A moderate negative correlation (r = —0.45, p = 0.05) was detected for the relationship
between oil and protein in soybean seeds, indicating a 0.1% decrease in oil for each percent
increase in the protein content in seeds (Figure 4).

We found a significant multivariate relationship (R = 0.43; p < 0.01) between the protein
content and seed yield, and hydrothermal coefficient K. The standardized multi regression
coefficient b = 0.14 (p < 0.01) was found for the relationship between yield and proteins,
while for the K and protein content, the standardized multi regression b = 0.09 (p < 0.002),
which can be quantified with the regression equation (Figure 5):

Y(protein) =32.6+0.25 Xl(y) +0.28 X2(K) (3)
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Protein = 32.6 + 0.25 X; + 0.28 X,
R=043; F(2;133) = 1345, p < 0.01
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Figure 5. The relationship between soybean protein content (%), seed yield (dt ha=1) and hydrother-
mal coefficient (K).

The protein content in the seed increases per 0.25%, following the increasing seed
yield by 100 kg per ha, and per 0.28% in consequence of K increasing.

3.3. Tillage Versus No-Tillage Cultivation

The two-way ANOVA showed that the interaction between the cultivation system and
the hydrothermal coefficient for oil content (F = 4.04), protein content (F = 5.19) and soybean
yield (F = 4.47) was significant (Figure 6). In tillage cultivation, the yield of soybean under
dry and optimal hydrothermal conditions was uniform and significantly lower by 4.45 dt
per ha (22.1%) than that under humid hydrothermal conditions. However, in no-tillage,
the seed yield increases significantly with the increase in the hydrothermal coefficient. The
relative differences between the dry and relatively dry periods and the optimal periods
were plus 6 dt per ha (32.3%), and those between the optimal and wet periods were plus
5.5 dt per ha (22.4%). A reverse trend was noted in the oil content depending on the
hydrothermal conditions during tillage and no-tillage cultivation, with the highest oil
content in dry and relatively dry seasons in the tillage cultivation (22.5%) and in humid
conditions in the no-tillage system (22.6%). Under optimal humidity conditions, the oil
content of soybeans was at a similar level in both cultivation systems and averaged 22.3%.
In terms of protein content in soybeans, a significant difference was observed between the
tillage system at high hydrothermal coefficients compared to the no-tillage system and
optimal humidity, ranging from 3.9% points. It is interesting that under conditions of dry
and relatively dry weather, the protein content was at the same level regardless of the
cultivation system (Figure 6).
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Figure 6. The effect of tillage/no-tillage system and hydrothermal conditions on soybean.

Means + confidence intervals (p = 0.95) of years and cultivars studied in 2018-2020 in Central Poland.
# Various letters indicate the heterogenous groups according to the HSD Tukey’s test at p = 0.05.

3.4. Usefulness of Soybean Cultivars for the Cultivation System

Based on the k-means (CA) analysis, two clusters significantly different in terms
of such characteristics as vegetation period in days (VPD), yield, and oil content were
obtained, but they did not differ in protein content (Figure 7). Significantly higher seed
yield and higher o0il content provided the cultivars with an average VPD of 143 + 2 day
(Abelina, Aligator, Aurelina, Bohemians, Comandor, Favorit, Galice, Merlin, Obelix, Sirelia
and Silesia) compared to the cultivars grouped around VPD 132 + 3 day (Abaca, Amarok,
Annushka, Answer, Augusta, Erica, Mavka, Mayrika, Violeta).

After grouping analysis, it turned out that soybean varieties have varying suitability
for the cultivation system, which was confirmed on the basis of average values from the
years of research and location. For the tillage system, the cultivars with VPD 143.8 were
more useful in terms of yield, to which belong: Abelina, Amarok, Aurelina, Bohemians,
Comandor, Favorit, Galice, Mavka, Obelix, Silesia and Sirelia. The cultivars in the tillage
system did not differentiate with oil and protein content. Meanwhile, in no-tillage culti-
vation, the group of higher utility (including yield and oil content) consists of Abelina,
Aligator, Bohemians, Comandor, Merlin, Obelix and Silesia with VPD 140.2 (Table 8).
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Figure 7. Two clusters of soybean cultivars separated on the basis of the k-means cluster analysis.
Means & standard errors from the locations and research years 2018-2020 in Central Poland.
Table 8. Clusters of soybean cultivars in terms of vegetation period days, seed yield, oil content
and protein content for tillage and no-tillage cultivation system. Means =+ standard errors from the
locations and research years 2018-2020 in Central Poland.
L. Tillage No-Tillage
Characteristic
Cluster 1 Cluster 2 p Cluster 1 Cluster 2 4
VPD (day) 128.3 + 3.33 143.8 +1.31 <0.01 131.2 + 6.55 140.2 + 2.06 <0.05
Yield (dtha—1) 19.5 +2.07 22.0 +£0.84 <0.01 18.5 +2.49 273 +1.34 <0.01
Oil (%) 22.1£0.15 2234+ 0.17 0.42 21.2 +0.45 22.6 £ 0.10 <0.01
Protein (%) 41.2 +£0.55 42.2 +0.53 0.23 42.3 +1.33 41.9 £+ 0.66 0.83
Abelina,
Amarok,
Abaca Aurelina Abelina,
Annushka, Bohemians, Aligator
Annushka, .
Anser, Comandor, Bohemians,
. . Mavka,
Cultivars Augusta, Favorit, R Comandor,
. . Mayrika, .
Erica, Galice, Violetta Merlin,
Mayrika, Mavka, ! Obelix,
Merlin, Obelix, Silesia,
Silesia,
Sirelia,
60
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4. Discussion

When starting this study, the UE common catalogue of agricultural plant cultivars
(CCA) included 300 soybean varieties, while in Poland, there were 14 cultivars in the
national variety register [37,38]. Currently, the number of cultivars has increased three-fold
and reached 40 in the Polish catalogue. Thus, the hypothesis was put forward that progress
in the selection of cultivars will also have practical significance for Central Poland. The
demand for feed protein is covered only in 20% of domestic production. To reduce the
import of soybean meal from GMOs, a national program was implemented for 20162020
in terms of increasing the use of domestic fodder protein for high production quality of
animal products in conditions of sustainable development. It is a common idea of many
European countries [39], with the main purpose of creating opportunities to increase the
protein security of the country for feed and food purposes.

The original data of a three-year study in six locations in Central Poland allowed for
the drawing of several important conclusions regarding the reaction of soybean yield to
cultivar selection. Our study confirmed previous world reports [40,41] that the soybean
response was primarily dependent on genetically fixed maturation, which we defined here
as the vegetation period days (VPD). In the Central Poland region, the highest-yielding
cultivars belong to group 3rd, where VPD was defined here between 130-142 day. This is an
update until the recent opinion that in Poland, between 52nd and 53rd latitudes, in which
the research was conducted, the soybean cultivars must be the early and medium-early
group [42]. Moreover, a significant relationship was found on 20 soybean cultivars between
VPD and yield, which indicated that each day of vegetation period extension (in the range
100-150 days) increased the yield by 20 kg per ha. Yield improvement of 26 soybean
cultivars released over the past 50 years in southern Brazil was described by Umburanas
et al. [41]. The average rate of yield gain was 45.9 kg per ha per year (relative growth
2.1%). The authors see this progress in breeding through attributes such as seed number
per area and harvest index, less susceptibility to lodging, and reduced plant mortality. On
the other hand, an American study confirmed that the main abiotic factors influencing
soybean yield are solar radiation and the availability of rainfall [43]. According to American
research, delaying soybean sowing causes a yield loss of 0.09 to 1.7% per day. It is known
that the cultivars grown in America (Brazil, US) belong to the GM group, and the seed
traits cannot be compared to the nGMO genotypes, although certain issues such as sowing
delay or tendency to lodging may be discussed here, as a Polish study [44] also confirmed
that delayed sowing leads to a significant decrease in yield. Our research was guided by
the principle of adapting the soybean sowing date to the phenological phase of cherry
bloom, which is convergent with the soil temperature needed for soybean germination
in the range of 8 to 10 °C [17]. According to this rule, all plantations were sown within
10 d between 30 April and 9 May, which ensured the proper development of seedlings and
further ontogenesis.

A study carried out in this region in 2000-2015 led to inconclusive results regarding
thermal conditions for soybean [45]. First reports concluded that temporal variability con-
cerning moderate and strong frosts in late spring increases the risk of soybean plantation
disruption. We state that adapting soybean cultivars to the thermal conditions in Central
Poland does not seem to be a problem; however, vegetal seasons with insufficient rainfall
become problematic. Water conditions for soybean cultivation in Central Poland in this
study and the variability of the hydrothermal coefficient confirmed the results of an intensi-
fied occurrence of drought [7]. The evidence of nine periods without precipitation or with
low precipitation ranging from April to September 132-207 mm indicate drought syndrome.
The obtained image of changes in the climatic risk for soybean cultivation in the area of
Central Poland is generally consistent [46] and it confirms certain aspects of the theses
related to climate warming [47]. This problem also occurs in other soy-growing regions,
for example in the Krasnodar region, where the sum of active temperatures (above 10 °C)
increased up to 218 °C/10 year and precipitations decreased down to 20.9 mm/10 year
from 1987-2015 [48]. Generally, predictive models indicate precipitation decreasing in
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southern Europe and increasing in northern Europe. Although, the position of the exact
border line at which the positive or negative climate change signal starts is not certain; it
varies over a broad band somewhere between mid-Scandinavia and the Alps, within which
Poland is located [49].

Hydrothermal coefficient (K), which combined two meteorological parameters, i.e.,
temperature and rainfall, based on our data and according to the trends recorded by
Ziernicka-Wojtaszek and Kopiciiska [36] was estimated. We believe that K is a convenient
and appropriate solution in two aspects: 1. the pattern of temperature and precipitation
expressed in one value of K alters two distributions into one, ready for the statistical
analysis (multi regression, ANOVA, cluster analysis); 2. the incidences of space-time in
four terms (dry, relatively dry, optimal humid, and humid) provide the rank classifications
of entire periods, which are easy and legible to describe. In 2018, in all locations where
the research was conducted, K indicated drought or relative drought. In 2019, the three
locations were classified into dry and relatively dry conditions, and the three others had
optimal humid conditions. In 2020, humid conditions for soybean were applied at all
sites. We propose the “optimal humid” for soybean, when K = 1.3-1.6, and “humid season”
when K > 1.7. Actually, the most humid season in this investigation (with K = 2.4, at
Jedrzejewo in 2020) did not reveal severity for soybean plantations, except for the need
to dry soybeans up to 14% after harvest, which is standard practice for sale or storage
seed. Such a weather pattern prompted us to analyze the soybean yield along with the
hydrothermal coefficient, which is original and may be very useful in practice. We found
a relationship between K and the yield of soybean that indicated an increase in yield of
120 kg per ha for each increase of 0.1 of K. A study in the Pennsylvania region showed
that total rainfall is positively correlated with the yield of soybeans, and the determination
ranges between 57-67%, with yield variability up to 72% in [50].

In response to drought stress, soybeans experience reduced growth to alleviate the
stress effect and activate tolerance pathways to ensure an adjusted metabolism, which
is similar to other plants, for combating drought stress [51,52]. The primary metabolites
(carbohydrates, amino acids, lipids) are differentially accumulated in soybean leaves,
although they decrease to a lesser extent than under heat stress [53]. Drought stress is
mostly responsible for the accumulation of major carbohydrates, such as glucose, fructose,
sucrose and raffinose, which indicates that in response to drought, soybean growth is
restricted, and more carbohydrates are stored [54]. A study on drought-tolerant and
drought-sensitive soybean cultivars indicated that under drought stress, more than 50% of
genes related to various metabolic processes increased in expression independent of the
tolerance factor [55]. In this study, protein and oil contents were investigated, as they are
the two most important parameters of seeds of global usefulness for humans and animals.
Soy protein is a more important component in the Polish market because most high-protein
feeds come from soybeans. The analyses showed here that the percentage of protein in
seeds depends on hydrothermal conditions and cultivar selection. Generally, in the humid
season of 2020, the protein content was higher than that in the dry seasons of 2018 and 2019.
Water stress reduces the protein content of soybeans and confirms the results of Borowska
and Prusinski [56] with the temperature dependence of the protein content. Michalek and
Borowski [57] showed that periodic drought increased the percentage of proteins with
a significant differentiation of cultivars. This finding was reflected in our study in the
case of cv. Bohemians and Silesia in 2018, although most of the 3rd quartile of protein
content (>45%) was attributed by cv. Augusta, Erica, Amarok, Anser, Bohemians, and
Sirelia, planted in 2020. The positive relationship between protein content and average daily
temperature was described by Chen et al. [51]. Moreover, Novikova et al. [48] demonstrated
that protein content has been increasing following longevity of the period with temperature
above 22 °C and decreasing with a rise in precipitation over a period of temperature above
18 °C. We also found positive relation between protein content and hydrothermal coefficient
K accompanying the seed yield.
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The balance between protein and oil content is still weighty, as the trend of negative
correlation between protein and oil contents in soybean seeds was found here (r = —0.45),
similar to the results described for Brazlinian’s cultivars [41]. The oil content in seeds was
significantly varied between cultivars at the level of p = 0.05 and was highly attributed to
the cv. Bohemians, Galice, Merlin, Aligator, and Aurelina. China’s studies showed that seed
oil concentration increased significantly with soybean cultivar yield increase [58], while our
results did not confirm this relationship. The accumulation of oil promoted by an increase
of the hydrothermal coefficient over the period with temperatures above 19 °C and in
late-maturating cultivars was prevented by a prolonged autumn period with temperature
below 15 °C [48]. This coincides with current reports that late-maturating varieties have an
increased oil content in the no-tillage system.

There are various practical systems to help farmers avoid stressful circumstances.
To minimize the late season drought stress effect on yield, Chebrolu et al. [59] proposed
shifting the planting and harvest times by incorporating maturity, groups III-V, in soybean
cultivation. A study conducted in one location in southeastern Poland in 2014-2017 pro-
vided data on the tillage/no-tillage treatment and monoculture/crop rotation practice on
soybean cv. Merlin [60]. Authors declare that the seed yield was higher by 10.3% in tilled
soil compared to the no-tilled and by 5% in monoculture than in rotation. Our experiments
were conducted at six locations in various soil and hydrothermal conditions on 20 cultivars
in the crop rotation system. We obtained a more complex pattern of tillage/no-tillage
effects depending on the hydrothermal coefficient. In no-tillage soil, the yield of soybean
constantly increased with increasing K (32.3% and 22.4%), while in tillage soil, the yield
increased only when K rose from optimal to humid (22.1%) conditions. In areas with low
rainfall, it is important to practice water conservation cultivation to ensure retention of
the highest amount of rainwater. No-tillage practices involving the replacement of the
plow with implements that do not turn the soil over offer this possibility to agricultural
producers. No-tillage performs best in a dry climate, and crop yields are often equal to or
higher than those obtained under conventional tillage [61]. Inconclusive results are found
regarding the tillage system on the oil and protein content. Under no-tillage conditions, a
higher seed protein content and a lower fat content were found in the case of cv. Merlin
cultivated in southeastern Poland [60]. However, an increase in fat yield per hectare for
non-tilled soybean has also been obtained [62,63]. The crucial issue of protein and oil
content in relation to seed yield and agronomic and hydrothermal conditions should be
considered. We found that no-tilled soybean produced more oil in seeds in the seasons
with optimum and humid conditions, while in the season of dry conditions, the opposite
trend was found with the greater oil content in the tillage system. Meanwhile, a higher
protein content was observed in the tillage system under humid conditions. The soybean
cultivars studied here showed high variability in yield and protein and oil contents. An
important finding from this study is that the new nGMO cultivars maintain genetically
high protein levels with increasing yields. The genetic disposition of the oil varies to a
much lesser extent than that of the protein and is less susceptible to variation depending
on weather conditions. This may be a good perspective for the further development of
soybean production in Central Poland.

5. Conclusions

The novelty of this research is a proposal for the evaluation of soybean cultivars
for tillage and no-tillage systems suitable for the region of Central Poland. Considering
that seed yielding, protein and oil content are economically important, and their level
varies between cultivars depending on the type of soil cultivation, decisions should be
made skillfully in relation to the selection. It is very important to be able to recognize and
evaluate this uncertainty by examining the temporal variability of climatic and agroclimatic
indicators in terms of agricultural practice in this area. This is essential for the consideration
of adaptation to future climatic conditions in this region. As a result of changes in the
global climate, the zones for cultivation of specific soybean cultivars can be shifted. As
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the choice of soybean cultivars alters the underyielding of protein and oil for farmers, it is
important to understand these changes to develop adaptation strategies for resources and
development planning.
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Abstract

The article focuses on the cultivation of hemp (Cannabis sativa L.) for seed production, specifi-
cally examining the effects of different seeding densities and herbicidal control on weed infesta-
tion, plant characteristics, and nutrient content in the seeds. Hemp is a versatile plant known
for its fiber and oil production, including health-promoting cannabinoids. The study utilizes a
Romanian monoecious variety called Secuieni Jubileu, which has low THC content and is suit-
able for seed cultivation. The experiment compares three treatments: sowing at a density of 20
kg ha' with herbicide, sowing at a density of 30 kg ha' with herbicide, and sowing at a density
of 30 kg ha! without herbicide. The results indicate significant differences in weed density
among the treatments, with herbicide application and higher seeding density reducing weed
populations. Plant height, number of leaves, and seed fraction also varied significantly among
the treatments, with higher seeding density (30 kg ha) resulting in higher plants, decreased
leaf number and with the predominant fraction of 2.5 mm in the seeds. The experimental factor
also significantly differentiated the macro- and micronutrient content of hemp seeds. Nutrient
content analysis revealed variations in nitrogen, potassium, phosphorus, and magnesium levels
in the hemp seeds, depending on the experimental treatments. Overall, the study highlights the
importance of seeding density and herbicidal control in hemp cultivation for seed production.
The findings suggest that higher seeding density can effectively suppress weed growth, whereas
the yield and the high ratio of seed fraction at 2.8 mm is attributed to herbicide control and
seed density of 20 kg ha'. The research contributes to the understanding of optimal cultivation
practices for hemp seed production, aiming to support stable, efficient, and profitable agricultur-
al production in the field.

Keywords: hemp, herbicides, sowing density, macroelements, weed control

Krystian Ambroziak, MSc, Department of Agronomy, Faculty of Agricultura and Biotechnology,
Bydgoszcz University of Science and Technology, Al prof. S. Kaliskiego 7, 85-796 Bydgoszcz, Building
E, Room E311, Poland, e-mail: krystian.ambroziak@pbs.edu.pl

The source of funding (own funding)

67:51726639 67



620

INTRODUCTION

Hemp (Cannabis sativa L.) belongs to the cannabis family Cannabaceae.
This species is derived from wild cannabis that originally grew in Central
Asia and south-eastern Europe (Jagmin 1949). There are two subspecies
of hemp - Cannabis sativa ssp. sativa and Cannabis sativa ssp. indica.
Some sources also provide a third taxon, the wild cannabis (C. ruderalis,
C. sativa var. spontanea) — Dzierzanowski (2018). In the pre-Slavic era
in Poland, hemp was mainly a fiber plant, and the remaining products (e.g.
seeds) could be called the side-products of hemp production (Podbielkowski
1992). Nowadays, hemp is widely grown not only for fiber, but also to obtain
hemp oil, which contains large amounts of health-promoting cannabinoids
(Pellati et al. 2018).

Due to the content of A9-tetrahydrocannabinol (THC) and cannabidiol
(CBD), we divide cannabis into three separate phenotypes: (1) narcotic —
when the THC content is above 0.5% and the CBD content 1s below 0.5%,
(11) indirect — in the case of this phenotype it is difficult to set strict limits,
because the proportions may be different (the amount of CBD is dominant,
but THC 1is also present in different concentrations), (ii1) fibrous — cannabis
varieties with a reduced amount of THC. For the cultivation of industrial
hemp to be legal, the THC content should be no more than 0.3% (Commis-
sion Regulation (EU) 2022). It should be emphasized that THC, the content
of which largely determines the narcotic properties of cannabis, in its natural
form is not a psychoactive substance (Horanin and Bryndal 2017, Silska
2017). The original form of THCA (A9-tetrahydrocarboxylic acid) turns into
psychoactive THC only when the cannabis is exposed to high temperatures,
such as when boiled or heated (smoked). Moreover, THC can reduce muscle
tension, and has anti-inflammatory and analgesic properties (Truta et al.
2009).

Hemp has phytoremediation properties, thanks to which it is perfect
for a polluted environment (Cierpucha et al. 2013, Mankowski et al. 2014).
Currently, soil conditions can be improved through the use of proper practic-
es, therefore this plant will grow wherever we take care of the appropriate
content of the humus layer, nitrogen and lime content (Grabowska et al.
2007). Deep, well-drained soils with a water level above 800 mm, neutral
and slightly alkaline pH, well insulated and free from water stagnation are
optimal condition for its cropping (Ronkiewicz 2018). Hemp has an extensive
root system, which can reach up to 3 meters into the ground, which makes
it possible to minimize the risk of drought stress, as the plant can freely take
up water accumulated in the deeper layers of the soil (Zadrozniak et al.
2017). As a thermophilic crop, during the vegetation period — which lasts on
average 135 days — hemp can absorb heat reaching the sum of the effective
temperatures of 3,000 degrees Celsius. However, to ensure water demand
of cannabis during the growing season, rainfall of 250-300 mm is needed.
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The optimal sowing depth is 3-4 cm (Amaducci et al. 2008) and to adjust
the sowing density to the expected yield of seed, use of 10 to 15 kg of seeds
per hectare should be applied. This value is definitely lower than in the case
of hemp cultivation for fiber, where the optimal sowing density is considered
to be 60 to 70 kg ha! (Grabowska et al. 2007).

Weeds in hemp cultivation fields are mainly controlled in two ways: me-
chanically and chemically. Mechanical weeding requires more work, but
is considered an effective method of fighting weed infestation (Robak et al.
2012). The authors proved that mechanical weeding is becoming more
and more important because it is considered to be an environmentally safe
method, and modern machines mean that at the same time this method
allows for a significant reduction of weed populations.

In the case of hemp, an effective and approved weed control agent
1s Boxer 800 EC. The recommended dose of this agent is from 3 to 4 L ha™!
of cultivation. The herbicide is applied approximately three days post sowing
in the soil application. The active ingredient of the herbicide is prosulfocarb.
Boxer 800 EC is effective in controlling not only dicotyledonous weeds, but
it also reduces the population of monocotyledonous weeds (Wojtowicz et al.
2018). Prosulfocarb (C ,H,,NOS) is an active substance from the group
of thiocarbamates absorbed in two ways by plants, either through the seed
coat or directly through the root system, along with the nutrients. The sub-
stance is absorbed by sprouting weeds (Tanski, Idziak 2010).

Prosulfocarb works by blocking the formation of fatty acids so that weeds
die quickly. In field studies, it has been shown that the half-life of the agent
in soil ranges from 6 to 13 days. Ecotoxicological studies prove that this
agent — depending on its concentration — shows low or moderate toxicity
to animals and humans (Lewis et al. 2016).

Due to the growing demand for organic products and natural medicinal
substances (including CBD cannabidiol oil), the cultivation of hemp is again
becoming increasingly popular, although the hemp fields still account for
only a fraction of a percent of all agricultural land. Chemical weed control
methods are effective, but it cannot be denied that they are both costly
and can pose a threat to the environment. An alternative to herbicides could
be to apply a higher seeding density, which can give cannabis an advantage
over expansive weeds. The search for the most effective methods in the cul-
tivation of hemp that ensure stable, efficient and profitable production
of its seeds is one of the challenges of modern field production of agricultural
crops. Hemp seeds contain a list of physiologically valuable components,
thanks to which they are a priority raw material in the production of func-
tional foods. The unique biochemical composition of hemp seeds opens up
opportunities for the extraction and use of individual nutrients in the compo-
sition of new generation food products (Miscéenko, Lajko 2018) laboratory
(thin-layer chromatography. In a recent study conducted in Nigeria, a rough
analysis of the mineral, phytochemical and functional composition of hemp
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was investigated. The average values of various parameters for the approxi-
mate composition were as follows: moisture content (5.60+0.05), ash content
(6.50+0.01), fiber content (18.85+0.20), fat content (30.43+0.03), crude protein
(25.45+0.02) and finally carbohydrate (13.12+0.01) for raw samples respec-
tively. Minerals (mg kg'!) include: potassium (8.75+0,01), calcium
(18.60+0.35), sodium (7.52+0.02), magnesium (14.10+0.03), zinc (2.10+0,02),
lead (0.05+0.01). The macronutrients and micronutrients are required for the
optimal functioning of physiological and biochemical process in the body
(Osanyinlusi, Beauty 2023).

The research hypothesis was that hemp cultivation could be regulated
by higher sowing densities with or without herbicide use. The aim of the
study was to check the impact of canopy density from 20 to 30 kg of seeds
per ha on the weed infestation effect, seed productivity and the content
of macro- and microelements in hemp seeds.

MATERIALS AND METHODS

Characteristic of the hemp variety

Hemp of Secuieni Jubileu, a Romanian monoecious variety, was selected
for cultivation. This variety is recommended for the cultivation of hemp
for seeds. The plant reaches an average height of 1.5 to 2 m and blooms
in late July and early August. Thanks to the THC content below 0.2%, it was
entered into the European catalog of official varieties of agricultural plants.
The CBD content is about 0.5%. The most important features of the Secuieni
Jubileu variety declared by the producer are as follows: vegetation growth
100 days, oil content 28-32%, fiber content 30-32%, biomass 60-80 dt ha?,
seed yield 8-20 dt ha!, TSW 16-18 g.

Experiment

A field experiment in 2021-2022 was located on medium clayey soils,
slightly acidic, pH approx. 6.5. Before sowing, content of assimilable forms
of minerals (mg 100 g of soil) were: phosphorus (P) — 34.0 mg, potassium
(K) — 18.7 mg, magnesium (Mg) — 5.8 mg.

Three experimental treatments were studied:

— sowing at a density of 20 kg ha! with the use of herbicide (+ H),

— sowing at a density of 30 kg ha! with the use of herbicide (+ H),

— sowing at a density of 30 kg ha! without herbicide.

A traditional seeder with a row spacing of 12 cm and a sowing depth
of 3 cm was used for sowing. The soil herbicide was applied 3 days after sow-

ing. The herbicide Boxer 800 EC (3 L ha'), whose active substance is prosul-
focarb, was used for the weeding treatment. This herbicide is a selective
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agent, adapted to removing monocotyledonous and dicotyledonous weeds.
According to the application label, Boxer 800 EC is the only herbicide dedi-
cated to weed control in hemp cultivation. Hemp was sown in the first ten
days of May, harvested in the third ten days of September 2021. The prece-
ding crop was hemp cultivated for seeds. No mineral or organic fertilization
was applied before sowing. In the first half of June, a dose of nitrogen
Yarabela Extran was applied to the entire area of the experiment at a dose
of 150 kg ha'l. A rotary hoe treatment was also carried out on all plots
in order to level the canopy and eliminate the newly emerging weeds.
The area of each plot was 28 ares and the experiment was carried out
in three replicates. Harvesting was done in one stage with a combine har-
vester at BBCH 93 phase. Yield was determined after pre-cleaning and dry-
ing the seeds on a floor dryer to a moisture content below 10%. The thousand
seed weight was calculated manually for each plot after reducing each
sample on the splitter to a value of approximately 200 grams. The density
of hemp plants was measured in 10 repetitions by multiplying the number of
plants in one running meter by 8 rows, thus obtaining the density per m?2.

Chemical analysis of plant material

Samples

Seed samples were wet mineralized in concentrated sulfuric acid, and
the content of total nitrogen was determined based on a modified Berthelot
reaction. In brief, after dialysis against a buffer solution of pH 5.2, ammonia
in the sample is chlorinated to monochloramine, which reacts with salicylate
to form 5-aminosalicylate. Following oxidation and oxidative coupling,
a green complex is formed. The absorption of the complex is measured
at 660 nm (Skalar SANplus flow analyser), and total phosphorus is deter-
mined with the method employing ammonium molybdate (Skalar SANplus
flow analyser). The content of potassium, calcium and sodium was deter-
mined by flame photometry, and that of magnesium was assayed with the
Atomic Absorption Spectrometry (AAS) method.

The content of Mn, Fe, Zn and Cu in grain was determined by standard
atomic absorption spectrometry (ASA), following mineralization in a mixture
of concentrated hydrochloric and nitric acids in a 1:3 ratio. ASA was carried
out using a VARIAN AA240FS fast sequential atomic absorption spectro-
meter.

Statistical analysis

Data on hemp plant density, weed infestation, plant height and number
of leaves per hemp plant, as well as the content of macro- and microelements
were analyzed for compliance of the distribution with the normal distribution
using the Shapiro-Wilk test. In the case of deviations from the normal distri-
bution (numbers of the weeds), a transformation by the square root
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of the second degree was applied. Normalized data were recalculated
by analysis of variance in order to verify the null hypothesis assuming
no differences between the experimental objects in the intensity of occur-
rence of individual features. For this purpose, the one-way ANOVA test,
F, was used at the significance level of p=0.05. In a situation where the sig-
nificance of the influence of the tested experimental factor on the intensity
of the feature was proven, a comparison of the object averages was per-
formed using the Tukey’s HSD test, for p=0.05.

RESULTS AND DISCUSSION

Significant differences in weed density between the experimental objects
(F value 3.47 - 32.49; p<0.05) concerned the following species: FEuphorbia
helioscopia, Thlaspi arvense, Artemisia vulgaris, and Geranium pusillum
(Figure 1). It can be seen that at the sowing density of 30 kg ha'! without
the use of herbicide, three species of weeds definitely dominated the experi-
mental plot: Thlaspi arvense, Artemisia vulgaris, and Geranium pusillum
(Figure 1). On the experimental plot with a sowing density of 20 kg ha'!
and with the application of the herbicide, a smaller number of weeds counted
in individual repetitions was observed. Field bundles appeared most often
with an average frequency of 8.4 weeds per m? On a trial plot with
a seeding density of 30 kg ha!, herbicide application resulted in an average
of 5.3 weeds per m?frequency (Figure 1).

Significant differences in our research were shown in the height of plants
between the study groups. Plants from the groups with a sowing density
of 30 kg ha! were higher due to the competition for light and differed signifi-
cantly in height compared to the group with a sowing dose of 20 kg ha.
The competitiveness for sunlight is confirmed by a highly statistically signi-
ficant difference in the number of leaves on the lowest plants sown at a seed-
ing density of 20 kg hal. Highly significant differences were also found
in seed yield. Each group was significantly different from others. The highest
yield was recorded in the sowing group of 20 kg h, i.e. in the lowest plants.
Considering the infestation of plants with the insect Ostrinia nubilalis,
the tendency of yield decrease with increasing plant height seems to be jus-
tified in this case. The analysis of the seed fraction in Table 1 clearly shows
a significant difference in the seed size on the plot where 20 kg ha' was
sown and accompanied by herbicide application. At the same time, the small-
est share of fine seeds with a fraction below 2.2 mm was recorded in this
group. It is visible that the plots treated with the herbicide were characte-
rized by a higher thousand seed weight and a higher yield.

The content of macronutrients was unequally differentiated in hemp
seeds depending on the experimental objects. With regard to nitrogen (N),
significantly the highest content was obtained in seeds in a sample taken
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Fig. 1. Occurrence of weeds (pcs. m?) in hemp cultivation post emergence

from a plot with a sowing density of 30 kg ha! and with the use of herbicide,
1Le. 37.2 g kg, and the lowest at a density of 30 kg ha! without herbicide,
1.e. 33.5 g kg'l. Significantly, the highest concentration of potassium (K) was
found in samples of seeds from the object with a sowing density of 30 kg ha™!
and without herbicide, 1.e. 9.5 g kg, less at a density of 20 kg ha! with her-
bicide, 8.9 g kg'!l. In turn, in the case of phosphorus (P), no significant diffe-
rences were found between the objects, only a tendency to a higher concen-
tration of this element at the sowing density of 30 kg ha' with the use
of herbicide, 1.e. 12.4 g kg!, and lower at the same density without herbicide,
1.e. 11.3 g kg’. Significantly the most magnesium (Mg) was found in the sam-
ple taken from the experimental object with a sowing density of 30 kg ha’!
(with and without herbicide application), on average 5.73 mg kg, the lowest
at a density of 20 kg ha' with herbicide, i.e. 5.04 mg kg!. Similarly to mag-
nesium, the content of zinc (Zn) was preserved, the highest concentration
of which (22.6 mg kg') was confirmed in a sample taken from the experimen-
tal object with a sowing density of 30 kg hal, regardless of the herbicide, and
the lowest concentration at a density of 20 kg ha! after herbicide application
(19.8 mg kg?'). The microelements iron (Fe) and manganese (Mn) showed
similar differences depending on the sowing and protection against weeds
in hemp. Indeed, the highest content of these elements was found in seeds
in a sample taken from an experimental object with a sowing density
of 20 kg ha' after herbicide application (Fe — 38.8, Mn — 32.5 mg kg?),
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Table 1

Hemp biological characteristics depending on the seed density and herbicidal control
Characteristic 30 kg + H 20 kg + H 30 kg P
Plant density 44.9 40.8 47.5 0.42
Plant height 163.8a 155.7b 163.3a 0.008
Number of leaves 20.3b 24.2a 17.3c < 0.001
TSW 16.9 16.2 15.4 0.12
Seed fraction
2.8 mm 63.5b 78.7a 60.7b 0.05
2.5 mm 23.7a 14.4b 26.2a 0.02
2.2 mm 7.4 4.4 8.1 0.12
Seed yield 196.0b 267.3a 64.0c 0.001

and the lowest at a density of 30 kg ha'! without herbicide (Fe — 32.3,
Mn — 28.8 mg kg?). Contrary to iron and manganese, the highest concentra-
tion of copper (Cu) was detected in a sample taken from the experimental
object with a seeding density of 30 kg ha'! without herbicide (4.62 mg kg?),
and the lowest at a density of 20 kg ha! with herbicide (4.05 mg kg'). In the
case of calcium (Ca) and sodium (Na), no statistical differences were found
in their concentration in hemp seeds, only a tendency to a higher content
in a sample taken from an experimental object with a sowing density
of 30 kg ha' without herbicide (Figure 2).

Adjustment of the sowing density is very important, and this problem
is described by Werf et al. (1995), who studied the effect of density on the
development of hemp and the quality of the yield obtained. Hemp was grown
at 10, 30, 90 and 270 plants m2 With 270 plants m?, the phenomenon
of “self-thinning” has been observed in several studies. When using dense
sowing, hemp plants competed with each other and some plants died during
the growing season. In our research, after the ANOVA analysis, a difference
in the height of the plants and the tendency to tillering was noticed. When
the sowing density was increased by 10 kg hal, the plants were higher,
which could have resulted from the competition for sunlight. At a sowing
amount of 20 kg ha', the hemp plants were shorter but more branchy.
The effect of density on the growth of hemp was studied in more detail
by Hall et al. (2014). It was not only the sowing density was analyzed,
but also other factors influencing the yield of plants were scrutinized,
e.g. the content of minerals in the soil, temperature and precipitation during
the growing season. Similarly to our research results, a relationship was
observed between plant density and their height. The larger the sowing den-
sity was, the stronger the plants competed for light and the taller they were.
The fact that hemp seed yield is also determined by sowing density
is emphasized by Burczyk et al. (2009). When growing hemp for seeds or for
food, the researchers observed the highest yields at sowing 30 kg ha.
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Further increase in the sowing density resulted in a decrease in biomass and
seed yield. The results of our research confirmed the observations of biomass
capacity, but due to the infection of Ostrinia nubilalis, the tallest stems were
infected and broke down together with the seed panicle before harvest
or during threshing, which resulted in an opposite correlation of seed yield
than in Burczyk’s research. Turkish research (Yazici 2022) showed that high
planting density (200 and 250 plants m?) had a negative impact on several
traits, i.e. plant height, technical stem length, stem diameter, fresh biomass
yield, stem dry weight, fiber yield, seed yield and amount of oil. The increase
in plant density at a certain rate increased the height of plants and the tech-
nical length of the stem. Nevertheless, plant height decreased with the in-
creasing plant density. Due to the height of the plants and the technical
length of the stem, the most appropriate planting density was 150 plants m™2.
A higher seed yield was recorded for planting 100 and 150 plants m? than
for planting more than 200 and 250 plants m?2. Data in Figure 1 indicate
that the number of 3 weed species decreased significantly after increasing
the sowing density by 10 kg ha!, while the number of the remaining 3 weeds
did not change significantly. Weeds appeared on all experimental objects.
Application of herbicide in the amount of 3 L ha! significantly reduced weed
infestation. There were definitely more weeds on the object where the herbi-
cide was not used. It was necessary to use weed control with a power har-
row. In the study of Hall (2014), a lower level of weed infestation was noted
on plantations with a larger density. This difference results from the adopted
density levels, as in the aforementioned studies the plant density was
assumed to be from 100 to 400 plants m?2 The dominant weed (as in our
research) was Chenopodium album L. The problem of hemp weeding differs
not only because of the adopted agricultural technology, but also the location
of the crops. Chemical weed control is most effective, but access to plant pro-
tection products is limited in many countries. There are still few herbicides
approved for use in hemp cultivation on the market (Anderson 2018). In our
research, Boxer herbicide was used, which was the only one officially regis-
tered as an agent approved for the protection of hemp plantations. In his
research, Anderson emphasizes that the major impact on reducing the weed
population is the preparation of the soil before sowing (thorough weeding)
and control of the level of weed infestation during the growing season, using
additional mechanical methods if necessary. In our research, as an addition-
al element limiting the population of weeds, a rotary harrow was used,
which effectively eliminated weeds. Recent studies (Ortmeier-Clarke et al.
2022) indicate that hemp is very sensitive to most seed and emergent herbi-
cides tested at a single label dose. In their research on the active substances
used so far in the cultivation of soybean and corn, they tried to identify those
that would potentially be suitable for the protection of hemp in the future.
Of the PRE herbicides tested, clopyralid and saflufenacil are potential candi-
dates for cannabis registration and should be further evaluated in the field.
Of the tested herbicides, POST clethodim and clopyralid are candidates for
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potential registration, which warrants further evaluation in field conditions.
Anderson (2018) also mentioned the use of crop rotation as a way to combat
weeds and improve soil quality. In hemp cultivation, he mentioned winter
wheat and soybean as particularly recommended plants for crop rotation.
In the cultivation of winter wheat, it is easier to eliminate dicotyledonous
weeds, and the cultivation of soybeans additionally helps to enrich the soil
with nitrogen. In our research, it was necessary to apply additional nitrogen
fertilization to improve the vitality of plants after emergence.

In this research, iron (Fe) and manganese (Mn) accumulated in the larg-
est amounts after sowing 20 kg ha! with herbicide, while potassium
and copper — after sowing 30 kg ha! without herbicide. This relationship
1s inversely proportional and mainly depends on the sowing density factor.
According to the total elemental composition (Trukhachev et al. 2022),
the results confirmed that hemp seeds are rich in macro-and microelements
(in % by weight) including carbon (48 - 49%), oxygen (45 - 48%), silicon
(0.1 - 0.4%), calcium (0.3 - 4.7%), potassium (0.1 - 1.0%), magnesium (0.1 - 0.7%),
sodium (0.1 - 0.2%), sulfur (0.1 - 0.3%), phosphorus (0.1 - 0.2%), chlorine less
than 0.1%.

Research results (Struk et al. 2022) indicate 20 inorganic elements
in Cannabis sativa L. seeds, oil and pomace. The content of macro-and
microelements in the raw materials of Cannabis sativa L. corresponds to the
following order: Ca>Mg>Si>Fe>Al>Mn>Zn>Sr>B>Cu>Ba>Cr.

A similar order was also observed in our research. The exception in this
study is the content of Mg. Struk et al. (2022) state that the largest amount
of macro-and micronutrients is accumulated in hemp pomace, and the least
— in hemp oil. Thus, hemp oil contains macro-and microelements and can
be used as their source in human nutrition. Hemp is one of the plants that
easily extract metals such as cadmium. Although above a certain K value in
the soil, hemp will more easily transfer K cations instead of Ca. An increase
in the K content in the seeds determines an increase in the Mg content
so that the K:Mg ratio remains within certain limits. Fertilization does not
significantly change the content of metals such as Fe, Mn, Zn and Cd.

CONCLUSIONS

1. Seeding density significantly influenced weed infestation, with higher
densities and herbicide application reducing weed populations effectively.

2. Plant characteristics, such as height and number of leaves, varied
significantly among treatments, with higher seeding density resulting
in taller plants and reduced leaf numbers.

3. The predominant seed fraction at 2.5 mm was observed in higher
seeding density with herbicide treatment, indicating potential benefits
for seed quality.

4. Nutrient content in hemp seeds showed variations in nitrogen, potas-
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sium, phosphorus, and magnesium levels based on the experimental treat-
ments.

5. The combination of herbicidal control and seeding density of 20 kg ha'!
led to higher seed yield, suggesting practical benefits for hemp seed produc-
tion.

6. The research highlights the importance of optimizing seeding density
and using appropriate herbicidal control to achieve successful hemp seed
cultivation.

REFERENCES

Amaducci S., Zatta A., Raffanini M., Venturi G. 2008. Characterisation of hemp (Cannabis
sativa L.) roots under different growing conditions. Plant Soil, 313: 227-235. https://doi.
org/10.1007/s11104-008-9695-0

Anderson R.D. 2018. Effects of Nitrogen Fertilizer Rate, Timing, and Herbicide Use on Indu-
strial Hemp (Cannabis sativa). Masters Theses & Specialist Projects.

Baraniecki P., Grabowska L., Kotodziej J., Kubacki A. 2013. Industrial Hemp Cultivation
and Processing Technology. Ed. Cierpucha W., Instytut Widkien Naturalnych i1 Roslin
Zielarskich.

Burczyk, H., Grabowska L., Strybe, M., Rézanska, W. 2009. Effect of sowing density and date
of harvest on yields of industrial hemp. J Natur Fibers, 6: 204-218.

Commission Regulation (EU) 2022/1393 of amending Regulation (EC) No. 1881/2006 with
regard to the maximum levels of delta-9-tetrahydrocannabinol (A9-THC) in hemp seeds and
products derived therefrom. Published on August 11, 2022.

Dzierzanowski T. 2018. Cannabinoids — the possible use in palliative medicine. Palliative Med,
10(1): 1-11. https://doi.org/10.5114/pm.2018.77198

Grabowska L., Kotodziej J.,Burczyk H. 2007. Using of hemp as an energy plant. Probl Inz Rol,
15(2): 19-26.
Hall J., Bhattarai S.P.,Midmore D.J. 2014. Effect of industrial hemp (Cannabis sativa L.)

planting density on weed suppression, crop growth, physiological responses, and fibre yield
in the subtropics. Renew Biores, 2(1): 1-7.

Horanin A., Bryndal 1. 2017. Cannabis — active substances, medicinal properties and applica-
tion. Wyd Uniw Ekonom we Wroctawiu. (in Polish)

Jagmin J. 1949. Cultivation of flax and cannabis. Panist Inst Wyd Rol. (in Polish)

Lewis K., Tzilivakis J., Warner D., Green A. 2016. An international database for pesticide risk
assessments and management. Human Ecol Risk Asses Int J, 22: 1-15. https://doi.org/
10.1080/10807039.2015.1133242

Marnkowski, dJ., Kotodziej, J., Kubacki, A., Baraniecki, P., Pniewska, 1., Pudetko, K. (2014).
Cultivation of fibre cannabis accelerating the reclamation of post-mining areas after
a lignite opencast mine (in Polish). CHEMIK, 68(11): 983-988.

Miscenko C.B., Lajko I.LM. 2018. Accumulation of cannabidiol during the ontogenesis of indu-
strial hemp. Plant Varieties Stud Protect, 14(4): 90-399. (in Russian) https://doi.org/
10.21498/2518-1017.14.4.2018.151902

Ortmeier-Clarke H., Oliviera M., Anderson N., Colney S., Werle R. 2022. Dose response
screening of industrial hemp to herbicides commonly used in corn and soybean. Weed Tech-
nol, 36: 1-26. https://doi.org/10.1017/wet.2021.105

Osanyinlusi R., Beauty O. 2023. Assessment of chemical composition of hemp (Cannabis sativa)
seed flour. Int J Phytol Res, 3: 10-13. https://www.researchgate.net/publication/368788869

78:39931096 78



631

Pellati F., Borgnoretti V., Brighenti V., Biagi M., Benvenuti S., Corsi L. 2018. Cannabis sativa L.
and nonpsychoactive cannabinoids: Their chemistry and role against oxidative stress.
Inflammation, and cancer. BioMed Res Int 2018, 16-21. https://doi.org/10.1155/2018/1691428

Podbietkowski Z. 1992. Useful plants. Wyd Szkolne i Pedagogiczne.

Robak J., Rogowska M., Anyszka Z. 2012. Integrated protection of vegetables in Poland.
Progress Plant Protect, 52(4). http://yadda.icm.edu.pl/yadda/element/bwmetal.element.
agro-00ec829e-6fa9-4f64-b00f-f69328d573cc

Ronkiewicz M. 2018. Industrial Hemp Cultivation. I. WMODR, Olsztyn.

Silska G. 2017. Cannabis (Cannabis L.) as a source of cannabinoids used in therapy. Post. Fito-
terapii, (4): 286-289. (in Polish) https://doi.org/10.25121/PF.2017.18.4.286

Struk O., Grytsyk A., Mikitin M., Obodianskyi M., Stasiv T., Svirska S. 2022. Research of biolo-
gically active substances of hemp seeds, hemp seed oil and hemp pomace. ScienceRise:
Pharmaceut Sci, 46-54. https://doi.org/10.15587/2519-4852.2022.241249

Tanski M., Idziak R. 2010. Application of prosulfocarb for weed control in winter wheat.
Progress Plant Protect, 50(1): 321-325.

Trukhachev V., Dmitrevskaya I., Belopukhov S., Zharkikh O. 2022. Quality control of indu-
strial hemp seed products, varietal responsiveness of hemp seeds to bioregulator action.
Caspian J Environ Sci, 921-928. https://doi.org/10.22124/CJES.2021.5267

Truta E., Surdu S., Rosu S., Asafte1 M. 2009. Hemp — biochemical diversity and multiple uses.
Analele Stiintifice ale Universitatii Al. I Cuza din Iasi. Genetica si Biologie Moleculara,
X, 1-8.

Werf H.M.G., van der Geel W.C.A., van and Wijlhuizen M. 1995. Agronomic research on hemp
(Cannabis sativa L.) in the Netherlands, 1987-1993. J Int Hemp Assoc. https://scholar.
google.com/scholar_lookup?title=Agronomic+research+on+hemp+%28Cannabis+
sativa+L.%29+in+The+Netherlands%2C+1987-1993.&author=Werf%2C+H.M.G.+van
+der&publication_year=1995

Wojtowicz M., Strazynski P., Mrowczynski M., Nijak K., Kierzek R., Wielgusz K., Baraniecki P.,
Kaniewski R., Korbas M., Danielewicz J., Obst A, Pasternak M., Matysiak K., Wegorek P.,
Zamojska J., Dworzanska D. 2018. Integrated cannabis protection methodology for advi-
sors. Instytut Ochrony Ro$lin — Panstwowy Instytut Badawczy.

Yazici L. 2022. Optimizing plant density for fiber and seed production in industrial hemp
(Cannabis sativa L.). J King Saud Univ — Science, 35: 1-6. https://doi.org/10.1016/].jksus.
2022.102419

Zadrozniak B., Radwanska K., Baranowska A., Mystkowska I. 2017. Possibility of industrial
hemp cultivation in areas of high nature value. Econom Regional Stud, 10: 114-127. https://
doi.org/10.2478/ers-2017-0009

79:10162830 &



@ foods

Article

Comparative Characterization of Hemp Seed Cakes from
Dehulled and Hulled Cannabis sativa L. var. oleifera cv.
‘Henola’: Nutritional, Functional, and Storage Stability Insights

Krystian Ambroziak * and Anna Wenda-Piesik *

check for

updates
Academic Editors: Rocio Casquete
Palencia, Maria José Benito and

Nikolaos Kopsahelis

Received: 18 March 2025
Revised: 26 April 2025
Accepted: 29 April 2025
Published: 1 May 2025

Citation: Ambroziak, K.;
Wenda-Piesik, A. Comparative
Characterization of Hemp Seed Cakes
from Dehulled and Hulled Cannabis
sativa L. var. oleifera cv. "Henola”:

Nutritional, Functional, and Storage

Stability Insights. Foods 2025, 14, 1605.

https://doi.org/10.3390/
foods14091605

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Agronomics and Food Processing, Faculty of Agriculture and Biotechnology, Bydgoszcz
University of Science and Technology, Al. Kaliskiego 7, 85-796 Bydgoszcz, Poland
* Correspondence: krystian.ambroziak@pbs.edu.pl (K.A.); anna.wenda-piesik@pbs.edu.pl (A.W.-P.)

Abstract: This study investigated the nutritional composition, antinutritional factors, ox-
idative stability, microbiological safety, and sensory characteristics of hempseed cake (HC)
derived from Cannabis sativa L. cv. "Henola’. The effects of dehulling and storage (1, 3, and
6 months) on dehulled (DHC) and hulled (HHC) hemp cake were systematically assessed.
DHC exhibited significantly higher crude protein (up to 42.2%) and residual oil content
(up to 37.5%), while HHC was richer in dietary fiber (up to 41.3%) and total carbohydrates
(up to 48.2%). Despite comparable PUFA contents (63—-72%) and favorable n-6/n-3 ratios
(~3.1:1), DHC showed greater energy concentration and reduced levels of indigestible
carbohydrates and phytates. Oxidative stability tests revealed increased acid and per-
oxide values in both HHC and DHC after six months, indicating quality deterioration
(Totox index > 15). Microbiological analyses confirmed hygienic safety across all samples,
with slightly higher microbial counts in HHC linked to hull-associated contamination.
Sensory evaluations revealed stable color, odor, and texture during storage, with DHC
rated more aromatic. These findings confirm that processing conditions—particularly
dehulling—strongly affect the functional and nutritional profile of hempseed by-products.
DHC emerges as a promising, shelf-stable, protein-rich ingredient for functional food and
feed applications.

Keywords: hempseed cake shelf life; dehulling; cold pressing; protein content; dietary fiber;
antinutritional compounds; oxidative stability; microbiological quality; sensory evaluation

1. Introduction

Hemp (Cannabis sativa L.), a member of the Cannabaceae family, originated in Central
Asia and southeastern Europe [1]. The species is divided into two main subspecies—sativa
and indica—and possibly a third taxon, C. ruderalis [2]. Historically, hempseed oil was
used for lamps, soap, varnish, paint, and as a feed supplement [3-6]. Today, hemp is
recognized as an industrial crop with significant nutritional potential [7]. Rich in protein,
essential amino acids, fiber, vitamin E, and minerals, hemp seeds enhance both human
diets and animal feeds [8-10]. However, they are relatively low in lysine and, to a lesser
extent, leucine and tryptophan [11]. Protein digestibility improves with dehulling, reaching
up to 97.5% in peeled seeds compared to 85% in whole seeds [5,11-14]. The primary
proteins, edestin and albumin, are easily digestible and nutritionally comparable to those
in other high-quality plant sources [15-17]. Hemp peptides also show antioxidant and
anti-inflammatory properties [18-21].
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The oil content in hemp seeds exceeds 30%, with high levels of linoleic (omega-6)
and alpha-linolenic (omega-3) acids, typically in a favorable 3:1 ratio [22-24]. This lipid
profile, with low saturated fats and a high PUFA content, is beneficial for cardiovascular
health [20,25-27]. After cold pressing, partially defatted hemp flour retains 13-15% oil,
depending on the cultivar [28].

In response to the growing global demand for plant-based protein and fiber sources,
hemp-derived ingredients are increasingly explored for food and feed applications. The
present study focuses on a Polish cultivar “Henola’, known for its high yield and oil
content [29]. It aims to (i) compare the nutritional and functional value of hemp cakes from
hulled and dehulled seeds, (ii) assess the effect of processing on antinutritional factors, and
(iii) evaluate the shelf life and sensory stability of these by-products. The hypothesis is
that hemp cakes can offer nutritionally valuable, microbiologically safe ingredients for use
over extended storage periods. To our knowledge, this is the first comprehensive study to
evaluate the long-term storage stability and nutritional dynamics of dehulled and hulled
hemp cakes from the ‘Henola’ variety under real storage conditions.

2. Materials and Methods
2.1. Characteristics of ‘Henola” Hemp

Non-narcotic, monoecious oil variety ‘Henola’, bred by the Institute of Fibrous and
Medicinal Plants of the Polish Research Institute, number R2908, was chosen for this study.
This variety is recommended for the cultivation of hemp for seeds. It is characterized by
producing at least twice the yield compared to other varieties available on the market
(0.8-2.0 tons per hectare for industrial plantations (Table 1). ‘Henola’ characteristics include
low height < 2 m and a 3-week shorter vegetation period as compared to typical fiber
varieties [29].

Table 1. Functional features of the ‘Henola’ variety.

Trait Value
Vegetation 100 days
Qil content 28-32%
Crude protein 20-22%
Crude fiber 30-32%
Yield 0.82.0tha™!
TSW 16-18 g

https:/ /programkonopny.pl/program-konopny---henola.html, available date 14 November 2024.

2.2. Agrotechnics

In the 2023 season, hemp sowing was completed by utilizing a traditional grain seeder,
row spacing of 12 cm, and sowing depth of 3 cm; seeds were sown in the amount of
60 kg ha~!. No herbicides or fertilization were used, due to the conversion of experimental
plantations to an ecological system. Hemp seeds were harvested with a combine harvester
at the stage of full seed maturity. Prior to harvest, seed moisture amounted to 26%.

2.3. Laboratory Tests on Hemp Seeds

The size of hemp seeds was determined by dividing them into fractions using the
sieve method, of >2.8 mm, 2.5-2.8 mm, and 2.2-2.5 mm, which determined their usage
either for hulling or direct pressing without hulling. The buttock with the smallest fraction
(below 2.2 mm) was not subjected to further testing. Hemp seeds were tested for oil, total
protein, and fiber using near-infrared reflectance spectroscopy (NIRs) (Foss Infratec NOVA,
Hillered, Denmark).
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2.4. Method of Hulling and Processing Hemp Seeds

Hemp nuts designated for seed coat removal underwent initial cleaning utilizing an
industrial sieve and fan windmill (Sitono CZ Maior, Staroszki, Poland). The dehulling
process took place on a test stand created exclusively for this purpose and consisted of
3 stages. The first stage involved a Hemp Seed Dehulling Machine GG-1 (Longer Machinery,
Zhenghou, Henan, China), which effectively split the seed husk and partially removed it
using an integrated aspiration system. In the second stage, cracked seeds were redirected
to a mechanical mixer (Grutech GTH-MBM SD, Janowo, Poland) to separate the seed
husks from the kernels using a spiral ribbon. The resulting mixture was then transferred
to a machine (Pfeuffer GmbH MLN, Kitzingen, Germany) with a built-in air aspiration
system used for suctioning out the husk and, therefore, to complete the final stage of the
process (separation of the husk from the seminal nuclei). Dehulled hemp seeds were used
to produce hemp cake. A snail press (Miramar Sp. Z o.0. M-22, Nowa Wie$ Poland)
with adaptable components for seeds with different degrees of hardness and variable
compression ratios, shaft speed ranges, and pressing process temperatures was used for
this purpose.

The research involved two products: dehulled hemp cake (DHC) and hulled hemp
cake (HHC), both produced through cold pressing of oil at 55 °C. In subsequent research
stages, DHC was subjected to two additional production variants: double cold pressing
of oil at 55 °C and single hot pressing at 90 °C. These additional DHC variants were not
tested for shelf life but were used to compare the oil content in the cake and tested for the
presence of antinutritional substances.

The extracted product obtained through pressing was hemp cake in the form of pellets.
Prior to laboratory testing, the samples were ground and placed in dark, light-restricted
packaging with double zipper closure.

2.5. Analytical Methods for Testing Hemp Cakes
2.5.1. NIRs and Laboratory Methods

Hemp cakes obtained in the pressing process were ground (Foss Knifetec KN 295
mill, Hillered, Denmark), designed for fat samples, and cooled with water. The NIRs
method was initially selected on Foss analyzers (DA1650, Hillerad, Denmark), and then
on Bruker MPA 1II (Bruker Optics GmbH & Co, Ettlingen, Germany), according to PN EN
ISO 12099:2017. The content of crude protein (CP), according to PN-EN 1S02043:2007,
crude fiber (CF), according to PN-EN ISO 6865, and oil content (OC), according to PN-EN
ISO 734-1:2007, were investigated. The same samples were studied using wet reference
methods, with the water and ash content (%) measured by weight methods. Protein was
determined using the Kjeldahl method on a Foss distiller (Kjeltec 9, Hillerod, Denmark),
in accordance with AN 5511, v.3. Fiber was determined using an enzymatic-gravimetric
analysis (Foss, Fibertec™ 8000, Hillered, Denmark) in accordance with AN 3440, v. 2.
Total fat extraction was carried out using a Foss extraction system (Soxtec™ 8000, Hillered,
Denmark) and a hydrolysis system (Hydrotec™ 8000, Hillerod Denmark). Fat extraction
was carried out according to Randall’s modification using the Soxhlet method. Analyses
were performed in accordance with AN 320. Fatty acid (FA) profiles were assessed with GC
using official ISO protocols: SFA, MUFA, PUFA, n-3 (ALA, EPA, DHA, ETE, DPA), n-6 (LA,
GLA, ARA, DGLA), (C18:2wb6) cis-linoleic acid (LA), (C18:3w3) alpha-linolenic acid (ALA),
and (cis-9, cis-12, cis-15 alpha-linolenic acid), according to PN-EN ISO 12966-1:2015-01 +
AC:2015-06 + PN-EN ISO 12966-2:2017-05 in g100 g~ oil.

Cake samples tested by NIRs and wet reference methods were further analyzed for
their energy value (EV) in kcal100 gfl, according to Regulation (EU) No. 1169/2011 (OJ
L 304, 22 November 2011, as amended). The total carbohydrate (TOT Carb in %) and
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digestive carbohydrates (Dig Carb in %) were calculated, and total sugars (TOT Sugar %)
were measured according to Regulation (EC) No. 152/2009 of 27 January 2009 (OJ EU L
54/1 of 26 February 2009). The dietary fiber (DF), non-starch polysaccharide (NSP), Klason
lignin (KL), uronic acid (UA), raffinose family oligosaccharides (RFOs), phytic acid (PA),
and total phenolic content (TPC) were laboratory tested.

2.5.2. Dietary Fiber

DF was determined using the enzymatic-gravimetric (AOAC 985.29) method as the
sum of NSP, KL, UA, and oligosaccharides.

2.5.3. Non-Starch Polysaccharides

The content of NSP was determined by gas chromatography according to Englyst and
Cummingst [30], the AACC standard procedure 32-25, and AOAC 994.13 [31]. The T-NSP is
the sum of sugars: arabinose, xylose, mannose, galactose, and glucose (Approved Methods
of the AACC, 2003; AOAC, 1990) [32]. This analysis allows the separation of NSP into two
fractions: soluble and insoluble, and the determination of the polysaccharide composition
in both fractions. The content of arabinoxylans in each fraction is calculated as the sum of
arabinose and xylose. In the first stage, enzymatic hydrolysis of starch is carried out using
alpha-amylase and amyloglucosidase enzymes, and then the samples are centrifuged and
separated using 96% ethyl alcohol into soluble (supernatant) and insoluble (pellet) fractions.
Each fraction is hydrolyzed using 1 M sulfuric acid (100 °C, 2 h) to monosaccharides and
then converted to volatile alditol acetates. The samples prepared in this way are separated
on a Clarus 500 gas chromatograph (PerkinElmer, Shelton, Connecticut, USA) equipped
with an Rtx-225 quartz capillary column (0.53 x 30 m), autosampler, split injector, and
flame ionization detector (FID). Carrier gas for analyses: helium. The separation is carried
out at 225 °C, with the injector and detector temperature at 275 °C.

2.5.4. Klason Lignin

The KL content was determined by a gravimetric method (AACC 32-25) [33]. The
ground sample was incubated with 72% sulfuric acid at 30 °C for 60 min, and then deionized
water was added and incubated at 100 °C for 180 min. After cooling the contents of the
tubes, the insoluble fraction was recovered by filtration, washed with water, 80% ethyl
alcohol, and acetone, and then dried (105 °C, 16 h) and ashed (550 °C, 5 h). The lignin
content was calculated from the weight loss after ashing of the dried material [33].

2.5.5. Uronic Acid

The UA content was determined by the colorimetric method according to Scott [34]
and Englyst et al. [35]. Galacturonic acid was used as a standard. To the hydrolysates from
the acid hydrolysis of NSP from the soluble and insoluble fractions, 3% boric acid solution
and 2% sodium chloride were added. Then, concentrated sulfuric acid was added and
heated at 70 °C for 40 min. After cooling, a solution of 3,5-dimethylphenol in acetic acid
was added and mixed, and the absorbance was measured at 400 and 450 nm.

2.5.6. Raffinose Family Oligosaccharides

The content of RFO was determined by gas chromatography according to Lahuta [36].
Oligosaccharides were extracted with 50% ethyl alcohol and then converted into volatile
derivatives using a mixture of trimethylimidazole and pyridine (1:1, v/v). The derivatives
were separated on an Rix-1 capillary quartz column (0.25 mm X 15 m) using a Clarus
600 gas chromatograph (Perkin Elmer). Oligosaccharides were calculated as the sum of
raffinose, stachyose, and verbascose.
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2.5.7. Phytic Acid

Phytic acid (PA) was determined by the colorimetric method according to Haug and
Lantzsch [37]. The sample with 0.2 N HCI added was extracted for 3 h at room temperature
and then centrifuged. Ammonium and iron sulfate were added to the obtained filtrate and
boiled for 30 min. After this time, the samples were cooled and centrifuged for 30 min at 6
°C. Then, bipyridine solution was added to the obtained supernatant and, after 10 min, the
absorbance was measured at a wavelength of 519 nm.

2.5.8. Total Phenolic Content

The total phenolic content (TPC) was assessed using the colorimetric Folin-Ciocalteu
method as described by Shahidi and Naczk [38]. Samples were extracted twice with 80%
methanol at room temperature for 2 h. After centrifugation, the combined supernatants
were reacted with Folin—Ciocalteu reagent, followed by sodium carbonate addition to estab-
lish alkaline conditions. Absorbance was measured at 750 nm after 100 min of incubation
in the dark. Gallic acid served as the standard, and the results were expressed as mg gallic
acid equivalents (GAEs) per gram of dry mass. Analyses were conducted in duplicate, and
means were accepted when replicate differences were below 4%.

The results based on NIRs technology were used for device calibration, aiming to
save time and costs in future laboratory evaluations for hemp cakes. Spectra collected in
the continuous production process were invaluable in validating the developed research
method.

2.5.9. Storage Tests

The storage trials consisted of testing the nutritional value and organoleptic proper-
ties of the sample at three different times, i.e., after 1, 3, and 6 months from production
and packaging. The acid value (AV) in mg KOH g~! (PB-PAZ/FS-24 v. 01, 22.02.2021 r.),
peroxide value (PV) in meq O, kgf1 (PN-EN ISO 27107:2012), and anisidine value (ANV)
(PN-EN ISO 6885:2016-04) were measured, while the Totox index was calculated by the
formula 2PV + ANV, for both oil and cakes in identical temperature and time conditions.
The microbiological status of cakes was measured by counting (in cfu g~!) mesophilic
aerobic microorganisms (MAMs) at 30 °C, yeasts and molds (Y&M), and coagulase-positive
staphylococci (CPS) of Staphylococcus aureus, Enterobacteriaceae, and Salmonella spp., ac-
cording to the following methods: PN-EN ISO 4833-1:2013-12, PN-ISO 4832:2007, PN-ISO
7954:1999 (W), PN-EN ISO 21528-02:2017-08, PN-EN ISO 6888-2:2022-03, and PN-EN ISO
6579-1:2017-04 + A1:2020-09.

The same three-person panel conducted a sensory analysis of the hemp product’s
characteristics. General appearance and consistency (PB-PAZ/FS-33 v. 01, 4 March 2021),
color and smell (PN-R-74013:2012) were assessed and scored on nominal scales. The
descriptive data for each feature were calculated using a sign test to verify the hypothesis
of no variation in color, appearance, and odor over the period of 6 months. Data from the
test protocols supported the patent application.

2.6. Statistics

Nutrient content data, with threefold replications for each research object (HHC/DHC)
in each month, were analyzed for a normal distribution using the Shapiro-Wilk W test.
The normalized data were subjected to calculations using the ¢-Student test. The results
are presented as mean =+ standard error (s.). The contents of nutrients and antinutrients
were subjected to one-way ANOVA in order to verify the null hypothesis assuming no
differences between the experimental oil extraction process. For this purpose, the ANOVA
test, F, was used at the significance level of p = 0.05. In a situation where the significance of
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the extraction process effect was proven, a comparison of the object means was performed
using the Tukey HSD test, for p = 0.05. The non-parametric sign test was calculated to verify
the hypothesis regarding the changes in organoleptic features on nominal scales (smell,
color, consistency). The software Statistica 13.0 was used for the calculations.

3. Results and Discussion

3.1. Nutrients and Other Dietary Components from Hemp Cake
3.1.1. Key Nutrients

Parametric values of DF, TOT Carb, and Dig Carb as well as EV were stable from 1
to 6 months after extraction but varied significantly depending on the technology used to
obtain oil (Table 2). Only the water content remained at the same level and averaged 9.4%
of the mass. The present study demonstrates that both dehulling and pressing conditions
significantly influence the nutritional profile and energy value of hemp seed cake (HC).
Dehulled hemp cake (DHC) exhibited a lower DF content (6.90-8.03%) compared to hulled
hemp cake (HHC) (37.2-41.26%), yet was characterized by higher EV (512-540 kcal /100 g),
likely due to increased lipid and available carbohydrate contents. These findings emphasize
the functional role of seed coat removal in modulating the macronutrient balance of hemp-
based products.

Table 2. Nutritional components values (mean =+ s.) of hemp cake after cold extraction of the oil from
the seeds, cv. “Henola’.

He Le;ﬁt‘_ﬁ of DF TOT Carb Dig Carb EV Water
0, 0, o -1 o
(Month) (%) (%) (%) (kcal 100 g—1) (%)
1 3720+ 11741 4730+1.104 630+0344 287.00+1.658  10.50 £ 0.09
HHC 3 41.26 + 0424 4815+ 1254  6.89+£0914 29250 +2.83B 9.74 + 0.06
6 3765 +0244 4346 +0.334 613+0.864 30550+ 3.33B 8.90 £+ 0.14
1 8.03+0.79 B 946+ 0.178  1.88+0.75B  525.00 +3.304 9.66 + 0.16
DHC 3 720+ 0598 950+0.108 280+043B  540.00 + 6.60 # 9.50 £+ 0.31
6 6.90 +0.10 B 970 +0.028  220+0.108 51200 +4.714 9.20 + 0.05

85:62665673

! Capital letters indicate significant differences between HHC and DHC at the same length of trial according to
the t-Student test, at p = 0.05.

A comparable trend was not observed in the study by Mendoza-Pérez et al. [28], who
analyzed defatted cake obtained from whole (hulled) seeds of three industrial hemp culti-
vars from Spain. Their results showed fiber contents between 34.5% and 38.8%, similar to
our HHC values, reinforcing the notion that the seed coat is the principal fiber-contributing
fraction. However, since no dehulling was applied in their protocol, differences due to seed
coat removal could not be examined. Moreover, energy values were not directly reported,
which limits direct comparison.

Carbohydrates in hemp seed by-products primarily consist of dietary fiber, both
soluble and insoluble. The TOT Carb content in HHC ranged between 43.5% and 48.2%,
whereas in DHC, it was only about 9.5%, indicating a more than four-fold difference.
Similarly, Dig Carb was significantly higher in HHC (approx. 6.5%) than in DHC (approx.
2.3%) (Table 2). This suggests that the seed hull not only contains a substantial portion of
indigestible polysaccharides but also contributes to the retention of other carbohydrate
forms—likely associated with cell wall structures and residual starch.

These values are consistent with data reported by Leonard et al. [16], who stated that
hemp by-products from hulled seeds typically contain 30—40% fiber, whereas dehulled
seed products drop to 7-15%, which supports the validity of our findings. Moreover,
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they reported TOT Carb values ranging from 10 to 30%, predominantly as fiber. High
dietary fiber levels, especially in hulled variants, support digestive health and can be
used to develop high-fiber food products. From a practical perspective, HHC appears
more suitable for applications requiring a high fiber content (e.g., functional foods, animal
feed), while DHC—with its lower fiber and higher energy density—may serve better in
high-calorie diets or products requiring enhanced bioavailability.

3.1.2. Fatty Acid Profile

In terms of fatty acid composition, our results showed that the SFA content was
slightly higher in HHC (10.73-11.21%), while MUFA dominated in DHC (11.0-14.2%),
particularly following cold pressing (Table 3). This pattern is consistent with Leonard
et al. [16], who reported that the mechanical pressing process influences the extraction
efficiency of different lipid fractions, with MUFAs being more abundant in pressed cake
due to their lower volatility and binding affinity to the solid phase of the oilseed cake.
However, our study further suggests that the pressing temperature (cold vs. hot) has a
measurable impact on the residual oil content and, consequently, the lipid profile of the
cake, an aspect that Leonard et al. only briefly acknowledged. The n-6:n-3 fatty acid ratio
in our samples (3.1-3.3:1) aligns with the values recommended for human nutrition (<4:1),
and closely matches results presented by Wang and Xiong [39] and Karabulut et al. [8], who
emphasized the nutraceutical potential of hemp seed-based products due to their favorable
PUFA composition. These ratios were consistent across DHC and HHC, indicating that
seed dehulling and pressing do not significantly alter the essential fatty acid profile, but
rather the total lipid yield [16].

Table 3. Content values (mean = s,) of fatty acids in hemp cake after cold extraction of the oil from
the seeds, cv. ‘Henola’.

Length of
HC Trial SFA (%) MUFA (%) PUFA (%) n-3 (%) n-6 (%)
(Month)
1 1090 £0.01 41 10.13+0.75B 6230 £2.13 15.00 + 0.53 45.00 + 1.74
HHC 3 10.73 £ 0.59 A 13.03 +£ 0414 7226+ 1.84 17.17 £ 0.26 5240 + 1.16
6 11.21 + 0.65 4 1092 + 0208 63.26 + 2.51 14.95 + 0.68 47.16 + 1.61
1 7.46 £0.78 B 14.02 +£0.074 7148 £0.14 14.16 + 0.12 54.72 + 0.10
DHC 3 8.80 £ 0.48 B 11.00 + 0478  67.01 +0.46 16.90 + 0.14 50.00 + 0.24
6 8.70 £0.50 B 13.00 +£ 0244 65.05 + 0.34 16.30 & 0.02 49.00 + 0.21

86:85110080

! Capital letters indicate significant differences between HHC and DHC at the same length of trial according to
the t-Student test, at p = 0.05.

The fatty acid profile in “Henola” HC is highly consistent with that reported by
Mendoza-Pérez et al. [28] in “Henola’ oil (solvent and SSP extraction). Our study showed
that PUFA in HC amounted to 63-72%, while in the Spanish study, PUFA in oil amounted
to 72.4-73.2%. The slightly lower level in our HHC/DHC was likely due to residual oil
levels. MUFA in HC reached 10.1-14.0%, and additionally DHC reached comparable MUFA
levels to the results obtained in oil (14.0-14.6%). Similar in magnitude, the SFA contents for
“Henola’ oil (10.0-10.2%) and “Henola” HC (7.5-11.2%) were accompanied by a significantly
lower SFA content in our DHC (7.5-8.8%).

The results confirm that cold-pressed hemp cake retains a favorable unsaturated fatty
acid profile, closely resembling that of pressed oils. The PUFA content remains high in both
cake and oil, highlighting the value of hemp cake as a functional by-product. The w-6/w-3
ratio is within the optimal nutritional range, supporting the cardiovascular benefits of
hemp-derived lipids.
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3.1.3. Other Food Components

Significantly higher contents of OC, CP, and sugars were attributed to DHC, which

ranged between 33.1% and 37.5% for OC, 41.15% and 42.20% for CP, and 4.70% and 4.83%
for sugars, respectively (Table 4). With HHC, these contents were higher on average by 27.0,
11.3, and 0.36% points. According to several studies, the residual OC in raw hemp seed oil
cake ranges from 7% to 15%, depending on the pressing method and variety [5,7,40,41].

Table 4. Content values (mean =+ s.) of the remaining food components from hemp cake following

the cold extraction of oil from the seeds, cv. “‘Henola’.

Length of
HC Trial &C) (Co/:; ?,Zl)l Sugar (%) (E/OF)
(Month)
1 890 +0.1081 31.40+071B 5.60 + 0.10 290+0.03% 3240+0264
HHC 3 748+ 0768 2839 +0.368B 6.09 & 0.06 3.07+0.028 3135+0754
6 947 + 0288  30.76 £ 0.29B 6.42 +0.23 322+0068 3275+1.104
1 3750+ 0.194 41.15+0.094  6.7540.01 483+0.044 2.00£0.098
DHC 3 3520 + 0494 4140 +0.194 6.50 + 0.05 480+0.024  1.90+0.018B
6 33.10 £ 0382 4220+ 0.07 4 6.30 & 0.02 470 +0.024 190+ 0.02B

87:19098121

! Capital letters indicate significant differences between HHC and DHC at the same length of trial according to
the t-Student test, at p = 0.05.

Residual OC in HC is a key parameter influenced by the efficiency of mechanical
pressing and the presence of hulls. In one of the earliest reports, Callaway [5] noted that
cold-pressed hemp cake typically retains between 7% and 10% oil, depending on extraction
precision. Later, House et al. [11] analyzed several commercially available hemp seed-
derived products and found oil contents ranging from 8% to 12%, highlighting the effect of
the pressing method and seed variety. Galasso et al. [41] reported slightly higher values
(10-15%), particularly in cakes derived from cold pressing with a lower mechanical yield,
emphasizing the limitations of this technique. These findings were further corroborated
by Leonard et al. [40], who cited similar residual oil ranges across various raw hemp seed
cake samples. Our results for HHC and DHC are in agreement with these previous studies,
particularly in the case of HHC (7.5-9.5% OC), which falls within the commonly reported
range for cold-pressed cakes. Additionally, these values are consistent with the findings
from a recent study on the "Henola’ cultivar [28], where defatted cake produced by screw-
press extraction retained approximately 10.7% residual oil. These findings confirm that
cold pressing, even under optimized mechanical conditions, typically leaves a substantial
fraction of oil in the cake matrix, contributing to its energy value and potential functional
applications.

The CP and CF contents in our samples were strongly influenced by the presence
or absence of the seed hull. In the HHC, the CP content ranged from 28.4% to 31.4%,
while CF ranged from 31.3% to 32.8%. These values are in strong agreement with earlier
reports [5,11,39], where raw or minimally processed hemp seed oil cake typically contained
25-35% CP and 27-33% CF. A recent study [28] also reported comparable protein (~31.5%)
and fiber (~28-30%) levels in defatted cakes derived from cold pressing whole seeds of
‘Henola’. Our findings are further corroborated by more recent studies. Shen et al. [42]
demonstrated that proteins extracted from dehulled industrial hemp seeds exhibited signifi-
cantly higher protein purity (up to 93.3%) due to the removal of hull components, affirming
the role of hull removal in increasing the protein concentration and nutritional quality of
hemp seed products. Their work also emphasized that adjusting precipitation pH during
protein extraction substantially impacts the yield and purity of hemp protein isolates, align-
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ing with our observations regarding the benefits of seed dehulling and precise processing
conditions. Additionally, Tufarelli et al. [43] reported positive effects of incorporating hemp
seed cake (HSC) into poultry diets, highlighting improved fatty acid profiles and oxidative
stability in meat, owing to the rich nutritional profile of hemp components. This study
not only underscores the nutritional benefits of hemp seed cakes but also reinforces the
economic and environmental viability of their use as functional ingredients in animal feed.
Similarly, Papatzimos and Kasapidou [44] comprehensively reviewed the utilization of
hemp components, confirming that hemp cake, rich in proteins and essential fatty acids,
significantly contributes to improved nutritional quality in animal products. Their findings,
emphasizing enhanced polyunsaturated fatty acid (PUFA) levels and improved sensory
attributes in products from animals fed with hemp supplements, complement and support
our results. Further supporting these conclusions, Kasula et al. [45] evaluated the nutri-
tional and safety profiles of hemp seed cake, affirming its suitability as a safe, nutrient-rich
ingredient for animal feeds, which can effectively replace traditional protein sources and
significantly enhance animal health outcomes. Similarly, Dong et al. [46] highlighted the
versatility and efficacy of hemp seed proteins in food applications, noting their excellent
functional properties, such as emulsification, foaming, and water-binding capacity, which
are crucial for both animal nutrition and human food industries. Together, these studies
consistently indicate that hemp seed processing methods, particularly dehulling and defat-
ting, substantially enhance protein purity and nutritional value, meaning hemp seed cake
is a highly beneficial ingredient in animal nutrition and functional food applications.

3.2. Content of Nutrients and Antinutritional Substances
3.2.1. Indigestible Carbohydrates and Phytates

Single and double cold pressing (55 °C) of DHC, as well as hot pressing (90 °C),
significantly reduced the levels of total non-starch polysaccharides (T-NSPs) and phytic
acid (UA) when compared to the single cold pressing of HHC (Table 5). Considering the
additional energy input required for heating or double pressing, the single cold pressing
method appears to be both effective and more energy-efficient, while still reducing the
antinutritional load to a safe level. Among all tested variants, hot-pressed DHC showed
the highest protein content (59.72%) and ash (9.46%) but the lowest oil content (20.90%).
In contrast, cold-pressed HHC contained the highest concentrations of antinutritional
substances, with T-NSP exceeding 27% and UA reaching 2.62% of dry matter. This supports
the role of the seed hull as a major reservoir of indigestible carbohydrates and phytates.

Table 5. Content values (mean =+ s,) of nutritional and antinutritional substances in dry matter of
hemp cake, cv. ‘Henola’, depending on the oil extraction process.

QOil Extraction
Process of HC

Content (%) D.M.

1 cold pressing
(55 °C) of DHC
2 cold pressing
(55 °C) of DHC
1 hot pressing
(90 °C) of DHC
1 cold pressing
(65 °C) of HHC

Protein Oil Ash T-NSP UA
4333 +0.06°1 43.93 £0.00 € 6.94 +£0.02° 391 +0.032 1.19 +£0.012
4235 +0.04° 42.37 £0.00 € 6.90 £0.01% 2.70 £0.052 0.81 +0.032
59.72 £0.23 ¢ 20.90 & 0.02 P 9.46 +0.03® 3224+0.047 1.10 £0.022
2995 +0.36 2 1594 £0.022 6.75+0.03 2 2794 +0.48 ¢ 2.624+0.00°

1 Small letters indicate significant difference between processes according to Tukey’s HSD test, at £0.05.

88:23854426

Hemp seeds are known to contain several antinutritional compounds, among which
phytic acid is the most prevalent, reaching levels of up to 22.5 mg/g in whole seeds [47].
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Other constituents include lignin, tannins, and protease inhibitors, such as trypsin in-
hibitors, which have also been detected in hemp seed meal [5]. These substances are
predominantly located in the cotyledons and seed coats. Phytates exert their antinutritional
effect by chelating essential minerals, particularly iron (Fe) and zinc (Zn), thereby reducing
their bioavailability and impairing protein digestibility [48].

From an industrial perspective, hemp seed oil cake is often processed and marketed as
hemp protein meal (HPM) [49] and is increasingly used as a high-protein and energy-rich
feed additive in animal nutrition. Recent studies, including Kasula et al. [45] and Dong
et al. [46], have confirmed the safety and efficacy of hemp seed cake, highlighting its
nutrient-rich composition and absence of significant antinutritional risks when adequately
processed. Kasula et al. [45] specifically emphasized the safety profile of hemp seed cake,
noting negligible levels of antinutritional factors like cannabinoids, mycotoxins, and heavy
metals, which further supports its inclusion in balanced animal diets.

Additionally, bioactive phenolic compounds, such as those identified by Sieger
et al. [50] in cold-pressed hemp oil, exhibit strong antioxidant properties. These com-
pounds may partially counteract the effects of antinutritional substances like phytates,
enhancing the overall nutritional and functional value of hemp-derived products.

While indigestible carbohydrates such as T-NSP may reduce nutrient availability, they
are also considered functional dietary fibers in human diets, contributing positively to
gut health and supporting microbiota activity [51]. In humans, daily phytic acid intakes
of up to 1% of the total diet (250-500 mg/day) are considered safe. Importantly, none
of the analyzed variants in this study exceeded this threshold, suggesting that hemp
cake—including HHC—can be safely incorporated into balanced diets when consumed in
moderation.

3.2.2. Substances from Fiber Fractions

TPC in the tested HCs, expressed in mg of gallic acid equivalents (GAEs), ranged from
0.98 to 2.48 mg GAE/g dry matter (D.M.) (Table 6). These values are lower than the range
reported by Chen et al. [52] (3.9-15.6 mg GAE/g D.M.) and fall within the upper range
observed by Leonard et al. [53]. This suggests that while hemp cake retains a portion of
phenolic compounds, their concentration is highly influenced by the oil extraction method
and the presence or absence of the seed hull. Recent research highlights the growing interest
in hemp seed-derived polyphenols and their associated biological activities [42,53].

Table 6. Content of antinutritional substances from fiber fraction in dry matter of hemp cake, cv.
‘Henola’, depending on the oil extraction process.

QOil Extraction

Content (%) D.M.

Process of HC KL RFO DF PA TPC!

(15;(113)13;6]5;2% 2.80 + 0.0322 1.49 £ 0.00 b 9.39 £ 0.022 1.08 + 0.01 1.96 + 0.00 2
é;%lg)pgfgﬁ‘é 1.99 + 0.032 1.18 +0.00® 6.67 +0.012 1.16 + 0.002 0.98 £ 0.012
(;gfgzefsgﬂfé 2.26 +0.01 2 1.78 £0.02° 8.37 £0.072 141 +0.01° 131 4£0.02°
(15§%lg)p;fe ;ﬁgé 20.62 + 021" 0.63 + 0.02 2 51.81 + 0.24° 1.59 + 0.01 b 248 +0.02°

89:24236670

!'mg GAE g~! D.M. 2 Small letters indicate significant difference between processes according to Tukey’s HSD
test, at p = 0.05.

Among fiber-associated compounds, lignin and phytates—once considered antinutritional—
are now increasingly recognized for their antioxidant properties [43,54]. Specific phenolic amides
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such as lignanamides, including cannabisin A, C, D, and M, exhibit notable antioxidant activity
in DPPH radical scavenging assays, comparable to that of quercetin [55]. Cannabisin B demon-
strates free radical neutralization and induces autophagic cell death in HepG2 liver cells [56].
Additionally, cannabisin Q and several related lignanamides have shown inhibitory effects
on TNF-« release from LPS-induced BV2 microglial cells, indicating possible neuroprotective
potential against neurodegenerative disorders [57].

All DHC products tested in this study were characterized by lower TPC levels
(<1.97 mg GAE/g D.M.) and insoluble dietary fiber contents (DF, 6.67-9.39%) compared to
HHC, which contained 2.48 mg GAE/g D.M. TPC and 51.81% DEF. A significant reduction
in PA content was observed in both single and double cold-pressed DHC variants (1.08%
and 1.16%) compared to hot-pressed DHC (1.41%) and HHC (1.59%). This decrease may
suggest that phenolic acid degradation is more pronounced under cold pressing than at
higher temperatures, potentially due to reduced matrix stability or shorter exposure to
oxidative stress.

3.3. Storage Tests of Hemp By-Products

The results of this study indicate that HCs, due to their relatively high lipid content,
are susceptible to both oxidative and hydrolytic degradation over time. A comparison
between HHC and DHC variants revealed distinct degradation patterns: HHC displayed
higher acid values (AVs), indicating accelerated fat hydrolysis, while DHC exhibited higher
peroxide values (PVs), signaling increased primary lipid oxidation (Table 7). Both types of
cakes maintained acceptable quality during the first 1-3 months post-extraction. However,
by the 6th month, Totox index values exceeded 15 in both HHC and DHC, indicating
significant quality deterioration and reduced suitability for human consumption. These
values were notably higher than those typically observed in soy-based analogs, suggesting
lower oxidative stability of hemp seed-derived by-products under comparable storage
conditions. These findings are consistent with the conclusions drawn by Callaway [5], who
emphasized the vulnerability of hemp seed lipids to oxidative degradation due to their high
content of PUFAs. Furthermore, Siger et al. [50] confirmed that although cold-pressed hemp
seed oil contains natural antioxidants, including phenolic compounds, their concentration
may be insulfficient to fully protect the oil from progressive oxidative degradation over time.
In our study, this was particularly evident in DHC, where peroxide values were higher
despite the absence of hull-derived fiber matrices that could serve as additional antioxidant
reservoirs. From a practical perspective, HHC may be better suited to use in ruminant feeds,
where slower oxidation and a higher fiber content are desirable. DHC, on the other hand,
presents better sensory and nutritional quality for human consumption, especially when
consumed within three months of production. However, its higher oxidative susceptibility
necessitates the application of protective storage strategies, including vacuum sealing and
the elimination of light exposure. These observations contribute to the development of
storage guidelines for hemp-derived food ingredients, highlighting the critical balance
between technological processing (dehulling, pressing), product composition, and oxidative
stability. The presence of the seed hull in hemp cakes was shown to enhance oxidative
stability by reducing the formation of primary oxidation products, as reflected by lower
peroxide values (PVs).

However, it simultaneously promoted lipid hydrolysis, resulting in significantly el-
evated acid values (AVs). This trade-off is consistent with structural and compositional
interactions described in food by-products with high fiber contents. These observations
are supported by the findings of Leonard et al. [58], who emphasized that the physical
architecture of fiber-rich plant by-products, including hulls, can act as both protective

90



Foods 2025, 14, 1605

12 0f 18

91:81281719

barriers against oxygen diffusion and sites of accelerated lipid breakdown due to retained
water and endogenous enzymes.

Table 7. Storage parameters of hemp cakes made from seeds, cv. ‘Henola’, depending on the time
after the oil extraction process.

Length of Trial AV PV Totox

HC (Month) (mg g 1 KOH) (meq O, kg1) ANV Index
1 89041 0.104 3438 3.634

HHC 3 21.93B 0.66 A 6.00 B 7.32 4
6 80.67 B 4124 6.98 A 15.21 4

1 9954 1204 0404 2.804

DHC 3 17.70 & 5.75B 0.824 12.32 B
6 58.00 A 6.79 A 5544 19.12 B

1 Capital letters indicate significant differences between HHC and DHC at the same length of trial according to
the t-Student test, at p = 0.05.

3.4. Storage Test of Hemp Oil

The results of this study revealed that hemp oil (cv. ‘Henola’) is highly susceptible
to chemical degradation during storage. A sharp increase in AV was observed after
three months—from 7.52 to 16.80 mg/g KOH—indicating the release of free fatty acids
and the progression of lipid hydrolysis (Table 8). This increase corresponded to a nine-
fold rise in free fatty acid (FFA) content, from 0.90% to 8.40%, expressed as oleic acid.
Interestingly, the PV, which indicates primary oxidation products, initially decreased
slightly between month one and month three (from 2.28 to 1.80 meq O, /kg). This may be
attributed to the decomposition of hydroperoxides into secondary oxidation products—
a well-documented phenomenon in oil storage studies. By the sixth month, however,
PV doubled to 4.89 meq O,/kg, clearly indicating renewed oxidative activity and the
breakdown of fatty acid structures. Overall, the Totox index, a composite indicator of total
oxidation (TI = 2PV + ANV), rose from 5.05 in fresh oil to 10.73 after six months, exceeding
the acceptable threshold for oil quality and confirming that the product had lost oxidative
stability (Table 8).

Table 8. Storage parameters of hemp oil, ‘Henola’ variety, and total degree of product oxidation.

Length of AV FFA PV
Trial (mg g1 (%) (meq O ANV Totox Index
(Month) KOH) kg1 Oil)
1 7522l 0.902 2283 0.502 5.052
3 16.80 P 8.40P 1.802 0.902 4502
6 19.22b 1.602 4.89b 0.952 10.73 b

1 Small letters indicate significant differences between months for oil trials according to the HSD-Tukey test, at
p=0.05.

Vacuum oven drying (VOD) is an economical method with adjustable drying param-
eters to avoid protein denaturation and loss of bioactive components [59]. The effects of
the drying method on physicochemical, functional, and nutritional properties of HM-PI
were investigated as a first step on the potential of HM-PI as a food ingredient. These
findings are consistent with previous studies that have demonstrated the limited shelf life
of cold-pressed hemp seed oil, particularly due to its high content of PUFAs, which are
prone to both hydrolytic and oxidative degradation. Their study highlighted that mild
drying conditions (e.g., low-temperature convection or VOD) preserved lipid integrity and
minimized free fatty acid release, whereas more aggressive treatments resulted in increased
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acid values and peroxide accumulation, both of which are consistent with the degradation
patterns observed in our stored hemp oil samples. Debedas et al. [60] also emphasize that
cold pressed oils are quite susceptible to oxidation, easily initiated by factors such as light
and temperature. During processing and storage as food, the oxidative stability of such
oils is of great importance to ensure that the final product is healthy and safe throughout
its shelf life. The current work, together with previous findings, reinforces the notion that
hemp seed-derived lipid fractions are highly sensitive to environmental and processing
stress. As such, maintaining low-oxygen, low-temperature storage conditions—in combina-
tion with optimized post-extraction handling—is critical to preserving product quality and
extending the shelf life [61]. Given the observed instability after three months, hemp oil
should be marketed and consumed promptly after extraction, and product labeling should
clearly reflect expiration timelines and storage recommendations [62].

3.5. Microbiological Status of Hemp By-Products

The microbiological status of hemp seed cakes was evaluated over a six-month storage
period to assess hygienic safety and potential shelf-life implications. Overall, the results
indicate that the microbial quality of both HHCs and DHCs remained within acceptable
safety limits during storage (Table 9). In HHC, a gradual increase in the total count of
MAM was observed—from <100 cfu/g at baseline to 9980 cfu/g after six months. A similar
trend was noted for Y&M, which reached 279 cfu/g. This increase is likely attributed to
residual fungal spores and aerobic bacteria colonizing the outer hull, which may act as a
microenvironment favorable to microbial persistence.

Table 9. Colony forming unit (cfu g~ ') increase in microbiological activity in hemp cakes.

HC Month altvggl(\!lc Coli Y&M Enterobacteriaceae CPS Salmonella
1 <100 <10 <10 <10 <10 nd!
HHC 3 240 <10 <100 <10 <10 Nd
6 9980 <100 279 <50 <10 Nd
1 <100 <10 <10 <10 <10 Nd
DHC 3 <100 <10 <100 <10 <10 Nd
6 1000 <10 <100 <10 <10 Nd

92:10140465

1 Not detected.

Despite the moderate microbial growth in HHC, all measured values remained below
internationally accepted safety thresholds. No coliforms, coagulase-positive staphylococci
(CPS), or Enterobacteriaceae were detected at levels above the detection limit at any time
point, and Salmonella spp. was not detected in any sample. In contrast, DHC products
exhibited excellent microbiological stability. Across the entire storage period, MAM counts
remained consistently low (<1000 cfu/g), and Y&M counts did not exceed 100 cfu/g.
No indicator or pathogenic bacteria were detected in DHC samples. The microbiological
stability of food industry by-products such as oilcakes is dependent on many factors,
including moisture content, storage conditions, and the presence of natural antibacterial
compounds. Although specific research on hemp oilcakes is limited, analyses of other
cold-pressed oils suggest that the presence of natural antioxidants may also contribute to
inhibiting the growth of some microorganisms [61]. Although data for hemp cakes are
limited, Parry et al. [63] showed that the phenolic content of berry seed oils affects not only
antioxidant properties but also microbial growth inhibition. Analogous mechanisms may
occur in hemp cakes, especially when they contain residual amounts of fat rich in bioactive
compounds.
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3.6. Sensorial Analysis

The sensorial quality of hemp seed cakes was evaluated at 1, 3, and 6 months of
storage using a trained three-member panel under standardized laboratory conditions. The
evaluated parameters included general appearance, consistency, color, and odor. Across all
time points, both HHC and DHC maintained favorable and stable organoleptic properties
(Table 10). Both product types exhibited a loose, free-flowing texture, with no evidence of
caking or clumping. Color remained stable throughout storage: HHC retained a grayish-
brown hue, while DHC maintained a lighter beige tone. In terms of smell, DHC was
perceived as more aromatic and herbaceous, while HHC exhibited a milder, plant-based
aroma. These results support the conclusion that hemp cake is organoleptically stable over
six months under appropriate storage conditions.

Table 10. Sensorial characteristics of hemp cakes during storage.

HC Month General Consistency Color Smell
Appearance
Clean, uniform, Drv loose
HHC free of Y, 008¢ Grayish-brown Mild, plant-based
. non-caking
contamination
No visual change Stable Stable Slight fading of
aroma
No visual change Stable Stable still a'ccepta'b le, low
intensity
Clean, uniform, Dry, loose Fresh, aromatic
DHC no visible Y, 7008€, Beige . !
o non-caking herbaceous
contamination
No visual change Stable Stable Maintained strong
aroma
No visual change Stable Stable Aromatic Intensity

preserved

93:10555492

Studies on cold-pressed oils indicate that the presence of natural antioxidants can
affect the sensory profile of the product, giving it a characteristic aroma and taste. However,
a high content of polyunsaturated fatty acids can lead to a faster deterioration of sensory
characteristics due to oxidation processes [64]. Similarly, Karamac¢ et al. [65] found that
hulls in oilseed residues can help delay sensory degradation by contributing phenolic
compounds with antioxidant activity. Moreover, Matthdus and Briihl [66] emphasized that
cold-pressed oilseed co-products retain their natural aroma and taste when stored away
from light and oxygen—conditions that were met in this study. The fact that both HHC and
DHC maintained a consistent sensory quality over time further supports their application
as functional and shelf-stable food ingredients. From a microbiological perspective, no
spoilage-related odors or discoloration were detected in any of the samples, which aligns
with the results of the microbial assays and reinforces the sensory findings.

4. Conclusions

This study provides the first comprehensive evaluation of the long-term storage
stability and nutritional dynamics of dehulled and hulled hemp cakes derived from the
‘Henola’” variety under real storage conditions. The comparison of processing variants
revealed significant differences in protein content, fiber levels, oxidative resistance, and
microbial safety. Dehulled hemp cake (DHC) proved especially promising due to its high
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nutritional density and superior shelf-life characteristics. The results provide a scientific
basis for the development of hemp-based food supplements or animal feed formulations,
particularly where shelf stability and nutritional density are crucial. This study highlights
the significant impact of seed dehulling and processing conditions on the nutritional
and functional value of hemp seed cake. Dehulled hemp cake (DHC) demonstrated
superior protein and oil contents, reduced fiber and antinutritional compounds, and greater
microbiological stability during storage. In contrast, hulled hemp cake (HHC) offered a
higher dietary fiber content and slower primary lipid oxidation, suggesting its potential
use in high-fiber food or feed products. Both types of hemp cake maintained organoleptic
stability over a six-month period, supporting their suitability for shelf-stable formulations.
Given the favorable fatty acid profiles, safe microbial status, and versatile macronutrient
composition, cold-pressed hemp seed cake—particularly DHC—represents a valuable
co-product for the development of functional foods, high-protein formulations, or feed
supplements. Further research should explore its bioactive compound retention and
consumer acceptability in final products.

5. Patents

[P] A. Wenda-Piesik., K. Ambroziak. “Method of producing protein-energy products
based on oil seeds derived from soybean and hemp seeds’. The application was numbered:
P.450940.
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Featured Application

The developed dual production model allows for the scalable manufacturing of protein-
rich, expanded soybean cake (ESC) from non-GMO soybeans under semi-organic cultiva-
tion. The ESC product can be applied in clean-label, extruded foods, functional nutrition,
hybrid protein formulations, and specialized feed systems aligned with EU Green Deal
objectives.

Abstract

The diversification of plant protein sources is a strategic priority for European food sys-
tems, particularly under the EU Green Deal and Farm to Fork strategies. In this study,
dual production of full-fat soy (FFS) and expanded soybean cake (ESC) was evaluated
using non-GMO soybeans cultivated under semi-organic conditions in Central Poland.
Two agronomic systems — post-emergence mechanical weeding with rotary harrow weed
control (P1) and conventional herbicide-based control (P2) —were compared over a four-
year period. The P1 system produced consistently higher yields (e.g., 35.6 dt/ha in 2024
vs. 33.4 dt/ha in P2) and larger seed size (TSW: up to 223 g). Barothermal and press-as-
sisted processing yielded FFS with protein content of 32.4-34.5% and oil content of 20.8—
22.4%, while ESC exhibited enhanced characteristics: higher protein (37.4-39.0%), lower
oil (11.6-13.3%), and elevated dietary fiber (15.8-16.3%). ESC also showed reduced anti-
nutritional factors (e.g., trypsin inhibitors and phytic acid) and remained microbiologi-
cally and oxidatively stable over six months. The semi-organic P1 system offers a scalable,
low-input approach to local soy production, while the dual-product model supports cir-
cular, zero-waste protein systems aligned with EU sustainability targets.

Keywords: non-GMO soybean; semi-organic farming; barothermal processing; expanded
soybean cake; protein functionality; oxidative stability; circular protein systems; EU
Green Deal

1. Introduction

The diversification of plant protein sources in the European Union (EU) has become
a strategic imperative in response to sustainability goals and the need for food system
resilience. Replacing 50% of imported soybean meal would require approximately 6.6
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million hectares of arable land to be reallocated from other crops, with Poland alone pro-
jected to expand soybean cultivation by 0.5 million hectares [1,2]. In the context of the
European Green Deal and the Farm to Fork Strategy [3], the European Union promotes
crop diversification—including soybean—as a key tool to enhance biodiversity and soil
health, and to reduce dependency on synthetic pesticides and imported feedstocks. These
policy frameworks emphasize the strategic role of protein crops in transitioning toward
resilient and sustainable food systems. As noted in the 2024 European Parliament report
[4] on input dependency on organic soybean imports, the EU imported approximately
192,000 tons of organic soybeans in 2022, primarily from non-EU countries such as
Ukraine, Togo, and China. This dependency poses risks to supply stability, especially un-
der global trade disruptions and geopolitical crises. The Institute for European Environ-
mental Policy further highlights that soybeans and other protein crops currently cover
less than 3% of EU arable land. Expanding domestic soybean cultivation is therefore cru-
cial to reduce Europe’s reliance on imported protein sources and to align agricultural pro-
duction with agroecological and climate objectives under the Green Deal [4,5].

Soybean (Glycine max), characterized by its high protein yield per hectare and favor-
able nutritional profile, is increasingly viewed as a cornerstone crop for achieving Euro-
pean protein self-sufficiency. Central and Eastern European regions, including Poland,
offer significant potential for soybean cultivation, provided that agro-climatic constraints
are carefully addressed. According to Debaeke et al. [3], understanding the local agro-
climatic constraints and designing location-specific cropping systems is crucial for devel-
oping resilient soybean production systems in new European zones.

Integrating soybean into locally tailored cropping systems offers a dual advantage:
decreased dependence on imported feedstocks and improved environmental sustainabil-
ity [6]. In this context, the promotion of non-GMO and ecologically suited soybean culti-
vars is gaining momentum, addressing both consumer demand and policy ambitions.
However, as Purnhagen et al. [7] emphasize, the coexistence of strict biotechnology regu-
lations and sustainability goals poses regulatory and agronomic challenges. Field-based
approaches, exemplified by this study, provide actionable strategies for reconciling these
policy objectives.

Soybean cultivation is constrained by agro-climatic factors such as shortened grow-
ing seasons, summer droughts, and regional photothermal limitations. These conditions
necessitate the adoption of location-specific agronomic practices, early-maturing culti-
vars, and non-GMO varieties suited to temperate environments. Expanding soybean cul-
tivation northward into temperate regions requires refinement of agronomic practices [8].
Our study addresses this premise by evaluating non-GMO, full-fat soybean cultivation
under contrasting cropping systems in Central Poland. Aligning sowing dates and culti-
var maturity with regional photothermal profiles remains essential for yield optimization,
especially under summer drought and shortened vegetative seasons.

Klaiss et al. [9] highlight that such demand brings agronomic challenges, particularly
in weed control and nitrogen management within organic and low-input systems. Our
research addresses these challenges through a semi-organic cropping system that elimi-
nates herbicides and incorporates mechanical weed control.

Tataridas et al. [10] advocate integrating mechanical tools, crop rotation, and cover
crops to suppress weed populations in accordance with Green Deal principles. Similarly,
Winkler et al. [11] report that conservation tillage and biodiversity-driven management
can shift weed composition toward more controllable species. Recent glyphosate-alterna-
tive reports [12] and smallholder studies [13] further confirm the viability of non-chemical
weed suppression strategies.

The aim of this study was to evaluate the technical feasibility and nutritional value
of producing two soybean-based ingredients—full-fat soy (FFS) and expanded soybean
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cake (ESC)—using a continuous barothermal processing system applied to non-GMO soy-
beans cultivated under semi-organic conditions in Central Poland.
The specific objectives of this study were to

(i) Compare the agronomic performance and seed composition under semi-organic (P1)
and conventional (P2) weed control systems.

(ii) Evaluate the nutritional, functional, and anti-nutritional properties of full-fat soy
(FFS) and expanded soybean cake (ESC) produced via barothermal processing.

(iii) Assess the storage stability, oxidative safety, and microbiological quality of both
products during shelf-life under ambient conditions.

It was hypothesized that barothermal-pressing combined with semi-organic cultiva-
tion would produce stable, nutritionally valuable soy ingredients suitable for circular food
and feed systems aligned with EU Green Deal priorities.

2. Materials and Methods
2.1. Field Experiment and Sample Collection

Soybeans (non-GMO) were cultivated in experimental plots located in Central Po-
land, under semi-organic conditions aligned with Green Deal principles. After harvest,
mature soybean seeds were cleaned and stored under controlled temperature and humid-
ity prior to processing and analysis.

2.1.1. Design and Location

Field experiments were conducted from 2021 to 2024 in Brodnica County, Kuyavian-
Pomeranian Voivodeship, Poland (GPS: 53.1912 N, 19.4337 E). The soil was classified as
quality class IV, with a granulometric composition of >1.0 mm: 5%, 1.0-0.1 mm: 52%, 0.1-
0.02 mm: 22%, and <0.02 mm: 21%. Soil pH (1 M KCl) ranged from 6.4 to 6.6. Available
nutrients included P20s: 27.3-42.0 mg/100 g, K20: 13.6-20.2 mg/100 g, and Mg: 4.1-6.2
mg/100 g. Organic matter content remained between 1.42% and 1.51%.

Five randomized blocks (each 0.172 ha) were established, with 2 x 2 m microplots
replicated five times per treatment. The total cultivated area was 4 ha.

2.1.2. Climatic Conditions

Meteorological data were recorded using an automated weather station throughout
the April-October growing seasons. Rainfall ranged from 525.5 mm to 561.5 mm, with
notable variability in May precipitation (Figure 1). Mean temperatures varied from 6.2 °C
in April to over 21 °C in July/August. The driest year was 2024 (8 mm rainfall in May),
potentially influencing crop development and yield.
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Figure 1. Distributions of total precipitation and average temperature values during the study years.

2.1.3. Plant Material and Agronomic Practices

The early-maturing ‘Abaca’ soybean variety (Saatbau) was used. This cultivar was
selected due to its short vegetation cycle, high fat content (~22.7%), and moderate protein
levels (~36.2%), which make it particularly suitable for temperate Central European agro-
climatic conditions. Additionally, ‘Abaca” has demonstrated reliable performance under
drought-prone summer periods and offers favorable processing characteristics for both
full-fat soy and oil-extracted products. Soybeans were sown at a density of 70 seeds/m?
using a disc seeder (Agro Masz SN300, Strzelce Mate, Poland) (row spacing: 24 cm; depth:
2.5-4.5 cm). Fertilization (P + K + Ca, Mg, S) was applied uniformly (350 kg/ha annually).
Herbicide regimes varied annually, with increasing reliance on mechanical weeding (P1)
versus conventional chemical protection (P2).

P1 (semi-organic): post-emergence weed control was carried out mechanically twice per
growing season using a rotary harrow. Herbicides were used only in pre-emergence
stages and limited post-emergence applications, aligned with semi-organic practice stand-
ards.

P2 (conventional): Weed control relied exclusively on chemical herbicides, with both pre-
emergence and multiple post-emergence applications. No mechanical interventions were
applied in this system.

In both systems, metribuzin and S-metolachlor were used for pre-emergence control
(replaced in 2024 by petoxamide + clomazone due to regulatory changes). Post-emergence
treatments included bentazon + imazamox as needed (Table 1).

101



Appl. Sci. 2025, 15, 8154

5 of 21

Table 1. Summary of agronomic practices for soybean cv. “Abaca’ cultivation from 2021 to 2024,

including herbicide regimes, mechanical weeding, and key dates.

Pre-Emergence Post-Emergence Mechanical .
Y Treat t Date H t Dat
ear reatment  y bicides (gha) Herbicides (zhal)  Weeding °Vin8 Date HarvestDate
buzin 2 N
P1 Metribuzin 200 + 5 None 2x 11 May 30 October
2001 metolachlor 960
Metribuzin 200 + S-
P2 metolachlor 960 None None 11 May 30 October
P1 Metribuzin 200 + S- 1x Bentazon 600 + Ima- o 05 May 1 October
2022 metolachlor 960 zamox 28
Metribuzin 200 + S- 1x Bentazon 600 + Ima-
P2 metolachlor 960 zamox 28 None 05 May 1 October
P1 Metribuzin 200 + S- 2x Bentazon 300 + Ima- o 22 April 22 September
2003 metolachlor 960 zamox 14
Metribuzin 200 + S- 2x Bentazon 300 + Ima- .
P2 metolachlor 960 zamox 14 None 22 April 22 September
Metribuzin 240 +
4x B 1 Ima-
P1 Clomazone 48 + Pe- entzzz?oxio +ima 2x 27 April 9 September
toxamide 800
2024 .
Metribuzin 240 + 4x Bentazon 150 + Ima
P2 Clomazone 48 + Pe- Jamox 7 None 27 April 9 September

toxamide 800

102:47864211

2.1.4. Sampling and Biometric Data Collection

Post-emergence and pre-harvest plant density (plants per m?), plant height (cm), and
pod number per plant were recorded. Ten plants per treatment were sampled for bio-
metric traits. Yield was calculated at 13% moisture content. Thousand seed weight (TSW,
g) was measured in triplicate.

2.2. Laboratory Analysis of Soybean Seeds

Seed samples were analyzed using near-infrared reflectance spectroscopy (NIRS) on
a FOSS Infratec NOVA analyzer (Hillerad, Denmark) following the PN EN ISO 12099:2017
standard [14]. Total protein, oil content, moisture, and bulk density were assessed. Addi-
tionally, raw seeds were analyzed for trypsin inhibitor activity (TIA) and protein solubil-
ity in water and potassium hydroxide (KOH-SP). All analyses were conducted in accred-
ited laboratories, ensuring methodological reliability and data integrity.

2.2.1. Processing of Soybean Seeds

The entire barothermal processing line, including optional oil pressing, is presented
in Figure 2, with key physico-chemical changes summarized in Table 2. This continuous
system ensured reproducible production of FFS and ESC under controlled time-temper-
ature profiles.

102



Appl. Sci. 2025, 15, 8154

6 of 21

103:11070151
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Roller Mills
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— e —
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Figure 2. Schematic representation of the continuous barothermal processing system for soybean

seeds.

The technological process described in Table 2 represents a simplified flow of a con-
tinuous, steam-assisted processing line. The longest and most critical phase involves soy-
bean exposure to barothermal conditions in a hydrothermal reactor. Our internal optimi-
zation trials demonstrated that thermolabile anti-nutritional compounds—especially
trypsin inhibitors (TTA), used as an inactivation marker—are most effectively reduced
during the steam saturation phase (13.3 min at 95-98 °C), where water and steam create a
buffered thermal environment. While elevated temperatures are known to cause some
degree of protein denaturation, the presence of moisture in this system plays a protective
role, preventing overheating and structural degradation. Under these controlled condi-
tions, we achieved maximum PDI (Protein Dispersibility Index) values while significantly
reducing TIA. Furthermore, optional screw pressing of the expanded FFS fraction contrib-
uted to further TIA reduction, albeit at the cost of moderately lowered protein solubility
(PDI). This balance between TIA inactivation and protein preservation was a key design
objective of the barothermal process.

To reduce the oiliness of the final product, modifications were introduced after pre-
liminary drying, directing the soy expandant to screw pressing, followed by further dry-
ing and structuring. The soybean processing described in this study was conducted on a
pilot-scale industrial line operated by Agrolok Sp. z 0.0. (Poland), a private-sector partner
in the national Industrial PhD Program (“doktorat wdrozeniowy”), of which this publica-
tion is a direct outcome. The company collaborated on the design, execution, and technical
validation of the ESC and FFS production processes.
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Table 2. Processing stages, durations, and temperature conditions in the barothermal and press-

assisted modification system for soy products.

Physico-Chemical

t Durati i T t °
Stage uration (min) emperature (°C) Transformation
Particle si ion (4—
Crushing on roller mills 0.1 15-20 article size reduction (4-6
fragments per seed)
Aspiration with rotary sieve 0.7 15-20 Husk removal
Conditioning (water + steam) 0.3 80-85 Moisture mc;legase and mix-
Inactivati ‘ T inhibi
Steam buffering (saturation) 13.3 95-98 hactivation Ct)O:;‘ypsm inhibi
Pressure expansion 0.5 120-135 Gelatinization, cell rupture
Drying 16 120 — 60 Moisture reduction to ~10%
Optional screw pressing 1.5 ~80-120 Fat removal *
Protein stabilizati icro-
Cooling 8.0 60 - 35 ro en.l S ab.1 ization, micro
biological control
. . Compaction and fraction
Mechanical structuring 0.2 35— 30

uniformity

104:10429708

# Only applied in ESC production pathway.

2.2.2. Chemical Composition and Analytical Procedures

The analytical procedures for chemical composition, fatty acid profile, dietary fiber,
and anti-nutritional factors were conducted as described in our previous work (Am-
broziak & Wenda-Piesik, 2025) [15], using accredited laboratory protocols compliant with
PN-EN ISO and AOAC standards. For detailed methods, instrumentation, and calibration
procedures, see Ambroziak & Wenda-Piesik [15]. The following determinations were per-
formed:

Crude Protein (CP): Kjeldahl method (PN-EN ISO 20483:2007).

Oil Content (OC): Soxhlet extraction (PN-EN ISO 734-1:2007).

Crude Fiber (CF): PN-EN ISO 6865.

Moisture and Ash: Gravimetric methods.

Fatty Acid Profile (SFA, MUFA, PUFA, n-3, n-6): PN-EN ISO 12966-1:2015 + AC:2015 +
ISO 12966-2:2017.

Total and Digestible Carbohydrates: Subtraction method according to Regulation (EU) No
1169/2011 and EC No 152/2009.

Additional compounds:

Dietary Fiber (DF): AOAC 985.29.

Non-Starch Polysaccharides (NSP): GC per Englyst & Cummings, AOAC 994.13.
Klason Lignin (KL): AACC 32-25.

Uronic Acid (UA): Colorimetric method.

Raffinose Family Oligosaccharides (RFO): GC method.

Phytic Acid (PA): Haug & Lantzsch method.

Total Phenolic Content (TPC): Folin-Ciocalteu assay.

The barothermal-pressing system operated under carefully controlled conditions to
ensure both microbial safety and nutrient preservation. During the steam-buffering and
expansion phases, material was exposed to temperatures ranging from 95 to 135 °C, with
transient internal pressure buildup reaching approximately 0.8-1.2 MPa. These thermal-
pressure conditions were sufficient to inactivate anti-nutritional factors such as trypsin
inhibitors while preserving the solubility and functional integrity of protein fractions. Ad-
ditionally, the moderate residence time (~14 min cumulative) minimized nutrient
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degradation and supported the retention of dietary fiber and polyunsaturated fatty acids.
Post-expansion drying and optional pressing further concentrated the protein and fiber
content, particularly in the ESC fraction. For detailed procedures and instrument calibra-
tion, see Ambroziak & Wenda-Piesik [15].

2.2.3. Storage Stability Assessment

FFS, ESC, and oil were stored for 1, 3, and 6 months under ambient, light-protected
conditions. Evaluations included:

Lipid oxidation indices: Peroxide Value (PV), Anisidine Value (AV), Totox Index
(2PV + AV).

Microbiological safety: Mesophilic Aerobic Microorganisms (MAM), Coliforms, En-
terobacteriaceae, Staphylococcus aureus (CPS), Salmonella spp., yeasts, and molds.

All analyses followed PN-EN ISO standards.

2.3. Statistical Analysis

Data were tested for normal distribution (Shapiro-Wilk test). Square-root transfor-
mations were used where applicable. One-way or two-way ANOVA (p = 0.05) was ap-
plied, followed by Tukey’s HSD post hoc test (p = 0.05). Statistical analyses were per-
formed using Statistica 13.1.

3. Results and Discussion
3.1. Agronomic Performance Under Semi-Organic and Conventional Systems

Soybeans cultivated under the P1 system consistently demonstrated higher plant
height and pod number, likely due to enhanced vegetative development supported by
mechanical weeding and optimal sowing timing (Table 3). These findings align with
Karges et al. [8], who emphasized the need for aligning sowing date and cultivar maturity
with regional photothermal conditions. In our study, the mechanical disturbance associ-
ated with rotary weeding may have promoted compensatory pod development, con-
sistent with reports by Toleikiene et al. [16].

Table 3. Agronomic parameters (mean + SE) for soybean cv. “Abaca’ cultivated from 2021 to 2024.

Post-Emer- Pre Harvest Plant Height Seed Yield
genc.e Density Number of at Maturity Converted
Year Treatment Density (Plants Per Pods Per Stage to 13% TSW (g)
(Plants Per , Plant Moisture (dt
m?) (cm)
m?) ha)
2021 P1- 55.10+£2.20%* 50.20+2.002 2990+3.05= 7490+11.30= 30.20+0.202 223.20+5.12
P2 62.30+2.49a 4880+1.962 31.00+3.202 70.50+12.02> 28.60+0.20> 201.30+5.40°
2022 P1 49.60+1982 48.60+1.942 3030+2.852 60.90+8.802 21.20+0.142 192.60+4.80¢
P2 50.20+2.002 43.80+1.75b 27.10+3.10°® 60.30+7.602 20.40+0.152 180.70+4.30°
2023 P1 52.40+2.092 50202002 3050+4.122 7490+7.19=2 30.40+0.222 215.10+4.80
P2 53.60+2.142 49.30+1972 30.60+4.00= 71.90+830» 27.20+021 205.30+4.60°
2024 P1 58.20+2.32 5740+2302 36.50+3.602 87.70+12402 35.60+0.202 220.70+5.302
P2 62.40+2492 5770+2302 34.40+3.18> 81.90+13.10> 33.40+0.20> 215.40+5.102

105:32152729

* P1—post-emergence mechanical weeding with rotary harrow, P2—conventional herbicide-based
weed control without mechanical weeding. *—small superscript letters (a, b) indicate significant
differences between P1 and P2 within each year according to Tukey’s HSD test (p = 0.05). TSW —
thousand seed weight.
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Although P2 plots initially showed higher post-emergence plant density in certain
years (2021, 2024), P1 maintained superior pre-harvest density and yield across most sea-
sons. In 2022 and 2024, low rainfall in May (36.5 mm and 8.0 mm, respectively) and higher
temperatures disrupted early development. This likely shortened the R1-R7 phase, limit-
ing assimilate accumulation and pod filling. Conversely, cooler, wetter conditions in 2021
and 2023 supported prolonged phenological stages, aligning with higher yields, especially
under the P1 cultivation system. The lowest yields were observed in 2022, coinciding with
delayed sowing and drought during flowering. Drought and elevated temperatures neg-
atively impact nodulation and biological nitrogen fixation [17,18]. Our results corroborate
this, showing yield suppression during critical phenophases. Otherwise, year 2023 and
2024 showed yield recovery due to earlier sowing and better rainfall distribution [19,20].
Yield variability from 2021 to 2024 reflects strong climatic influences on soybean develop-
ment. Setiyono et al. [20] emphasized temperature and daylength as key drivers of phe-
nology, with elevated temperatures accelerating development and reducing yield poten-
tial if critical phases like flowering or seed filling are shortened. Matthews et al. [21] ob-
served similar outcomes in temperate zones under fluctuating moisture regimes. In 2021
and 2024, the yield gap between P1 and P2 reached 1.5 to 2.0 dt/ha (Table 3). The use of
mechanical weed control also contributed to higher thousand-seed weight (TSW), espe-
cially in dry years like 2024. The P1 system, combining mechanical weeding and increased
sowing precision, effectively suppressed weed infestation without post-emergence herbi-
cide use. This is in line with the findings of Tataridas et al., [10] and Winkler et al., [11]
who supported mechanical solutions as glyphosate alternatives under EU Green Deal con-
straints. Advances in Al-powered weed detection offer future opportunities for automa-
tion of mechanical weeding [22].

3.2. Nutritional Composition of Soybean Seeds

The proximate composition of raw soybean seeds harvested from both agronomic
systems during 2021-2024 is presented in Table 4.

Table 4. Composition (mean + SE) of raw soybean seeds (cv. “Abaca’) under two weed control sys-
tems from 2021 to 2024.

Year Treatment Crude Protein Oil Content Water Bulk Density Admixture
(%) (%) (%) (kg hL) (%)
2091 P1- 33.14+£1.122* 18.97 +0.67 2 13.23+0.42 2 69.70£4.70 2 1.01£0.022
P2 33.32+£1.302 18.65+0.72 2 13.37+0.37 2 65.52+5.10" 0.66 +0.04°
2022 P1 32.00£0.96 2 20.11£0.552 13.31+0.34 2 69.85+£6.112 1.15£0.042
P2 32.64+£1.062 19.50 + 0.60 2 13.05+0.27 69.52£5.802 1.12£0.03 2
2023 P1 33.51+£1.07a 19.28 +0.64 2 12.97 +0.30 70.86 £6.952 1.10£0.022
P2 3412+1.322 18.90 + 0.69 @ 12.60 +0.32 7048 +7.14 2 1.13 £0.02 2
2024 P1 32.52+1.142 20.02 £0.58 2 12.46 +0.33 71.13£8.022 1.09£0.04 2
P2 32.53+1.17a 20.05+0.62 2 11.78 +0.33 > 70.03+7.802 1.06 £0.04 2

106:10757087

2 P1—post-emergence mechanical weeding with rotary harrow, P2—conventional herbicide-based
weed control without mechanical weeding. *—small superscript letters (a, b) indicate significant

differences between P1 and P2 within each year according to Tukey’s HSD test (p < 0.05).

Crude protein (CP) levels remained relatively stable, ranging from 32.00% to 34.12%,
with no statistically significant differences observed between the P1 (semi-organic) and
P2 (conventional) treatments (p > 0.05). These results are consistent with prior multi-site
evaluations of non-GMO cultivars under Central Polish conditions, where the protein con-
tent for ‘Abaca’ ranged from 39.6% to 42.8% depending on seasonal hydrothermal
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conditions [23]. In the present study, lower protein levels may reflect partial drought ex-
posure during key vegetative phases, especially in 2022.

Oil content (CO) exhibited minor inter-annual variation, ranging from 18.65% to
20.11%. While oil levels tended to be slightly higher under P1 management in certain years
(e.g., 2022 and 2024), differences were generally non-significant. These oil concentrations
confirm the suitability of “Abaca’ for both full-fat soy processing and oil extraction, as also
supported by prior cultivar screenings [23]. Interestingly, our earlier research highlighted
that oil content in soybean can be sensitive to hydrothermal variability, with drier seasons
sometimes yielding elevated oil concentrations due to altered seed filling dynamics.

Moisture content at harvest ranged from 11.78% to 13.37%, reflecting proper harvest
timing and consistent post-harvest drying. A small but statistically significant moisture
reduction was observed in P2 during 2024 (p < 0.05), potentially linked to field microcli-
mate variability and plant maturity differences.

Bulk density values ranged between 65.52 and 71.13 kg hL-1, with slightly higher val-
ues under P1 conditions, suggesting improved kernel development in mechanically
weeded plots. Bulk density is an important indicator for storage stability and processing
efficiency, with values above 68 kg hL™! generally meeting industrial processing standards
[24,25].

Seed admixture content ranged from 0.66% to 1.15%. The slightly elevated admixture
levels observed under P1 conditions may reflect minor mechanical seed coat damage in-
duced by rotary hoeing and the absence of chemical desiccation prior to harvest [10]. De-
spite these differences, all admixture levels remained well within commercial acceptance
limits for food-grade soybeans [26].

Taken together, these findings confirm that both cultivation systems maintained high
compositional stability of soybean seeds. Importantly, the semi-organic P1 approach pre-
served seed quality while offering potential agroecological benefits, in line with EU Green
Deal and Farm to Fork policy objectives. The convergence of results between the current
experiment and our earlier field phenotyping study [23] reinforces the suitability of ‘Ab-
aca’ as a robust cultivar for Central European non-GMO soybean production.

The chemical composition of the processed soy products, full-fat soy (FFS), and ex-
panded soybean cake (ESC), obtained from the barothermal and press-assisted processing
system, is summarized in Table 5. The pressing stage significantly altered the nutrient
profile of the products, yielding two distinct matrices suitable for different food and feed
applications.

Table 5. Nutritional composition (mean + SE) of full-fat soy (FFS) and expanded soybean cake (ESC)
produced via barothermal processing, 2022-2024.

107:11396261

Characteristic 2022 2023 2024
FFS ESC FFS ESC FFS ESC
Qil content (%) 20.79+0.352* 1156 +0.56°P 21.35+0.254 13.33+051 2240+0542 12.05+0.25°P
Crude protein (%) 3448 +0.58" 38.98+0.682 34.30+0.90 P 3757+022a 3240+0.67b 3740+0.402
Ash (%) 482+0.102 499+0.112 5.05+0452 550+0.13a 5.10+0.352 5.05+0.152
Sugar (%) 923+0.24°> 1098+0.15= 8.75+0.05° 10.83+0.23a  7.80+0.16> 10.75+0.25=
Crude fiber (%) 5,57 +0.42° 6.49+0.11 2 5.65+0.352 5.88+0.28 2 540+0.31° 6.10+0.50 2
Dietary fiber (%) 13.63+1.36> 16.19+0.37= 14.30+0.30> 15.84+0.542 14.00+0.65°> 16.30+0.904
TOT Carb (%) 43.70+1.082 31.48+0091° 37.80+0.204 31.64+0.90° 43.00+0.672 31.10+x2.10°
Dig Carb (%) 12.81£0.25> 22.84+1.90- 13.35+£0.25° 19.03+1.672 1420+0.23> 19.35+0.952
EV (kcal 100 g) 41025412 379.4+502> 4165+13502 380.5+6.70° 432.0+£9.04> 389.5+0.50°P
Water (%) 11.93+042a 12.13+0.16 2 12.35+0.05 10.70+0.402 1250+0.05a 10.20+0.10
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*—small superscript letters (a, b) indicate significant differences between FFS—full-fat soya and
ESC—expanded soybean cake within each year according to Tukey’s HSD test (p < 0.05). TOT
Carb—total carbohydrates, Dig Carb—digestible carbohydrates, EV—energy value.

Crude protein (CP) content was significantly higher in ESC, ranging from 37.40% to
38.98%, compared to 32.40% to 34.48% in FFS (p < 0.05). This increase reflects the protein
concentration effect resulting from partial fat removal during the mechanical pressing
stage. Similar protein concentration patterns have been reported in previous processing
studies on plant-based protein concentrates [15,27].

Qil content (OC) was strongly reduced in ESC due to the press-assisted processing
step, ranging from 11.56% to 13.33%, while FFS retained oil levels between 20.79% and
22.40% (p < 0.05). The oil reduction in ESC supports its applicability for protein-rich for-
mulations where excessive lipid content is undesirable, such as extruded protein snacks
or feed pellets.

Total sugar content was moderately higher in ESC (10.75-10.98%) compared to FFS
(7.80-9.23%). This may reflect partial concentration of water-soluble carbohydrates during
oil extraction and post-expansion drying. Crude fiber (CF) content also increased slightly
in ESC (5.88-6.49%) relative to FFS (5.40-5.65%), contributing to improved dietary fiber
fractions.

Dietary fiber (DF) content reached 15.84-16.30% in ESC, significantly higher than the
13.63-14.30% observed in FFS. This increase may offer functional benefits for both feed
digestibility and food applications targeting glycemic control and satiety [28,29].

Total carbohydrate (TOT Carb) content was consistently higher in FFS (37.80-
43.70%), while ESC exhibited lower totals (31.10-31.64%), again reflecting compositional
shifts following lipid extraction. Conversely, digestible carbohydrates (Dig Carb) were
significantly elevated in ESC (19.03-22.84%) compared to FFS (12.81-14.20%), suggesting
potential advantages for energy modulation in nutritional formulations. These findings
are consistent with previous reports indicating that oil removal concentrates structural
carbohydrates, enhancing dietary fiber content [27,29].

The calculated energy value (EV) decreased significantly in ESC, ranging from 379.4
to 389.5 kcal/100 g, while FFS provided higher caloric density (410.2-432.0 kcal/100 g),
primarily due to the higher residual oil content. The elevated fiber content may support
glycemic regulation, microbiota modulation, and stool bulk, which are relevant for both
feed and functional food applications [30]. Soluble and insoluble fiber fractions in soy-
based matrices can also influence viscosity and bile acid binding, contributing to choles-
terol-lowering potential [31,32]. The inverse relationship between fiber and digestible car-
bohydrates aligns with energy-reduction goals in high-fiber diet formulations [33]. Fur-
thermore, the fiber-rich nature of ESC may enhance satiety, as shown in studies with other
plant-derived protein-fiber blends [28]. These nutritional differences between FFS and
ESC highlight the technical flexibility of the barothermal-pressing system in producing
tailored soy ingredients with distinct compositional profiles. ESC offers particular ad-
vantages as a clean-label, high-protein, fiber-enriched product suitable for multiple func-
tional food and specialized feed applications. Szulc et al. [34] and Schulp et al. [35] em-
phasized that regionally integrated production, processing, and consumption systems are
essential for sustainable transitions. The dual-product approach using FFS and ESC illus-
trates the circular valorization of protein, oil, and fiber streams [34]. Environmental stress-
ors, as noted by Szulc [34] and Hou et al. [36], can alter biomass allocation, contributing
to observed yield variation. Ordofiez et al. [37] further demonstrated that shoot carbon-
to-nitrogen ratios respond to soil fertility gradients and climatic drivers, influencing
aboveground resource partitioning. Their findings suggest that stoichiometric flexibility
in soybean may underlie adaptive strategies to environmental heterogeneity. Finally,
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breeding programs must continue integrating traits for stability and nutritional value [38].
Water content remained stable across processing years and treatments, ranging from
10.20% to 12.50%, indicating good process control and standardization.

3.3. Processing Outcomes and Product Differentiation (FFS vs. ESC)

The comparative assessment with commercial reference products (defatted soybean
meal, soybean cake, and raw soybeans; Table 6) demonstrates that ESC achieves a bal-
anced profile with superior protein concentration, enhanced protein solubility, moderate
anti-nutritional load, and elevated dietary fiber content. Such characteristics highlight
ESC as a promising clean-label ingredient for both functional foods and high-protein feed
formulations, especially where controlled oil content and digestibility optimization are
desired. The elevated dietary fiber content of ESC (15.8-16.3%) has practical relevance for
both food and feed applications. In human nutrition, this level of fiber supports gut mi-
crobiota modulation, glycemic control, and increased satiety, making ESC particularly
suitable for functional foods aligned with clean-label and high-fiber dietary trends. In an-
imal feed, it may improve digestive health and nutrient utilization, especially in monogas-
tric species. Moreover, the protein concentration in ESC (37.4-39.0%) exceeds that of con-
ventional soybean cake (typically 30-35%), offering enhanced nutritional value and for-
mulation efficiency in high-protein diets. This composition positions ESC as a superior
alternative in the development of plant-based, protein-enriched, or hybrid protein prod-
ucts, responding to both sustainability goals and evolving consumer demands.

Table 6. Comparison of nutritional and anti-nutritional parameters of FFS and ESC versus commer-

cial reference soy products.

C d Product

ompoun FFS ESC DSMB ~ SCy RS-
CO (%) 21.51+0.28 4* 12.31+027 < 178 +0.10+ 6.10+0.10 b 20.68 + 0.49 4
CP (%) 33.73 +0.44 37.98 +0.29 o 4508 +1.44 " 42.05 +0.05 o 3428 +0.64 2
Ash (%) 499+0.10° 518+ 0.06 * 6.30+0.13° 5.95+0.05" 424+0.08
CF (%) 554+ 024" 6.16+0.12< 420+0.054 6.50 +0.05 < 558+0.19
PDI (%) 35.01+3.09¢ 26.46+2.34" 1431 +1.31 18.20 +0.05 » 85.30 +2.10 d
KOH-SP (% CP) 8079 +4.11% 90.98 +1.54 b 9430 +1.58 7820 +0.10 ° 96.00 + 0.00 ®
DM (%) 87.74+ 024 88.99 + 0.204 88.53 + 0.334 87.80 + 0.507 88.24 + 0.345
TIA (mg/s) 2.86+0.174 333+0.384 215+0.38% 8.60+0.05 19.48 +0.29 <

x—defatted soybean meal, Y —soybean cake, ?—raw soybean seeds. CO—crude oil, CP—crude pro-
tein, CF—crude fiber, PDI—Protein Dispersibility Index, KOH-SP—soluble protein in potassium
hydroxide, DM —dry mass, TIA —trypsin inhibitor activity. *—small superscript letters (a, b, c) in-
dicate significant differences between products within each parameter according to Tukey’s HSD
test (p < 0.05).

The barothermal-pressing process effectively reduced key anti-nutritional factors
and improved protein digestibility in both full-fat soy (FFS) and expanded soybean cake
(ESC). The trypsin inhibitor activity (TTIA) was significantly lowered from 19.48 mg/g in
raw soybeans to 2.86 mg/g in FFS and 3.33 mg/g in ESC (Table 6), fully complying with
recommended safety thresholds for animal feed and human consumption [39—-41].

Protein functionality parameters showed favorable modifications upon processing.
The protein solubility in potassium hydroxide (KOH-SP) improved markedly in ESC,
reaching 90.98% of crude protein compared to 80.79% in FES (p < 0.05), indicating higher
extractability of functional protein fractions after oil removal. Protein dispersibility index
(PDI) values followed the opposite trend, with slightly lower values for ESC (26.46%) rel-
ative to FFS (35.01%), reflecting the thermal aggregation of certain protein fractions during
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pressure-expansion. Nonetheless, both values remain within acceptable ranges for most
functional food and feed applications (Table 6).

Thermal-pressure treatment reduced TIA to 2.86 mg/g FFS and 3.33 mg/g ESC com-
pared to raw soy 19.48 mg/g (Table 6), within safe feed limits [40,41]. Similarly, Bales and
Lock [39] confirmed the benefit of heat treatment for deactivating trypsin inhibitors. Our
products also showed reduced phytic acid (~0.25%) and RFO (~4%) relative to raw soy
[42]. While RFOs support microbiota [43], their presence in feed may limit use for mo-
nogastric animals. Authors recommend further processing (fermentation, enzymatic
treatment) to improve bioavailability [38,44].

3.4. Functional and Anti-Nutritional Properties of Soy Products

Total non-starch polysaccharides (T-NSPs), representing the indigestible carbohy-
drate fraction, were significantly enriched in ESC, ranging from 12.43% to 12.90%, com-
pared to 10.34-10.89% in FFS (p < 0.05) (Table 7).

Table 7. Anti-nutritional and dietary fiber components (% dry matter) in FFS and ESC, 2022-2024.

Compound Con- 2022 2023 2024
tent
(% Dry Matter) FFS ESC FFS ESC FFS ESC

cp 36.12+0.39%* 41.99+0.252 36.10+0.95" 39.82+0242 3416071 39.42+043¢°

CcO 2413+0.04» 14.78+0.05> 24.90+0.30¢ 16.77 £0.64>  26.16+0.632 15.07+0.31°

Ash 6.31+0.002  6.24+0.002 6.64+0.59" 6.77+0.16 6.73+0.46 2 6.17+0.19°b

T-NSP 10.34+0.01> 12.90+0.08= 10.89+0.01" 1243 +0.082  10.69+0.01>  12.71+0.08 2

UA 253+0.01=  252+0.042 2.67+0.012 2.43+0.04° 2.61+0.01 2.48+0.04°

KL 1.20+0.01=  1.33+0.03= 1.26+0.012 1.28 £0.022 1.24+0.01" 1.31+0.022

RFO 393+0.042 411+0.03> 4.14+0.04¢ 3.96 +0.04° 4.06 £0.03 4.05+0.04"

DF 17.98+0.00> 20.99+0.002 18.94+0.39° 20.22+£0.68a  1858+0.86> 20.68+1.142

PA 140+0.01=  143+0.01= 147+0.012 1.38 £0.01 " 1.45+0.012 1.41+0.01"

TPC 249+0.032 243+0.022 262+0.03° 2.34+0.02° 2.57+0.03 2 2.39+0.03 P

110:10410730

*—small superscript letters (a, b) indicate significant differences between FFS and ESC within each
year according to Tukey’s HSD test (p <0.05). T-NSP —total non-starch polysaccharides, UA —uronic
acid, KL—Klason lignin, RFO—raffinose family oligosaccharides, DF —dietary fiber, PA—phytic
acid, TPC—total phenolic content.

This increase correlates with enhanced fiber concentration after oil extraction. Dietary
fiber (DF) content also increased in ESC (20.22-20.99%) relative to FFS (17.98-18.94%), of-
fering potential prebiotic and satiety-enhancing properties for specialized formulations
[28,43].

Raffinose family oligosaccharides (RFO), commonly associated with flatulence in mo-
nogastric animals, remained relatively stable across processing and storage, with values
ranging from 3.93% to 4.14% in FFS and 3.96% to 4.11% in ESC. While moderate RFO
content may offer prebiotic benefits by modulating gut microbiota [41], further enzymatic
or fermentative processing could optimize its application in monogastric nutrition [29,31].

Phytic acid (PA) levels remained between 1.38% and 1.47% across all samples, with
ESC showing slightly lower values than FFS (p < 0.05). These concentrations are consistent
with previously reported values for thermally treated soy products and fall within ac-
ceptable nutritional limits [39]. Nevertheless, phytic acid reduction strategies may further
improve mineral bioavailability in target formulations.

Total phenolic content (TPC), measured as gallic acid equivalents (GAE), ranged
from 2.34 to 2.62 mg GAE/g dry matter, showing minor differences between products and
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years (Table 7). The preservation of these bioactive compounds supports the antioxidant
potential of both FFS and ESC in functional applications.

3.5. Fatty Acid Profile and Lipid Composition

The fatty acid (FA) composition of both full-fat soy (FFS) and expanded soybean cake
(ESC) was analyzed across a 6-month storage period (Table 8). The processing stages and
subsequent oil removal significantly altered the FA profiles between the two products,

while temporal storage effects remained limited.

Table 8. Fatty acid composition (% total FA) of FFS and ESC during 1-6 months of storage.

Heat Treat- Storage
ment Duration SFA (%) MUFA (%) PUFA (%) n-3 (%) n-6 (%)
Method (Months)
1 34.55+0.01a 23.85+0.464 65.25+0.79 a 7.60+0.23a 49.30+1.49a
FFS 3 34.40+0.40a 22.40+0.60 2 64.00 +1.00 a 8.00+0.402 52.60+2.40a
6 33.70+0.00 2 24.20+0.00 62.30 +0.00 2 6.60 = 0.00 2 47.00+0.00 2
1 15.88 +0.74 < 22.93+1.77°" 69.58 +5.14 b 7.93+0.77° 57.44+4.90P
ESC 3 18.60 +1.83° 23.18 £2.220 70.75 + 6.23 8.83+0.96° 58.58 + 6.20°
6 22.00+0.00 28.00 +0.002 86.00 +1.00 a 11.00 +£0.00 = 75.00 = 1.00 2

111:84664915

*—small superscript letters (a, b, c) indicate significant differences between months within FFS and
ESC according to Tukey’s HSD test (p < 0.05). SFA—saturated fatty acids, MUFA —monounsatu-
rated fatty acids, PUFA —polyunsaturated fatty acids, n-3—omega3, n-6—omega6.

Saturated fatty acids (SFA) were substantially lower in ESC compared to FFS. In FFS,
SFA content ranged from 33.70% to 34.55% across storage time, while in ESC, values in-
creased slightly from 15.88% at one month to 22.00% after six months. The consistently
lower SFA fraction in ESC enhances its lipid quality profile, in alignment with nutritional
recommendations favoring lower saturated fat intake [45].

Polyunsaturated fatty acids (PUFAs) represented the dominant lipid fraction in both
products. ESC exhibited particularly favorable PUFA levels, ranging from 69.58% to
86.00%, whereas FFS contained PUFA from 62.30% to 65.25%. The PUFA/SFA ratio ex-
ceeded 2.5 in ESC throughout storage, which is well above the FAO/WHO minimum rec-
ommendation of 0.45 for cardiovascular health benefits [45].

The n-3 (omega-3) fatty acid fraction remained stable in both products but was
slightly higher in ESC (7.93-11.00%) than in FFS (6.60-8.00%). Nonetheless, the n-6/n-3
ratio averaged 6.8:1 across both matrices, remaining above optimal nutritional targets.
This indicates potential for further improvement via blending with omega-3 rich oils such
as flaxseed, chia, or canola to better align with dietary recommendations [46,47].

The processing-induced lipid modifications observed in ESC are consistent with
prior reports highlighting the impact of partial oil removal and thermal expansion on fatty
acid partitioning within the protein-fiber matrix [27]. The relative enrichment of PUFA in
ESC suggests potential applications in functional foods targeting anti-inflammatory and
cardio-protective formulations, while its moderate residual lipid content supports favor-
able textural and sensory attributes in high-protein products.

Overall, both FFS and ESC demonstrated high oxidative stability of their lipid frac-
tions across the 6-month storage period, with no substantial degradation or unfavorable
shifts in fatty acid composition.

3.6. Oxidative Stability and Microbiological Safety During Storage

The oxidative stability of both full-fat soy (FFS) and expanded soybean cake (ESC)
was monitored over a 6-month storage period under ambient, light-protected conditions
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(Table 9). ESC consistently demonstrated superior oxidative stability compared to FFS
throughout storage.

Table 9. Oxidative stability parameters of full-fat soy (FFS), expanded soybean cake (ESC), and ex-
tracted soybean oil during 6-month storage.

Characteristic L ESC 0il
3 6 1 3 6 1 3 6
éV 2.03+0.012>* 310 £0.02> 4.40+0.03¢ 1.37+0.012 1.83+0.012 3.25+0.02° 0.64 +0.002 2.10+0.012 13.8+0.90"
(mg g KOH)

FFA (%)  1.33:001°

2.67+0.02> 3.46+0.02¢ 0.89+0.01* 1.48 +0.01> 2.01 +0.01¢ 0.95+0.012 1.15+0.01 ** 1.50 + 0.01 ®

PV

2.62+0.02>» 325+0.02% 570+0.04c 1.13+0.01* 1.48+0.012 2.15+0.01 »> 420+ 0.03 * 4.50 +0.03 * 4.80+0.03 2

(meq Oz kg™)

ANV 0.61+0.002 0.95+0.012° 1.30+0.01° 0.38+0.00* 1.30+0.01> 3.61+0.02¢ 0.40+0.002 0.60+0.002 0.90+0.01 2

Totox index 5.84 +0.042° 7.45+0.052> 12.7+08" 2.65+0.022 4.25+0.03* 7.91 +0.05 > 8.80+0.06 2 9.60 +0.06 = 10.5 +0.07 =

*—small superscript letters (a, b, c) indicate significant differences between storage months for FFS,
ESC, and oil, according to Tukey’s HSD test (p < 0.05). AV —acid value, FFA —free fatty acids, PV —

peroxide value, ANV —anisidine value.

In FFS, Totox index values progressively increased from 5.84 at month 1 to 12.70 after
6 months, indicating gradual lipid oxidation during storage. In contrast, ESC maintained
low Totox values, ranging from 2.65 to 7.91, even after 6 months, confirming the stabiliz-
ing effect of partial fat removal. These results align with previous findings that reduced
lipid content enhances oxidative stability in soy-based products [48,49].

Peroxide value (PV), anisidine value (ANV), and acid value (AV) followed similar
trends, with ESC consistently showing lower values compared to FES (p < 0.05). The re-
duction of free fatty acids (FFA) during processing further contributed to ESC’s superior
oxidative performance.

Soybean oil extracted during ESC production exhibited moderate oxidative stability.
While Totox values remained acceptable up to 3 months (8.80-9.60), they increased to 10.5
by month 6, suggesting limited storage stability without antioxidant supplementation.
These results underscore the need for additional stabilization strategies for isolated soy-
bean oil if extended shelf-life is required.

Microbiological quality remained within safe limits across all samples and storage
periods (Table 10). Total mesophilic aerobic microorganisms (MAMs) remained below
1000 cfu/g in ESC at all timepoints. In FFS, MAM levels slightly increased after 6 months
(1624 cfu/g) but stayed within acceptable food safety standards. Coliforms, Enterobacte-
riaceae, Staphylococcus aureus (CPS), yeasts and molds (Y&M), and Salmonella spp. were
not detected in any sample throughout storage, confirming effective microbiological
safety of both products.

Table 10. Microbiological counts (cfu g) in FFS and ESC during storage for 1-6 months.

Pr(s)::l?lct Month aI:/[?::l:/IC Coli Y&M Enterobacteriaceae CPS Salmonella
1 <100 <10 <10 <10 <10 nd!
FFS 3 129 <10 <100 <10 <10 nd
6 1624 <100 113 <10 <10 nd
1 <100 <10 <10 <10 <10 nd
ESC 3 <100 <10 <100 <10 <10 nd
6 1000 <10 <100 <10 <10 nd

112:47435373

!—not detected. MAMs—mesophilic aerobic microorganisms, Y&M—yeast and molds, CPS—

Staphylococcus aureus.
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The combination of high oxidative stability, controlled microbial quality, and stable
lipid profile confirms the suitability of ESC for prolonged storage and extended distribu-
tion chains. These properties are particularly relevant for both feed and functional food
sectors, where product stability under varying storage conditions is a critical requirement.

Additionally, the mild thermal conditions used during processing may contribute
not only to oxidative stability but also to the reduction of allergenic protein isoforms, as
previously reported for thermally processed soy products [50].

3.7. Integration into Circular Protein Systems

The soy-based products presented in this study —expanded soybean cake (ESC) and
full-fat soy (FFS)—are derived from locally grown European soybeans, free from the en-
vironmental burdens associated with transatlantic transport. Our internal carbon foot-
print analysis of raw soybeans from field trials revealed a low emission level of 89 kg COx>
eq per ton of dry soybean matter. Moreover, the processing approach described here uti-
lizes exclusively physical methods, such as mechanical treatment and steam conditioning,
without the use of chemical solvents (e.g., hexane). The production of both FFS and ESC
follows a zero-waste principle, as no by-products are generated. An additional systemic
issue identified by the authors and an industrial partner is the lack of industrial-scale pro-
cessing aimed at protein quality rather than maximum oil yield. In this context, protein
should be prioritized as the main product, while oil should be considered a secondary
fraction—reversing the conventional paradigm in soybean processing. The compositional
and functional properties of expanded soybean cake (ESC) position it as a versatile ingre-
dient for multiple food and feed applications. With a protein content ranging from 37.40%
to 38.98%, ESC aligns with current formulation standards for high-protein extruded foods,
nutritional supplements, and meat analogs. The moderate residual oil content (11.56—
13.33%) provides favorable textural and sensory attributes, contributing to improved pal-
atability and processing behavior, particularly in clean-label product development.

The digestibility profile and reduced anti-nutritional factors (low trypsin inhibitor
activity and phytic acid levels) make ESC highly suitable for age-specific functional foods,
including formulations targeting elderly populations, sports nutrition, and clinical nutri-
tion [28,51]. Additionally, the elevated dietary fiber content (15.84-16.30%) supports gly-
cemic regulation, promotes satiety, and contributes to favorable gut microbiota modula-
tion [29,31,43].

The clean-label profile of ESC —free from synthetic binders or emulsifiers —addresses
the growing consumer demand for minimally processed, transparent ingredients [52]. Its
functional composition also facilitates the development of hybrid protein products that
combine plant and dairy protein fractions to achieve optimal textural and nutritional bal-
ance [53].

ESC exhibits favorable rheological behavior during extrusion and thermal processing
due to its unique matrix composition, which combines residual lipids, proteins, and fibers.
The porous structure and partial oil retention enhance expansion properties, fiber integ-
rity, and emulsification capacity, making ESC highly suitable for extruded snacks, pro-
tein-enriched bakery products, ready-to-drink beverages, and savory applications [54—
56].

Furthermore, the presence of residual lipids improves lubrication during extrusion,
reducing mechanical torque and energy consumption, while enhancing product uni-
formity and stability [57]. This processing efficiency adds economic value in industrial
applications and supports the scalability of ESC-based formulations.

Collectively, the nutritional, functional, and technological characteristics of ESC po-
sition it as a promising ingredient for innovative plant-based protein systems aligned with
current health, sustainability, and consumer trends.
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The dual-product model developed in this study, yielding both expanded soybean
cake (ESC) and soybean oil from non-GMO soybeans, exemplifies a circular processing
approach that maximizes the valorization of local agricultural resources. By integrating
both agronomic and bioprocessing innovations, the model addresses multiple strategic
challenges facing European protein self-sufficiency, particularly under the EU Green Deal
and Farm to Fork frameworks [34,35].

The ability to stabilize nutritional quality across variable growing seasons demon-
strates that the combination of semi-organic cultivation (P1 system) with controlled ba-
rothermal processing can deliver protein-rich soy products that are resilient to climatic
fluctuations. This resilience is especially relevant for Central and Eastern European re-
gions where drought episodes and photothermal variability are becoming more frequent
due to climate change [36,37].

The circularity of the model is further reinforced by its efficient partitioning of pro-
tein, oil, and fiber fractions without generating significant processing waste. ESC offers a
high-protein, fiber-enriched matrix suitable for both food and feed chains, while the co-
produced oil can be utilized in culinary applications, animal feed formulations, or bio-
based industries, depending on market demands.

Moreover, the integration of such systems into regional supply chains reduces reli-
ance on imported genetically modified soybean meals, supports local economies, and en-
hances traceability and food sovereignty. This aligns with growing consumer preferences
for non-GMO, locally sourced, and sustainably produced plant proteins. ESC consistently
demonstrated superior oxidative stability during storage compared to FFS. This can be
attributed to two main factors: (i) the reduced residual lipid content, which limits the
availability of substrates for lipid peroxidation, and (ii) the retention of natural antioxi-
dants, such as phenolic compounds, during mild barothermal treatment. Together, these
characteristics significantly mitigate oxidation and extend shelf-life, particularly under
ambient conditions without synthetic stabilizers.

At the breeding level, the observed inter-annual variability in yield and composition
also highlights the continuing need to select and develop soybean genotypes optimized
for Central European agro-climatic conditions, with traits for both agronomic perfor-
mance and compositional stability [23,38].

Collectively, the proposed circular processing platform provides a scalable and envi-
ronmentally aligned alternative to conventional soybean supply chains, bridging primary
production, functional processing, and health-oriented food innovation. Its implementa-
tion offers both economic and ecological benefits, contributing to resilient protein systems
capable of addressing future global protein challenges.

The compositional and functional attributes of ESC—particularly its clean-label pro-
file, high protein and fiber content, and oxidative stability —make it well-suited for scala-
ble integration into sustainable food and feed chains. These characteristics directly sup-
port EU policy objectives for protein self-sufficiency, reduced reliance on GMO imports,
and circular bioeconomy models under the Green Deal and Farm to Fork frameworks.
ESC also aligns with growing industry demand for functional, plant-based ingredients
that enable innovation in meat analogs, sports nutrition, and therapeutic formulations.

However, this study has certain limitations. The field trials were conducted using a
single soybean cultivar (‘Abaca’), which may limit the generalizability of agronomic and
compositional findings. Future studies should assess multiple genotypes under diverse
agro-climatic conditions to validate the robustness and scalability of the proposed dual-
product processing model.
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4. Conclusions

This study confirms the technical, nutritional, and functional viability of producing
two complementary soy-based ingredients—full-fat soy (FFS) and expanded soybean
cake (ESC)—using a continuous, barothermal-pressing process specifically adapted for
Central European agro-climatic conditions. The application of the P1 cultivation system,
integrating mechanical weed control and optimized agronomic management, supported
stable yields, improved plant performance, and consistent seed composition across varia-
ble weather conditions.

ESC showed distinct nutritional benefits, characterized by increased protein levels,
decreased lipid content, and a higher dietary fiber fraction, and lowered anti-nutritional
factors such as trypsin inhibitors and phytic acid. Its favorable oxidative stability and mi-
crobiological safety over a 6-month storage period further enhance its suitability for both
food and feed applications. These attributes position ESC as a promising ingredient for
clean-label, high-protein formulations, including extruded snacks, functional foods, and
hybrid protein products.

From an agroecological perspective, the semi-organic P1 model offers a scalable,
glyphosate-free alternative to conventional soybean cultivation, supporting EU Green
Deal objectives for sustainable agriculture and regional protein self-sufficiency. The circu-
lar processing platform developed herein enables efficient partitioning of protein, lipid,
and fiber fractions, contributing to resource-efficient and economically viable local supply
chains.

Future research should focus on further valorization pathways for ESC in specialized
food sectors, optimization of fatty acid profiles via oil blending to enhance omega-3 con-
tent, and comprehensive techno-economic assessments of full-scale implementation
across diverse European agro-climatic zones.

5. Patents
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