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Streszczenie

W pracy przedstawiono wplyw terminu i gestosci siewu oraz sposobu podziatu wiosennej dawki
N na plonowanie i warto$¢ technologiczng ziarna pszenicy ozimej (Triticum aestivum L.) uprawianej w
warunkach agroekologicznych péinocno-wschodniej (NE) Polski w latach 2018-2021. W
doswiadczeniu uwzgledniono trzy zmienne: (i) termin siewu (wczesny: 3-6 wrze$nia, op6Zniony o 14 i
28 dni), (ii) gestos¢ siewu (200, 300, 400 kietkujacych ziarniakéw m-2) oraz (iii) sposéb podziatu
wiosennej dawki N (40+100, 70+70, 100+40 kg ha-! aplikowanej w BBCH 22-25 i 30-31).
Doswiadczenie zatozono w uktadzie split-split-plot, w 3 powtérzeniach. Powierzchnia poletka do zbioru
wynosita 15 m2 (10 m x 1,5 m). Przedplonem byt rzepak ozimy (Brassica napus L.).

W warunkach agroekologicznych NE Polski najwyzsze plony ziarna pszenicy ozimej uzyskano
przy siewie pomiedzy 17 wrzes$nia a 4 pazdziernika (10,52-10,58 Mg ha-1). Wzrost plonowania pszenicy
ozimej w warunkach opdZnionych siewow byl efektem zwiekszonej liczby klosé6w m-2 oraz
dorodniejszego ziarna. Gestszy siew (400 ziaren m-2) byt korzystniejszy dla plonowania pszenicy ozimej
niz siew rzadki (200 ziaren m-2) (10,25 vs. 10,02 Mg ha-1). Wzrost plonowania pszenicy ozimej wysianej
w zageszczeniu 400 ziaren m-2 byt efektem korzystnego wptywu tej gestosci siewu na liczbe ktoséw m-
2, Najkorzystniejszym dla plonowania pszenicy byto zastosowanie 100 kg N ha-! w stadium BBCH 22-
25140 kg N ha-! w stadium BBCH 30-31 (korzystne oddzialywanie tego sposobu podziatu wiosennej
dawki N na liczbe ktosé6w m-2). Z kolei plon stomy byt najwyzszy (6,23 Mg ha-l) w warunkach
przesuniecia czesci dawki N do stadium BBCH 30-31 (40+100 kg N ha-1). Plon stomy istotnie obnizat
sie (o 6%) w warunkach p6znych siewdéw (poczatek pazdziernika). OpdZnienie terminu siewu do
potowy wrzesnia lub poczatku pazdziernika korzystnie wptyneto na indeks Zniwny pszenicy ozimej
(wzrost o 5 lub 7%). Podziat wiosennej dawki N pomimo wptywu na plon ziarna i stomy nie r6znicowat
warto$ci indeksu Zniwnego.

Op6Znienie terminu siewu o 14-28 dni spowodowato wzrost gestosci ziarna o 1-1,5 punktu
procentowego (%p), szklistosci ziarna o 3-6%p oraz zawartoSci biatka ogdélnego w ziarnie o 1-2%.
OpoZnienie siewdw pszenicy ozimej o 14 dni spowodowato wzrost twardosci ziarna o 5%, wyciggu maki
0 1,4%p, liczby opadania o 3% oraz spadek wyréwnania ziarna o 1,9%p. Z kolei opdZnienie terminu
siewu o0 28 dni korzystnie wptynat na zawarto$¢ glutenu mokrego w ziarnie (+0,5-0,6%p) oraz na jakos¢
kompleksu biatkowego mierzonego wskaZnikiem sedymentacji Zeleny’ego (+1,5%). Wzrost gestosci
siewu z 200 do 300 ziaren m-2 spowodowat spadek wyréwnania ziarna o 2,6%p oraz zawartosci biatka
ogolnego o 1,5% i glutenu mokrego o 0,7%p. Dalszy wzrost gesto$ci siewu zmniejszyt szklistoSci ziarna
0 1,4%p. Najwieksza twardoScia (64,7), szklistoscia (93%), wyciagiem maki (73,9%), zawartoscia biatka
ogolnego (134 g kg-1 s.m.), glutenu mokrego (36%) oraz warto$cig wskaznika sedymentacji Zeleny’ego
(69 ml) charakteryzowato sie ziarno pszenicy ozimej nawozonej w dawce 40+100 kg N ha-1, w stadiach
BBCH 22-25 + 30-31.

Op6Znienie terminu siewu o 28 dni spowodowato wzrost zawartosci biatka ogélnego w mace (o

2%), wzrost jej wodochlonnos$ci (o 1,1%p) oraz korzystnie wptyneto na rozwoj i statos$¢ ciasta



(wydtuzenie czasu, odpowiednio o: 6 i 14-33%) oraz jego rozmiekczenie (zmniejszenie wspotczynnika
tolerancji na miesienie o 12-21%). OpdZnienie terminu siewu o 14-28 dni spowodowato zmniejszenie
gestosci miekiszu chleba o 4%, nie réznicujac jego objetosci. Wysiew pszenicy ozimej w zageszczeniu
400 ziaren m-2 korzystnie wptynat na barwe maki (wzrost bieli maki o 2-3%p), stalos¢ ciasta
(wydtuzenie czasu o 8-11%) oraz objetos¢ chleba (wzrost o 1,5%). Korzystniejsze parametry barwy
maki (78,1% wzorca bieli) oraz statosci ciasta (7,7 min) uzyskano przy zastosowaniu 100+40 kg N ha-1
w stadiach BBCH 22-25i 30-31. Z kolei najwieksza zawarto$¢ biatka ogélnego w mace (132 g kg-1 s.m.)
uzyskano po zastosowaniu 40+100 kg N ha-l. Jako$¢ maki poprawita sie, gdy pszenica ozima byta
wysiewana w gestosci 400 ziaren m-2, w op6Znionym o 14 lub 28 dni terminie oraz nawozona wiosng

w dawce 100 kg N ha-1 w fazie petnego krzewienia i 40 kg N ha-! w fazie pierwszego kolanka.

Stowa Kkluczowe: Triticum aestivum L. termin i gesto$¢ siewu, podzial wiosennej dawki azotu,

plonowanie, warto$¢ przemiatowa i wypiekowa



Summary

This study was undertaken to examine the influence of the sowing date, sowing density, and split
spring application of N fertilizer on the grain yield and technological quality of winter wheat (Triticum
aestivum L.) grown in north-eastern (NE) Poland between 2018 and 2021. The experiment involved
three factors: (i) sowing date (early: 3-6 September, delayed by 14 days, and delayed by 28 days), (ii)
sowing density (200, 300, and 400 live grains m-2), and (iii) split application of N fertilizer in spring
(40+100, 70+70, and 100+40 kg ha-! in BBCH stages 22-25 and 30-31, respectively). The experiment
had a split-split-plot design (sowing date was assigned to whole plot treatments, sowing density was
assigned to subplot treatments, and the split spring application of N fertilizer was assigned to sub-
subplot treatments) with three replications. Plot size was 15 m2 (10 m by 1.5 m). The preceding crop
was winter oilseed rape (Brassica napus L.).

In NE Poland, grain yields peaked when winter wheat was sown between 17 September and 4
October (10.52-10.58 Mg ha-1). In late-sown winter wheat, grain yields increased due to a higher
number of spikes m-2 and higher grain weight. The highest sowing density (400 live grains m-2) induced
a greater increase in grain yields than the lowest sowing density (200 live grains m-2) (10.25 vs.10.02
Mg ha-1). In winter wheat sown at a density of 400 live grains m-2, the increase in grain yields resulted
in a higher number of spikes m-2. Grain yields peaked in response to 100 kg N ha-! applied in BBCH
stages 22-25 and 40 kg N ha-1 applied in BBCH stages 30-31 (this split N rate increased the number of
spikes m-2). In turn, the highest straw yield (6.23 Mg ha-1) was obtained when the second split of N
fertilizer was applied in BBCH stages 30-31 (40 + 100 kg N ha-1). Straw yields decreased significantly
(by 6%) when winter wheat was sown late (early October). Delayed sowing (mid-September and early
October) increased the harvest index (HI) of winter wheat by 5-7%. Split spring N application
influenced grain and straw yields, but it had no effect on the HI of winter wheat.

A sowing delay of 14-28 days increased grain bulk density by 1-1.5 percent points (%p),
vitreousness by 3-6%p, and the total protein content of grain by 1-2%. A sowing delay of 14 days
increased grain hardness (by 5%), the flour extraction rate (by 1.4%p), and the falling number (by 3%)
while decreasing grain uniformity (by 1.9%p). In turn, a sowing delay of 28 days increased the wet
gluten content of grain (+0.5-0.6%p) and improved the quality of the protein complex in the Zeleny
sedimentation test (+1.5%). An increase in sowing density from 200 to 300 live grains m-2 led to a
decrease in grain uniformity (by 2.6%p), the total protein content (by 1.5%), and the wet gluten content
of grain (by 0.7%p). A further increase in sowing density decreased grain vitreousness (by 1.4%p). The
grain of winter wheat fertilized with 40 and 100 kg N ha-1in BBCH stages 22-25 and 30-31, respectively,
was characterized by the highest hardness (64.7), vitreousness (93%), flour extraction rate (73.9%),
total protein content (134 g kg-1 DM), wet gluten content (36%), and Zeleny sedimentation index (69
mL).

A 28-day delay in sowing increased the total protein content (by 2%) and the water absorption

capacity of flour (by 1.1%p), dough development time and stability, and the degree of softening (by 6%



and 14-33%, respectively). When sowing was delayed by 14 or 28 days, crumb density decreased by
4% without affecting loaf volume. A sowing density of 400 grains m-2 had a positive impact on flour
color (flour whiteness increased by 2-3%p), dough stability (increase of 8-11%), and loaf volume
(increase of 1.5%). Flour color (78.1% of the whiteness standard) and dough stability (7.7 min) were
enhanced when N was applied at 100 + 40 kg ha-1in BBCH stages 22-25 and 30-31, respectively. In
turn, the total protein content of flour (132 g kg-1 DM) peaked when it was applied at 40 + 100 kg N ha-1.
The quality of flour improved when winter wheat was sown at a density of 400 live grains m-2 with a
delay of 14 or 28 days and supplied with 100 kg N ha-1 in the full tillering stage and 40 kg N ha-1 in the

first node stage.

Keywords: Triticum aestivum L., sowing date and density, split nitrogen application, milling quality,

baking value.



1. Wstep i cel pracy

W krajach Unii Europejskiej (UE) udziat rolnictwa w tworzeniu produktu krajowego brutto jest
niewielki (ok. 1-2%) [Domagata, 2021; Eurostat, 2023]. Jednak rolg rolnictwa nie jest stymulowanie
wzrostu gospodarczego kraju/regionu, ale zapewnienie jego mieszkaficom bezpieczenstwa
zywnoS$ciowego i coraz czesciej rowniez bezpieczenistwa energetycznego [Sunderji i in., 2020; Baldock i
Buckwell, 2021; Bielski i in., 2021; Domagata, 2021]. Doswiadczenia ostatnich kilku lat utwierdzajg nas
w przekonaniu, Ze zywno$¢ strategiczna powinna pochodzi¢ z wtlasnej, krajowej produkcji. W
przeciwnym wypadku jakiekolwiek zaktécenia w tancuchu dostaw (pandemia, konflikty spoteczne,
gospodarcze, militarne etc.) moga ograniczy¢ fizyczny i ekonomiczny dostep do zywnosci i zagrozié
biologicznej egzystencji narodu [Behnassi i Haiba, 2022; Mottaleb i in., 2022; Alabi i Ngwenyama, 2023].

W zaspakajaniu potrzeb zywnosciowych Swiata szczeg6lnag pozycje zajmuja zboza. Ich udziat w
strukturze diety (mierzony ekwiwalentem energetycznym) waha sie od 30 do 80% [Alexandratos i
Bruinsma 2012]. W skali $wiata zbozami obsiewa sie ok. 51% catkowitej powierzchni gruntéw ornych
[Faostat, 2023]. Jednym z najbardziej rozpowszechnianych zbéz na $wiecie jest pszenica [Budzynski i
in,, 2018; Zubko i in., 2022; Faostat, 2023; Mitura i in., 2023]. Jej ziarno stanowi gtéwny sktadnik
pozywienia dla 36% $wiatowej populacji ludzi [Breiman i Graur, 1995; Brauniin., 2010; Riaziin., 2021;
Khalid i in., 2023]. Zaliczana jest ona, obok ryzu i kukurydzy, do tzw. ,wielkiej tréjki” zb6z [Budzynski i
in., 2018]. W 2021 roku $wiatowe zbiory kukurydzy, ryzu i pszenicy wyniosty, odpowiednio: 1210, 778,
i 771 mln Mg, co stanowito az 90% Swiatowych zbiordw ziarna zb6z [Faostat, 2023]. Pszenica ma jednak
przewage nad pozostalymi zbozami strategicznymi ze wzgledu na bardzo duza plastycznoscia
Srodowiskowa [Shewry, 2009; Braun i in., 2010; Budzynski, 2012; Zubko i in., 2022]. Jest uprawiana od
67° N w Skandynawii i Rosji do 45° S w Argentynie, wiaczajac w to wyniesione regiony w tropikach i
subtropikach [Shewry, 2009]. Uprawiana jest ona na tgcznym areale 216-221 mln ha (2019-2021), co
stanowi ok. 16% udziatu w $wiatowej strukturze zasiewow [Faostat, 2023]. Obecnie 95% pszenicy
uprawianej na calym $wiecie to heksaploidalna pszenica zwyczajna (Triticum aestivum L.), a wiekszo$¢
pozostatych 5% to tetraploidalna pszenica twarda (T. durum Dest.) [Shewry, 2009].

Obecny przyrost Swiatowych zbioréw zb6z pokrywa wytacznie potrzeby zwiekszajacej sie
populacji ludzi. Nie wplywa on znaczaco na wolumen produkcji per capita, ktéry od wielu lat utrzymuje
sie na poziomie ok. 380 kg [Faostat, 2023]. Zgodnie z przewidywaniami wzrostu populacji ludzi do 9,7
miliarda w 2050 roku znaczenie pszenicy, jako gatunku strategicznego dla Swiatowego bezpieczenstwa
zywnoS$ciowego, bedzie wzrastato [United States Census Bureau, 2016; Guttieri i in., 2017; United
Nations, 2019]. Przewiduje sie, Ze Swiatowy popyt na Zywno$¢ w przeliczeniu na zboza pod wzgledem
wartoSci odzywczych (cereal equivalent food) wzrosnie o 10% do 2030 r.1i 0 62% do 2050 r. w efekcie
nasilenia presji spotecznej, ekonomicznej i demograficznej [Islam i Karim, 2019]. Oczekiwany wzrost
podazy ziarna pszenicy jest realny do osiagniecia gtdwnie poprzez poprawe plonowania [Neumann i in.,
2010; Buczek i in., 2016; Janczak-Pienigzek i in., 2022]. Ekspansja na nowe grunty jest mato

prawdopodobna ze wzgledu na negatywne skutki nie tylko Srodowiskowe, ale réwniez spoteczne
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(zmniejszenie ilosci matych gospodarstw rolnych, wypieranie ludnosci lokalnej, zmniejszenie
dostepnosci gruntéw do celéw nie rolniczych) [Foley i in., 2011; Meyfroidt i in., 2014]. Wydaje sie, ze
wzrost plonéw ziarna pszenicy bedzie mozliwy gtéwnie dzieki wprowadzeniu do uprawy nowych,
wydajnych odmian oraz doskonaleniu technologii uprawy w kierunku zwiekszenia efektywnoS$ci
agronomicznej nawozenia N (NUE - Nitrogen Use Efficiency) [Guttieri i in., 2017; Ren i in., 2023].
Genotypy pszenicy, ktére efektywniej beda wykorzystywaé N moga znaczaco przyczynié¢ sie do
zréwnowazonego zaspokojenia rosngcego globalnego popytu na ziarno [Guttieriiin., 2017]. W zwigzku
z tym konieczne jest osiggniecie rownowagi miedzy iloscig dostarczanego N, a efektywnoscia jego
wykorzystania w celu promowania zréwnowazonego rozwoju globalnej produkcji roslinnej oraz
ograniczania skutkéw zmian klimatycznych [Shah i in., 2017b; Cui i in., 2018]. Globalne zmiany
klimatyczne s3 powodem podjecia badan nad ponownym zdefiniowaniem wymagan agrotechnicznych
pszenicy, w tym przyrodniczo-optymalnych terminéw jej siewu [Wilcox i Makowski, 2014; Pakrooh i
Kamal, 2023; Farooq i in., 2023; Zahra i in., 2023; Néia Janior i in., 2023].

Celem wspéticzesnej hodowli roslin i stosowanych technologii uprawy pszenicy jest nie tylko
zwiekszanie produkcji ziarna, ale takze poprawa jego wartosci technologicznej [Jaskulska i in., 2018;
Jarecki i Czernicka, 2022; Jarecki, 2023]. Uprawa pszenicy zwyczajnej ukierunkowana na cele
konsumpcyjne, powinna by¢ prowadzona w taki sposéb, aby uzyska¢ wysoki plon ziarna o wysokiej
wartos$ci technologicznej [Guerrini i in., 2020; Dilmurodovich i in., 2022]. Wyréznikami oceny warto$ci
technologicznej surowca jest zesp6t parametréw charakteryzujacy jakos¢ ziarna, ktéry obejmuje ocene
m. in.: (i) wtasciwosci fizycznych ziarna determinujacych ich wartos$¢ przemiatowa [Jankowski i in.,
2015; Stepniewska, 2016; Mitura i in., 2023] oraz (ii) kompleksu biatkowego i skrobiowo-
amylolitycznego [Szafranska i Rothkaehl, 2011]. Wartos$¢ przemialowa okres$la przydatnos$¢ ziarna do
celéw mtynarskich poprzez ustalenie ich wtasciwosci zapewniajacych uzyskanie maki o duzym wyciggu
[Jurga, 2006; Guzmaniin., 2016b; Wang i in., 2023]. Bezposrednig metoda oceny wartosci przemiatowej
ziarna jest wykonanie tzw. prébnego przemiatu laboratoryjnego [Dziki, 2023], a posrednia - analiza cech
fizycznych ziarna (twardo$¢ i szklisto$¢ ziarna, gestos¢ usypowa, masa 1000 ziaren i wyréwnanie
ziarna) [Edwards, 2010; Stepniewska, 2016]. Na podstawie twardoSci ziarna mozna ustali¢, czy mamy
do czynienia z surowcem o bielmie twardym (szklistym) czy miekkim (maczystym) [Hruskova i Svec,
2009; Lafiandra i in., 2022; Ma i in.,, 2021]. Surowiec maczysty podczas przemiatu moze utrudniac
wydzielanie maki (zaklejanie sit), dlatego im wyzsza twardo$¢ tym wiekszy wyciag maki [Jurga, 2006,
Lafiandra i in., 2022; Mastanjevi¢ i in., 2023]. Z barwa bielma zwigzana jest szklistosci [Rachon i in.,
2012; Guzman i in., 2022]. Biata barwa jest charakterystyczna dla ziarna maczystego zawierajacego
duzo skrobi, a mato biatka. Z kolei szara barwa jest typowa dla ziarna szklistego (twardego)
zawierajacego wiecej biatka, a mniej skrobi. Szklisto$¢ podobnie, jak i twardo$¢ dostarczajg wielu
informacji o strukturze bielma i stopniu wypelnienia ziarna [Zhygunov i in., 2022]. Uwzgledniajac do
tego grubos$¢ okrywy owocowo-nasiennej determinujgcej twardos¢ ziarna otrzymuje sie kompleks cech

ziarna ksztattujacych jego mase objetosciowsy, czyli gestos¢ ziarna [Carson i Edwards, 2009; Edwards,

11



2010; Rozbicki i in., 2015; Guzman i in., 2016b; Janczak-Pienigzek i in., 2020a; Petingco i in., 2022].
Ziarno pszenicy zwyczajnej, Zzeby osiaggnaé wysoki wyciag maki powinno sie charakteryzowaé¢ masa
objetoSciowa co najmniej na poziomie 72 kg hl-1, a najkorzystniej jest, kiedy wartos¢ tej cechy ksztattuje
sie >76 kg hl-1 [Budzynski, 2012; Rothkaehl, 2012; Dundreanu i Bonea 2022]. Waznym elementem oceny
przemiatowej ziarna jest jego dobre wyréwnanie pod wzgledem grubosci (co najmniej 2,5 mm - im
wyzsze tym lepiej), poniewaz umozliwia zastosowanie optymalnego procesu technologicznego dla
uzyskania wysokiej wydajnosci maki [Budzyniski, 2012; Mandea i in., 2022; Mitura i in., 2023].

W procesie przerobu ziarna pszenicy wazna jest jako$¢ uzyskanej maki - jej wartos¢ wypiekowa
[Li i in,, 2018; Kumar i in., 2021]. Najwazniejsza role w ksztaltowaniu wartosci wypiekowej maki
pszennej przypisuje sie frakcjom biatek zapasowych (gliadyna i glutenina), ktére petniag wazna role
podczas tworzenia ciasta [Wieser i Kieffer, 2001; Zhang i in., 2007; Lii in., 2008; Li i in., 2021]. Gliadyny
zapewniaja rozciagliwosc¢ i lepkos$¢ ciasta, podczas gdy gluteniny przyczyniaja sie do jego elastycznosci
i wytrzymatosci [Wieser, 2007; Dizlek i in., 2022]. W obecnosci wody i mechanicznego miesienia
nastepuje faczenie obu frakcji biatek, ktore tworza lepka i elastyczng mase (gluten). Dzieki wiasciwosci
glutenu maka osiagga okreslong wodochtonnosé, a powstajace ciasto pszenne cechuje sie odpowiednia
elastycznoscia i sprezystoscia [Zhang i in., 2022]. Jako$¢ kompleksu biatkowego ocenia sie m.in. na
podstawie wskaZnika sedymentacji oznaczonego metoda SDS lub testem Zeleny’ego [Simo6n i in., 2020;
Laki¢-Karali¢ i in., 2021; Tian i in., 2021]. Metody te polegaja na wykorzystaniu réznic w wielkosci
czastek gluteniny. Jednym z gtéwnych wyréznikéw przydatnosci ziarna do przerobu w przemysle
miynarskim jest ocena ich aktywno$ci enzymatycznej mierzona m.in. liczbg opadania [Szafranska i
Rothkaehl, 2011; Sjobergi in., 2021]. Gwarancja uzyskania maki pszennej na cele chlebowe jest przemiat
ziarna o liczbie opadania w zakresie 250-350 s. Zbyt niska liczba opadania (<150 s) $wiadczy o bardzo
wysokiej aktywnosci enzyméw amylolitycznych. Z kolei wysoka liczba opadania (>400 s) Swiadczy o
niskiej ich aktywnosci. W jednym i drugim przypadku uzyskuje sie pieczywo ztej jakosSci [Rothkaehl,
2015; Huiin, 2022].

Podstawa oceny warto$ci technologicznej ziarna jest réwniez ocena wypiekowa, ktoéra
przeprowadza sie na podstawie sktadu chemicznego i wtaéciwosci fizykochemicznych maki [Sramkova
i in.,, 2009; Al-Saleh i Brennan 2012; Budzynski 2012; Barak i in.,, 2015; Podolska i in., 2020]. Do
gtownych cech okres$lajacych jako$¢ maki pszennej zaliczmy barwe oraz zawarto$¢ w niej biatka
ogdblnego i popiotu surowego. Barwa maki odgrywa znaczaca role w ocenie jako$ci maki pszennej,
szczegblnie przeznaczonej do wyrobu makarondéw i chleba, poniewaz wptywa na akceptacje
konsumentéw i warto$¢ rynkowa produktéw zbozowych [Zhai i in., 2018]. Barwe mace nadajg gtéwnie
luteina, ksantofil, B-karoten oraz sktadniki mineralne (fosfor, potas, magnez, wapn etc.) wchodzace w
sktad popiotu surowego [Rodrighero i in., 2015; Yildirim i Atasoy, 2020]. Zawarto$¢ popiotu surowego
w mace w pewnym zakresie decyduje o przydatnosci maki do dalszego przerobu [Wei, 2002; Kulkarni i
in., 2006; Piironen i in., 2009; Czaja i in., 2020]. Niska zawarto$cia popiotu charakteryzuje sie mgka

przeznaczona do wyrobéw lekkich ciast tortowych, a wyzsza - maka wykorzystana w procesie wyrobu
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chleba [Zhygunov i in., 2020]. Barwa maki §wiadczy o stopniu rozdrobnienia ziarna i zawartosci popiotu
w mace (im mniej popiotu tym jasniejsza barwa maki). Biata maka produkowana jest z Srodkowej czeSci
ziarna, tj. z bielma, w ktérym zawarto$¢ popiotu nie przekracza 5 g kg-1 suchej masy (s.m.). Zewnetrzng
warstwe ziarna (wokot bielma) tworzy okrywa owocowo-nasienna, ktéra ulega rowniez w pewnym
stopniu rozdrobnieniu wraz z bielmem. Zawarto$¢ popiotu surowego w okrywie owocowo-nasiennej
siega 60-100 g kg-1 s.m. Stad im wiekszy stopien rozdrobnienia okrywy i przejscie jej do maki, tym
wieksza zawarto$¢ popiotu w mace, a co za tym idzie ciemniejsza barwa maki [Rothkaehl, 2012].
Zawarto$¢ biatka jest jednym z gtéwnych czynnikéw klasyfikujacych ziarno pszenicy [Li i in., 2008].
Wymagania dotyczace zawartosci biatka w mace réznig sie w zaleznosci od jej przetwérczego
wykorzystania. WyZsza zawarto$¢ biatka jest wymagana w przypadku wypieku chleba, ale nie jest
pozadana w przypadku wypieku ciasta lub ciasteczek [Trevisan i in., 2022]. Coraz wiecej uzytkownikéw
maki pszennej zaczyna okreslac¢ jej wymagania wypiekowe w odniesieniu do wskaZnikow reologicznych
ciasta z wykorzystaniem farinografu [Cichon i Ptak 2005; Simén i in., 2020]. Z wykorzystaniem
farinografu mozna okresli¢: wodochtonno$¢ maki, czas tworzenia i rozwoju ciasta oraz jego
rozmiekczenie. Wodochtonnos$¢ maki definiowana jest jako objetos¢ wody potrzebna do wytworzenia
ciasta o maksimum konsystencji [Ellman 2011; Fu i in., 2017]. Maka o wysokim stopniu absorpcji wody
preferowana jest do produkcji ciasta o duzej objetosci i wydajnosci oraz wptywa na cechy produktu
koncowego, tj.: lepszy smak, miekka struktura miekiszu i opéZnione czerstwienie [Puhr i D’appolonia,
1992; Fu i in,, 2017]. Maka o nizszej wodochtonno$ci wykorzystywana jest do produkcji ciast oraz
ciasteczek [Guttieri i in., 2001]. Elastyczne ciasto o niskiej lepkosci moze absorbowaé wiecej wody
podczas miesienia niz ciasto stabe [Fu i in., 2017]. Po okresleniu wodochtonnos$ci uzyskuje sie wykres
farinograficzny, na ktérym zarejestrowane sg zmiany konsystencji ciasta w trakcie jego tworzenia i
rozwoju oraz wielko$¢ rozmiekczenia ciasta podczas procesu miesienia [Simén i in., 2020]. Czas rozwoju
ciasta uzalezniony jest od stabilnos$ci struktury glutenu [Liiin., 2008; Li i in., 2019]. Dtugi czas rozwoju
ciasta jest niepozadany w przemystowym wypieku chleba, ze wzgledu na wysokie naklady energii
poniesione na proces miesienia ciasta. Z kolei zbyt krétki czas rozwoju ciasta charakteryzuje make o
niskiej jakos$ci glutenu [Marchetti i in., 2012; Amjid i in., 2013]. Stato$¢ ciasta to parametr wskazujacy
na czas, w ktérym ciasto zachowuje konsystencje. Wysoka warto$¢ wskaznika statosci ciasta wskazuje
na wytrzymatosci ciasta i jego tolerancje na miesienie [Marchettiiin., 2012; Liiin., 2019]. Wazng cecha
technologiczng dla przemystu piekarniczego jest stopien rozmiekczenia ciast. Wysoka absorpcja wody,
w potaczeniu z niskim stopniem rozmiekczenia $Swiadczy o dobrej jakoSci maki. Wysoki stopien
rozmiekczenia ciasta utrudnia m.in. proces fermentacji ciasta [Menkinoska i in., 2018] i §wiadczy o ztej
jakosci maki [Aydogan i in.,, 2015]. Jednak pelng informacje na temat wartos$ci wypiekowej ziarna
pszenicy uzyskuje sie po wykonaniu probnego wypieku laboratoryjnego, dzieki ktéremu mozna okresli¢
gestos$c¢iobjetos¢ miekiszu chleba [R6zytoiin., 2011]. Cechy te decyduja o jakos$ci i walorach smakowych
pieczywa [Dziki i in., 2010; Rézyto i Laskowski 2011]. Wysoka gestos¢ miekiszu oraz mata objetos¢

chleba to cechy, ktére nie s pozadane przez konsumentow [Sahi i in., 2014].
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Jakos$¢ technologiczna ziarna pszenicy jest determinowana przede wszystkim odmiang, jej
profilem genetycznym [Budzynski, 2012; Buczek i in., 2020; Fu i in,, 2022; Lou i in., 2021; Janczak-
Pienigzek i in., 2022] oraz uktadem warunkéw klimatycznych w okresie rozwoju generatywnego roslin
[Budzynski, 2012; Buczek i in., 2016; Dupont i in., 2006; Erekul i K6hn, 2006; Jaskulska i in., 2018;
WozZniak i Rachon, 2020; Buczekiin., 2021; Djouadiiin., 2021]. Szczegélnie duZe znaczenie dla wartoS$ci
technologicznej ziarna pszenicy ma przebieg pogody w okresie kwitnienia i dojrzewania ziarna.
Przesuniecie okresu trwania tych faz rozwojowych na okres wyzszych temperatur powietrza i nizszych
opaddéw atmosferycznych moze sprzyja¢ uzyskaniu lepszej jakosci surowca technologicznego. Jednym
ze sposobow pozwalajacych na modyfikacje rozwoju fenofazowego roslin pszenicy ozimej jest termin
siewu [Meena i in., 2016]. Strategie zarzadzania siewem (termin i gesto$¢ siewu) nabierajg obecnie
coraz wiekszego znaczenia ze wzgledu na zmiany klimatyczne. Sposréd operacji agrotechnicznych
najsilniej na warto$¢ technologiczng ziarna pszenicy oddziatuje nawozenie N [Budzynski, 2012; Tomaz
i in,, 2021]. Istotng role odgrywa nie tylko dawka, ale takze sposéb i termin jej aplikacji [Knapowski i
Ralcewicz, 2004; Podolska i in., 2007; Budzynski i Bielski, 2008; Piekarczyk i in., 2010; Ma i in., 2021].
W literaturze brak jest badan dotyczacych wplywu sposobu zarzadzania N na jako$¢ ziarna pszenicy
ozimej uprawianej w zréznicowanych warunkach siewu. Wobec globalnych zmian klimatycznych,
optymalne strategie siewu powinny zosta¢ ponownie okreslone, aby zapewnic¢ stabilng produkcje ziarna
charakteryzujacego sie wysoka przydatnoscia do przetwarzania [Meena i in., 2016]. Dotychczas wiele
prowadzonych badan skupiato sie na ocenie wptywu pojedynczych czynnikéw agrotechnicznych na
plon i jako$¢ ziarna pszenicy ozimej. Brakuje badan, ktére kompleksowo identyfikuja najkorzystniejsze
strategie siewu i nawozenia N dla optymalizacji plonu oraz wartos$ci technologicznej ziarna pszenicy
ozimej. Badania realizowane w ramach pracy doktorskiej moga przyczyni¢ sie do udoskonalenia
praktyk zarzadzania uprawa pszenicy ozimej w kontekscie wydajnosci i jakosci ziarna.

Celem badan byto okreslenie wptywu réznych sposobéw podziatu wiosennej dawki N (40+100,
70+70, 100+40 kg ha-1) oraz zréZznicowanego terminu (wczesny oraz opdézniony o 14 i 28 dni) i gestosci
siewu (200, 300, 400 ziarniakéw m-2) na:

— elementy struktury plonu pszenicy ozimej (liczba ktos6w m-2, liczba ziarnikéw w ktosie, masa
1000 ziarniakéw);

— plonowanie pszenicy ozimej (plon ziarna, plon stomy, index Zniwny);

— warto$¢ przemiatowa ziarna (gestos$¢ ziarna, szklisto$¢ ziarna, wyréwnanie ziarna, wyciag
maki);

— jako$¢ kompleksu biatkowego i aktywno$¢ enzymatyczng ziarna (zawarto$¢ biatka ogélnego,
zawartos¢ glutenu mokrego, wskaznik sedymentacji Zeleny’ego, liczba opadania);

— jako$¢ maki (zawartos¢ popiotu surowego, barwa maki, zawartos¢ biatka ogélnego);

— wlasciwosci reologiczne ciasta (wodochtonno$¢ maki, rozwdj ciasta, statos$¢ ciasta,
rozmiekczenie ciasta);

— jako$ pieczywa (objetosc¢ chleba, gesto$¢ miekiszu).
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W hipotezach roboczych zatozZono, ze: (i) opdZnienie terminu siewu nie spowoduje spadku plonu
ziarna pszenicy ozimej ze wzgledu na zmieniajace sie warunki klimatyczne; (ii) wzrost gestoSci siewu
zminimalizuje ewentualne negatywne skutki opéZniania terminu siewu, (iii) zwiekszenie pierwszej,
wczesnowiosennej dawki N korzystnie wptynie na krzewienie produktywne pszenicy i plon ziarna; (iv)
opOZnienie terminu siewu pszenicy ozimej korzystnie wptynie warto$¢ technologiczng ziarna ze
wzgledu na przesuniecie fazy dojrzewania ziarna na korzystniejsze warunki termiczne (wyzsze
temperatury powietrza); (v) zwiekszenie pierwszej, wczesnowiosennej dawki N negatywnie wptynie na
warto$¢ technologiczng ziarna pszenicy ozimej. Analiza wynikéw badan pozwoli na sformutowanie
rekomendacji dotyczacych optymalnych praktyk zarzadzania uprawa pszenicy ozimej w warunkach
agroekologicznych NE Polski przy uwzglednieniu terminu i gestosci siewu oraz nawozenia N w celu

osiagniecia wysokich plonéw ziarna o pozadanej wartosci technologiczne;j.
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2. Przeglad literatury

2.1. Plonowanie

W skali globalnej, uprawa pszenicy odpowiada za prawie 30% zuzycia nawozéw N [Economic
Research Service, 2019]. NawozZenie tym makrosktadnikiem istotnie przyczynia sie do wzrostu plonéw,
jednak nadmierna jego ilo$¢ niesie ze sobg liczne negatywne konsekwencje, m. in.: zakwaszenie gleby,
emisje gazow cieplarnianych, zanieczyszczenie wod etc. [Cui i in., 2018; Liang i in., 2018; Zhang i in.,
2019]. Niewtasciwe zarzadzanie N moze prowadzi¢ nie tylko do obnizZenia plonéw pszenicy, lecz takze
do strat tego skladnika zwigzanych z wyptukiwaniem, erozja powierzchniowa, ulatnianiem,
denitryfikacja etc. [Carvalho i in., 2016; Ladha i in., 2016; Rossini i in., 2018]. Wzrost dawki N prowadzi
réwniez do obnizenia NUE [Shahiin., 2017a; Bhattacharya, 2019; Zhangi in., 2019; Bhattaraiiin., 2021].

Zawarto$¢ N w glebie zazwyczaj wystarcza podczas jesienno-zimowej wegetacji pszenicy ozimej,
natomiast jest niewystarczajaca podczas intensywnego wzrostu wiosennego [Efretuei i in., 2016]. W
europejskich warunkach agroekologicznych w okresie wiosenno-letniej wegetacji pszenicy ozimej N jest
najczesciej aplikowany w 3 terminach [Litke i in., 2018; Z6rb i in., 2018; Moitzi i in., 2020; Tabak i in.,
2020]. Pierwsza dawka N przypada na poczatek wiosennej wegetacji, co w przypadku plantacji
prawidtowo prowadzonych odpowiada fazie petni krzewienia (BBCH 22-25, Biologische Bundesanstalt,
Bundessortenamt und Chemische Industrie [Meier, 2018]) [Wall i Plunkett, 2020]. Na tym etapie
dynamicznego wzrostu roslin pszenicy ozimej, dobre ich zaopatrzenie w N przyczynia sie do
zwiekszenia NUE [Limaux i in., 1999]. Pierwsza wiosenna dawka N stymuluje rozw6j pedéw bocznych i
w efekcie liczbe klos6w na jednostce powierzchni. Wielkos¢ dawki N powinna by¢ $cisle powigzana z
kondycja tanu po przezimowaniu. Lany dobrze rozkrzewione jesienia, o dobrym przezimowaniu nie
powinny by¢ zasilane bardzo duzymi, wczesnymi dawkami N. Nadmierne nawozenie N, w tym okresie,
moze powodowac obumieranie czesci wytworzonych ZdzZbet, a konkurencja miedzy pedami bedzie
ograniczata rozwoj systemu korzeniowego [Grzebisz, 2012]. Z kolei stabo rozkrzewione tany pszenicy
ozimej nalezy wczesng wiosng intensywniej nawozi¢ N [Budzynski, 2012]. Druga dawka N stosowana w
stadiach strzelania w ZdZbto (BBCH 30-32) reguluje rozwéj pedéw bocznych, zapobiega redukcji liczby
ktoskoéw i ziaren w ktosach, przedtuza efekt zielonosci tanu. Nadmierna dawka N, w tym okresie, moze
powodowa¢ bujny rozwo6j masy wegetatywnej, szybki wzrost pedéw, co najcze$ciej prowadzi do
zwiekszonego wylegania tanu [Budzynski, 2012]. Na znacznych obszarach Europy w uprawie pszenicy
ozimej, ktdrej ziarno przeznaczane jest na cele konsumpcyjne istnieje potrzeba zastosowania trzeciej
wiosennej dawki N (BBCH 37-51) [Efretuei i in., 2016; Litke i in., 2018]. Ma ona znaczenie korekcyjne,
jakosciowe. Zwieksza przede wszystkim zawarto$¢ biatka i glutenu w formujacym sie ziarnie, a w
niewielkim zakresie ksztattuje plon ziarna [Budzynski, 2012].

Plon ziarna pszenicy ozimej i efektywnos¢ wykorzystania N zaleza réwniez od pozostatych
praktyk agronomicznych, gtéwnie termin [Sun i in., 2007; Dai i in., 2017] oraz gesto$¢ siewu [Dai i in.,
2013]. Zmiany klimatyczne obserwowane w skali globalnej skutkujag wydtuzeniem okresu wegetacji

przedzimowej pszenicy, co powoduje, Ze producenci sg sktonni opdzniac termin siewu [Ainsworth i in.,
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2010; Xiao i in., 2013, Xiao i in., 2015]. Jednakze opo6Zniony termin siewu moze ostabia¢ proces
pobierania N obnizajac efektywnos$¢ jego dziatania [Dai i in., 2017; Yin i in. 2018]. W aspekcie
optymalizacji plonu ziarna pszenicy decydujacy wptyw ma wiasciwie dobrana gesto$¢ siewu,
pozwalajaca na osiggniecie optymalnej liczby ktoséw m-2 [Hochman i Horan, 2018; Jaenisch i in., 2019;
Lollato i in., 2019]. Odpowiednig zwarto$¢ tanu na poziomie 550-650 ktoséw m-2 przed zbiorem, ktora
gwarantuje w warunkach agroekologicznych Polski wysokie plony ziarna pszenicy ozimej, mozna
osiagna¢ zaré6wno w siewie rzadkim (umozliwiajagcym wieksze krzewienie produktywne), jak i w siewie
gestym (z ograniczonym krzewieniem). W tym pierwszym przypadku sieje sie mate iloSci ziarniakow
(200-300 szt. m-2) tak, aby roslina zainicjowata 2-3 pedy ktosonos$ne. Jednak takie siewy rokuja dobrze
jedynie w dobrych warunkach srodowiska (glebowych, klimatycznych, nawozowych). W przypadku ich
pogorszenia (gleba lekka, susza, niskie nawozenie) ryzyko zmniejszenia plonu ziarna przy rzadkim
siewie jest duze [Budzynski, 2012]. Elementy struktury plonu pszenicy wykazuja zdolno$¢ adaptacyjna
do zmieniajacych sie warunkéw srodowiskowych [Whaley i in., 2000; Lloveras i in., 2004]. Jednak
mechanizm kompensacyjny moze rézni¢ sie w zaleznosci od genotypu pszenicy [Lloveras i in., 2004;
Valério i in., 2013]. Odpowiednie dostosowanie ilo$ci wysiewu pszenicy moze poprawi¢ efektywnos¢
wykorzystania N [Arduini i in., 2006; Dai i in., 2013; Dai i in., 2014]. W badaniach prowadzonym przez
Gao i in. [2009] zwiekszenie ilosci wysiewu ziarna ze 180 do 220 kg ha-1 spowodowato wzrost NUE
$rednio o 17%. Wyniki te wskazujg, Ze w warunkach ograniczonego dostepu do N, wyzsza gestos¢ siewu
moze przyczyni¢ sie do bardziej efektywnego jego pobierania. Dodatkowo, wyniki badan
przeprowadzonych przez Dai i in. [2014] sugeruja, Ze zmniejszanie dawki N oraz zwiekszanie gestosci

siewu moze zwieksza¢ pobranie tego makrosktadnika z wiekszych gtebokoSci gleby.

2.2. Wartos¢ technologiczna ziarna

Wartos$¢ uzytkowa ziarna pszenicy to cecha bardzo ztozona, ktéra zalezy od uwarunkowan
genetycznych, agroekologicznych oraz sposobu zarzadzania praktykami rolniczymi, w tym poziomem
intensywno$ci technologii uprawy [§Vec i Hruscova 2009; Muste i in., 2010; Jankowski i in., 2014;
Jankowski i in., 2015]. Za najwazniejsze, roznicujace jakos¢ technologiczng ziarna pszenicy uznaje sie
nawozenie N [Szafranskaiin., 2008; Budzynski, 2012; Jankowski i in., 2014; Jankowski i in., 2015; Sutek
i in., 2019]. Jakos¢ technologiczng ziarna pszenicy ksztaltuje nie tylko dawka N, ale takze sposob jej
podziatu i termin aplikacji [Geisslitz i in., 2019]. Intensywna synteza biatek glutenowych rozpoczyna sie
ok. 12 dni po kwitnieniu, a koniczy w 35 dniu po tej fazie pomimo dalszej obecnosci substratu
(aminokwaséw). Dlatego bardzo wazny jest umiejetny podziat sumarycznej dawki N [Budzynski, 2012].

Poziom nawozenia N determinuje przede wszystkim cechy przemiatowe ziarna (masa 1000
ziaren, gesto$¢, wyréwnanie i szklisto$¢ ziarna) [Janczak-Pienigzek i in., 2020a; Reznick i in., 2021].
Zwiekszenie wiosennego nawozenia N powoduje wzrost masy objetoSciowej [Jankowski i in., 2015]
oraz szklisto$ci ziarna pszenicy [Narkiewicz-Jodko i in., 2008; Ellmann, 2011; Jaficzak-Pieniazek i in.,

2020a; Sissons i in., 2023]. Kindred i in. [2005] oraz Dargie i in. [2020] raportujg o korzystnym wptywie
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nawozenie N réwniez na wypetnienie ziarna (ograniczenie wolnych przestrzeni w ziarnie i zawartoS$ci
w nich o-amylazy), opdZnienie dojrzewania i przediluzenie stanu spoczynku ziarna. W miare
zwiekszania dawki N pogarsza sie jednak wyrdwnanie ziarna i jego dorodnos$¢, co moze negatywnie
wptywaé na koncowy uzysk (wyciag) maki [Budzynski i in., 2004; Stankowski i in., 2008]. Wzrost
nawozenia N skutkuje réwniez zwiekszeniem zawartosci biatka [Shi i in., 2010; Dubis, 2012; Jankowski
i in., 2015; Janczak-Pienigzek i in., 2020a; Reznick i in., 2021; Sissons i in., 2023], a takze glutenu w
ziarnie [Sutek i Podolska, 2008; Ellmann, 2011; Dubis, 2012; Wieser i in., 2023]. Warto jednak zwrocic¢
uwage na fakt, iZ wptyw nawozenia N na zawartos$¢ glutenu i jego jako$¢ jest silnie skorelowany z
czynnikiem genetycznym (odmiang) oraz ukltadem warunkéw pogodowych podczas okresu nalewania
i dojrzewania ziarna [Budzynski, 2012; Horvat i in., 2021; Keres i in., 2021]. Ziarno niektérych odmian
pszenicy zwyczajnej moze uzyska¢ dobra jako$¢ wypiekowa tylko przy wysokim poziomie nawozenia
N, w przeciwnym razie nie spelnia ono standardéw zawartos$ci biatka i glutenu. Z kolei ziarno innych
odmian moze uzyska¢ wysoka zawarto$¢ tych sktadnikéw juz przy niskich dawkach N, a zwiekszenie
dawki moze skutkowaé obnizeniem zawartos$ci glutenu i pogorszeniem jego jakosci. Sytuacja taka moze
mie¢ miejsce szczegblnie wtedy, kiedy wysokiemu nawozeniu N towarzysza duze sumy opadéw
atmosferycznych prowadzace do zwiekszenia aktywnosci enzymatycznej w ziarniakach i rozpoczecia
proceséw ich kietkowania jeszcze w ktosie [Budzynski, 2012; Vetch i in., 2019; Singh i in., 2021a; Tai i
in,, 2021; Chang i in., 2023]. Co oczywiscie uwidacznia sie niskg wartoscia liczby opadania, czesto
dyskwalifikujacg surowiec na rynku miynarskim [Rothkaehl, 2015; Penning, 2023]. Wzrost dawki N
powoduje réwniez zwiekszenie zawartosci biatka w mace [Saint Pierre i in., 2008; Valdés-Valdés i in.,
2020; Keres i in., 2021]. Z kolei p6Zniejsza aplikacja N przyczynia sie do poprawy wodochtonno$¢ maki
oraz wtasciwosci reologicznych ciasta (rozwoju, stato$¢ i rozmiekczenia ciasta) oraz jakosci chleba
(gtéwnie objetosci) [Majewska 1999; Saint Pierre i in., 2008; Rodrighero i in., 2015; Blandino i in., 2016;
Souza i in., 2019; Warechowska i in., 2019; Xue i in., 2019; Guerrini i in., 2020; Janczak-Pienigzek i in.,
2020a; Keresiin., 2021; Cesevic¢iené i in., 2022].

Efekty r6znych sposobdw zarzadzania siewem (termin i gesto$¢ siewu) oceniane s3a gtéwnie pod
katem ich efektywnosci plonotwdrczej, a tylko sporadycznie s3 analizowane w kontekscie jako$¢
wyprodukowanego ziarna pszenicy. Zende i in. [2005] wskazuje, Ze tylko przy optymalnym terminie
siewu mozna uzyska¢ ziarno o dobrej wartosci przemiatowej. OpdZniony siew skutkuje najczesciej
znacznym spadkiem masy objetoSciowej [Tyagi i in., 2003; Asseng i in., 2004; Kaur i in., 2010; Meena i
in., 2016; Shalaby i in., 2023], twardoSci ziarna i wydajnosci maki [Meena i in., 2016; Singh i in., 2021b].
Z kolei wyzsza zawarto$¢ biatka oraz glutenu w ziarnie, a co za tym idzie wyzsza warto$¢ liczbowa
wskaznika sedymentacji uzyskuje sie w warunkach op6Znionych siewéw pszenicy [Gooding i in., 2003;
Zende i in., 2005; Motzo i in., 2007; Farooq i in., 2011; Singh i in., 2012; Meena i in., 2016; Mahdavi i in.,
2022; Zahra i in., 2023]. Op6Zniony siew zwieksza réwniez zawarto$¢ popiotu w ziarnie pszenicy
[Alignan i in., 2009; Ahmed i Hassan, 2015]. Przy opdZnionych siewach dojrzewanie ziarna przebiega w

wyzszych temperaturach powietrza, co sprzyja akumulacji popiotu surowego [Alignan i in., 2009].
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Zawarto$¢ popiotu jest negatywnie skorelowana z barwa maki [Rodrighero i in., 2015], co sugeruje, ze
opo6Zniony siew moze réwniez wplywac na te ceche [Guzman i in., 2016a]. W warunkach opé6Znienia
terminu siewu obserwowany jest wzrost zawartosci biatka ogélnego w mace [Tahir i in,, 2006; Li i in.,
2013], co moze wynika¢ z przesuniecia fazy dojrzewania ziarna na wyzsze temperatury powietrza,
sprzyjajace jego akumulacji w ziarnie [Johansson i in., 2005; Labuschagne i in., 2009; Hruskova i Svec,
2009; Knapowski i in., 2018]. Zdaniem Knapowskiego i in. [2018] oraz Dong i in. [2021] opdZnienie
terminu siewu powoduje zmniejszenie wodochtonno$ci maki i statosci ciasta oraz wzrost objetosci
chleba.

Gestosc¢ siewu jest wypadkowa terminu siewu oraz intensywnosci technologii uprawy [Budzynski,
2012]. Badania dotyczace wplywu gestosci siewu na jako$¢ ziarna pszenicy sa prowadzone
sporadycznie i nie sg jednoznaczne [Geletaiin., 2002; Caglariin., 2011, Zeceviciin., 2014; Guerriniiin.,
2020; Soofizada i in., 2022]. Pozytywny wplyw gestych siewéw (650 vs. 500 ziaren m-2) na jako$¢
przemiatowq ziarna réznych odmian pszenicy ozimej wykazat Geleta i in. [2002] oraz Zecevic i in.
[2014]. W badaniach autoréw wzrost gestosci siewu spowodowat wytworzenie ziaren bardziej
dorodnych o wiekszej masie i korzystniejszym stosunku zawartosci biatek do skrobi. W warunkach
siewow rzadszych zaobserwowano op6Znione dojrzewanie oraz wieksza liczbe pedéw drugiego rzedu,
ktore wytwarzaty ziarniaki o mniejszej masie, niskiej masie objetosciowej i gorszej jakosci [Geleta i in.,
2002; Zeceviciin., 2014]. Z kolei w badaniach Guerrini i in. [2020] oraz Sun i in. [2023] wzrost gestosci
siewu spowodowat obnizenie masy 1000 ziaren bez wptywu na ich mase objetosciowa. Badania
Soofizada i in. [2022], Caglar i in. [2011] oraz Zecevic i in. [2014] wskazuja, Ze wzrost gestosci siewu
powoduje zwiekszenie zawarto$ci biatka, glutenu oraz korzystnie wplywa na warto$¢ wskaznika

sedymentacji w ziarnach pszenicy.
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3. Material i metody badan

3.1. Sciste doswiadczenie polowe

Sciste do$wiadczenie polowe z pszenicg ozima (Triticum aestivum L.) realizowano w latach 2018-
2021 na polach doswiadczalnych Zaktadu Produkcyjno-Doswiadczalnego ,Batcyny” sp. z 0. 0. z siedzibg
w Batcynach (53°35'46.4"" N, 19°51'19.5" E), nalezacego do Uniwersytetu Warminsko-Mazurskiego w
Olsztynie. W doswiadczeniu uwzgledniono trzy czynniki: (i) termin siewu: wczesny (6 wrzesnia 2018,
5 wrzes$nia 2019, 3 wrzesnia 2020), op6Zzniony o 14 dni (17-20 wrzes$nia), op6Zniony o 28 dni (1-4
pazdziernika), (ii) gestos$¢ siewu: 200, 300, 400 kietkujacych ziarniakow m-2; (iii) podziat wiosennej
dawki N w stadium BBCH 22-25 + BBCH 30-31: 40+100, 70+70, 100+40 kg ha-1.

Doswiadczenie zatoZono w trzech powtdérzeniach, w tréjczynnikowym uktadzie split-split-plot, w
ktoérym pierwszy czynnik (termin siewu) tworzyt bloki gtéwne, drugi czynnik (gestos¢ siewu) podzielit
bloki na podbloki, a te ostatnie zostaty podzielone na tyle czesci ile byto poziomdéw trzeciego czynnika.
Powierzchnia poletka do zbioru wynosita 15 m2 (10 x 1.5 m). Przedplonem byt rzepak ozimy (Brassica
napus L.). Corocznie po zbiorze przedplonu (koniec lipca) wykonywano podorywke na gtebokos¢ 6-8
cm i wysiewano nawozy w dawkach 20 kg N ha-! (mocznik, 46% N), 17.4 kg P ha-! (superfosfat
wzbogacony, 17.4% P) oraz 41.5 kg K ha-! (s6l potasowa, 49.8% K). Nastepnie pole 1-krotnie
bronowano (brona lekka) w celu wymieszania nawozéw oraz mechanicznego ograniczenia
zachwaszczenia. Orke siewng na gtebokos¢ 20-22 cm wykonywano pod koniec sierpnia. Powierzchnie
pola wyréwnywano agregatem uprawowym 4-5 dni przed siewem. Ziarno pszenicy ozimej odmiany
‘Julius’ wysiewano w terminach i gestoSciach zgodnych ze schematem doswiadczenia, w rozstawie 12,5
cm, na gtebokos$¢ 3 cm. Siewy wykonywano rzedowym siewnikiem poletkowym (Promar SPZ-1.5,
Poznan, Polska). W okresie wzrostu roslin prowadzono petng ochrone tanu pszenicy ozimej przed
agrofagami [tab. S2, P3]. W stadium BBCH 37 na catosci doswiadczenia zastosowano 3 dawke N na
poziomie 40 kg ha-1. Azot w okresie wiosenno-letniej wegetacji stosowano w formie saletry amonowej
(34% N). Pszenice ozimg zbierano pod koniec lipca lub na poczatku sierpnia (BBCH 89) z
wykorzystaniem kombajnu poletkowego Wintersteiger Classic (typ 1540-447, Ried im Innkreis,
Austria) [tab. S2, P3].

Doswiadczenie corocznie lokalizowano na glebie ptowej typowej (Haplic Luvisol wedtug
klasyfikacji International Union of Soil Sciences [IUSS Working Group WRB, 2022]) wytworzonej z gliny
$redniej nalezacej do klasy bonitacyjnej Illa. Odczyn gleby byt lekko kwasny (pH 6.2-6.4). Zawarto$¢
Corg W glebie wahata sie od 1,22 do 1,39%, a zasobno$¢ w przyswajalne formy sktadniké6w pokarmowych
wyniosta: 75-129 mg kg-1 P, 129-199 mg kg-1 K, 33-49 mg kg-1 Mg, 1-2 mg kg-! SO%~ [tab. S1, P3].
Analizy wtasciwosci chemicznych gleby wykonano w laboratorium Okregowej Stacji Chemiczno-

Rolniczej w Olsztynie, wedtug metod opisanych w pracach: P1 oraz tab. S1, P3.
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3.2. Badania polowe

Po wschodach roslin (BBCH 12-13) oraz wiosng (BBCH 22-25) okreslono liczbe roslin na 1 mz2.
W stadium BBCH 29 okreslono stopien rozkrzewienia roslin (liczbe pedéw). Bezposrednio przed
zbiorem okreslono liczbe ktos6w m-2 oraz liczbe ziarniakéw w klosie. Wielko$¢ plonu ziarna i stomy
oraz mase 1000 ziarniakéw okre$lono wagowo na kazdym poletku bezposrednio po omtocie pszenicy
ozimej. Wielko$¢ préb roslin oraz sposoéb ich pobierania opisano w pracy P1. Wilgotno$¢ ziarna i stomy
okreslono bezposrednio po zbiorze metoda suszarkowa (FD 53 Binder GmbH, Tuttlingen, Germany),
wedtug wzoru 1 przedstawionego w pracy P1. Plon ziarna i stomy z kazdego poletka skorygowano do
86% suchej masy (s.m.) i przeliczono na powierzchnie 1 ha. Indeks zniwny okreslono wedtug wzoru 2

przedstawionego w pracy P1.

3.3. Warunki pogodowe

Uktad warunkéw pogodowych opisano z wykorzystaniem S$redniodobowej temperatury
powietrza oraz opadéw atmosferyczne panujacych podczas wegetacji pszenicy ozimej [P1]. Dane te
pochodzity z automatycznej stacji meteorologicznej (PM Ecology sp. z o. o, Gdynia, Polska)
zlokalizowanej na terenie stacji badawczej w Balcynach. Szczegétowo scharakteryzowano przebieg
pogody dla okreséw: poczatek kwitnienia-dojrzato$¢ mleczna (BBCH 61-73), dojrzato$¢ mleczna-
dojrzatos¢ woskowa (BBCH 73-83), dojrzatos¢ woskowa-dojrzatos$¢ petna (BBCH 83-89), poczatek
kwitnienia-dojrzatos$¢ petna (BBCH 61-89) oraz dojrzato$¢ mleczna-dojrzatos¢ petna (BBCH 83-89) z
wykorzystaniem sumy temperatur efektywnych (GDD - Growing Degree-Days) [wzoér 1, P2] oraz

wskaznika hydrotermicznego Sielianinov’a [wzor 2, P2]

3.4. Wartos¢ przemiatowa ziarna

Ocene wyrOwnanie ziarna pszenicy ozimej przeprowadzono z wykorzystaniem sortownika
mechanicznego (Zaktad Badawczy Przemystu Piekarskiego sp. z o. 0., Bydgoszcz, Polska), zgodnie z PN
R-74110:1998. Gestos¢ ziarna pszenicy ozimej okreslono metodg objetoSciowo-wagowa, zgodnie z
Polska Norma PN-EN ISO 7971-3:2019-03 z wykorzystaniem gestoSciomierza o pojemnosci 1 dms3
(Zaktad Badawczy Przemystu Piekarskiego sp. z o. o. Bydgoszcz, Polska). Twardos¢ ziarna (w
przeliczeniu na 86% s.m.) okreslono z wykorzystaniem NIR System Infratec™ 1241 Grain Analyzer
(FOSS, Hillerod, Dania). Szklisto$¢ ziarna okreslono poprzez ocene przekroju poprzecznego 50 ziaren z
kazdego poletka przecietych za pomoca farinotomu (Zaktad Badawczy Przemystu Piekarskiego sp. z o.
0., Bydgoszcz, Polska), zgodnie z PN R-74008:1970.

Wycigg maki okreslono jako stosunek masy maki otrzymanej w czasie przemiatu do masy ziarna,
z ktdérego ja uzyskano. Wyciag maki oznaczono poprzez zmielenie ziarna w mtynku laboratoryjnym
(Brabender, Quadrumat Junior, Duisburg, Niemcy). Zawarto$¢ biatka ogoélnego okreslono z
wykorzystaniem NIR System AgriCheck Analyzer (Bruins Instruments, Puchheim, Bayern, Niemcy).

Zawarto$¢ glutenu mokrego w ziarnie pszenicy ozimej oznaczono metoda wagowa poprzez
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mechaniczne wymycie glutenu, zgodnie z PN-EN ISO 21415-2:2015-12E. Oznaczenie wskazZnika
sedymentacji (test Zeleny’ego) przeprowadzono na aparacie sktadajacym sie z pulpitu pomiarowego
oraz wytrzasarki typu SWD-89 (Zaktad Badawczy Przemystu Piekarskiego sp. z o. 0., Bydgoszcz, Polska),
wedtug PN-EN ISO 5529:2010. Liczbe opadania okreslono metoda Hagberga-Pertena [Hagberg, 1960;
Hagberg 1961], wedtug PN-EN ISO 3093:2010 na aparacie typu SWD-SZ (Zaktad Badawczy Przemystu
Piekarskiego sp. z o. 0., Bydgoszcz, Polska). Wielko$¢ analizowanych préb oraz szczegétowe metody
okreslenia wartoSci przemiatowej ziarna pszenicy ozimej opisano w pracy P2.

Gestos¢, szklisto$¢ oraz wyrdwnywanie ziarna, zawarto$¢ biatka ogélnego i glutenu mokrego w
ziarnie, wskaznik sedymentacji oraz liczbe opadania okreslono w laboratorium Zaktadu Badawczego
Przemystu Piekarskiego sp. z 0. 0. w Bydgoszczy. Twardo$¢ ziarna oraz wyciag maki okreslono w

laboratoriach Uniwersytetu Warminsko-Mazurskiego w Olsztynie.

3.5. Jakos¢ maki

Make wykorzystang do badan uzyskano poprzez zmielenie ziarna pszenicy w mitynie
laboratoryjnym (Brabender, Quadrumat Junior, Duisburg, Niemcy). Zawarto$¢ popiotu surowego w
mace okreslono z wykorzystaniem NIR System Infratec™ 1241 Grain Analyzer (FOSS, Hillerod, Dania).
Barwe maki oceniono przy uzyciu automatycznego miernika bieli MB-3M (Zaktad Badawczy Przemystu
Piekarskiego sp. z o. o. Bydgoszcz, Polska). Zawarto$¢ biatka ogdélnego w mace okreslono z
wykorzystaniem NIR System AgriCheck Analyzer (Bruins Instruments, Puchheim, Bayern, Niemcy).
Wielko$¢ analizowanych préb oraz szczegdétowe metody okresSlenia parametréw oceny jakosci maki
opisano w pracy P2.

Ocene jakosci maki wykonano w Zaktadzie Badawczym Przemystu Piekarskiego sp. z 0. 0. w

Bydgoszczy.

3.6. Wtasciwosci reologiczne ciasta i jakos¢ pieczywa

Wodochtonnos$¢ maki oraz jej wtasciwosci reologiczne (rozwdj, statos¢ i rozmiekczenie ciasta)
okreslono z wykorzystaniem farinografu Brabender z zastosowaniem gtowicy typ 50, zgodnie z PN-EN
[SO 5530-1:2015-01. W celu okreslenia jakosci pieczywa przeprowadzono prébny wypiek, wedtug
procedury opisanej w pracy P3. Objetos¢ chleba oraz gesto$¢ miekiszu okreslono po 24 h od jego
wypieku. Objetos¢ pieczywa okresSlono przy uzyciu materiatéw sypkich (ziarno prosa) za pomoca
objetoSciomierza laboratoryjnego Sa-Wy o pojemnosci 1200 cm3 (Zaklad Badawczy Przemystu
Piekarskiego sp. z o. o. Bydgoszcz, Polska). Gesto$¢ miekiszu chleba okreslono z wykorzystaniem
wykrojnika miekiszu (Zaktad Badawczy Przemystu Piekarskiego sp. z 0. 0. Bydgoszcz, Polska) obliczajac
jego warto$¢ wedtug wzoru 1 przedstawionego w pracy P3. Szczegélowe metody okreslenia
wtasciwosci reologicznych ciasta i jakosci pieczywa opisano w pracy P3.

Ocene wtasciwosci reologicznych ciasta oraz jakos$ci pieczywa wykonano w Zaktadzie Badawczym

Przemystu Piekarskiego sp. z 0. 0. w Bydgoszczy.
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3.7. Analiza statystyczna

Wyniki pomiaréw podano analizie wariancji ANOVA z wykorzystaniem Statistica software [TIBCO
Software Inc, 2017]. Wielokrotne poréwnania post-hoc przeprowadzono za pomocg testu HSD Tukey’a
(a=0.05). Wyniki F-test dla czynniko6w doswiadczenia i ich interakcji przedstawiono w tabelach: 1 [P1],
S1 [P2] oraz S5 [P3]. Zalezno$¢ miedzy zmiennymi meteorologicznymi a badanymi parametrami
agronomicznymi oceniono metodg regresji liniowej. Wartosci wspétczynnika korelacji Pearsona (R)

uznawano za istotne przy p < 0,05.
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4. Wyniki badan

4.1. Agrometeorologiczne uwarunkowania rozwoju roslin

W wszystkich latach badan jesienna wegetacja pszenicy ozimej przebiegata w warunkach niskich
opadow atmosferycznych (61-82% Sredniej z lat 1981-2015) oraz wysokiej Sredniodobowej
temperatury powietrza (o 2,0 °C wyzszej niz $Srednia wieloletnia). Okres zimowego spoczynku roslin
przebiegata w warunkach wyzszej sSredniodobowej temperatury powietrza od Sredniej wieloletniej o
2,8 °C. Opady atmosferyczne w okresie zimowego spoczynku roslin byty we wszystkich latach badan
zblizone do Sredniej wieloletniej. We wszystkich sezonach wegetacyjnych sredniodobowe temperatury
powietrza w kwietniu i maju byty zbliZone do srednich wieloletnich. Natomiast czerwiec, lipiec i sierpien
byty ponadprzecietnie ciepte. Znacznie wiekszym zréznicowaniem w latach badan, charakteryzowaty
sie opady atmosferyczne w okresie wiosenno-letniej wegetacji. W 1 cyklu badan, w kwietniu nie
zanotowano opadéw. Natomiast w maju, czerwcu i lipcu opady atmosferyczne byty wyzsze od $rednich
wieloletnich, odpowiednio o: 72, 351 5%. W 2 cyklu badan kwiecien byl réwniez prawie bezdeszczowy
(1 mm opadu). W tym sezonie wegetacyjnym, ponadprzecietne opady atmosferyczne wystapity w maju
i czerwcu (113 i 145% sumy wieloletniej). W 3 cyklu badan zanotowano bardzo obfite opady
atmosferyczne w maju, lipcu i sierpniu (192, 156 i 189% sumy wieloletniej). Suma opaddéw
atmosferycznych, w catym okresie wegetacji pszenicy ozimej, wyniosta 605 (2018/2019), 570
(2019/2020) i 674 mm (2020/2021), przy $redniej wieloletniej na poziomie 596 mm [rys. 1, P1].

W latach prowadzenia badan polowych rozwdj roslin pszenicy ozimej, w okresie od kwitnienia
roslin do zbioru ziarna (BBCH 61-89), przebiegat w odmiennych warunkach termiczno-
wilgotnosciowych [tab. 1, P2]. Suma temperatur efektywnych (GDD), w okresie od kwitnienie do
dojrzatosci pelnej ziarna, wynosita 696-796 (2019), 630-649 (2020) i 695-706 °C (2021). W 1 cyklu
badan, opdzZnienie terminu siewu spowodowato wzrost GDD w stadium BBCH 71-89 o 22 (+14 dni) i
100 °C (+28 dni). Szczegdlnie silny wzrost GDD pod wptywem op6Znienia terminu siewu obserwowano
w stadium BBCH 83-89 (93 vs. 118-187°C). W pozostatych latach badan, kwitnienie oraz dojrzewanie
roslin pszenicy ozimej przebiegato w warunkach termicznych (GDD) stabo réznicowanych terminem
siewu. Opady atmosferyczne w okresie od kwitnienia do zbioru pszenicy ozimej wynosity 154-178
(2019), 127-128 (2020) i 134-153 mm (2021). W 1 cyklu badan, opdéznienie terminu siewu
spowodowato, Ze rozwdj pszenicy w okresie od poczatku kwitnienia do dojrzatosci petnej przebiegat w
warunkach wyzszych opadéw atmosferycznych. W 2 cyklu badan, rozktad opadéw atmosferycznych w
fazach BBCH 61-89 byt stabo zr6znicowany terminem siewu. W 3 sezonie wegetacyjnym, op6Znienie
terminu siewu pszenicy ozimej spowodowato, ze kwitnienie roslin (BBCH 61-73) oraz poczatkowe fazy
dojrzewanie ziarna (BBCH 73-83) przebiegaty w warunkach obfitszych opadéw atmosferycznych. Z
kolei koncowy okres dojrzewania ziarna (BBCH 83-89) przebiegat w warunkach prawie
bezdeszczowych (41 vs. 0-2 mm). Generalnie, ukltad warunkéw hydrotermicznych wyceniony
wskaznikiem Sielianinov’a, w okresie od kwitnienia do dojrzatosci peinej ziarna pszenicy, byt korzystny

(wilgotny) we wszystkich latach badan. Nalezy jednak podkresli¢, iz w 2 cyklu badan rozwdj roslin
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pszenicy ozimej, w okresie od fazy dojrzatosci mlecznej az do zbioru (BBCH 73-89), przebiegat w

warunkach posuchy (K= 0,35-0,98) [tab. 1, P2].

4.2. Obsada oraz stopien rozkrzewienia roslin

OpoZnienie terminu siewu do poczatku pazdziernika spowodowato obnizZenie obsady roslin
jesienig i wiosng o 13%, w stosunku do siewow wrze$niowych [tab. 2, P1]. Wzrost gestosci siewu
spowodowat sukcesywne zwiekszenie liczby roslin po wschodach oraz wiosng [tab. 2, P1], niezaleZnie
od warunkéw agroekologicznych panujacych w latach badan [tab. 1, P1].

Op6Znienie terminu siewu spowodowato zmniejszenie liczby pedéw na roslinie w koncowej fazie
krzewienia o 13 (+14 dni) i 24% (+28 dni). Wzrost gestosci siewu z 200 do 400 ziarniakéw m-2
spowodowat zmniejszenie o 10% liczby peddw na roslinie w stadium BBCH 29. Obnizenie pierwszej
wiosennej (BBCH 22-25) dawki N ze 100 do 40 kg ha-! spowodowato zimniejsze liczby pedéw na
roS$linie Srednio o 10% [tab. 2, P1]. Liczba pedéw na 1 m? w stadium BBCH 29 réwniez zmniejszala sie
w miare op6zniania terminu siewu [tab. 2, P1]. Pszenica ozima wysiana na poczatku pazdziernika
wytwarzata Srednio o 33% mniej pedow na jednostce powierzchni niz wysiana w terminie
najwcze$niejszym (3-6 wrze$nia). Zwiekszenie gestosci siewu z 200 do 300-400 ziarniakéw m-2
spowodowato wzrost liczby pedoéw na 1 m2 o 38-78%. Z kolei zwigkszenie pierwszej wiosennej dawki

z 40 do 100 kg N ha-1 spowodowato wzrost liczby pedéw na jednostce powierzchni o 12% [tab. 2, P1].

4.3. Elementy struktury plonu

Pszenica ozima wytwarzata, w latach badan, od 406 do 538 ktos6w m-2 [tab. 3, P1]. OpdZnienie
terminu siewu o 14 i 28 dni zwiekszato liczbe ktoséw m-2 srednio o 11%. Najnizsza liczbe ktoséw na
jednostce powierzchni uzyskano przy wysiewie 200 ziarniakow m-2. Wzrost gestosci siewu do 300
ziarniakéw m-2 spowodowat istotny przyrost liczby ktos6w m-2 o 8%. Zastosowanie 100+40 kg N ha-!
korzystnie wptyneto na liczbe ktoséw m-2 [tab. 3, P1].

Pszenica ozima wytwarzata od 43,7 do 51,5 ziarniakéw w ktosie [tab. 3, P1]. Srednio w latach
badan termin siewu nie réznicowat istotnie tego elementu struktury plonu pszenicy ozimej [tab. 1, P1].
Wzrost gestosci siewu z 200 do 300-400 ziarniakéw m-2 obnizat liczbe ziarniakow w ktosie o 5-7%
[tab. 3, P1], niezaleZnie od warunkéw agroekologicznych panujacych w latach badan [tab. 1, P1]. Sposéb
podziatu wiosennej dawki N nie réznicowat istotnie wypetnienia ktoséw ziarniakami [tab. 1, P1].

Najmniejsza MTZ (44,95 g) uzyskano wysiewajac pszenice ozimg na poczatku wrzesnia.

OpoZnienie terminu siewu o 14-28 dni spowodowato wzrost MTZ o 1-2% [tab. 3, P1].

4.4. Plon ziarna i stomy
Pszenica ozima plonowata na poziomie od 8,99 (3 cykl badan) do 10,57-10,90 Mg ha-t (1i 2 cykl
badan). Wczesny siew (3-6 wrzesnia) nie sprzyjal plonowaniu pszenicy ozimej (9,36 Mg ha-1).

Zdecydowanie wyzej (Srednio o 12-13%) plonowala pszenica ozima wysiewana pomiedzy 17 wrzeSnia
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a 4 pazdziernika [tab. 4, P1]. W warunkach opéZnionych siew6w pszenica ozima wytwarzata istotnie
wiecej ktoséw m-2 (0 10-12%) oraz ziarno o wiekszej masie (o 1-2%) [tab. 3, P1]. Wykazano, ze w
warunkach agroekologicznych NE Polski gestszy wysiew (400 ziarniakow m-2) byt korzystniejszy dla
plonowania pszenicy ozimej niz siew rzadki (200 ziarniakéw m-2) (10,25 vs.10,02 Mg ha-1) [tab. 4, P1].
Wzrost plonowania pszenicy ozimej wysianej w zageszczeniu 400 ziarniakéw m-2 byl efektem
korzystnego wplywu tej gestoSci siewu na liczbe klosé6w m-2 (wzrost o 8-10%) [tab. 3, P1].
Najkorzystniej dla plonowania pszenicy bylo zastosowanie 100+40 kg N ha-1 w stadium BBCH 22-25 i
30-31 [tab. 4, P1], niezaleznie od terminu i gestos$ci siewu [tab. 1, P1].

Plon stomy istotnie obnizat sie (0 6%) w warunkach p6Znych siewo6w, tj. na poczatku paZzdziernika
[tab. 4, P1]. Wptyw gestosci siewu na plon stomy byt uzaleZzniony od terminu siewu [tab. 1, P1]. W
warunkach wczesnego siewu (poczatek wrzesnia) wzrost gestosci siewu z 200 do 300-400 ziarniakow
m-2 spowodowat obnizenie plonu stomy o 16-20%. W warunkach siewéw opézZnionych o 14 i 28 dni
gestos¢ siewu (200, 300, i 400 ziarniakbw m-2) nie réznicowata istotnie plonu stomy [rys. 9, P1].
Najwyzszy plon stomy (6,23 Mg ha-1) uzyskano w warunkach niskiej pierwszej wiosennej dawki N
(40+100 kg ha-1). Zwiekszenie pierwszej wiosennej dawki N do poziomu 70 lub 100 kg ha-! przy
jednoczesnym zmniejszeniu drugiej dawki N (70+70 lub 100+40 kg ha-1) spowodowato obnizZenie plonu
stomy Srednio o0 6% [tab. 4, P1].

Indeks Zniwny pszenicy ozimej wahata sie w zakresie od 0,61 do 0,64-0,65. OpdZnienie terminu
siewu do potowy wrzes$nia lub poczatku pazdziernika korzystnie wptyneto na indeks zniwny pszenicy
ozimej (wzrost o 5-7%) [tab. 4, P1]. Gesto$¢ siewu oraz sposob podziatu wiosennej dawki N nie

wptywaty istotnie na stosunek ziarna do biomasy pozbiorowej pszenicy ozimej [tab. 1, P1].

4.5. Wartos¢ przemiatowa ziarna

Wyréwnanie ziarna byto ujemnie skorelowane ze $redniodobowa temperaturg powietrza w
okresie od poczatku kwitnienia do zbioru ziarna pszenicy ozimej (BBCH 61-89) [rys. 1, P2]. Stad ziarno
o0 najlepszym wyréwnaniu (83,0%) zebrano w 2 sezonie wegetacyjnym [tab. 2, P2], charakteryzujagcym
sie niska sredniodobowa temperaturg powietrza w stadium BBCH 61-89 (18,2-18,5 °C) [tab. 1, P2].
Najmniejszym wyréwnaniem (69,7%) charakteryzowato sie ziarno zebrane w 3 cyklu badan [tab. 2, P2],
w ktérym zanotowano najwyzsza Sredniodobowg temperature powietrza w okresie od poczatku
kwitnienia do zbioru ziarna (20,7-21,4°C) [tab. 1, P2]. Opd6Znienie terminu siewu spowodowato
przesuniecie fazy kwitnienia i dojrzewania ziarna (BBCH 61-89) na okres wyzszych sredniodobowych
temperatur powietrza [tab. 1, P2], co skutkowato obniZzeniem wyrdwnania ziarna o 1,9 punktu
procentowego (%p) [tab. 2, P2]. Zwigzek pomiedzy terminem siewu a wyréwnaniem ziarna pszenicy
ozimej byt szczegélnie widoczny w warunkach agroekologicznych 1 sezonu wegetacyjnego. W tym cyklu
badan opdZnienie terminu siewu o 14 dni spowodowato spadek wyréwnania ziarna az o 6,1%p [rys. 2a,
P2], co wynikalo z przesuniecia kwitnienia i dojrzewania ziarna na okres wyzszych sredniodobowych

temperatur powietrza (20,7 vs. 21,2-21,4°C) [tab. 1, P2]. Wzrost gesto$ci siewu z 200 do 300 ziarniakow
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m-2 spowodowal obniZenie wyréwnania ziarna pszenicy o 2,6%p [tab. 2, P2]. Sposéb podziatu
wiosennej dawki N nie réznicowat istotnie tej cechy ziarna [tab. S1, P2].

Gestos$¢ ziarna pszenicy ozimej wahata sie od 80,7 do 81,1-81,3 kg hl-1. OpbéZnienie terminu siewu
0 14-28 dni spowodowato wzrost gestosci ziarna o 1-1,5% [tab. 2, P2]. Gesto$¢ siewu oraz sposob
podziatu wiosennej dawki N nie r6znicowaty istotnie gestos$ci ziarna [tab. 2, P2], niezaleznie od uktadu
warunkéw pogodowych panujacych w latach badan [tab. S1, P2].

Twardos$¢ ziarna byta ujemnie skorelowana z wyréwnaniem ziarna [tab. S2, P2] oraz dodatnio
skorelowana ze $redniodobowg temperaturg powietrza w okresie od poczatku kwitnienia do zbioru
ziarna [rys. 3, P2]. Ziarno o najwiekszej twardosci (68,0) wytworzyta pszenica ozima w 3 roku badan
[tab. 2, P2], charakteryzujacym sie najwyzsza Sredniodobowa temperaturg powietrza w okresie od
poczatku kwitnienia do zbioru ziarna (20.7-21.4°C) [tab. 1, P2]. Op6Znienie terminu siewu o 14 dni
zwiekszato twardo$¢ ziarna pszenicy ozimej o 5%, w stosunku do terminu najwczes$niejszego [tab. 2,
P2]. Rosliny wysiewane p6Zno byty narazone na wyzsze temperatury podczas kwitnienia i dojrzewania
[tab. 1, P2], co wyjasnia obserwowany wzrost twardosci ziarna [rys. 3, P2]. Gestos¢ siewu (200, 300 i
400 ziarniakéw m-2) nie réznicowata twardoS$ci ziarna pszenicy ozimej [tab. S1, P2]. Korzystnie na
twardo$¢ ziarna wptywato wiosenne nawozenie N w dawce 40+100 kg ha-l. Zwiekszenie
wczesnowiosennej dawki N, przy jednoczesnym obnizeniu dawki na poczatku strzelania w Zdzbto,
obnizyto twardosci ziarna o 3-4% [tab. 2, P2].

Szklisto$¢ ziarna pszenicy ozimej wahata sie od 88,9 do 97,1% [tab. 2, P2]. Analiza regresji
wykazata dodatnig korelacje pomiedzy szklisto$cia ziarna pszenicy a Sredniodobowg temperatura
powietrza w fazie dojrzatosci woskowej (BBCH 83-89) [rys. 4, P2]. Op6Znienie terminu siewu pszenicy
ozimej spowodowato przesuniecie fazy dojrzatosSci woskowej na okres wyzszych Sredniodobowych
temperatur powietrza [tab. 1, P2], co skutkowato wzrostem szklistosci ziarna o 3 (+14 dni) i 6%p (+28
dni) [tab. 2, P2]. Wzrost gestosci siewu z 200 do 400 ziarniak6w m-2 niekorzystnie wptywat na szklistos¢
ziarna (spadek udziatu ziarna o bielmie szklistym o 1,4%p). Zwiekszenie pierwszej wiosennej dawki N
740 do 70 lub 100 kg ha-t, przy jednoczesnym obnizeniu dawki N w stadium BBCH 30-31, zmniejszyto
szklistos¢ ziarna o 1,3-1,4%p [tab. 2, P2].

Wyciag maki wahat sie od 71,2 do 74,7% [tab. 2, P2] i byt istotnie réznicowany terminem siewu
oraz sposobem podziatu wiosennej dawki N [tab. S1, P2]. Najmniejsza wydajnos¢ maki (71,8%)
uzyskano z ziarna pszenicy ozimej wysiewanej w terminie wczesnym (poczatek wrzesnia). Op6Znienie
terminu siewu o 14-28 dni spowodowato wzrost uzysku maki o 1,4-2,2%p. NawozZenie N w stadium
BBCH 22-25 i 30-31 na poziomie 40+100 kg ha-1 pozwalato na uzyskanie najwyzszego wyciggu maki
(73,9%). Zwiekszenie wczesnowiosennej dawki N, przy jednoczesnym zmniejszeniu jej w stadium BBCH

30-31, obnizyto uzysku maki o 1,8%p [tab. 2, P2].
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4.6. Jakos¢ kompleksu biatkowego oraz aktywnos¢é enzymatyczna ziarna

Zawarto$¢ biatka ogélnego w ziarnie pszenicy ozimej byta dodatnio skorelowana z GDD, opadami
atmosferycznymi oraz warunkami hydrotermicznymi (wskaznik Sielianinov’a) panujacymi w okresie
od kwitnienia do zbioru ziarna (BBCH 61-89) [rys. 6, P2]. Op6Znienie terminu siewu spowodowato
wzrost zawartosci biatka ogélnego w ziarnie pszenicy ozimej o 1 (+14 dni) i 2% (+28 dni) [tab. 3, P2].
Szczegolnie silny wzrost zawartos$ci biatka ogélnego pod wptywem opdZnienia terminu siewu o 14 i 28
dni zaobserwowano w 1 cyklu badan (4 i 8%) [rys. 7a, P2]. W tym sezonie wegetacyjnym op0Znienie
terminu siewu spowodowato przesuniecie kwitnienia oraz dojrzewania ziarna na okres wyzszych GDD
(696 vs. 718-796°C), obfitszych opadow atmosferycznych (154 vs. 172-178 mm) oraz korzystniejszych
warunkéw hydrotermicznych (K = 1.64 vs. 1.66-1.77) [tab. 1, P2], a wiec parametréw dodatnio
skorelowanych z zawarto$cig biatka og6lnego w ziarnie [rys. 6, P2]. Wzrost gestosci siewu z 200 do 300
ziarniakdw m-2 spowodowat obnizenie zawarto$ci biatka ogélnego w ziarnie pszenicy ozimej o 1,5%
[tab. 3, P2]. Warto podkresli¢, iz negatywne skutki wzrostu gestosci siewu dla zawartosci biatka
ogdblnego w ziarnie byty szczegélnie widoczne w warunkach opézZnienia terminu siewu o 14 i 28 dni
(spadek zawartoSci biatka ogdlnego o 2 i 3%) [rys. 7c, P2]. Najwiekszg zawartoScig biatka ogolnego
charakteryzowato sie ziarno pszenicy ozimej nawozonej na poziomie 40+100 kg N ha-1. Zwiekszanie
pierwszej wczesnowiosennej dawki N, przy jednoczesnym obnizeniu dawki w stadium BBCH 30-31,
spowodowato spadek zawartosci biatka ogélnego w ziarnie o 1-2% [tab. 3, P2].

Zawarto$¢ gluten mokrego w ziarnie pszenicy ozimej byta ujemnie skorelowana z wyréwnaniem
ziarna oraz dodatnio skorelowana ze szklistoscia ziarna [tab. S2, P2]. Zawarto$¢ glutenu mokrego byta
réwniez determinowana przez Sredniodobowe temperatury powietrza w stadium BBCH 61-89 oraz
opady atmosferyczne i warunki hydrotermiczne panujace w fazie BBCH 73-83. Wzrost wartoS$ci
liczbowych tych parametréw pogody sprzyjat akumulacji glutenu mokrego w ziarnie pszenicy ozimej
[rys. 8, P2]. Op6Znienie terminu siewu o 28 dni spowodowato wzrost zawartosci glutenu mokrego w
ziarnie 0 0,5-0,6%p. Silniejszy wzrost (o 2,2%p) zawartos$ci glutenu mokrego w ziarnie pszenicy ozimej
pod wptywem opdZnienia terminu siewu o 28 dni zaobserwowano w warunkach agroekologicznych 1
cyklu badan [rys. 9a, P2]. W tym sezonie wegetacyjnym opdZnienie terminu siewu spowodowato
przesuniecie kwitnienia oraz dojrzewania pszenicy na korzystniejsze warunki termiczne. Z kolei faza
dojrzatosci mlecznej (BBCH 73-83) zostata przesunieta na okres wyzszych opadéw atmosferycznych (o
6%) oraz korzystniejszych warunkéw hydrotermicznych (wzrost K o 52-65%) [tab. 1, P2]. Wzrost
gestosci siewu z 200 do 300 ziarniakéw m-2 spowodowat spadek zawartosci glutenu mokrego w ziarnie
0 0,7%p [tab. 3, P2]. Spadek ten byt silniejszy (o0 0,8 i 1,5%p) w warunkach op6znionych siewéw (o 14
i 28 dni) [rys. 9b, P2]. Sposdb podziatu wiosennej dawki N nie réznicowata zawartosci glutenu mokrego
w ziarnie pszenicy ozimej [tab. S1, P2].

Wskaznik sedymentacji Zeleny’ego osiagal wyzsze wartosci (zjawisko korzystne) w warunkach
opo6Znionych siewéw o 28 dni [tab. 3, P2], niezaleZnie od lat badan, gestosci siewu oraz sposobu

podziatu wiosennej dawki N [tab. S1, P2]. Gestos¢ siewu (200, 300, 400 ziarniakéw m-2) nie réZnicowata

28



warto$ci wskaZnika sedymentacji [tab. S1, P2]. Korzystniej na jako$¢ kompleksu biatkowego wptyneto
zastosowanie wiosng N w dawkach 40+100 kg ha-1. Zwiekszenie pierwszej wiosennej dawki N, przy
jednoczesnym obnizeniu jej w stadium BBCH 30-31 (40+100 vs. 70+70 lub 100+40 kg N ha-1),
spowodowato spadek wartosci wskaZnika sedymentacji, odpowiednio o: 0,7 lub 1,3% [tab. 3, P2].
Liczba opadania byta dodatnio skorelowana z zawarto$cig glutenu mokrego w ziarnie pszenicy
ozimej [tab. S2, P2]. Byta ona réwniez dodatnio skorelowana ze sSredniodobow3g temperatura powietrza
w okresie od poczatku kwitnienia do zbioru oraz z opadami atmosferycznymi i warunkami
hydrotermicznymi panujacymi w fazie dojrzatosci mlecznej [rys. 10, P2]. Najwieksza aktywnoscia
enzymatyczng (mierzong liczba opadania) charakteryzowato sie ziarno pszenicy ozimej w 11 3 sezonie
wegetacyjnym (odpowiednio: 364 i 381 s). W 2 cyklu badan liczba opadania byta nizsza o0 10 i 14% [tab.
3, P2]. W tym cyklu badan okres od poczatku kwitnienia do zbioru wyrdzniat sie najnizsza
$Sredniodobowa temperaturg powietrza (18,2-18,5°C), a w fazie dojrzato$ci mlecznej wystapita posucha
(9,9-25,1 mm deszczu, K = 0,44-0,98) [tab. 1, P2]. Op6Znienie terminu siewu o 14 dni spowodowato
wzrost liczby opadania (o 3%) [tab. 3, P2]. Wzrost ten mogt by¢ spowodowany przesunieciem
kwitnienia i dojrzewania roslin na okres wyzszych $redniodobowych temperatur powietrza, a fazy
dojrzatosci mlecznej na okres obfitszych opadéw atmosferycznych i korzystniejszych warunkéw
hydrotermicznych [tab. 1, P2]. Parametry te byty dodatnio skorelowane z liczba opadania [rys. 10, P2].
Gestos¢ siewu oraz sposéb podziatu wiosennej dawki N nie réznicowaty istotnie liczby opadania [tab.

S1, P2].

4.7. Jakos¢ maqki

Barwa maki byta ujemnie skorelowana z zawartoscig popiotu surowego [tab. S6, P3]. Zawartos¢
popiotu surowego w mace byta dodatnio skorelowana z warunkami hydrotermicznymi panujacymi w
okresie dojrzewania ziarna (BBCH 73-89) [rys. 1a, P3]. Z kolei barwa maki byta ujemnie skorelowana z
wskaznikiem Sielianinov’a dla okresu dojrzewania ziarna [rys. 1b, P3]. Posucha panujaca w okresie
dojrzewania ziarna nie sprzyjata akumulacji popiotu surowego w mace, co korzystnie wplyneto na
barwe maki. Stad znaczaco jasniejsza make (79,9% standardu bieli), o nizszej zawartoSci popiotu
surowego (6,3 g kg-1 s.m.) uzyskano z ziarna wyprodukowanego w sezonie wegetacyjnym o najmniej
sprzyjajacych warunkach pogodowych podczas jego dojrzewania (2019/2020) [tab. 1 i S4, P3].
Zawarto$¢ biatka ogélnego oraz wodochtonno$¢ maki byty dodatnio skorelowane z zawarto$cig popiotu
surowego [tab. S6, P3]. Tak wiec w latach sprzyjajacych akumulacji popiotu surowego (duza wilgotnos¢
w okresie dojrzewania ziarna) obserwowano wyzsza zawarto$¢ biatka ogélnego w mace i lepsza jej
wodochtonnos$¢. Najwyzsza zawartoScig biatka ogélnego (135 g kg-1 s.m.) i popiotu surowego (7,4 g kg-
1 s.m.) oraz najwieksza zdolnoScig do absorpcji wody (62,2%) charakteryzowata sie mgka pozyskana z
ziarna pszenicy ozimej uprawianej w 1 sezonie wegetacyjnym [tab. 1, P3]. Barwa maki byta istotnie
réznicowana gestos$cia siewu oraz sposobem podziatu wiosennej dawki N [tab. S5, P3]. Jasniejsza make

(78.2% wzorca bieli) uzyskano z ziarna pszenicy wysiewanej w wysokim zageszczeniu (400 ziarniakow
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m-2) [tab. 1, P3]. Jasniejszy kolor maki uzyskano réwniez po zastosowaniu dawek 70+70 lub 100+40 kg
N ha-1[tab. 1, P3].

Wptyw terminu siewu na zawarto$¢ biatka og6élnego w mace réznit sie w zaleznosci od warunkéw
pogodowych w latach badan. Szczeg6lnie korzystny wptyw opo6Znienia terminu siewu na zawarto$¢
biatka og6lnego w maki zaobserwowano w 1 sezonie wegetacyjnym [rys. 3, P3], ktéry charakteryzowat
sie najkorzystniejszymi warunkami hydrotermicznymi w okresie dojrzewania ziarna (najwyzsze
warto$ci wskaznika Sielianinov’a, tab. S4, P3]. W tym cyklu badan op6Znienie terminu siewu przesuneto
dojrzewanie ziarna na okres korzystniejszych warunkéw hydrotermicznych [tab. S4, P3], co zwiekszyto
zawarto$¢ biatka ogélnego w mace o 3,8-8,5% [rys. 3, P3]. Zwiekszenie nawozenia N na poczatku
wiosennej wegetacji, przy jednoczesnym ograniczeniu dawki w poczatkowej fazie strzelania w ZdZbto

(100+40 kg ha-1), spowodowato obnizenie zawartosci biatka ogélnego w mace o 2,3% [tab. 1, P3].

4.8. Wtasciwosci reologiczne ciasta i jakos¢ pieczywa

Statos$¢ ciasta byta ujemnie skorelowana z zawarto$cig popiotu surowego w mace [tab. S6, P3]
oraz warunkami hydrotermicznymi panujacymi w okresie dojrzewania ziarna [rys. 4a, P3]. Z kolei
rozmiekczenie ciasta byto dodatnio skorelowana z zawarto$cig popiotu surowego oraz warunkami
hydrotermicznymi w okresie nalewania ziarna [rys. 4b, P3]. Maka pozyskana z ziarna pszenicy ozimej
uprawianej w warunkach agroekologicznych 2 cyklu badan charakteryzowata sie korzystniejszymi
cechami farinograficznymi, tj. najdtuzszym rozwojem ciasta (3,7 min), najwyzsza statoScig ciasta (9,0
min) oraz najnizszym wspo6tczynnikiem tolerancji na miesienie (38.4 jB). Dobre wiasciwosci reologiczne
maki, w tym cyklu badan, wynikaly z posuchy panujacej w okresie dojrzewania ziarna (K = 0,40-0,79)
[tab. S4, P3]. Najmniej korzystne wartosci czasu rozwoju ciasta (3,5 min), statosci ciasta (6,3-7,4 min)
oraz jego rozmiekczenia (48,2-53,5 jB) uzyskano wysiewajac pszenice w sierpniu (wczesny i op6Zniony
0 14 dni termin siewu). OpdZnienie terminu siewu do poczatku paZdziernika (+28 dni) korzystnie
wptywato na rozwdéj i stato$¢ ciasta (wydtuzenie czasu, odpowiednio o: 6 i 14-33%) oraz jego
rozmiekczenie (zmniejszenie wspétczynnika tolerancji na miesienie o 12-21%), niezaleznie od uktadu
warunkéw pogodowych panujacych w latach badan [tab. 2, P3]. Poprawa wtasciwosci reologicznych
maki pszenicy ozimej, na skutek op6Znionych siewoéw, byta efektem przesuniecia okresu dojrzewania
ziarna na mniej korzystne warunki hydrotermiczne [tab. S4, P3], ktore sprzyjaty uzyskaniu wyzszej
statosci ciasta (korelacja ujemna) oraz mniejszej tolerancji na miesienie (korelacja dodatnia) [rys. 4,
P3]. Gesto$¢ siewu oraz sposob podziatu wiosennej dawki N istotnie réznicowaty jedynie stato$¢ ciasta
[tab. S5, P3]. Najwyzsza stato$cig charakteryzowato sie ciasto wytworzone z maki pszenicy ozimej
wysiewanej w gestosci 400 ziarniakéw m-2 (7,8 min) oraz nawozonej na poziomie 100+40 kg N ha-1 (7,7
min). Obnizenie gestoSci wysiewu do 200-300 ziarniakéw m-2 oraz zastosowanie 40+100 kg N ha-1
zmniejszato stato$¢ ciasta, odpowiednio o: 8-10 i 8% [tab. 2, P3]. Szczegblnie korzystny wplyw
zwiekszenia gestoSci siewu pszenicy ozimej do 400 ziarniakéw m-2 na statos$¢ ciasta obserwowano w

warunkach op6Znionych siewéw do poczatku paZdziernika (+28 dni) [rys. 5, P3]. Wptyw gestosci siewu
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i sposobu wiosennego nawozenia N na stato$¢ ciasta byt niezalezny od warunkéw agroekologicznych
panujacych w latach badan [tab. S5, P3].

Objetos¢ chleba oraz gesto$¢ miekiszu byty determinowane zawartoscig popiotu w mace. Wzrost
zawartosci popiotu spowodowat obniZenie objetosci chleba i wzrost gestosci miekiszu [tab. S6, P3].
Objetos¢ chleba byta ujemnie skorelowana z opadami atmosferycznymi w fazie dojrzatosci woskowej
ziarna pszenicy (BBCH 83-89). Z kolei gesto$¢ miekiszu byta ujemnie skorelowana ze sredniodobowa
temperaturg powietrza w okresie dojrzewania ziarna (BBCH 73-89) [rys. 6, P3]. Op6Znienie terminu
siewu o 14-28 dni spowodowato zmniejszenie gestosci miekiszu chleba o 4% (do 0,24 g cm-3), nie
réznicujac jego objetosci [tab. 2, P3]. Obnizenie gestosci miekiszu na skutek op6Znienia terminu siewu
byto spowodowane przesunieciem okresu dojrzewania ziarna na wyzsze sredniodobowe temperatury
powietrza [tab. S4, P3]. Wysiew pszenicy ozimej w duzym zageszczeniu (400 ziarniakéw m-2)
korzystnie wptynat na objetosc¢ chleba (wzrost o 1,5%) [tab. 2, P3]. Spos6b podziatu wiosennej dawki N

nie réznicowat objetosci chleba oraz gestosci jego miekiszu [tab. S5, P3].
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5. Dyskusja
5.1. Elementy struktury plonu

Globalne zmiany klimatu powoduja, Ze praktyczne aspekty opdZniania terminu siewu pszenicy
ozimej nie sg jednoznaczne. Op6Znienie terminu siewu pszenicy moze powodowac¢ wzrost plonu ziarna
[Lloveras i in., 2004; Sun i in., 2007; Chen i in., 2008; Ma i in., 2018; Yin i in., 2018; Lollato i in., 2019;
badania wtasne: tab. 4, P1]. Zdaniem Lloveras i in. [2004], Chen i in. [2008] oraz Dai i in. [2017],
potwierdzonym badaniami wiasnymi [tab. 3, P1], utrzymanie wysokiego poziomu plonowania pszenicy
w warunkach opéZnionych siewdw jest efektem wzrostu liczby ziarniakéw w klosie. W badaniach Ma i
in. [2018] réwniez liczba klos6w m-2 wzrastata w miare op6Znienia siewu (o 7%), z kolei wypelnienie
ktoséw ziarniakami oraz MTZ ulegaty nieznacznemu zmniejszeniu (odpowiednio o: 3 i 4%). W
badaniach Yin i in. [2018] op6Znienie terminu siewu zmniejszato liczbe ktoséw m-2 (o 6%) oraz
zwiekszato liczbe ziarniakow w ktosie (o 5%). Z kolei badania Budzynskiego i in. [2018] wykazaly, ze
termin siewu nie wptywat na wartosci liczbowe komponentéw plonu ziarna, tym samym nie réznicujac
jego masy.

Uprawe pszenicy w siewie o matej gestosci charakteryzuje mniejsza liczba ktoséw niz w siewach
o duzym zageszczeniu [Valério i in., 2009], co jest zgodne z wynikami badan wtasnych [tab. 3, P1]. Z
kolei wzrost gestosci siewu powoduje najczesciej zwiekszenie liczby ktoséw m-2, przy jednoczesnym
zmniejszeniu produktywnos$ci ktosa [Bavec i in., 2002; Bokan i MaleSevi¢, 2004; Baloch i in., 2010;
Kondi¢, 2017]. Na wzrost liczby ktoséw, przy jednoczesnym ograniczeniu liczby ziarniakéw w ktosie, w
warunkach zageszczenia siewu w uprawie réznych genotypéw pszenic, wskazuja badania Podolskiej i
Wyzinskiej [2011], Buczka i Bobreckiej-Jamro [2015], Sander i in. [2017] oraz wiasne [tab. 3, P1].

Sposréd czynnikéw agrotechnicznych, najsilniej na potencjal plonowania pszenicy ozimej
oddziatuje nawozenie N, ze wzgledu na bezposrednie oddziatywanie na wszystkie elementy struktury
plonu [Budzynski, 2012]. W badaniach wtasnych spos6b podziatu wiosennej dawki N (40+100, 70+70,
100+40 kg ha-1) istotnie réznicowatl tylko liczbe ktoséw m-2. Najwyzsza warto$¢ tego elementu
struktury plonu (495 ktos6w m-2) uzyskano stosujac 100+40 kg N ha-1 w stadium BBCH 22-25 i 30-31.
Obnizenie dawki N w stadium BBCH 22-25, przy jednoczesnym zwiekszeniu jej poziomu w stadium
BBCH 30-31 (70+70 lub 40+100 kg ha-1), spowodowato spadek liczby ktoséw m-2 o 4%. Réwniez w
badaniach Lépez-Bellido i in. [2005], Budzynskiego i Bielskiego [2008] oraz Podolskiej [2008] obniZenie
wczesnowiosennej dawki N spowodowato obnizenie liczby ktosow m-2 o 5-11%. Z kolei w badaniach
Brzozowskiej i in. [2008] spos6b podziatu wiosennej dawki N réznicowat istotnie tylko MTZ.
Negatywnie na dorodno$¢ ziarna (spadek MTZ o 1%) wptyneto obnizenie drugiej dawki N aplikowanej
w fazie BBCH 35-36. Rowniez na zwigzek sposobu podziatu dawki N z MTZ wskazujg badania Lépez-
Bellidoiin. [2005] oraz Ferrariiin. [2016]. W badaniach Zhang i in. [2021] najwiekszg liczbe ziarniakow
w ktosie (39,4-40,9) i MTZ (43,2-44,3 g) uzyskano po zastosowaniu 120 kg N ha-! przed siewem oraz

120 kg N ha-! na poczatku strzelania w ZdZbto. Zwiekszenie przedsiewnej dawki N, przy jednoczesnym
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zmniejszeniu dawki na poczatku strzelania w ZdZbto (zmiana proporcji dawek N na 100:0 oraz 70:30),

spowodowato spadek liczby ziarniakéw w klosie 0 6-7% oraz MTZ o0 9-10% [Zhang i in., 2021].

5.2. Plon ziarna i stomy

Odmiany ozimej pszenicy zwyczajnej wymagaja siewu w takim terminie, ktéry zapewni uzyskanie
przed zahamowaniem jesiennej wegetacji co najmniej stadium BBCH 23. Osiagniecie tej fazy w okresie
przedzimowym sprzyja pelniejszemu wykorzystaniu zasobéw wodnych i cieplnych przed okresem
zimowym [Ma i in., 2018], lepszemu hartowaniu sie roslin, a co za tym idzie lepszemu ich zimowaniu
[Budzynski i in., 2018]. Zdaniem Budzynskiego [2012], w warunkach agroekologicznych NE Polski
prawidtowe rozkrzewienie ozimych odmian rodzaju Triticum przed zimowym zahamowaniem
wegetacji zapewniaja tylko siewy wrze$niowe. Siewy pazdziernikowe uwazane s3 za sp6Znione dla
wszystkich ozimych odmian T. aestivum, T. durum oraz T. spelta, gdyz nastepuje op6Znienie wschodow
i wydtuzenie trwania poczatkowych stadiéw rozwoju roslin, co w konsekwencji prowadzi od niepetnego
krzewienia roslin w okresie przedzimowym [Budzynski, 2012]. Jednak w praktyce rolniczej do$¢ czesto
zdarzaja sie op6Znienia terminu siewu w stosunku do przyrodniczo-optymalnego, co czesto stanowi
powazng przeszkode w wykorzystaniu pelnego genetycznego potencjatu plonotwoérczego odmian
pszenicy [Shah i in., 2020]. P6éZny siew zwykle prowadzi do rozwoju roslin w gorszych warunkach
klimatycznych, nawet w latach o sprzyjajacej pogodzie [Tester i Langridge, 2010]. Niekorzystnymi
czynnikami podczas wegetatywnego wzrostu roslin (od siewu do spoczynku zimowego), w warunkach
op6Znionych siewo6w, jest zmniejszone dzienne promieniowanie stoneczne, mniejsza liczba godzin
nastonecznienia w ciggu dnia [Shah i in., 2020], a takze obniZajaca sie $redniodobowa temperatura
powietrza, ktére prowadza do gorszej zdolnosci krzewienia i zmniejszonej liczby pedéw [Jani in., 2000;
Hussain i in., 2017; Kaur, 2017; Shah i in., 2020]. Réwniez badania wlasne wykazaty, Ze opdZnienie
terminu siewu skutkowato spadkiem liczby roslin po wschodach i wczesng wiosng (o 13%) oraz
zmniejszeniem liczby pedéw na roslinie (o 13-24%) i na jednostce powierzchni (24-33%) w koncowej
fazie krzewienia (BBCH 29). Op6Zniony siew moze réwniez wplywac na proces kwitnienia pszenicy oraz
naraza rosliny na dziatanie podwyzszonej temperatury powietrza podczas okresu napeiniania ziarna
[Garg i in., 2013], co moze przyspieszy¢ i skréci¢ rozwoj reprodukcyjny ktosa i zmniejszy¢ jego
wypetnienie ziarniakami [Jan i in., 2000; Hussain i in., 2017; Kaur, 2017; Bailey-Serres i in., 2019; Dubey
i in.,, 2019]. Przeprowadzone badania na terenie péinocno-zachodnich Chin wykazaly zmniejszenie
plonu ziarna o 1% z kazdym dniem opéZnienia terminu siewu na skutek ograniczenia wzrostuy,
sktadowych plonu oraz wskaZnika LAI [Shah i in., 2020]. Duze obnizki wydajnosci (o 21%) pszenicy na
skutek opéZnienia terminu siewu o 30 dni uzyskano takze w warunkach wschodniego wybrzeza Chin
[Baloch i in., 2010]. W warunkach klimatyczno-siedliskowych Pakistanu pszenica ozima zareagowata
zmniejszeniem plonu ziarna o 7-12% na 10-20 dniowe op6Znienie terminu siewu [Suniin., 2007; Ali i
in., 2010]. Op6Znienie terminu siewu pszenicy ozimej o 26 dni, w warunkach agroekologicznych
potudniowo-wschodnich Niemiec, spowodowato spadek plonu ziarna Srednio o 7% [Prey i in., 2019].
Badania Dai i in. [2017] dowodza, Ze opdZnienie termin siewu niekoniecznie réznicuje proces
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kwitnienia, akumulacje suchej masy w roslinach, proces wypetnienie ziarna, czy tez plonowanie
pszenicy. Na stabg reakcje pszenicy zwyczajnej, orkisz i twardej na 10- oraz 20-dniowe op6Znienie
terminu siewu w warunkach agroekologicznych NE Polski wskazujg badania Budzynskiego i in. [2018].
Zadna z ozimych odmian badanych gatunkéw pszenic (T. aestivum, T. durum oraz T. spelta) nie
zareagowata poziomem plonowania na op6Znienie terminu siewu, w tym na wysiew paZdziernikowy
[Budzynski i in., 2018]. Badania Oleksiak [2014], przeprowadzone w warunkach produkcyjnych Polski,
réwniez wykazaty niewielki (o 1-5%) spadek plonu ziarna pszenicy ozimej na skutek opo6Znienia
terminu siewu. Réwniez w badaniach wlasnych, opdZnienie terminu siewu o 2 lub 4 tygodnie, w
stosunku do przyrodniczo-optymalnego, nie spowodowato spadku plonu ziarna. Wprost przeciwnie,
skutkiem op6Znienia terminu siewu o 14 dni (potowa wrzes$nia) byt wzrost plonu ziarna nawet o 13%,
tj. 0 1,22 Mg ha-L. Paymard i in. [2018] tak odmienng reakcje pszenicy ozimej na opdZnienie terminu
siewu uzasadnia zmianami klimatu. ROwniez Ding i in. [2016] zalecaja w warunkach zmieniajacego sie
klimatu opoéznienie terminu siewu od 10 do 25 dni, w zaleznosci od uktadu warunkéw
wilgotnoSciowych. Rézna reakcja pszenicy ozimej na opdZnienie terminu siewu w warunkach
zmieniajgcego sie klimatu widoczna jest rowniez w relacji plonu ziarna do plonu biomasy pozbiorowe;j
[Donaldsoniin., 2001; Moustafaiin., 2014; Shirinzadeh iin., 2017; Acharyaiin., 2017; Madhuiin., 2018;
Tahiriin., 2019; Singh, 2021c]. W badaniach Moustafa i in. [2014], Singh [2021c], Tahiriin. [2019] oraz
Shirinzadeh i in. [2017] opdZnienie terminu siewu spowodowato spadek indeksu Zniwnego o 4-36%. Z
kolei w badaniach Donaldson i in. [2001], Acharyaiin. [2017], Madhu i in. [2018] oraz wtasnych [tab. 4,
P1] zaobserwowano wzrost indeksu zniwnego od 6% do nawet 14-20% w miare opdZnienia terminu
siewu.

Gestos$¢ siewu jest czynnikiem bezposrednio ksztattujacym liczbe ktoséw m-2 u wszystkich
gatunkow zbdz [Budzynski, 2012]. Wpltyw warunkéw klimatyczno-siedliskowych na efektywnos$¢
plonotworcza sugeruje konieczno$¢ dostosowana gestosci siewu do okre$lonych regionéw uprawy
[Kondi¢ i in., 2017; Lindsey i in., 2020]. Badania Lloveras i in. [2004] wykazaty, Ze zalecane gesto$ci
siewu w Belgii i p6tnocnej Francji wynosza 200 ziarniakéw m-2, w Stanach Zjednoczonych wahajg sie
od 67 ziarniakdw m-2 (suche réwniny ladowe) do nawet 400 ziarniakdw m-2 (wschodnie obszary). W
USA najczes$ciej zalecany jest jednak siew pszenicy w zageszczeniu 200 ziarniakéw m-2, ktéry moze
zosta¢ zwiekszony o 50% podczas jej nawadniania [Lindsey i in, 2020]. W warunkach
agroekologicznych Stowenii rekomendowany jest wysiew pszenicy w zageszczeniu od 600 do 800
ziarniakdw m-2 [Baveci in., 2002]. W warunkach klimatycznych Serbii najwyzsze plony ziarna pszenicy
uzyskuje sie przy wysiewie 500-600 ziarniakéw m-2 [Bokan i MaleSevi¢, 2004; Acin, 2016]. W
badaniach przeprowadzonych w potudniowo-wschodniej Polsce wykazano korzystny wptyw na
plonowanie pszenicy ozimej wysiewu 300 [Podolska i Wyziriska, 2011] lub 400 ziarniakéw m-2 [Buczek
i Bobrecka-Jamro, 2015]. Réwniez w badaniach wtasnych, rzadki siew (200 ziarniakow m-2) byt
najmniej produktywny, a istotny przyrost plonu ziarna pszenicy ozimej uzyskano przy wysiewie 400

ziarniakdw m-2 (10,02 vs. 10,25 Mg ha-1). W badaniach Budzyniskiego i in. [2018], przeprowadzonych w
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NE Polsce, wysiew w zakresie od 350 do 550 ziarniakéw m-2 nie réznicowat istotnie wielkosci plonu
ziarna pszenicy zwyczajnej, orkisz i twardej. Rowniez badania Ahmadi i in. [2011], Gross i in. [2012],
Teixeira Filho i in. [2008], Sander i in. [2017] oraz El-Metwally i in. [2018] przeprowadzone w Brazylii,
Egipcie i Iranie nie wykazaly zwigzku pomiedzy gestoscia siewu a plonowaniem pszenicy. A¢in [2016]
wskazuje na konieczno$¢ zwiekszenia gestosci siewu w warunkach opdznionych siewéw. Badania
autora wykazaty, ze w warunkach agroekologicznych Serbii przy op6Znionych siewach pszenicy nalezy
zwiekszy¢ gesto$¢ siewu z 500-600 do nawet 700 ziarniakéw m-2 [Aéin, 2016]. Na potrzebe
zwiekszenia gestosci siewu w warunkach opéZnionych siewéw, ktére powoduja ograniczony wzrost i
produkcje pedéw podczas krzewienia, wskazuja takze badania Staggenborg i in. [2003] oraz Lloveras i
in. [2004]. Badania wtasne nie potwierdzity zwigzku pomiedzy terminem a gestoscig siewu (brak
istotnej interakcji). Bardzo rézna reakcja pszenicy ozimej na gesto$¢ siewu wynika, z faktu bardzo
duzych mozliwosci kompensacji elementéw struktury plonu ziarna w zalezno$ci od genotypu,
warunkow siedliska i przebiegu pogody [Budzynski, 2012]. Wplyw gestosci siewu na indeks zniwny
pszenicy ozimej nie jest jednokierunkowy. Zapewne jest on silnie determinowany krzewistoscig
odmiany oraz reakcja roslin na zageszczenie w tanie. W badaniach Whaley i in. [2000], Ahmadi i in.
[2011], Laghari i in. [2011] oraz Hu i in. [2018] zwiekszenie gestosci siewu spowodowato spadek
indeksu zniwnego o 9-28%. Farooq i in. [2016] oraz Abd El-Lattief [2014] udowodnili wzrost indeksu
zniwnego o 6-17% w miare zwiekszania gestosci siewu pszenicy. Z kolei w badaniach Porker i in.
[2020], Hussain i in. [2001], Dalia i in. [2016], Ahmadi i in. [2011] oraz wiasnych [tab. 4, P1] wartos¢
indeksu Zniwnego nie byta determinowana gestoscia siewu.

Najwazniejszym, plonotwérczym czynnikiem technologii produkcji ziarna pszenicy jest
nawozenie N [Budzynski, 2012, Basso i in., 2013; Budzynski i in., 2018; Vogeler i in., 2021]. Przyrost
plonu ziarna pszenicy zwyczajnej, w zaleznos$ci od gleby i odmiany, moze wystapi¢ do 120-150 kg N
ha-1 [Saint Pierre i in., 2008, Harasim i in., 2016; Budzynski i in., 2018], a tylko w technologiach
intensywnych do 200-240 kg N ha-1 [Sieling i in., 2005; Shekoofa i Emam, 2010]. Podziat dawki N
wptywa na poprawe efektywnosci jego wykorzystania, zmniejszajagc tym samym negatywne
konsekwencje dla Srodowiska [Hu i in., 2021a]. W badaniach wtasnych najwyzsze plony ziarna pszenicy
ozimej uzyskano po zastosowaniu 100 kg N ha-1 w stadium BBCH 22-25 oraz 40 kg N ha-1 w fazie BBCH
30-31. Réwniez badania przeprowadzone przez Podolska [2008], Pisarka i in. [2013a], Sedlar i in.
[2015] oraz Belete i in. [2018] udowodnity zasadnos$¢ stosowania wyzszej dawki N w fazie krzewienia
niz w fazie strzelania w ZdZzbto (wzrost plonu ziarna o 4-16%). Z kolei badania Budzynskiego i
Bielskiego [2008] nie wykazaty istotnych réznic w plonie pomiedzy nizsza (120 kg ha-1), a wyzsza (150
kg ha-1) dawka N aplikowana po wiosennym wznowieniu wegetacji. Rbwniez badania Brzozowskiej i in.
[2008] oraz Skolnikova i in. [2022] nie wykazaty istotnego wplywu zréznicowanego podziatu dawek N
(w przedziale 135-160 kg ha-1) na plonowanie pszenicy ozimej. Jednak w wielu badaniach najbardziej
plonotworczy okazat sie rownomierny podziat wiosennej dawki (50:50) [Lépez-Bellido i in., 2005;

Zhang i in,, 2020; Zain i in., 2021; Zhang i in., 2021; Abubakar i in., 2022; Hamani i in., 2023]. Wpltyw
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podziatu wiosennej dawki N na indeks Zniwny pszenicy ozimej nie jest jednokierunkowy [Pisarek i in.,
2013b; Lopez-Bellido i in., 2005; Akhter i in., 2017]. W badaniach Pisarka i in. [2013b] oraz wtasnych
[tab. 4, P1], indeks Zniwny nie byt uzalezniony od sposobu podziatu wiosennej dawki N. W badaniach
Lopez-Bellido i in. [2005] najwyZszy indeks Zniwny uzyskano w wyniku 2-krotnej (50:50) aplikacji N. Z
kolei w badaniach Akhter i in. [2017] najwyzZsza warto$¢ indeksu zniwnego uzyskano stosujac N

przedsiewnie, w fazie krzewienia i ktoszenia, w proporcjach: 25:50:25.

5.3. Wartos¢ przemiatowa ziarna

Wyréwnanie ziarna jest jednym z kluczowych wskazZnikéw jakoSci ziarna, decydujacym o
przebiegu procesu jego przemiatu [Buczek i Bobrecka-Jamro 2015; Hughes i in., 2017]. Cecha ta jest
silnie determinowana sposobem siewu [Panazzo i Eagles, 2000; McKenzie, 2005; Waraich i in., 2010;
Coventry i in. 2011b; Meena i in., 2016; Forster i in., 2017]. W badaniach Meena i in. [2016] ziarno o
najwiekszej $rednicy (2,87 i 2,90 mm) uzyskano w warunkach wczesnego siewu. Op6Znienie terminu
siewu o 6 tygodni spowodowato zmniejszenie Srednicy ziarna pszenicy o 3-4%. Zdaniem Meena i in.
[2016] uzyskanie ziarna o mniejszej Srednicy, na skutek op6Znienia terminu siewu, moze by¢ efektem
przesuniecia fazy formowania ziarna na okres wyzZszych temperatur i nizszych opadéw
atmosferycznych. Na zwigzek pomiedzy terminem siewu a wyréwnaniem/wielkoS$cig ziarna wskazuja
réwniez badania Panazzo i Eagles [2000], Waraich i in. [2010]; Coventry i in. [2011b] oraz wiasne [tab.
2, rys. 1, P2]. W badaniach wtasnych wykazano ujemng korelacje pomiedzy wyréwnaniem ziarna a
$redniodobow3a temperaturg powietrza w okresie od poczatku kwitnienia do zbioru ziarna pszenicy
ozimej (BBCH 61-89). Ziarno o najlepszym wyréwnaniu (83,0%) zebrano w sezonie wegetacyjnym
charakteryzujacym sie niska sSredniodobowa temperaturg powietrza w stadium BBCH 61-89. Z kolei
najmniejszym wyrownaniem (69,7%) charakteryzowato sie ziarno zebrane w roku, w ktérym
zanotowano najwyzsza Sredniodobowg temperature powietrza w stadium BBCH 61-89. Op6Znienie
terminu siewu spowodowato przesuniecie fazy kwitnienia i dojrzewania ziarna na okres wyzszych
Sredniodobowych temperatur powietrza, co réwniez skutkowato obnizeniem wyréwnania ziarna (o
1,9%p) [tab. 2, rys. 1, P2]. W badaniach McKenzie [2005] wzrost gestoSci siewu jeczmienia (Hordeum
vulgare L.) ze 150 do 350 ziarniakéw m-2, zmniejszat wielko$¢ ziaren o 5%. W badaniach Forster i in.
[2017] wraz ze wzrostem gestosci siewu pszenicy twardej (z 222 do 371 ziarniakoéw m-2) zmniejszata
sie wielko$¢ ziaren o 4%. Réwniez w badaniach witasnych wzrost gestosci siewu z 200 do 300
ziarniakdw m-2 spowodowat obniZenie wyréwnania ziarna pszenicy o 2,6%p. W badaniach Sadowska i
in. [2001] zwiekszenie nawozenia N w zakresie od 50 do 150 kg ha-! nie réZnicowato wielkos$ci ziaren
pszenicy zwyczajnej. Na brak zwigzku pomiedzy intensywnos$cia technologii uprawy pszenicy a
wielkoScig (wymiarami) ziarna wskazujg badania Varga i in. [2003]. RéwnieZ badania wtasne wykazaty
stabe oddziatywanie sposobu podziatu wiosennej dawki N na wyréwnanie ziarna pszenicy ozime;j.

Gesto$¢ ziarna jest waznym wskaZnikiem informujacym o stopniu rozwiniecia ziaren, ich
strukturze i grubosci okrywy owocowo-nasiennej. Wieksza masa objetosciowa ziarna moze wskazywac

na jego lepsza warto$¢ technologiczng [Kozlovsky i in., 2009; Jankowski i in., 2015]. Badania
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przeprowadzone przez Meena i in. [2016], na glebie piaszczysto-gliniastej regionu pétsuchego Indii,
wykazaty wyzsza gestosci ziarna (80,2 kg hl-1) w warunkach siewu wczesnego (poczatek listopada), a
istotnie nizsza (78,3 kg hl-1) przy siewie op6Znionym (+6 tygodni). Zdaniem Meena i in. [2016]
opOZnienie terminu siewu spowodowato wczesne dojrzewanie i zasychanie niedojrzatego ziarna w
momencie jego wypetniania na skutek wysokich temperatur powietrza. Réwniez w badaniach Kaur i in.
[2010], realizowanych w warunkach siedliskowo-klimatycznych Indii, masa objeto$ciowa ziarna
pszenicy obnizyla sie o0 3% na skutek opd6znienia terminu siewu. Znaczny spadek gestoSci ziarna na
skutek opo6Znionego siewu byt obserwowano réwniez w warunkach agroekologicznych Australii,
Brazylii, Indii oraz Iraku [Tyagiiin., 2003; Assengiin., 2004]. Odwrotne rezultaty uzyskano w badaniach
witasnych, w ktérych najwieksza gestos¢ ziarna (81,6 kg hl-1) uzyskano w siewie op6Znionym (+28 dni).
Mogto to wynikaé¢, z faktu, Ze nie udowodniliSmy zwigzku pomiedzy gestoscig ziarna a ukladem
warunkéw pogodowych (GDD, Sredniodobowa temperatura powietrza, opady atmosferyczne oraz
wskaznik Sielianinov’a) w okresie od poczatku kwitnienia do zbioru ziarna. Wieksze zageszczenie siewu
prowadzi zwykle do zmniejszenia wielkos$ci ktosow i liczby ktoséw, co moze sprzyjac rozwojowi ziaren
o wiekszej masie [Carr i in., 2003]. Badania wtasne nie potwierdzity zwigzku pomiedzy gestoscia siewu
a masa objeto$ciowa ziarna pszenicy ozimej, prawdopodobnie dlatego, Zze dostepno$¢ wody oraz
sktadnikéw nawozowych byta wystarczajaca (na poziomie przeciwdziatajacym redukcji liczby ktosow).
Na brak zwigzku pomiedzy gestoscig siewu a gestoscig ziarna pszenicy wskazuja rowniez wyniki badan
Otteson i in. [2008] oraz Guerrini i in. [2020]. Mase objeto$ciowa ziarna pszenicy ozimej mozna
modyfikowa¢ réwniez sposobem nawozenia N [Otteson i in., 2008; Harasim i Wesotowski, 2013;
Janczak-Pieniagzek i in.,, 2020b]. W badaniach Jankowskiego i in. [2015] intensyfikacja technologii
produkcji ziarna pszenicy ozimej korzystnie wplywata na dorodno$¢ ziarna (wzrost gestosci ziarna o
1%). W badaniach Harasima i Wesotowskiego [2013] zwiekszenie dawki N ze 100 do 150 kg ha-!
spowodowato wzrost gestoSci ziarna pszenicy o 1%. Z kolei badania Janczak-Pienigzek i in. [2020b]
wskazuja na zwigzek tej cechy z typem odmiany pszenicy ozimej. Odmiany liniowe zareagowaty
istotnym wzrostem gestosci ziarna (o 5%) po zwiekszeniu nawozenia ze 110 do 150 kg N ha-1. Z kolei u
odmian hybrydowych nie wykazano zwigzku pomiedzy nawozenie N a gestoscig ziarna. Na brak
zwigzku pomiedzy nawozeniem N a masg objeto$ciowa ziarna pszenicy wskazuja takze badania
prowadzone przez Otteson i in. [2008], Guerrini i in. [2020] oraz wiasne [tab. S1i 2, P2].

Twardo$¢ ziarna definiuje jego warto$¢ przemiatowa, gdyz wptywa na wydajnos$¢ przemiatu oraz
jakos¢ wypieku [Pashai in., 2010]. W badaniach wtasnych twardo$¢ ziarna byta ujemnie skorelowana z
wyroéwnaniem ziarna. W badaniach Meena i in. [2016] najwieksza twardos$cig charakteryzowato sie
ziarno pszenicy wysianej wczesnie. OpdZnienie terminu siewu spowodowato obniZenie twardosci
ziarna o 7-11%. Podobne wyniki uzyskali Coventry i in. [2011a; 2011b]. W badaniach wtasnych
twardo$¢ ziarna byta dodatnio skorelowana ze sredniodobowa temperaturg powietrza w okresie od
poczatku kwitnienia do zbioru ziarna pszenicy ozimej. OpéZnienie terminu siewu przesuneto fazy

kwitnienia i dojrzewania ziarna na okres wyzszych temperatur powietrza, co spowodowato wzrost
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twardos$¢ ziarna o 5%. W badaniach wtasnych gesto$¢ siewu (200, 300, 400 ziarniakéw m-2) nie
réznicowala twardos$ci ziarna pszenicy ozimej. Réwniez w badaniach McKenzie i in. [2008] oraz
Twizerimana i in. [2020] gesto$¢ siewu nie wpltywala istotnie na ta ceche ziarna. Zdaniem Souza i in.
[2004] twardo$¢ ziarna jest determinowana wtasciwos$ciami odmiany, warunkami klimatyczno-
siedliskowymi oraz dostepnoscia N. W badaniach wtasnych najwieksza twardoscig ziarna odznaczata
sie pszenica ozima nawozona w dawkach 40+100 kg N ha-1. Zwiekszenie wczesnowiosennej dawki N,
przy jednoczesnej redukcji dawki na poczatku strzelania w ZdZbto, obnizyto twardosci ziarna o 3-4%.
W badaniach Zhong i in. [2019] ziarno o najwiekszej twardosci uzyskano aplikujac 60 kg N ha-! w
stadium BBCH 17 lub 31, a przesuniecie nawozZenia N do stadium 37 BBCH zmniejszyto twardos$¢ ziarna
0 8%. W badaniach Hao i in. [2023] podziat dawki 210 kg N ha-! na 2 czeSci (poczatek strzelania w
zdzbto i kwitnienie) obnizyt twardo$¢ ziarna o 10%, w stosunku do podziatu na 4 czeSci (poczatek
strzelania w ZdZbto, ktoszenie, kwitnienie, wypeinianie ziarna). Z kolei w badaniach Blandino i in.
[2015] jednokrotna aplikacja dawki 130 kg N ha-1 (BBCH 23) lub jej podziat na 2 cze$ci (BBCH 23 i 32)
nie miaty wptywu na twardos¢ ziarna pszenicy. Na brak wplywu podziatu dawki N na twardo$¢ ziarna
wskazuja rowniez badania Mor i in. [2019], Valdés-Valdés i in. [2020] oraz Zhang i in. [2022].

Szklisto$¢ ziarna jest jedng z cech charakteryzujacych bielmo [Jankowski i in., 2015]. Ziarna
szkliste charakteryzuja sie wieksza zawartoS$cig bielma oraz wieksza twardoscig ziarna i zawartos$cia
biatka w poréwnaniu z ziarnem nieszklistym [Dziki i in., 2014]. W badaniach wtasnych ziarno o wiekszej
twardosci charakteryzowato sie réwniez wieksza szklistosScig oraz lepszym wyciggiem maki. Wykazano
zwigzek (dodatnia korelacja) pomiedzy szklisto$cia ziarna a Sredniodobowa temperatura powietrza w
fazie dojrzatosci woskowej. OpdZnienie terminu siewu pszenicy ozimej spowodowato przesuniecie tej
fazy na okres wyzszych Sredniodobowych temperatur powietrza, co skutkowato wzrostem szklistosci
ziarna o 3 (+14 dni) i 6%p (+28 dni). Z kolei Forster i in. [2017] wykazat, Ze termin siewu oraz gestos$¢
siewu nie wptywaja na szklisto$¢ ziarna pszenicy twardej. Rowniez w badaniach Bozek i in. [2022] oraz
Karabinova i in. [2001] gesto$¢ siewu nie réznicowata istotnie szklistosci ziarna pszenicy twarde;j i
zwyczajnej. W badaniach wtasnych wzrost gestosci siewu z 200 do 400 ziarniakéw m-2 obnizyt
szklisto$¢ ziarna o 1,4%p. Poglady na temat wptywu intensyfikacji technologii produkcji na szklistos¢
ziarna sg rozbiezne [Jankowski i in., 2015]. W badaniach Janczak-Pieniazek i in. [2020b] zwiekszenie
dawki N ze 110 do 150 kg ha-1 nie réznicowato szklisto$ci ziarna odmian populacyjnych pszenicy ozime;.
Wzrost szklistosci ziarna az o 23-25%p pod wplywem obfitszego nawozenia N obserwowany byt
jedynie u 2, sposrod 7 badanych odmian mieszancowych [Janczak-Pienigzek i in., 2020b]. W badaniach
Jankowskiego i in. [2015] intensyfikacja technologii produkcji ziarna pszenicy ozimej spowodowata
wzrost szklistosci ziarna o 11%p. Na wzrost udziatu ziarniakéw o bielmie szklistym, pod wplywem
zwiekszonego nawozenie N, wskazuja réwniez badania Budzynskiego i in. [2004] oraz Narkiewicz-
Jodko i in. [2008]. W badaniach witasnych najwieksza szklistoscig (93,2%) odznaczato sie ziarno

pszenicy ozimej nawozonej na poziomie 40+100 kg N ha-1. Zwiekszenie dawki N w stadium BBCH 22-
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25, przy jednoczesnym obniZeniu jej poziomu w stadium BBCH 30-31 (70+70 lub 100+40 kg ha-1),
spowodowato spadek szklisto$¢ ziarna o 1,3-1,4%p.

Podstawowym wyrdznikiem stosowanym w ocenie warto$ci przemialowej ziarna jest wyciag
maki, ktéry w znacznej mierze decyduje o wynikach ekonomicznych procesu jej produkcji [Jankowski i
in.,, 2015]. W badaniach Meena i in. [2016] najwiekszy wyciag maki (63-68%) uzyskano w warunkach
siewu wczesnego. Op6Znienie terminu siewu obnizyto uzysk maki o 3%p. Na podobny zwigzek terminu
siewu z uzyskiem maki wskazuja badania Gaire i in. [2019] oraz Zheng i in. [2021]. Warto wspomnie¢,
ze wskaznik ten jest $cisle skorelowany z dorodnoScia ziarna. Wysoki wyciag maki uzyskuje sie tylko z
ziarna dorodnego, dobrze wypetnionego [Seleiman i in., 2011; Jankowski i in., 2015]. W badaniach
wilasnych opdZnienie terminu siewu spowodowato wytworzenie dorodniejszego ziarna o wiekszej
gestosci, twardos$ci oraz szklistosci, czego efektem byt wiekszy wyciagu maki (o 1,4-2,2%p). W
badaniach Otteson i in. [2008] oraz wtasnych [tab. 3, P2] nie wykazano zwigzku pomiedzy gestoscia
siewu a wydajnos$cig maki. Z kolei w badaniach Caglar i in. [2011] wydajno$¢ maki zmniejszyta sie 0 3%
pod wptywem wzrostu gestosci siewu z 325 do 625 ziarniakéw m-2. Wydajno$¢ maki jest wypadkowa
cech fizycznych ziarna (dorodnosci, twardosci, szklistosci i gestoSci usypowej) silnie réznicowanych
sposobem nawozenia N. W badaniach wtasnych najwyzsza wydajnos¢ maki (73,9%) uzyskano po
zastosowaniu 40+100 kg N ha-! w stadium BBCH 22-25 i 30-31. Zwiekszenie wczesnowiosennej dawki
N, przy jednoczesnym zmniejszeniu jej na poczatku strzelania w ZdZbto (100+40 kg ha-1), obnizyto
uzysk maki o 1,8%p. Z kolei w badaniach Zheng i in. [2021] podziat dawki 180 kg N ha-! w proporcji
60:40 (BBCH 001 31) spowodowat wzrost wydajnosci maki o 1%p, w poréwnaniu do podziatu dawki w
proporcji 70:30. W badaniach Wu i in. [2022] podziat dawki 180 kg N ha-1 na 3 czeSci (przedsiewnie,
krzewienie, strzelanie w ZdZbto, w proporcjach: 50:10:40, 70:10:20 lub 50:40:10) nie miat wplywu na
wydajno$¢ maki. Réwniez w badaniach Budzynskiego i in. [2004], Otteson i in. [2008] oraz
Jankowskiego i in. [2015] intensywnos$¢ technologii produkcji ziarna pszenicy nie réznicowata istotnie

wydajnosci maki.

5.4. Jakos¢ kompleksu biatkowego oraz aktywnos¢ enzymatyczna ziarna

Gtownym miernikiem jakoSci ziarna pszenicy w handlu i przetworstwie jest zawartos¢ biatka
[Wieser i in., 2023]. Zawartos$¢ biatka w ziarnie pszenicy miesci sie w przedziale od 100 do 150 g kg-!
s.m. [Shewry, 2009, Guerrini i in., 2020; Wieser i in., 2023]. Istotny wptyw terminu siewu na zawarto$¢
biatka ogélnego w ziarnie zbdz realizuje sie gtéwnie na skutek modyfikacji warunkéw termicznych
panujacych w okresie wypelniania ziarna. Pszenica péZno zasiana kwitnie pdZniej, co powoduje, ze
okres wypetniania ziarna zbiega sie z wysokimi temperaturami powietrza [El-Hawary i in., 2022]. Stres
cieplny skutkuje zmniejszeniem wielko$ci ziarna, stabszym rozwojem bielma i zwiekszong koncentracja
biatka [Liiin., 2013; Ahmed i Hassan, 2015; Thapa i in., 2020]. Badania przeprowadzone przez Meena i
in.[2016] dowiodty, ze opéZniony siew znaczaco (o0 6-8%) zwiekszat zawarto$¢ biatka w ziarnie. Wzrost
zawartos$ci biatka w ziarnie zwigzany z op6Znionym siewem i podwyzszong temperaturg powietrza w

okresie wegetacji zostat potwierdzony réwniez w badaniach Gooding i in. [2003], Zende i in. [2005],
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Motzo i in. [2007], Sattar i in. [2010], Farooq i in. [2011], Singh i in. [2012], Shah i in. [2020] oraz
witasnych [tab. 3, rys. 6 i 7c, P2]. W badaniach wtasnych zawarto$¢ biatka ogélnego w ziarnie pszenicy
ozimej byla dodatnio skorelowana z GDD, opadami atmosferycznymi oraz warunkami
hydrotermicznymi panujacymi w okresie od kwitnienia do zbioru ziarna (BBCH 61-89). Op6Znienie
terminu siewu spowodowalo przesuniecie kwitnienia oraz dojrzewania pszenicy ozimej na okres
wyzszych GDD oraz wyzszych opadéw atmosferycznych, co skutkowato wzrostem zawartosci biatka
ogolnego o 1-2%. Zwigzek gestoSci siewu z zawartoScig biatka w ziarnie pszenicy nie jest
jednokierunkowy [Gooding i in., 2002; Otteson i in., 2008; Han i Yang, 2009; Nakano i Morita, 2009;
Dragos i Pirsan, 2010; Jemal i in., 2015; Zhang i in., 2018; Guerrini i in., 2020; Hao i in., 2022]. Badania
przeprowadzone przez Otteson i in. [2008], Nakano i Morita [2009], Dragos i Pirsan [2010], Jemal i in.
[2015] oraz Guerrini i in. [2020] nie wykazaty zwigzku pomiedzy gestosciag siewu a zawartoscia biatka
w ziarnie. W badaniach wlasnych wzrost gestosci siewu z 200 do 300 ziarniakéw m-2 spowodowat
obnizenie zawartosci biatka ogdélnego w ziarnie $rednio o 1,5%. Warto jednak podkreslic, iz negatywne
skutki wzrostu gestosci siewu dla zawartosci biatka ogélnego w ziarnie (spadek o 2-3%) byty
szczegblnie widoczne w warunkach opé6Znienia terminu siewu o 14 i 28 dni. RéwnieZz w badaniach
Gooding i in. [2002] oraz Han i Yang [2009] zaobserwowano spadek koncentracji biatka w ziarnie o ok.
3% w wyniku zwiekszenia gestosci siewu ze 180-200 do 270-400 ziarniakéw m-2. Odwrotng zaleznos¢
odnotowali w swoich badaniach Hao i in. [2022]. W badaniach autoréw zwiekszenie gestosci siewu z
200 do 250 ziarniakéw m-2 spowodowato wzrost zawartosci biatka w ziarnie o 6%. Z kolei Zhang i in.
[2018] zaobserwowal najwyzsza koncentracje biatka w ziarnie wysiewajac pszenice w gestosci 260
ziarniakdw m-2. Zwiekszenie lub obnizenie gestosci siewu zmniejszyto zawartos¢ biatka o 3% [Zhang i
in., 2018]. Jednym z najwazniejszych czynnikéw warunkujacych zawartos¢ i sktad biatka w ziarnie
pszenicy jest nawozenie N [Hellemans i in., 2018]. Zwiekszona podaz N sprzyja wyzszej akumulacji
biatka w ziarnie [Jankowski i in., 2015; Guerrini i in., 2020; Landolfi i in., 2021a; Wieser i in., 2023].
Jednak wzgledy Srodowiskowe wymuszaja ograniczenia w stosowaniu nawozoéw, w zwigzku z czym
potrzebne s3 strategie maksymalizujace zawarto$¢/plon biatka, przy jednoczesnej minimalizacji dawki
N. Z tego powodu nalezy dazy¢ do zoptymalizowania nawozenia N poprzez wtasciwy dobor dawki, jej
podzial, termin aplikacji czy rodzaj nawozéw [Bogard i in., 2010; Zérb i in., 2018]. Zastosowanie N w
p6Znych stadiach wzrostu roslin pszenicy sprzyja tworzeniu sie biatka w jej ziarnie [Bogard i in., 2010].
W badaniach Landolfi i in. [2021a] zastosowanie N w dawce 80 lub 160 kg ha-1, w 2 réwnych czesciach
(50:50) podczas krzewienia i strzelania w ZdZbto, spowodowato wzrost zawartoSci biatka w ziarnie o
15-18%. W badaniach Wieser i in. [2023] zastosowanie N tylko przed siewem spowodowato wzrost
zawartoSci biatka 0 4-9%, w poréwnaniu do N aplikowanego przed siewem i w stadium wydtuzania
todygi. W badaniach Landolfi i in. [2021b], przeprowadzonych w warunkach agroekologicznych
potnocnych Wioch, podziat dawki 160 kg N ha-1 na 3 czes$ci (krzewienie, strzelanie w ZdZbto, ktoszenie)
spowodowat wzrost zawarto$ci biatka ogdlnego o ok. 1%, w stosunku do 2-krotnej aplikacji. W

badaniach Xue i in. [2016] podziat dawki N na 3 czesci (BBCH 00, 30, 47) zwiekszat zawartos¢ biatka w
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ziarnie o 6%, w poréwnaniu do 2-krotnej aplikacji (BBCH 00 i 30). Metaanaliza przeprowadzona przez
Hu i in. [2021b] wykazata, Ze podziat dawki N na 3-4 czeSci zwieksza zawartos$¢ biatka w ziarnie
pszenicy Srednio o 2-5%. W badaniach Mor i in. [2019] rdwnomierny podziat dawki 120 lub 160 kg N
ha-1 na 2 czesci (BBCH 00 i 21) spowodowat wzrost zawartoSci biatka w ziarnie o 12%, a jej podziat na
5 réwnych czesci (BBCH 00, 21, 31, 39, 65) zwiekszyt zawarto$¢ biatka w ziarnie o 4%. W badaniach
wilasnych najwieksza ilo$¢ biatka ogélnego w ziarnie zakumulowata pszenica ozima nawoZona w
dawkach 40+100 kg N ha-1 aplikowanych w stadium BBCH 22-25i 30-31. Zwiekszanie pierwszej dawki
N, przy jednoczesnym obniZzeniu drugiej dawki (70+70 i 100+40 kg N ha-1), spowodowato spadek
zawartoSci biatka og6lnego w ziarnie o 1-2%. Z kolei badania Schulz i in. [2015], przeprowadzone w
warunkach siedliskowo-klimatycznych Niemiec, nie wykazaly zwigzku pomiedzy sposobem podziatu
dawki N a zawarto$cig biatka w ziarnie. RdZna sita oddziatywania nawozenia N na zawarto$¢ biatka w
ziarnie pszenicy moze wynika¢ ze zmiennej zawartosci Nmin W glebie w poszczegdlnych sezonach
wegetacyjnych [Souza i in., 2004].

Z punktu widzenia przemystu piekarskiego bardzo wazna jest ilo$¢ biatek glutenowych w ziarnie
pszenicy [Jankowski i in. 2015; Ma i in., 2019; Wieser i in., 2023]. W badaniach wtasnych wykazano, ze
zawarto$¢ glutenu mokrego byta dodatnio skorelowana ze szklisto$cig ziarna. Ziarna pszenicy ozimej
uprawianej w warunkach agroekologicznych NE Polski zawieraly od 34,0 do 38,3% glutenu mokrego.
Wskazany zakres zawartos$ci glutenu mokrego w ziarnie jest zblizony do wartosci podawanych przez
Sip i in. [2013] dla warunkéw agroekologicznych Czech i znacznie wyzszy od wartoéci podawanych
przez Jaskulska i in. [2018] oraz Janczak-Pienigzek i in. [2020b] dla warunkéw agroekologicznych
Polski. Meena i in. [2016] wykazali, Ze op6Znienie terminu siewu spowodowato wzrost zawartosci
glutenu mokrego o 9%p. Réwniez w badaniach wilasnych, najwyzsza zawarto$¢ glutenu mokrego
(35,9%) oznaczono w ziarnie pszenicy ozimej wysianej na poczatku pazdziernika. Cecha ta byla
determinowana przez S$redniodobowe temperatury powietrza panujace w okresie od poczatku
kwitnienia oraz zbioru ziarna oraz opady atmosferyczne i warunki hydrotermiczne (wskaZnik
Sielianinov’a) panujace w fazie dojrzatosci mlecznej ziarna. Skutkiem opéZniania terminu siewu, w
badaniach wtasnych, byto przesuniecie kwitnienia oraz dojrzewania pszenicy na korzystniejsze
warunki termiczne. Réwniez w efekcie op6Znienia terminu siewu faza dojrzatoSci mlecznej zostata
przesunieta na okres wyzszych opadéw atmosferycznych oraz Kkorzystniejszych warunkéw
hydrotermicznych. W badaniach wtasnych wzrost gestosci siewu do 300 ziarniakow m-2 spowodowat
spadek zawartoSci glutenu mokrego w ziarnie o 0,7%p. Negatywne oddziatywanie gestoSci siewu na
zawarto$¢ glutenu mokrego w ziarnie pszenicy byto silniejsze w warunkach opéZnionych siewéw
(spadek o 0,8-1,5%p). W przypadku wysiewu pszenicy ozimej w terminie wczesnym wzrost gestosci
siewu nie réznicowat istotnie zawartosci glutenu mokrego w ziarnie. Rowniez w badaniach Zecevic i in.
[2014] zanotowano spadek zawartosci glutenu mokrego (o 6%p) w wyniku zwiekszenia gestoSci siewu
z 500 do 650 ziarniakéw m-2. Na spadek zawartos$ci glutenu mokrego o 3-5%p w ziarnie pszenicy pod

wpltywem wzrostu gestosci siewu wskazujg réwniez badania Han i Yang [2009] (180 vs. 270 ziarniakow
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m-2), Dragos i Pirsan [2010] (400 vs. 500 ziarniakéw m-2) oraz Twizerimanaiin. [2020] (112 vs. 225 kg
ha-1). Odwrotng zaleznos$¢ zaobserwowali Caglar i in. [2011] oraz Guerrini i in. [2020]. W badaniach
Caglar i in. [2011] wyZsza zawarto$¢ glutenu zanotowano w przypadku gestych siewéw (525 i 625
ziarniakdw m-2), a obnizenie gestosci siewu (325 i 425 ziarniak6w m-2) zmniejszyto zawartos¢ glutenu
mokrego o 11%. Pszenica 0zima, niezaleznie od typu odmiany (liniowa, mieszanicowa), silnie reaguje na
nawozenie N, co objawia sie zréznicowaniem plonu i jakoSci ziarna, w tym zwiekszong akumulacjg
biatek glutenowych [Jaskulska i in., 2018]. W badaniach Janczak-Pieniazek i in. [2020b] zwiekszenie
dawki ze 110 do 150 kg N ha-! spowodowato wzrost zawartoSci glutenu mokrego w ziarnie pszenicy
ozimej o 7-11 (odmiany liniowe) oraz 10-16%p (odmiany mieszancowe). Na korzystna role nawozenia
N w ksztattowaniu ilo$¢ glutenu w ziarnie obu form pszenicy (ozima i jara) wskazuja réwniez badania
Podolskiej i in. [2007], Sutek i Podolskiej [2008] oraz Dubisa [2012]. Z kolei Jankowski i in. [2015] oraz
Wojtkowiak i in. [2018] nie wykazali wptywu nawozenia N na zawarto$¢ glutenu mokrego, niezaleznie
od typu odmiany. Réwniez w badaniach wtasnych sposéb podziatu wiosennej dawki N nie réznicowata
zawartos$ci glutenu mokrego w ziarnie. Z kolei w badaniach Mor i in. [2019] najniZzsza zawartos¢ glutenu
mokrego zaobserwowano w przypadku rownomiernego podziat dawki 120 lub 160 kg N ha-1 na 2 czeSci
(BBCH 001 21), a podziat tych dawek na 5 réwnych czesci (BBCH 00, 21, 31, 39, 65) zwiekszat zawartos¢
glutenu o 4%.

Przy ocenie warto$ci wypiekowej ziarna zwraca sie uwage nie tylko na ilos¢, ale réwniez na jakos¢
biatek glutenowych. Podstawowym miernikiem ich jakosci jest wskaznik sedymentacji, ktérego wartos¢
Swiadczy o wielkosci agregatow wieloczastkowych biatka [Kozlovsky i in., 2009; Jankowski i in. 2015;
Al-Khayri i in., 2023]. Meena i in. [2016] wykazali, Ze opdZnienie terminu siewu spowodowato wzrost
wskaznika sedymentacji o 4-5%. Rowniez w badaniach Knapowskiego i Ralcewicz [2004] wyzZsze
wartos$ci wskaZnika sedymentacji (o 12%) osiggano w warunkach op6znienia siewu pszenicy ozimej. W
badaniach wtasnych wskaznik sedymentacji osiagat rowniez wyzsze wartosci (o 1%) w warunkach
op6Znionych siewdw o 28 dni, niezaleZnie od przebiegu warunkéw pogodowych w latach badan. Z kolei
w warunkach agroklimatycznych Indii op6Znienie siewu o 40 dni zmniejszyto wskaznik sedymentacji o
7% [Sharma i in., 2020]. W badaniach wtasnych gestos$¢ siewu nie wplywata na wskaznik sedymentacji,
co jest zgodne z wynikami uzyskanymi przez Piekarczyka [2010] oraz Mikos-Szymanska i Podolska
[2016]. W badaniach Twizerimana i in. [2020] gesto$¢ siewu wplywala na warto$¢ wskaznika
sedymentacji tylko w jednym roku badan, w ktérym wzrost masy wysiewu ziarna ze 112 do 225 kg ha-
1 obnizyt jego warto$¢ o 10%. Z kolei w badaniach Han i Yang [2009] oraz Hao i in. [2022] wzrost iloSci
wysiewanych ziaren o 50-90 szt. m-2 obnizyt wskaZznik sedymentacji o 2-7%. Jakos¢ kompleksu
biatkowego w ziarnie pszenicy uzalezniony jest rowniez od intensywnosci technologii produkcji, w tym
nawozenia N [Jankowski i in., 2015]. Badania Litke i in. [2018] wskazuja na istotny wzrost wskazZnika
sedymentacji na skutek zwiekszenia nawozenia N az do poziomu 210 kg ha-l. Korzystny wplyw
nawozenia N na jako$¢ biatka w ziarnie pszenicy ozimej i jarej zaobserwowali takze Budzynski i in.

[2004], Podolska i in. [2007], Piekarczyk [2010], Ellmann [2011], Dubis [2012], Rossini i in. [2018],
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Kizilgeci i in. [2021] oraz Zhang i in. [2022]. W badaniach witasnych korzystniej na jako$¢ kompleksu
biatkowego wptyneto zastosowanie N w dawkach 40+100 kg ha-! w stadiach BBCH 22-25 i 30-31.
Zwiekszenie pierwszej wiosennej dawki N (BBCH 22-25), przy jednoczesnym obniZeniu jej w stadium
BBCH 30-31 (70+70 lub 100+40 kg ha-1), spowodowato spadek wartosci wskaznika sedymentac;ji
$rednio 0 1%. W badaniach Mor i in. [2019] réwnomierny podziat dawki N na 5 cze$ci przyczynit sie do
zwiekszenia wskaznika sedymentacji o 3%, w poréwnaniu do aplikacji 2-krotnej. Rowniez w badaniach
Hao i in. [2023] podziat 210 kg N ha-! na 4 cze$ci zwiekszyt warto$¢ wskaznika sedymentacji o 5%, w
poréwnaniu do aplikacji 2-krotne;j.

Liczba opadania $wiadczy o stopniu aktywnosci a.-amylazy w ziarnie [Ma i in., 2009, Kindred i in.,
2005; Jankowski i in., 2015]. W badaniach wtasnych udowodniono, Ze liczba opadania byta dodatnio
skorelowana z zawartos$cia glutenu mokrego w ziarnie. Zdaniem Grausgruber i in. [2000] na aktywno$¢
o-amylazy w ziarnie najwiekszy wplyw maja czynniki genetyczne i Srodowiskowe, zwtaszcza warunki
pogodowe w fazie dojrzewania. Réwniez w badaniach wtasnych wykazano silny zwiazek liczby
opadania z uktadem warunkéw klimatycznych. Opo6Znienie terminu siewu o 14 dni spowodowato
wzrost liczby opadania o 3%. Przyczyng wzrostu liczby opadania mogto by¢ przesuniecie, pod wplywem
opOZnienia terminu siewu, fazy kwitnienia i dojrzewania roslin na okres wyzszych Sredniodobowych
temperatur powietrza, a fazy dojrzatosci mlecznej na okres obfitszych opadéw atmosferycznych i
korzystniejszych warunkéw hydrotermicznych (te wskazniki pogody byly dodatnio skorelowane z
liczbg opadania). Z kolei w badaniach Knapowskiego i Ralcewicz [2004] oraz Forster i in. [2017] termin
siewu nie wptywat na liczbe opadania. Zwigzek gestosci siewu z liczba opadania jest staby i nie
jednokierunkowy [Korres i Froud-Williams, 2001; Linina i Ruza, 2015; Forster i in., 2017]. W badaniach
Forster i in. [2017], prowadzonych z pszenicg twarda, nie udowodniono wplywu gestosci siewu na
liczbe opadania. Na brak zwigzku pomiedzy gestoSciag siewu a aktywnos$¢ a-amylazy w ziarnie pszenicy
zwyczajnej (liczba opadania) wskazuja rowniez badania Korres i Froud-Williams [2001], Piekarczyka
[2010], Forster i in. [2017] oraz wtasne [tab. 3, P2]. Odmienne wyniki uzyskali Hao i in. [2022]. W
badaniach autoréw wraz ze wzrostem gestosci siewu z 200 do 250 ziarniakéw m-2 zaobserwowano
wzrost liczby opadania o 5%. AktywnoS$¢ a-amylazy w ziarnie pszenicy zalezy réwniez od poziomu
intensywno$ci technologii produkcji, w tym nawozenia N [Linina i Ruza, 2015] oraz genotypu odmiany
[Kindred i in., 2005; Janczak-Pienigzek i in., 2020b]. W badaniach Janiczak-Pienigzek i in. [2020b]
aplikacja 150 kg N ha-! zwiekszyta warto$¢ liczby opadania od 0,3-1,6 (odmiana populacyjna) do 3,5%
(odmiana mieszancowa). W badaniach Linina i Ruza [2015] zaobserwowano istotny wzrost liczby
opadania do dawki 180 kg N ha-1. Badania Szentpétery i in. [2005] wskazuja na korzystne oddziatywania
podziatu dawki N na liczbe opadania. W badaniach autoréw zastosowanie 40 lub 80 kg N ha-1 w stadium
krzewienia oraz 40 kg N-1 ha w stadium kwitnienia, zwiekszyto liczbe opadania o 6-11%, w stosunku
to 1-krotnej aplikacji 80 lub 120 kg N ha-! w stadium krzewienia. W badaniach wtasnych sposéb
podziatu dawki N nie réznicowat istotnie liczby opadania. Zdaniem Budzynskiego i in. [2004] w

literaturze czesto pojawiaja sie dane $wiadczace o odmiennym niZ prezentowany powyzej wptywie
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intensywno$ci poziomu agrotechniki na liczbe opadania ze wzgledu na znaczacy udziat warunkéw

pogodowych w ksztattowaniu tej cechy ziarna.

5.5. Jakos¢ maki

Zawarto$¢ popiotu w mace jest miarg zawartoSci w niej substancji mineralnych [Wei, 2002;
Kulkarniiin., 2006; Piironeniin., 2009; Czajaiin., 2020]. Cecha to jest nie tylko wazna z punktu widzenia
zywieniowego, ale rowniez decyduje o typie maki i jej przydatnosci technologicznej [Rothkaehl, 2012].
Zawarto$¢ popiotu w ziarnach pszenicy jest ksztattowana przede wszystkim przez czynniki
atmosferyczne, takie jak temperatura i wilgotno$¢ wzgledna powietrza [Ozturk i Aydin 2004; Egesel i
in,, 2009; Caglar i in,, 2011; Adeel i in., 2022]. Potwierdzaja to réwniez badania wtasne, w ktérych
najwyzsza zawarto$¢ popiotu surowego oznaczono w mace pozyskanej z ziarna pszenicy ozimej
uprawianej w 1 i 2 cyklu badan, tj. w sezonach wegetacyjnych z ponadprzecietnymi temperaturami
powietrza w okresie wypelniania ziarna. W badaniach wtasnych nie wykazano zwigzku pomiedzy
terminem i gesto$cia siewu oraz sposobem podziatu wiosennej dawki N na zawarto$¢ popiotu w mace
pszennej, co jest zgodne z wynikami uzyskanymi przez innych autoréw [Garrido-Lestache i in., 2004;
Jankowski i in., 2014; Munsif i in., 2015; Rodrighero i in., 2015; Rozbicki i in., 2015; Biel i in., 2016;
Jaskulska i in., 2018; Warechowska i in., 2019]. Z kolei badania Adeel i in. [2022] oraz Caglariin. [2011]
wskazuja na spadek zawarto$¢ popiotu w mace w miare opdzniania terminu siewu (0 20%) oraz wzrostu
gestosci siewu pszenicy (o 15%). W badaniach wtasnych istotnie jasniejsza make uzyskano z ziarna
pszenicy ozimej wysiewanej w wysokim zageszczeniu 400 ziarniakdw m-2 oraz nawozonej N w dawkach
100+40 kg ha-1. W badaniach Jankowski i in. [2014] intensyfikacja technologii uprawy pszenicy ozimej
spowodowala obnizenie barwy maki o 0,5%p. Z kolei w badaniach Jaskulskiej i in. [2018] oraz
Rodrighero i in. [2015] dawka N nie wptywata na barwe maki.

Zawarto$¢ biatka w mace odgrywa wazng role w ksztattowaniu jakosci wypieku, nadajac
odpowiednig lepko$¢, rozciagliwosé, wytrzymatos$é i elastycznos$¢ ciasta [Wieser 2007; Xue i in., 2019].
W badaniach wtasnych najwyzsza zawartoScig biatka ogélnego (132 g kg-! s.m.) charakteryzowata sie
maka pozyskana z ziarna pszenicy ozimej p6Zno wysianej (poczatek pazdziernika). Na podobny zwigzek
terminu siewu z zawarto$cig biatka w mace wskazuja réwniez badania Bagulho i in. [2015],
Knapowskiego i in. [2018] oraz Adeel i in. [2022]. Wzrost zawartoSci biatka w mace moze by¢ efektem
dojrzewania pézno sianej pszenicy w wyzszych temperaturach powietrza - sprzyjajacych akumulacji
tego sktadnika [Balla i Veisz, 2007; HruSkova i Svec, 2009; Labuschagne i in., 2009]. Wyniki badan Geleta
iin. [2002], Mikos-Szymanskiej i Podolskiej [2016], Hao i in. [2022] oraz wtasnych [tab. 1, P3] wskazuja
na spadek zawarto$¢ biatka wraz ze zwiekszaniem gestosci siewu, odpowiednio o: 12, 2, 6 i 2%. Z kolei
w badaniach Madan i Munjal [2009] gesto$¢ siewu nie miata wptywu na zawarto$¢ biatka w mace. W
badaniach Xue i in. [2019] wykazano, Ze zwiekszanie dawki N w poczatkowej fazie strzelania w ZdZbto
zmniejszato koncentracje biatka w mace o 6%. Odwrotna zalezno$¢ zaobserwowano w badaniach
wiasnych, w ktorych wykazano 2% wzrost koncentracji biatka w mace wraz ze zwiekszaniem dawki N

w poczatkowej fazie strzelania w ZdZzbto. Réznice moga by¢ spowodowane efektem rozcieniczenia
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sktadnikéw pokarmowych w mare wzrostu plonu ziarna [Budzynski, 2012]. W badaniach Xue i in.
[2019] zwiekszenie dawki N na poczatku strzelania w ZdZbto spowodowato wzrost plonu ziarna
pszenicy o 2% oraz spadek zawartos$ci biatka og6lnego w mace. Z kolei w badaniach wtasnych [P1]
zwiekszenie dawki N w fazie BBCH 30-31 spowodowato obniZzenie plonu ziarna oraz wzrost
koncentracji biatka ogélnego w mace. Réwniez badania Johanssoniin. [2004] oraz Rossmanniin. [2019]
wskazuja na korzystne oddziatywanie p6Znych dawek N na zawarto$¢ biatka w ziarnie pszenicy (wzrost
0 10-11%). Z kolei w badaniach Luo i in. [2000], Madan i Munjal [2009] oraz Haile i in. [2012] zawarto$¢
biatka w ziarnie lub mace nie byta determinowana sposobem podziatu dawki N.

Wodochtonno$¢ maki jest istotnym czynnikiem w procesie wypieku chleba, gdyz wptyw na
ostateczng jakos$¢ produktéw piekarniczych [Linlaud i in., 2009; Sapirstein i in., 2018]. W badaniach
wilasnych opé6znianie terminu siewu zwiekszato (o 1,1%p) wodochtonno$¢ maki, co jest zgodne z
badaniami Zhang i in. [2023] (wzrost o 3,4%p). Zwiekszenie wodochtonno$ci mgki w miare opdZznienia
terminu siewu pszenicy moze wynika¢ z przesuniecia terminu dojrzewania ziarna na okres wysokich
temperatur powietrza, ktdére sprzyjaja akumulacji biatka, kosztem ograniczonej syntezy i
magazynowania weglowodanéw [Ozturk i Aydin 2004; Maningat i in., 2009]. Wedtug Huang i in. [2024]
opo6Zniony siew modyfikuje jako$¢ skrobi poprzez wptyw na jej krystalicznos$¢, poprawiajac jej
kleikowanie. Jednak zdaniem Zang i in. [2022] nadmierne op6Znienie siewu moze odwrdci¢ ten efekt.
Stad w badaniach Knapowskiego i in. [2018] oraz Caglar i in. [2023] przesuniecie terminu siewu
zmniejszyto wodochtonno$ci maki, odpowiednio o: 1,1 oraz 3,9%p. Gesto$¢ siewu stabo réznicuje
wodochtonnos$ci maki [Han i Yang, 2009; de Pelegrin i in., 2016; Gaweda i in., 2019; Chen i Yang, 2023;
badania wtasne: tab. 1, P3]. Moze to by¢ wynikiem stabego wpltywu tej praktyki agronomicznej na
zawarto$ci biatka oraz skrobi w ziarnie [Nakano i Morita, 2009; Gaile i in., 2017; Mosanaei i in., 2017].
Podziat dawki i pdZniejsza aplikacja czeSci N moze zwieksza¢ wodochtonno$¢ maki [Blandino i in., 2016;
Xueiin., 2019; Chen i Yang, 2023]. W badaniach Xue i in. [2019] podziat dawki N na 3 czesSci (BBCH 00,
30, 45) zwiekszal wodochtonnosci maki o 3%p, w poréwnaniu do podziatu na 2 czesci (BBCH 00, 30).Z
kolei w badaniach Blandino i in. [2016] aplikacja dolistna N w fazie kwitnienia (5 kg ha-1) lub aplikacja
doglebowa na poczatku ktoszenia (40 kg N ha-1) spowodowaty wzrost absorbcji wody przez make
odpowiednio o: 2 i 4%. Badania wtasne nie potwierdzity zwigzku pomiedzy sposobem podziatu dawki
N a wodochtonnos$cig maki. Na brak tego zwigzku wskazuja rowniez badania Warechowskiejiin. [2019].
Brak zwigzku pomiedzy sposobem podziatu dawki N a wodochtonnoscia maki w badaniach
Warechowskiejiin. [2019] oraz wiasnych moze wynikac z relatywnie niskiej zawarto$ci biatka ogélnego
w ziarnie pszenicy ozimej (odpowiednio: 128-139 i 129-132 g kg! s.m.) oraz stabego jego
zréznicowania pod wptywem nawozenia N (odpowiednio: £3-5i 2%). W badaniach Blandinoiin. [2016]
ziarno pszenicy zawierato o 4-9% wiecej biatka og6lnego, a nawozenie N réznicowato jego koncentracje

w znacznie szerszym zakresie (£8%) niz w badaniach Warechowskiej i in. [2019] oraz wtasnych.
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5.6. Wtasciwosci reologiczne ciasta oraz jakos¢ pieczywa

W badaniach wtasnych przesuniecie siewu pszenicy na poczatek pazdziernika spowodowato
wydtuzenie rozwoju ciasta o 6%. Na podobny zwigzek pomiedzy terminem siewu a czasem rozwoju
ciasta wskazuja badania Zhang i in. [2023] przeprowadzone w warunkach agroekologicznych Chin.
Wplyw gestosci siewu na czas rozwoju ciasta nie jest jednoznaczny. W badaniach Gawedy i in. [2019]
nie zaobserwowano zmiany czasu rozwoju ciasta pod wptywem zwiekszenia gestosci siewu. Podobnie,
w badaniach wtasnych gestos¢ siewu pszenicy ozimej nie réznicowata istotnie czasu rozwoju ciasta. Z
kolei badania Han i Yang [2009] oraz Hao i in. [2022] wskazuja na skrdcenie czas rozwoju ciasta wraz ze
zwiekszaniem gestoSci siewu. Zhang i in. [2016] wskazuja na zwigzek pomiedzy gestoscig siewu a
dawka N we wptywie na czas rozwoju ciasta. W badaniach autoréw czas rozwoju ciasta skracat sie wraz
ze zwiekszaniem gestoSci siewu przy braku nawozenia N, natomiast zastosowanie 240 kg N ha-!
wydtuzato czas rozwoju ciasta. ROwniez w badaniach Jankowskiego i in. [2014] zwiekszenie wiosennego
nawozenia N spowodowato wzrost rozwoju ciasta o 38%. Badania Blandino i in. [2016] wykazaty
korzystny wptyw po6Znej aplikacji N na czas rozwoju ciasta. W badaniach autoréw dodatkowa aplikacja
40 kg N ha-! na poczatku ktoszenia roslin pszenicy wydtuzyta czas rozwoju ciasta o 49%, a zastosowanie
N dolistnie w fazie petni kwitnienia wydtuzyto czas rozwoju ciasta o 32%. W badaniach wtasnych sposéb
podziatu dawki N nie ré6znicowat istotnie czasu rozwoju ciasta. Wptyw aplikacji N na czas rozwoju ciasta
(jego wydtuzenie) raportowany przez Jankowskiego i in. [2014] oraz Blandino i in. [2016] byt efektem
przede wszystkim zwiekszenia sumarycznej dawki N. W badaniach wtasnych wiosenna dawka N byta
stata (140 kg ha-1), zmieniat sie tylko sposéb jej podziatu, co mogto by¢ powodem braku istotnego
wptywu N na czas rozwoju ciasta.

W badaniach wtasnych wykazano silny wptyw terminu i gestoS$ci siewu oraz sposobu podziatu
dawki N na statos¢ ciasta. Najwyzsza statosScig (7.7-8.4 min) charakteryzowato sie ciasto wytworzone z
maki pszenicy ozimej wysianej péZzno (poczatek pazdziernika), w najwiekszej gestosci (400 ziarniakéw
m-2) oraz nawozonej w dawkach 100+40 kg N ha-l. Réwniez w badaniach Zhang i in. [2023]
obserwowano wzrost statosci ciasta (o 17%) w miare op6znienia terminu siewu o 50 dni. Z kolei w
badaniach Dongiin. [2021] na stalo$¢ ciasta pozytywnie wplynat wczesny termin siewu, wysoka gestos¢
siewu oraz wysoka dawka N w fazie strzelania w ZdZbto (BBCH 30-31). Badania Zhang i in. [2016]
wykazaty, ze wplyw gestosci siewu na stato$¢ ciasta byl determinowany poziomem nawozenia N. W
badaniach autoréw stato$¢ ciasta zwiekszata sie wraz ze zwiekszaniem gestosci tylko w warunkach
obfitego nawozenia N (240 kg ha-1). Rowniez w badaniach Han i Yang [2009] stato$¢ ciasta byta zalezna
od gestosci siewu. Wraz ze wzrostem gestosci siewu z 90 do 270 ziarniakéw m-2 czas statosci ciasta
skrocit sie 0 16%. W badaniach Zhang i in. [2016] aplikacja 240 kg N ha-1 wydtuzyla czas statosci ciasta
042%, w poréwnaniu do obiektu bez nawozenia N. Rowniez badania Jankowskiego i in. [2014] wykazaty
prawie 3-krotny wzrost statosci ciasta pod wptywem intensyfikacji technologii uprawy pszenicy ozime;.

Z kolei badania Rodrighero [2015], Blandino i in. [2016], Souza i in. [2019], Xue i in. [2019], Keres i in.
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[2021] oraz Ceseviciené i in. [2022] wskazuja na brak zwigzku pomiedzy statoScig ciasta a nawozeniem
N.

W badaniach Zhang i in. [2023] rozmiekczenie ciasta zmniejszato sie w miare przesuwania
terminu siewu, co jest zgodne z wynikami badan wilasnych [tab. 2, P3]. W badaniach wtasnych nie
udowodniono zwigzku pomiedzy gestoscig siewu a rozmiekczeniem ciasta. Réwniez Biel i in. [2016] nie
wykazat, aby rozmiekczenie ciasta zalezato od gestosci siewu. Gaweda i in. [2019] wskazuje na silny
zwigzek gestosci siewu z warunkami klimatyczno-siedliskowymi we wptywie na rozmiekczenie ciasta.
W badaniach autoréw nastapit wzrost rozmiekczenia ciasta pod wptywem zwiekszonej gestosci siewu
pszenicy tylko w sezonie charakteryzujacym sie niska sumg opadéw w czerwcu. Wptyw nawozenia N
na rozmiekczenie ciasta nie jest jednokierunkowy [Fleitas i in., 2018; Kunkulberga i in., 2019; Keres i
in., 2021; badania wtasne: tab. 2, P3]. W badaniach Keres i in. [2021] oraz wtasnych nawozenie N nie
wptywato na rozmiekczenie ciasta. Z kolei Kunkulberga i in. [2019] zwiekszajac nawozenie N
zaobserwowat wzrost rozmiekczenia ciasta. Natomiast w badaniach Fleitas i in. [2018] wzrost dawki N
zmniejszat wartosci liczbowe tej cechy. Rowniez w badaniach Jankowskiego i in. [2014] intensyfikacja
technologii produkcji ziarna pszenicy ozimej spowodowata zmniejszenie (0 27%) rozmiekczenia ciasta.

Gestosc¢ i objetos¢ chleba decyduja gléwnie o jego walorach smakowych [Dziki i in., 2010; Rézyto
i Laskowski, 2011]. Konsumenci preferujg duza objeto$¢ chleba oraz niska gesto$¢ miekiszu [Sahi i in.,
2014]. Gesto$¢ miekiszu jest parametrem opisujagcym porowato$¢ chleba i zwigzana jest z
wilasciwosciami glutenu [Lagrain i in., 2012]. W badaniach wtasnych tylko spos6b zarzadzania siewem
pszenicy ozimej réoznicowat istotnie jako$¢ pieczywa mierzong gestoscia miekiszu i objetoscia chleba.
Chleb o mniejszej gestosci miekiszu (0,24 g cm-3) uzyskano z maki pszenicy ozimej wysianej w potowie
wrze$nia (+14 dni). Op6Zniony siew zmniejszat gesto$¢ miazszu, poniewaz rosliny pszenicy byty
narazone na wyzsze Sredniodobowe temperatury powietrza podczas dojrzewania ziarna. Z kolei
najwieksza objetoscia (347 cm3) charakteryzowat sie chleb uzyskany z maki pszenicy wysianej w
zageszczeniu 400 ziarniakéw m-2. Odmienne wyniki uzyskali Dong i in. [2021]. W badaniach autoréw
najwieksza objetoscig (808 cm3) charakteryzowat sie chleb uzyskany z maki pszenicy wysianej
wcze$nie. OpdZnienie terminu siewu o 21 dni spowodowato spadek objetosci chleba o 11%. W
badaniach Zhang i in. [2016] wraz ze wzrostem gestosci siewu ze 120 do 240 ziarniakéw m-2 objetos¢
chleba zwiekszyla sie o 7%. Rowniez na korzystny wptyw gestosci siewu pszenicy na objeto$¢ chleba
wskazujg badania Dong i in. [2021]. NawozZenie N pszenicy korzystnie wplywa na objetos¢ chleba
[Knapowski i Ralcewicz, 2004; Dong i in., 2021], pogarszajac jednak gestos$¢ jego miekiszu (zmniejszenie
porowatosci) [Guerriniiin., 2020]. W badaniach wtasnych nie udowodniono zwigzku pomiedzy jakos$cia
pieczywa a sposobem podziatu wiosennej dawki N. Wykazano zwigzek pomiedzy jakoscig pieczywa a
zawartoscia popiotu w mace. Wzrost zawarto$ci popiotu spowodowat obnizenie objetosci chleba i
wzrost gestosci miekiszu. Zastosowany przez nas podziatl wiosennej dawki N nie r6znicowat zawartos$ci

popiotu w mace, co mogto by¢ przyczyna braku jego oddziatywania na jako$¢ pieczywa.
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6. Wnioski

1. W péinocno-wschodniej Polsce termin siewu pszenicy ozimej mozna przesuna¢ na koniec sierpnia
lub poczatek pazdziernika bez szkody dla wydajnosci ziarna. Op6Znione terminy siewu nie
obnizaty, a powodowatly nawet zwyzke plonu ziarna (1.16-1.22 Mg ha-1, tj. o 12-13%), dzieki
wiekszej liczbie ktoséw na 1 m? (o 10-12%) i wiekszej MTZ (o 1-2%), w stosunku do siewu
wczesnego (poczatek sierpnia).

2. Najkorzystniej na wydajno$¢ ziarna pszenicy ozimej wplywat wysiew 400 ziarniakéw m-2. Wzrost
plonowania pszenicy ozimej wysianej w zageszczeniu 400 ziarniakéw m-2 byt efektem korzystnego
wpltywu tej gestosci siewu na liczbe ktoséw m-2.

3. Najwieksza produktywnoscig wykazywat sie N zastosowany wiosng w dawkach 40+100 kg ha-1, ze
wzgledu na korzystne oddziatywanie na liczbe ktoséw m-2.

4. Termin siewu modyfikowat pojawienie sie i czas trwania poszczego6lnych faz rozwojowych roslin,
co roznicowato warunki wilgotno$ciowo-termiczne podczas ich wystepowania. Wyréwnanie oraz
twardo$¢ ziarna byty dodatnio skorelowane ze Ssredniodobowymi temperaturami powietrza od
poczatku kwitnienia do zbioru roslin. Szklistos$¢ ziarna byta dodatnio skorelowana z temperaturami
powietrza panujacymi w fazie dojrzatosci woskowej. Zawarto$¢ biatka ogélnego w ziarnie byta
dodatnio skorelowana z warunkami hydrotermicznymi (GDD, opady atmosferyczne, wskaznik
Sielianinov’a) panujacymi w okresie od poczatku kwitnienia do dojrzatosci peinej ziarna. Zawartos¢
glutenu mokrego oraz liczba opadania byty dodatnio skorelowane ze sredniodobowa temperaturg
powietrza w okresie od poczatku kwitnienia do zbioru oraz z opadami atmosferycznymi i
warunkami hydrotermicznymi w stadium dojrzato$ci mleczne;j.

5. OpoZnienie terminu siewu spowodowato przesuniecie kwitnienia oraz dojrzewanie roslin pszenicy
ozimej na korzystniejsze warunki wilgotnosciowo-termiczne, co spowodowato wzrost gestosci,
szklistosci i twardosci ziarna, wyciaggu maki, zawartosci biatka ogdélnego, zawartosci glutenu
mokrego, wskaZnika sedymentacji oraz liczby opadania.

6. Wysiew 200 ziaren m-2 zapewnial korzystniejsze wyréwnanie ziarna, a takze wieksza jego
szklisto$¢ oraz zawarto$¢ biatka ogélnego i glutenu mokrego.

7. Wieksza podaz N w stadium intensywnego wzrostu pszenicy ozimej (BBCH 30-31) korzystnie
wptywata na szklistoSci i twardos¢ ziarna, wyciag maki, a takze zawarto$¢ biatka ogélnego i glutenu
mokrego w ziarnie oraz warto$¢ wskaznika sedymentacji.

8. W warunkach agroekologicznych NE Polski optymalne wtasciwosci przemiatowe ziarna pszenicy
ozimej mozna uzyska¢ wysiewajac ja pod koniec wrze$nia lub na poczatku pazdziernika w ilosci
200 ziaren m-2 i nawozac w dawkach 40+100 kg N ha-1 w stadiach BBCH 22-25i 30-31.

9. Make lepszej wartosci wypiekowej uzyskano z przemiatu ziarna pszenicy ozimej wysianej w
terminie od potowy wrzes$nia do poczatku paZdziernika. Op6Znienie terminu siewu spowodowato

wzrost zawartoSci biatka ogélnego w mace pszennej, korzystnie wptyneto na zdolno$¢ maki do
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10.

11.

12.

absorbcji wody oraz na rozwdj, stato$¢ i rozmiekczenie ciasta. OpdZnienie terminu siewu
spowodowato zmniejszenie gestoSci miekiszu chleba (cecha pozadana przez konsumentéw), nie
pogarszajac jego objetosci.

Wysiew pszenicy ozimej w zageszczeniu 400 ziarniakow m-2 poprawit barwe maki (bez obniZenia
zawarto$ci popiotu surowego w mace) oraz korzystnie wplynat na stalos¢ ciasta i objetos¢ chleba.
Najwieksza zawarto$¢ biatka ogdlnego w mace uzyskano po przesunieciu czesci dawki N ze stadium
BBCH 22-25 do BBCH 30-31 (40+100 kg N ha-1). Z kolei korzystniejsza barwe maki oraz statos¢
ciasta uzyskano po zwiekszeniu dawki N w stadium BBCH 22-25 (100+40 kg N ha-1).

Jakos¢ maki, wtasciwosci reologiczne ciasta oraz jako$¢ chleba byty gtéwnie determinowane
zawarto$cia popiotu surowego w mace. W warunkach niskiej zawartosci popiotu surowego
obnizata sie zawartos¢ biatka og6lnego w mace oraz jej wodochtonnos$¢. Jednak niska zawartos¢
popiotu surowego miata pozytywny wpltyw na kolor maki, stabilno$¢ oraz stopien rozmiekczenia
ciasta, objetos¢ chleba i gesto$¢ jego miekiszu. Zabiegi agrotechniczne obnizajace zawartosc¢
popiotu w mace moga sprzyja¢ uzyskaniu dobrej jakosci pieczywa poprzez korzystny wplyw na
wtasciwosci reologiczne ciasta. Uzyskaniu niskiej zawartosci popiotu surowego w mace sprzyjat
wysiew pod koniec wrze$nia lub na poczatku paZdziernika 400 ziarniakéw pszenicy m-2 oraz

wiosenna aplikacja 100+40 kg N ha-1.
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Abstract: This study was undertaken to examine the influence of the sowing date, sowing density,
and split spring application of nitrogen (N) fertilizer on plant density, tillering, yield components, and
grain yields of winter wheat (Triticum aestivum L.) grown in northeastern Poland between 2018 and
2021. The experiment had a split-plot design with three sowing dates (early (3-6 September), delayed
by 14 days, and delayed by 28 days), three sowing densities (200, 300, and 400 live grains m~2), and
three split spring N rates (40 + 100, 70 + 70, and 100 + 40 kg ha~! applied in BBCH stages 22-25 and
30-31, respectively). The number of spikes m~2 increased by 11% on average when winter wheat was
sown with a delay of 14 days (17-20 September) and 28 days (1-4 October). The number of spikes
m~2 was highest when winter wheat was sown at 300 and 400 live grains m—2. The application of
100 + 40 kg N ha~! (BBCH 22-25 and 30-31, respectively) increased the number of spikes m~2. An
increase in sowing density from 200 to 300 to 400 live grains m~2 decreased the number of grains
spike ™! by 5% and 7%, respectively. Thousand grain weight (TGW) increased by 1% and 2% when
sowing was delayed by 14 (17-20 September) and 28 days (14 October), respectively. In northeastern
Poland, grain yields peaked when winter wheat was sown between 17 September and 4 October
(10.52-10.58 Mg ha™1). In late-sown winter wheat, grain yields increased due to a higher number of
spikes m~2and higher grain weight. The highest sowing density (400 live grains m~2) induced a greater
increase in grain yields than the lowest sowing density (200 live grains m~2) (10.25 vs.10.02 Mg ha™!).
In winter wheat sown at a density of 400 live grains m~2, the increase in grain yields resulted in a
higher number of spikes m 2. Grain yields peaked in response to 100 kg N ha~! applied in BBCH
stages 22-25 and 40 kg N ha~! applied in BBCH stages 30-31 (this split N rate increased the number of
spikes m~2). In turn, the highest straw yield (6.23 Mg ha~!) was obtained when the second split of N
fertilizer was applied in BBCH stages 30-31 (40 + 100 kg N ha—1). Straw yields decreased significantly
(by 6%) when winter wheat was sown late (early October). Delayed sowing (mid-September and
early October) increased the harvest index (HI) of winter wheat by 5-7%. Split spring N application
influenced grain and straw yields, but it had no effect on the HI of winter wheat.

Keywords: Triticum aestivum L.; sowing date; sowing density; split nitrogen application; tillering;
yield components; yield; grain; straw; harvest index

1. Introduction

In the European Union (EU), the contribution of agriculture to the gross domestic product
(GDP), one of the indicators of economic well-being, is generally low (approx. 1-2%) [1,2].
However, the role of agriculture is not to stimulate the economic growth of countries/regions,
but to guarantee food security and, increasingly often, energy security [1,3-5]. It should also be
noted that alternative scenarios for the use of agricultural raw materials (energy, chemicals, etc.)
are possible, provided that non-competitive models of economic cooperation are introduced
in production and processing [6-8]. Recent events clearly indicate that strategic food reserves
should be produced locally. In countries that rely heavily on food imports, any disruptions
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in the supply chain (pandemics, military conflicts) can limit the availability and affordability
of food and undermine the biological survival of nations [9-11]. Cereals play a particularly
important role in catering to the global food demand. The share of cereals in the human diet
(based on energy equivalents) ranges from 30% to 80% [12]. Cereals occupy around 51% of
arable land in the world [13]. The current increase in global cereal production caters solely
to the needs of the world’s growing population, and it does significantly affect production
volume per capita, which has remained stable at around 380 kg for many years [13]. Wheat, in
particular common wheat (Triticum aestivum L.), occupies more land than any other food crop.
In 2021, wheat was grown on 220 million ha, with a mean yield of 3.4 Mg ha~! [13]. The global
population is projected to increase to 9.7 billion by 2050, and so the significance of wheat as a
strategic crop for global food security will continue to grow [14-16]. The expected increase in
the supply of wheat grain can be achieved mainly through an improvement in yields [17-19]. A
further increase in the area under wheat cultivation is unlikely because agricultural expansion
has adverse environmental and social consequences (closure of small farms, community
displacement, and decreased availability of land for non-agricultural use) [20,21].

Wheat yields could be increased by introducing new, high-yielding cultivars and
developing production technologies that maximize nitrogen-use efficiency (NUE) [15,22].
Wheat genotypes that effectively utilize N offer a sustainable approach to meeting the
growing global demand for grain [15].

Nearly 30% of global nitrogen (N) fertilizer is used in wheat production [23]. Nitrogen
significantly increases yields, but excessive N fertilization has negative consequences, such
as high soil acidity, greenhouse gas emissions, and water pollution [24-26]. Inadequate
N management not only decreases wheat yields, but it can also contribute to the loss of
N due to leaching, surface erosion, volatilization, and denitrification [27-29]. Higher N
rates lead to a decrease in NUE [26,30-32]; therefore, N rates should be balanced with
NUE to promote the sustainable development of global crop production and minimize the
consequences of climate change [24,33].

Soil N levels are generally sufficient to promote the growth of winter wheat in fall
and winter, but rapid plant growth in spring may lead to N deficiency [34]. In Europe, N
fertilizer is applied in three splits during the spring growth of winter wheat [35-38]. The
first split of N fertilizer is applied at the beginning of spring growth, which, in properly
managed stands, corresponds to the tillering stage (BBCH 22-25, Biologische Bundesanstalt,
Bundessortenamt und Chemische Industrie [39]) [40]. In this stage of rapid plant growth,
an adequate supply of N increases the NUE of winter wheat [41]. The first spring rate of
N stimulates the development of side shoots and, consequently, increases the number of
spikes, which are the main yield component. The first N rate should be selected based on
the overwintering success of wheat stands. Stands that produced numerous shoots in fall
and did not sustain losses in winter should not be supplied with very high N rates in early
spring. Excess supply of N in spring can damage emerging shoots, and increased competition
between tillers will inhibit the development of the root system [42]. In turn, winter wheat
stands with sparse tillers require higher N rates in early spring [43]. The second application
of N in the stem elongation stage (BBCH 30-32) regulates the development of side shoots,
prevents a decrease in the number of spikelets and the number of grains per spike, and
prolongs green area duration. Excess N supply in this period can lead to the rapid growth of
above-ground biomass and tillers, which can contribute to lodging [43]. In many European
regions, a third application of N in spring (BBCH 37-51) is required in the production of
winter wheat for human consumption [34,35]. The third application of N enhances the quality
of winter wheat by increasing the protein and gluten content of grain, but it has a minor effect
on grain yield [43]. In a study by Podolska [44], the total N rate of 120 kg ha~! applied in two
splits of 60 kg N ha~! each (spring emergence and beginning of stem elongation) induced a
greater increase in yields than the same N rate divided into three portions of 40 kg N ha~!
each (spring emergence, beginning of stem elongation, and heading). In turn, in the work
of Barad et al. [45], yields were higher when winter wheat was supplied with 40 kg N ha™!
in the tillering stage and 80 kg N ha~! at the beginning of stem elongation than with three
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equal splits of 60 kg N ha~! each. The observed difference in grain yields resulted from a 14%
increase in the number of spikes m~2, a 12% increase in the number of grains spike’l, and
a 12% increase in TGW). According to Fageria et al. [46], in the early stages of plant growth,
weakly developed roots are unable to effectively absorb large amounts of N.

Winter wheat yields and NUE are also influenced by the remaining agronomic prac-
tices, in particular sowing date [47,48] and sowing density [49]. Global climate change has
prolonged the growth of winter wheat in fall, which prompts farmers to delay the sowing
date [50-52]. However, delayed sowing can compromise N uptake in plants and decrease
NUE [48], uptake efficiency (UPE), and utilization efficiency (UTE) [53].

Sowing density is a critical determinant of wheat grain yield because it optimizes
the number of spikes m~2 [54-56]. Plant density that is too low can compromise nutrient
use efficiency, including NUE, thus decreasing grain yields [56-58]. In turn, too high
sowing density can increase production costs and decrease yields due to a higher risk of
disease, pest infestation, and lodging [59,60]. The optimal density of winter wheat stands at
harvest is 550-650 spikes m 2, which guarantees high yields in Poland and can be achieved
through both low sowing density (promoting productive tillering) and high sowing density
(limiting tillering). In the first case, winter wheat is sown at 200-300 live grains m 2 to
obtain 2-3 productive shoots per plant and maximize yields. However, the performance
of low-density stands is highly dependent on environmental conditions (soil, weather,
fertilizer rate, etc.). Under unfavorable conditions (light soil, dry year, low fertilizer
rate, etc.), grain yields are highly likely to decrease in low-density stands [43]. The yield
components of wheat effectively adapt to changes in environmental conditions [57,59].
However, these compensatory mechanisms differ across wheat genotypes [59,61]. In low-
density stands that do not fully utilize the productive potential of a given site, the number
of side shoots can increase to compensate for the absence of plants and to produce more
spikes [62]. In turn, higher sowing densities can directly increase the number of spikes
per unit area, but also decrease the weight and number of grains per spike [59,61]. Wheat
seeding rates should be adjusted to optimize NUE [49,63,64]. In a study by Gao et al. [65],
an increase in seeding rate from 180 kg ha~! to 220 kg ha~! increased the NUE by 17%
on average. This observation indicates that higher sowing density can enhance N uptake
when its supply is limited. According to Dai et al. [64], N uptake from deep soil layers can
be improved by decreasing the N rate and increasing the sowing density.

The aim of this study was to determine the effect of sowing date, sowing density, and
the split spring application of N fertilizer on the yield components (spikes m~2, grains
spike~!, TGW) and yields of winter wheat (grain yield, straw yield, harvest index—HI)
grown in northeastern Poland.

2. Materials and Methods
2.1. Field Experiment

Winter wheat (Triticum aestivum L.) was grown in a small-area field experiment con-
ducted in the Agricultural Experiment Station (AES) in Balcyny (53°35'46.4” N, 19°51'19.5” E,
elevation 137 m, in NE Poland) between 2018 and 2021. The AES is part of the University of
Warmia and Mazury in Olsztyn. The experimental variables were (i) sowing date: early (6
September 2018; 5 September 2019; 3 September 2020), delayed by 14 days (17-20 Septem-
ber), and delayed by 28 days (1-4 October); and (ii) sowing density: 200, 300, and 400
live grains m~2; (iii) split spring application of N at BBCH 22-25 + BBCH 30-31: 40 + 100,
70 + 70, and 100 + 40 kg ha~!.

The experiment had a split-plot with three replications. The plot size was 15 m? (10 by
1.5 m). The preceding crop was winter oilseed rape (Brassica napus L.). After the preceding
crop was harvested (late July) in each year of the experiment, the field was skimmed
to a depth of 6-8 cm and fertilized with 20 kg N ha™! (urea, 46% N), 17.4 kg P ha™!
(enriched superphosphate, 17.4% P), and 41.5 kg K ha~! (potash salt, 49.8% K). The field
was harrowed once (with a light-duty disc harrow) to incorporate the fertilizers and control
weeds. In late August, the field was plowed to a depth of 2022 cm. A shallow tillage
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treatment was performed 4-5 days before sowing to level the soil. Winter wheat cv. Julius
was sown to a depth of 3 cm with an inter-row spacing of 12.5 cm on the dates and at the
densities described in the experimental design. Winter wheat was sown with a plot seeder
(Promar SPZ-1.5, Poznan, Poland). Weeds were controlled with metribuzin (49 g ha™!),
flufenacet (147 g ha~!), and diflufenican (100 g ha~!)in BBCH stages 11-12. The first and the
second splits of N fertilizer (ammonium nitrate, 34%) were applied in spring in BBCH stages
22-25 and 30-31 in the amounts indicated in the experimental design. The third split of N
fertilizer (40 kg ha~!; ammonium nitrate, 34%) was applied in BBCH stage 37 in all plots. In
BBCH stage 31, trinexapac-ethyl was applied at 100 g ha~! to regulate plant growth. During
the spring growing season, an insecticide was applied once (5 g ha~! deltamethrin, BBCH
51-52) and fungicides were applied three times: (i) 375 g ha~! spiroxamine + 150 g ha~!
prothioconazole + 75 g ha~! bixafen (BBCH 30-31); (i) 75 g ha~! benzovindiflupyr +
150 g ha~! prothioconazole (BBCH 37-39); and (iii) 250 g ha~! tebuconazole (BBCH 61).
Winter wheat was harvested in late July or early August (BBCH 89) with a small-plot
harvester (Wintersteiger Classic, type 1540—447, Ried im Innkreis, Austria).

The experiment was established on Haplic Luvisol originating from boulder clay [66].
Soil pH ranged from 6.2 to 6.4 (digital pH meter), and soil nutrient levels were determined
in the range of 1.22-1.39% Corg (modified Kurmies method; UV-1201V spectrophotometer,
Shimadzu Corporation, Kyoto, Japan), 74.6-128.9 mg kg ! P (vanadium molybdate yellow
colorimetric method; UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan),
128.6-199.2 mg kg ! K (atomic emission spectrometry; Flame Photometers, BWB Technologies
Ltd., Newbury, UK), 32.6-49.4 mg kg ! Mg (atomic absorption spectrophotometry; AASIN,
Carl Zeiss, Jena, Germany), and 1.0-1.86 mg kg ™! SOZ_ (nephelometry method; UV-1201V
spectrophotometer, Shimadzu Corporation, Kyoto, Japan). The chemical properties of soil
were determined in the laboratory of the District Chemical-Agricultural Station in Olsztyn.

2.2. Parameters Determined in the Field

The number of plants per m? was determined after emergence (BBCH 12-13) and in

spring (BBCH 22-25) by counting plants ten times in each plot (four middle rows) on both
sides of a 1 m band. In spring (BBCH 29), tillering was assessed by counting the number
of shoots plant~! in 80 randomly selected plants (8 x 10 plants) sampled from the four
middle rows in each plot. The number of spikes was determined directly before harvest at
five random locations in a plot with an area of 0.25 m?. The number of grains per spike was
determined in 500 spikes randomly sampled from each plot (10 x 50 spikes). Thousand
grain weight was determined in five samples of threshed grain (100 g each) from each plot.
In each plot, grain and straw yields were determined by weighting directly after threshing.
The dry matter (DM) content of grain and straw was determined directly after harvest
by drying in an oven (FD 53 Binder GmbH, Tuttlingen, Germany) until constant weight
(Equation (1)). Grain and straw yields in each plot were adjusted to 86% DM and expressed
per 1 ha. The HI was calculated using Equation (2):

Wet sample weight (g) — dry sample weight (g)

Moisture content (%) = Wet sample weight (g)

x 100 (1)

Grain yield (Mg DM ha™?)

Harvest index = T
Grain and straw yield (Mg DM ha™ ")

)

2.3. Statistical Analysis

Plant density, tillering, the number of spikes m~2, the number of grains spike !, TGW,
grain yield, straw yield, and HI were analyzed in a general linear mixed model using
Statistica software [67]. Sowing date, sowing density, and the split spring N rate were the
fixed effects, whereas years and replications were the random effects. Treatment means
were compared in Tukey’s honest significant difference (HSD) test at a significance level of
p < 0.05. The results of the F-test for fixed effects in ANOVA are presented in Table 1.



Agriculture 2024, 14, 442

50f23

Table 1. F-test statistics in ANOVA of plant density, tillering, grain yield components, biomass yield, and the harvest index.

Trait (BI’];aCnI;s ;;_123) (];’];eg;tlsg _225) Sh((]);;stzﬁlzg’;—l S(}];%(gilnzl;)z Spikesm~2  Grains Spike~1 11(\)]09-Grain Grain Yifll d Straw Yi7e11 d Harvest Index
- - eight (g) (Mg ha=1) (Mg ha1)

Y 11.086 ** 10.515 ** 32.657 ** 9.677 ** 179.406 ** 83.788 ** 101.954 ** 256.557 ** 46.733 ** 11.226 **
SDE 5.938 ** 5.310 ** 22.008 ** 32.784 ** 29.615 ** 0.893 ns 6.377 ** 115.474 ** 3.745* 9.994 **
SDY 101.444 ** 93.057 ** 3.913* 68.407 ** 22.660 ** 15.478 ** 0.647 ns 3.702 % 3.602 * 0.047 ns
N 0.025 ns 0.030 ns 3.542* 3.475* 3.382* 0.191 ns 0.547 ns 3.100 * 0.892 ns 0.261 ns
Y x SDE 8.551 ** 7.932 ** 12.085 ** 14.453 ** 22.752 ** 3.724 ** 1.372 ns 28.858 ** 4.696 ** 4.245 **
Y x SDY 0.220 ns 0.231 ns 2.282 ns 0.541 ns 2.408 ns 1.268 ns 2.197 ns 3.125* 0.499 ns 0.941 ns
Y x N 0.050 ns 0.040 ns 3.750 ** 2.862 ns 1.636 ns 1.886 ns 0.430 ns 0.686 ns 0.496 ns 0.154 ns
SDE x SDY 0.820 ns 0.758 ns 0.512 ns 1.039 ns 1.821 ns 0.662 ns 0.867 ns 1.950 ns 6.093 ** 0.511 ns
SDE x N 0.040 ns 0.032 ns 0.219 ns 0.184 ns 2.325ns 0.793 ns 1.992 ns 0.906 ns 1.094 ns 0.155 ns
SDY x N 0.022 ns 0.015ns 0.211ns 0.240 ns 0.380 ns 0.286 ns 0.377 ns 0.800 ns 0.526 ns 0.313 ns
Y x SDE x SDY 1.948 ns 1.829 ns 1.822 ns 1.859 ns 0.893 ns 0.772 ns 0.756 ns 0414 ns 1.707 ns 0.889 ns
Y x SDE x N 0.036 ns 0.041 ns 0.142 ns 0.188 ns 0.945 ns 0.352 ns 0.488 ns 0.381 ns 0.245 ns 0.094 ns
Y x SDY x N 0.030 ns 0.028 ns 0.227 ns 0.135ns 1.805 ns 1.853 ns 0.096 ns 0.343 ns 0.266 ns 0.082 ns
SDE x SDY x N 0.032 ns 0.044 ns 0.352 ns 0.209 ns 1.151 ns 0.771 ns 0.805 ns 0.191ns 0.623 ns 0.630 ns
Y x SDE x SDY x N 0.040 ns 0.039 ns 0.280 ns 0.256 ns 1.155 ns 0.781 ns 0.558 ns 0.181 ns 0.388 ns 0.444 ns

* significant p < 0.05; ** significant p < 0.01; ns—not significant; Y—growing season; SDE—sowing date; SDY—sowing density; N—split spring N rate.
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3. Results
3.1. Weather Conditions

In all years of the experiment, the fall growing season (September—-November) of
winter wheat was characterized by low precipitation (61-82% of the long-term average for
1981-2015) and high mean daily temperatures (2.0 °C above the long-term average). During
winter dormancy (December-March), mean daily temperatures exceeded the long-term
average by 2.8 °C, while winter precipitation approximated the long-term average in all
years of the study (Figure 1).

160
2019/2020 140 =2018/2019 2019/2020
\, ¢ 2020/2021 1981-2015
1981-2015 £ 120
100
g
E 80

60

40
/ 20 | | |
0

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Month Month

Figure 1. Average monthly temperature (°C) and total monthly rainfall (mm) during the growing
season of winter wheat in 2018-2021 and the long-term average (1981-2015) at the experimental site.

In all years of the experiment, mean daily temperatures approximated the long-term
average in April and May but exceeded the long-term average in June-August. Precipitation
levels in the spring growing seasons differed considerably over several years. In the first
growing season (2018/2019), there was no rainfall in April, whereas precipitation levels in
May, June, and July exceeded the long-term average by 72%, 35%, and 5%, respectively. In
the second growing season (2019/2020), April was also an extremely dry month (1 mm),
but heavy precipitation was noted in May and June (113% and 145% above the long-term
average, respectively). In the third growing season (2020/2021), May, July, and August
were characterized by abundant precipitation (192%, 156%, and 189% above the long-term
average, respectively). Total rainfall during the growing season of winter wheat was
determined at 605 mm in 2018,/2019, 570 mm in 2019/2020, and 674 mm in 2020/2021. The
long-term monthly average (1981-2015) in the study area was 596 mm.

3.2. Plant Density and Tillering

After emergence, and in early spring, plant density was considerably differentiated
by weather conditions, sowing date, and sowing density (Table 1). Favorable weather
conditions in winter contributed to the high overwintering success rate of winter wheat
plants (98-99%). Plant density after emergence and in early spring was highest in the
second growing season. On average, plant density after emergence and in early spring
was 15% lower in the first and third growing season. Delayed sowing (early October)
decreased plant density in fall and spring by 13% relative to early sowing (September)
(Table 2). Sowing delayed by 28 days induced a significant 40% decrease in plant density
after emergence and in early spring in the third growing season (Figure 2). Higher sowing
densities promoted a gradual increase in the number of plants after emergence and in early
spring (Table 2), regardless of weather conditions (Table 1).
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Table 2. Plant density and tillering of winter wheat.

P ; Plants m—2 Shoots Plant~1 Shoots m—2
arameter BBCH 12-13 BBCH 22-25 (BBCH 29) (BBCH 29)
Growing season
2018/2019 257° 254 50° 1268 °
2019/2020 3192 3162 39¢ 12320
2020/2021 285° 282° 5472 14912
Sowing date, mean for 2018-2021
Early 2992 2952 5432 1560 @
Delayed (+14 days) 3012 2982 47" 1380 °
Delayed (+28 days) 261° 258 b 41¢ 1051 ¢
Sowing density (live grains m~2), mean for 2018-2021
200 193 ¢ 191°¢ 504 959 ¢
300 286° 283 47 1326 °
400 3812 3772 45°b 1705 2
Split spring N rate (kg ha~1), mean for 2018-2021 +
40 + 100 287 284 45b 12720
70+ 70 285 282 4.6 1292 b
100 + 40 288 286 502 14272
t BBCH 22-25 + BBCH 30-31. Plant density and the number of shoots per plant were determined in spring
before the second application of N fertilizer. Early: 3-6 September; delayed (+14 days): 17-20 September; delayed
(+28 days): 1-4 October. Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Means
without letters indicate that the main effect is not significant.
[a] 500 [b] 500
400 259 S @ 400 . £ 50 © i
£:: 588 88 $:% 3ZEZ8 88
. grg ° ; 2y O
£300 N 8 q 5 £30 w84 5
0 o 2 =)
£ - E -
S 200 S 200
[ [
100 100
0 0
2018/2019 2019/2020 2020/2021 2018/2019 2019/2020 2020/2021
Growing season Growing season
mearly ®delayed (+14 days) delayed (+28 days) mearly ®delayed (+14 days) delayed (+28 days)

Figure 2. The effect of sowing date on the number of winter wheat plants in stages (a) BBCH 12-13,
and (b) BBCH 22-25 (2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N
rate). Early: 3-6 September; delayed (+14 days): 17-20 September; delayed (+28 days): 1-4 October.
Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test.

The number of shoots plant~! and the number of shoots m~2 were significantly

differentiated by all experimental factors (Table 1). The values of both parameters were
highest in the third growing season (2020/2021). In plots where sowing was delayed by 14
and 28 days, the number of shoots plant~! decreased by 13% and 24%, respectively, at the
end of the tillering stage (BBCH 29) (Table 2). The number of shoots plant~! was not only
affected by the sowing date in the growing season of 2019/2020 (Figure 3a). An increase in
sowing density from 200 to 400 live grains m 2 decreased the number of shoots plant ™~
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by 10% in BBCH stage 29. A decrease in the first spring rate of N (BBCH 22-25) from 100
to 40 kg ha~! reduced the number of shoots plant~! by 10% on average (Table 2). The
strongest response to the first spring rate of N was observed in the third growing season,
when 100 kg N ha~! applied in BBCH stages 2225 increased the number of shoots plant ™!

by 32% (Figure 3b).
8 8
[a] [b] 2
7 7 R 2 3
- N
e 6 ~° w b
- N 5 TR o5
S o - N
& o0 S o
28 4 S8 o4
n N 2 3
- : 17}
eSS 3 2 3
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wE 2 £a 2
ag
1 1
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2018/2019 2019/2020 2020/2021 2018/2019 2019/2020 2020/2021
Growing season Growing season
mearly ®delayed (+14 days) = delayed (+28 days) m40+100 =70+70 =100+40 kg N per 1 ha

Figure 3. The effect of (a) sowing date and (b) split spring N rate on the number of shoots per plant of
winter wheat (2018/2019, 2019/2020, 2020/2021; (a): mean for sowing density and split spring N rate;
(b) mean for sowing date and sowing density). The number of shoots per plant was counted before
the second application of N fertilizer. Early: 3—6 September; delayed (+14 days): 17-20 September;
delayed (+28 days): 1-4 October. Means with the same letters do not differ significantly at p < 0.05 in
Tukey’s test.

Delayed sowing also decreased the number of shoots m~2 in BBCH stage 29 (which
was calculated by multiplying plant density by the number of shoots per plant) (Table 2).
Winter wheat sown in early October produced 33% fewer shoots m~2 on average than
wheat sown on the earliest date (3—6 September) (Table 2). The sowing date did not only
affect the number of shoots m~2 in the growing season of 2019/2020. In the remaining
seasons, the number of shoots m 2 decreased by 47-48% when sowing was delayed to early
October (Figure 4). An increase in sowing density from 200 to 300 and 400 live grains m 2
increased the number of shoots m~2 by 38% and 78%, respectively. The number of shoots
m~2 increased by 12% when the first spring rate of N (BBCH 22-25) was increased from 40
to 100 kg ha~! (Table 2).

2400 : =
a 8 o
-5 g -
~ 1600 Q ]
. N ]
g
2 1200
[=]
2
& 800
400
0

2018/2019 2019/2020 2020/2021
Growing season
mearly ®delayed (+14 days)  ®delayed (+28 days)

Figure 4. The effect of sowing date on the number of shoots m~2 in BBCH stage 29 of winter wheat
(2018/2019, 2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3-6
September; delayed (+14 days): 17-20 September; delayed (+28 days): 1-4 October. Means with the
same letters do not differ significantly at p < 0.05 in Tukey’s test.
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3.3. Yield Components

Winter wheat grown in northeastern Poland produced from 406 (2020/2021) to 538
(2018/2019) spikes m~2. The number of spikes m~2 was lowest in the third growing season,
which was characterized by the highest number of shoots plant~! (5.4) and shoots m 2
(1491). In the third growing season, the number of shoots was strongly reduced between the
late tillering stage and the heading stage, which could be attributed to low precipitation in
June (approx. 50% of the long-term average). In the remaining seasons, June precipitation
exceeded the long-term average by 35-45%. In the dry month of June, strong competition
for light in dense stands could have additionally contributed to the observed decrease
in the number of shoots. The number of spikes m~?2 increased by 11% on average when
sowing was delayed by 14 (17-20 September) and 28 days (1-4 October) (Table 3). Sowing
date did not affect the number of spikes m~2 only in the first growing season. In the
remaining seasons, winter wheat stands sown in mid-September or in early October were
characterized by the highest number of spikes m~2 (Figure 5). The number of spikes m 2
was also significantly differentiated by sowing density (Table 1). The value of this parameter
was lowest when winter wheat was sown at a density of 200 live grains m 2. An increase
in sowing density to 300 live grains m~2 led to a significant 8% increase in the number
of spikes m~2. A further increase in sowing density (400 live grains m~2) did not induce
significant changes in the number of spikes m~2. The application of 100 + 40 kg N ha~!
(BBCH 22-25 and 30-31, respectively) had a positive impact on the number of spikes m~2.
The number of spikes m~2 decreased by 4% when the early spring rate of N was reduced
to 40 kg ha~! (40+100 kg N ha~') (Table 3).

Table 3. Yield components of winter wheat.

Parameter Spikes m—2 Grains Spike—1 1000-Grain Weight (g)
Growing season
2018/2019 5382 437 ¢ 4553P
2019/2020 507 © 4540 47.76 2
2020/2021 406 © 5154 43.39 ¢
Sowing date, mean for 2018-2021
Early 452b 47.3 44.95¢
Delayed (+14 days) 504 @ 46.5 45720
Delayed (+28 days) 4952 46.7 46.012
Sowing density (live grains m~2), mean for 2018-2021
200 456 © 48.82 45.60
300 4922 46.3° 45.37
400 5032 454P 45.71
Split spring N rate (kg ha~1), mean for 2018-2021 +
40 + 100 477°b 46.8 45.63
70+ 70 479 ab 471 45.67
100 + 40 4952 46.7 45.38

+ BBCH 22-25 + BBCH 30-31; Early: 3-6 September; delayed (+14 days): 17-20 September; delayed (+28 days):
1-4 October. Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Means without
letters indicate that the main effect is not significant.

Winter wheat produced 43.7 and 51.5 grains spike ! in the 2018/2019 and 2020/2021
seasons, respectively (Table 3). On average, the sowing date did not significantly influence
the number of grains spike ! (Table 1). The number of grains spike ! only decreased in
the third season, reducing by 7% when sowing was delayed by 28 days (early October)
(Figure 6). An increase in sowing density from 200 to 300 to 400 live grains m~2 decreased
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the number of grains spike ™! by 5% and 7%, respectively (Table 3), regardless of weather
conditions (Table 1). The split application of different N rates in spring had no significant
influence on the number of grains spike™! (Table 1).
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Figure 5. The effect of sowing date on the number of winter wheat spikes m—?2 (2018/2019, 2019/2020,
2020/2021; mean for sowing density and split spring N rate). Early: 3-6 September; delayed
(+14 days): 17-20 September; delayed (+28 days): 1-4 October. Means with the same letters do not
differ significantly at p < 0.05 in Tukey’s test.
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Figure 6. The effect of sowing date on the number of grains spike ! in winter wheat (2018/2019,
2019/2020, 2020/2021; mean for sowing density and split spring N rate). Early: 3-6 September;
delayed (+14 days): 17-20 September; delayed (+28 days): 1-4 October. Means with the same letters
do not differ significantly at p < 0.05 in Tukey’s test.

The thousand grain weight was significantly influenced by weather conditions and
sowing date (Table 1). The value of this parameter was highest in the second growing
season (47.76 g). On average, TGW was 5% and 9% lower in the first and third growing
season, respectively. Winter wheat sown in early September was characterized by the
lowest TGW (44.95 g). Sowing delayed by 14 (17-20 September) and 28 days (1-4 October)
increased TGW by 1% and 2%, respectively (Table 3).

3.4. Biomass Yield and the Harvest Index

The grain yields of winter wheat grown in northeastern Poland ranged from 8.99
(2020/2021) to 10.57-10.90 Mg ha~! (2018/2019 and 2019/2020) (Table 4). The number
of spikes m~2 and TGW were 20-25% and 5-9% lower, respectively, in the third growing
season than in the remaining seasons, which resulted in the lowest yields in the third year
of the study. Early sowing (3-6 September) decreased grain yields (9.36 Mg ha~'). Grain
yields were considerably higher (by 12-13% on average) when winter wheat was sown
between 17 September and 4 October (Table 4). Winter wheat sown with a delay of 14 and
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28 days was characterized by a significantly higher number of spikes m 2 (by 10-12%) and
higher TGW (by 1-2%) (Table 3). Sowing date only exhibited no effect on the grain yields
in the first growing season. In the second and third growing season, grain yields were 10%
and 22% lower in early sown winter wheat (3—6 September), respectively, than in wheat
sown with a delay of 14 and 28 days (Figure 7a). Sowing density induced minor differences
(£2%) in grain yields. However, yields were higher in densely sown (400 live grains m~2)
than in sparsely sown stands (200 live grains m~?2) (10.25 vs.10.02 Mg ha~1) (Table 4). Grain
yields were not influenced by sowing density during the second growing season exclusively
(Figure 7b). In stands sown at 400 live grains m~2, yields increased due to a rise in the
number of spikes m~2 (by 8-10%). However, higher sowing density decreased the number
of grains spike ™! by 5-7% (Table 3). Yields peaked in response to 100 and 40 kg N ha~!
applied in BBCH stages 22-25 and 30-31, respectively (Table 4), regardless of sowing date
or sowing density (Table 1). When a portion of N was moved from the first to the second
split (40 + 100 kg N ha~! in BBCH 22-25 and 30-31, respectively), grain yields decreased
by 2%, mainly due to a decrease in the number of spikes m~2 (Table 3).

Table 4. Biomass yield and the harvest index of winter wheat.

Parameter Grain Yield (Mgha~1)  Straw Yield (Mg ha—1) Harvest Index
Growing season
2018/2019 10570 6782 0.61°
2019/2020 10902 5.89b 0.65°
2020/2021 8.99 ¢ 528¢ 0.64°
Sowing date, mean for 2018-2021
Early 9.36° 6.102 0.61°
Delayed (+14 days) 10.58 @ 6.117 0.647
Delayed (+28 days) 105242 5.74b 0.652
Sowing density (live grains m~2), mean for 2018-2021

200 10.02b 5.87 0.64

300 10.19 % 6.07 0.64

400 10252 6.01 0.63

Split spring N rate (kg ha~!), mean for 2018-2021 +

40 + 100 10.03 b 6.23° 0.63

70 +70 10.17 3 5.87" 0.63

100 + 40 10253 5.86° 0.63

1+ BBCH 22-25 + BBCH 30-31; Early: 3-6 September; delayed (+14 days): 17-20 September; delayed (+28 days):
1-4 October; Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Means without
letters indicate that the main effect is not significant.

Straw yields ranged from 5.28-5.89 (2019/2020 and 2020/2021) to 6.78 Mg ha~!
(2018/2019). Delayed sowing (early October) significantly decreased straw yields (by 6%)
(Table 4), and the sowing date only had no effect on straw yields in the first growing season
(Figure 8). The relationship between sowing density and straw yields was influenced
by the sowing date (Table 1). In early sown stands (early September), an increase in
sowing density from 200 to 300 and 400 live grains m~2 decreased straw yields by 16%
and 20%, respectively. In stands sown with a delay of 14 and 28 days, straw yields were
not significantly differentiated by sowing density (200, 300, and 400 live grains m~2)
(Figure 9). Straw yields peaked (6.23 Mg ha™!) in response to the lowest first spring rate of
N (40 + 100 kg ha~! in BBCH 22-25 and 30-31, respectively). Straw yields decreased by 6%
on average when the first spring rate of N was increased to 70 or 100 kg ha~! and when the
second N rate was decreased (70 + 70 or 100 + 40 kg ha™!) (Table 4).
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Figure 7. The effect of (a) sowing date and (b) sowing density on the grain yield of winter wheat
(2018/2019, 2019/2020, 2020/2021; (a) mean for sowing density and split spring N rate; (b) mean for
sowing date and split spring N rate). Early: 3-6 September; delayed (+14 days): 17-20 September;
delayed (+28 days): 1-4 October. Means with the same letters do not differ significantly at p < 0.05 in

Tukey’s test.
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Figure 8. The effect of sowing date on the straw yield of winter wheat (2018/2019, 2019/2020,
2020/2021; mean for sowing density and split spring N rate). Early: 3-6 September; delayed
(+14 days): 17-20 September; delayed (+28 days): 1-4 October. Means with the same letters do not
differ significantly at p < 0.05 in Tukey’s test.
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Figure 9. The effect of sowing date and sowing density on the straw yield of winter wheat (2018/2019,
2019/2020, 2020/2021; mean for sowing date and split spring N rate). Early: 3-6 September; delayed
(+14 days): 17-20 September; delayed (+28 days): 1-4 October. Means with the same letters do not
differ significantly at p < 0.05 in Tukey’s test.
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The HI of winter wheat ranged from 0.61 (2018 /2019) to 0.64-0.65 (2019/2020-2020/2021).
The HI increased by 5-7% when sowing was delayed to mid-September and early October
(Table 4). The sowing date did not significantly influence the HI of winter wheat only in
the first growing season (Figure 10). The ratio of grain yield to biomass yield was not
significantly affected by sowing density or the split spring N rate (Table 1).
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Figure 10. The effect of sowing date on the harvest index of winter wheat (2018/2019, 2019/2020,
2020/2021; mean for sowing density and split spring N rate). Early: 3-6 September; delayed
(+14 days): 17-20 September; delayed (+28 days): 1-4 October. Means with the same letters do not
differ significantly at p < 0.05 in Tukey’s test.

4. Discussion

4.1. Yield Components

The grain yield of winter wheat is determined mainly by the number of spikes m 2

and, to a smaller extent, by the number of grains spike ! and TGW [68-70]. Delayed sowing
can potentially decrease the number of productive shoots and spikelet buds due to a lower
number of leaves per unit area and a low leaf area index (LAI) [71-74]. In addition, delayed
sowing shifts the phenological stages of winter wheat to periods with higher temperatures,
which can induce considerable differences in grain formation (grains spike ! and TGW) [75].
However, the mechanism responsible for the decrease in grain yield in late-sown wheat
remains unclear [74,76-90]. Aslani and Mehrvar [80] and Zhou et al. [90] reported that
delayed sowing decreased the number of spikes m 2 (by 12-13%) and the number of grains
spike’1 (by 5-6%) but did not affect TGW. In turn, Baloch et al. [78], Khosravi et al. [79],
and Silva et al. [83] found that delayed sowing decreased TGW by 3-8% but had no effect
on the remaining wheat yield components. In a study by Tahir et al. [77], delayed sowing
decreased the number of spikes m~2 (by 25%), but it did not influence the remaining yield
components. Delayed sowing decreased the values of all yield components in the work
of Shah et al. [74], Wajid et al. [76], Mukherjee [81], Alam et al. [82], Gupta et al. [84],
Gebrel et al. [85], Madhu et al. [86], Pathania et al. [87], and Yusuf et al. [89]. However,
delayed sowing of winter wheat can have different consequences due to climate change.
Delayed sowing can increase grain yields ([47,53,56,59,72,91], present study, Table 4) and,
according to Dai et al. [48], Lloveras et al. [59], and Chen et al. [91] contributes to high wheat
grain yields because the number of grains spike ! increases as plants compete for light,
nutrients, and water. In the current experiment, delayed sowing increased grain yields
mainly due to an increase in the number of grains spike™! (by 11%) and, to a smaller extent,
an increase in TGW (by 1-2%). In the work of Ma et al. [72], delayed sowing also increased
the number of spikes m 2 (by 7%), but it induced a minor decrease in the number of grains
spike_1 (by 3%) and TGW (by 4%). Contrary results were reported by Sun et al. [47]. In a
study by Yin et al. [53], delayed sowing decreased the spikes m~2 (by 6%), increased the
number grains spike ! (by 5%), but had no effect on TGW. In turn, Budzynski et al. [92]
found that sowing date had no influence on yield components or grain weight.
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In winter wheat, grain yields can be maximized by optimizing sowing density [54-56,72].
Modern winter wheat cultivars are more tolerant to higher sowing density, relative to
previous recommendations [93]. Therefore, the optimal sowing density should be redefined
to ensure that winter wheat plants effectively utilize natural resources [64]. Winter wheat’s
response to sowing density should be also examined due to the high genetic diversity
of cultivars [93,94]. In winter wheat, sowing density is selected mainly based on a given
cultivar’s tillering potential [61]. Sowing density should be higher in cultivars with a low
tillering capacity [61] and lower in genotypes with a high tillering capacity [62]. According
to Valério et al. [95] and Mehring [96], to maximize yields, wheat cultivars with a low
tillering potential should be sown at a density of 417 to 555 grains m~2, whereas cultivars
with a high tillering potential should be sown at a density of 221 to 422 grains m 2. In
turn, in the work of Dai et al. [49], the optimal sowing density was determined to be
135-405 grains m~2 in a cultivar with a lower tillering capacity, and at 90-345 grains m 2
in a cultivar with a higher tillering capacity. In general, sowing densities higher than
optimal not only increase production costs (by increasing the demand for seeds), but also
decrease wheat’s yield potential [49,59], mainly due to greater competition for natural
resources [97,98] or higher disease pressure [60]. Sparse stands produce fewer spikes than
dense stands [95], which is consistent with the results of the current study (Table 3). In turn,
an increase in sowing density generally increases the number of spikes m 2 but decreases
the number of grains spike_1 [78,94,99,100]. Sander et al. [97], Podolska and Wyziriska [101],
Buczek and Bobrecka-Jamro [102], and the present study (Table 3) demonstrated that a high
sowing density increases the number of spikes and decreases the number of grains spike ™!
in various wheat genotypes. In general, the TGW of winter wheat is weakly differentiated
by sowing density ([59,61,103] and present study, Table 3).

Nitrogen fertilization is an agronomic factor that exerts the strongest influence on the
yield potential of winter wheat because it affects all yield components by (i) preventing
a decrease in the number of productive shoots and, consequently, the number of spikes
m~2; (ii) preventing a decrease in the number of spikelets per spike, which increases the
number of grains spike™!; and (iii) increasing grain weight [43]. In the present study,
the split application of N fertilizer in spring (40 + 100, 70 + 70, and 100 + 40 kg ha™1)
induced significant differences only in the number of spikes m~2. This parameter was
maximized (495 spikes m~2) in response to 100 and 40 kg N ha~! applied in BBCH stages
22-25 and 30-31, respectively. The number of spikes m~2 decreased by 4% when the N rate
was reduced to 40 kg ha~! in BBCH stages 22-25 and increased to 100 kg ha~! in BBCH
stages 30-31. In the work of Lopez-Bellido et al. [104], Budzyriski and Bielski [105], and
Podolska [44], a decrease in the early spring N rate also decreased the number of spikes m 2
by 5%, 10%, and 5-11%, respectively. In turn, Brzozowska et al. [106] found that TGW was
the only parameter that was significantly influenced by the split application of N fertilizer
in spring. A decrease in the second N split applied in BBCH stages 35-36 decreased TGW
by 1%. Lopez-Bellido et al. [104] and Ferrari et al. [107] also found that the split application
of N fertilizer was associated with TGW. In a study by Zhang et al. [70], splitting the N
fertilizer rate induced significant differences in the number of grains spike~! and TGW.
The highest number of grains spike_1 (39.4-40.9) and the highest TGW (43.2—44.3 g) were
observed when N was applied at 120 kg ha~! before sowing and at 120 kg ha~! at the
beginning of stem elongation (the total N rate of 240 kg ha~! was split into two equal
doses) [70]. An increase in the pre-sowing N rate, followed by a decrease in the N rate at the
beginning of stem elongation (the ratio at which N splits were applied between sowing and
stem elongation was changed to 100:0 and 70:30) decreased the number of grains spike~!
by 6-7% and decreased TGW by 9-10% [70].

4.2. Biomass Yield and the Harvest Index

Sowing date is a non-material agronomic factor that considerably influences the
quality of crops [92]. The interactions between sowing date and weather conditions,
particularly in regions with harsh winters (including northeastern Poland, Scandinavian
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and Baltic countries), affect the grain yields of winter wheat and other winter cultivars of
Triticum species (durum wheat, T. durum Desf, and spelt—T. spelta L.). Winter cultivars
of common wheat have to be sown on a date which ensures that plants reach at least
BBCH stage 23 before winter dormancy. The achievement of BBCH stage 23 before winter
dormancy ensures the optimal use of water and temperature [72], promotes cold hardening
and, consequently, increases overwintering success [92]. In northeastern Poland, winter
cultivars of Triticum species develop the optimal number of shoots only when they are
sown in September. October seeding is generally regarded as late for all winter cultivars of
T. aestivum, T. durum, and T. spelta because it delays seedling emergence, prolongs the initial
stages of plant development, and prevents complete tiller formation before winter [43].
However, sowing is frequently delayed, relative to the optimal date, in agricultural practice,
which prevents wheat cultivars from fully achieving their genetic yield potential [74].
Late-sown wheat usually develops under less supportive conditions, even in years with
favorable weather [108]. The vegetative growth (between sowing and winter dormancy) of
late-sown wheat is compromised by less sunlight, shorter day length [74], and lower mean
daily temperatures, which decreases germination, tillering potential, and the number of
shoots [74,109-111]. In the current study, delayed sowing also decreased the number of
plants after emergence and in early spring (by 13%), and decreased the number of shoots
plant’l (by 13-24%) and shoots m~2 (by 24-33%) at the end of tillering (BBCH 29). Delayed
sowing can also affect inflorescence emergence, and it exposes wheat plants to higher
temperatures during grain filling [112], which can speed up and shorten reproductive spike
development and decrease the number of grains spike ! [109-114]. In northwestern China,
every day of delay in the sowing date decreased grain yields by 1% due to slower plant
growth and a decrease in both yield components and the LAI [74]. A significant decrease
in wheat yields (21%) was also reported in the eastern coastal area of China when sowing
was delayed by 30 days [78]. In Pakistan, grain yields were reduced by 7-12% when winter
wheat was sown with a delay of 10-20 days [47,115]. In southeastern Germany, sowing
delayed by 26 days decreased the grain yields of winter wheat by 7% on average [116].
According to Dai et al. [48], delayed sowing does not always affect inflorescence emergence,
DM accumulation, grain filling, or grain yield in wheat. In a study by Budzynski et al. [92],
common wheat, spelt, and durum wheat grown in northeastern Poland weakly responded
to a 10- and 20-day delay in sowing. Delayed sowing (including in October) did not
induce changes in the grain yields of winter cultivars of the examined wheat species [92].
Oleksiak [117] also reported a minor (1-5%) decrease in the grain yields of late-sown
winter wheat in Poland. In the present experiment, grain yields did not decrease when
sowing was delayed by 2 or 4 weeks. On the contrary, grain yields increased by 13%
(by 1.22 Mg ha~!) when sowing was delayed by 14 days (mid-September). According to
Paymard et al. [118], winter wheat’s response to delayed sowing can be attributed to climate
change. Ding et al. [119] also noted that, in an era of climate change, winter wheat should
be sown with a delay of 10-25 days, depending on precipitation levels. Different responses
of winter wheat to delayed sowing in an era of climate change are also manifested by the
ratio of grain yield to biomass yield [86,88,120-124]. Tahir et al. [88], Moustafa et al. [121],
Shirinzadeh et al. [122], and Singh [124] found that delayed sowing decreased the HI by
4-36%. In turn, in the work of Madhu et al. [86], Donaldson et al. [120], Acharya et al. [123],
and in the present study (Table 4), delayed sowing increased the HI by 6% or even 14-20%.

Sowing density directly affects the number of spikes m~2 in all cereal species [43].
However, stand density is influenced by environmental conditions, weather, and the
applied production technology, which is why the strength of the interactions between
cultivar and environmental factors is generally below the threshold of statistical sig-
nificance [125,126]. Sowing density that is too high can compromise plant survival,
contribute to plant loss, and decrease the performance of the surviving plants with-
out influencing grain yield [92]. Weather and environmental conditions affect yields,
which is why the optimal sowing density should be adapted to local requirements [93,94].
According to Lloveras et al. [59], the recommended sowing density in Belgium and
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northern France is 200 grains m~2, whereas, in the USA, this parameter ranges from
67 grains m—2 (dryland plains) to even 400 grains m~2 (eastern regions). In the USA,
the most recommended wheat sowing density is 200 grains m~2, which can be increased
by 50% for irrigated conditions [93]. In Slovenia, the recommended sowing density is
600-800 grains m~2 [99]. In Serbia, wheat grain yields were maximized at a sowing density
of 500—600 grains m~2 [100,127]. In southeastern Poland, the optimal sowing densities
for winter wheat were determined at 300 [101] and 400 grains m~2 [102]. In the present
experiment, the lowest sowing density (200 live grains m~2) was also least productive, and
a significant increase in the grain yields of winter wheat was observed at a sowing density
of 400 live grains m 2 (10.02 vs. 10.25 Mg ha~!). According to Dubis and Budzyriski [128],
the influence of sowing density on grain yield is determined by precipitation during spring
growth. In the cited study, in years with average or low precipitation in spring, grain
yields peaked when winter wheat was sown at 480-600 grains m 2. In turn, low sowing
densities (120-240 grains m~2) were most productive in years with high spring precipita-
tion [128]. In the current study, weather conditions did not affect grain yields in winter
wheat stands with different sowing densities (in all years, grain yields peaked at the sowing
density of 400 grains m~2). In the work of Budzyriski et al. [92], the yields of common
wheat, spelt, and durum wheat grown in northeastern Poland were not significantly dif-
ferentiated by the tested sowing densities (350-550 kernels m~2). Sowing density did not
affect wheat yields in studies conducted in Brazil, Egypt, and Iran by Sander et al. [97],
Ahmadi et al. [129], Gross et al. [130], Teixeira Filho et al. [131], and El-Metwally et al. [132].
According to A¢in [127], sowing density should be increased when winter wheat is sown
late. The cited author demonstrated that the sowing density of late-sown winter wheat in
Serbia should be increased from 500—600 to even 700 grains m 2 [127]. Lloveras et al. [59],
Staggenborg et al. [133], and Krist6 et al. [134] also found that sowing density should be
increased when winter wheat is sown late to counteract the decrease in plant growth and
shoot formation in the tillering stage. In the present experiment, the sowing date was not
significantly associated with sowing density (no significant interaction was found between
these factors). Winter wheat responded differently to the tested sowing densities because
yield components are significantly affected by genotype, environmental conditions, and
weather [43]. Sowing density does not exert a unidirectional effect on the HI of winter
wheat. The HI is strongly determined by a cultivar’s tillering capacity and plant responses
to stand density. In the work of Whaley et al. [57], Laghari et al. [60], Ahmadi et al. [129],
and Hu et al. [135], higher sowing density decreased the HI by 9-28%. Farooq et al. [136]
and Abd El-Lattief [137] reported a 6-17% increase in the HI of wheat with an increase in
sowing density. In turn, in studies conducted by Ahmadi et al. [129], Porker et al. [138],
Hussain et al. [139], Dalia et al. [140], and in the current experiment (Table 4), the HI was
not influenced by sowing density.

Nitrogen fertilization is the key determinant of grain yield in wheat production [43,92,141,142].
Depending on soil type and cultivar, N fertilization increased grain yields in common wheat
up to the N rate of 120-150 kg N ha~! [92,143,144] or 200-240 kg N ha~! in high-input
production technologies [145,146]. Excess N available to plants can decrease tolerance to
stress, photosynthetic efficiency, and grain yields [147]. The split application of N fertilizer
improves NUE and minimizes the environmental impact of N fertilization [148]. In the
present study, the grain yields of winter wheat peaked in response to 100 kg N ha~! applied
in BBCH stages 22-25 and 40 kg N ha~! applied in BBCH stages 30-31. Podolska [44],
Pisarek et al. [149], Sedlar et al. [150], and Belete et al. [151] also demonstrated that a higher
rate of N should be applied in the tillering stage than in the stem elongation stage (grain
yields increased by 4-16%). In turn, Budzyriski and Bielski [105] did not report significant
differences in grain yields when winter wheat was supplied with lower (120 kg ha—!) and
higher (150 kg ha~!) N rates in early spring. In the work of Brzozowska et al. [106] and
Skolnikova et al. [152], the split application of different N rates (135-160 kg ha—1) had
no significant influence on winter wheat yields. However, in many studies, the greatest
increase in grain yield was reported when the total N rate in early spring was split into two
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equal doses (50:50) [70,104,153-156]. A high N rate in the early stages of growth can inhibit
DM accumulation during grain filling (and decrease TGW) [70]. The split application of N
fertilizer in spring exerts varied effects on the HI of winter wheat ([104,157,158], present
study, Table 4). In a study by Pisarek et al. [157] and in the present experiment (Table 4),
the HI was not influenced by the spring N rate applied in splits. In the work of Lopez-
Bellido et al. [104], the HI peaked when N was applied in two equal splits (50:50). In turn,
in a study by Akhter et al. [158], the HI was highest when N was applied before sowing
(25%), in the tillering stage (50%), and in the heading stage (25%).

5. Conclusions

In northeastern Poland, winter wheat can be sown in late September or early October
without the risk of decreasing grain yields. Delayed sowing did not decrease but actually
increased grain yields (by 1.16-1.22 Mg ha~!, i.e., by 12-13%) by boosting the number
of spikes m~2 (10-12%) and TGW (by 1-2%) relative to early-sown wheat (beginning of
September). Grain yields peaked in response to a sowing density of 400 live grains m 2,
which can be attributed to an increase in the number of spikes m~2. The application of
40 and 100 kg N ha~! in BBCH stages 22-25 and 30-31, respectively, maximized grain
yields. This split spring N rate exerted a positive impact on the number of spikes m~2.
However, in an era of rapid climate change, further research involving different winter
wheat cultivars grown under different environmental conditions is needed to validate the
present findings.
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Abstract: The present study was undertaken to determine the effect of different sowing strategies
and spring nitrogen (N) fertilizer rates on the technological quality of winter wheat (Triticum aestivum
L.) grain in terms of its milling quality, protein complex quality, and enzyme activity (falling number).
Winter wheat grain for laboratory analyses was produced in a small-area field experiment conducted
between 2018 and 2021 in the AES in Balcyny (53°35'46.4” N, 19°51’19.5” E, NE Poland). The
experimental variables were (i) sowing date (early: 6 September 2018, 5 September 2019, and 3
September 2020; delayed by 14 days: 17-20 September; and delayed by 28 days: 1-4 October),
(if) sowing density (200, 300, and 400 live grains m~2), and (iii) split application of N fertilizer in
spring (40 + 100, 70 + 70, and 100 + 40 kg ha~!) at BBCH stages 22-25 and 30-31, respectively.
A sowing delay of 14 and 28 days increased the bulk density (by 1 and 1.5 percent points (%p),
respectively), vitreousness (by 3 and 6%p, respectively), and total protein content of grain (by 1% an
2%, respectively). A sowing delay of 14 days increased grain hardness (by 5%), the flour extraction
rate (by 1.4%p), and the falling number (by 3%) while also decreasing grain uniformity (by 1.9%p). In
turn, a sowing delay of 28 days increased the wet gluten content of grain (+0.5-0.6%p) and improved
the quality of the protein complex in the Zeleny sedimentation test (+1.5%). An increase in sowing
density from 200 to 300 live grains m~2 led to a decrease in grain uniformity (by 2.6%p), the total
protein content (by 1.5%), and the wet gluten content of grain (by 0.7%p). A further increase in
sowing density decreased grain vitreousness (by 1.4%p). The grain of winter wheat fertilized with 40
and 100 kg N ha~! in BBCH stages 22-25 and 30-31, respectively, was characterized by the highest
hardness (64.7), vitreousness (93%), flour extraction rate (73.9%), total protein content (134 g kg*1
DM), wet gluten content (36%), and Zeleny sedimentation index (69 mL).

Keywords: Triticum aestivum L.; grain; milling quality; protein; gluten; sedimentation index; falling number

1. Introduction

Wheat grain accounts for 21% of total dietary calories, 20% of protein, and 55% of
carbohydrates consumed by 4.5 billion people around the world. Wheat a staple food for
36% of the global population [1-4] and one of the most popular cereal crops around the
world [5-8]. Wheat, rice, and maize are the three main pillars of the human diet [5]. In 2021,
the global harvests of maize, rice, and wheat reached 1210, 778, and 771 Tg, respectively, and
accounted for 90% of the total cereal grain harvests worldwide [7]. However, wheat has a
considerable advantage over other strategic cereals in terms of global food security because
it easily adapts to varied environmental conditions due to its high plasticity [2,6,9,10].
Wheat is cultivated from 67° N in Scandinavia and Russia to 45° S in Argentina, including
in elevated areas of tropical and sub-tropical regions [9]. The global area covered by wheat
is estimated to be 216-221 million ha (2019-2021), which accounts for around 16% of
gross cropped area [7]. In 2019-2021, the world’s leading wheat producers were China
(135 million Mg y~1), India (107 million Mg y~!), Russia (79 million Mg y~1), the United
States (49 million Mg y~!), France (35 million Mg y~!), Canada (30 million Mg y 1), and
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Ukraine (29 million Mg y~'). Wheat is also a principal cereal in the European Union
(135 million Mg y~!, 2019-2021), including Poland (12 million Mg y~!, 2019-2021). In
2019-2021, wheat accounted for 46% and 36% of total cereal production in the EU and
Poland, respectively [7]. Due to the observed increase in the global human population,
wheat will continue to play an important role as a strategic cereal crop for sustaining food
security [10].

At present, hexaploid common wheat (Triticum aestivum L.) accounts for 95% of the
wheat grown worldwide, whereas the remaining 5% is mostly tetraploid hard wheat (T.
durum Dest.) [9]. Common wheat grown for consumption should be characterized by
high yields and high technological quality [11,12]. The processing suitability of wheat is
determined by grain quality attributes, including (i) the physical properties of grain that
influence its milling quality [8,13,14] and (ii) the protein complex, the starch complex, and
the activity of amylolytic enzymes [15]. Milling quality is defined as the processing suitabil-
ity of grain for the milling industry by determining the properties of kernels responsible
for high milling yields [16-18]. The milling quality of grain can be evaluated directly in
laboratory milling tests [19], and it can be assessed indirectly by analyzing the physical
properties of grain (hardness, vitreousness, bulk density, 1000-kernel weight, and unifor-
mity) [14,20]. Kernels with hard (vitreous) and soft (floury) endosperm can be identified in
grain hardness tests [21-23]. Hard endosperm strongly adheres to protein particles, which
increases its compressive strength. Grain with floury endosperm is characterized by a
lower milling yield (milled grain tends to clog the sieves), which increases with a rise in
endosperm hardness [16,22,24]. Endosperm color is linked with vitreousness [17,25]. White
endosperm is typically found in starchy kernels with low protein content. In turn, gray
endosperm is characteristic of vitreous (hard) kernels that are high in protein but contain
less starch [26,27]. Vitreousness and hardness are good predictors of grain filling [27], and
seed coat thickness affects grain hardness. These parameters determine the bulk density of
grain, namely the ratio of kernel weight to kernel volume [20,28-32]. To maximize flour
extraction rates in common wheat, bulk density should be a minimum of 72 kg hL~! and
optimally exceed 76 kg hL~! [10,33,34]. Wheat kernels should also be characterized by
uniform thickness (minimum 2.5 mm-thicker kernels are more desirable) because this
parameter facilitates processing and increases milling yields [8,10,35]. In the milling and
baking industry, the milling quality of wheat grain has to be monitored and controlled to
support the production of high-quality flour and cereal products. The milling quality of
grain is also an important consideration for farmers and agricultural producers, as it may
affect grain purchase prices [10,19].

The protein content of grain also significantly affects flour quality [36,37]. Storage
proteins (gliadin and glutenin) play an important role during dough formation and are
chiefly responsible for the baking value of wheat flour [38—41]. Gliadins contribute to
the extensibility and viscosity of dough, whereas glutenins enhance its elasticity and
strength [42,43]. During mechanical kneading, the two proteins are combined in the
presence of water to form a viscous and elastic mass (gluten). Gluten determines the
water absorption capacity of flour and, consequently, the elasticity and springiness of
the obtained dough [44]. The quality of the protein complex is evaluated based on the
value of the sedimentation index in the sodium dodecyl sulfate (SDS) test or the Zeleny
sedimentation test [45-47]. These tests rely on differences in the size of glutenin particles
(high-molecular-weight glutenins, or HMW-GSs, and low-molecular-weight glutenins, or
LMW-GSs) [48,49]. Grain with a higher content of HMW-GSs is characterized by higher
values of the sedimentation index [10]. HMW-GSs are regarded as the critical determinants
of the processing suitability of wheat grain [50-53] despite the fact that they account for only
5-10% of storage proteins in wheat kernels [4,54]. The endosperm of wheat kernels contains
20-30% LMW-GSs [4,54]. Wheat flours with a high HMW /LMW-GSs ratio are characterized
by higher baking value [55,56]. The milling quality of wheat grain is also influenced by
enzyme activity, which is measured in the falling number test [15,57]. Wheat grain for
bread production should have a falling number of 250-350 s. The activity of amylolytic
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enzymes is very high in grain with a low falling number (<150 s) and low in grain with a
high falling number (>400 s). In both cases, the produced bread is of low quality [58,59].
Protein complex quality and enzyme activity in wheat grain are key parameters in the food
processing sector. They are also important for farmers because they determine the quality,
technological properties, and nutritional value of flour, being taken into account when
selecting cultivars and agronomic management strategies [10,13,15,33,58].

The technological quality of grain is determined mostly by the wheat cultivar and its
genetic profile [10,60-63], as well as weather conditions in the generative growth phase of
wheat plants [10,50,64—69]. However, mistakes in the wheat production technology can de-
crease grain quality [13,21,70-76]. Nitrogen (N) fertilization is an agricultural management
practice that exerts the greatest impact on the technological quality of wheat grain [10,77].
Grain quality is significantly affected not only by the N rate, but also by the method and
date of N application [23,78-80]. Under the agroecological conditions of Poland, the op-
timal rate of N fertilizer in wheat grown for human consumption is 160 to 180 kg ha=?2,
and 40-50% of the rate should be applied at the beginning of spring growth [10]. Above
all, the N rate affects the biomechanical properties of grain (1000-kernel weight, density,
uniformity, and vitreousness) [31,81]. Higher spring N rates increase the bulk density [13]
and vitreousness of wheat grain [31,82-84]. According to Kindred et al. [85] and Dargie
et al. [86], N fertilization also improves grain filling (by reducing empty spaces and decreas-
ing the content of x-amylase), delays ripening, and prolongs grain dormancy. However,
increasing N rates result in smaller and less uniform grain, which can compromise milling
yields [70,71]. Higher N rates also increase the content of protein [13,31,81,84,87,88] and
gluten in grain [83,88-90]. In turn, lower N rates increase the concentration of gliadins and
decrease the content of HMW-GSs and LMW-GSs in grain [90-92]. However, it should be
noted that the impact of N fertilization on the content and quality of gluten is strongly
correlated with genetic factors (cultivar) and weather conditions during grain filling and
ripening [10,93,94]. In some cultivars of common wheat, high N rates are required to
obtain grain that is abundant in protein and gluten and can be processed into flour with
a high baking value. In other cultivars, the optimal values of these grain parameters can
be achieved already at low N rates, and an increase in the N rate can decrease the content
and quality of gluten. The above is observed when high N rates are accompanied by
high total precipitation, which increases enzyme activity in kernels and triggers kernel
germination in spikes [10,95-98]. High enzyme activity decreases the falling number, which
often renders grain unsuitable for processing in the milling industry [58,99]. The techno-
logical quality of grain is influenced not only by the N rate, but also by N application
timing [100,101]. Nitrogen applied in the early stages of wheat growth and development in
spring (BBCH stages 22-31, Biologische Bundesanstalt, Bundessortenamt und Chemische
Industrie-Meier [102]) affects mainly grain yields, whereas N applied in later stages (BBCH
stages 37-51) influences grain quality parameters, mostly total protein content, gluten
content, and the sedimentation index [71,80,103-107]. Due to climate change, which affects
N use efficiency, fertilization strategies should be thoroughly analyzed to produce winter
wheat grain of high technological quality [10,76,93,94].

Different sowing strategies (sowing date and sowing density) are evaluated mostly
in terms of their effect on wheat yields, but they are rarely analyzed in the context of
grain quality. In Poland, 250-350 live grains m~2 should be sown between 15 and 20
September [10]. According to Zende et al. [108], grain characterized by high milling
quality can be obtained only when wheat is sown on the optimal date. Delayed sowing
generally decreases bulk density [109-113], grain hardness, and milling yield [112,114].
In turn, the grain of late-sown wheat is more abundant in protein and gluten, which
increases the sedimentation index [108,112,115-120]. The effect of sowing density on the
quality of wheat grain has been rarely investigated in the literature, and the results are
inconclusive [11,73,74,121,122]. Geleta et al. [121] and Zecevic et al. [74] found that high
sowing density (650 vs. 500 live grains m~2) had a beneficial influence on the milling
quality of grain in several cultivars of winter wheat. In the cited studies, densely sown
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wheat produced a higher number of main shoots and larger and heavier kernels with a
more desirable protein/starch ratio. In less dense stands, grain ripening was delayed, and
the plants produced a higher number of secondary shoots (tillers) and smaller and lighter
kernels with low bulk density and low quality [74,121]. In turn, Guerrini et al. [11] and
Sun et al. [123] found that higher sowing density decreased 1000-kernel weight but did
not affect the bulk density of wheat grain. In the work of Soofizada et al. [122], Caglar
et al. [73], and Zecevic et al. [74], higher sowing density increased the protein content,
gluten content, and the sedimentation index of wheat grain. In view of global climate
change, optimal sowing strategies should be defined again to ensure stable production of
grain characterized by high processing suitability [112].

Previous studies have mostly focused on evaluating the effect of single agronomic fac-
tors on the quality of winter wheat grain. However, the optimal sowing and N management
strategies aimed at improving the technological quality of winter wheat grain have not been
identified to date. The present study can contribute to optimizing winter wheat cultivation
practices in terms of grain quality. The objective of this study was to determine the effect
of split spring application of N fertilizer, sowing date, and sowing density on the milling
quality (bulk density, vitreousness, uniformity, and flour extraction rate), protein complex
quality, and enzyme activity (total protein content, gluten content, Zeleny sedimentation
index, and falling number) of winter wheat grain grown in northeastern Poland. The
findings from this study can be used to formulate recommendations for optimizing winter
wheat cultivation practices, including sowing date, sowing density and N fertilization, to
improve the technological quality of grain.

2. Materials and Methods
2.1. Field Experiment

Winter wheat (Triticum aestivum L.) grain was produced in 2018-2021 during a
small-area field experiment conducted in the Agricultural Experiment Station in Batcyny
(53°35'46.4" N, 19°51'19.5” E, elevation 137 m, north-eastern Poland, Dfb according to
Koppen'’s classification), owned by the University of Warmia and Mazury in Olsztyn. The
experiment had a split-plot design with three replicates. The experimental variables were
as follows: (i) sowing date: early (6 September 2018, 5 September 2019, and 3 Septem-
ber 2020), delayed by 14 days (17-20 September), and delayed by 28 days (1-4 October);
(ii) sowing density: 200, 300, and 400 live grains m~?; (iii) split application of N fertilizer in
spring (BBCH stages 22-25 and 30-31; full tillering stage and first node stage, respectively):
40 + 100, 70 + 70, and 100 + 40 kg ha—! (ammonium nitrate, 34% N). The third portion of N
fertilizer (40 kg ha~!; ammonium nitrate, 34%) was applied in flag leaf, just visible, still
rolled (BBCH stage 37) in all plots.

Plot size was 15 m? (10 m by 1.5 m). The forecrop was winter oilseed rape (Brassica
napus L.). All field treatments were consistent with the agronomic requirements of winter
wheat and good agricultural practices. The experimental conditions (soil type and chemical
properties) and the production technology of winter wheat were described in detail by
Lachutta and Jankowski [124].

2.2. Grain Analysis

Grain uniformity was assessed in a mechanical grain separator (ZBPP sp. z o. o.,
Bydgoszcz, Poland) according to Polish Standard PN R-74110:1998 [125]. Wheat kernels
(100 g) were placed on the top screen (2.5 x 25 mm) and separated at 310 rpm. The grain
remaining on the top screen after 3 min was weighed. Grain uniformity was expressed as
the percentage of grain remaining on the top screen in the total weight of the sample. The
analysis was conducted on three grain samples (100 g each) from each plot.

The bulk density of winter wheat grain was determined using a density analyzer with
a volume of 1 dm? (ZBPP sp. z o. 0., Bydgoszcz, Poland) according to Polish Standard
PN-EN ISO 7971-3:2019-03 [126]. Bulk density was measured in three grain samples from
each plot.
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Grain hardness (86% dry matter, DM) was determined with the InfratecTM 1241
grain analyzer (FOSS, Hillerod, Denmark), which relies on the near-infrared transmittance
technology in the wavelength range of 570-1050 nm. The analyses were conducted in three
grain samples from each plot.

Vitreousness was determined by analyzing the horizontal cross-sections of 50 winter
wheat kernels from each plot. The examined kernels were cut in half with a commercial
grain cutter (Farinotom, ZBPP sp. z o. o., Bydgoszcz, Poland). Kernels were classified
as vitreous if >75% of their cross-sectional area had a gray color. Grain vitreousness was
expressed as the percentage of kernels with vitreous endosperm in the total number of the
analyzed kernels, with vitreousness being determined according to Polish Standard PN
R-74008:1970 [127].

The flour extraction rate was determined as the percentage of flour obtained from
a grain sample (on a weight basis). Flour was obtained by grinding wheat grain in a
laboratory mill (Brabender, Quadrumat Junior, Duisburg, Germany). The moisture content
of the grain was brought to 14% before milling. The initial moisture content of wheat
grain was 10.5-13.0%. The amount of water (with a temperature of 20 °C) required to
adjust the moisture content of a 1500 g grain sample to 14% was determined. Grain was
conditioned in closed glass containers and stored in a cooled incubator (ICP 500, Memmert,
Eagle, WI, USA) for 48 h. The analysis was conducted on three grain samples (150 g each)
from each plot.

Total protein content was determined with the AgriCheck instrument (Bruins Instru-
ments, Puchheim, Bayern, Germany), which measures near-infrared transmittance in the
wavelength range of 730-1100 nm. Wet gluten content was determined by the gravimetric
method with a gluten washing device according to Polish Standard PN-EN ISO 21415-
2:2015-12E [128]. Dough was prepared by combing 10 g of sifted flour (250 pm mesh size)
and 4.8 cm? of 2% NaCl solution in a vortex mixer (ZBPP sp. z o. 0., Bydgoszcz, Poland).
Gluten was separated in a dual-chamber glutomatic system (ZBPP sp. z o. 0., Bydgoszcz,
Poland) with the addition of 250-280 mL of 2% NaCl solution. The separated gluten was
dried in a gluten centrifuge (ZBPP sp. z o. o., Bydgoszcz, Poland) at 3000 rpm for 60 s.
The total protein content and wet gluten content were determined in three grain samples
from each plot.

The sedimentation index was determined in the Zeleny sedimentation test with the
use of the SWD-89 measuring device with a laboratory shaker (ZBPP sp. z o. 0., Bydgoszcz,
Poland) according to Polish Standard PN-EN ISO 5529:2010 [129].

The falling number was determined in the Hagberg—Perten test [130,131] with the use
of the SWD-SZ falling number system (ZBPP sp. z o. 0., Bydgoszcz, Poland) according to
Polish Standard PN-EN ISO 3093:2010 [132].

The bulk density, vitreousness, uniformity of grain, total protein content and wet
gluten content of grain, as well as the Zeleny sedimentation index and the falling number
were determined in the laboratory of ZBPP sp. z o. o. in Bydgoszcz, Poland. Grain
hardness and the flour extraction rate were determined in the laboratories of the University
of Warmia and Mazury in Olsztyn.

2.3. Weather Conditions

Weather conditions (mean daily temperature and precipitation) in the growing seasons
of winter wheat (2018/2019, 2019/2020, and 2020/2021) were described by Lachutta and
Jankowski [124]. Weather conditions between the flowering and fully ripe (harvest) stages
are described in detail in the present study. In these phenological growth stages, tempera-
ture and precipitation exert the greatest influence on the technological quality of winter
wheat grain [10]. Meteorological data (mean daily temperature and total precipitation) were
acquired with the use of the PM Ecology automatic weather station (PM Ecology Ltd., Gdy-
nia, Poland) in the AES in Balcyny. In each growing season, the number of growing degree
days (GDD) (Equation (1)) and the Sielyaninov hydrothermal index [133] (Equation (2))
were determined between the beginning of flowering and the milk stage (BBCH stages
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61-73), between the milk stage and the dough stage (BBCH stages 73-83), between the
dough stage and the fully ripe stage (BBCH stages 83-89), and between the beginning of
flowering and the fully ripe stage (BBCH stages 61-89). The Sielyaninov hydrothermal
index measures effective precipitation in a given period (as the ratio of precipitation to
evaporation, which is determined mainly by the mean daily temperature).

GDD = X (MDT — Tpase) (1)

where:
GDD—growing degree days (°C),
MDT—mean daily temperature (°C),
Thase—the base temperature for GDD calculations was 5 °C (period of active plant

growth) [134].

P

K=Sm<on

()
where:

K—Sielyaninov index (K: 0-0.5-extreme dry spell, 0.6-1.0-dry spell, 1.1-2.0-humid
spell, >2.1-wet spell),

Y.P—total precipitation in the analyzed period (mm),

Y T—total mean daily temperature in the analyzed period (°C),

0.1—constant.

2.4. Statistical Analysis

The obtained data (bulk density, vitreousness, uniformity, flour extraction rate, total
protein content, wet gluten content, Zeleny sedimentation index, and the falling number)
were analyzed in ANOVA using Statistica software, version 13 [135]. Post hoc multiple
comparisons were performed with the use of Tukey’s test (HSD) in subsequent stages of
statistical analyses. Data were regarded as statistically significant at p < 0.05. The results of
the F-test for fixed effects in ANOVA are presented in Table S1. A linear regression method
was used to evaluate the relationship between meteorological variables and the studied
agronomic parameters. The values of Pearson’s correlation coefficient (R) were regarded as
significant at p < 0.01 and p < 0.05 (Table S2).

3. Results
3.1. Weather Conditions

Weather conditions during the phenological growth stages of winter wheat (grow-
ing seasons of 2018/2019, 2019/2020, and 2020/2021) were described by Lachutta and
Jankowski [124]. This article focuses on weather conditions in growth stages that are critical
for grain quality, i.e., from flowering to the fully ripe stage [10]. Mean daily temperature
and precipitation between the flowering and harvest (BBCH stages 61-89) of winter wheat
varied considerably across the experimental years (2018-2021) (Table 1). The mean thermal
time between flowering and harvest was 696796, 630-649, and 695-706 °C GDD in 2019,
2020, and 2021, respectively. In the first growing season, the mean thermal time between
flowering and harvest increased by 22 and 100 °C GDD when sowing was delayed by 14
and 28 days, respectively. Delayed sowing induced a particularly high increase in GDD in
BBCH stages 83-89 (93 vs. 118-187 °C). In the remaining years, delayed sowing did not
lead to significant differences in GDD during flowering and ripening. In these phenological
growth stages, precipitation was determined at 154-178 (1st growing season), 127-128
(2nd growing season), and 134-153 mm (3rd growing season). In the first growing season,
late-sown plants were exposed to higher precipitation between flowering and ripening. In
the second growing season, rainfall distribution in BBCH stages 61-89 was weakly differen-
tiated by the sowing date. In the third growing season, more abundant precipitation was
noted in the flowering stage and in the early stages of grain ripening (BBCH stages 61-73
and BBCH stages 73-83, respectively) in late-sown stands. The last stages of grain ripening
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(BBCH 83-89) occurred during a dry spell (41 vs. 0-2 mm). In general, optimal values of the
Sielyaninov hydrothermal index were noted during wheat flowering and grain ripening
(humid spell). However, in the second growing season, a dry spell (K = 0.35-0.98) was
observed between the milk stage and harvest (BBCH stages 73-89) (Table 1).

Table 1. Phenological development of winter wheat and weather conditions (2018/2019, 2019/2020,

and 2020/2021).
Parameter Growing Season Sowing Date Growth Stage
BBCH 61-73 BBCH 73-83 BBCH 83-89 BBCH 61-89

6 September 445 158 93 696

2018/2019 20 September 450 156 118 718

4 October 447 166 187 796

05 September 349 180 120 649

G“’B’ ;y‘f (E) Efree 2019/2020 19 September 359 153 107 630
3 October 338 160 132 630

3 September 351 202 152 705

2020/2021 17 September 390 171 134 695

1 October 381 172 152 706

6 September 21.5 16.3 16.6 19.2

2018/2019 20 September 215 16.1 18.0 19.4

4 October 21.5 15.2 20.5 19.5

5 September 19.0 17.0 18.3 18.2

teml\giil;tiih(yoq 2019/2020 19 September 18.8 17.7 184 185
3 October 19.1 17.3 18.2 18.4

3 September 20.3 21.8 20.2 20.7

2020/2021 17 September 21.3 221 19.9 21.2

1 October 21.6 22.2 20.2 214
6 September 92.0 49.9 12.4 154.3
2018/2019 20 September 91.9 49.9 29.7 171.5
4 October 101.4 52.8 23.5 177.7
Total 5 September 94.6 25.1 7.9 127.6
precipitation 2019/2020 19 September 107.4 13.4 57 126.5
(mm) 3 October 111.0 9.9 6.3 127.2
3 September 55.1 56.9 41.0 153.0
2020/2021 17 September 59.2 79.2 0.0 138.4
1 October 65.2 73.2 2.3 140.7

6 September 1.59 2.19 0.93 1.64

2018/2019 20 September 1.58 221 1.83 1.77

4 October 1.74 2.18 0.95 1.66

5 September 1.99 0.98 0.48 1.43

ng;‘(“(ll‘(‘;" 2019/2020 19 September 2.20 0.63 0.39 1.49
3 October 242 0.44 0.35 1.47

3 September 1.18 2.17 2.03 1.65

2020/2021 17 September 1.16 3.59 0.00 1.52

1 October 1.31 3.29 0.11 1.53

K: 0-0.5-extreme dry spell, 0.6-1.0-dry spell, 1.1-2.0-humid spell, >2.1-wet spell. BBCH 61-73: beginning of
flowering-milk stage; BBCH 73-83: milk stage to dough stage, BBCH 83-89: dough stage to fully ripe stage; BBCH
61-89: beginning of flowering to fully ripe stage.
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3.2. Milling Quality

Grain uniformity was negatively correlated with the mean daily temperature between
flowering and harvest (BBCH stages 61-89) (Figure 1). The most uniform grain (83.0%) was
harvested in the second growing season (Table 2) when the mean daily temperature was
low at BBCH stages 61-89 (18.2-18.5 °C) (Table 1). Grain uniformity was lowest (69.7%)
in the third growing season (Table 2), which was characterized by the highest mean daily
temperature between flowering and harvest (20.7-21.4 °C) (Table 1). Late-sown plants were
exposed to higher mean daily temperatures between flowering and ripening (BBCH stages
61-89) (Table 1), which decreased grain uniformity by 1.9 percent points (%p) (Table 2).
Sowing date exerted the greatest influence on grain uniformity in the first growing season
when a sowing delay of 14 days decreased grain uniformity by 6.1%p (Figure 2a), mainly
due to higher mean daily temperatures between flowering and ripening stages (20.7 vs.
21.2-21.4 °C) (Table 1). An increase in sowing density from 200 to 300 live grains m—2
induced a 2.6%p decrease in grain uniformity (Table 2). The split spring N rate had no
significant effect on grain uniformity (Table S1).

150+ y=4.7x+170.4

S =0.69%*
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£ 1004
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3 504
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o
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Mean daily temperature (°C)
at BBCH 61-89

Figure 1. Linear regression between grain uniformity and mean daily temperature at BBCH 61-89.
* significant at p < 0.05.
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Figure 2. The effect of the sowing date on (a) grain uniformity and (b) the bulk density of winter
wheat grain (2018/2019, 2019/2020, 2020/2021). Early sowing: 3—-6 September; delayed sowing
(+14 days): 17-20 September; delayed sowing (+28 days): 1-4 October. Means followed by the same
letters are not significantly different at p < 0.05 in Tukey’s test.

The bulk density of winter wheat grain ranged from 80.7 (2019,/2020) to 81.1-81.3 kg hL~*
(2018/2019 and 2020/2021). Bulk density increased by 1.0%p and 1.5%p when winter
wheat was sown, with a delay of 14 and 28 days, respectively (Table 2). In the first growing
season, the grain of wheat sown in the middle of September had the highest bulk density
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(81.6 kg hL™1). In the second and third growing seasons, bulk density was highest (81.3
and 81.7 kg hL™!, respectively) in winter wheat stands sown at the beginning of October
(Figure 2b). Sowing density and the split spring N rate did not induce significant differences
in the bulk density of grain, regardless of weather conditions (Table S1).

Table 2. Milling quality of winter wheat grain.

Parameter Uniformity (%) Bl(lll(I; EEIE;‘IY Hardness Vitreousness (%) Floti{al;]zt(r;oc)tion
Growing season

2018/2019 79.1b 81.32 62.7° 90.9 P 73.2°b
2019/2020 83.02 80.7 58.8 ¢ 88.9¢ 71.2¢
2020/2021 69.7 © 81.1P 68.02 97.12 7472

Sowing date, mean for 2018-2021

Early 78.02 80.4 61.4° 89.2 ¢ 71.8P
Delayed (+14 days) 76.1b 81.2b 64.32 92.5b 7322
Delayed (+28 days) 77.7 2 81.62 63.82 9522 74.02

Sowing density (live grains m~2), mean for 2018-2021

200 78.8 2 81.0 63.4 93.12 732

300 76.2P 81.1 63.2 92,02b 72.9

400 76.9b 81.1 63.0 91.7° 73.0

Split spring N rate (kg ha~1), mean for 2018-2021 +

40 +100 76.7 81.1 64.72 9322 7392
70 + 70 77.8 81.1 62.0° 91.9°b 73.02b
100 + 40 77.3 81.1 629" 91.8b 72.1b

+ BBCH stages 22-25 + BBCH stages 30-31. Early sowing: 3-6 September; delayed sowing (+14 days): 17-20
September; delayed sowing (+28 days): 14 October. Means followed by the same letters are not significantly
different at p < 0.05 in Tukey’s test. Means without letters indicate that the main effect is not significant.

Grain hardness was negatively correlated with grain uniformity (Table S2) and posi-
tively correlated with main daily temperature between flowering and harvest (Figure 3). Win-
ter wheat plants produced the hardest grain (68.0) in the third growing season (2020/2021)
(Table 1), which was characterized by the highest mean daily temperature between flower-
ing and harvest (20.7-21.4 °C) (Table 1). Grain hardness was 8% and 14% lower in the first
and second growing season, respectively (the mean daily temperature was 1.7 °C and 2.7 °C
lower in BBCH stages 61-89, respectively). Grain hardness increased by 5% when wheat
was sown with a 14-day delay (mid-September) relative to the early sowing date (Table 2).
Late-sown plants were exposed to higher temperatures during flowering and ripening
(Table 1), which explains the observed increase in grain hardness (Figure 3). Sowing density
(200, 300, and 400 live grains m~2) had no effect on grain hardness (Table S1). The split
spring N rate of 40 + 100 kg ha—! (BBCH stages 2225 and 30-31, respectively) promoted
an increase in grain hardness. An increase in the early spring N rate with a simultaneous
decrease in the N rate applied in the stem elongation stage (70 + 70 or 100 + 40 kg ha~!)
decreased grain hardness by 3-4% (Table 2).

Grain vitreousness ranged from 88.9% to 97.1% (Table 3). The regression analysis
revealed a positive correlation between vitreousness and mean daily temperature in the
dough stage (BBCH stages 83-89) (Figure 4); therefore, grain vitreousness was highest
(97.1%) in the third growing season (Table 2), which was characterized by the highest mean
daily temperature in BBCH stages 83-89 (19.9-20.2 °C) (Table 1). Late-sown plants were
exposed to higher mean daily temperatures in the dough stage (Table 1), which increased
grain vitreousness by 3%p (+14 days) and 6%p (+28 days) (Table 2). There was a lack of
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interaction between grain vitreousness and the sowing date in the third growing season
exclusively (Figure 5), which could be attributed to the absence of a relationship between
the sowing date and the mean daily temperature in the dough stage (Table 1). Grain
vitreousness decreased by 1.4%p when sowing density was increased from 200 to 400 live
grains m~2. An increase in the first spring N rate (BBCH stages 22-25) from 40 to 70 or
100 kg ha~! with a simultaneous decrease in the N rate in BBCH stages 30-31 (from 100 to
70 and 40 kg ha~!) increased grain vitreousness by 1.3-1.4%p (Table 2).

1501 y=3.37x-3.04
R=0.55%
3 1004
o [
_E @
% 504 o [ )
()
..
c T T T 1
16 18 20 22 24

Mean daily temperature
at BBCH 61-89 (°C)

Figure 3. Linear regression between grain hardness and mean daily temperature at BBCH stages
61-89. * significant at p < 0.05.

Table 3. Protein complex quality and enzyme activity in winter wheat grain.

Parameter Total Prot_eiln Wet Gluten Content Zeleny Sedimentation Falling Number (s)
Content (g kg™ DM) (%) Index (mL)
Growing season

2018/2019 1372 34.0° 68.1° 364 b
2019/2020 129°¢ 3430 68.2° 328°¢
2020/2021 132b 38.32 69.02 3812

Sowing date, mean for 2018-2021

Early 131°¢ 35.4b 68.0P 352
Delayed (+14 days) 132b 35.3b 68.3 b 3642
Delayed (+28 days) 1342 3592 69.0 2 358 ab

Sowing density (live grains m~2), mean for 2018-2021

200 1342 36.02 68.8 360

300 132b 35.3b 68.1 359

400 132°b 35.3P 68.3 354

Split spring N rate (kg ha~!), mean for 2018-2021 +

40 + 100 1342 36.02 68.9 356

70 + 70 133b 3550 68.4 2P 359

100 + 40 131°¢ 3520 68.0P 357

t+ BBCH stages 22-25 + BBCH stages 30-31. Early sowing: 3-6 September; delayed sowing (+14 days): 17-20
September; delayed sowing (+28 days): 1-4 October. Means followed by the same letters are not significantly
different at p < 0.05 in Tukey’s test. Means without letters indicate that the main effect is not significant.

The flour extraction rate ranged from 71.2% (2019/2020) to 74.7% (2020/2021) (Table 2),
and it was significantly differentiated by the sowing date and the split spring N rate
(Table S1). The flour extraction rate was lowest (71.8%) in early sown stands (beginning
of September). The analyzed parameter increased from 1.4 to 2.2%p when sowing was
delayed by 14 and 28 days. The flour extraction rate peaked (73.9%) in response to the
spring N rate of 40 and 100 kg ha~! applied in BBCH stages 22-25 and 30-31, respectively.
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An increase in the early spring N rate with a simultaneous decrease in the N rate applied in
BBCH stages 30-31 (100 + 40 kg ha—!) decreased the flour extraction rate by 1.8%p (Table 2).

160+
_ y=3.2x+32.04
& 1401 R=0.68*
s :
g
@ 1204
[72]
3
g 1004 s
g

804

14 16 18 20 22

Mean daily temperature
at BBCH 83-89 (°C)

Figure 4. Linear regression between grain vitreousness and mean daily temperature at BBCH stages
83-89. * significant at p < 0.05.
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Figure 5. The effect of the sowing date on grain vitreousness (2018,/2019, 2019 /2020, 2020/2021). Early
sowing: 3-6 September; delayed sowing (+14 days): 17-20 September; delayed sowing (+28 days): 14
October. Means followed by the same letters are not significantly different at p < 0.05 in Tukey’s test.

3.3. Protein Complex Quality and Enzyme Activity in Grain

The total protein content of winter wheat grain was positively correlated with GDD,
precipitation, and the Sielyaninov hydrothermal index between flowering and harvest
(BBCH stages 61-89) (Figure 6). Weather conditions were least favorable in the second
growing season (Table 1), which resulted in the lowest total protein content of grain
(129 g kg’1 DM) (Table 3). In the second and third growing season, weather conditions
were more favorable during wheat flowering and grain ripening (Table 1), which increased
the total protein content of grain (132-137 g kg~! DM) (Table 3). Delayed sowing increased
total protein content by 1% (+14 days) and 2% (+28 days) (Table 3). A sowing delay of 14 and
28 days induced a particularly high increase in the total protein content of grain in the first
growing season (4% and 8%, respectively) (Figure 7a). In this season, late-sown plants were
exposed to higher GDD (696 vs. 718-796 °C), higher precipitation (154 vs. 172-178 mm),
and higher values of the Sielyaninov index (1.64 vs. 1.66-1.77) (Table 1) between flowering
and harvest, and these parameters are positively correlated with the total protein content
of grain (Figure 6). The total protein content of winter wheat grain decreased by 1.5%
when sowing density was increased from 200 to 300 live grains m~2 (Table 3). It should
also be noted that the effect exerted by sowing density on the total protein content of
grain was significantly modified by weather conditions during the growing season and
the sowing date (Table S1). In the first growing season, a reduction in total protein content
was observed already when sowing density was increased from 200 to 300 live grains m 2.
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In the second growing season, total protein content decreased only when sowing density
was increased to 400 live grains m~2. In turn, sowing density had no effect on the total
protein content of grain in the third growing season (Figure 7b). An increase in sowing
density decreased the total protein content of grain only in stands sown with a delay of 14
and 28 days (by 2% and 3%, respectively) (Figure 7c). Total protein content was highest
when winter wheat was supplied with 40+100 kg N ha~! in BBCH stages 22-25 and 30-31,
respectively. An increase in the first spring N rate with a simultaneous decrease in the N
rate applied in BBCH stages 30-31 (70 + 70 or 40 + 100 kg ha~!) decreased the total protein
content of grain by 1% and 2%, respectively (Table 3).

[a] [b] [c]

200+ 200+ 200-
y=0.01x+78.2 = y=0.21x+102.4 = y=27.6x+89.1
§ 1801 R=0.75%* 2 _ 1801 R=0.73%* £ _ 180, R=0.57*
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S Z 160 £ B 160 £ B 1601
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Growing degree-days Precipitation Sielyaninov index
at BBCH 61-89 (°C) at BBCH 61-89 (mm) at BBCH 61-89
Figure 6. Linear regression between the total protein content of winter wheat grain and (a) growing
degree days at BBCH stages 61-89; (b) precipitation at BBCH stages 61-89; (c) Sielyaninov index at
BBCH stages 61-89. * significant at p < 0.05; ** significant p < 0.01.
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Figure 7. The effect of (a) the sowing date, (b) sowing density (2018/2019, 2019/2020, 2020/2021),
and (c) the interaction between the sowing date and sowing density (mean for 2018-2021) on the
total protein content of winter wheat grain. Early sowing: 3—-6 September; delayed sowing (+14 days):
17-20 September; delayed sowing (+28 days): 1-4 October. Means followed by the same letters are
not significantly different at p < 0.05 in Tukey’s test.

The wet gluten content of winter wheat grain was negatively correlated with grain
uniformity and positively correlated with grain vitreousness (Table S2). Wet gluten content
was also influenced by the mean daily temperatures in BBCH stages 61-89, and by pre-
cipitation and the Sielyaninov index in BBCH stages 73-83. An increase in the values of
these parameters promoted the accumulation of wet gluten in grain (Figure 8). Therefore,
wet gluten content was highest in grain harvested in the third growing season (38.3%),
and it was 4.3%p and 4.0%p lower in the first and second growing season, respectively.
A sowing delay of 28 days increased wet gluten content by 0.5-0.6%p. In stands sown
with a 28-day delay, a greater increase in wet gluten content (2.2%p) was observed in the
first growing season (Figure 9a). In this season, late-sown plants were exposed to more
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favorable weather conditions during flowering and grain ripening. In turn, higher precipi-
tation (by 6%) and higher values of the Sielyaninov index (by 52-65%) were observed in
the milk stage (BBCH stages 73-83) (Table 1). An increase in sowing density from 200 to
300 live grains m~2 decreased wet gluten content by 0.7%p (Table 3). A greater decrease in
the wet gluten content of grain (by 0.8%p and 1.5%p) was noted in late-sown stands (+14
and +28 days, respectively). In early sown stands (beginning of September), an increase
in sowing density did not induce significant differences in wet gluten content (Figure 9b).
The split application of different N rates in spring had no effect on the wet gluten content
of winter wheat grain (Table S1).
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Figure 8. Linear regression between the wet gluten content of winter wheat grain and (a) mean daily
temperature at BBCH stages 61-89; (b) precipitation at BBCH 73-83; (c) Sielyaninov index at BBCH
stages 73-83. * significant at p < 0.05; ** significant at p < 0.01.
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Figure 9. The effect of (a) the sowing date and (b) the interaction between the sowing date and sowing
density on the wet gluten content of winter wheat grain (2018,/2019, 2019/2020, 2020/2021). Early
sowing: 3—-6 September; delayed sowing (+14 days): 17-20 September; delayed sowing (+28 days): 1-4
October. Means followed by the same letters are not significantly different at p < 0.05 in Tukey’s test.

The quality of the protein complex (evaluated in the Zeleny sedimentation test) was
somewhat higher in the grain of winter wheat grain harvested in the third growing season
than in the first and second growing season (69.0 vs. 68.1-68.2 mL). A 28-day delay in
sowing improved the sedimentation index of grain (Table 3) regardless of year, sowing
density, or the split spring N rate (Table S1). These results could be indirectly indicative of
a higher content of HMW-GSs and higher baking quality of flour. The sedimentation index
was not differentiated by sowing density (200, 300, and 400 live grains m~2) (Table S1). The
spring N rate of 40 + 100 kg ha~! applied in BBCH stages 22-25 and 30-31, respectively,
exerted a more favorable influence on protein complex quality. An increase in the first
spring N rate (BBCH stages 22-25) with a simultaneous decrease in the N rate applied in
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BBCH stages 30-31 (40 + 100 vs. 70 + 70 or 100 + 40 kg ha—!) decreased the sedimentation
index by 0.7% and 1.3%, respectively (Table 3).

The falling number was positively correlated with the wet gluten content of winter
wheat grain (Table S2). The falling number was also positively correlated with a mean
daily temperature between flowering and harvest, as well as with precipitation and the
Sielyaninov index in the milk stage (Figure 10). Enzyme activity in grain (falling number)
was highest in the growing seasons of 2018/2019 and 2020/2021 (364 and 381 s, respec-
tively), and it was 10% and 14% lower, respectively, in the second growing season (Table 1).
This season was characterized by the lowest mean daily temperature (18.2-18.5 °C) be-
tween flowering and harvest and a dry spell in the milk stage (9.9-25.1 mm, K = 0.44-0.98)
(Table 1). Alpha-amylase activity was very high, but it remained within (250-350 s) or
somewhat above the optimal range of values for the falling number, not exceeding the level
at which flour is unsuitable for breadmaking (<400 s). The falling number increased by
3% when sowing was delayed by 14 days (Table 3), which could be attributed to the fact
that late-sown plants were exposed to higher mean daily temperatures during flowering
and ripening, and more abundant precipitation and higher values of the Sielyaninov index
in the milk stage (Table 1). These parameters were positively correlated with the falling
number (Figure 10). Sowing density and the split spring N rate caused no significant
differences in the falling number (Table S1).
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Figure 10. Linear regression between the falling number and (a) mean daily temperature at BBCH
stages 61-89; (b) precipitation at BBCH stages 73-83; (c) Sielyaninov index at BBCH stages 73-83.
* significant at p < 0.05.

4. Discussion
4.1. Milling Quality

Grain uniformity is an important indicator of grain quality and milling perfor-
mance [136,137], and this trait is strongly influenced by the sowing date [112,138-142]. In
the work of Meena et al. [112], early sown wheat produced the largest kernels (with a diam-
eter of 2.87 and 2.90 mm). Kernel diameters decreased by 3-4% when sowing was delayed
by 6 weeks. According to Meena et al. [112], the decrease in kernel size in late-sown stands
could be attributed to higher temperature and lower precipitation during grain formation.
The presence of a relationship between the sowing date and grain uniformity/kernel size
was also noted by Panazzo and Eagles [138], Waraich et al. [140], Coventry et al. [141], and
in this study [Table 2, Figure 1]. In the present study, grain uniformity was negatively
correlated with mean daily temperatures between flowering and harvest (BBCH stages
61-89). The most uniform grain (83.0%) was harvested in a growing season with a low
mean daily temperature at BBCH stages 61-89. In turn, wheat plants exposed to the highest
mean daily temperature in BBCH stages 61-89 produced the least uniform grain (69.7%).
Late-sown stands were exposed to higher mean daily temperatures during flowering and
ripening, which decreased grain uniformity by 1.9%p. In a study by McKenzie [139], an
increase in the sowing density of barley (Hordeum vulgare L.) from 150 to 350 grains m 2
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decreased kernel size by 5%. In the work of Forster et al. [142], the size of durum wheat
kernels was reduced by 4% when sowing density was increased from 222 to 371 grains m 2.
In the current study, an increase in sowing density from 200 to 300 live grains m 2 also
decreased grain uniformity by 2.6%p. In the experiment conducted by Sadowska et al. [143],
an increase in the N rate from 50 to 150 kg ha~! had no effect on the size of common wheat
kernels. Varga [144] found no correlation between agricultural inputs in the production
technology of wheat and kernel size (dimensions). Similar observations were made in the
present study, where the split spring N rate had a minor influence on the uniformity of
winter wheat grain.

Bulk density is an important indicator of grain development, grain structure, and the
thickness of the seed coat [13]. Higher bulk density enhances the processing suitability of
wheat grain [13,145]. In a study by Meena et al. [112], wheat grown on sandy-loamy soil in
a semi-arid region of India was characterized by higher bulk density (80.2 kg hL~?) in early
sown stands (beginning of November) and significantly lower bulk density (78.3 kg hL 1)
in stands sown with a 6-week delay. According to the cited authors, delayed sowing led to
premature ripening and drying of unripe grain in the filling stage due to high temperature.
In a study conducted by Kaur et al. [111] in India, delayed sowing decreased the bulk
density of wheat grain by 3%. Delayed sowing also considerably reduced the bulk density
of grain grown in Australia, Brazil, India, and Iraq [109,110]. In contrast, in the present
experiment, bulk density was highest (81.6 kg hL~!) when sowing was delayed by 28 days,
which could be attributed to the absence of a relationship between the bulk density of grain
and weather conditions (GDD, mean daily temperature, precipitation, and the Sielyaninov
index) between flowering and harvest. Densely sown wheat plants generally develop
smaller and fewer spikes, which can contribute to an increase in kernel size [146]. In the
current study, sowing density was not correlated with the bulk density of winter wheat
grain, probably because the phenological development of grain occurred in periods when
precipitation and nutrient levels were sufficient to counteract the decrease in the number
and size of spikes. Similar observations were made by Otteson et al. [147] and Guerrini
et al. [11], who found no correlation between sowing density and the bulk density of wheat
grain. The bulk density of winter wheat grain can also be modified by adjusting the N
rate [147-149]. Jankowski et al. [13] demonstrated that an increase in agricultural inputs
in the production technology of winter wheat increased the bulk density of grain by 1%.
In a study by Harasim and Wesolowski [148], the bulk density of wheat grain increased
by 1% when the N rate was increased from 100 to 150 kg ha=!. In turn, Jaiiczak-Pieniazek
et al. [149] found that bulk density was associated with the cultivar of winter wheat. In
open-pollinated cultivars, the bulk density of grain increased significantly (by 5%) when
the N rate was increased from 110 to 150 kg ha=!. In hybrid cultivars, the N rate had no
influence on bulk density. No correlations between N fertilization and the bulk density of
wheat grain were reported by either Otteson et al. [147], Guerrini et al. [11], or in this study
[Tables S1 and 2].

Grain hardness determines milling quality by influencing milling yield and the bak-
ing value of flour [150]. In the present study, grain hardness was negatively correlated
with grain uniformity (an increase in uniformity led to a decrease in hardness). In the
work of Meena et al. [112], early sown stands produced the hardest grain, while delayed
sowing decreased grain hardness by 7-11%. Similar results were reported by Coventry
etal. [141,151]. In the current experiment, grain hardness was positively correlated with
mean daily temperatures between flowering and harvest. Late-sown stands were exposed
to higher temperature during flowering and ripening, which increased grain hardness by
5%. Grain hardness was not affected by sowing density (200, 300, and 400 live grains m~2),
which corroborates the findings of McKenzie et al. [152] and Twizerimana et al. [153].
According to Souza et al. [154], grain hardness is influenced by cultivar, environmental con-
ditions, location, and N availability. In the present study, the hardest grain was produced
in winter wheat stands supplied with 40 + 100 kg N ha~! in BBCH stages 22-25 and 30-31,
respectively. An increase in the early spring N rate, accompanied by a decrease in the N
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rate at the beginning of stem elongation (70 + 70 or 100 + 40 kg ha—'), decreased grain
hardness by 3—4%. In the work of Zhong et al. [155], grain hardness peaked in response
to 60 kg N ha~! applied in BBCH stage 17 or 31, and it was 8% lower when N fertilizer
was applied in BBCH stage 37. Hao et al. [156] found that grain hardness was reduced by
around 10% when the total N rate of 210 kg ha~! was split into two portions (applied at the
beginning of stem elongation and during flowering) than when the same N rate was split
into four portions (beginning of stem elongation, heading, flowering, and grain filling). In
turn, Blandino et al. [157] reported that the hardness of wheat grain was not affected when
the total N rate of 130 kg ha~! was applied in one split (BBCH stage 23) or in two splits
(BBCH stages 23 and 32). In a study by Valdés-Valdés et al. [158], N rates of 0 to 300 kg ha~!
did not induce differences in the hardness of wheat grain. Split application of N fertilizer
had no effect on grain hardness in the work of Mor et al. [159] and Zhang et al. [44].
Vitreousness is an important property of endosperm [13]. Vitreous kernels contain
more endosperm and protein and are harder than non-vitreous kernels [160]. In the present
study, harder grain was also characterized by higher vitreousness and higher milling yield.
Vitreousness was positively correlated with mean daily temperatures in the dough stage.
Late-sown plants were exposed to higher temperatures in the dough stage, which increased
grain vitreousness by 3%p (+14 days) and 6%p (+28 days). A relationship between the
sowing date and grain vitreousness was not observed only in the growing season when
delayed sowing was not associated with different temperatures in the dough stage. In
turn, Forster et al. [142] reported that neither sowing date nor sowing density affected
the vitreousness of durum wheat grain. In the work of Bozek et al. [161] and Karabinova
et al. [162], the vitreousness of durum wheat and common wheat grain, respectively, was
not significantly influenced by sowing density, either. In the current study, an increase in
sowing density from 200 to 400 live grains m~2 decreased grain vitreousness by 1.4%p.
The results of studies investigating the effect of agricultural inputs on grain vitreousness
are inconclusive [13]. In the work of Jariczak-Pieniazek et al. [149], an increase in the N
rate from 110 to 150 kg ha~! in the production of open-pollinated wheat cultivars had no
influence on grain vitreousness. Higher N rates increased grain vitreousness by 23-25%p in
only two out of the seven examined hybrid cultivars of winter wheat. Jankowski et al. [13]
reported that the vitreousness of winter wheat grain increased by 11%p in a high-input
production technology. Higher N rates also increased the percentage of kernels with
vitreous endosperm in the work of Budzynski et al. [70] and Narkiewicz-Jodko et al. [82].
In the present experiment, grain vitreousness was highest (93.2%) in winter wheat stands
supplied with 40 + 100 kg N ha~! (BBCH stages 22-25 and 30-31, respectively). An increase
in the N rate in BBCH stages 2225, with a simultaneous decrease in the N rate in BBCH
stages 30-31 (70 + 70 or 100 + 40 kg ha~!), decreased grain vitreousness by 1.3-1.4%p.
The flour extraction rate is a key parameter in analyses of the milling quality of grain,
and it largely determines profits in flour production [13]. In a study by Meena et al. [112],
the grain of early sown wheat was characterized by the highest flour recovery (63-68%),
and delayed sowing decreased flour recovery by 3%p. A similar relationship between the
sowing date and flour yield was reported by Gaire et al. [163] and Zheng et al. [164]. It
should also be noted that milling yield is strongly correlated with kernel size, and the value
of this parameter is highest in large and well-filled grain [13,165]. In the present study,
late-sown wheat produced larger, harder, and more vitreous kernels, which increased
flour extraction rates (by 1.4-2.2%p). Otteson et al. [147] found no correlation between
sowing density and flour yield, and similar observations were made in the present study
[Table 3]. In turn, in the work of Caglar et al. [73], flour yield was reduced by 3% when
the seeding rate was increased from 325 to 625 grains m 2. Milling yield is determined by
the physical properties of kernels (size, hardness, vitreousness, and bulk density), which
are strongly influenced by N fertilization. In the present study, the milling yield peaked
(73.9%) in wheat stands supplied with 40 and 100 kg N ha~! in BBCH stages 22-25 and
30-31, respectively. An increase in the early spring N rate with a simultaneous decrease
in the N rate at the beginning of stem elongation (100 + 40 kg ha~!) decreased the milling
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yield by 1.8%p. In turn, in the work of Zheng et al. [164], the flour yield was 1%p higher
when N fertilizer was applied at a 6:4 ratio (BBCH stages 00 and 31) than a 7:3 ratio. Ina
study by Wu et al. [166], the application of the total N rate of 180 kg ha~! in three splits
(before sowing and during tillering and stem elongation at a ratio of 5:1:4, 7:1:2, and 5:4:1,
respectively) had no effect on flour yield. Budzynski et al. [70], Otteson et al. [147], and
Jankowski et al. [13] also found that the intensity of agricultural inputs in wheat production
had no significant influence on flour yield.

4.2. Protein Complex Quality and Enzyme Activity in Grain

Wheat grain is a rich source of essential nutrients, including protein, in the human
diet [167,168]. Protein content is the main indicator of wheat grain quality in commerce
and processing [90]. The protein content of wheat grain ranges from 100 to 150 g kg !
DM [9,11,90]. Genetic factors are responsible for approximately a third of the variation
in the protein content of wheat grain [9]. The remaining two thirds of the variation are
determined by environmental factors (soil quality, weather conditions) and agronomic
practices, including sowing and fertilization [169]. The sowing date significantly affects
the total protein content of grain mainly due to different temperatures during grain filling.
When wheat is sown late, flowering is delayed and plants are exposed to high temperatures
in the grain filling stage [170]. Thermal stress decreases kernel size, inhibits endosperm
development, and increases protein concentration [171-173]. Moderate environmental
stress (high temperature, water deficit during grain filling) can stimulate protein remobi-
lization from vegetative organs to grain [64,174,175]. Meena et al. [112] found that delayed
sowing significantly increased the protein content of grain (by 6-8%). Delayed sowing
and exposure to higher temperatures also increased the protein content of grain in the
work of Gooding et al. [115], Zende et al. [108], Motzo et al. [116], Sattar et al. [176], Farooq
etal. [117], Singh et al. [118], and Shah et al. [177]. In the present study, the total protein con-
tent of grain was positively correlated with GDD, precipitation, and the Sielyaninov index
between flowering and harvest (BBCH stages 61-89). Late-sown plants were exposed to
higher GDD and higher precipitation in these phenological growth stages, which increased
the total protein content of grain by 1-2%. The relationship between sowing density and the
protein content of wheat grain is not unidirectional [11,147,178-184]. Otteson et al. [147],
Nakano and Morita [180], Dragos and Pirgan [181], Jemal et al. [182], and Guerrini et al. [11]
did not report any associations between sowing density and the protein content of grain. In
the current study, an increase in sowing density from 200 to 300 live grains m 2 reduced the
total protein content of grain by 1.5% on average. However, the decrease in protein content
induced by higher sowing density was exacerbated when wheat was sown with a delay of
14 and 28 days (protein content decreased by 2-3%). In the work of Gooding et al. [178] and
Han and Yang [179], the protein content of grain also decreased by around 3% when sowing
density was increased from 180-200 to 270-400 live grains m~2. A reverse relationship
was reported by Hao et al. [184], who found that an increase in sowing density from 200 to
250 live grains m~2 induced a 6% increase in the protein content of grain. In turn, Zhang
et al. [183] observed that the protein content of wheat grain was highest at a sowing density
of 260 live grains m 2, whereas lower or higher sowing densities decreased protein content
by 3% [183]. Nitrogen fertilization is one of the key factors that affect the content and
composition of protein in wheat grain [169]. Nitrogen is an essential component of amino
acids, the building blocks of proteins, which is why N supply is critical in all stages of plant
development [11,13,90,185]. However, the use of N fertilizers in crop production has to
be reduced for environmental reasons, and alternative strategies are needed to maximize
protein yields while decreasing the release of unused N to soil, water, and the atmosphere.
For this reason, N fertilization should be optimized by selecting the appropriate total rate or
split rate, application timing, and type of fertilizer [186,187]. The application of N fertilizer
in the late stages of growth promotes protein accumulation in grain [186]. In a study by
Landolfi et al. [185], an N rate of 80 or 160 kg ha—! applied in two equal portions (50:50) in
tillering and stem elongation stages increased the protein content of grain by 15-18%. In the
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work of Wieser et al. [90], the protein content of grain was 4-9% higher when N fertilizer
was applied only before sowing than when N was applied both before sowing and in the
stem elongation stage. In a study conducted by Landolfi et al. [188] in northern Italy, a total
N rate of 160 kg ha~! applied in three splits (tillering, stem elongation, heading) increased
the total protein content by around 1% relative to two splits. In the experiment by Xue
et al. [189], the total protein content of grain was 6% higher when N fertilizer was split into
three portions (BBCH stages 00, 30, and 47) than two portions (BBCH stages 00 and 30). A
meta-analysis conducted by Hu et al. [190] revealed that the protein content of wheat grain
was 2-5% higher on average when the total N rate was split into three to four portions. In
the work of Mor et al. [159], an N rate of 120 or 160 kg ha~! increased the protein content
of grain by 12% when split in two equal portions (BBCH stages 00 and 21), but by only 4%
when split into five equal portions (BBCH stages 00, 21, 31, 39, and 65). In the present study,
protein content peaked when winter wheat was supplied with 40 + 100 kg N ha~! in BBCH
stages 22-25 and 30-31, respectively. An increase in the first N rate with a simultaneous
decrease in the second N rate (70 + 70 and 100 + 40 kg ha—1) decreased the total protein
content of grain by 1-2%. In turn, Schulz et al. [191] found no correlation between split
N application and the protein content of grain produced in Germany. The influence of N
fertilization on the protein content of wheat grain can be mediated by differences in the
availability of soil mineral nitrogen (Np,n) during the growing season [154].

The concentration of gluten proteins in wheat grain is a very important consideration in
the baking industry [13,90,192]. In this study, wet gluten content was positively correlated
with grain vitreousness. Winter wheat grain produced in northeastern Poland contained
34.0-38.3% of wet gluten. Similar values were reported by Sip et al. [193] in Czechia,
whereas much lower values were noted by Jaskulska et al. [66] and Jariczak-Pieniazek
et al. [149] in Poland. In the work of Meena et al. [112], delayed sowing increased the wet
gluten content of wheat by 9%p. In the present study, wet gluten content was also highest
(35.9%) in late-sown wheat (early October). The analyzed parameter was determined
by mean daily temperatures between flowering and harvest, as well as by precipitation
and the Sielyaninov index in the milk stage. Late-sown wheat was exposed to more
favorable temperatures during flowering and ripening, as well as to higher precipitation
and higher values of the Sielyaninov index in the milk stage, which contributed to the
accumulation of wet gluten in the flowering and milk stages. An increase in sowing
density from 200 to 300 live grains m 2 decreased wet gluten content by 0.7%p. The
negative impact of higher sowing density on wet gluten content was exacerbated by
delayed sowing (decrease of 0.8-1.5%p). When winter wheat was sown early, increasing
sowing density did not significantly affect the wet gluten content of grain. Zecevic et al. [74]
also reported a decrease in the wet gluten content of grain (by 6%p) when sowing density
was increased from 500 to 650 live grains m 2. An increase in sowing density (180 vs.
270 grains m~2) also reduced the wet gluten content of wheat grain (by 3-5%p) in the
work of Han and Yang [179], Dragos and Pirsan [181] (400 vs. 500 live grains m™2),
and Twizerimana et al. [153] (112 vs. 225 kg ha~1). A reverse correlation was observed
by Caglar et al. [73] and Guerrini et al. [11], with the former finding that wet gluten
content decreased by 11% when sowing density was reduced from 525 and 625 grains m 2
to 325 and 425 grains m 2. Regardless of cultivar (open-pollinated or hybrid cultivars),
winter wheat is highly sensitive to N fertilization, which affects both grain yield and
grain quality, including the accumulation of gluten proteins [66]. In a study by Jariczak-
Pieniazek et al. [149], an increase in the N rate from 110 to 150 kg ha~! increased the wet
gluten content of winter wheat grain by 7-11%p (open-pollinated cultivars) and 10-16%p
(hybrid cultivars). Nitrogen fertilization also increased gluten concentration in the grain of
winter and spring wheat in the work of Podolska et al. [79], Sutek and Podolska [89], and
Dubis [88]. In contrast, Jankowski et al. [13] and Wojtkowiak et al. [194] did not observe
any associations between N fertilization and wet gluten content, regardless of cultivar. In
the current study, splitting the N fertilizer rate did not induce differences in the wet gluten
content of grain. In the work of Mor et al. [159], wet gluten content was lowest when the
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total N rate of 120 or 160 kg ha~! was applied in two equal portions (BBCH stages 00 and
21), and it was 4% higher when the N rate was split into five equal portions (BBCH stages
00, 21, 31, 39, and 65).

The baking quality of wheat is determined by both the quantity and quality of gluten
proteins in grain. The sedimentation index is the main predictor of gluten quality, and
its value denotes the size of protein aggregates [13,145,195]. Meena et al. [112] found that
delayed sowing increased the sedimentation index by 4-5%. In the work of Knapowski
and Ralcewicz [78], the sedimentation index was also higher (by 12%) when winter wheat
was sown with a delay. In the current experiment, the sedimentation index increased by 1%
when winter wheat was sown with a 28-day delay, regardless of weather conditions. In
turn, in a study conducted in India, the sedimentation index was 7% lower when wheat
was sown with a delay of 40 days [196]. In the present study, sowing density did not affect
the sedimentation index, which is consistent with the findings of Piekarczyk [197] and
Mikos-Szymarnska and Podolska [198]. In the work of Twizerimana et al. [153], sowing
density influenced the sedimentation index in only one year of the experiment, when an
increase in the seeding rate from 112 to 225 kg ha~! decreased the sedimentation index
by 10%. In turn, Han and Yang [179] and Hao et al. [184] found that the sedimentation
index decreased by 2-7% when the seeding rate was increased by 50-90 grains m 2. The
quality of the protein complex in wheat grain is also determined by agricultural inputs,
including N fertilization [13]. Litke et al. [199] demonstrated that an increase in the N rate to
210 kg ha~! led to a significant increase in the sedimentation index. Nitrogen also improved
protein quality in the grain of winter and spring wheat in the work of Budzynski et al. [70],
Podolska et al. [79], Piekarczyk [197], Ellmann [83], Dubis [88], Rossini et al. [200], Kizilgeci
et al. [201], and Zhang et al. [44]. In this study, the split spring N rate of 40 + 100 kg ha~!
applied in BBCH stages 22-25 and 30-31, respectively, also enhanced the quality of grain
protein. An increase in the first spring N rate (BBCH stages 22-25) with a simultaneous
decrease in the second N rate applied in BBCH stages 30-31 (70 + 70 or 100 + 40 kg ha™!)
decreased the sedimentation index by 1% on average. Mor et al. [159] reported that the
sedimentation index was 3% higher when the N rate was split into five rather than two
portions. In a study by Hao et al. [156], the sedimentation index was 5% higher when the
total N rate of 210 kg ha~! was applied in four rather than two splits.

The falling number denotes the activity of x-amylase in grain [13,85,202]. In the
present study, the falling number was positively correlated with the wet gluten content
of grain. Flours with a falling number in the range of 250-320 s are most suitable for
baking purposes, and this parameter can be decreased through the addition of a-amylase
preparations [203]. In the current experiment, the falling number was very high (328-381 s),
but it remained within or somewhat above the optimal range of values, not exceeding the
level at which grain is unsuitable for breadmaking (<400 s). According to Grausgruber
et al. [204], x-amylase activity in grain may vary depending on environmental and genetic
factors, particularly weather conditions, during grain ripening. The falling number was
also strongly correlated with weather conditions in this study. A sowing delay of 14 days
increased the falling number by 3%, which could be attributed to the fact that late-sown
plants were exposed to higher mean daily temperatures during flowering and ripening, as
well as higher precipitation and higher values of the Sielyaninov index in the milk stage
(these parameters were also positively correlated with the falling number). In contrast, the
sowing date had no influence on the falling number in the works of Knapowski and Ral-
cewicz [78] or Forster et al. [142]. Sowing density is bound by a weak and multidirectional
relationship with the falling number [142,205,206]. Forster et al. [142] found no correlation
between the sowing density of durum wheat and the falling number. Sowing density was
not associated with «-amylase activity (falling number) in common wheat grain in the
work of Korres and Froud-Williams [205], Piekarczyk [197], and Forster et al. [142], or in
this study [Table 3]. In contrast, Hao et al. [184] found that the falling number increased
by 5% when sowing density was increased from 200 to 250 grains m 2. In wheat grain,
a-amylase activity is also determined by agricultural inputs, including N fertilization [206]
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and genotype [85,149]. In a study by Jariczak-Pieniazek et al. [149], an N rate of 150 kg ha~!
increased the falling number by 0.3-1.6% (open-pollinated cultivar) to 3.5% (hybrid culti-
var). Linina and Ruza [206] reported a significant increase in the falling number up to the
N rate of 180 kg ha~!. Szentpétery et al. [207] found that split N application had a positive
impact on the falling number. In the cited study, the application of 40 or 80 kg N ha~! in
the tillering stage and 40 kg N~! ha in the flowering stage increased the falling number by
6-11% relative to the treatment where a single N rate of 80 or 120 kg ha~! was applied in
the tillering stage. According to Budzynski et al. [70], the absence of positive correlations
between agricultural inputs and the falling number in many published studies can be
attributed to unfavorable weather conditions [88,185,208-210]. In the present study, split N
application did not induce significant differences in the falling number.

5. Conclusions

The present study demonstrated that the milling quality of winter wheat grain pro-
duced in northeastern Poland on Haplic Luvisol originating from boulder clay was sig-
nificantly influenced by weather conditions, sowing strategies, and N fertilization. The
sowing date affected the beginning and duration of phenological growth stages, which were
characterized by different mean daily temperatures and precipitation. Grain uniformity
and grain hardness were positively correlated with the mean daily temperature from the
beginning of flowering until harvest, while grain vitreousness was positively correlated
with the mean daily temperature in the dough stage. The total protein content of grain was
positively correlated with GDD, precipitation, and the Sielyaninov index between flowering
and harvest. Wet gluten content and the falling number were positively correlated with
the mean daily temperature between flowering and harvest, as well as with precipitation
and the Sielyaninov index in the milk stage. In general, delayed sowing exposed wheat
plants to more favorable weather conditions during flowering and grain ripening, which
increased the bulk density, vitreousness and hardness of grain, the flour extraction rate,
the total protein content and wet gluten content of grain, the sedimentation index, and the
falling number. The sowing density of 200 grains m 2 enhanced grain uniformity, grain
vitreousness, total protein content, and wet gluten content. Higher N supply in the stem
elongation stage (BBCH stages 30-31) had a positive influence on grain vitreousness and
hardness, the flour extraction rate, the total protein content and wet gluten content of grain,
and the sedimentation index. These results indicate that the milling quality of winter wheat
grain produced in northeastern Poland can be improved by sowing in late September or
early October at 200 grains m~2 and by applying N fertilizer at 40 and 100 kg ha=! in BBCH
stages 22-25 and 30-31, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture14040552/s1, Table S1. F-test statistics in ANOVA;
Table S2. Pearson’s correlation coefficients denoting the relationship between wheat grain parameters.

Author Contributions: Conceptualization, K.L. and K.J.J.; methodology, K.L. and K.J.J.; software,
K.L.; validation, K.L.; formal analysis, K.L.; investigation, K.L.; resources, K.L.; data curation, K.L.;
writing—original draft preparation, K.L.; writing—review and editing, K.L. and K.]J.J.; visualization,
K.L.; supervision, K.J.J.; project administration, K.L. and K.]J.J.; funding acquisition, K.J.J. All authors
have read and agreed to the published version of the manuscript.

Funding: The results presented in this paper were obtained as part of a comprehensive study financed
by the University of Warmia and Mazury in Olsztyn (grant No. 30.610.013-110). Funded by the
Minister of Science under the “Regional Initiative of Excellence Program”.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We would like to thank the staff of the AES in Balcyny for technical support
during the experiment.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/agriculture14040552/s1
https://www.mdpi.com/article/10.3390/agriculture14040552/s1

Agriculture 2024, 14, 552 21 of 28

References

1.  Breiman, A.; Graur, D. Wheat evolution. Isr. |. Plant Sci. 1995, 43, 85-98. [CrossRef]

2. Braun, H.J,; Atlin, G.; Payne, T.; Reynolds, M.P. Multi-location testing as a tool to identify plant response to global climate change.
In Climate Change and Crop Production; Reynolds, M.P,, Ed.; CABI: Wallingford, UK, 2010; pp. 115-138.

3. Riaz, M.W.; Yang, L.; Yousaf, M.I;; Sami, A.; Mei, X.D.; Shah, L.; Rehman, S.; Xue, L.; Si, H.; Ma, C. Effects of heat stress on growth,
physiology of plants, yield and grain quality of different spring wheat (Triticum aestivum L.) genotypes. Sustainability 2021, 13,
2972. [CrossRef]

4. Khalid, A.; Hameed, A.; Tahir, M.F. Wheat quality: A review on chemical composition, nutritional attributes, grain anatomy,
types, classification, and function of seed storage proteins in bread making quality. Front. Nutr. 2023, 10, 1053196. [CrossRef]

5. Budzynski, W.S,; Bepirszcz, K.; Jankowski, K.J.; Dubis, B.; Htasko-Nasalska, A.; Sokélski, M.M.; Olszewski, J.; Zatuski, D. The
responses of winter cultivars of common wheat, durum wheat and spelt to agronomic factors. J. Agric. Sci. 2018, 156, 1163-1174.
[CrossRef]

6.  Zubko, V,; Sirenko, V.; Kuzina, T.; Onychko, V.; Sokolik, S.; Roubik, H.; Koszel, M.; Shchur, T. Modelling wheat grain flow during
sowing based on the model of grain with shifted center of gravity. Agric. Eng. 2022, 26, 25-37. [CrossRef]

7. Faostat, Food and Agriculture Organization Corporate Statistical Database. 2023. Available online: http://www.apps.fao.org/
faostat/en/#home (accessed on 19 February 2024).

8.  Mitura, K.; Cacak-Pietrzak, G.; Feledyn-Szewczyk, B.; Szablewski, T.; Studnicki, M. Yield and grain quality of common wheat
(Triticum aestivum L.) depending on the different farming systems (organic vs. integrated vs. conventional). Plants 2023, 12, 1022.
[CrossRef]

9.  Shewry, PR. Wheat. J. Exp. Bot. 2009, 60, 1537-1553. [CrossRef] [PubMed]

10. Budzyniski, W. Common wheat. In Wheats—Common, Spelt, Durum. Cultivation and Uses; Budzyfiski, W., Ed.; PWRiL: Poznan,
Poland, 2012; pp. 23-150. (In Polish)

11.  Guerrini, L.; Napoli, M.; Mancini, M.; Masella, P.; Cappelli, A.; Parenti, A.; Orlandini, S. Wheat grain composition, dough rheology
and bread quality as affected by nitrogen and sulfur fertilization and seeding density. Agronomy 2020, 10, 233. [CrossRef]

12.  Dilmurodovich, D.S.; Bekmurodovich, B.N.; Shakirjonovich, K.N. Creation of new drought-resistant, high-yielding and high-
quality varieties of bread wheat for rainfed areas. Br. J. Glob. Ecol. Sustain. Dev. 2022, 2, 61-73.

13.  Jankowski, K.J.; Kijewski, L.; Dubis, B. Milling quality and flour strength of the grain of winter wheat grown in monoculture.
Rom. Agric. Res. 2015, 32, 191-200.

14. Stepniewska, S. Milling value of grain of selected wheat cultivars from crop years 2012-2014. Acta Agrophysica 2016, 23, 105-117.
(In Polish)

15. Szafranska, A.; Rothkaehl, J. The falling number and the maximum viscosity of wheat flour starch. Przeglad ZboZowo-Mtynarski
2011, 10, 6-7. (In Polish)

16. Jurga, R. Evaluation of the milling yield of wheat grain based on ash content and flour color. Przeglad Zbozowo-Mtynarski 2006, 50,
19-21. (In Polish)

17. Guzman, C.; Ibba, M.L; Alvarez, ].B.; Sissons, M.; Morris, C. Wheat quality. In Wheat Improvement: Food Security in a Changing
Climate; Reynolds, M.P,, Braun, H., Eds.; Springer International Publishing: Cham, Switzerland, 2022; pp. 177-193.

18.  Wang, K,; Taylor, D.; Ruan, Y.; Pozniak, C.J.; Izydorczyk, M.; Fu, B.X. Unveiling the factors affecting milling quality of durum
wheat: Influence of kernel physical properties, grain morphology and intrinsic milling behaviours. J. Cereal Sci. 2023, 113, 103755.
[CrossRef]

19. Dziki, D. The latest innovations in wheat flour milling: A review. Agric. Eng. 2023, 27, 147-162. [CrossRef]

20. Edwards, M.A. Morphological Features of Wheat Grain and Genotype Affecting Flour Yield. Ph.D. Thesis, Southern Cross
University, East Lismore, NSW, Australia, 2010; pp. 1-203.

21. Hrugkova, M.; Svec, . Wheat hardness in relation to other quality factors. Czech J. Food Sci. 2009, 27, 240-248. [CrossRef]

22. Lafiandra, D.; Sestili, E; Sissons, M.; Kiszonas, A.; Morris, C.F. Increasing the versatility of durum wheat through modifications of
protein and starch composition and grain hardness. Foods 2022, 11, 1532. [CrossRef] [PubMed]

23. Ma, Q,; Wang, M.; Zheng, G.; Yao, Y.; Tao, R.; Zhu, M.; Ding, J.; Li, C.; Guo, W.; Zhu, X. Twice-split application of controlled-release
nitrogen fertilizer met the nitrogen demand of winter wheat. Field Crops Res. 2021, 267, 108163. [CrossRef]

24. Mastanjevi¢, K.; Habschied, K.; Dvojkovi¢, K.; Karakasi¢, M.; Glavas, H. Vitreosity as a major grain quality indicator—Upgrading
the grain-cutter method with a new blade. Appl. Sci. 2023, 13, 2655. [CrossRef]

25.  Rachon, L.; Szumito, G.; Czubacka, M. Evaluation of grain glassiness of selected varieties and species of wheat. Ann. Univ. Mariae
Curie-Sktodowska. Sect. E. Agric. 2012, 67, 17-23. (In Polish)

26. Sadkiewicz, J. Grain vitreousness—An important parameter in wheat quality evaluation. Przeglad Zbozowo-Mtynarski 1998, 7,
18-19. (In Polish)

27. Zhygunov, D.; Sots, S.; Barkovska, Y.; Liu, ].; Wang, E; Liu, X.; Wang, Z.; Li, X. Influence of grain quality indicators on the flour
quality indicators at the laboratory milling. Grain Prod. Mix. Fodder’s 2022, 22, 17-29. [CrossRef]

28. Carson, G.R.; Edwards, N.M. Criteria of wheat and flour quality. In Book Wheat: Chemistry and Technology, 4th ed.; Khan, K.,

Shewry, P.R., Eds.; AACC International: St. Paul, MN, USA, 2009; pp. 97-118.


https://doi.org/10.1080/07929978.1995.10676595
https://doi.org/10.3390/su13052972
https://doi.org/10.3389/fnut.2023.1053196
https://doi.org/10.1017/S0021859619000054
https://doi.org/10.2478/agriceng-2022-0003
http://www.apps.fao.org/faostat/en/#home
http://www.apps.fao.org/faostat/en/#home
https://doi.org/10.3390/plants12051022
https://doi.org/10.1093/jxb/erp058
https://www.ncbi.nlm.nih.gov/pubmed/19386614
https://doi.org/10.3390/agronomy10020233
https://doi.org/10.1016/j.jcs.2023.103755
https://doi.org/10.2478/agriceng-2023-0011
https://doi.org/10.17221/71/2009-CJFS
https://doi.org/10.3390/foods11111532
https://www.ncbi.nlm.nih.gov/pubmed/35681282
https://doi.org/10.1016/j.fcr.2021.108163
https://doi.org/10.3390/app13042655
https://doi.org/10.15673/gpmf.v22i1.2343

Agriculture 2024, 14, 552 22 of 28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Rozbicki, J.; Cegliniska, A.; Gozdowski, D.; Jakubczak, M.; Cacak-Pietrzak, G.; Madry, W.; Golba, J.; Piechociriski, M.; Sobczyniski,
G.; Studnicki, M.; et al. Influence of the cultivar, environment and management on the grain yield and bread-making quality in
winter wheat. J. Cereal Sci. 2015, 61, 126-132. [CrossRef]

Guzman, C.; Pena, R.J.; Singh, R.; Autrique, E.; Dreisigacker, S.; Crossa, J.; Rutkoski, J.; Poland, J.; Battenfield, S. Wheat quality
improvement at CIMMYT and the use of genomic selection on it. Appl. Transl. Genom. 2016, 11, 3-8. [CrossRef]

Jarecki, W.; Bobrecka-Jamro, D.; Buczek, J.; Jariczak-Pieniazek, M. Effect of high nitrogen doses on yield, quality and chemical
composition grain of winter wheat cultivars. J. Elem. 2020, 25, 1005-1017. [CrossRef]

Petingco, M.C.; Casada, M.E.; Maghirang, R.G.; Thompson, S.A.; Turner, A.P.; McNeill, S.G.; Montross, M. Discrete element
method simulation of wheat bulk density as affected by grain drop height and kernel size distribution. J. ASABE 2022, 65, 555-566.
[CrossRef]

Rothkaehl, J. Wheat grain for human consumption—Marketing and processing. In Wheats—Common, Spelt, Durum. Cultivation
and Uses; Budzynski, W., Ed.; PWRIiL: Pozna1i, Poland, 2012; pp. 235-264. (In Polish)

Dunareanu, I.C.; Bonea, D. Grain yield and hectolitre weight of some wheat cultivars in organic and conventional production
systems. Rom. Agric. Res. 2022, 39, 229-237. [CrossRef]

Mandea, V.; Marinciu, C.M.; Serban, G.; Ciontu, C.; Saulescu, N.N. Genetic and environmental effects on grain size uniformity in
winter wheat. Rom. Agric. Res. 2022, 39, 133-138. [CrossRef]

Li, J; Liu, X,; Yang, X.; Li, Y.; Wang, C.; He, D. Proteomic analysis of the impacts of powdery mildew on wheat grain. Food Chem.
2018, 261, 30-35. [CrossRef]

Kumar, A.; Nayak, R.; Purohit, S.R.; Rao, P.S. Impact of UV-C irradiation on solubility of Osborne protein fractions in wheat flour.
Food Hydrocoll. 2021, 110, 105845. [CrossRef]

Wieser, H.; Kieffer, R. Correlations of the amount of gluten protein types to the technological properties of wheat flours determined
on a micro-scale. J. Cereal Sci. 2001, 34, 19-27. [CrossRef]

Zhang, P; He, Z.; Chen, D.; Zhanga, Y.; Larroquee, O.R.; Xia, X. Contribution of common wheat protein fractions to dough
properties and quality of northern-style Chinese steamed bread. J. Cereal Sci. 2007, 46, 1-10. [CrossRef]

Li, Y.Q.; Zhu, R ]; Tian, ].C. Influence of wheat protein contents and fractions on dough rheological properties as determined by
using a reconstitution method. Agric. Sci. China 2008, 7, 395-404. [CrossRef]

Li, M.; Yue, Q.; Liu, C.; Zheng, X.; Hong, ].; Wang, N.; Bian, K. Interaction between gliadin/glutenin and starch granules in dough
during mixing. LWT 2021, 148, 111624. [CrossRef]

Wieser, H. Chemistry of gluten proteins. Food Microbiol. 2007, 24, 115-119. [CrossRef] [PubMed]

Dizlek, H.; Girard, A.L.; Awika, ].M. High protein and gliadin content improves tortilla quality of a weak gluten wheat. LWT
2022, 160, 113320. [CrossRef]

Zhang, Y.; Xu, M.; Zhang, X.; Hu, Y.; Luan, G. Application of zein in gluten-free foods: A comprehensive review. Food Res. Int.
2022, 160, 111722. [CrossRef] [PubMed]

Simoén, ML.R,; Fleitas, M.C.; Castro, A.C.; Schierenbeck, M. How foliar fungal diseases affect nitrogen dynamics, milling, and
end-use quality of wheat. Front. Plant Sci. 2020, 11, 1568. [CrossRef]

Lakié¢-Karali¢, N.; Vasilisin, L.; Vuci¢, G. Relationship between the test weight and some physical and chemical properties of the
wheat kernel. Agro-Know. . 2021, 22, 137-148. [CrossRef]

Tian, S.; Zhang, M.; Li, J.; Wen, S.; Bi, C.; Zhao, H.; Wei, C.; Chen, Z.; Yu, J.; Shi, X,; et al. Identification and validation of stable
quantitative trait loci for sds-sedimentation volume in common wheat (Triticum aestivum L.). Front. Plant Sci. 2021, 12, 747775.
[CrossRef]

He, Z.H,; Liu, L.; Xia, X.C.; Liu, J.J.; Pefa, R.J. Composition of HMW and LMW glutenin subunits and their effects on dough
properties, pan bread, and noodle quality of Chinese bread wheats. Cereal Chem. 2005, 82, 345-350. [CrossRef]

Kata, M.; Przyborowski, M.; Lugowska, B.; Gasparis, S.; Nadolska-Orczyk, A. Characteristics of gluten proteins in breeding lines
of wheat. Biul. IHAR 2017, 282, 41-49. (In Polish)

Buczek, J.; Jarecki, W.; Bobrecka-Jamro, D. The response of population and hybrid wheat to selected agro-environmental factors.
Plant Soil Environ. 2016, 62, 67-73. [CrossRef]

Wang, Y.; Shewry, PR.; Hawkesford, M.].; Qi, P.; Wan, Y. High molecular weight glutenin subunit (HMW-GS) 1Dx5 is concentrated
in small protein bodies when overexpressed in wheat starchy endosperm. J. Cereal Sci. 2021, 101, 103291. [CrossRef]

Bo, C; Fan, Z.; Ma, X,; Li, A.; Wang, H.; Kong, L.; Wang, X. Identification and introgression of a novel HMW-GS gene from
Aegilops tauschii. Agronomy 2022, 12, 2709. [CrossRef]

Yan, W.; Guo, Z.; Chen, Q.; Li, Y,; Zhao, K.; Wan, Y.-F; Hawkesford, M.].; Jiang, Y.-F; Kong, L.; Pu, Z.-E.; et al. Effect of
high-molecular-weight glutenin subunit Dy10 on wheat dough properties and end-use quality. |. Integr. Agric. 2023, 22,
1609-1617.

Veraverbeke, W.S.; Delcour, J.A. Wheat protein composition and properties of wheat glutenin in relation to breadmaking
functionality. Crit. Rev. Food Sci. Nutr. 2002, 42, 179-208. [CrossRef] [PubMed]

Konopka, L; Fornal, L.; Dziuba, M.; Czaplicki, S.; Natecz, D. Composition of proteins in wheat grain streams obtained by sieve
classification. . Sci. Food Agric. 2007, 87, 2198-2206. [CrossRef]

Feng, Y.; Zhang, H.; Wang, J.; Chen, H. Dynamic changes in glutenin macropolymer during different dough mixing and resting
processes. Molecules 2021, 26, 541. [CrossRef]


https://doi.org/10.1016/j.jcs.2014.11.001
https://doi.org/10.1016/j.atg.2016.10.004
https://doi.org/10.5601/jelem.2020.25.1.1994
https://doi.org/10.13031/ja.14811
https://doi.org/10.59665/rar3922
https://doi.org/10.59665/rar3913
https://doi.org/10.1016/j.foodchem.2018.04.024
https://doi.org/10.1016/j.foodhyd.2020.105845
https://doi.org/10.1006/jcrs.2000.0385
https://doi.org/10.1016/j.jcs.2006.10.007
https://doi.org/10.1016/S1671-2927(08)60082-6
https://doi.org/10.1016/j.lwt.2021.111624
https://doi.org/10.1016/j.fm.2006.07.004
https://www.ncbi.nlm.nih.gov/pubmed/17008153
https://doi.org/10.1016/j.lwt.2022.113320
https://doi.org/10.1016/j.foodres.2022.111722
https://www.ncbi.nlm.nih.gov/pubmed/36076416
https://doi.org/10.3389/fpls.2020.569401
https://doi.org/10.7251/AGREN2104137K
https://doi.org/10.3389/fpls.2021.747775
https://doi.org/10.1094/CC-82-0345
https://doi.org/10.17221/615/2015-PSE
https://doi.org/10.1016/j.jcs.2021.103291
https://doi.org/10.3390/agronomy12112709
https://doi.org/10.1080/10408690290825510
https://www.ncbi.nlm.nih.gov/pubmed/12058979
https://doi.org/10.1002/jsfa.2900
https://doi.org/10.3390/molecules26030541

Agriculture 2024, 14, 552 23 of 28

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sjoberg, S.M.; Carter, A.H.; Steber, C.M.; Garland, K.A. Application of the factor analytic model to assess wheat falling number
performance and stability in multienvironment trials. Crops Sci. 2021, 61, 372-382. [CrossRef]

Rothkaehl, J. The quality of wheat grain harvested in 2014 in Poland. Przeglad Piek. I Cukier. 2015, 5, 10-14. (In Polish)

Hu, Y;; Sjoberg, S.M.; Chen, C.; Hauvermale, A.L.; Morris, C.E; Delwiche, S.R.; Cannon, A.E.; Steber, C.; Zhang, Z. As the number
falls, alternatives to the Hagberg—Perten falling number method: A review. Compr. Rev. Food Sci. Food Saf. 2022, 21, 2105-2117.
[CrossRef]

Buczek, J.; Jarecki, W.; Jariczak-Pieniazek, M.; Bobrecka-Jamro, D. Hybrid wheat yield and quality related to cultivation intensity
and weather condition. J. Elem. 2020, 25, 71-83. [CrossRef]

Fu, S.; Liu, X.M.; Ma, Y; Li, H.; Zhen, YM.; Zhang, Z.X.; Wang, Y.Q.; Men, M.X,; Peng, Z.P. Effects of nitrogen supply forms on the
quality and yield of strong and medium gluten wheat cultivars. . Plant Nutri. Fertil. 2022, 28, 83-93.

Lou, H.; Zhang, R.; Liu, Y.; Guo, D.; Zhai, S.; Chen, A.; Zhang, Y.; Xie, C.; You, M.; Peng, H.; et al. Genome-wide association study
of six quality-related traits in common wheat (Triticum aestivum L.) under two sowing conditions. Theor. Appl. Genet. 2021, 134,
399-418. [CrossRef] [PubMed]

Janiczak-Pieniazek, M.; Buczek, J.; Kwiatkowski, C.A.; Harasim, E. The course of physiological processes, yielding, and grain
quality of hybrid and population wheat as affected by integrated and conventional cropping systems. Agronomy 2022, 12, 1345.
[CrossRef]

Dupont, EM.; Hurkman, W.]J.; Vensel, W.H.; Tanaka, C.; Kothari, KM.; Chung, O.K.; Altenbach, S. Protein accumulation and
composition in wheat grains: Effects of mineral nutrients and high temperature. Eur. ]. Agron. 2006, 25, 96-107. [CrossRef]
Erekul, O.; Kéhn, W. Effect of weather and soil conditions on yield components and bread-making quality of winter wheat
(Triticum aestivum L.) and winter triticale (Triticosecale Wittm.) varieties in North-East Germany. J. Agron. Crop Sci. 2006, 192,
452-464. [CrossRef]

Jaskulska, I.; Jaskulski, D.; Galezewski, L.; Knapowski, T.; Kozera, W.; Waclawowicz, R. Mineral composition and baking value of
the winter wheat grain under varied environmental and agronomic conditions. J. Chem. 2018, 2018, 5013825. [CrossRef]
Wozniak, A.; Rachon, L. Effect of tillage systems on the yield and quality of winter wheat grain and soil properties. Agriculture
2020, 10, 405. [CrossRef]

Buczek, J.; Migut, D.; Jariczak-Pieniazek, M. Effect of soil tillage practice on photosynthesis, grain yield and quality of hybrid
winter wheat. Agriculture 2021, 11, 479. [CrossRef]

Djouadi, K.; Mekliche, A.; Dahmani, S.; Ladjiar, N.I.; Abid, Y.; Silarbi, Z.; Hamadache, A.; Pisante, M. Durum wheat yield and
grain quality in early transition from conventional to conservation tillage in semi-arid mediterranean conditions. Agriculture 2021,
11, 711. [CrossRef]

Budzyniski, W.; Borysewicz, J.; Bielski, S. The effects of nitrogen level on yield and technological parameters of winter wheat
grain. Pam. Pui. 2004, 135, 33-34. (In Polish)

Stankowski, S.; Smagacz, ].; Hury, G.; Ulasik, S. Effect of nitrogen fertilization intensity on grain and flour quality of winter wheat
cultivars. Acta Sci. Pol. Agric. 2008, 7, 105-114. (In Polish)

Muste, S.; Modoran, C.; Man, S.; Muresan, V.; Birou, A. The influence of wheat genotype on its quality. J. Agroaliment. Proc.
Technol. 2010, 16, 99-103.

Caglar, O.; Bulut, S.; Karaoglu, M.M.; Kotancilar, H.G.; Ozturk, A. Quality response of facultative wheat to winter sowing,
freezing sowing and spring sowing at different seeding rates. J. Anim. Vet. Adv. 2011, 10, 3368-3374. [CrossRef]

Zecevic, V.; Boskovig, J.; Knezevic, D.; Micanovic, D. Effect of seeding rate on grain quality of winter wheat. Chil. J. Agric. Res.
2014, 74, 23-28. [CrossRef]

Jankowski, K.J.; Budzynski, W.S.; Kijewski, L.; Dubis, D.; Lemanski, M. Flour quality, the rheological properties of dough and the
quality of bread made from the grain of winter wheat grown in a continuous cropping system. Acta Sci. Pol. Agric. 2014, 13, 3-18.
Khan, M.A; Basir, A.; Fahad, S.; Adnan, M.; Saleem, M.H.; Igbal, A.; Amanullah; Al-Hugqail, A.A.; Alosaimi, A.A.; Saud, S.; et al.
Biochar optimizes wheat quality, yield, and nitrogen acquisition in low fertile calcareous soil treated with organic and mineral
nitrogen fertilizers. Front. Plant Sci. 2022, 13, 879788. [CrossRef]

Tomaz, A.; Palma, ].F,; Ramos, T.; Costa, M.N.; Rosa, E.; Santos, M.; Boteta, L.; Dores, J.; Patanita, M. Yield, technological quality
and water footprints of wheat under Mediterranean climate conditions: A field experiment to evaluate the effects of irrigation
and nitrogen fertilization strategies. Agric. Water Manag. 2021, 258, 107214. [CrossRef]

Knapowski, T.; Ralcewicz, M. Estimation of the quality features of winter wheat corn and flour in the relation to diversification
nitrogen fertilization. Ann. Univ. Mariae Curie-Skfodowska. Sect. E Agric. 2004, 59, 959-968. (In Polish)

Podolsk, G.; Stankowski, S.; Dworakowski, T. The effect of nitrogen fertilization on yielding and technological value of winter
wheat cultivars. Fragm. Agron. 2007, 24, 274-282. (In Polish)

Budzynski, W.; Bielski, S. Influence of nitrogen fertilization on technological quality of winter wheat grain. Fragm. Agron. 2008,
25,27-38. (In Polish)

Reznick, J.PK.; Barth, G.; Kaschuk, G.; Pauletti, V. Nitrogen and cultivars as field strategies to improve the nutritional status of
wheat grain and flour. J. Cereal Sci. 2021, 102, 103290. [CrossRef]

Narkiewicz-Jodko, M.; Gil, Z.; Wojciechowski, W.; Zmijewski, M. Health and quality of grain spring wheat in relations to stubble
crops and nitrogen fertilization. Fragm. Agron. 2008, 25, 251-260. (In Polish)


https://doi.org/10.1002/csc2.20293
https://doi.org/10.1111/1541-4337.12959
https://doi.org/10.5601/jelem.2019.24.2.1825
https://doi.org/10.1007/s00122-020-03704-y
https://www.ncbi.nlm.nih.gov/pubmed/33155062
https://doi.org/10.3390/agronomy12061345
https://doi.org/10.1016/j.eja.2006.04.003
https://doi.org/10.1111/j.1439-037X.2006.00234.x
https://doi.org/10.1155/2018/5013825
https://doi.org/10.3390/agriculture10090405
https://doi.org/10.3390/agriculture11060479
https://doi.org/10.3390/agriculture11080711
https://doi.org/10.3923/javaa.2011.3368.3374
https://doi.org/10.4067/S0718-58392014000100004
https://doi.org/10.3389/fpls.2022.879788
https://doi.org/10.1016/j.agwat.2021.107214
https://doi.org/10.1016/j.jcs.2021.103290

Agriculture 2024, 14, 552 24 of 28

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Ellmann, T. Effect of plant protection, nitrogen fertilization and date of harvest on yield of winter wheat. Fragm. Agron. 2011, 28,
15-25. (In Polish)

Sissons, M.; Egan, N.; Simpfendorfer, S. Effect of nitrogen fertilization and inoculation of durum wheat with fusarium pseudo-
graminearum on yield, technological quality and gluten protein composition. Agronomy 2023, 13, 1658. [CrossRef]

Kindred, D.R.; Gooding, M.].; Ellis, R.H. Nitrogen fertilizer and seed rate effects on Hagberg falling number of hybrid wheats
and their parents are associated with a-amylase activity, grain cavity size and dormancy. J. Sci. Food Agric. 2005, 85, 727-742.
[CrossRef]

Dargie, S.; Wogi, L.; Kidanu, S. Nitrogen use efficiency, yield, and yield traits of wheat response to slow-releasing N fertilizer
under balanced fertilization in Vertisols and Cambisols of Tigray, Ethiopia. Cogent Environ. Sci. 2020, 6, 1778996. [CrossRef]

Shi, R.; Zhang, Y.; Chen, X; Sun, Q.; Zhang, E; Rémheld, V.; Zou, C. Influence of long-term nitrogen fertilization on micronutrient
density in grain of winter wheat (Triticum aestivum L.). ]. Cereal Sci. 2010, 51, 165-170. [CrossRef]

Dubis, B. Agricultural, energy and economic analysis of spring wheat production for human consumption. In Dissertations and
Monographs; Publishing House of the University of Warmia and Mazury: Olsztyn, Poland, 2012; Volume 171, p. 130. (In Polish)
Sutek, A.; Podolska, G. Grain yield and technological quality value of spring wheat cv. Nawra depending on nitrogen fertilization
doses and time of its application. Acta Sci. Pol. Agric. 2008, 7, 103-110. (In Polish)

Wieser, H.; Koehler, P; Scherf, K.A. Chemistry of wheat gluten proteins: Quantitative composition. Cereal Chem. 2023, 100, 36-55.
[CrossRef]

Stepien, A.; Wojtkowiak, K. Composition of gluten proteins in spring and winter wheat grain cultivated under conditions of
varied fertilization. Acta Agric. Scand. Sect. B—Soil Plant Sci. 2013, 63, 588-594. [CrossRef]

Toth, B.; Bilion, A.; Labuschagne, M. Influence of low soil nitrogen and phosphorus on gluten polymeric and monomeric protein
distribution in two high quality spring wheat cultivars. ]. Cereal Sci. 2020, 92, 102867. [CrossRef]

Horvat, D.; Simi¢, G.; Dvojkovi¢, K.; Ivi¢, M.; Plavsin, I.; Novoselovi¢, D. Gluten protein compositional changes in response to
nitrogen application rate. Agronomy 2021, 11, 325. [CrossRef]

Keres, I.; Alaru, M.; Koppel, R.; Altosaar, I.; Tosens, T.; Loit, E. The combined effect of nitrogen treatment and weather conditions
on wheat protein-starch interaction and dough quality. Agriculture 2021, 11, 1232. [CrossRef]

Vetch, ].M.; Stougaard, R.N.; Martin, ].M.; Giroux, M.J. Revealing the genetic mechanisms of pre-harvest sprouting in hexaploid
wheat (Triticum aestivum L.). Plant Sci. 2019, 281, 180-185. [CrossRef] [PubMed]

Singh, C.; Kamble, U.; Gupta, V.; Singh, G.; Sheoran, S.; Gupta, A.; Tyagi, B.S.; Kumar, P.; Mishra, C.N.; Krishannapa, G.; et al.
Pre-harvest sprouting in wheat: Current status and future prospects. J. Cereal Res. 2021, 13, 1-22. [CrossRef]

Tai, L.; Wang, H.J.; Xu, X.J.; Sun, WH.; Ju, L.; Liu, W.T,; Li, W.Q.; Sun, J.; Chen, K.M. Pre-harvest sprouting in cereals: Genetic and
biochemical mechanisms. J. Exp. Bot. 2021, 72, 2857-2876. [CrossRef]

Chang, C.; Zhang, H.; Lu, J.; Si, H.; Ma, C. Genetic improvement of wheat with pre-harvest sprouting resistance in China. Genes
2023, 14, 837. [CrossRef]

Penning, B.W. Gene expression differences related to pre-harvest sprouting uncovered in related wheat varieties by RNAseq
analysis. Plant Gene 2023, 33, 100404. [CrossRef]

Geisslitz, S.; Longin, C.EH.; Scherf, K.A.; Koehler, P. Comparative study on gluten protein composition of ancient (Einkorn,
Emmer and Spelt) and modern wheat species (durum and common wheat). Foods 2019, 8, 409. [CrossRef]

Kubar, M.; Feng, M.; Sayed, S.; Shar, A.; Rind, N.; Ullah, H.; Kalhoro, S.; Xie, Y.; Yang, C.; Yang, W.; et al. Agronomical traits
associated with yield and yield components of winter wheat as affected by nitrogen managements. Saudi J. Biol. Sci. 2021, 28,
4852-4858. [CrossRef]

Meier, U. Growth Stages of Mono- and Dicotyledonous Plants: BBCH Monograph; Julius Kithn-Institut: Quedlinburg, Germany, 2018.
Available online: https://www.julius-kuehn.de/media/ Veroeffentlichungen /bbch%20epaper%20en/page.pdf (accessed on 10
January 2024).

Majewska, K. Basis of classification and synthesis of wheat grain gluten proteins. Zywn. Nauka Technol. Jakosé 1999, 6, 15-25.
(In Polish)

Podolska, G. Effect of nitrogen fertilization doses and way of its application on yield and technological quality of winter wheat
cultivars grain. Acta Sci. Pol. Agric. 2008, 7, 57-65. (In Polish)

Ding, J.; Li, E; Xu, D.; Wu, P; Zhu, M,; Li, C.; Zhu, X,; Chen, Y.; Guo, W. Tillage and nitrogen managements increased wheat yield
through promoting vigor growth and production of tillers. Agron. J. 2021, 113, 1640-1652. [CrossRef]

Sieling, K.; Kage, H. Apparent fertilizer N recovery and the relationship between grain yield and grain protein concentration of
different winter wheat varieties in a long-term field trial. Eur. J. Agron. 2021, 124, 126246. [CrossRef]

Derebe, B.; Bitew, Y.; Asargew, F.; Chakelie, G. Optimizing time and split application of nitrogen fertilizer to harness grain yield
and quality of bread wheat (Triticum aestivum L.) in northwestern Ethiopia. PLoS ONE 2022, 17, €0279193. [CrossRef]

Zende, N.B.; Sethi, H.N.; Karunakar, A.P; Jiotode, D.J. Effect of sowing time and fertility levels on yield and quality of durum
wheat genotypes. Res. Crops 2005, 6, 194-196.

Tyagi, PK.; Pannu, R.K.; Sharma, K.D.; Chaudhary, B.D.; Singh, D.P. Response of different cultivars to terminal heat stress. T.
Agrochem. Cult. 2003, 24, 20-21.

Asseng, S.; Jameison, P.D.; Kimball, B.; Pinter, P.; Sayre, K.; Bowden, ].W.; Howden, S.M. Simulated wheat growth affected by
rising temperature increased water deficit and elevated atmospheric CO,. Field Crops Res. 2004, 85, 85-102. [CrossRef]


https://doi.org/10.3390/agronomy13061658
https://doi.org/10.1002/jsfa.2025
https://doi.org/10.1080/23311843.2020.1778996
https://doi.org/10.1016/j.jcs.2009.11.008
https://doi.org/10.1002/cche.10553
https://doi.org/10.1080/09064710.2013.829866
https://doi.org/10.1016/j.jcs.2019.102867
https://doi.org/10.3390/agronomy11020325
https://doi.org/10.3390/agriculture11121232
https://doi.org/10.1016/j.plantsci.2019.01.004
https://www.ncbi.nlm.nih.gov/pubmed/30824050
https://doi.org/10.25174/2582-2675/2021/114484
https://doi.org/10.1093/jxb/erab024
https://doi.org/10.3390/genes14040837
https://doi.org/10.1016/j.plgene.2023.100404
https://doi.org/10.3390/foods8090409
https://doi.org/10.1016/j.sjbs.2021.07.027
https://www.julius-kuehn.de/media/Veroeffentlichungen/bbch%20epaper%20en/page.pdf
https://doi.org/10.1002/agj2.20562
https://doi.org/10.1016/j.eja.2021.126246
https://doi.org/10.1371/journal.pone.0279193
https://doi.org/10.1016/S0378-4290(03)00154-0

Agriculture 2024, 14, 552 25 of 28

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Kaur, A.; Pannu, RK,; Buttar, G.S. Quality of wheat (T. aestivum) as influenced by sowing dates and nitrogen scheduling. Indian J.
Agric. Sci. 2010, 80, 781-785.

Meena, R K.; Parihar, S.S.; Singh, M.; Khanna, M. Effects of sowing dates and irrigation regimes on grain quality of wheat grown
under semi-arid condition of India. J. Appl. Nat. Sci. 2016, 8, 960-966. [CrossRef]

Shalaby, N.E.; Abdelkhalik, S.A.; Gad, K.I.; Elsamahy, B.E. Effect of sowing date on grain yield and quality of some Egyptian
bread wheat genotypes. Egyp. J. Agric. Res. 2023, 101, 643-652. [CrossRef]

Singh, N.; Virdi, A.S.; Katyal, M.; Kaur, A ; Kaur, D.; Ahlawat, A K.; Singh, A.M.; Sharma, R K. Evaluation of heat stress through
delayed sowing on physicochemical and functional characteristics of grains, whole meals and flours of India wheat. Food Chem.
2021, 344, 128725. [CrossRef] [PubMed]

Gooding, M.].; Elli, R H.; Shewr, PR.; Schofield, ].D. Effects of restricted water availability and increased temperature on the grain
filling, drying and quality of winter wheat. J. Cereal Sci. 2003, 37, 295-309. [CrossRef]

Motzo, R;; Fois, S.; Giunta, F. Protein content and gluten quality of durum wheat as affected sowing date. J. Sci. Food Agric. 2007,
87,1480-1488. [CrossRef]

Farooq, M.; Bramley, H.; Palta, ].A.; Siddique, K.H.M. Heat stress in wheat during reproductive and grain filling phases. Crit. Rev.
Plant Sci. 2011, 30, 491-507. [CrossRef]

Singh, S.; Gupta, A.K,; Kaur, N. Influence of drought and sowing time on protein composition, antinutrients, and mineral contents
of wheat. Sci. World J. 2012, 2012, 485751. [CrossRef]

Mahdavi, S.; Arzani, A.; Maibody, S.M.; Kadivar, M. Grain and flour quality of wheat genotypes grown under heat stress. Saudi J.
Biol. Sci. 2022, 29,103417. [CrossRef]

Zahra, N.; Hafeez, M.B.; Wahid, A.; Al Masruri, M.H.; Ullah, A ; Siddique, K.H.; Farooq, M. Impact of climate change on wheat
grain composition and quality. J. Sci. Food Agric. 2023, 103, 2745-2751. [CrossRef] [PubMed]

Geleta, B.; Atak, M.; Baenziger, P.S.; Nelson, L.A.; Baltenesperger, D.D.; Eskridge, K.M.; Shipman, M.].; Shelton, D.R. Seeding rate
and genotype effect on agronomic performance and end use quality of winter wheat. Crop Sci. 2002, 42, 827-832.

Soofizada, Q.; Pescatore, A.; Guerrini, L.; Fabbri, C.; Mancini, M.; Orlandini, S.; Napoli, M. Effects of nitrogen plus sulfur
fertilization and seeding density on yield, rheological parameters, and asparagine content in old varieties of common wheat
(Triticum aestivum L.). Agronomy 2022, 12, 351. [CrossRef]

Sun, Y,; Yang, W.; Wu, Y.; Cui, Y.; Dong, Y.; Dong, Z.; Hai, ]. The effects of different sowing density and nitrogen topdressing on
wheat were investigated under the cultivation mode of hole sowing. Agronomy 2023, 13, 1733. [CrossRef]

Lachutta, K.; Jankowski, K.J. An agronomic efficiency analysis of winter wheat at different sowing strategies and nitrogen
fertilizer rates. A case study in north-eastern Poland. Agriculture 2024, 14, 442. [CrossRef]

PN R-74110:1998; Barley—Test Methods. Polish Committee for Standardization: Warszawa, Poland, 1998. (In Polish)

PN-EN ISO 7971-3:2019-03; Cereals. Determination of Bulk Density, Called Mass per Hectolitre. Part 3: Routine Method. Polish
Committee for Standardization: Warszawa, Poland, 2019. (In Polish)

PN R-74008:1970; Cereal Grain. Determination of Glassiness of Grains. Polish Committee for Standardization: Warszawa, Poland,
1970. (In Polish)

PN-EN ISO 21415-2:2015-12E; Wheat and Wheat Flour. Gluten Content. Part 2: Determination of Wet Gluten and Gluten Index
by Mechanical Means. Polish Committee for Standardization: Warszawa, Poland, 2015. (In Polish)

PN-EN ISO 5529:2010; Wheat—Determination of the Sedimentation Index—Zeleny Test. Polish Committee for Standardization:
Warszawa, Poland, 2010. (In Polish)

Hagberg, S. A rapid method for determining alpha-amylase activity. Cereal Chem. 1961, 37, 218-222.

Hagberg, S. Note on a simplified rapid method for determining alpha-amylase activity. Cereal Chem. 1960, 38, 202-203.

PN-EN ISO 3093:2010; Wheat, Rye and Respective Flours, Durum Wheat and Durum Wheat Semolina—Determination of the
Falling Number According to Hagberg-Perten. Polish Committee for Standardization: Warszawa, Poland, 2010. (In Polish)
Molga, M. Agricultural Meteorology; PWRIL: Warszawa, Poland, 1958; pp. 550-556. (In Polish)

Bojanowski, J.S.; Sikora, S.; Musiat, ].P.; Wozniak, E.; Dabrowska-Zielinska, K.; Slesiniski, P.; Milewski, T.; Laczynski, A. Integration
of Sentinel-3 and MODIS vegetation indices with ERA-5 agro-meteorological indicators for operational crop yield forecasting.
Remote Sens. 2022, 14, 1238. [CrossRef]

Statistica (Data Analysis Software System), version 13; TIBCO Software Inc.: Palo Alto, CA, USA, 2017.

Buczek, J.; Bobrecka-Jamro, D. Assessment of qualitative parameters of population and hybrid wheat grain depending on the
production technology. Acta Agrophys. 2015, 22, 247-259.

Hughes, N.; Askew, K.; Scotson, C.P.; Williams, K.; Sauze, C.; Corke, F.; Doonan, J].H.; Nibau, C. Non-destructive, high-content
analysis of wheat grain traits using X-ray micro computed tomography. Plant Methods 2017, 13, 76. [CrossRef]

Panazzo, ].F,; Eagles, H.A. Cultivar and environmental effects on quality characters in wheat. II. Protein. Aust. . Agric. Res. 2000,
51, 629-636. [CrossRef]

McKenzie, R.H.; Middleton, A.B.; Bremer, E. Fertilization, seeding date, and seeding rate for malting barley yield and quality in
southern Alberta. Can. J. Plant Sci. 2005, 85, 603—-614. [CrossRef]

Waraich, E.A.; Ahmad, R;; Saifullah, S.A.; Ahmad, A. Impact of water and nutrient management on nutritional quality of wheat.
Plant Nutr. 2010, 33, 640-653. [CrossRef]


https://doi.org/10.31018/jans.v8i2.905
https://doi.org/10.21608/ejar.2023.191360.1332
https://doi.org/10.1016/j.foodchem.2020.128725
https://www.ncbi.nlm.nih.gov/pubmed/33279352
https://doi.org/10.1006/jcrs.2002.0501
https://doi.org/10.1002/jsfa.2855
https://doi.org/10.1080/07352689.2011.615687
https://doi.org/10.1100/2012/485751
https://doi.org/10.1016/j.sjbs.2022.103417
https://doi.org/10.1002/jsfa.12289
https://www.ncbi.nlm.nih.gov/pubmed/36273267
https://doi.org/10.3390/agronomy12020351
https://doi.org/10.3390/agronomy13071733
https://doi.org/10.3390/agriculture14030442
https://doi.org/10.3390/rs14051238
https://doi.org/10.1186/s13007-017-0229-8
https://doi.org/10.1071/AR99137
https://doi.org/10.4141/P04-152
https://doi.org/10.1080/01904160903575881

Agriculture 2024, 14, 552 26 of 28

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Coventry, D.R.; Yadav, A ; Poswal, R.S.; Sharma, R K.; Gupta, R.K.; Chhokar, R.S.; Gill, S.C.; Kumar, V.; Kumar, A.; Mehta, A ; et al.
Irrigation and nitrogen scheduling as a requirement for optimising wheat yield and quality in Haryana, India. Field Crops Res.
2011, 123, 80-88. [CrossRef]

Forster, S.M.; Ransom, J.K.; Manthey, F.A.; Rickertsen, J.R.; Mehring, G.H. Planting date, seeding rate, and cultivar impact
agronomic traits and semolina of durum wheat. Am. J. Plant Sci. 2017, 8, 2040. [CrossRef]

Sadowska, J.; Blaszczak, W.; Jelinski, T.; Fornal, J.; Borkowska, H.; Styk, B. Fertilization and technological quality of wheat grain.
Int. Agrophys. 2001, 15, 279-285.

Varga, B.; Sve¢njak, Z.; Jurkovi¢, Z.; Kovacevi, J.; Jukic, 7. Wheat grain and flour quality as affected by cropping intensity. Food
Technol. Biotechnol. 2003, 41, 321-329.

Kozlovsky, O.; Balij, J.; Cerny, J.; Kulhanek, M.; Prasilova, M.; Kos, M. Influence of nitrogen fertilizer injection (CULTAN) on yield,
yield components formation and quality of winter wheat grain. Plant Soil Environ. 2009, 55, 536-543. [CrossRef]

Carr, PM.; Horsley, R.D.; Poland, W.W. Tillage and seeding rate effects on wheat cultivars: I. Grain production. Crop Sci. 2003, 43,
202-209. [CrossRef]

Otteson, B.N.; Mergoum, M.; Ransom, ].K. Seeding rate and nitrogen management on milling and baking quality of hard red
spring wheat genotypes. Crop Sci. 2008, 48, 749-755. [CrossRef]

Harasim, E.; Wesotowski, M. The effect of retardant Moddus 250 EC and nitrogen fertilization on yielding and grain quality of
winter wheat. Fragm. Agron. 2013, 30, 70-77. (In Polish)

Jariczak-Pieniazek, M.; Buczek, J.; Kaszuba, J.; Szpunar-Krok, E.; Bobrecka-Jamro, D.; Jaworska, G. A comparative assessment of
the baking quality of hybrid and population wheat cultivars. Appl. Sci. 2020, 10, 7104. [CrossRef]

Pasha, I.; Anjum, EM.; Morris, C.E. Grain hardness: A major determinant of wheat quality. Food Sci. Technol. Int. 2010, 16, 511-522.
[CrossRef] [PubMed]

Coventry, D.R.; Gupta, RK; Yadav, A.; Poswal, R.S.; Chhokar, R.S.; Sharma, R.K.; Yadav, VK,; Gill, S.C.; Kumar, A.; Mehta, A,;
et al. Wheat quality and productivity as affected by varieties and sowing time in Haryana, India. Field Crops Res. 2011, 123,
214-225. [CrossRef]

McKenzie, R H.; Middleton, A.B.; Dunn, R.; Sadasivaiah, R.S.; Beres, B.; Bremer, E. Response of irrigated soft white spring wheat
to seeding date, seeding rate and fertilization. Can. J. Plant Sci. 2008, 88, 291-298. [CrossRef]

Twizerimana, A.; Niyigaba, E.; Mugenzi, I.; Ngnadong, W.A; Li, C.; Hao, T.Q.; Shio, B.].; Hai, ].B. The combined effect of different
sowing methods and seed rates on the quality features and yield of winter wheat. Agriculture 2020, 10, 153. [CrossRef]

Souza, E.J.; Martin, ].M.; Guttieri, M.J.; O’Brien, K.M.; Habernicht, D.K.; Lanning, S.P.; McLean, R.; Carlson, G.R.; Talbert, L.E.
Influence of genotype, environment, and nitrogen management on spring wheat quality. Crop Sci. 2004, 44, 425-432. [CrossRef]
Zhong, Y.; Wang, W.; Huang, X.; Liu, M.; Hebelstrup, K.H.; Yang, D.; Cai, J.; Wang, X.; Zhou, Q.; Cao, W,; et al. Nitrogen
topdressing timing modifies the gluten quality and grain hardness related protein levels as revealed by iTRAQ. Food Chem. 2019,
277,135-144. [CrossRef] [PubMed]

Hao, T,; Chen, R;; Jia, J.; Zhao, C.; Du, Y,; Li, W.; Zhao, L.; Duan, H. Enhancing wheat gluten content and processing quality: An
analysis of drip irrigation nitrogen frequency. Plants 2023, 12, 3974. [CrossRef]

Blandino, M.; Marinaccio, F.; Vaccino, P.; Reyneri, A. Nitrogen fertilization strategies suitable to achieve the quality requirements
of wheat for biscuit production. Agron. J. 2015, 107, 1584-1594. [CrossRef]

Valdés-Valdés, C.; Estrada-Campuzano, G.; Martinez Rueda, C.G.; Dominguez Lopez, A.; Solis-Moya, E.; Villanueva Carvajal,
A. Grain and flour wheat quality modified by genotype, availability of nitrogen, and growing season. Int. J. Agron. 2020, 2020,
1974083. [CrossRef]

Mor, V.B,; Patel, A.M.; Chaudhary, A.N. Performance of bread wheat (Triticum aestivum) under different nitrogen levels and its
split application under north Gujarat condition. Indian . Agron. 2019, 64, 482—488.

Dziki, D.; Cacak-Pietrzak, G.; Mi§, A.; Joriczyk, K.; Gawlik-Dziki, U. Influence of wheat kernel physical properties on the
pulverizing process. J. Food Sci. Technol. 2014, 54, 2648-2655. [CrossRef] [PubMed]

Bozek, K.S.; Zuk-Golaszewska, K.; Bojarczuk, J.; Golaszewski, J. The Effect of different nitrogen fertilizer rates, sowing density,
and plant growth regulator application on the quality and milling value of Triticum durum Desf. grain. Agronomy 2022, 12, 1622.
[CrossRef]

Karabinova, M.; Me¢iar, L.; Prochazkova, M. The influence of fertilization and sowing rate winter wheat baking quality. Acta
Fytotech. Zootech. 2001, 4, 77-80.

Gaire, R.; Huang, M.; Sneller, C.; Griffey, C.; Brown-Guedira, G.; Mohammadi, M. Association analysis of baking and milling
quality traits in an elite soft red winter wheat population. Crop Sci. 2019, 59, 1085-1094. [CrossRef]

Zheng, ].C.; Zhang, H.; Yu, J; Liu, T,; Li, W.; Xu, E; Wang, G.; Liu, T.; Li, J. Late sowing and nitrogen application to optimize
canopy structure and grain yield of bread wheat in a fluctuating climate. Turk. J. Field Crops 2021, 26, 170-179. [CrossRef]
Seleiman, M.; Ibrahim, M.; Abdel-Aal, S.; Zahran, G. Effect of sowing dates on productivity, technological and rheological
characteristics of bread wheat. J. Agro Crop Sci. 2011, 2, 1-6.

Wu, H.; Wang, Z.; Zhang, X.; Wang, J.; Hu, W.; Wang, H.; Derong, G.; Souza, E.; Cheng, S. Effects of different fertilizer treatments,
environment and varieties on the yield-, grain-, flour-, and dough-related traits and cookie quality of weak-gluten wheat. Plants
2022, 11, 3370. [CrossRef]


https://doi.org/10.1016/j.fcr.2011.05.004
https://doi.org/10.4236/ajps.2017.89137
https://doi.org/10.17221/165/2009-PSE
https://doi.org/10.2135/cropsci2003.2020
https://doi.org/10.2135/cropsci2007.08.0473
https://doi.org/10.3390/app10207104
https://doi.org/10.1177/1082013210379691
https://www.ncbi.nlm.nih.gov/pubmed/21339167
https://doi.org/10.1016/j.fcr.2011.05.017
https://doi.org/10.4141/CJPS07156
https://doi.org/10.3390/agriculture10050153
https://doi.org/10.2135/cropsci2004.4250
https://doi.org/10.1016/j.foodchem.2018.10.071
https://www.ncbi.nlm.nih.gov/pubmed/30502129
https://doi.org/10.3390/plants12233974
https://doi.org/10.2134/agronj14.0627
https://doi.org/10.1155/2020/1974083
https://doi.org/10.1007/s13197-012-0807-8
https://www.ncbi.nlm.nih.gov/pubmed/25328207
https://doi.org/10.3390/agronomy12071622
https://doi.org/10.2135/cropsci2018.12.0751
https://doi.org/10.17557/tjfc.1036633
https://doi.org/10.3390/plants11233370

Agriculture 2024, 14, 552 27 of 28

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Grote, U,; Fasse, A.; Nguyen, T.T.; Erenstein, O. Food security and the dynamics of wheat and maize value chains in Africa and
Asia. Front. Sustain. Food Syst. 2021, 4, 617009. [CrossRef]

Wieser, H.; Koehler, P,; Scherf, K.A. The two faces of wheat. Front. Nutri. 2020, 7, 517313. [CrossRef] [PubMed]

Hellemans, T.; Landschoot, S.; Dewitte, K.; Van Bockstaele, F.; Vermeir, P.; Eeckhout, M.; Haesaert, G. Impact of crop husbandry
practices and environmental conditions on wheat composition and quality: A review. J. Agric. Food Chem. 2018, 66, 2491-2509.
[CrossRef] [PubMed]

El-Hawary, M.N.A.; Darwish, M.A.H.; Mohamed, M.M. Evaluation of some bread wheat genotypes under different abiotic
stresses. Plant Cell Biotechnol. Mol. Biol. 2022, 23, 20-32. [CrossRef]

Li, Y.F; Wu, Y;; Hernandez-Espinosa, N.; Pefia, R.]. Heat and drought stress on durum wheat: Responses of genotypes, yield, and
quality parameters. . Cereal Sci. 2013, 57, 398—404. [CrossRef]

Ahmed, M.; Fayyaz-ul-Hassan. Response of spring wheat (Triticum aestivum L.) quality traits and yield to sowing date. PLoS ONE
2015, 10, e0126097. [CrossRef] [PubMed]

Thapa, S.; Ghimire, A.; Adhikari, J.; Thapa, A.; Thapa, B. Impacts of sowing and climatic conditions on wheat yield in Nepal.
Malays. |. Halal Res. 2020, 3, 38—40. [CrossRef]

Ozturk, A.; Caglar, O.; Bulut, S. Growth and yield response of facultative wheat to winter sowing, freezing sowing and spring
sowing at different seeding rates. J. Agron. Crop Sci. 2006, 192, 10-16. [CrossRef]

Altenbach, S.B.; Dupont, EM.; Kothari, K.M.; Chan, R;; Johnson, E.; Lieu, D. Temperature, water, and fertilizer influence the
timing of key events during grain development in a US spring wheat. J. Cereal Sci. 2003, 37, 9-20. [CrossRef]

Sattar, A.; Cheema, M.A; Farooq, M.; Wahid, W.; Babar, H.B. Evaluating the performance of wheat cultivars under late sown
conditions. Int. ]. Agric. Biol. 2010, 12, 561-565.

Shah, F,; Coulter, J.A.; Ye, C.; Wu, W. Yield penalty due to delayed sowing of winter wheat and the mitigatory role of increased
seeding rate. Eur. J. Agron. 2020, 119, 126120. [CrossRef]

Gooding, M.].; Pinyosinwat, A.; Ellis, R.H. Responses of wheat grain yield and quality to seed rate. J. Agric. Sci. 2002, 138,
317-331. [CrossRef]

Han, H.; Yang, W. Influence of uniconazole and plant density on nitrogen content and grain quality in winter wheat in South
China. Plant Soil Environ. 2009, 55, 159-166. [CrossRef]

Nakano, H.; Morita, S. Effects of seeding rate and nitrogen application rate on grain yield and protein content of the bread wheat
cultivar ‘Minaminokaori” in Southwestern Japan. Plant Prod. Sci. 2009, 12, 109-115. [CrossRef]

Dragos, M.; Pirsan, P. Research concerning the influence of sowing period and sowing density on the protein, gluten and starch
content of autumn wheat in western Romania. Res. J. Agric. Sci. 2010, 42, 57-62.

Jemal, A.; Tamado, T.; Firdissa, E. Response of bread wheat (Triticum aestivum L.) varieties to seeding rates at Kulumsa, south
eastern Ethiopia. Asian J. Plant Sci. 2015, 14, 50-58.

Zhang, J.; Khan, S.; Sun, M.; Gao, Z.Q.; Liang, Y.F,; Yang, Q.S.; Zhang, H.Y.; Li, N. Coordinated improvement of grain yield and
protein content in dryland wheat by subsoiling and optimum planting density. Appl. Ecol. Environ. Res. 2018, 16, 7847-7866.
[CrossRef]

Hao, R.; Noor, H.; Wang, P; Sun, M.; Noor, F; Ullah, S.; Gao, Z. Combined effects of starch sucrose content and planting density
on grain protein content of winter wheat (Triticum aestivum L.). J. Food Nutr. Res. 2022, 10, 321-331. [CrossRef]

Landolfi, V.; D’Auria, G.; Nicolai, M.A.; Nitride, C.; Blandino, M.; Ferranti, P. The effect of nitrogen fertilization on the expression
of protein in wheat and tritordeum varieties using a proteomic approach. Food Res. Int. 2021, 148, 110617. [CrossRef]

Bogard, M.; Allard, V.; Brancourt-Hulmel, M.; Heumez, E.; Machet, ] M.; Jeuffroy, M.H.; Gate, P.; Martre, P.; Le Gouis, ]. Deviation
from the grain protein concentration-grain yield negative relationship is highly correlated to post-anthesis N uptake in winter
wheat. J. Exp. Bot. 2010, 61, 4303—4312. [CrossRef]

Zorb, C.; Ludewig, U.; Hawkesford, M.]. Perspective on wheat yield and quality with reduced nitrogen supply. Trends Plant Sci.
2018, 23, 1029-1037. [CrossRef]

Landolfi, V.; Visioli, G.; Blandino, M. Effect of nitrogen fertilization and fungicide application at heading on the gluten protein
composition and rheological quality of wheat. Agronomy 2021, 11, 1687. [CrossRef]

Xue, C.; Schulte auf'm Erley, G.; Rossmann, A.; Schuster, R.; Koehler, P.; Muehling, K.H. Split nitrogen application improves
wheat baking quality by influencing protein composition rather than concentration. Front. Plant Sci. 2016, 7, 738. [CrossRef]
[PubMed]

Hu, C.L; Sadras, V.O.; Lu, G.Y;; Zhang, P.X.; Han, Y,; Liu, L.; Xie, ].Y.; Yang, X.Y.; Zhang, S.L. A global meta-analysis of split
nitrogen application for improved wheat yield and grain protein content. Soil Tillage Res. 2021, 213, 105111. [CrossRef]

Schulz, R.; Makary, T.; Hubert, S.; Hartung, K.; Gruber, S.; Donath, S.; Dohler, J.; Weiss, K.; Ehrhart, E.; Claupein, W.; et al. Is it
necessary to split nitrogen fertilization for winter wheat? On-farm research on Luvisols in South-West Germany. J. Agric. Sci.
2015, 153, 575-587. [CrossRef] [PubMed]

Ma, W.; Yu, Z.; She, M.; Zhao, Y.; Islam, S. Wheat gluten protein and its impacts on wheat processing quality. Front. Agric. Sci.
Eng. 2019, 6, 279-287. [CrossRef]

éip, V.; Vavera, R.; Chrpova, J.; Kusa, P. Winter wheat yield and quality related to tillage practice, input level, and environmental
condition. Soil Tillage Res. 2013, 132, 77-85. [CrossRef]


https://doi.org/10.3389/fsufs.2020.617009
https://doi.org/10.3389/fnut.2020.517313
https://www.ncbi.nlm.nih.gov/pubmed/33195360
https://doi.org/10.1021/acs.jafc.7b05450
https://www.ncbi.nlm.nih.gov/pubmed/29488761
https://doi.org/10.56557/pcbmb/2022/v23i7-87455
https://doi.org/10.1016/j.jcs.2013.01.005
https://doi.org/10.1371/journal.pone.0126097
https://www.ncbi.nlm.nih.gov/pubmed/25927839
https://doi.org/10.2478/mjhr-2020-0006
https://doi.org/10.1111/j.1439-037X.2006.00187.x
https://doi.org/10.1006/jcrs.2002.0483
https://doi.org/10.1016/j.eja.2020.126120
https://doi.org/10.1017/S0021859602002137
https://doi.org/10.17221/1643-PSE
https://doi.org/10.1626/pps.12.109
https://doi.org/10.15666/aeer/1606_78477866
https://doi.org/10.12691/jfnr-10-4-9
https://doi.org/10.1016/j.foodres.2021.110617
https://doi.org/10.1093/jxb/erq238
https://doi.org/10.1016/j.tplants.2018.08.012
https://doi.org/10.3390/agronomy11091687
https://doi.org/10.3389/fpls.2016.00738
https://www.ncbi.nlm.nih.gov/pubmed/27313585
https://doi.org/10.1016/j.still.2021.105111
https://doi.org/10.1017/S0021859614000288
https://www.ncbi.nlm.nih.gov/pubmed/26063931
https://doi.org/10.15302/J-FASE-2019267
https://doi.org/10.1016/j.still.2013.05.002

Agriculture 2024, 14, 552 28 of 28

194.

195.

196.

197.

198.

199.
200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Wojtkowiak, K.; Stepieni, A.; Orzech, K. Effect of nitrogen fertilisation on the yield components, macronutrient content and
technological quality parameters of four winter wheat (Triticum aestivum ssp. vulgare) varieties. Fragm. Agron. 2018, 35, 146-155.
Al-Khayri, J.; Alshegaihi, R.; Mahgoub, E.I; Mansour, E.; Atallah, O.; Sattar, M.; Al-Mssallem, M.; Alessa, F.; Aldaej, M.; Hassanin,
A. Association of high and low molecular weight glutenin subunits with gluten strength in tetraploid durum wheat (Triticum
turgidum spp. durum L.). Plants 2023, 12, 1416. [CrossRef] [PubMed]

Sharma, N.; Kumar, A.; Sharma, B.; Chand, L.; Sharma, V.; Kumar, M. Effects of sowing dates and weed management on
productivity of irrigated wheat (Triticum aestivum). Indian J. Agric. Sci. 2020, 90, 556-559. [CrossRef]

Piekarczyk, M. Effect of fertilisation dose, plant protection input, and seeding density on the yield and grain technological quality
of winter wheat grown in short-time monoculture on light soil. Acta Sci. Pol. Agric. 2010, 9, 15-23.

Mikos-Szymariska, M.; Podolska, G. The effects of sowing date and seeding rate on spelt and common wheat protein composition
and characteristics. Qual. Assur. Saf. Crops Foods 2016, 8, 289-300. [CrossRef]

Litke, L.; Gaile, Z.; Ruza, A. Effect of nitrogen fertilization on winter wheat yield and yield quality. Agron. Res. 2018, 16, 500-509.
Rossini, F.; Provenzano, M.E,; Sestili, F; Ruggeri, R. Synergistic effect of sulfur and nitrogen in the organic and mineral fertilization
of durum wheat: Grain yield and quality traits in the Mediterranean environment. Agronomy 2018, 8, 189. [CrossRef]

Kizilgeci, F; Yildirim, M.; Islam, M.S.; Ratnasekera, D.; Igbal, M. A.; Sabagh, A.E. Normalized difference vegetation index and
chlorophyll content for precision nitrogen management in durum wheat cultivars under semi-arid conditions. Sustainability 2021,
13, 3725. [CrossRef]

Ma, D.; Guo, T.; Wang, Z.; Wang, C.; Zhu, Y.; Wang, Y. Influence of nitrogen fertilizer application rate on winter wheat (Triticum
aestivum L.) flour quality and Chinese noodle quality. ]. Sci. Food Agric. 2009, 89, 1213-1220. [CrossRef]

Bueno, M.M.; Thys, R.C.S.; Rodrigues, R.C. Microbial enzymes as substitutes for chemical additives in baking wheat flour. Part I:
Individual effects of nine enzymes on flour dough rheology. Food Bioproc. Tech. 2016, 9, 2012-2023. [CrossRef]

Grausgruber, H.; Oberforster, M.; Werteker, M.; Ruckenbauer, P.; Vollmann, ]. Stability of quality traits in Austrian-grown winter
wheats. Field Crop Res. 2000, 66, 257-267. [CrossRef]

Korres, N.E.; Froud-Williams, R.J. The effects of varietal selection, seed rate and weed competition on quantitative and qualitative
traits of grain yield in winter wheat. Asp. Appl. Biol. 2001, 64, 147-156.

Linina, A.; Ruza, A. Impact of agroecological conditions on the Hagberg falling number of winter wheat grain. Res. Rural. Dev.
2015, 1, 19-26.

Szentpétery, Z.; Jolankai, M.; Kleinheincs, C.; Szoll6si, G. Effect of nitrogen top-dressing on winter wheat. Cereal Res. Commun.
2005, 33, 619-626. [CrossRef]

Erekul, O.; Gotz, K.-P; Koca, Y.O. Effect of sulphur and nitrogen fertilization on breadmaking quality of wheat (Triticum aestivum
L.) varieties under Mediterranean climate conditions. J. Appl. Bot. Food Qual. 2012, 85, 17-22.

Corassa, G.M.; Hansel, ED.; Lollato, R.; Pires, J.L.; Schwalbert, R.; Amado, T.J.; Guarienti, E.M.; Gaviraghi, R.; Bisognin, M.B.;
Reimche, G.B.; et al. Nitrogen management strategies to improve yield and dough properties in hard red spring wheat. Agron. J.
2018, 110, 2417-2429. [CrossRef]

Eser, A.; Kassai, KM.; Kato, H.; Kunos, V.; Tarnava, A.; Jolankai, M. Impact of nitrogen topdressing on the quality parameters of
winter wheat (Triticum aestivum L.) yield. Acta Aliment. 2020, 49, 244-253. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/plants12061416
https://www.ncbi.nlm.nih.gov/pubmed/36987104
https://doi.org/10.56093/ijas.v90i3.101474
https://doi.org/10.3920/QAS2014.0574
https://doi.org/10.3390/agronomy8090189
https://doi.org/10.3390/su13073725
https://doi.org/10.1002/jsfa.3578
https://doi.org/10.1007/s11947-016-1780-4
https://doi.org/10.1016/S0378-4290(00)00079-4
https://doi.org/10.1556/CRC.33.2005.2-3.128
https://doi.org/10.2134/agronj2018.02.0075
https://doi.org/10.1556/066.2020.49.3.2

friried applied
e sciences

Article

Quality of Winter Wheat Flour from Different Sowing and
Nitrogen Management Strategies: A Case Study in
Northeastern Poland

Krzysztof Lachutta and Krzysztof J6zef Jankowski *

check for
updates

Citation: Lachutta, K.; Jankowski, K.J.
Quality of Winter Wheat Flour from
Different Sowing and Nitrogen
Management Strategies: A Case Study
in Northeastern Poland. Appl. Sci.
2024, 14, 5167. https://doi.org/
10.3390/app14125167

Academic Editors: Linchuan Fang

and Xunfeng Chen

Received: 15 May 2024
Revised: 6 June 2024
Accepted: 12 June 2024
Published: 14 June 2024

Copyright: © 2024 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 Agrotechnology and Agribusiness, Faculty of Agriculture and Forestry, University of Warmia and
Mazury in Olsztyn, Oczapowskiego 8, 10-719 Olsztyn, Poland; krzysztof.lachutta@ampol-merol.pl
* Correspondence: krzysztof jankowski@uwm.edu.pl

Abstract: The study analyzed the effect of nitrogen (N) management and different sowing parameters
of winter wheat on the flour quality, rheological properties of flour, and bread quality. Flour was
obtained from winter wheat grain produced during a field experiment conducted in 2018-2021. The
experiment involved three factors: (i) the sowing date (early (3—6 September), delayed by 14 days, and
delayed by 28 days), (ii) sowing density (200, 300, and 400 live grains m~2), and (iii) split application
of N fertilizer in spring (40 + 100, 70 + 70, and 100 + 40 kg ha~! in the full tillering stage and the
first node stage, respectively). A 28-day delay in sowing increased the total protein content of the
flour, water absorption capacity of the flour, dough development time and stability, and degree of
softening. When sowing was delayed by 14 or 28 days, the crumb density decreased without affecting
the loaf volume. A sowing density of 400 grains m 2 had a positive impact on the flour color, dough
stability, and loaf volume. The flour color and dough stability were enhanced when N was applied at
100 + 40 kg ha~1, respectively. In turn, the total protein content of flour peaked when it was applied
at 40 + 100 kg N ha~!. The quality of flour improved when winter wheat was sown at a density of
400 live grains m~2 with a delay of 14 or 28 days and supplied with 100 kg N ha~! in the full tillering
stage and 40 kg N ha~! in the first node stage.

Keywords: Triticum aestivum L.; sowing date; sowing density; N fertilization; flour; protein and ash
content; rheological properties; bread quality

1. Introduction

The global population continues to increase, which generates a higher demand for
food, mainly plant-based food [1-4]. The global cereal-equivalent food demand is projected
to increase by around 10% in 2030 and around 62% in 2050 due to growing social, economic,
and demographic pressures [5]. Wheat is one of the most important cereal crops around
the world [3,6,7]. The aim of modern crop breeding practices and wheat production
technologies is not only to increase grain yields but also to improve grain quality [8-10].
The technological quality of grain produced for baking purposes is determined based on the
chemical composition and physicochemical properties of flour [11-15]. The main quality
attributes of wheat flour include its color, total protein content, and crude ash content.
Wheat flour with desirable quality parameters is obtained by milling high-quality grain or
by blending grains from batches with different technological qualities to achieve an end
product with specific properties [16]. Color is a very important quality attribute of wheat
flour, in particular in flour intended for the production of bread and pasta, because it affects
consumer acceptability and the market value of cereal products [17]. The color of flour is
influenced mainly by lutein, xanthophyll, 3-carotene, and crude ash minerals (phosphorus,
potassium, magnesium, and calcium) [18,19]. The processing suitability of flour is partly
determined by its crude ash content [20-23]. The crude ash content could be low in flour
for baking light cakes and higher in bread flour [24]. In Poland, flours are classified into
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types based on their crude ash content (for example, type 450 is light cake flour, type 750
is bread flour, and 2000 is whole-wheat flour) [16]. The color of flour is influenced by
the coarseness of the grind and ash content (the lower the ash content, the lighter the
flour). White flour is produced mainly from the endosperm, the central part of the kernel,
where ash content does not exceed 5 g kg’l dry matter (DM). The bran layer (seed coat)
surrounding the endosperm is also partly ground during milling. The crude ash content of
the seed coat ranges from 60 to 100 g kg ~! DM. Therefore, the finer the grind, the more ash
is transferred to flour, resulting in its darker color [16]. Protein content is one of the key
factors for classifying wheat grain [25]. Flours intended for various purposes differ in their
protein content. Flours with a higher protein content (>125 g kg ! DM) are used in bread
production, whereas flours with a lower protein content (<95 g kg ~! DM) are best suited for
baking cakes and biscuits [26]. The rheological properties of flour determine its suitability
for the production of various types of baked goods, and these properties are measured
with the use of a farinograph [27,28]. A farinograph supports the dynamic measurements
of the consistency of dough made from wheat flour and water, as well as changes in the
dough properties during mixing. The following rheological properties are measured with
a farinograph: the water absorption capacity of flour, dough development time, dough
stability, and degree of softening. The water absorption capacity of flour is defined as
the amount of water needed to bring the dough to maximum consistency [29,30]. Flours
with a high water absorption capacity are used in the production of light and puffy cakes
or breads, and they enhance the end products’ taste, increase crumb softness, and delay
bread staling [30,31]. In turn, flours with a lower water absorption capacity are used in
the production of cakes and biscuits [32]. Elastic dough with a low viscosity absorbs more
water during mixing than weak dough [30]. Based on flour’s water absorption capacity,
changes in the dough consistency during development and the degree of dough softening
during mixing are registered by the farinograph [28]. The dough development time is
influenced by gluten stability [25,33]. A long dough development time is undesirable in the
baking industry, because it increases energy consumption during dough mixing. In turn, a
very short dough development time is indicative of flour with low gluten quality [34,35].
Dough stability is defined as the time during which dough retains its shape during proofing.
A high dough stability is indicative of a high dough strength and tolerance to mixing [33,34].
The degree of dough softening is also an important technological parameter in the baking
industry. A high water absorption capacity and low degree of dough softening testify to the
high quality of flour. In turn, a high degree of dough softening is indicative of low-quality
flour [36], and it inhibits dough fermentation [37]. The baking quality of wheat flour can
be comprehensively assessed based on the crumb density and bread loaf volume in a
laboratory baking test [38]. These parameters determine the quality and sensory attributes
of bread [38,39]. A dense crumb and low bread loaf volume are undesirable from the
consumers’ point of view [40].

The technological quality of wheat grain is a complex trait that is determined by
genetic factors, agroecological conditions, and agronomic practices, including the level
of agricultural inputs [41-44]. Nitrogen fertilization is regarded as the key determinant
of the technological quality of wheat grain [13,43-46]. Grain quality is affected not only
by the N rate but also by the N application method [47]. In Poland, the optimal rate of
N fertilizer in winter wheat for achieving grain yields of 8 Mg ha~! is 160-180 kg ha™!,
and 40-50% of that rate should be applied in the full tillering stage (FT), 30-40% in the
first node stage (FN), and 20-25% in the “flag leaf just visible, but still rolled” stage [13].
Rapid synthesis of gluten proteins begins around 12 days after wheat flowering and ends
35 days after flowering despite the fact that the substrate (amino acids) is still present. For
this reason, the total N rate has to be skillfully split into several applications to promote
optimal wheat growth [13]. Nitrogen affects mainly the grain yield when applied in the
early stages of wheat development, but it improves the quality of grain and flour when
applied in successive growth stages [48-50]. The ash content of flour is determined mainly
by weather conditions and cultivar, and it is less influenced by the N rate, N splitting,
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and date of N application [8,18,51,52]. The color of flour is negatively correlated with the
ash content, and it is also weakly influenced by N fertilization [8,18,53-59]. An increase
in the N rate increases the protein content of flour [60-62]. In turn, the water absorption
capacity of flour, rheological properties of dough (development time, stability, and degree
of softening), and bread quality (mainly loaf volume) tend to improve when N is applied
in the later growth stages of wheat [18,52,56,60,62-68].

The technological quality of wheat grain is also affected by the sowing date [69] and
sowing density [66,70-73]. Global climate change has prompted researchers to redefine the
agronomic requirements in wheat production, including the optimal sowing dates [74-78].
However, most studies have examined the effects of delayed sowing mainly in the context
of winter wheat yields, whereas the impact of delayed sowing on the quality of grain
and flour remains insufficiently investigated [79-83]. According to the limited number of
studies on the subject, delayed sowing increases the ash content of wheat grain [84,85]. In
late-sown stands, grain ripening occurs at higher temperatures, which promotes crude
ash accumulation [84]. The ash content is negatively correlated with the color of flour [18],
which suggests that delayed sowing could also affect this attribute [86]. The grain of late-
sown wheat (and the resulting flour) had a higher protein content [87,88], probably because
wheat plants were exposed to higher temperatures during grain ripening, which promoted
protein accumulation [89-92]. There is also limited evidence to indicate that the sowing
date is associated with the water absorption capacity of flour, dough stability, and bread
loaf volume. Delayed sowing decreases the water absorption capacity of flour and dough
stability and increases the bread loaf volume [92,93]. The optimal sowing density in wheat
production also needs to be redefined due to global climate change. The sowing density
is a product of the sowing date and agricultural inputs in the production technology [13].
In Poland, 250-350 grains m 2 should be sown between 15 and 20 September [13]. The
influence of N management under different sowing strategies on the quality of wheat
flour and bread has not been examined in the literature to date. The present study was
undertaken to fill in this knowledge gap.

The objective of this study was to evaluate the effect of the sowing date, sowing density,
and split application of N fertilizer in the spring on the flour quality (crude ash content, flour
color, and total protein content), rheological properties of flour (water absorption capacity,
dough development time, dough stability, and degree of softening), and bread quality
(loaf volume and crumb density). The present study can contribute to the development of
climate-resilient sowing and N management strategies for the production of high-quality
winter wheat flour in northeastern Poland.

2. Materials and Methods
2.1. Field Experiment

Flour was obtained from winter wheat cv. ‘Julius’ in a field experiment conducted
during three growing seasons (2018-2021) at the Agricultural Experiment Station (AES) in
Batlcyny (53°35'46.4” N, 19°51'19.5" E, northeastern Poland) owned by the University of
Warmia and Mazury in Olsztyn. The experiment involved three factors. The first factor
was the sowing date: early (6 September 2018, 5 September 2019, and 3 September 2020),
delayed by 14 days (17-20 September), and delayed by 28 days (1-4 October). The second
factor was the sowing density: 200, 300, and 400 live grains m~2. The third factor was the
split application of N fertilizer in the spring in the full tillering stage (FT; BBCH 22-25)
and in the first node stage (FN; BBCH 30-31) at 40 + 100, 70 + 70, and 100 + 40 kg ha=!
(Pulan, Grupa Azoty SA, Putawy, Poland; ammonium nitrate, 34% N). The third split of N
fertilizer (40 kg ha~!) was applied in the “flag leaf just visible, but still rolled” stage (BBCH
37) (Pulan, Grupa Azoty SA, Putawy, Poland; ammonium nitrate, 34% N). In the spring, N
was applied on 6-12 March (FT), 7-10 May (EN), and 21-30 May (flag leaf just visible, but
still rolled).

The experiment had a split-split-plot design (sowing date was assigned to whole
plot treatments, sowing density was assigned to subplot treatments, and the split spring



Appl. Sci. 2024, 14, 5167

4 0f 20

application of N fertilizer was assigned to sub-subplot treatments) with three replications.
The plot size was 15 m? (10 m by 1.5 m). The preceding crop was winter oilseed rape
(Brassica napus L.). All field treatments that did not constitute the experimental variables
were consistent with the agronomic requirements of winter wheat and good agricultural
practices. The experimental conditions (soil type and content of plant-available nutrients)
and the production technology of winter wheat were described in detail by Lachutta and
Jankowski [94] (Tables S1 and S2).

2.2. Flour Quality

Flour was obtained by grinding wheat grain in a laboratory mill (Brabender, Quadru-
mat Junior, Duisburg, Germany) according to the procedure described by Lachutta and
Jankowski [95]. The crude ash content was determined with an NIR System Infratec™ 1241
grain analyzer (FOSS, Hillerod, Denmark) by measuring near-infrared transmittance in the
wavelength range of 570-1050 nm. The flour color was evaluated with the use of a MB-3M
whiteness meter (Zaktad Badawczy Przemystu Piekarskiego sp. z o. 0., Bydgoszcz, Poland)
that measured illuminance, i.e., the density of a luminous flux reflected from the flour
surface at a wavelength of 565 nm. The total protein content of flour was determined with
an AgriCheck instrument (Bruins Instruments, Puchheim, Bayern, Germany) by measuring
near-infrared transmittance in the wavelength range of 730-1100 nm.

2.3. Rheological Properties of Dough and Bread Quality

The water absorption capacity and rheological properties of flour (dough development
time, dough stability, and degree of softening) were measured with a Brabender farinograph
with head type 50 according to Polish Standard PN-EN ISO 5530-1:2015-01 [96]. The
bread quality was assessed in a laboratory baking test according to the method described
by Klockiewicz-Kamiriska and Brzeziriski [97]. The dough was prepared in the Teddy
Varimixer (Brondby, Denmark) by mixing 500 g of flour with a moisture content of 15%,
water (the amount of water was determined based on the water absorption capacity of
flour at 27-28 °C), yeast (3% relative to the amount of water), and salt (1.5% relative to the
amount of flour). Water was added in the amount required to achieve a dough temperature
of 30 °C. The dough was fermented at a temperature of 30 °C and a relative humidity of
75-80% for 1 h in a proofing cabinet of the DC 32E electric oven (Sveba-Dahlen, Glimek
AB, Fristad, Sweden). Dough portions were placed in baking tins and kept in the proofing
cabinet at 35 °C for 2040 min, i.e., the time required for optimal dough development.
Bread was baked in the DC 32E electric oven (Sveba-Dahlen, Glimek AB, Fristad, Sweden)
at 230 °C for 35 min. The bread loaf volume and crumb density were determined 24 h after
baking. The bread loaf volume was determined by the seed displacement method with the
use of millet (Panicum miliaceum L.) seeds and a 1200 cm® Sa-Wy general-purpose volume
scanner (Zaktad Badawczy Przemystu Piekarskiego sp. z o. 0., Bydgoszcz, Poland). The
amount of millet seeds displaced by the bread sample was equal to its volume. The crumb
density was determined with the use of a crumb cutter (Zakltad Badawczy Przemystu
Piekarskiego sp. z o. 0., Bydgoszcz, Poland). A crumb sample with a volume of 27 cm?
was cut from the center of a bread loaf, at a distance of minimum 1 cm from the crust. The
crumb density was calculated using Equation (1).

De = —— (1)

where the following is true:

D.—crumb density (g cm~3);

W—crumb weight (g);

Vw—volume of the cylinder (27 cm?).

The flour quality, rheological properties of dough, and bread quality were assessed by
Zaklad Badawczy Przemystu Piekarskiego sp. z o. o. in Bydgoszcz, Poland.
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2.4. Weather Conditions

Weather conditions in the growing seasons of winter wheat (2018/2019, 2019/2020,
and 2020/2021), with special emphasis on the grain ripening stage (mean daily temperature,
precipitation, growing degree days, and the Selyaninov hydrothermal index), were de-
scribed by Lachutta and Jankowski [94] and Lachutta and Jankowski [95] (Tables S3 and S4).
In all growing seasons, the mean daily temperature exceeded the long-term average by
1.6-2.3 °C. In each year of the study, the mean daily temperatures exceeded the long-term av-
erages in June, July, and August (by 2.1-5.3, 0.5-4.2, and 0.1-1.6 °C, respectively). In the first
(2018/2019) and second (2019/2020) growing season, the total rainfall approximated the
long-term average (595.8 mm) (Table S3). The highest grain yields (10.57-10.90 Mg ha~1)
were noted in these growing seasons [94]. In the growing season of 2020/2021, the precipi-
tation exceeded the long-term average by 13% (Table S3), and grain yields were 15-18%
lower relative to the remaining years of the study [94].

The quality of winter wheat grain is influenced mainly by weather conditions between
the milk stage to the fully ripe stage [13]. During the entire field experiment (2018-2021),
the temperature and precipitation during grain ripening (BBCH 73-89) differed across years
(Table S4). During grain ripening in 2019, 2020, and 2021, the growing degree days (GDDs)
were determined at 251-273, 260-299, and 305-354 °C, respectively. In the 2018/2019 season,
delayed sowing increased the GDDs by 22 °C during grain ripening (a particularly high
increase of 25-94 °C in the GDDs was observed between the dough stage and the fully ripe
stage). In turn, in the 2020/2021 season, delayed sowing decreased the GDDs by 3149 °C
during grain ripening. The precipitation levels during grain ripening were determined at
62.3-79.6 mm (2018/2019), 16.2-33.0 mm (2019/2020), and 75.5-97.9 mm (2020/2021). In
the 2018/2019 season, winter wheat plants were exposed to higher precipitation (62.3 vs.
76.3-79.6 mm) during grain ripening. In turn, in the 2019/2020 season, precipitation was
lower (33 vs. 19.1-16.2 mm) during grain ripening in late-sown stands. In the third year of
the study (2020/2021), late-sown stands were exposed to higher precipitation in the milk
stage (BBCH 73-83) but lower precipitation during grain ripening (BBCH 83-89). In general,
the first and third growing seasons were characterized by the most favorable values of
the Selyaninov hydrothermal index during grain ripening (humid spell). In the second
growing season, grain ripening occurred during a dry spell (K = 0.40-0.79) (Table S4).

2.5. Statistical Analysis

The results of the conducted measurements (crude ash content, flour color, total protein
content, water absorption capacity, dough development time, dough stability, degree of
softening, bread loaf volume, and crumb density) were analyzed using the ANOVA with
Statistica software, ver. 13 [98]. Post hoc multiple comparisons were performed with the use
of Tukey’s HSD test at p < 0.05. The results of the F-test for fixed effects in the ANOVA are
presented in Table S5. The relationship between meteorological variables and the studied
agronomic parameters was evaluated using the linear regression method. The values of
Pearson’s correlation coefficient (R) were considered significant at p < 0.01 and p < 0.05
(Table S6).

3. Results
3.1. Flour Quality

The flour color was negatively correlated with the crude ash content (Table S6). The
crude ash content of flour was positively correlated with weather conditions during grain
ripening (Selyaninov index in BBCH 73-89) (Figure 1a). In turn, a negative correlation
was noted between the flour color and the Selyaninov hydrothermal index during grain
ripening (Figure 1b). A dry spell during grain ripening decreased the crude ash content of
flour, which had a positive impact on the flour color. As a result, significantly lighter flour
(79.9% of the whiteness standard) with a lower crude ash content (6.3 g kg~! DM) was
obtained from winter wheat grain produced in a growing season with the least favorable
weather conditions during grain ripening (2019/2020) (Tables 1 and S4).
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Figure 1. Linear regression between the crude ash content (a) and color of flour (b) vs. the Selyaninov
hydrothermal index during winter wheat grain ripening. * significant at p < 0.05; ** significant
p <0.01.

Table 1. Quality parameters of winter wheat flour.

Parameter Crude Ash Content Color (% Whiteness Total Protein Content Water Absorption
(gkg—1 DM) Standard) (gkg—1 DM) Capacity (%)
Growing season

2018/2019 7434 76.9b 1354 6222
2019/2020 6.3¢ 7992 127 ¢ 57.7 ¢
2020/2021 6.6° 77.1° 129 59.2°

Sowing date, mean for 2018-2021

Early 6.8 78.0 129 P 59.2b
Delayed (+14 days) 6.7 77.9 130° 59.5 2b
Delayed (+28 days) 6.7 779 1322 60.32

Sowing density (live grains m~2), mean for 2018-2021

200 6.8 77.9° 1322 59.6

300 6.8 77.8° 130 b 59.4

400 6.7 7822 129b 60.0

Split spring N rate (kg ha~!), mean for 2018-2021

40 + 100 6.8 77.8b 1322 59.7

70 + 70 6.7 78.02b 13020 60.0

100 + 40 6.7 78.12 129° 59.3

Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Means without letters indicate
that the main effect is not significant.

The total protein content and water absorption capacity of flour were positively
correlated with the crude ash content (Table S6). Therefore, the total protein content and
water absorption capacity of flour were higher in years when weather conditions promoted
crude ash accumulation (humid and wet spells during grain ripening). The highest total
protein content (135 g kg~! DM), the highest crude ash content (7.4 g kg~ DM), and
the highest water absorption capacity (62.2%) were noted in flour obtained from grain
harvested in the first growing season (2018/2029) (Table 1).

The color of flour was significantly influenced by the sowing density and split spring
N rate (Table S5). Lighter flour (78.2%) was obtained from grain grown in plots with
the highest sowing density (400 grains m~2) (Table 1). Dense sowing exerted the most
beneficial effect on the flour color in the first growing season (Figure 2). A lighter color was
also obtained in 70 + 70 and 100 + 40 kg N ha~! (Table 1).



Appl. Sci. 2024, 14, 5167

7 of 20

90
5 85 S & 3
3 b b 28 L%
. .E;. 80 R L
'E‘ [
C 2 75
2 g
2 2 70
o=
=
2 65
2
60
2018/2019 2019/2020 2020/2021
Growing season
m 200 m 300 M 400 live grains per 1 m?

Figure 2. The effect of the sowing density on the color of wheat flour. Means with the same letters do
not differ significantly at p < 0.05 in Tukey’s test.

The effect of the sowing date on the total protein content of flour varied depending on
weather conditions in the years of the study. Delayed sowing had a particularly positive
effect on the total protein content of flour in the first growing season (Figure 3), which was
characterized by the most favorable weather conditions during grain ripening (highest
values of the Selyaninov index, Table S4). In this year, grain ripening in late-sown stands
took place under more supportive weather conditions (humid spell to wet spell, Table 54),
which increased the total protein content of flour by 3.8-8.5% (Figure 3). In the remaining
growing seasons (year 2 and 3), the sowing date had no effect on the total protein content
of flour. An increase in the N rate at FT with a simultaneous decrease in the N rate at FN
(100 + 40 kg ha~1) decreased the total protein content of wheat flour by 2.3% (Table 1).
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Figure 3. The effect of the sowing date on the total protein content of wheat flour. Means with the
same letters do not differ significantly at p < 0.05 in Tukey’s test.

3.2. Rheological Properties of Dough and Bread Quality

The dough stability was negatively correlated with the crude ash content of flour
(Table S6) and weather conditions during grain ripening (Figure 4a). In turn, the degree
of dough softening was positively correlated with the crude ash content and weather
conditions from the milk stage to the fully ripe stage (Figure 4b).
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Figure 4. Linear regression between dough stability (a) and the degree of softening (b) vs. the
Selyaninov hydrothermal index during winter wheat grain ripening. * significant at p < 0.05.

Flour in the second growing season was characterized by more desirable rheological
properties, including the longest dough development time (3.7 min), the highest dough
stability (9.0 min), and the lowest dough mixing tolerance index (38.4 jB). In this growing
season, a dry spell during grain ripening (K = 0.40-0.79) improved the rheological properties
of flour (Table 54). The values of dough development time (3.5 min), dough stability
(6.3-7.4 min), and degree of softening (48.2-53.5 jB) were least desirable when winter
wheat was sown in August (sown early and sown with a delay of 14 days). Delayed
sowing (+28 days) had a positive impact on the dough development time and stability
(increase of 6% and 14-33%, respectively) and the degree of softening (the dough mixing
tolerance index decreased by 12-21%), regardless of weather conditions (Table 2). Delayed
sowing improved the rheological properties of flour, because grain ripening took place
under less favorable weather conditions (Table S4), which increased the dough stability
(negative correlation) and decreased the degree of dough softening during mixing (positive
correlation) (Figure 4). The sowing density and split spring N rate exerted a significant
effect only on the dough stability (Table S5). The dough stability was highest when winter
wheat was sown at a density of 400 grains m~2 (7.8 min) and when N fertilizer was applied
at 100 and 40 kg ha~! (7.7 min). A decrease in the sowing density to 200-300 grains m 2
and the application of 40 + 100 kg N ha~! decreased the dough stability by 8-10% and
8%, respectively (Table 2). An increase in the sowing density to 400 grains m~2 had a
particularly beneficial influence on the dough stability when sowing was delayed +28 days
(Figure 5). The effect of the sowing density and split spring N rate on dough stability did
not vary depending on weather conditions in the years of the study (Table S5).

Table 2. Rheological properties of dough and bread quality.

Development - . Degree of Bread Loaf Crumb Density
Parameter Time (min) Stability (min) Softening (jB) Volume (cm?) (g cm—?)
Growing season
2018/2019 35P 52°¢ 60.52 333b 0.272
2019/2020 3.72 9.02 38.4° 3502 0.24°
2020/2021 3.5b 7.8 4520 3472 0.23¢
Sowing date, mean for 2018-2021

Early 35P 7.4° 4822 343 0.252
Delayed (+14 days) 35P 6.3¢ 5352 343 0.24b
Delayed (+28 days) 3.73 842 424° 344 0.24°
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Table 2. Cont.
Development . . Degree of Bread Loaf Crumb Density
Parameter Time (min) Stability (min) Softening (jB) Volume (cm®) (g cm?)
Sowing density (live grains m~2), mean for 2018-2021
200 3.6 72" 495 342° 0.25
300 35 7.0 47.9 342° 0.25
400 3.5 782 46.7 3472 0.24
Split spring N rate (kg ha~!), mean for 2018-2021
40 + 100 3.6 7.1b 489 345 0.24
70+70 3.5 7.3 48.7 343 0.25
100 + 40 3.5 772 46.5 343 0.25

Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Means without letters indicate
that the main effect is not significant.
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Figure 5. The effect of the sowing date and sowing density on dough stability. Means with the same
letters do not differ significantly at p < 0.05 in Tukey’s test.

The analysis of the flour quality also involved a direct assessment of the baking quality
in a laboratory baking test. It was assumed that the baking test would reveal specific
quality traits that could not be determined with the use of indirect measurement methods.
The bread loaf volume and crumb density were influenced by the ash content of the flour.
An increase in the ash content decreased the bread loaf volume and increased the crumb
density (Table S6). The bread loaf volume was negatively correlated with precipitation
in the dough stage (BBCH 83-89). In turn, the crumb density was negatively correlated
with the mean daily temperature during grain ripening (BBCH 73-89) (Figure 6). Bread
baked from grain harvested in the second and third growing seasons was characterized by
the largest loaf volume (347-350 cm®) and a low crumb density (0.23-0.24 g cm ). These
growing seasons were characterized by the lowest precipitation in the dough stage and the
highest mean daily temperatures during grain ripening (Table 54).

A sowing delay of 14 and 28 days decreased the crumb density by 4% (to 0.24 g cm—3)
but had no effect on loaf volume (Table 2). The crumb density was not affected by the
sowing date only in the second growing season (Figure 7). Delayed sowing decreased the
crumb density due to higher mean daily temperatures during grain ripening (Table S4). A
high sowing density (400 grains m~2) increased the loaf volume by 1.5% (Table 2). A higher
sowing density in the second and third growing seasons induced the greatest improvement
in the flour quality (loaf volume increased by 2%) (Figure 8). The loaf volume and crumb
density were not affected by the split spring N rate (Table S5).
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Figure 6. Linear regression between (a) bread loaf volume and total precipitation in the dough stage;
(b) crumb density and mean daily temperature during winter wheat grain ripening. * significant at
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4. Discussion
4.1. Flour Quality

The ash content denotes the concentration of minerals in flour [20-23]. The ash content
not only affects the nutritional value of flour, but it also determines its technological quality
and suitability for the production of various baked goods (for example, ash content does
not exceed 5 g kg~! DM in cake flour, ranges from 7.0 to 7.8 g kg ~! DM in bread flour, and
exceeds 20 g kg~! DM in graham flour) [16]. The ash content of wheat grain is determined
mainly by weather conditions, including temperature and precipitation [71,99-101]. This
observation was corroborated by the present study, which revealed a positive correlation
between the crude ash content of flour and weather conditions during grain ripening.
Unfavorable weather conditions during grain ripening decreased the accumulation of
crude ash in the flour. The ash content of wheat flour was not influenced by the sowing
date, sowing density, or split spring N rate, which is consistent with the findings of other
authors [8,18,43,51,52,102-104]. In turn, Adeel et al. [101] and Caglar et al. [71] found that
the ash content of flour decreased when sowing was delayed and when the sowing density
was increased by 20% and 15%, respectively. According to Caglar et al. [71], Alignan
et al. [84], and Adeel et al. [101], delayed sowing decreased the crude ash content of
flour because winter wheat was exposed to high temperatures during grain ripening. In
the current study, the flour color was very light (77-80%) due a low crude ash content
(6.3-7.4 g kg~! DM). Significantly lighter flour was obtained from the grain sown at the
highest density of 400 grains m 2. The flour color was also correlated with the sowing
density in the work of Caglar et al. [105]. In the present study, the split spring N rate
affected the color of flour. Higher N rates applied in FT (100 + 40 kg ha—!) increased flour
lightness (78.1%). The application of a portion of the split spring N rate in the FN stage with
a simultaneous decrease in the N rate applied in the FT stage (70 + 70 and 40 + 100 kg ha™ 1)
decreased flour lightness by 0.3 percent points (%p). In a study by Jankowski et al. [43],
an increase in the N rate combined with systemic fungicide treatment decreased flour
lightness by 0.5%p. In turn, the N rate had no effect on the color of wheat flour in the works
of Jaskulska et al. [8] and Rodrighero et al. [18].

The protein content of flour determines its baking quality by improving the dough
viscosity, extensibility, strength, and elasticity [65,106]. In this study, the total protein
content was highest (132 g kg~! DM) in flour obtained from the grain of late-sown winter
wheat (+28 days). A similar relationship between the sowing date and protein content of
flour was reported by Bagulho et al. [107], Knapowski et al. [92], and Adeel et al. [101].
The observed increase in the protein content of flour can be attributed to the fact that
late-sown wheat is exposed to higher temperatures in the ripening stage, which promotes
protein accumulation [90,91,108]. In the works of Geleta et al. [109], Mikos-Szymariska
and Podolska [110], and Hao et al. [111], and in the present study (Table 1), an increase in
sowing density decreased the protein content of flour by 12%, 2%, 6%, and 2%, respectively.
In contrast, in a study by Madan and Munjal [112], the protein content of flour was not
affected by the sowing density. Xue et al. [65] demonstrated that an increase in the N rate
applied at the beginning of stem elongation decreased the protein concentration in flour
by 6%. A reverse relationship was noted in this study, where the protein content of flour
increased by 2% in response to a higher N rate at the beginning of stem elongation. These
differences could be attributed to nutrient dissolution with an increase in grain yields [13].
In the work of Xue et al. [65], an increase in the N rate at the beginning of stem elongation
increased the wheat grain yields by 2% and decreased the total protein content of flour. In
turn, in our previous study [94], an increase in the N rate applied in the FN stage decreased
the grain yield and increased the total protein content of flour. Johansson et al. [113] and
Rossmann et al. [114] also found that late N application increased the protein content of
wheat grain by 11% and 10%, respectively. In turn, Luo et al. [115], Madan and Munjal [112],
and Haile et al. [116] found that the protein content of flour was influenced by the N rate
but not by N splitting.
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The water absorption capacity of flour is an important parameter that affects the
quality of baked goods [117,118]. In the present study, delayed sowing increased the
water absorption capacity of flour (by 1.1%p), and similar results were reported by Zhang
et al. [119] (increase of 3.4%p). The observed increase in the water absorption capacity of
flour could be due to the fact that late-sown wheat plants were exposed to high temperatures
during grain ripening, which contributed to protein accumulation at the expense of the
synthesis and storage of carbohydrates [99,120]. According to Huang et al. [121], delayed
sowing modifies the starch quality by affecting its crystallinity and improving its pasting
characteristics, but this effect may be reversed by an excessive delay in sowing [122]. In
the works of Knapowski et al. [92] and Caglar et al. [105], delayed sowing decreased the
water absorption of flour by 1.1 and 3.9%p, respectively. The sowing density has a weak
influence on the water absorption capacity of flour [[123-126] and present study, Table 1],
most likely due to the minor effect of this agronomic practice on the protein and starch
contents of grain [127-129]. The only study where a higher sowing density increased the
water absorption capacity of flour (by 2%) was conducted in northeastern China by Hao
etal. [111]. The increase in the water absorption capacity observed by the cited authors [111]
could be due to a beneficial influence of a higher seeding rate on the starch content of wheat
grain. The higher the starch content of wheat flour, the greater its ability to absorb water
during dough mixing [130,131]. Therefore, more water may be required to achieve the
optimum dough consistency when using wheat flours with a higher starch content [120].
Split and late N applications can increase the water absorption capacity of flour [64,65,123].
Xue et al. [65] found that the water absorption capacity of flour increased by 3%p when
the total N rate was applied in three splits (BBCH 00, BBCH 30, and BBCH 45) rather than
two splits (BBCH 00 and BBCH 30). In turn, Blandino et al. [64] reported that foliar N
application during flowering (5 kg ha~!) and soil N application at the beginning of heading
(40 kg ha™!) increased the water absorption capacity of flour by 2% and 4%, respectively.
In the current study and in the work of Warechowska et al. [52], split N application had
no effect on the water absorption capacity of flour. In the work of Warechowska et al. [52]
and in the present study, the absence of correlations between N splitting and the water
absorption capacity of flour could be attributed to the relatively low total protein content
of winter wheat grain (128-139 and 129-132 g kg ! DM, respectively) as well as the weak
effect of N fertilization on the protein content of grain (+3-5 and 2%, respectively). In a
study by Blandino et al. [64], the total protein content of wheat grain was 4-9% higher, and
N fertilization induced much greater differences in this parameter (£8%) than in the work
of Warechowska et al. [52] and the present study.

4.2. Rheological Properties of Dough and Bread Quality

In the present study, delayed sowing (+28 days) increased the dough development
time by 6%. A similar relationship between the sowing date and dough development
time was reported by Zhang et al. [119] in China. The influence of sowing density on the
dough development time appears to be more ambiguous. Gaweda et al. [126] did not
observe changes in the dough development time in response to an increase in the sowing
density. In the current study, conducted in northeastern Poland, the sowing density of
winter wheat did not induce significant differences in the time of dough development. In
turn, Han and Yang [124] and Hao et al. [111] found that a higher sowing density shortened
the dough development time. In the work of Zhang et al. [119], the dough development
time was influenced by the interaction between the sowing density and N rate. In their
study, an increase in the sowing density shortened the dough development time in the
absence of N fertilization, but the N rate of 240 kg ha~! prolonged dough development.
Jankowski et al. [43] also found that an increase in the spring N rate prolonged dough
development by 38%. Blandino et al. [64] demonstrated that late N application had a
positive impact on dough development. In their study, a supplemental N rate of 40 kg ha~!
applied at the beginning of heading prolonged dough development by 49%, whereas foliar
N applied during full flowering prolonged dough development by 32%. In the present
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study, splitting the N fertilizer rate had no significant influence on the dough development
time. According to Jankowski et al. [43] and Blandino et al. [64], N fertilization prolonged
the dough development time mainly due to an increase in the total N rate. In the present
study, the spring N rate was constant (140 kg ha~'), but N was applied in different splits,
which could explain the absence of variations in the dough development time.

In the current experiment, the dough stability was strongly influenced by the sowing
date, sowing density, and split spring N rate. The dough stability was highest when winter
wheat was sown late (+ 28 days) at the highest density (400 grains m~2) and supplied with
100 + 40 kg N ha~!. In the work of Zhang et al. [119], the dough stability increased by
17% when sowing was delayed by 50 days. In turn, Dong et al. [93] reported that early
sowing, a high sowing density, and a high N rate applied in FN had a positive impact on
dough stability. Contrary to Zhang et al. [119] and the present study, Hao et al. [111] and
Soofizada et al. [73] found that an increase in the sowing density had a negative effect on the
dough stability. In the work of Zhang et al. [132], the effect of the sowing density on dough
stability was determined by the N rate. The cited authors found that the dough stability
increased with a rise in the sowing density only in response to a high N rate (240 kg ha™!).
The dough stability was also affected by the sowing density in the experiment performed
by Han and Yang [124], where an increase in the sowing density from 90 to 270 grains m 2
decreased the dough stability time by 16%. Zhang et al. [119] reported that the dough
stability time was prolonged by 42% in response to an N rate of 240 kg ha™! relative to the
treatment without N fertilization. Jankowski et al. [43] also demonstrated that the dough
stability was nearly three times higher in a high-input production technology of winter
wheat. In contrast, Rodrighero [18], Blandino et al. [64], Souza et al. [56], Xue et al. [65],
Keres et al. [62], and Ceseviciené et al. [68] did not report any correlations between N
fertilization and dough stability.

Zhang et al. [119] found that the degree of dough softening decreased with a delay in
sowing, which was also observed in the present study. A relationship between the sowing
density and degree of dough softening was not noted in this experiment. The degree of
dough softening was not affected by the sowing density in the work of Biel et al. [104] either.
Gaweda et al. [123] observed that the degree of dough softening was strongly influenced by
the interaction between the sowing density and weather conditions. In their study, a higher
sowing density increased the degree of dough softening only in a year characterized by low
total precipitation in June. The effect of N fertilization on the degree of dough softening is
ambiguous [[62,133,134]; present study, Table 2]. In the work of Keres et al. [62] and in this
study, N fertilization did not affect the degree of dough softening. In turn, Kunkulberga
et al. [134] reported an increase in the degree of dough softening with an increase in the
N rate, whereas Fleitas et al. [133] found that the degree of dough softening decreased
in response to higher N rates. In a study by Jankowski et al. [43], the degree of dough
softening decreased by 27% in a high-input production technology of winter wheat grain.

The crumb density and bread loaf volume are largely responsible for the taste of
bread [38,39]. Consumers have a preference for bread with a large loaf volume and low
crumb density [40]. Crumb density is a parameter that describes bread porosity, and it is
associated with the properties of gluten [135]. In the present study, bread quality evaluated
based on the crumb density and loaf volume was influenced significantly only by the
sowing date and sowing density. The crumb density was lower (0.24 g cm~3) when winter
wheat was sown in mid-September (+14 days). Delayed sowing decreased the crumb
density, because wheat plants were exposed to higher mean daily temperatures during
grain ripening. In turn, the loaf volume peaked (347 cm®) when winter wheat was sown
at 400 grains m 2. Knapowski et al. [136] found no relationship between the bread loaf
volume and the sowing date of wheat. In contrast, Dong et al. [93] demonstrated that
bread made from flour obtained from the grain of early-sown wheat was characterized by
the largest loaf volume (808 cm?®). The loaf volume decreased by 11% when sowing was
delayed by 21 days. In a study by Zhang et al. [132], the bread loaf volume increased by 7%
when the sowing density was increased from 120 to 240 grains m 2. The wheat sowing
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density had a beneficial influence on the bread loaf volume in the work of Dong et al. [93],
whereas no correlation between these parameters was noted by Guerrini et al. [66]. Nitrogen
fertilization of wheat increases the bread loaf volume [93,137] but has an undesirable effect
on the crumb density (by decreasing porosity) [66]. In the present study, split spring N
application had no effect on the bread quality. The study demonstrated that the ash content
of flour influences the bread quality. An increase in the ash content decreased the bread
loaf volume and increased the crumb density. Nitrogen splitting did not induce differences
in the ash content of flour, which could explain why this parameter had no effect on the
bread quality.

5. Conclusions

The baking quality of flour was determined mainly by the sowing date, which influ-
enced the highest number of the analyzed quality parameters. The quality attributes of
wheat flour were less affected by the sowing density and split spring N rate. Flour of a
higher baking quality was obtained from the grain of winter wheat sown between mid-
September and early October (with a delay of 14 and 28 days). Delayed sowing increased
the total protein content and water absorption capacity of flour and improved the dough
development time, dough stability, and degree of softening. Delayed sowing decreased
the crumb density (a desirable trait) without compromising the bread loaf volume. The
highest sowing density of 400 grains m~2 improved the color of flour (without decreasing
the crude ash content), dough stability, and bread loaf volume. The total protein content of
flour peaked when a portion of the split spring N rate was 40 + 100 kg ha~!. In turn, an
increase in the N rate in FT (100 + 40 kg ha—') had the most beneficial influence on the color
of flour and dough stability. The flour quality, rheological properties of dough, and bread
quality were determined mainly by the crude ash content of the flour. A low ash content
was accompanied by a decrease in the total protein content and water absorption capacity
of flour. However, a low crude ash content had a positive effect on the flour color, dough
stability, degree of dough softening, bread loaf volume, and crumb density. Therefore,
agronomic treatments that decrease the ash content of flour may contribute to improving
bread quality by exerting a beneficial influence on the rheological properties of dough.
Sowing winter wheat at 400 grains m 2 with a delay of 14 or 28 days and the application of
100 + 40 kg N ha~! in the FT stage and in the FN stage, respectively, decreased the crude
ash content of flour.
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